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• Reprinted from the BOTANICAL GAZETTE, Vol. LXXXVII: 81-nS, February, 1929 

GROWTH OF SEEDLINGS IN LIGHT AND IN 
DARKNESS IN RELATION TO AVAILABLE 

NITROGEN AND CARBONI 
MARYE. REID 

(WITH PLATES I-IV) 

Introduction 

The influence of reserve substances in the plant upon its subse
quent growth involves a multitude of problems of great importance, 
both ·from a practical and from a theoretical standpoint. The 
present investigations are concerned witl,1 the influence of certain 
types of reserve foods found in seeds upon the development of the 
seedling. A study has been made concerning the relation to growth 
of the amount and nature of the reserves of carbon and nitrogen 
which an embryo plant has at its disposal. 

Some of the more practical questions which have prompted the 
research are as follows: 

What are the responses of seedlings having available different 
amounts of reserve carbon and nitrogen when extra amounts of 
carbon and nitrogen are supplied externally? Is fertilization with 
nitrogen advisable in the early growth of all types of seedlings, re
gardless of weather and light conditions and the nitrogen reserves of 
the seed? Is tlJ:e seedling with the larger reserves of carbon better 
able to live and thrive during prolonged periods of dull, cloudy 
weather. during the early growth of the plant? Is the seedling with 

· the larger amount of stored nitrogen at its disposal better able to 
withstand conditions of drought or of poor soil during the early 
phase of development, when nitrogen from an outside source is un
available or available in very limited amounts? 

Although the results of these experiments do not furnish answers 
to all these questions, it is considered that they supply considerable 
additional data toward this end. Previous investigations (n) with 

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., 
Yonkers, NN., published at the eiqiense of the Institute out of the order determined 
by the date of receipt of the manuscript. 
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2 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, me. 

tomato cuttings varying in the relative proportions of the reserves 
of carbohydrates and nitrogen had shown very different responses 
when exposed to different environmental conditions, such as varia
tions in light and darkness and the presence and absence of nitrate 
nitrogen in the nutrient medium. It was found that: (r) An 
abundant reserve of carbohydrates favored the rapid assimilation of 
nitrates. This was in agreement with the observations of KRAUS 

and KRAYBILL (8) in their study of the growth of the tomato plant. 
(2) An abundant reserve of carbohydrates but limite\i supply of 
nitrogen favored the growth of roots, but not that of shoots. 
An abundance of nitrogen and an abundance of carbohydrates fa
vored the growth of both shoots and roots. (4) An abundance of 
nitrogen but a limited amount of carbohydrates favored growth of 
shoots, especially of leaves, but not growth of roots. The as
similation of nitrates occurred both in light and in darkness, but 
more rapidly in light, and the assimilated products were used in 
favoring growth of shoots especially. 

The present studies have dealt with the development during the 
seedling stage only, and have related primarily to the influence of 
varying amounts of nitrogen and carbon upon the growth of shoots 
and roots. Experiments have been performed in light and dark
ness with no nitrogen obtainable except that present in the reserves 
of the seeds, and also with nitrogen available in the form of 
The following types of seeds were used: 

Little Club wheat. ......... . 
Vermont Champion barley ... . 
Giant Winter rye ........... . 
Illinois low-protein corn ..... . 
Hanncheu barley (Dickinson, 

N.D.) ................... . 

Blue stem wheat ........... . 
Marquis wheat ............. . 
Hannchen barley (Aberdeen, 

N.D.} ................... . 
Illinois high-protein corn .... . 

Low protein 
content; high 

starch; low fat 

Relatively high 
protein content; 

high starch; 
low fat 

)
{ Relatively high con tent 

of glia:din anr! gluteniu; 
amide ~ high; rekt-

t 
tivcly small amount: of 
globulin 

{ Relatively high content 
of and 
tenin ;high-protein corn 
lower in amide N and 
higher in globulin than 
low-protein type 
(SHOWALTJ:>:R AND 

CARR, 14). 
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Canada White peas.......... Moderately high protein content; moderately 
First of all peas ............. ) 

New Era cow peas........... high starch content; low fat (except soy 
White Marrow bush beans.... bean) 
Pekin soy beans ............ . 

Mammoth Russian sunflower. , . . 
Large Warted Hubbtrd squash \·ery high protem; {High globulin content; 
R k F d km 1 low starch; . oc 'Y or mus· eon...... h' 1 .1 amide N low 
Bonnie Best tomato . . . . . . . . . ig 1 01 

Experimental methods 

The seeds were sterilized by immersion in a 0.25 per cent solution 
of uspulun. Starchy seeds were left in the solution for one hour, and 
those of the oily type for one-half hour, after which they were rinsed 
in freshly distilled water. The seeds were placed in germinators be
tween layers of moist filter paper and allowed to sprout before being 
planted. This precaution was necessary since some of the seedlings 
were to be grown without any nitrogen from an outside source, and 
consequently the possibility of the seedlings obtaining nitrogenous 
products by the decomposition of seeds which failed to germinate 
had to be avoided. When the radicles had attained a length of 0.5-
2 cm. the seedlings were planted in pulverized quartz and contained 
in 7-inch clay bulb pots. Glazed porcelain dishes with rims an inch 
high were used as saucers. The pots containing the sand, together 
with the saucers, had previously been sterilized by heating for an 
hour in a steam sterilizer maintained at a pressure of r5 pounds. 
The cultures were moistened with nutrient solutions made with salts 
of tested purity, and prepared according to the following formulas: 

SOLUTION CONTAINING NITRATES 

A 
2 per cent Mg S04 

2 per cent KH.P04 

2 per cent KN03 

A 
2 per cent Mg S04 

2 per cent KH.P04 

1 per cent KC! 

• 

B 
4 per cent Ca(NO,). 
2 per cent CaCl, 

I. 5 per cent CaS04 

SOLUTION LACKING NITRATES 

B 
2 per cent CaCI, 

I. 5 per cent CaS04 



4 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. ~ 

The solutions were diluted before applying them to the cultures. 
In preparing the solution containing nitrates, Ioo cc. of solution A 
was made up to I liter with distilled water; 100 cc. of solution B was 
diluted in the same manner and the solutions A and B 1vere then 
mixed. The solution lacking nitrates was diluted similarly. The cul
tures were given fresh solutions every second day in some experi
ments, and every third or fourth day in others. The tim~ for making 
fresh applications was determined largely by light and temperature 
conditions, which affected the rate of growth and the ability of the 
seedlings to utilize the mineral nutrients. The same procedure was fol~ 
lowed throughout the course of any one e.11.'Periment. The level of the 
solutions in the saucers was kept nearly constant bet\,veen times of 
applying nutrient solutions by the addition of distilled water. 
Freshly distilled water was used at all times. This precaution \Vas 
considered necessary, since it has been shown by SEIBERT (I3) that 
certain kinds of microscopic organisms may thrive in distilled water 
tanks and pipes, and that these organisms have the ability to fix 
atmospheric nitrogen. The external nitrogen supply was controlled 
in these cultures, except that ammonia in the atmosphere was not 
eliminated as a factor. However, all seedlings in any experiment 
were subjected to the same atmospheric conditions with reference to 
this factor, and hence it is unlikely that it can be responsible to any 
extent for the differences in growth that are here described. I~xperi~ 
ments have been conducted with seedlings grown in darkness and in 
light with each of the two types of solutions. Except in one case 
(March 5-2~, r926) all experiments were repeated, and "the results 
of the second test were found in general to be in dose agreement 
with those of the first. 

Growth of seedlings in darkness 

The question of etiolation has enlisted the interest of a number 
. of physiologists, whose investigations on the problem were relatively 
extensive in the botanical literature of fifty to sixty years ago. 
SAcns, G. KRAus, GODLEWSKI, STEBLER, PFEFF.ER, BATALIN, 
RAUWENHOFF, and VINES made important contributions at this 
tinJ.e.Still earlier, DECANDOLLE (2) had described the character~ 
5stics of the .etiolated plant, and attempted, as have many others 
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since, to account for the peculiarities of growth in darkness. The 
chief characteristics of the etiolated plant as mentioned by these 
earlier investigators may be said to be a greatly elongated stem, and 
leaves much reduced in size. Cotyledons which in the light grow 
and develop into foliage leaves remain small and undeveloped in 
darkness. Of all the peculiarities of the etiolated seedlings perhaps 
the absence oj chlorophyll is the most outstanding. Almost no men
tion is made of the characteristics of the roots of etiolated seedlings. 

The results of some of SACHS' (I2) experiments show that the 
great elongation of the stem and reduction in size of the leaves 
of etiolated plants is not without exceptions. The leaves of many 
monocotyledonous plants become longer in darkness than in light. 
Also the leaves of certain dicotyledonous plants, as Beta, become 
almost as large when grown in darkness as in light. SACHS postu
lated that the reason leaves failed to develop in darkness was not 
because of lack of food (carbohydrates supposedly), but was due to 
some unknown influence of chlorophyll. 

DE SAUSSURE (3) was probably the first to state that leaves are 
dependent for their growth on the products of their own assimila
tion (carbohydrates inferred). G. KRAUS (9) was also of this 
opinion, and claimed that the leaf can only develop in darkness to 
the stage where it can begin to assimilate if it receives the.light; if 
it cannot assimilate it will remain small and soon die. His only 
proof, however, for the fact that assimilation is essential for the 
growth of leaves is that he did not find starch in etiolated leaves. He 
recognized the fact that non-nitrogenous reserve materials as fats 
may be present in cotyledons, and yet the cotyledons do not grow 
beyond a certain relatively small size in darkness. He considered 
that deficiencies in cell wall formation were the chief limiting factors, 
therefore, and that light is necessary for the transformation of ma
terials into cell walls. His own work (9) and that of RAUWENHOFF 

(10), and of a number of later investigators, have shown that light 
ha:s a marked influence on the ·thickening of cell walls and the 
maturation of tissues. G. KRAUS and RAUWENHOFF thought the 
effect was produced by the processes of synthesis and utilization of 
carbohydrates. GODLEWSKI (5) claimed that the influence of light 
on the thickening of cell walls and its growth-retarding effect on the 

• 

• 
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growth of stems have nothing to do with the assimilation of carbo
hydrates. VINES (I6) had previously presented data which were 
interpreted as proving also that the retarding influence of light on 
the growth of leaves is completely independent of assimilation. 
Both of these investigators referred to the need of uniform light for 
the growth of stem and leaf, rather than to the effect of strong light 
as compared with weaker light. 

Although most of the research as to the effects of light and dark
ness on the growth of different organs has been conducted with seed
lings, not much attention has been paid to the influence of the 
amount and nature of the food reserves of the seed upon the type 
of growth. Nevertheless such a relation was partially recognized by 
the investigators who studied somewhat the chemical content of the 
seedlings. Descriptions of the growth responses are very incomplete, 
however. 

It has not been the province of this research to enter into a de
tailed study of the phenomena of etiolation, but rather to obtain 
some quantitative measurements of the growth of different organs, 
to be used for comparison with results of subsequent experiments 
with seedlings grown in the light. 

I. SEEDLINGS GROWN WITH NO EXTERNAL SOURCE OF 1"'J:TROGEN 

The seedlings of each kind were allowed to grow until the shoots 
attained their maximum length. Several preliminary tests were 
made to determine the most practicable method. Measurements of 
the heights of certain plants in each culture were made at intervals 
as the time of attaining maximum size approached. When no fur
ther elongation of the shoot occurred the experiment was terminated. 
The general appearance of the plant was taken into consideration, 
and slight indications of shrinking or wilting of the leaves were like
wise used as an index that there was cessation of growth. The dark 
room in which the seedlings were grown was maintained at a nearly 
uniform temperature (21° C.), and favorable conditions of atmo;
pheric moisture were obtained by evaporation of moisture from the 
cement floor covering the. pebbles which was sprinkled with water 
daily. 

In harvesting the seedlings, the roots were carefully washed 

f 
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free of the quartz sand and rinsed in distilled water. Measurements 
of the lengths of roots and stems and of length and width of leaves 
and cotyledons were obtained, and also the green weights of the 
tissues. The quantitative results are given in table I, and illustra
tions of cow pea, soy bean, muskmelon, tomato, sunflower, and 
high.:. and low-prqtein corn seedlings are shown in figs. 1-7. Due to 
the fact that.so many different kinds of seedlings were grown in these 
experiments, it was not possible to preserve the material for dry 
weight determinations. 

Seedlings which grew from high-protein, high-oil seeds had the 
highest shoot to root ratios. This largely results from the develop
ment of an exceedingly long stem and a small amount of roots. 
The stems have a very high water content and a relatively small 
amount of protoplasm in the cells. Some of the seedlings of this 
group (for example, squash) may produce one leaf which remains 
very small, or no visible leaves, as in the case of tomato. Sections 
of the incompletely developed cotyledons showed that the tissues 
have a very dense compact structure. The cells remain small and 
intercellular spaces are only slightly developed. The similarity in 
behavior of these seedlings, representing three different families, 
suggests that the type of growth is related to the nature and quantity 
of reserve foods which are available. 

The smallest weight of shoots in proportion to roots was found 
among the Gramineae. The low ratio results from the relatively 
greater weight of roots, the small size or lack of stems, and the 
extensive leaf development in which a large amount of the reserve 
materials has been used. The leaves of these seedlings have a much 
higher protoplasmic but lower water content than had the stems of 
the high-protein dicotyledonous seedlings previously described. 
Seedlings of the grass family have leaves longer and narrower, but 
thinner in cross-section, than those of similar seedlings grown in the 
light in normal atmosphere. This di:ff erence in length of leaf in 
light and in darkness results chiefly from the greater length of the 
leaf sheaths in the case of seedlings grown in darkness. The leaf 
blades of the high-protein types of the grass family tend to be longer 
in the light than in darkness, but those of the low-protein types tend 
to be longer in darkness than in light. Microchemical tests for starch 

.. 
• 



TABLE I 

SEEDLINGS GROWN IN DAR.KNE~S .WITHOUT NITRATES, MARCH 7-Al'RIL 7' 1924 
.. 

,-.--> AVERAGE LENGm GREEN WEIGHTS PER PLANT 
LENGTH 

NO.OP 
OP WEIGHT TOTAL 

Leaf 
--<' PLANT VARmTY GROWTH NITROGEN Shoots blades+ PLANTS -:PERIOD OP SEEDS 

IN SEEDS Shoots Roots {stems+ Roots 
_{DAYS) 

(GM:.) 
(%) {cm.) (cm.) leaves) gm. cotyle-

dons (gm.) 
(gm.) 

. .., 

------------------------.Wheat •.....•....... Blue stem -60 17 2.32 2.27 24.0 8.5 0.151 o.o68 0.084 ·Wheat; .. ; ......... Marquis 60 16 2.68 2.50 27.5 8.9 0.166 0.054 0.086 Whea.t ............ Little club 6o 16 r.99 r.52 20.8 15.2 0.158 0.066 o.o87 Batley .•..•..•...... Vermont champion 60 15 r.59 r.82 21.5 10.2 0.135 0.062 0.073 Oa.ts .... ~- ......... Storm king 60 14 I .83 2.68 21.9 II.8 O.:t50 0.086 0.078 
Rye:.' .. ·····•···•··· Giant winter 60 IS x.37 1.75 19.0 9.7 O.II3 0.052 0.071 Rice .. ; .•. · ........ Honduras 60 20 r.41 r.68 34.0 5.6 0.095 0.031 0.020 Com •. ; .. :., ..... Illinois high-protein I2 14 3.27 2.76 36.0 23.7 1.470 o.686 0.696 Corn.; .•.•....... Illinois low-protein 12 14 4.6g i:.09 29.2 28.0 I.290 0.750 0.575 Corn .... ·····'···· Illinois high-oil 12 15 3.27 ....... 32.9 25.8 I.402 0.772 0.728 Com ..... ; ... .-: ... Illinois low-oil 12 IS 7.31 ······· 36.1 27.0 r.800 0.950 0.706 Peas ...... : ....... First of all 36 19 6.26 4.II 40.5 9.3 I.121 0.397 0.067 Peas;.: •..•...•.. -Juno 36 20 9.46 5.10 29.0 9.3 l.268 0.513 0.131 Beam: ... · ..... · ... White Marrow bush 30 16 9.99 3.85 51.3 13.2 r.993 0.526 O.'XII Cow peas .... : . ' .. New era 26 13 3.39 4.40 32 .I 9.6 0.757 0.237 0.058 SoY beans .•. ,··· .... Peking 26 z6 1.75 3.40 ....... ....... 0.642 0.172 0.074 S.unfiower •.....•.. :Mammoth Russian 18 17 0.85 4.56 27.2 6.7 I .020 0.105 0.165 Squash ..... '· ••.. Hubbard Warted· 14 19 2.04 5.10 28.6 13.0 2.867 0.432 0.520 Melon .....•. , •... Red Rotky Ford 20 19 0.26 5.62 14.0 7.0 0.251 0.040 0.040 romato ....•.•.... Bonnie Best 33 15 o.o8 ....... 10.1' 3.2 0.040 0.005 0.007 

---

• i'" 

RATIO OP 
WEICHT$ 

OP 
SHOOTS 

TO ROOTS 

---
2.22 
3.04 
2·39 
2.19 
1.75 
2 .19 
3.08 
2.14 
1.72 
1.81 
1.90 
2.82 
2.47 
3.78 
3· 19 
3.72 
9.71 
6.63 
6.25 
7.26 

TOTAL 
GROWTH 
PER GM:. 

OP 
RESERVE 

POODS 
(GM:.) 

---
5.6 
6.3 
6.7 
7.4 
7.6 
7.2 
5.3 
7.9 
5.2 
8.o 
4.5 
8.7 
6.7 
7.6 
7.6 

12.I 
23.8 
23.1 
22.4 
18.8 

00 

~ 
b:I 

~ 
I 
rn 

~ 
~ 

~ 
~ 
?:I 

~ 
-~ 
~ 

-~ 
z 
fl 
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and free-reducing substances, made on tissues of some of the seed
lings just previous to harvesting, showed that many of the seedlings 
contained little or no starch except in the guard cells of the leaves 
and occasional grains in the bundle sheaths at the time the seedlings 
stopped growing. However, some of them contained small amounts 
of reducing substance. 

Seeds of the Leguminosae are in certain respects intermediate 
to the other two groups in the chemical composition of the reserve 
foods, and the seedlings have a tendency to be intermediate in their 
responses with respect to the relative proportions of shoots to roots. 
Several types of seedlings of this group (for example, two kinds of 
peas) stopped growing before the reserves from the cotyledons were 
depleted. Microchemical tests showed that very little reducing sub
stance could be found in the seedlings or in the cotyledons, but that 
a small amount of starch was left in the cotyledons. The supply of 
soluble carbohydrates in the seedling may have been insufficient to 
provide for further growth. It has been shown by a number of in
vestigators that leguminous seedlings grown from high-protein seeds 
of especially high-protein content have insufficient carbohydrate re
serves to allow a complete utilization of the stored nitrogen. The 
possibility of some limiting factor other than a carbohydrate should 
also be considered. No tests were conducted to determine whether 
the seedlings could be kept growing for a longer time by immersing 
the roots in sugar solutions. 

Some variations in the relative weights of shoots and roots in 
relation to differences in temperature have been observed. In one 
series of experiments with high- and low-protein corn it was noticed 
that a relatively greater weight of roots was produced at 27° than 
at 20° C. 

Observations made on cross-sections of stems and roots of the 
dicotyledonous seedlings showed that the processes of both nuclear 
and cell division have been much limited. Secondary thickening is 
less advanced than in stems and roots of similar seedlings grown in 
the light. Some microchemical tests for cell membrane substances 
have been made. There is some evidence that lignin is present in the 
xylem vessels of the stem in most of the types of seedlings. Darkness 
does notprevent the deposition of strengthening materials in the cell 
walls, although it does limit the process greatly. 

• 

• 

-
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II. SEEDLINGS GROWN WITH NITRATES IN NUTRIENT SOLUTION 

The quantitative data are presented in table II. When nitrates 
were obtainable by the growing seedlings, there was found to be a 
definite increase in the total green weight in thirteen of the nineteen 
types studied. Two of the types had the same total green weight 
when nitrates were available as when they were not. A decrease in 
the total green weight of four types was noted. Possibly in the 
latter forms carbohydrates were a limiting factor. There is evidence 
from some of the experiments to be described in a subsequent paper 
that the presence of nitrates in the nutrient solution stimulates 
respiration. This alteration in the rate of respiration of seedlings 
grown in darkness would have considerable effect on the duration of 
the reserve carbohydrates and fats. 

The increases in total green weights of tissues with the use of 
nitrates are not nearly so great as has been found in the experiments 
with tomato cuttings, which had a much more abundant store of 
reserve carbohydrates. It was found that nitrates favored the 
growth of shoots much more than of roots in the experiments both 
with seedlings and tomato cuttings. In some of the experiments with 
cuttings, in which the nitrogen and carbohydrate reserves were both 
moderately high, the presence of nitrates in the nutrient solution in 
which the cuttings were grown had a definitely unfavorable effect on 
the. growth.· of roots. Only four of the nineteen types of seedlings 
had growth of roots increased. by. the presence of nitrates in the 
nutrient solution; thirteen types had root growth somewhat sup
pressed; and two types had about the same weight of roots with 
nitrate as Without. Growth of shoots was definitely favored in 
fourteen types of seedlings; it was inhibited in four types; and about 
the same in two types·. These responses as to the stimulating effect 
of nitrates on growth of shoc>ts also agree with results obtained with 

·· .,tomato cuttings. 

$Umr.ARY. qF. RESULTS .OBTAINED .WITH SEEDLINGS GROWN 

. . IN ])ARKNESS 

.. . I. There appears to be a tendency for the relative weights of 
···. shootstoroot~·.to vary.according to the carbohydrate and nitrogen 

··•. ~ntent. of the.seed: the higher the supply of carbohydrates in pro'." 

.. 
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TABLE II 
• 

SEEDLINGS GROWN IN DARIL"IESS WITH NITRATES AVAILABLE, MARCH 9-APRIL 7, 1925 . 
AVERAGE LENGTH GREEN WEIGHTS PER 

LENGTH OF 
TOTAL PLANT . PLANT VARIETY No.OF GROWTH WEIGHT NITROGEN PLANTS PERIOD OF SEEDS IN SEEDS (DAYS) (GM.) (%) Shoots Roots Shoots Roots 

(cm.) (cm.) (gm.) (gm.) 

V.'heat. ........ Blue stem 40 17 I.55 2.27 26.7 9.2 0.196 0.055 Wheat ......... Marquis 40 17 i.39 2.50 28.0 9.7 0.173 0.047 Wheat ......... Little club 40 17 I ·33 r.52 24.0 9.2 0.180 0.077 Barley ......... Vermont champion 20 18 0.53 I.82 23 .6 I0.2 0.188 0.079 Oats ........... Storm king 31 12 0.94 2.68 25·3 9.2 0.144 0.074 Rye ........... Giant winter 52 I7 I.I9 r.75 22.2 IO.I 0. I55 0.053 Rice ........... Honduras 38 24 0.89 I.68 30.4 9 .2 O.II7 0.019 Com ........... Illinois high-protein I2 22 3.27 2.76 37.r 14.8 1.340 0.427 Corn ........... Illinois low-protein I2 22 4.69 r.09 43.0 2I. I I.750 o.5ro Corn ........... Illinois low-oil 12 22 7.30 ........ 40.5 15.2 I .480 o.377 Peas ........... First of all 23 24 4.00 4.II 53.9 8.9 r.360 0.345 Peas ........... Juno 23 24 6.04 5 .IO 52.2 IO.I 1.250 0.394 Beans .......... White Marrow bush 9 24 2.99 3.85 46.2 8.8 2.593 0.483 Cow peas ....... New era 20 23 2.6I 4.40 28.5 9.3 0.725 0.177 Soy beans ...... Peking I9 29 r.28 3.40 46.2 5 .I 0.822 0.098 
Sunflower ...... Mammoth· Russian IO I7 0.47 4.56 29.2 8.9 I.I80 0.II2 
Squash ......... Hubbard 9 29 I.JI S .IO 32.6 IZ .2 4.793 0.676 
Melon ......... Red Rocky Ford 18 I8 0.24 5.62 I3·5 3.9 0.264 0.035 
Tomato ........ Bonnie Best 46 18 0.12 ? 12.7 r.8 0.061 0.004 
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RATIO OF 
WEIGHTS 

OF SHOOTS 
TO ROOTS 

3.58 
3.68 
2 .32 
2 .38 
r.94 
2.9I 
6.I9 
3.13 
3.42 
3.92 
3.94 
3 .17 
5.36 
4.08 
8.35 

IO. 50 
7.08 
7.43 

16.08 

TOTAL 
GROWTH 

PER GM. OF 
RESERVE 

FOODS 
(GM.) 

6.4 
6.3 
7.7 

IO.I 
7.2 
9 .I 
5.8 
6.5 
5.8 
3.0 
9.8 
6.2 
9.2 
6.9 

13.6 
27.5 
37.6 
22.5 
25.0 
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portion to the nitrogen, the lower the relative weights of shoots to 
roots. The relation is probably not so dear as it might be if the 
carbohydrate reserve were not a limiting factor to the utilization of 
nitrogen in some of the high-nitrogen types of seed.lings. 

2. Nitrate nitrogen is assimilated by seedlings grown in darkness. 
Variations in ability to synthesize nitrates into growth-promoting 
substances are doubtless caused to some extent by differences in the 
carbohydrate or fat reserves, or in some cases by differences in both 
fats and carbohydrates. 

3. Nitrates tend to increase growth of shoots in darkness, but 
they inhibit growth of roots somewhat, especially if the supply of 
reserve carbon compounds is much limited. 

4. There is a marked inhibition in growth as to size and number of 
leavesin all types of seedlings investigated except among the repre
sentatives of the Gramineae. Observations indicate that this is due 
partly to a failure of the cells already formed to grow, although there 
is also a limitation of cell division. In general, the greater compact
ness of the foliaceous tissues, lack of intercellular spaces, and the 
small size of cotyledons of the foliaceous type (as in squash) show 
that growth of cells is inhibited. 

5. Growth of roots is much restricted in practically all types of 
seedlings, but stem elongation is extensive with the exception of that 
of seedlings of the Gramineae, in which the leaf sheaths are much 
elongated. 

6. The processes of secondary thickening of stems and roots and 
of deposition of materials in the cell walls are very much inhibited. 

Seedlings grown in light in normal atmosphere 

Seasonal differences have been found to modify noticeably 
growth of seed.lings in the light. An attempt has been made to avoid 
differences caused by changes of season, such as length of day, 
temperature, and intensity and quality of light. The experiments on 
the effectof nitrogen starvation, and nitrogen feeding on the growth 
of different types of seedlings in the light, have been conducted 
chiefly during the months of O.ctober and March. During these 
months daylength is approximately the same, except for the fact 
that in the October experiments the days became shorter as the 
eaj;>eriment progressed, and in March they became longer. How-

~·. 
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ever, since most of the seedlings did not grow for more than three 
weeks, this difference in length of day at the beginning as compared 
with the end of the experiment could not have had much influence on 
the responses. 

In the few tests that have been made during the months with 
longer days, in which the sunlight was also more intense, lower shoot 
to root ratios were obtained. This is to be noted to some extent by a 
comparison ;f the results shown in tables III, IV, VII, and VIII. 
Although the experiments were carried on during corresponding 
spring and fall months of the year, in the October experiment the 
weather was cloudy about half of the time; whereas during the 
March experiment there was a larger proportion of hours of sun
shine. In some experiments conducted during November and the 
early part of December, it was noted that the shoot to root ratio.s 
were considerably higher than in the October experiment and much 
higher than in the March experiment. 

EXPERIMENT I, OCTOBER r925 

Two sets of cultures were prepared in the manner described for 
seedlings grown in darkness. One set was given the solution lacking 
nitrates and the other the solution containing nitrates. The experi
ment· was terminated when the seedlings had grown to maximum 
size, which was determined partially by the time of exhaustion of the 
food reserves, and partially by observing the time at which the 
shoots ceased growing. It was found that different kinds of seed
lings require different periods of time to reach maximum size. The 
seedlings of the grass family, especially the low-protein types, at
tained their development in the shortest time. The cultures receiv:.. 
ing nitrates were always harvested. on the same day as the corre'.' 
sponding cultures not receiving extra nitrogen . 

. The temperature of the greenhouse was kept at 2r0 -22° C. during 
most of each 24-hour period, .but on sunshiny days there was a rise 
during the middle of the day. All seedlings in each of the two sets 
of cultures were grown under the same external conditions, so such 
differences as are noted in the .responses must be due to differences 
in the nature. and amount of the food reserves and to the hereditary 
factors. 

• 

• 
• 
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r. Seedlings grown without extra nitrogen 

Table III gives the quantitative results of this experiment, and 
figs. 8-13 present illustrations of soy bean, cow pea, muskmelon, 
sunflower, and low- and high-protein corn seedlings. The ratios of 
the weights of shoots to roots were much lower than those of cor
responding seedlings grown in darkness; but in agreement with the 
results obtained in darkness, the higher protein types,of seeds pro
duced seedlings with higher shoot to root ratios. The low-protein 
types, such as are found in the Gramineae, developed seedlings with 
the lowest shoot to root ratios. The high-protein, high-oil seeds 
yielded seedlings with the highest shoot to root ratios; and, as in the 
case of the experiments in darkness, seedlings of the Leguminosae 
were intermediate in their responses. 

All seedlings in this experiment had an extensive development of 
roots in proportion to the size of the shoots. Early in the gro-wth of the 
seedlings starch began to accumulate in certain tissues. The greatest 
ability to store starch was noted in tomato, squash, and muskmelon 
seedlings. It was previously shown by KRAUS and KRAY.BILL (8), 
and later by others, that carbohydrates rapidly accumulate when 
nitrogen is a limiting factor for protein synthesis and growth. The 
non-nitrogenous carbon compounds accumulate in sunflower seed
lings in the form of oils, although considerable starch is also present. 
In seedlings of the grass family a relatively large amount of the 
carbohydrate material appears to be deposited in the cell walls. 
All tissues of these seedlings undergo rapid differentiation, and the 
cell walls of the strengthening tissues rapidly increase in thickness. 
The tissues are physiologically old when the seedlings have grown 
for only two or three· weeks, and the lower the nitrogen content of 
the seed the more rapid the maturing and eventual senescence of 
the tissues. 

After emerging into the light, the cotyledons and leaves as they 
grew developed an intense green color. In some cases the color was 
of a darker and somewhat bluer green than that observed in the 
plants receiving nitrates. During ·the latter part of the growth 
period the color gradually became less intense and developed more 
of a yellowish tinge, These results as to amount of chlorophyll in 
leaves and cotyledons 'of seedlings receiving and not receiving nitrates 
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TABLE III 

• SEEDLINGS GROWN IN LIGHT IN NORMAL ATMOSPHERE WITH NO EXTERNAL SOURCE OF NITROGEN, OCTOBER 7, 1925 . 
LENGTH OF TOTAL AVERAGE LENGTH OF GREEN WEIGHT PER PLANT 

PLANT VARIETY NO.OF GROWTH >!ITROGEN 
PLANTS PERIOD IN SEEDS Shoots Roots Leaves Shoots Roots Leaves (DAYS) (%) (cm.) (cm.) (cm.) (gm.) (gm.) (gm.) 

Wheat ......... Blue stem 53 14 2.27 17 .0 19.2 13.2 0.146 0.198 O.IOl 
Wheat. ........ Marquis 53 13 2.50 15.5 16.3 II.6 0.142 0.199 0.103 
Wheat ......... Little club 56 I3 1.52 I0.7 I2.8 7.7 0.096 O.I49 0.053 
Barley ......... Vermont champion 43 I4 1.82 II.2 I7.0 9.4 0.128 0.198 0.099 Oats ........... Storm king 46 18 2.68 21 .0 I0.9 14.5 O.I7I 0.268 O.II5 
Oats ........... Clydesdale 30 I5 2.82 II .2 I0.3 7.8 0.142 0.254 0.097 
Rye ........... Giant winter 44 I5 I.75 Io.5 16.5 7.8 0.086 0.091 0.057 Rice ........... Honduras 44 22 I.68 I3.2 l0.5 8.6 0.056 0.069 0.023 
Com ........... Illinois high-protein IO 17 2.76 24.2 14.2 I8.o l .472 l.540 0.838 
Corn ........... Illinois low-protein IO 17 1.09 14.2 II.7 9.5 0.634 0.800 0.336 Com ........... Illinois high-oil IO 19 ········ 23.5 20.0 17 .o 1.312 1.775 0.740 
Com ........... Illinois low-oil 5 19 ........ 20.5 15.2 15.2 1.600 1.952 0.812 
Peas.: ......... Juno 18 33 5 .IO 17.0 12.4 2.4 I.936 1.717 
Peas ........... Canada white I6 23 3.60 23.7 12.l 2.4 0.947 0.890 0.456 
Beans .......... White Marrow bush 5 18 3.85 15.7 11.2 6.5 3.018 1.544 1.754 
Cow peas ....... New era I5 I7 4.40 8.7 I2.7 5.2 I ·097 0.906 0.420 
Soy beans ...... Peking 26 2I 3-40 IO.I 14.7 3.4 0.583 0.376 0.359 
Sunflower ...... Mammoth Russian 22 25 4.56 I5.0 I4.0 3.9 I.250 0.757 0.607 
Squash ......... Hubbard warted 5 33 5.IO 6.3 I7.0 4.5 4.I24 3.032 2.610 
Melon ......... Red Rocky Ford 30 33 5.62 5.2 6.1 1.3 0.371 0.303 0.221 
Tomato ........ Bonnie Best 22 2I oOoOOOOA 2.4 7.5 0.5 0.060 0.044 0.038 

• • 
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TO ROOTS 

0.73 
o.7I 
0.64 
0.65 
0.64 
o.55 
0.45 
o.8I 
o.95 
0.79 
o.73 
0.82 
I.12 
1.06 
1.94 
I.2I 
1.55 
1.65 
1.36 
I.22 
I.36 
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agree with those reported by DEUBER (4) for soy bean seedlings. 
Some of the seedlings had traces of red color in the leaves. Definite 
changes in pigmentation developed during the growth of the corn 
seedlings. The leaves of the high-protein corn seedlings had no red 
color except traces in the midrib at the time of harvest. The low
protein corn seedlings, on the contrary, had mucp red in the leaves, 
were much less green, and especially were less blui~h-green. The 
stems of both the high- and low-protein seedlings were very red. Al
though no red color developed in the wheat seedlings, there were 
similar differences in the amount and shade of green in the leaves 
of the high-protein (Marquis) and low-protein (Little Club) types. 

2. Seedlings grown with nitrates 

The data are presented in table IV. Most of the seedlings began 
to synthesize nitrates at an early stage of growth. This was especial
ly true of seedlings of the grass family. The leguminous types did not 
use nitrates rapidly. The composition of the nutrient solution may 
not have been so well adapted for the growth of seedlings of this 
family as for the other kinds grown. Also these seedlings may be 

· more sensitive to light conditions than some of the other types, and 
· may require a ·greater .amount of light to enable them to effect a 
rapid synthesis of nitrates into growth-promoting substances. In 
some other experiments performed during April and May, when 

·light was of greater intensity and the days were longer, there was a 
much more. rapid synthesis of nitrates by leguminous seedlings as 
indicated by growth. It may also be possible that, in the sterile 
cultures,. the lack of nodules containing the nitrogen-fixing bacteria 
may have contributed somewhat in making these seedlings less 
efficient than the other types in the metabolism of nitrates. 
· Table V silnunarlzes the effects of the utilization of nitrates on 

· the growth of. various· organs. There is a striking .difference in the 
effect of nitrates on the growth of shoots and roots. Nitrates in

. creased growth of shoot.s remarkably, whereas.eleven of the nineteen 
types grown had the total green weight of roots very little affected, 
and ~fthese eleyen types, five varied less than 5 per cent. from the 
w~~ll.ts9frpotsofseedlings.not receiving nitrates,. and in four types 
the l?ot~ ~~ighe(l less when nitrates were present· than .when they 
;·~· . . ' . . 
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PLANT 

Wheat ......... 
Wheat. ........ 
Wheat ......... 
Barley ......... 
Oats ........... 
Oats ........... 
Rye ........... 
Rice ........... 
Corn ........... 
Com ........... 
Corn ........... 
Corn ........... 
Peas ........... 
Peas ........... 
Beans .......... 
Cow peas ....... 
Soybeans ...... 
Sunflower ...... 
Squash ......... 
Melon ......... 
Tomato ........ 

tJ::• •Jc. 

TABLE IV 

SEEDLINGS GROWN IN LIGHT IN NORMAL ATMOSPHERE WITH NITRATES, OCTOBER 7, 1925 

. 
LENGTH OF TOTAL AVERAGE LENGTH OF GREEN WEIGHT PER PLANT 

VARmTY No.OP GROWTH NITROGEN 
PLANTS PERIOD IN SEEDS Shoots Roots Leaves Shoots Roots• Leaves (DAYS) (%) (cm.) {cm.) (cm.) (gm.) (gm.) (gm.) 

Blue stem 53 14 2.27 23.0 15.2 19.0 0.277 0.213 0.197 Marquis 53 13 2.50 22.5 15.2 18.o 0.262 0.198 0.189 Little club 56 13 l .52 19.7 14.5 13.4 0.205 0.197 0.148 Vermont champion 43 14 1.82 22.6 14.2 17 .4 0.355 0.189 0.257 Storm king 46 18 2.68 28.0 9.2 21.5 0.405 0.274 0.262 Clydesdale 30 15 2.82 19.5 II.7 14.0 0.220 0.270 0.190 Giant winter 44 15 1.75 18.7 13.6 14.2 0.242 0.175 0.173 Honduras 44 22 1.68 8.1 6.3 4.7 o.o6o 0.060 0.026 Illinois high-protein IO 17 2.76 32.2 16.7 24.3 2.587 1.468 1.472 Illinois low-protein IO 17 1.09 26.8 17.0 19.4 1.946 1.547 l.049 Illinois high-oil IO 19 ········ 31.6 16.5 24.0 2.512 2.559 1.507 Illinois low-oil 5 19 ········ 30.4 14.2 23.2 2.776 2.582 I .6!8 Juno 18 33 5.10 20.0 14.2 3.0 2.730 l.815 ········ Canada white 16 23 3.60 21.6 13.2 2.5 1.348 0.897 ········ White Marrow bush 5 18 3.85 15.2 12.0 8.o 4.260 2.120 2.610 New era 15 17 4.40 II.O I3.0 6.o l.658 1.008 0.978 Peking 26 21 3.40 II.3 11.4 3.6 0.791 0.449 o.5I3 Mammoth Russian 22 25 4.56 24.2 IO.I 7.6 4.788 1.328 2.632 Hubbard warted 5 33 5.10 13.9 10.6 10.4 12.840 3.920 6.804 Red Rocky Ford 30 33 5.62 7.5 7.3 3.5 0.782 0.307 0.456 Bonnie Best 22 2I ········ 2.5 7.5 5.2 0.296 0.074 0.206 

··~ 

RATIO OP 
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l.30 
1.32 
1.04 
1.93 
1.47 
I.22 
1.38 
I .OI 

1.36 
1.25 
0.98 
1.07 
1.50 
1.50 
2.0I 
I.62 
1.76 
3.60 
3.27 
2.55 
4.00 
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PI.ANT 

Wheat .......... 
Wheat ...... , ... 
Wheat .......... 
Barley .......... 
Oats ............ 
bats ............ 
Rye ............ 
Rice ............ 
Corn ....... ,, ... 
Com ............ 
Corn ............ 
Corn ............ 
Peas ............ 
Peas ............ 
Beans ........... 
Cow peas ........ 
Soybeans ....... 
Sunflower ....... 
Squash .......... 

Muskmelon ...... 
Tomato ......... 

:-'.-~·~ 

TABLE V 

EFFECT OF UTILIZATION OF NITRATES UPON GROWTH OF SEEDLINGS KEPT IN NORMAL ATMOSPHERE 

LENGTH OJI' TOTAL TOTAL 
PERCENTAGE INCREASE IN GREEN WEIGHT DUE TO 

UTILIZATION OF NITRATES 
VA1'1ETY No. O:F GROWTH NITROGEN WEIGHT OF 

PLANTS PEllIOD IN SEEDS SEEDS 
(DAYS) (%) (GM.) Total Shoots Roots Leaves . 

Blue stem 53 I4 2.27 2.05 + 42.0 + 89.0 + 7.3 + 94.9 
Marquis 53 I3 2.50 r.84 + 34.4 + 83.8 - o.8 + 83.3 
Little club 56 13 r.52 r.86 + 63.6 +u2 .9 +30.7 +176.3 
Vermont champion 43 I4 r.82 I.I4 + 66.8 +174.6 - 4.3 +158.1 
Storm king 46 18 2.68 l .40 + 54.5 +136.7 + 2.2 +126.9 
Clydesdale 30 rs 2.82 r.35 + 23·7 + 90.r +I3.3 + 95.9 
Giant winter 44 15 r.75 r .or + 50.4 +182 .o - 8.5 +zot.9 
Honduras 44 Z2 I.68 r.04 - 3.8 + 7.7 -13.2 + 14.8 
Illinois high-protein IO 17 2.76 2.73 + 48.7 + 75.7 +22.8 + 75.r 
Illinois low-protein IO 17 1.09 3.91 +143.5 +206.9 +93·4 +212 .2 
Illinois high-oil 10 19 .......... 2 .73 + 64.2 + 60.9 +44-I +103.6 
Illinois low-oil 5 19 .......... 3.04 + 50.8 + 73.5 +32.2 + 99.2 
Juno 18 33 5. IO 4.73 + 24.4 + 40.9 + 5.7 .......... 
Canada white 16 23 3.60 2 ·3.i + 22.3 + 42.3 + o.8 .......... 
White Marrow bush 5 18 3.85 I.66 + ,:ig.8 + 41.r +37·3 + 46.5 
New era 15 17 4.40 I ·95 + 32.1 + 49.3 -1-u. 2 +133.0 
Peking 26 21 3.40 r. 7S + 29.6 + 35.6 +r9.4 + 42.7 
Mammoth Russian 22 25 4.56 r.04 +204.6 +282.9 +7.5"4 +333 ·I 
Large Hubbard 5 33 5. IO 0.73 +;,1,3 .7 +21r .4' +29.2 +160.6 

warted 
Red Rockv Ford 30 J.3 .'i .ii2 0.40 ·f~ 61 .5 +rrr .o + I ·3 +106.3 
Bonnie Rest 22 2I .... ' ..... o.oli ·+~2.:;5 '7 +.W3·3 +r,8.2 +4·P·I 

·------~~.•-ow~~-~-~--'-~----!-~--~·-•• -- _____ ,_ --- ... -~·-· ___ , -<-,·-·---------- - ·----'"----~ 
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were not. It is true, however, that the roots of most of the seedlings 
receiving nitrates had somewhat more branching than those of the 
plants starved for nitrogen. The roots of most of the nitrated plants 
were shorter. The strengthening tissues of both roots and stems in 
most of the seedlings had somewhat less thickening of the cell walls, 
and the storage ca:r,:bohydrates were in all cases less abundant than in 
the plants starved for nitrogen. The total increase due to the use of 
nitrates was greater for the high-protein, high-oil types of seedlings, 
but this was partially because these seedlings grew for a longer time. 
Of the three kinds of wheat grown, the starchy low-protein type 
(Little Club) made the greatest gain with the use of nitrates; and in 
the case of corn the starchy low-protein made a greater gain than 
the less starchy high-protein type. 

The influence of light on the growth of different parts of seedlings 
is shown in table VI. 

Ejf ect of light on plants grown without extra nitrogen 

The total green weight increased in plants grown without 
nitrogen, especially in the high-protein forms. The low-protein 
starchy types gained only slightly. The green weights of stem plus 
petioles all decreased under the influence of light, and the decreases 
ranged from 3.1 per cent in the case of stems of cow pea seedlings to 
65.r per cent in the case of stems of soy bean seedlings. There ap
peared to be no difference between the high- and low-protein types 
in the responses of stems and petioles to light. In all these experi~ 
ments the leaf sheaths and petioles have been included with stem 
tissue, as they were considered to approach more nearly to stem 
than to leaf tissues in content and composition. The leaves and 
cotyledons gained in green weight in the light in most cases; how
ever, the leaves of the starchy low-protein seedlings decreased. This 
loss in weight amounted to 37.8 per cent for Little Club wheat and 
4r.6 per cent for Illinois low-protein corn. In a general way it may 
be stated that the higher the nitrogen content of the seed, the greater 
the increase in green weight of leaves due to the influence of light. 
The leaves of leguminous seedlings were very responsive, and the 
growth of leaves of the high-protein, high-oil seedlings was remark
ably influenced by light . 

• 
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TABLE VI 

PERCENTAGE INCREASE OR DECREASE IN WEIGHT OF VARIOUS ORGANS DUE TO INFLUENCE OF LIGHT, OCTOBER 1925 

PLA..~TS GROWN WITHOUT NITRATES PLANTS GROWN WITH NITRATES AVAILABLE 

PLANT VARIETY 
Stems+ Leaves+ Total Shoots petioles cotyledons Roots Total Shoots Roots 

Wheat .......... Blue stem + 57.I - 3.33 -32.8% + 20.2S·~ +19I.2 + 95.2 + 4r.3% + 287.3 Wheat .......... Marquis + 55.0 -14.4 -5r.2 + 19.8 +268.5 +109.0 + 51.4 + 321.3 Wheat .......... Little club + 9.3 -39.2 -39.4 - 37 .8 +125.8 + 56.4 + 13.8 + 155 .8 Barley .......... Vermont champion + 6$.S ~$.I -53.2 + 35.6 +219.3 +103.8 + 88.8 + 225 .3 Oats ............ Storm king + 86.o +14.0 -22.2 + 47.4 +2u .6 +211 .4 +181 .2 + 270.2 Rye ............ Giant winter + 7.2 -23.9 -30.9 - 19.7 + 75.0 +100.5 + 56.r + 230.2 Rice ............ Honduras - o.8 -41.0 -56.0 + 15.0 +122.6 - 49.1 - 48.7 + 215 .8 Corn ............ Illinois high-protein + 39.7 -j- 0.1 -18.9 + 20.4 -j-124.5 -j-129.4 + 93.0 + 243.8 Corn ............ Illinois low-protein - 29.7 -50.8 -58.3 - 4I .6 + 6.6 + 54.6 -j- II.2 + 203.3 Corn ............ Illinois high-oil + 42.0 - 6.4 -15.I + I.6 -j-129 .9 .......... .......... . . . .. . . '. Corn ............ Illinois low-oil + 2\).I -II.I -27 .9 + 15.0 -!-105.4 +187 ·9 + 87.5 + 584.8 Peas ............ Juno +105.1 -!-52.6 ....... ' .. . . . . . . . . . . +z34.7 +176.4 -!-II8.4 + 360.6 neans ........... White Marrow hush +SI.I -j-51.4 -32.8 +1480.1 +193.5 -j-107 .4 + 64.2 + 338.9 Cow peas ........ New era -!-IOI.$ +44-9 - 3.1 + 624.1 +282.3 +195 .5 ,+128.6 + 469.5 Soy beans ....... Peking + 17.8 +- 9.2 -65.r + 432.6 +ns.6 + .H.8 - 3.7 + 358.2 Sunflower ....... Mammoth Russian + 78.4 +22 . .<; -3(U) + 268.0 +620.9 +373·3 -j-305.7 +1085.7 Squash .......... Hubbard warted +u6.9 +43.8 -47.2 + 401.9 +601.8 +206.4 +167.9 + 479.6 Melon .......... Rocky Ford +r.)I .6 +47.8 -40.2 + 449.7 +656.0 +264.2 -!-HJU.2 + 777 .I Tomato ......... Bonnie Best +1.3r.1 +so.o -45.0 + 387 .2 +180.0 -!-469.2 +385.2 -!-1750.0 
_,,. __ .. -·-~~~------··-··--~-.--~~--·----·-------·---- ---·-----
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One of the most noticeable effects of light is that of the strongly 
positive influence which it exerts on the growth of roots. The low
protein starchy types had this stimulating effect of light on growth 
of roots much less than all other kinds of seedlings. The roots of 
starchy low-protein corn seedlings gained 6.6 per cent by the action 
of light, the root~ of rye 75 per cent, and Little Club wheat 125 per 
cent. Light caused roots of leguminous seedlings to gain from l 19 
to 282 per cent. The roots of the higher protein seedlings had much 
greater increases. The gains in weights of roots of high-protein, 
high-oil seedlings ranged from 602 to 780 per cent. 

Effect of light on plants receiving nitrates 

The total green weight was increased in the nitrated plants ex
posed to light as compared with those grown in darkness, with the 
exception of rice, in which there was no increase either in weight 
or in size. This feature of the behavior of rice has been pointed out 
previously. A peculiarity in the growth of the rice seedlings in dark
ness is that plants receiving and not receiving nitrates both had very 
much longer shoots than the corresponding plants grown in the 
light. Light caused an increase in growth of shoots (stems plus 
leaves) in most types of seedlings, and growth of roots was greatly 
increased in all of them. The gains in weights of roots ranged from 
155 per cent for Little Club wheat to 1750 per cent for tomato 
seedlings. 

EXPERIMENT II, MARCH 5-26, 1926 

This experiment was conducted to determine the weekly incre
ments of growth made by various types of seedlings when receiving 
and not receiving nitrate nitrogen. In the previous experiment it had 
been found that different seedlings required different lengths of time 
to use the reserve nitrogen of the seed, and since the seedlings receiv
ing nitrates were harvested at the same time as seedlings starved for 
nitrogen, it was difficult to compare one type with another because 
of the different lengths of the period of growth. This experiment 
was planned to. overcome this difficulty. This kind of an experiment, 
although better for studying the ability of various types of seedlings 
to utilize nitrates at different stages of germination and early growth, 
is not· so good for comparing the ability of different types to grow 

• 

• 
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without extra nitrogen. When seedlings of the grass family were 
two weeks of age at this season of the year many of them had almost 
ceased growing, although they were still increasing slightly in 
weight. The higher protein types were still growing by the end of 
the third week and had not then attained maximum size. 

r. Seedlings not receiving n-itratei 

The quantitative results are given in table VII. Illustrations of 
tomato and sunflower seedlings are shown in figs. 14, 16, 18, 20., 

22, 24, 26, and 28. The weight of shoots in proportion to that of 
roots tended to decrease week by week. The relative proportion of 
shoots to roots of seedlings grown from starchy seeds diminished 
conspicuously during the second week, but there was relatively little 
change during the third week. The same situation was found with 
the higher protein seedlings, with the exception of squash, which 
grew relatively slowly during the first week. As in the previous 
experiment, the high-protein seedlings had higher shoot to root 
ratios ·than. the low-protein seedlings. With the exception of the 
high-protein barley (Dickinson, N.D.), the greatest gains in green 
weight were made by the roots of all types of seedlings during the 
sec.and week. Shoots of seedlings of the grass family and of sun· 
:fio"\Ver grew most rapidly during . the first week, and . those of the 
· leg11minous tYl?e and squash and tomato during the second week. 

2. Seedlings receiving nitrates 

The quantitative results are shown in table VIII, and illustra
tions of tomato and imn:fiower seedlings in figs. 15, 17, I9, 2I, 2$, 

25, 27, and 29. The shoot to root ratios were higher in the cultures 
receiving nitrates than in those not receiving them during the entire 
. period of growth, although in several instances the differences at the 
end ofJhe .first week were not appreciable. The ratios of shoots to 
r00ts of the nitrated J:>lants tended to become progressively higher 
w~ by week, whereas .those o( the nitrogen.,-limited plants became 

, progressively lower .. With the exception. of seedlings of the legumes, 
-there weremarkedincreases in length of shoots and decreases in length 

·· · .. of. J"oo~ with the use. of nitrates. Most of .the· nitrated plants had 
~~re branching ofthe roots; and the le~wes were longer and wider. 

< '. 1·' / ,, ' ' • 
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TABLE VII 

SEEDLINGS GROWN IN LIGHT IN NORMAL ATMOSPHERE AND HARVESTED AT EKD OF ONE, TWO, AND THREE WEEKS OF GROWTH, 

WITHOUT NITRATES, MARCH-APRIL, 1926 

PLANT VARJETY 

I • 

Wheat ........ · \ ]\c~arqufa i 
Wheat ......... 1 L11;1e dub I 
Oats ........... : Cl) desdale , 
B.' arlcy ._ ........ 

1
1 H~nnchen (Dickinson)\ 

J.arlcy. . . . . . . . . H.mnchen (Aberdeen l . 
Cow peas ...... ·l New era \ 

I I 
Peas ........... i First of all ' 
Soy bean ....... i Peking 
Squash ......... I Hubbard 
Sunflower ....... 

1
1 Mammoth Russian 

Tomato. . . . . . . . Bonnie Best 

\ 
t 

No. 
OF 

PLANTS 

62 
62 
62 
62 
62 
IO 

32 
32 
14 
20 
62 

I ONE WEEK TwowEEKS 

TOTAL WEIGHT 

THREE WEEKS 

r GREEN WEIGHT OF' 

AVERAGE LENGTH ATITISSUE PRODUCED AT 
END OF THIRD WEEK END 01'' THIRD WEI!:K 

PER O.I G:;\L 01!' 
RESER\'E NITROGEN 

NITROq OF\ _ , i- 1 
GEN IN SEEDS ! i ' I I I I ! I I ! 
SEEDS (GM.} t Weight l Weight j Raiio i Weight I Weight Ra}io I Weight i. Weight Ra}io . i j I 

(%) of ! of I • ? f of of " j h s of l of w i' h Shoots1 Roots 1Leaves Total Shoots! Roots 

.

I• shoots !·. roots iof c;~);:;~s!. shoots I. roots .of~~o~tsl shoots r roots '.of ~l~o~~s .•.. (cm.) 1·. (cm.) '. (cm.) (gm.) I (gm.) I (gm.} I (gm.) i (gm.) I to roots \ (gm.) I (gm.) . to roots j (gm.) j (gm.} ! to roots : I : 
I~: o.ros l---;;g;-i~ll 0.233 ---;;-:;-!~ 0.352 !~!~1~! r2.6 -;-;

1
20.951 ,35.74 

I 0.062 l 0.103 l 0.60 ) 0.085 0.219 0.,39 1· 0.133 0.322 ~ 0.41 'II.2 13.9 8.8 99.6 29-~5\ 70.42 
l 0.096 j o.rro i. o.88 , 0.144 l 0.244 0.58 o.r67 0.297 I 0.56 16.4115.8 13.2 36.61 13.201 23.46 I o.rss ! 0.247. 0.62 o.2os 1 0.340 0.60 1 0.261 0.381 1 0.10 21.s 21.s 15.2 69.0, 28.431 40.ss 

I 0.138 1
1 0.156, o.88 0.185: 0.,345 o.s.3 I 0.:201 0.,376 I 0.53 17.6 1 17.6 12.6 65.0122.651 42.38 

0.295 i 0.117 i 2.52 0.772 I 0.660 r.18 (-5 0.985 0.62 i 6.21 II.J 4.0 27.91 {-5 ! IJ.22 

I I l 'I leaves ; . II leaves!. ! I . 0.6101 I 1 ro.66)! 

I 0.110 I 0.141' 0.78 0.570 I 0.540 1.06 1.180 I.120: 1.05 29.I, I,).2 2.5 J2.I; 16 ... ·f-9! 15.66 
0.359 '.. 0.127 1 2.81 0.590 0.31,j t.88 0.630 0.450 I! 1.40 II.2 ! 12.0 3.7 47.21! 27.57] :r9.69 

! 0.693 i 0.338 \ 2.05 2.893 1.163 2.48 3.750 2.581 1.45 7.5 ! 18.2 4.3 85.2 50.48! 34.75 
0.6~5 : .. 0.257 l 2.47 0.943 ! 0.575 .I.~4 r.21~ 0.976 ! r.24 r~.9 I rr.,3 .3-4 ro~.91' 5~·~9! .. ;5.08 
o.o.:>o 1 0.013 I 2.28 0.070, 0.046 1 . .,1 J 0.07;:, 0.073 1 1.02 --7, IO.I 1.2 12,.6 6,)·.): 62.I 

I I ! , I 

2.50 2.44 
I.52 I.87 
2 .82 2 .78 
2 .76 2 .II 
2 .20 2 .so 
4.40 I .JO 

4.II 5 .57 
3.40 2 .rs 
5.10 2.04 

4.56 0.95 
....... 0.16 



TABLE VIII 

SEEDLINGS GROWN IN LIGHT IN NORMAL ATMOSPHERE AND RARVEST:Jm AT END OF ONE, TWO, AND THREE WEEKS OF GROWTH, 

WITH NITRATES, MARCH-APRIL, I926 

I I GREF.N WEIGHT OF 
• 'flSSUE. PRODUCED AT 

ONE WEEK l Two WEEKS J THREE WEEKS )AVERAGE LENGTH ~:'END oF THIRD WEEJC 
. 1END OF THIRD WEEX PER O.I GM. OF 

No. I TOTAL 1· WEIGHT I j j RESERVE NITROGEN 
.· I ,. I NlTJlO· OF I ,. . 

PL.~NT. ' 'ARIETY OF GEN IN SEEI>S I ! I I I ' I ' 
PLANTS SEEDS I (gm.) 1 Weight I Webdit Ratio Weight Weight Ratio I Weight Weight Ratio I \ I I 

(%) i of of ?f of of . ?f of of ?1 Shoots Roots 'Leave;: Total Shoots Roots 
,
1
.. I l I shoots I roots 0'f~'g~~t, shoots roots 0';e;g~~.1 shoots l ro<>ts 0'f~g~~s! (cm.) ' (cm.) i (cm.) I (gm.) I (gm.) \ (gm.) 

_ . 
1 

. I (gm.) I (gm.) j to roots (gm.) J (gm.) i to roots I (gm.) f (gm.) I to roots / ! j I 
Wheat .••.•• : .•• j ~!arquis J 62 '! 2.50 I 2_.44 o.x50 o.u3 x.32 o.4o8. 0.079 r.46 j 0.893 I 0.32812.72 I\ 36.6 [ 8.3 I' 27.8 124.rj 90.811 .3.3·3 
Wheat. ...• _.···· Ltttleclub _ 62 1.52 r.87 0.097 o.ns 0.84 0.277 0.239 I.IS 'j o.6681 0.331 2.01 3i.6 I n.2 2;.2 218.1.

1
14s.8 72.3 

Oats ......•. : ••.• Clydesdale • • ! 62 l 2.82 2.78 0.149 0.150 0.99 0.394 o.26g I.47 . o.87I 0.318 2.73 42.9 I 13.9 29.1 9,1.1 68.9 25.2 
Ba.rley ... .-...•.. H!!nnchen.CD1ckmso_nl; 62 : 2.76 l 2.u o.no o.2u 0.29 0.665 0.362 x.83 I x.120 I 0.447 I 2.51 I ,37.9

1 
Io.7 30.4 l06.9II9.3 47.6 

Barley ..• ··_··_·-_··. Hannchen (Aberdeen) 

1

. 62 I 2.20 , 2.50 0.233 0.261 0.119 0.731 0.379 I.Qt I x.uo 0.433 2.57 j 31.8. 9.2 ,30.3 11.1.91125.I \ 48.8 
Cow peas ..••• , •. N:cwera IO ! 4.40 ! I.30 0.332 I o.I30 2.55 t.339 o.8o4 x.66 l x.390 I.009 1.37 1 5.0 1 8.2 5.0 41.9j 24 .. 3 I7.6 
Peas •.....•• , .• FusFofall 32 I 4.It j 5.57 o.u3 0.134 0.92 0.915 o.6s6 I 1.39 1 I.3531 0.681 i.98 1 29.I ! 5.0 2.5 28.4. 18.9 9.5 
!!<>Ybean ..• ·."_·

1
Pelnng .\2 i 3.40; 2.15 o.36oj o.to6 3.41 0.702 0.3001 •·33: o.88o o.srll x.70 11.1.91Io.o 4.4 6x.2J.18-.) 2l.7 

Squash:···· .. •• Uubbiird • 14 i 5.10 ! 2.04 1.579 I 0.468 3-.17 6.101 ! r.736 ! J·S• 1 14.500 I 3.403 l 4.26 [ '35·4 [ 17.0 xo.o >-11.0119.).2 I 45.8 
Sunfiower ..•.••• , Mam!"othRussum I 20 : 4-s6 : 0.95 0.714 I 0.245 1 2.91 2.ou 1 o.6u I 3.29 1 4.660 I 0.901 I 5.16 ! 32.81 II.3 8.a '."·":. 55.6, 16.5 
Tomato ........ , llonmeBest 62 ......... o.I6 o.o67, 0.015 1 4.40 0.434 l 0.061 1 7.15 , x.135 1 o.r34 ! 8.46 , 20.0 g,I 7.5 2.,6.8215.2; 41.6 

i l • I 1 ' \ ' _ I -~-__!" _____ _ 
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Both shoots and roots of all the types of seedlings made the greatest 
gains in green weight during the second week. At the end of the first 
week the nitrated seedlings of the grass family had greener leaves 
than the seedlings not receiving nitrogen. Oat seedlings were an 
exception in this respect. There was no difference in the greenness 
of the two sets of leaves in the three types of leguminous seedlings. 
This conditiop was correlated with little difference in size of the 
nitrated and un-nitrated cultures. There was very little difference 
in color of the cotyledons of tomato, squash, and sunflower seedlings 
of the two sets of cultures at the end of the first week. 

At the end of the second week the first leaves of seedlings of the 
grass family which were not receiving nitrates were beginning to die 
at the tips, and the general color of the leaves was a yellower green 
than that of the nitrated seedlings. With the exception of cow pea 
seedlings, in which there was no difference in color, the leguminous 
seedlings not receiving nitrates had greener leaves at the end of the 
second week. The cotyledons and leaves of sunflower and squash and 
the cotyledons of tomato seedlings not receiving nitrates were 
greener than those of plants receiving nitrates. 

At the end of the third week all plants receiving nitrates had 
greener leaves than those of the nitrogen-starved plants. 

It has been found in both the March (1925) and October (1926) 
experiments that seedlings of the grass family developed signs of 
starvation for nitrogen earlier than the higher protein types. Seed
lings from the latter type of seeds had the capacity to continue 
growth for a longer time. There also appeared to be a difference in 
the amount of green tissue produced per o. 1 gm. of reserve nitrogen. 
The results of the October experiment are given in table IX, and of 
the March experiment in tables X and XI. The four types of high
protein, high-oil seedlings differ from all the others in this respect. 
Per unit of reserve nitrogen their total green weight is greater, and 
the difference in weight as compared with seedlings grown from the 
low-protein seeds is brought about by a greater growth of stems and 
leaves. There is no distinct difference in the weight of roots produced 
per unit of nitrogen by the different classes of seedlings. Just what is 
the cause or significance of this increased growth by the high-protein, 
high-oil seedlings cannot be stated. The high-protein, high-oil types 



TABLE IX 

GREEN WEIGHT OF TISSUE IN GRAMS PRODUCED PERO.I GM. OF RESERVE NITROGEN BY SEEDLINGS GROWN WITH XO EXTERNAL 

SOURCE OF NITROGEN, MARCH-APRIL, r924 

DARKNESS I LIGHT 
AllOUN'.l' 

l'LAN'.r VARIETY 
OFNPEJI 

Shoots SEED Shoots Stems+ Leaves+ Stems+ Leaves+ 
{MG.) Total (stems+ petioles cotyle- Roots Total (stems+ petioles cotyle- Roots 

leaves) dons leaves) dons 
--·----------------------------

Wheat., .......... Blue stem 0.878 24.9 17.2 7.8 9.4 7.7 35.4 15.0 4.62 10.4 20.4 
Wheat ............ Marquis 0.982 22.4 r6.9 8.2 8.7 5.5 32.4 13.5 3.73 9.76 18.9 
Wheat .... ·•···· ... Little club 0.504 44.4 31.3 14. I 17.2 13.r 48.6 19.0 8.53 I0.5 29.6 
Barley ............ Vermont champion 0.482 40.9 28.0 12.9 15.1 12.8 62.0 24.4 5.48 18.9 37 .6 
oats ............. Storm king 0.817 28.8 18.3 8.8 9.5 10.5 49.1 19. I 6.21 12.9 30.0 
Rye .............. Giant winter o.4o:r 41. I 28.1 10.4 r7.7 12.9 6I.9 19.2 6.39 12.8 42.; 
Rice •............ Honduras 0.396 JI. 7 24.0 19.0 5.0 7.8 29.0 13.0 7. (J7 5.34 16.0 
Corn ............. Illinois high-protein 7.53 28.6 19.5 10.3 9.2 9.1 40.0 1 9·5 ll.42 II. I 20.4 
Corn, ............ Illinois low-protein 4.26 47.8 30.2 16.7 13.5 17 .6 33.7 14.9 6.99 7.88 18.8 
Peas ............. Juno 13.4 13.3 9.4 il. 5 0.9 3.8 25.6 1,3.6 6.29 7.30 I2.0 
Beans ....... ' .... White 1\farrow hush 12.8 r9.7 15.5 14.6 0.9 4.1 32.3 2r.4 8.95 12.4 10.9 
Cowpeas ......... New era 5.74 17*2 13.0 I2 .9 O. I 4.1 26.8 r4,7 9.,p5 5.61 12.I 
Soy beans ....... : . Peking 2.29 35.5 28.0 25.1 2.9 7.5 39.6 24.1 9.25 r4.7 rs.,::; 
Sunflower ........ Mammoth Russian 2.17 5r.8 47.0 ,39.4 7.6 4.8 80.3 50.0 25.7 24.3 30.3 
Squash ........... Hubbard 9.83 33.5 29.I 23.8 S-3 

4.4 l 67.9 39.I 'r4. 7 24.8 28.8 
Melon ............ Red Rocky Ford 0.753 3il.1> 33.3 28.0 5.3 5.3 83.4 4S-9 18.6 27.3 37.5 Tomato; ......... Bonnie Best o.n7 ,)tl.4 34.2 27.6 6.6 4.2 80.0 51.2 rR. i ;;i.5 37.6 
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TABLE X 

GREEN WEIGHT OF TISSUES IN GRAYS PRODUCED PER O.l GM. OF RESERVE NITROGEN BY SEEDLINGS HA\•ING NO EXTERNAL 
SOURCE OF NITROGEN, ]\fARCH 5-26, 1926 

. 
TOTAL WEIGHT ONE WEEK TWO WEEKS Tnl<EEWEEKS 

PLANT VARIETY .No.OF NITROGEN OF 
PLANTS IN SEEDS SEEDS 

(3) (GM.) Total Shoots Roots Total Shoots Roots Total Shoots 
------------------

Wheat .......... Marquis 62 2.50 2.44 20.50 9.83 10.72 37.40 13.67 23.70 56.70 20.95 \Vheat .......... Little club 62 I.52 I.87 32.40 12.17 20. 22 59.82 16.80 43.07 89.70 26.24 Oats ............ Clydesdale 62 2.82 2.78 16.30 7.59 8.67 30.7 II.40 19.28 36.6 13.20 Barley .......... Hannchen (Dickinson) 6:1 2.76 2. II 42.80 16.48 26.32 58.10 21.84 36.22 69.00 28.43 Barley .......... Hannchen (Aberdeen) 62 2.20 2.50 33.10 15.56 17.58 59.70 20.85 38.89 65.00 22.65 Cow peas ........ New era IO 4.40 I.30 7.20 5. 16 2.04 25.00 13.49 rr.54 27.90 5 leaves 
had 

dropped 
off lo.66 Peas ............ First of all 32 4.II 5.57 3.50 I.54 I.96 15.5 7.97 7.55 32. l 16.49 Soy bean ........ Peking 32 3.40 2.15 2r.3 15.7 5.58 39.5 25.83 13.71 47.2 27.57 Squash ........ · .. Hubbard I4 5. IO 2.04 13.9 9.33 4.55 54.6 38.94 15.65 85.2 50.48 Sunflower ....... Mammoth Russian 20 4.56 0.95 41.2 29.33 II.87 70. I 43.57 26.56 100.9 55.89 Tomato ......... I!onnie Best fo 0.00729 ..... ~ 36.8 25.6 II. 2 99.o 59.5 39.5 125.6 63.5 

gm. in 62 
seeds 

Roots 

35.74 
63.38 
23.46 
40.58 
42.38 
17.22 

15.66 
19.69 
34.75 
45.08 
62.r 
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TABLE XI 

GREEN WEIGHT OF TISStiES IX GRAMS PRODliCED PERO.I GM. OF RESERVE :KITROGEN BY SEEDLIKGS RECEIVI!\G NITRATES, 

MARCH 5-26, r926 
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of seedlings also have much the greatest efficiency in the metabolism 
of inorganic nitrogen. 

Discussion 

The questions raised in the introduction will now be considered. 
r. What are the responses of seedlings having different amounts 

of reserve carbon ·and nitrogen when extra amounts of carbon and 
nitrogen are supplied externally? 

The relations of varying amounts of available carbon and 
nitrogen to the growth of shoots and roots of seedlings are much like 
those found with tomato cuttings. Seedlings grown from seeds hav
ing large carbon reserves in proportion to the nitrogen tend to have 
low shoot to root ratios when grown without an external source of 
nitrogen, and those grown from seeds having relatively large 
amounts of nitrogen have higher shoot to root ratios if the seedlings 
are grown in the light. If the seedlings are grown in darkness there 
appears to be a somewhat similar, although considerably less defi
nite, relation between the type of growth and the kind and amount 
of the food reserves. 

The quantitative differences in the growth of different organs of 
seedlings kept in the light appear to be more directly related to the 
amounts of available carbon and nitrogen than to genetical affilia
tions. Within the grass family, for example, we find variations in 
growth related to the amount of stored foods. The very starchy, 
low-protein types of wheat, barley, and corn have lower shoot to 
root ratios than the corresponding somewhat less starchy and higher 
protein types. The results obtained with the four kinds of seedlings 
grown from high-protein, high-oil seeds, representing three different 
families, also indicate that the responses are related to the types and 
quantities of reserve foods. 

When extra nitrogen is supplied, growth is in most cases slightly 
increased in darkness and is greatly increased in the light. The 
extra nitrogen favors growth of shoots more than that of roots. The 
roots of the nitrated seedlings are shorter. In no case was the in
crease with the use of nitrates in darkness equal to that obtained 
with the very high-carbohydrate tomato cuttings. It is supposed 
that this quantitative difference in the responses of seedlings as 

• -
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compared with the cuttings resulted from the smaller amount of 
carbohydrate in proportion to the stored nitrogen in the seeds. 
Tomato stem cuttings may be produced which contain thirty-six 
parts of carbohydrates (starch, sugar, free-reducing substances) to 
one of nitrogen; whereas the starchy wheat grains have only about 
seven parts of carbohydrates to one of nitrogen. The carbohydrates 
may thus tend to become limiting factors in the gro\vt~ of seedlings 
in darkness more quickly than they did in the growth of cuttings. 

2. Is fertilization with nitrogen advisable in the early growth 
of all types of seedlings, regardless of weather and light conditions 
and the nitrogen reserves of the seed? 

The results obtained in some experiments with seedlings grown 
at different seasons of the year show that, with the exception of 
seedlings, all the types can assimilate nitrate nitrogen into growth
promoting substances in the early phases of growth, if light condi
tions are favorable and permit of rapid and abundant synthesis of 
carbohydrates. On the other hand, if conditions are unfavorable for 
the synthesis of carbohydrates, the very high-nitrogen types of seed
lings may grow as well without as with nitrates in their early growth. 
Nitrates become beneficial after the seedlings have developed a 
photosynthesizing surface. The rate of nitrogen assimilation is 
ly correlated with the rate of synthesis of carbon compounds. This 
sort of response also agrees to some extent with results foi.md 
tomato cuttings. There it was noted that nitrates were to 
rnttings having a very high-nitrogen but low-carbohydrate content 
when kept in darkness, and that nitrates were of no directly notice
able. benefit in the light until more carbohydrates had accumulated 
by photosynthesis. 

3. Is the seedling with the larger reserve of carbon bettc~r able 
to live and thrive during prolonged periods of dull, cloudy weather 
during the early growth of the plant? 

4. Is the seedling with the larger amount of stored nitrogen at 
its disposal better able to withstand conditions of drought or of poor 
soil during the early phase of development when nitrogen from an 
outside source is unavailable or available in. very limited amounts? 

The.re is some evidence that those seedlings endowed the 
P~~ent plant with an abundance ofreadily .available carbon com-
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pounds will make the most rapid growth at first. This is true, not 
only of those with a limited nitrogen supply, but also of those grown 
from higher-nitrogen, high-fat seeds in which there is a great 
abundance of sugar produced by a rapid hydrolysis of the fats. Sun
flower and tomato seedlings have this mode of behavior. These two 
types of seedlings.and those of the grass family grew very rapidly 
during the fitst week. The results suggest that seedlings having an 
abundance of readily obtainable carbon reserves are better able to 
grow during cloudy weather in the early stages of growth. On the 
other hand, the seedlings having the larger stores of nitrogen are 
better able to grow and establish themselves in nitrogen-poor soil. 
They Virill tend to become deep-rooted under such conditions, and 
should be able to absorb a greater amount of nitrogen from the 
substrate because of the wider spread of roots. A period of abundant 
nitrogen and relatively small carbon supply in the early stages of 
growth tends to make leafy but shallow-rooted plants, which may 
not be so well adapted to obtain their needed amount of nitrogen 
and other minerals in their later development. 

KosINSKI (7), who was probably the first to study this relation of 
nitrogen to the growth of different organs, found that nitrogen feed
ing restricts the growth of roots in length and favors that of the 
stem. GoDLEIVSKI, in ·whose laboratory part of KosINSKI's experi
ments were conducted (the work was begun in the botanical labora
tory at Jena), incidentally utilized some of his barley seedlings for 
proof of KosINSKI'S results. His observations (6) agreed with those 
of KOSINSKI, and showed besides that the presence of sugar favored 
the growth of roots in length. He states that: 

root growth was especially favored in comparison with shoot growth if the 
nitrogen-free solution contained sugar, probably because in the more abundant 
supply of carbohydrate material, the nitrogen-hunger was accentuated. It seems 
as if the pl.ants, hungering for nitrogen, strive through the appropriation of the 
largest possible quantity of the materials available for growth of roots to make 
better use of the scanty nitrogen supply in the soil. 

In the same manner as GODLEWSKI has attempted to account 
for the favoring of growth of roots by a limited supply of nitrogen 
and an abundance of carbohydrates, one might explain the stimula
tion in growth of shoots (particularly of leaves that results when 
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nitrogen is abundant) as an effort on the part of the plant to expose 
a great amount of surface to the light so as better to provide for an 
increase in the products of photosynthesis. It seems more probable, 
however, that the differences in growth are due more directly to 
differences in the chemical conditions within the tissues rather than 
that they develop as purposeful adaptations. 

GODLEWSKI (s) observed that: 
the roots of etiolated plants are usually shorter than those of plant$ grown in 
the light, yet the difference is so small that on no account can the greater length 
of the hypocotyl of (plants grown in darkness) be compensated by the decrease 
in length of the roots. 

The effect of light on the growth of roots has been neglected by most 
of the investigators who have studied the characteristics of the 
etiolated plant in contrast with those of the plant grown in the light. 
Perhaps the most conspicuous feature of the results reported here 
is that of the stimulating effect of light on root development. The 
light-favoring effect on growth of roots is most pronounced in the 
case of seedlings grown from high-protein seeds. Some of the io\v
protein types, as low-protein corn, produce root systems as large 
darkness as in light when nitrogen is lacking in the nutrient medium. 
A similar response was noted with tomato cuttings. If they had a 
very large supply of carbohydrates and were not given extra nitro
gen, roots grew almost as well in darkness as in light. It thus seems 
probable that the light-favoring effect on the growth of roots is 
directly or indirectly connected with the synthesis of carbohydrates. 

These experiments have also demonstrated the \Yell known 
that light has a limiting influence on growth in length of stems. 
Whether the growth-inhibiting effect is due indirectly to the 
synthesis and accumulation of carbohydrates, or to its effect on 
nitrogen and other forms of mineral metabolism, or to more directly 
stimulating effects on the protoplasm itself, has long been a much 
discussed question, and one for which a definite answer is still lack
ing. If seedlings having a supply of reserve carbohydrates are grown 
in light in an atmosphere lacking carbon dioxide, growth of the stem 
may equal that of a plant kept in the normal' atmosphere under 
conditions. that permit the rapid synthesis of carbohydrates. Prom 
this it has been concluded that the growth-limiting effects of light 
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on the stem cannot be directly due to the synthesis of carbohydrates. 
GoDLEWSKI's (S) experiments have shown that a greater quantity of 
dry matter may pass from the cotyledons into the hypocotyl, if seed
lings are grown in darkness than if grown in light in an atmosphere 
lacking carbon dioxide. He found that stems of 14-day old Pltaseolus 
seedlings grown born seeds of the same weight contained 202 mg. 
of dry mattey when grown in darkness, and 14r mg. of dry matter 
when grown in light in air lacking C02. It may be concluded that 
the hypocotyls of etiolated plants are longer than those of plants 
grown in the light, partly because more of the food reserves are used 
in their growth, and also because they have a considerably higher 
water content. 

GODLEWSKI (5) also sought to determine whether the growth
limiting effects of light on the hypocotyl were exerted directly on it, 
or more indirectly through its influence in favoring the growth of the 
cotyledons. Using black paper cases, he darkened the cotyledons 
only of some etiolated Raplzanus seedlings and the hypocotyls only 
in others. Similar seedlings were left uncovered and set out in 
normal atmosphere. He found that darkening the hypocotyl only 
caused a definite increase in its length; secondary to this, the cotyle
dons of the plants with the darkened hypocotyls were somewhat 
smaller than those of plants grown wholly in the light. Darkening 
the cotyledons only had a strong influence on their growth; they were 
larger than the cotyledons of completely etiolated plants. He stated, 
however, that the cotyledons became somewhat green at the base. 
It may be possible that the traces of light, which undoubtedly must 
have entered, caused a stimulation in growth of the cotyledons. 
BATALIN (x) presented some experimental evidence which showed 
that illumination of short duration e~<erts a remarkable influence on 
the growth of leaves. GODLEWSKI also has shown that illumination 

. for a brief period favors the growth of cotyledons of Raphamts seed
lings; Later experiments of TRUMPF (x5) have demonstrated similar 
results. 

The effects of light on the growth and development of different 
organs of seedling's will be discussed more fully in two following 
papers. Additional data will also be presented which help somewhat 
toindicate to what extent the influence of light on the growth of 
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different organs is due to the processes of assimilation and utilization 
of carbohydrates, and to what extent to the influence of light on 
metabolism and growth independently of carbohydrate synthesis. 

SUMMARY OF RESULTS OBTAINED IVITH SEEDLINGS 

GROWN IN LIGHT 

r. Seedlings developed from seeds with high-nitrogen content, 
when grown with no external source of nitrogen, have a greater 
weight of shoots in proportion to that of roots than those which 
develop from seeds with low-nitrogen content. 

2. The weights of shoots in proportion to roots of seedlings grown 
in the light is lower than those of seedlings grown in darkness. The 
shift in the proportions is brought about especially by the shorter 
stems, and in most cases by much larger root systems of the seedlings 
grown in the light. 

3. The difference in the effect of light and darkness upon the 
weight of tops in proportion to roots is greater with seedlings from 
high-pro~ein seeds grown without extra nitrogen than with seedlings 
grown from low-protein seeds. 

4. Light does not greatly favor growth of seedlings 
protein starchy seeds unless extra nitrogen is supplied. 
of these plants are considerably smaller and e,ren weigh less in 
light. The roots of some of these seedlings gain considerably in the 
light, however. 

5. Light favors the assimilation of nitrates_, especiaUy by high
protein seedlings with relatively low carbon reserves. The assimila
tion of nitrates and utilization of the synthesized products favor 
growth of shoots more than of roots. 

6. When the nitrogen supply is limited to the reserves in the 
seed, the shoot to root ratios tend to diminish after the first 
butif nitrogen is abundantly supplied, the ratio tends to increase 
continuously during the first three weeks of growth of seedlings in 
the light. 

7. The relative proportions of shoots to roots vary with the 
season of the year. In the long-day months the ratio is relativeiv 
low and in the short-day months it is higher. ' 

8. Light favors the process ofsecondary thickening in the roots 

.. 
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and stems of dicotyledons, and of thickening of cell walls in all 
types of seedlings. 

General summary 

I. Growth of the seedling is influenced by the nature and relative 
amounts of the food reserves of the seed, as well as by differences in 
the external environment such as light and darkness, and the 
presence and i!bsence of nitrates in the nutrient solution. When the 
seedlings are grown without nitrogen from an outside source the 
following responses have been found: (a) Seeds having a high-ni
trogen and relatively low-carbon content produce seedlings with a 
large top in proportion to the roots. (b) Seeds having a low-ni
trogen and high-carbon content produce seedlings with a relatively 
small top in proportion to the size and weight of the roots. (c) Seeds 
intermediate in. the proportions of their reserves of carbon and 
nitrogen produce seedlings with intermediate proportions of shoots 
to roots. 

The following table illustrates the nature of the results: 

TABLE XII 
WEIGHT IN GRAMS OF SHOOTS AND ROOTS PER PLANT 

LIGHT DARKNESS 

'.RESERVE FOODS Stem 
peti-
oles 

Leaves Roots Stems Leaves Roots 

----------
High-protein corn .. 

Moderately high nitrogen 
0.634 0.838 ~-540 0.774 0.696 o.686 

Moderately high starch 

Low-protein corn ... 
Low nitrogen 

0.298 0.336 0.800 0.715 0.575 0.750 High starc)l 

White Marrow beans 
Moderately high nitrogen 

I.264 I.754 1.544 I .882 O.Ill 0.526 Moderately high starch 

Cow peas ......... 
High nitrogen 

0.677 0.420 0.906 0.699 0.058 0.237 Moderately low sta,rch 

Sun'f!ower ......... 
High nitrogen 

0.643 0.607 0.757 0.855 0.165 0.105 High oil . 

Muskmelon ........ 
Very high nitrogen 

0.150 0.221 0.303 0.2II 0.040 0.040 High oil 

2. Nitrates are synthesized into growth-promoting substances, 
· .· · both in light and in darkness, but much more rapidly in the light. 



~ .. · .... ,, 

36 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

3. Nitrates favor the growth of shoots more than of roots. 
4. Light strongly favors the growth of roots. 
5. (a) Seedlings developed from high-protein seeds benefit most 

under the influence of light. The roots and leaves are larger, more 
numerous, and much heavier than in the case of seedlings grown in 
darkness. This applies to high-protein seedlings grown with and 
without extra nitrogen, but the effect is greater in the case of the 
latter. (b) Seedlings grown from low-protein seeds without extra 
nitrogen are influenced less by light as to weight of different organs. 
Leaves of the very low-protein types grow even less in light than in 
darkness'. When extra nitrogen is supplied these seedlings also bene
fit by the influence of light. 

6. Seedlings with limited nitrogen supply undergo rapid differenti
ation and maturing of tissues in the light. The lower the nitrogen 
content of the seed the more rapid the process. 

7. Light favors secondary thickening in stems and roots and de
position of strengthening materials in the cell walls. 

8. The responses as to the effect of varying amounts of reserve 
. carbon and nitrogen on growth of the seedling agree with results 
obtained with tomato cuttings having similar (although in some 
cases more extreme) variations in composition of the reserves. 

These · investigations· were conducted at Boyce Thompson 
Institute for Plant Research, in 1924-1926. I wish to express my 
appreciation to the Cereals Division of the United States Depart
ment of Agriculture for the samples of pure line Marquis wheat and 
Hannchen barley used in these experiments; also to the Department 
of Plant Genetics of the University of Dlinois for the seeds of high~ 
and low-protein corn. 
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EXPLANATION OF PLATES I-IV 
PLATE I 

Seedlings grown in darkness without nitrates: 
FIG. r.-Soy bean. 
FIG. 2.-Cow pea. 
FIG. 3.-Muskmelon. 
FIG. 4.-Tomato. 
FIG. 5.-Sunflower. 
FIG. 6.-Illinois low-protein corn. 
FIG. 7 .-Illinois high-protein corn. 

PLATE II 

Seedlings grown in light without nitrates: 
FIG. 8.-Soy bean. 
FIG. 9.-Cow pea. 
FIG. ro.-Muskmclon. 
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FIG. rr.-Sunfiower. 
FIG. r2.-Illinois low-protein corn. 
FIG. r3.-Illinois high-protein corn. 

PLATE !JI 

Tomato seedlings grown in light: 
Fws. r4, r6, 18, and 20.-In nutrient medium lackipg nitrogen at stages of 

growth at one, two, three, and four weeks respectively. 
FIGS. rs, r7, 19, and 2r.-In nutrient medium containing nitrates at stages 

of growth of one, two, three, and four weeks respectively. 

PLATE IV 

Sunflower seedlings grown in light: 
FIGS. :n, 24, 26, and 28.-In nutrient medium lacking nitrogen at of 

growth of one, two, three, and four weeks respectively. 
Frns. 23, 25, 27, and 29.--In nutrient medium containing nitrates at stages 

of growth of one, two, three, and four weeks respectively. 



BOTANICAL GAZETTE, LXXXVII PLATE I 

.. 
REID on SEEDLING GROWTH 



BOTANICAL GAZETTE, LXXXVII PLATE II 

REID on SEEDLING GRO\VTH 



BOTANICAL GAZETTE, LXXXVII PLATE III 

REID on SEEDLING GROWTH 

• 



BOTA::-JICAL GAZETTE, LXXXVII PLATE IV 

REID on SEEDLING GROWTH 



40 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

separates the cortex (internal) from the epidermis (external). The 
cells of the epidermal layer surrounding the tip of the root divide 
again to form the root cap. If the pericycle is compound, it is usually 
its external layer which produces the epidermis, cortex, and central 
cylinder of the root. The other layers produce only the internal 
region of the central cylinder. When the root arises after the peri
cycle has lost its "root-forming" property, it may originate in the 
external primary phloem parenchyma, the internal primary phloem 
parenchyma, or the secondary phloem parenchyma. 

Some. recent work has dealt with the origin of adventitious roots 
in cuttings. SMITH (2), using cuttings of Coleits blmnei, reports that 
"the first recognizable sign of the development of an adventitious 
root is the appearance in the cambium of a nest of highly meriste
matic cells." VAN DER LEK (4) described "root germs," present in 
young branches of Ribes nigrum, Salix, and Populus, as being "in 
connection with the cambium" as a "continuation of a medullary 
ray." SWINGLE (3) finds "root germs" initiated in the cambium ring 
of apple stems which produce burrknots. 

Materials and methods 

The work here reported was restricted to a study of the origin 
and development of adventitious roots arising between the fibro
vascular bundles in young stem cuttings of Coleus blumei. 

The cuttings, 2-6 inches long, were made from the tips of 
branches of Coleus plants and placed with their cut ends in water or 
in sand. The cuts were usually made through the internodes. The 
l?asal portions of these cuttings were removed and preserved at 
intervals beginning with the third day. These pieces of stems were 
fixed in formalin'-acetic-alcohol and imbedded in paraffin. Sections, 
h9th transverse and longitudinal, were cut !2-15 µ.in thickness and 
stained with safranin and gentian violet. In all cases serial sections 
were studied, and the·median· section of the primordium or young 
r9ot was used.for the :figures . 
. · lJ1 this paper the terms "originn or "initial" will be used to 

. . Jndicate ·the cell, or group of. cells, which by division ini.tiate an ad-
..••.... • .. " ·.. . . . .. . ·. . 

'Veµ~~tlous root; root pnmordmm" to mean the group ofmeriste-
dW:ati~ ,~e!l~ f~ t~e time otearliest divisions .of the "origin" to the 

•>',,_' ... l("•' .· ' ' ,· ,· ., ', ' . ' . 
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time of differentiation into well marked regions characterizing a 
young root. 

Observations 

The structure of the stem of C. blmnei has been described by 
SMITH (2). The arrangement and differentiation of the tissues in the 
stems used in this mork are shown in figs. r, 3, and 5. The outer 
cortex at the stages shown has not yet developed into collenchyma. 
The endodermis is a somewhat regular layer of cells, usually smaller 
than the typical cortical parenchyma cells, and is easily detected be
cause of the presence of large, compound starch grains (fig. 4). The 
pericycle consists of a single layer of cells just inside the endodermis. 
In stems older than those used for this study the pericycle opposite 
the vascular bundles differentiates into sclerenchyma. 

Four large fibrovascular bundles occupy the angles of the stem. 
One or two smaller bundles lie between each two contiguous corner 
bundles (fig. 7). Isolated groups of primary phloem cells occur be
tween the bundles. Such groups are seen in figs. I and 3. The layer 
of pericycle cells lies just outside these groups of cells. 

A continuous cylinder of cambium was well developed in all 
the stems studied. In some cases the cambial cells had just begun 
to divide to form secondary xylem and phloem (fig. 7), but more 
commonly three to· five layers of secondary xylem and one or two 
layers of secondary phloem were already present (figs. 1, 3, and 5). 
The interfascicular cambium arises one or two layers inside of the 
pericycle. There are, therefore, one or two layers of parenchyma
tous cells between the pericycle and the interfascicular cambium. 

SMITH (2) finds that "the first roots appear in four ranks, cor
responding to the four vascular strands. This arrangement may be 
obscured later by roots which arise irregularly in between." As a 
rule, the :findings reported in this paper are in agreement with 
SMITH'S observations. 

Table I shows the age and position of root primordia and ad
ventitious roots in seven cuttings chosen at random. The roots are 
numbered in the order of their appearance. The oldest root, that is, 
the first to appear, is numbered t; the next younger, 2, etc. The 
numbers are arranged in columns with respectto the position of the 
roots in the stem from the cut surface upward; the lowest number 
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in a column therefore represents the lowest root in the stem, and so 
on. The letters following the numbers indicate the position of the 
adventitious roots with respect to the fibrovascular bundles. "C' 
indicates that the root appears opposite a large corner bundle; 
"EC," at the edge of a corner bundle; "L," opposite a lateral bundle; 
"B," between two bundles. • 

TABLE I 

ORDER OF APPEARANCE AND POSITION OJ! ROOTS AND ROOT 

PRIMORDIA IN SEVEN COLEUS CUTTINGS 

(EXPLANATION I:S- TEXT) 

1-C 
2-C 
3-L 
4-C 
6-EC 
s--c 

II 

CUTl'I"G NUlIBER 

III 

3-EC 
2--EC 
I-C 
4-EC 
r-C 

IV 

r-C 
2--c 
3-C 
r-C 
4-13 

" j n i vn 
1----1------·--··-

r-C .· r-B 3--C 
5-EC I 6-L 5-H 
2--B ' ti-B 2 EC 
3-C 7--L > C 
4--c ~-c 

2--c 
4-C 
8-H 
5-EC 
3--c 

'i··B 
4-EC 
s-B 

rn-B 
6-B 

ro--H 
6--B 

10-B 

9-B 
ro·-B 

In general, the first four or five roots arose opposite comer bun
dles, while later roots arose opposite lateral bundles or between 
them. An exception was found in four of the cuttings examined. 
cutting VI the first root arose between the bundles; in cutting V, the 
second; in cutting III, the third; and in cutting IV, the fourth. 

There was no regularity in the appearance of the roots with 
respect to the cut surface. Sometimes the first roots arose neare:st 
the cut surface (table I; cuttings III and IV), and sometimes 
farthest from the cut surface (cuttings I, II, IV, V, VI, and VII). 
All. roots. appeared within a distance of 2-3 mm. from the base of 
the cuttings. 
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The first evidence of adventitious root formation is an accumu
lation of protoplasm and an increase in the size of the nucleus and 
of the nucleole in one cell or in several adjacent cells of the pericycle. 
The enlarged nucleus takes a central position. The cell or cells then 
divide. · 

Fig. I shows thl"ee neighboring pericyclic cells which have divid
ed, thus initiating an adventitious root. The cell on the left divided 
tangentially, and then the inner daughter cell divided tangentially. 
The middle cell of the group divided by a tangential wall; its inner 
daughter cell divided by a tangential wall and then the outer grand
daughter cell divided slightly obliquely. The first division of the 
cell on the right of the group was also tangential. 

In fig. 2 a pericyclic cell has divided either tangentially or 
radially, and its daughter cells either radially or tangentially. The 
cell on its left has divided into two very unequal daughter cells by 
an oblique wall in the upper corner. Several adjoining pericyclic 
cells on the right have each divided tangentially. 

From a study of serial sections· of the primordium shown in fig. 
3, it was evident that the first division of the initial pericyclic cell 
was radial. Each daughter cell then divided tangentially into two 
unequal cells, the inner one being larger than the outer. The inner 
left cell must have divided transversely and one of its daughter cells 
then radially, the other obliquely. Only the cell with the oblique wall 
shows in the figure. Divisions had proceeded further in the two 
outer granddaughter cells. The one on the right divided transversely 
and its upper daughter cell radially into two unequal cells. 

In other cases studied the division of the cells of the root origin 
was radial, or occasionally oblique, but usually the division was 
tangential. The divisions of the daughter cells may be tangential, 
transverse, or radial. LEMAIRE (I) and v AN TIEGHEM and DOULIOT 
(S) found that the initial cells of a primordium always divided 
tangentially, and that the external layer of daughter cells always 
divided again tangentially, thereby making three layers of cells 
which developed into the three regions of the young root. In the 
work herewith reported no such 'regularity in development was 

'found. 
Celldivisionscontinuewithoutmuchenlargementof the daughter 

cells before their divisions; until the space occupied by the original 
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one (or several) active pericyclic cells is filled by a large number of 
·small, more or less cubical, meristematic cells (figs. 5-7). 

Pericyclic cells adjacent to the initial and parenchymatous cells 
toward the inside of the initials (fig. 5) begin to divide and become a 
part of the root primordium. The history of the divisions of these 
cells is similar to that of the initial cells. In fig. ·r I, for example, the 
cell on the extreme left of the primordium has divided either tan
gentially and its daughter cells radially, or radially and its daughter 
cells tangentially. The cell lying next to it toward the right has 
divided tangentially; its daughter cells have divided tangentially. 
The two inner granddaughter cells divided radially. The cell to the 
right of the median cell in the primordium shown in fig. 12 has prob
ably divided first radially, then each of its daughter cells tangential
ly, and each of the granddaughter cells again tangentially, forming 
two regular radial rows of four cells each. 

Further development of the primordium consists in continued 
cell divisions, enlargement of the cells, and the addition of other 
neighboring cells (figs. 8-r2). It is impossible to trace the order of 
cell divisions in the older primordia. The cells ·which resulted from 
the division of the median initial cell begin first to enlarge 
j_'he cells from adjacent initial cells follow, and as enlargement 
the cells proceeds the primordium bulges tmvard the outside 
9-12). The cells ofthe endodermis divide radia!ly to allow for 
push from the developing primordium (figs. 9, r2). 

Figs. 7 and 8 show the position of the root primordia in relation 
to the lateral fibrovascular bundles. The pericycle can be follmved 
outside the primary phloem of the bundle. The interfascicular cam
bium is continuous with the cambium of the bundle. It is evident 
that the cambium has taken no part in the formation of the pri
mordium. Several rows of undivided cells lie between the voun" ... .e, 

primordium and the cambium. 
The position of the young primordia in relation to the groups of 

primary phloem cells is best seen in fig. 3. 
There is no evidence of differentiation into the epidermh;, mot 

cap, cortex, and central cylinder of a root in any of the stages 
velopment previous to that shown in fig. r2. AB of the cells of the 

to be equally capable of division. Several nuclei 
ca11 be seen in fig. 12, 
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Fig. 13 shows a root primordium which has become definitely 
hemispherical and has begun to differentiate into the tissues of a 
root. The single external layer of cells becomes the epidermis. Two 
or three layers of cells inside the epidermis become the cortex and 
the innermost region becomes the central cylinder. A slightly older 
root (fig. 14) shows the beginning of the root cap from the tangential 
division of the epidermal cells which surround the apex. 

The further development of the root has been adequately de
scribed by former investigators. Elongation proceeds by the division 
of cells in all parts of the young root, and by elongation of the cells 
of the central cylinder. The endodermis incloses the developing root 
for a short time, then breaks or dissolves. The cavity opposite the 
apex of the root (figs. 13, 14) indicates that the cells of the cortex are 
being dissolved before the growing root. Finally the tissues of the 
central cylinder differentiate, connection is made with the vascular 
system of the stem, and the root emerges. 

Summary 

r. Adventitious roots arising between the fibrovascular bundles 
from the bases of young cuttings of Coleus blmnei originate in one 
to several adjacent cells of the pericycle. 

2. The first division of the initial cells of a root is usually 
tangential, but it may be radial, or even oblique. 

3. During the early stages of development the daughter cells 
divide without first increasing in size, so that a young prirnordium 
consisting of many cells may occupy the same space as the pericyclic 
cells from which it originated. 

4. The primordium enlarges and bulges into the cortex before 
differentiating into the tissues of a root. 

5. Subsequent development is precisely as described by the early 
investigators of the subject of root development. 

The writer wishes to ~xpress her appreciation to Dr. C. E. 
ALLEN, Department of Botany, University of Wisconsin, Madison, 
Wisconsin, for criticisms on the manuscript while in preparation. 

NORTH\VESTERX UKIVERSITY 

Ev,~xsToN, ILL. 
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EXPLANATION OF PLATES V, VI 

All figures are photomicrographs. The walls of the cells and the nuclei were 
traced with India ink, and the photographs then bleached. The plates were re
duced one-fourth. Figs. r-r2 are transverse sections of stem cuttings; 13 
and 14 are longitudinal sections of stem cuttings. All sections of root pri· 
mordia except fig. r r are median. 

l'L.H'E !' 

FtG; L___:.Transverse section of stem, showing very young root primordium: 
e, epidermis; c, cortex; en, endodermis; p, pericyde; pplz, primary phloem; 
secondary phloem; ca, cambium; s.;:, secondary xylem; pi, pith. 

FIG, 2.-Young root primordimn. 
FIG. 3.-Young root primordium, showing its relation to group 

phloem cells. 
FIG.4.-Young root primordium; starch grains in endodermis. 
FIG .. 5.-,-Young root primordium, showing adjacent pericydic cell,; and 

parenchymatous cells beginning to divide. 
FIG. 6.-Root primordium, later stage than fig. 5. 
FIG. 7 .-:-Root prirnordium, showing its relation to lateral fibrovascular 

bundle. 
PLATE VI 

FIG. 8.-Root primordium, consisting of many cells, but occupyiilg Httlt~ 
more space than cells from which it originated. 

FIG. 9 . .,-Root primordium, beginning to bulge into cortex; endodermal cells 
bordering primordium have divided; cambium has taken no part in production 
o,f primor4ium. 

:Fms. 10-x2 .. -0lder primordia. 
Fm. i~.-Young root in which differentiation into epidermis,. cortex, and 

central cylmder has.begun; endodermis and part of cortex dissolved. 
lf~G. 14.~Young root, later stage than £g, 13; root cap beginning to form. 
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GERMINATION AND VITALITY OF BIRCH SEEDSx 
HILDA c. JOSEPH 

(WITH FIVE FIGURES) 

Introduction 

In a recent paper, WEISS (t3) has given his results with experi
ments on temperature and medium requirements for the germination 
of fresh and after-ripened seeds of Betula populijolia. He finds that 
the germination of B. populifolia is greatly improved when the seeds 
are stored in moist granulated peat at low temperature for about 
two mon-~hs; that 10° C. is as effective as 5° C. or o° C. for this pur
pose; that germination percentage is increased by a treatment with 
an organic mercury disinfectant previous to stratification; and that 
such after-ripening at low temperatures results in a marked down
ward shift in the minimum temperature required for germination. 

In the work reported in this paper, the writer has extended 
studies of the same type to other species of Betula, and has also tried 
to determine whether seeds of the same species vary in their behavior 
when collected at different times of the season and when kept in 
different conditions of storage for a year or more. 

Material and methods 

The main studies have been with Betula lenta seeds, which were 
collected from trees in the forest of the Boyce Thompson Institute 
for Plant Research. September, October, and November collections 
were made from the same trees. Since the seeds of the October col
lection were superior to all others, they were used exclusively in the 
storage experiments. 

The seeds of Betula, populijolia used in these experiments were 
also collected from the Institute's forest, while B. papyrijera and 
B. lutea were commercial seeds, harvested and shipped by seed deal-

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., 
Yonker~, N.Y.,. published at the expense of the Institute out of the order determined 
by the date of receipt of the manuscript. 
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ers in October, 1926. All seeds were freed from wings by treatment 
in a Hobart mixer before being used. 

In making the germination tests, Petri dishes with three layers 
of filter paper were employed, except when another substratum is 
indicated. Two hundred seeds 1vere placed in each dish. 

In the early determinations on the optimuti1 conditions for after
ripening, that is, for the improvement of germination through tem
porary moist storage at cool temperatures, the seeds were mixed with 
moist acid granulated peat, neutralized granulated peat, or sand, 
and placed in large-mouthed bottles covered with cheesedoth. 

TABLE I 
CHA:-IGE 0£' CONCENTRATION I:\r SOLUTIONS OF SULPI!UJIIC ACID t'SED 

TO REGULATE MOISTt:RE CONTENT OF BETCLA smms 

Co~CEN1't~ATtoN 
m·H,SO, 

(PER.CEN'rAGE) 

Cone en trated ... 
64.8 
55.9 
43.4 
30.4 
r8.4 

SPECIFIC GRA vrn; 
,\'I' DCG.I~NtSG OV 

l':xn·: R lMJ~NTS 

I.8300 
:t.5200 

I .4300 
I. 3300 
I.2234 
I.I2IO 

1.8046 
r.5050 
I .4029 
I.;50.p 
I.20.:?I 

r .0334 

I. S1S1 
I. 

r . .3~~oa 
I ~0(}2 

I. I::il)<::i 

In the later studies the seeds were after-ripened in of 200 on 
filter papers in Petri dishes. This latter method pnm~d just as 
tive and more practical for these studies, since the after-ripened 
seeds could then be used in germination tests without previous trans
fer from the bottles to Petri dishes. 

The moisture determinations were made by drying nr.m-macer·· 
ated seeds to constant weight at rol' C. When seeds were 
for dry storage at various moisture contents, the ~vere 
brought to water vapor equilibrium with a given concentration 
sulphuric add in a desiccator, which was provided with a stirrer 
both the air and the sulphuric acid solution. The solutions were 
changedevery two weeks. The changes in specific gravity the 
sulphuricacid solutions that occurred during the first two 
ate giyen in table I. · 

After eight Weeks of storage over I-1;$04 solutions, the seeds hnrl 
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reached water equilibrium with the solutions. At this time one series 
of samples was taken out to determine the moisture content of the 
different lots of seeds; a second series was taken out for the purpose 
of germination tests; the third and largest amount of material was 
placed in small bottles, sea.led air-tight, and stored under the follow
ing conditions: at r~om temperature, in an ice chest at about 8° C., 
and in a room varying in temperature from -15° to -8° C. A dif
ferent method of storage was employed with seeds that had been 
exposed to humidified atmospheres over sulphuric acid solutions of 
concentrations lower than 55.9 per cent. Here the seeds were sus-

TABLE II 
WEIGHT AND MOISTURE CONTENT OF VARIOUS COLLECTIONS o~· BETULA 

SEEDS AS DETERMINED IMMEDIATELY AFTER HARVEST OR AFTER 

ARRIVAL OF SHIPMENT 
- -·- -·-~ 

WEIGHT OF 
WEIGHT o~- 1000 MOISTUR" 

CoLLEc·r10N IOOO SEEDS 
SEEDS DRIED CONTENT IN 

AIR-DRY (GM.) TO CONSTANT PERCENTAGE 
WEIGHT (GM.) DRY WEIGHT 

Betula lenta, collection A and B, Septem-
ber, 1926 ............................ 0.7300 0.6730 7. 54 

Betulalenta, collection, October, 1926 ..... 0.5471 0.5084 7.09 
Betula lenta, collection, November, 1926 ... 0.4863 0.4570 6.04 
Betula populifolia, collection, October, 1926 
Betula papyrifera, commercial collection, 

0.0920 0.0853 7 .36 

19_26 .......................... - ..... o. 2740 o. 2502 8.70 

pended in a wire basket from the cover of a tightly closed museum 
jar over the different solutions, and stored in this way at room tem
perature and in an ice chest. In the low temperature room all seeds 
were stored in tightly sealed bottles. The total number of seeds of 
the various species and collections used in these studies approximates 
one million. 

Experimental results 

I" EXPERIMENTS WITH NEW SEEDS 

It is common practice among gardeners and nurserymell. to keep 
freshly harvested seeds on drying racks for a short time before they 
are planted. This is done mainly to avoid molding and ferlrientation 
in seeds surrounded by a :fleshy pulp; but there are also cases in 
which a period of drying is. directly beneficial to the germination 
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quality of the seed material. Wheat and other grains, especially if 
they have ripened during a rainy season, arc improved by a period 
of dry storage. 

It seemed to be of interest to determine whether such an im
provement of germination quality could also be obtained in BelultI 
seeds, and whether it could be obtained in seeds·picked at the begin
ning of the harvesting season as \vell as in those picked at the end. 
Table II shows that the percentage of hygroscopic moisture of the 
seeds decreases with the advancing season, and that the weight for 
rooo seeds is lower in the later collections. 

TABLE III 

GERMINATION OF ERESHLY HARVESTED lh:n:r.A LENTA SEED::i 

IMMEDIATELY AFTER HARVEST 

::\o. ti:- ED 
.PERC'~~!\~f,\GL GLR~.tt!'-.1:\.T!U~ 

DESCRU>'rm~ OF M:.H'ERL\L IS FACH 

.Yr 

n:sr ,,. c. ioi:ic. 05'' c. ·~ ~-, 

Collection A, September, 1926, 
green catkins .................. . 500 0 s .3 

Collection B, September, r926, 
brown catkins .................. . 500 0 z.5 5 

Collection, October, r926 ......... . 200 0 0 0 

Collection, November, 1926 ....... . 200 0 0 

The September collection was taken from dosed catkins 
were dried in the laboratory to induce shedding of the 
October and November collections were taken from catkins that 

;-

,,, ' 

l:f 

2 

already opened on the trees. The November collection had been 
exposed to some freezing on the trees. The data in tables HI 
IV show that the germination quality is improved considerably in 
all the different collections through one month of dry storage at 
laboratory temperature. This improvement, therefore, must due 
to changes in the seed different from those which are produced by 
nature through variations in humidity, temperaturei and ventilation 
during the period in which the seed hangs on the tree. 
. Since acids have been found to have a favorable influence 
t~e gern).ination of some seeds, .it was thought possible that an 
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substratum for freshly harvested seeds might substitute for the 
beneficial effects of dry storage. Table V shows the negative results 

TABLE IV 

GERMINATION OF BETULA SEEDS AFTER ONE MONTH OF 

DRY STORAGE IN LABORATORY 

PERCENTAGE GERMINATION AT 

No. USED 
DESCRIPTION OF MATERIAL IN EACH 

TttST 15• c. :20° c. 25• c. 32• c. 
---------

B. lenta, collection A, September, 
1926.' ...................... 200 0 0 0 I7 

B. lenta, collection October, 1926 .. 400 0 0 0 4I 
B. lenta, collection November, r926 200 0 0 0 II 

B. papyrlfera, commercial collec-
tion 1926 .................... 600 0 9 67 80.5 

B. populifo!ia, collection October, 
1926 ........................ 200 0 17 SI 60 

B. lutea,commercialcollection,1926 400 0 2 3 8 

TABLE V 

Alterna.-
tion of 

I511-3::.•c. 
---

48 
46 
39 

Sr 

58 
IS 

INDIFFERENCE OF FRESH BETULA LENTA SEEDS TO ACIDITY OF SUBSTRATUM 

No. USED 
PERCENTAGE GERMINATION AT 

DESCRIPTION OF IN EACH SUllSTRATUM MATERIAL 
TEST rs• C. 20°C. 25° c. 32°C. 

---------
Coll<ction A, S.ptan-l 500 Filter paper 0 0 0 4.6 

ber, r926 from green 500 Peat pH 4.6 0 5.4 4 6 

catkins ........... 500 Peat, neutral with 0 I 0 5.8 
excess CaC03 

Coll<ction B, Soptom-l 500 Filter paper 0 I 0 5 
500 Peat pH 4.6 0 3 5 3.5 ber, Ig26 from 500 Peat, neutral with 0 0 4 s brown catkins ..... excess CaC03 

c~;~e2cJ'.~~ .. -~~:~~~r:{ 
200 Filter paper 0 0 I 17 
200 Peat, neutral with 0 0 0 2 

excess CaC03 

obtained with tests arranged for this purpose. Except for a probable 
slight improving of germination on acid peat at 20° C. of the earliest 
collection of B. lenta, there is no noticeable effect that could be inter
preted as favorable in:B.uence of the organic acids of peat upon the 
germination quality of fresh seeds. 

Similar. tests were.conducted to determine whether a favorable 

• 
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effect produced by light, or by increased or reduced oxygen pressure, 
·could be observed, but the seeds were not sensitive to considerable 
variations in intensity of these factors. A short time later the same 
experiments were repeated with laboratory-stored seeds with the 
same negative results. 

A decrease of germination percentage ocoorred in laboratory
stored seeds of B. lenta after sterilization with 0.25 per cent uspulun, 
as shown in table VI. 

Although laboratory-stored seeds germinate well at high temper
atures, as 32° C. and at alternation of 15-32° C., they do not germi-

TABLE VI 
EFI•'ECT OF STERILIZATION WITH t:Sl'ULGN (o. 25 n:R CE:-OT l''OR ma:

HALF HOUR) Ul'ON GERl!INATION OF LABORATORY-STORED SEED5 

OF BETULA LEXTA; 200 SEEDS IN EACH TEST 

DESCRIPT!QN OF ~!ATERL\L 

Collection October, 1926, sterilized ... { 

Cl~~'.~~ ?~~~~~r:. ~~~~· .. ~~t .. s~~~i~ { 

68 i 
63 ! A\·erage 66. r 
68 I 

i'3 
81 
74 

A\·emge ;6 

53 
50 

:\\'crage 51 .5 

5S i .. \"crage i:.,; . .5 
59 

------------=----'-------'----·----···-···· 
nate to a considerable percentage at constant temperatures below 
32° C. By a suitable period of moist storage at cool temperatures 
this behavior can be changed. The seeds are "after~ripened" through 
this treatment, and afterward genninate better, not only at higher 
temperatures, but also at temperatures as low as 15° C. If kept in 
cool storage continuously they finally even germinate at o° C. Al! 
species studied re.act in a similar way, although B. papyrifera is the 
least dormant of the species studied; and the improvement .in total 

· germination percentage, as well as in enlarging of the temperature 
ran.ge ·favorable to germination, is therefore less pronounced. The 
.seeds ofB'. lutea seemed to he oflow vitality from the start, so that 
.diffetencesfa behaviOr under various conditions were less noticeable 

·.·for this ·species. 

Tables VII·-X ~how the effect that various moist storage. con<li-
. ' . ' ' ' ' 
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tions have upon the germination of Betula seeds at temperatures 
ranging from r5° to 32° C. Of the four differentstorage temperatures 
employed, o0 and 5° C. proved to be very much superior to ro° C., 
and to a constant frozen condition. This is shown by the high per
centage of germination obtained at low germination temperatures 

TABLE VII 
GERMINATION OF BETULA LENTA SEEDS, COLLECTION OCTOBER, r926, AT DIFFERENT 

TEMPERATURES AFTER PREVIOUS PERIODS OF MOIST STORAGE AT VARIOUS LOW 

TEMPERATURES FOR DIFFERENT LENGTHS OF TIME; 400 SEEDS IN EACH TEST 

PERCENTAGE GERMINATION AT 

TEMPERATURE DURING PERIOD OF 
\\'EEKS IN 

MOIS'l' Alter-
MOIST STORAGE 

STORAGE nation 15° c. 20°C. 25° c. 32° c. of 15°-
,32° c. 

--------
Control (no moist storage) ......... .......... IO 0 2 33 67 

4 So 80 77 72 75 
0° C ........................... 6 85 72 82 75 8r 

8 77 79 8r 82 77 
IO 82 79 77 76 60 

4 83 75 77 72 77 

5° c ...... 6 70 Sr 57 72 77 . . . . . . . . . . . . . . . . ' . . . . 8 72 77 74 54 56 
IO 85 76 87 82 82 

4 7 22 24 58 78 
I0° C ..... ,,,., .... , .. ,, .. ,.,,,. 6 2 4 25 30 74 

8 IO IO r6 54 72 
re 2 4 26 60 /I 

fo froun conditiout - '5 U> -8°C.ll 4 0 0 0 IS 37 
(soaked in water for a few hours 6 0 0 I 28 69 

~:o~~~~. t.e~~~~~t·u·r~. ~~~~i.~t'.s. t~ 8 0 0 9 22 72 
IO 0 2 JI 28 55 

I 

after a period of moist storage at these temperatures. Seeds stored 
at ro° C. showed only a slight improvement of germination when 
transferred to the different germination chambers. For this reason 
10° C. cannot be termed a good temperature for after-ripening of the 
species studied here. This observation differs from that of WEISS 

(r3), who found that for the after-ripening of B. populijolia a moist 
storage period at ro0 is as effective as one at 5° or at o° C. Seeds 
stored below the freezing point failed completely to after-ripen. 
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When the samples were put into the cold chamber immediately after 
they had been placed on moist filter paper, so that no absorption of 
water €Ould take place before the seeds were frozen, their quality 
was not altered at all when they were transferred into the germina
tion chambers. When the seeds were allowed to absorb some mois-

TABLE VIII 

GERMINATION OF BETULA LENTA SEEDS, COLLECTION N'ovmrnER, r926, AT DIFFERENT 

TEMJ>ERATURES AFTER PREVIO"GS PERIODS OF MOIST STORAGE AT VARIOl'S LOW 

TEMPERATURES FOR DIF]'ERENT LENGTHS OF TIM:Ei 400 SEEDS Il\ EACH TEST 

TEMPERATURE DURING P}:R!OD OF 
MOIS1' STORAGE 

Control (no moist storage) ..... . 

o0 c .......................... . 

50 c ......... ' ............... '. 

( 

'roo C .......................... ·t 
In frozen condition at -15° to - 8° c.I 

(soaked in water for a few hours 
at room temperature previous to 
storage) ...................... . 

WEEKS IN 
MOIST 

S1'QR.AGT~ 

4 
6 
8 

to 

4 
6 
8 

IO 

4 
6 
8 

IO 

4 
6 
8 

IO 

PERCE!'iTAGE GER>JlSA'l'IO:-; A1' 

I3° C. 200:0 C. .15'' C. 

37 
22 

20 

5 
7 
5 
8 

0 + 
'"' I,3 6 
4r "8 j IO 

Experi~1cnt lost 
Experiment Jost 

52 
+5 
50 
50 

22 

8 
3 
I 
8 

! i 

6 
6 
4 
4 

p 
J 

I• ·' 

ture, as in those samples recorded in tables VII-X, some injury 
could be noted in several samples. The amount of injury increased 
with the length of time the seeds were soaked at room temperature 
previous to freezing storage. An alternation of freezing and thawing 
killed samples of all three species. These results are not in agreement 
with those obtained by KINZEL (9) for various other seeds. He noted 
a beneficia. l e:ffectoffreezing and. of an alternation. between freezinrr 

"' andthawing. · 

... The length of the cool moist storage period does not seem to be 
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of great importance. Four weeks proved to be long enough to after
ripen seeds at a favorable storage temperature, and ten weeks did 
not seem to be too long for a favorable result. In all later experi
ments six weeks of storage at o° C. was selected as a suitable period 
for after-ripening. 

TABLE IX . 
GERMINATION OF BETULA PAPYRIFERA SEEDS, COMMERCIAL COLLECTION 1926, AT 

DIFFERENT TEMPERATURES AFTER PREVIOUS PERIODS OF MOIST STORAGE AT 

VARIOUS LOW TEMJ>ERATURES ~'OR DIFFERE:S:T LENGTHS OF TIMEj 400 SEEDS IN 

EACH TEST 

PER.CENT.AGE GER.\llNATION A'.l' 

TEMPERA1'UllE DURL>;G PERIOD OF \VE!OKS IN I Alt~r-MOIST STORAG:E: MOIST 
STORAGE 150 c. -io°C. 2j° C. 32° c. nation 

of 15°-
32° c. 

------· --
Control (no moist storage) .. . . . . . ' . . . . . . . . . . . 0 9 1'2 r5.7 16. 7 

4 20 15 2I 13 r9 

o0 c ...................... 6 24 22 25 19 4! .... s 19.5 20 23 15 22 
IO 29 20 23 2I r9 

l 4 38 36 33 26 36 

50 c ....................... 6 36 35 35 30 34 
8 49 44 4r 44 45 

IO 53 50 49 39 50 

•o• C ........................ · 1 4 13 21 26 40 41 
6 19 25 20 33 52 
8 4 8 I 28 45 

IO Not started, material partly 
infected 

Infm~n cnndition.t -•s• to -8° C. l 4 0 8 4 7 7 
(soaked in water for a fe;v hours I 6 0 I 6 7 7 
at room temperature previous to 8 0 7 4 8 IO 
storage) ...................... IO 0 6 3 7 8 

The superiority of the October collection of B. lenta seeds over 
the other collections of the same species, which had been noted in 
previous tests, became again noticeable when samples of the different 
collections were after-ripened and then germinated, as is shown in 
table XI. The conditions under which the October collection was 
harvested differed from those of the other collections in the following 
manner: the catkins containing the seeds were dry and partly 
opened, and a small quantity of the seeds had been shed, while the 
seeds of the September collection were taken from fresh catkins 
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which were still dosed, and those of the November collection from 
dried catkins, from which the greater part of the seeds had been shed. 
The seeds of the November collection had also been exposed to sever
al nights of severe frost, while those of the October collection were 
harvested before frost had set in. According to this, the optimum 

T.\BLE X 
GERMINATION' OF BETULA LUTEA SEEDS, COllH!ERC!AL COLT.ECTION' r9~6, AT JJLV'Fl':REN'T 

TEMPERATURES AfTER PREVIOUS PERIODS OF 2\tOIST STORAGE AT VAR!Ot"S LOW 

TEMPERATURES FOR lJIFFERE);T LEXGTHS OF THIE; 400 SEEDS IX EACH TEST 

TF:lfPERATl.r!H: DURI::.;G PERIOD <ff 
)fOIS't STOR.\CE 

Control (no moist storage) ..... . 

o0 c ............ ' .. ' ........... J 

50 c .......................... . 

ro° C .......................... . 

Infrozenconditionat- 15° to 
(soaked in water for a few 
at room temperature previous 
storage) ..................... . 

\\'EEKS I>: 
M"Ol:4'1' 

STOR,\GE 

4 
Ii 
8 

IO 

4 
0 
8 

IO 

4 
6 
8 

IO 

4 
6 
8 

IO 

!.~(' c. 

.! ., 

,:() 
·)'l 

20 

r.+ 

5 
I::? 

II 

IO 

s 
4 
4.s 
4.5 

0 

2 

PERCCXT.\GE ca:R~n~srto':\ x1• 

:o' C. =.~·~ c. .-~~G -e:, 

--·"'"-·- "--~~-.·--· 

0 5 5 I ,,. 

,- 20 !? l.) . , 
2! 17 q q 
-,.-, JS rr r; 
T{l . a 

IO !I I2 lf 
7 9 q 12 

l l IQ l2 IO 

I l 9 q 

5 8 16 
5 7 8 I{ 

4.5 (I 9 r~ 

'~ (j l! ii 

5 5 3 
4 (> 

3 4 
7 4 ·~ 

time for harvesting B. lenta seeds seems to be after the catkins have 
dried on the tree, but before they have opened far enough a 
considerable part of the seeds to be shed. 

All these experiments were conducted in the fall of 1926 and the 
spring of 1927, that is, during the first six months after.harvest. 

2. EXPERIMENTS WITH STORED SEEDS 

In the fall of 1927 a new series of experiments was started for 
the purpose of determining the keeping quality of seeds from the 
same collections under various conditions. For these studies seeds 
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had been stored in open glass bottles at room temperature. They 
had also been kept, as previously described, with various amounts of 
hygroscopic moisture at room temperature, and in an ice chest with 
an average temperature of 8° C. 

TABLE XI 
GERMINATION OF DI}FERENT COLLECTIONS OF BETULA LENTA SEEDS Ab'TER

RIPENED FOR SIX WEEKS AT o° C.j EACH PERCENTAGE IS AVERAGE 

OF TWO TESTS OF 200 SEEDS EACH 

PERCENTAGE GERlllINATION AT 

COLLECTION Alter-
15° c. 20° c. 25° c. 32' c. nation o( 

xs'-32' c. 

Collection A, September, 1926 ...... 54 62 57 50 67 
Collection October, 1926 ........... 85 72 82 75 81 
Collection November, 1926 ......... 58 44 45 24 30 

TABLE XII 
GERMINATION OF BEl'ULA SEEDS, STORED DRY AT LABORATORY l'EMPERA1'URE FOR 

ONE AND ONE-HALF YEARSj SEEDS NOT AFTER-RIPENEDj GERMINATION TESTS MADE 

IN SPRING OF 1928; EACH PERCENTAGE IS AVERAGE OF TWO TESTS OF 200 SEEDS 

EACH 

PEBCENTAGE GERMINATION AT 

COLLECTION Alter-
I5° c. 2o'C. 25'C. 3•0 c. nation of 

x5'-32'C. 

- ------------~ 
B. lenta, collection A, September, 1926, 

from green catkins ................... 
B. lenta, collection B, September, 1926, 

0 0 0 IS 50 

from brown catkins ................... 0 0 0 7 25 
B. lenta, collection October, 1926 ........ 0 0 4 46 76 
B. lenta, collection November, 1926 ...... 0 0 0 3 16 
B. papyrifera, commercial collection 1926 .. 0 II 15 16 19 
B. lutea, commercial collection 1926 ...... 0 3 I 6 6 

The results of the first :;~ts of experiments are given in tables 
XII and XIII, showing the germination quality of the seeds which 
had been stored air-dry at rp,om temperature for one and one-half 
year~. They had not been prptected against changes in temperature· 
and atmospheric humidity during the entire storage period. Stored 
seeds, just like newly harvested laboratory-dry seeds, germinated 
well at 32° C., or an alternation of 15°-32° C., but showed an im-

.. 
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provement in germination percentage and a great fall in the mini
mum germination temperature after a period of after-ripening. In 
figs. 1-3 the percentage of germination of new and stored seeds of 
various species and collections is compared. It is interesting to note 
that of the three collections of B. lenta made in 1926, the first and 
second kept their vitality perfectly, while the b.st collection lost it 
somewhat. This collection had the poorest quality from the begin
ning. The reason for this low vitality and poor keeping quality may 
be due to the period of rainy '\veather and several nights of frost to 

TABLE XIII 
GERMINATION OF BETULA SEEDS, STORED DRY A'f L\BORATORY TEMPl:RAl't'RE FOR 

ONE AND ONE-HALF YEARS, THEN AJ,'TER-RIPENED :FOR SIX WEEKS AT o° C.; 
GERMINATION TESTS MADE IN SPRI1\G OF r928; E.\CH l'ERCEXT.\GE IS A\"ER.\GE (IJ;' 

TWO TESTS OJI 200 SEEDS EACH 

COLLECTl'ON' 

B. lenta, collection A, September, 
from green catkins ................... 

B .. lenta, collection B, September, 
52 52 54 4I 

from brown catkins ................... zo* r8 IO .15 
B. lenta, collection October, r926 ........ Sr S3 86 7tS 
13. lenta, collection November, r926 ...... H 34 .n 16 ... 

.... ;i 

B. papyrifera, commercial collection r926 .. 23 19 17 IO l. 
-~ B. lutea, commercial collection 1926 ...... .3 5 4 . 4 ,) 

*Some fungal infection in this collec\io!l. 

which these seeds had been exposed on the tree; or to the fact that 
the heavier and better developed seeds had dropped out of the cat
kins before this last collection was made. 

Of all the species studied, Betula papyr~fera lost its vitality quick
est. In one year of storage the germination dropped from 81 to i9 
per cent at the optimum germin<ttion temperature. This is interest
ing in view of the fact that B. papyri/era has at the same time the 
least dormant seeds of the four species. The quality of B. populif olia 
seeds has improved in germination rather than decreased, while that 
of B. lutea is slightlylower. . 

It has been stated. that all freshly harvested . seeds improved 
the first· month of dry storage in the· laboratory, re-
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gardless of the amount of hygroscopic moisture present in the seed 
at the time of harvest. When the storage period was lengthened, 
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ALTERNATE 

Fm. r.-Germination of unafter-ripened Betula seeds at various temperatures 
shortly after harvest and after one year of storage at room temperature. 

however, the amount of hygroscopic moisture contained in the vari
ous samples had a pronounced influence upon the changes going on 
in the seed during the storage period. Table XIV gives the water 
content expressed in percentage of dry weight of three species of 
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Betula as it was obtained by storage over CaO and different solutions 

of H2S04. 

100•0 
B. LENTA,COLL. SEPT. 1926,IST. YR. -e-SAME COLL. I YR. LATER --e--
11 r• '• OCT. .- •• -o- .. .. •• --o--

'' NOV. " ti -o- ... I' --Q- -

90 

8 

I' 
70 I 

60 

50 

30 

20 

. 10 

---
0 ~,11;!!==-=======ll=iiiil""'"'~2~~~c~. ;d===.-..-.~2•s~t;:::~-=-~~3~2~~~~~~-1s~t-432t 

ALTERNATE 

Fxo. 2 .• -Germination of different collections of unafter-ripened Bet11la lmtit seeds 
at v-a.rious temp!lra.tures shortly after harvest and after one year of storage at room 
temperature. 

The k~eping quality of each sample from this series was deter
.. ·mined for twb different storage .temperatures, room temperature and 
ke boxtempetature, arid the r~sults obtained arc tabulated in tables 
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XV, XVI, and XVII. There was also one series of samples stored in 
a frozen condition at a temperature varying from - 15° to -8° C., 

9.LENTA,COL.ASEPT.1926-ID- SAME COLL. I YR. LATER--®--
u .. •• OCT. II -0- II " •• ~· u --o--

.. NOV. ·• -D- --0- -
90 •• LUTEA FALL ·• -11- --Iii·-

__ -o.... 

--o---- ............ ...... 
80 

70 

60 

____ .......__ ,A __ _....._ '.. / 

'.. / 
50 

'.. / 
'.. / 

...... / 
y 

30 

2or----_....__ 

10 

- - ------ - -- ---- -- ----11- - --- _....,. 
0 1--.5.:-c------2+·=-c------2-t5""0c ______ 3...,2""·c-----15-·-""'32•c 

ALTERNATE 

FIG. 3.-Germination of Betula lutea and different collections of B. lentct seeds at 
various temperatures shortly after harvest and one year after harvest; all samples 
after-ripened for six weeks at o° C. before being transferred to germination chamber. 

but since germination tests showed that most of the seeds stored at 
ice box temperature had not lost in vitality, this last set of samples 
was left unopened to be tested after a storage period of two years or 
more. The data in table XV show clearly that seeds of Betula lenta, 
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stored with a moisture content of 8.2 per cent or lower. keep perfect
ly well during the first year of storage at room temperature. With 

TABLE XIV 

AMOUNT OF HYGROSCOPIC ~!OISTCRE I::\ BETTI..\ SEEDS IN EQGII.l!lRin! \\'!Tl! 

VARIOUS CONCENTRATIONS OE' H,S()~ AND \YITH Ql.7ICKLn!E 

Cao .............. . 
Concentrated H,S04 •. 

64. 8'),~, H,S0.1 ••••••• 

55. 9')0 H,S0.1 ...... . 

43. 4%1 H,S0.1 •.••••. 

Jl. len!a, October 

O,OI 

o.6 
4.4 
(),3 

moisture 
ecrnten,t 7 .09.1 

0.~ 

II .8 
I/. 6 

B. pnpyrifcra 

o.ti 

: 8. f 
:(original moi:;ture 

content S. 1) 
II.() 

17 .S 

TABLl<: XV 

B. populifulb 

0.4 
0. I 

- ') 

:·oritdna{ 1;1~)i'i'iturc 
· ,<intent 7 .;;11 · 

S. ~ 

GERMINATION OF BETGLA I.ENTA SEEDS, COU.ECTIOX 0CTOlllm, H)26, Sl':EDS OF V.\lH· 

OUS MOISTURE CONTENTS STORllll AIR·TIGHT FOR 0:'-;E AX!i ONJ.;·lfAU' YE.\RS AT 

ROOM: TEMPERATURE A::\D I::\ ICE 1mx; SEEDS. NOT AfTE'lMUPEXED; 400 SEEll1' IN 

EACH TEST 

.Mms-
DRYING ACENT 

'lT!lm 
C(')N .. 
TEN'r rs' c. 20° c. 

Cao ................ O.OI 0 :! 

Concentrated H,S0.1 •• o.6 0 4 
64.8% H~S04 ........ 4.4 0 :i 
55.93H,S04 ........ 6.3t 0 0 
43.4% H,S04 ..... 8.2 0 I 
30.4% H,S04* ....... n.8 0 0 
rS.53H,S04* ....... 17.6 0 0 

32 
0 

0 0 

PCRCE:!llr.\n:t:: CERMlS.\l'IUS 
AFTJ::R STDRAnE rs r~·t t~H.cs·r 

13~1 c. zo~c. ,,:,;·" C, 

0 4.5 38 
0 6.5 47. 
0 2 50 
0 :J 69 
0 0 4.3 ;4 
0 0 iO ti 
0 0 z ~ 

over solutions with higher vapor pres,ure than th<Lt af lal,.imt111y 

tOriginabnoisture content.of B. lent", collected Oi;tober, tQ•6, 7.09. 

am()isturecontentofn.8 per cent seeds do not keepin room temper
ature~ l:mt retain part of their viability at 8° C. With r 7 ,6 pt~r cent 
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of moisture seeds lose their vitality in low temperature storage as 
well as at room temperature. 

TABLE XVI 

GERMINATION OF BETULA POPULIFOLIA SEEDS, COUECl'ION OCTOBER, r926, OF VARI

OUS MOISTURE CONTENTS STORED AIR-TIGHT FOR ONE AND ONE-HALF YEARS AT 

ROOM TEMPERATURE•AND IN ICE CHEST; SEEDS NOT AFTER-RIPENED; 400 SEEDS IN 

EACH TEST 

--
PERCENTAGE GERMINATION AFTER PERCENTAGE GERMINATION 
STORAGE AT ROOM TEMPERATURE AFTER STORAGE IN ICE CHEST 

Morn-
DR YING AGEN1' TURE 

20° c. f 32' c. 
CONTENT Alter- Alter-

15° c. nation of rs' C. 20° c. 32° c. nation of 
t5"-.32°C. I5°-32,,.,C. 

---
CaO ................ 0.4 0 26.5 48.5 43 0 I7.5 66.5 7.7. 5 
Concentrated H,504 .. O. I 0 23 46 36 0 8.5 49.5 44 
64.8% H,504 ••••••.• 5.2 0 23 73 68 0 r4.5 57.5 63.5 
55.9% H,504 ........ 7.2t 0 38 63 47 0 37.5 82 64.5 
43.4% H,504 ........ 8.5 0 I2 44 43 0 I3 47 .5 7r. 5 
,30.4% H,50/" ....... II. 5 0 0 0 0 0 22.5 53.5 71.5 
r8. 5% H,504* ...... r7.8 0 0 0 0 0 2 7.5 9.5 

air. 
*Seeds kept for entire storage period over solutions with higher vapor pressure than that of laLoratory 

tOriginal moisture content of B. popHlijali111 r926, 7.2. 

TABLE XVII 

GERMINATIO:N OF BETULA PAPYRWERA SEEDS OF VARIOUS MOISTURE CO:NTENTS STORED 

AIR-TIGHT FOR ONE A:ND ONE-HALF YEARS AT ROOM TEMPERATURE AND IN ICE 

CHEST; SEEDS NOT AFTER-RIPENED; 400 SEEDS IN EACH TEST 

PERCENTAGE GERillNAT!ON' AFTER PERCENT AG I•: GERMINATION 
STORAGE: .: ... T ROO:U TEMPERATCRE AFTER STORAGE lN ICE CI:IES'l' 

DRYlNG AGENT cJ!~~L Alter- I I Alter-
I.Sc C. 20° C. 32° C. nation of IS° C. 20° C. ,3z° C. nation of 

15°-32° c. 15°-32° c. 
------ ---- ------ --- ------------- ----

CaO ................ o.6 0 SI 64.5 69 35.5 70 77. 5 
Concentrated H,S0_1 .• 0.7 0 ·"' 63.5 79 0 63 92.5 83.5 
64.8% H,504 .•.••••• 4.8 0 12 32 49 0 37 77 77.5 
55.9% H,S04 ... 6.4 0 5 8 29 0 78.5 84 9r 
43.43 H,S04. 8. 71' 0 3 7.5 II 0 4I 

81. 51 64 
30.4% H,504"' ....... II.9 0 0 0 0 0 26 82.5 So 
r8.5% H,S04* ....... 17.8 0 0 0 0 0 4.5 6 6.5 

*Seeds kept for entire storage period over solutions with higher vapor pressllte than that of laboratory 
:l.ir. 

'f Original moisture content of 13. papyrifera, commercial collection r926, 8.7. 

The behavior of B. populijolia is somewhat different from that of 
B. lenta, as is shown in table XVI. The keeping quality of B. populi-
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jolia was reduced by storage with a very low hygroscopic moisture, 
as well as by storage with a water content as high as that of freshly 
harvested seeds and higher. The optimum moisture content for stor· 
age at room temperature seems to be about 5.2 per cent. \Vi th seeds 
kept in the ice box, the importance of the 'water content decreases 
for B. populifolia in the same way that it does for B. lenta. 

A third type of reaction is obtained when seeds of B. papyrifera 
are stored with different amounts of hygroscopic moisture (table 
XVII). Seeds stored at room temperature keep well with greatly 
reduced moisture content only, lose a considerable amount of vitality 
when stored with the original moisture content of freshly harvested 
seeds, and die completely when stored with increased water content. 

The three types of keeping quality may be characterized briefly 
in the following way: 

TYPE I (B. lenta).-At ordinary room temperature seeds keep 
well with a moisture content ranging from 0.01 to 8.2 per cent (m.c. 
at time of harvest 7.9 per cent). With a m.c. higher than 8.2 per cent 
seeds keep only when stored at ice chest temperature. 

TYPE 2 (B. populifolia).-At ordinary room temperature seeds 
keep well only at the slightly reduced moisture content of about 5. 2 

per cent (m.c. at time of harvest 7.2 per cent). With a m.c. reduced 
below or increased above 5.2 per cent seeds keep '\Vell only at kc 
chest temperature. 

TYPE 3 (B. papyrifera).-At ordinary room temperature seeds 
keep well only with a highly reduced moisture content of o.6 or 0.7 
per cent (m.c. at time of harvest 8.7 per cent). With a m.c. abo\'c 
0.7 per cent seeds keep well only at ice chest temperature. 

At a moisture content of about 17.6 per cent all three types lose 
th~ir vitality completely at room temperature, and almost complete
ly at ice chest temperature, within the first year of storage. A com
parison of germination obtained at the optimum germination tem
perature of r 5°-32° C. alternation in all three species of Betitla stored 
at. various moisture contents in room temperature is given in the 

· c1:1rves shown in fig; 4. Fig. 5 shows the modifying influence of a low 
storage temperature under otherwise similar conditions. 

. • Jt is of interest to note that although seeds containing a high 
.•. aru.ou~r of 'hygroscopic :moisture ~eep comparatively wen at a cool 

I 

I . 
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storage temperature, they do not after-ripen, as is shown by the fact 
that no germination is obtained at r5° C. as is characteristic for 
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Frc. 4.-Germination of Betula seeds after one year of storage at room temperature 
in hermetically sealed vessels in atmospheres of different humidities; germination at 
alternating temperatures, 15°-32° C. (eighteen hours a day at 15° and six hours a day 
at 32° C.). 

after-ripened seeds. To secure after-ripening at low temperatures a 
much higher moisture content of the seeds is required. 

Discussion 
In a discussion of the results obtained in these experiments, three 

facts call for special attention: (1) the behavior of freshly harvested 
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seeds as compared with laboratory-dry seeds; (2) the effect of moist 
cool storage upon the temperature requirements of germination; and 
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Fro. 5.-Germination of Bct11hi seeds after one year of $toragc in kc chest in her· 
1nc.tically scaled vessels in atmospheres of different lmmiditic~; germination at altcma I.· 
ingtemperatures, r5°-32° C. (eighteen hours a day at and six hours a day C.). 

(3) the relation of moisture content to keeping quality in the difit'r
entspecies studied. 

It has been shown that fresh seeds of R lentii germinate very 
poorly immediately after harvest, but improve considerably in 
gen.nination quality during one month of dry storage. Causes for 
this improvement.may be due to internal changes as well as to an 
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alteration in seed coat characters. If the changes arc internal, they 
must be different from those that could be produced through varia
tions in moisture content in the seed, or through the influence of frost 
and other weather conditions while the seeds are still attached to the 
tree, since different samples of seeds harvested at different times of 
the season and containing various amounts of hygroscopic moisture 
were all improved by one month of dry storage. Changes in the seed 
coat, such as an increase in permeability to water, oxygen, or carbon 
dioxide produced by a continuous drying at temperatures higher 
than those prevailing out-of-doors during the harvesting season, may 
also be responsible for the beneficial effect of dry storage. Unfortu
nately the small size of birch seeds and the tightness with which the 
coat fits around the embryo made it impossible to remove the coat 
of fresh seeds successfully in order to find out whether or not the 
fresh coat was responsible for the failure of the seeds to germinate. 

Many seeds require low temperature stratification to prepare 
them for germination. This is true of rosaceous seeds (r, 2, 5, 6, 
and 7), Tilia (n), Juniperus (10), Acer (8), Cornus, Sambitcus, and 
Berberis (3, 4). In all of these high temperatures are ineffective in 
forcing germination previous to after-ripening in low temperature 
stratification. Betula species differ from this type in so far as they 
need a period of cool storage only to enable the seed to germinate at 
the lower temperatures, as r5° and 20° C. At temperatures such as 
32° C. and an alternation of 15°-32° C. the seeds germinate without 
previous treatment. When the samples are kept moist at after-ripen
ing temperatures, such as o0 , 5°, or 10° C. for longer periods than 
those recorded in this paper, the seeds finally begin to germinate at 
the storage temperatures, those stored at ro0 growing first, and those 
stored at o° C. beginning to grow only after 5-6 months. 

In this study it was found that the species which required cool 
storage for later germination at the lower temperatures proved most 
resistant when stored under various conditions, while the less "dor
mant" species, B. papyrifera, lost its vitality much easier under un

favorable conditions of storage. A· physiological or chemical basis 
for the relation of keeping quality to dormancy has not been worked 
out. 
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Conclusion 

I. GERMINATION 

r. Freshly harvested seeds of Betula lenta germinate poorly re
gardless of time of harvest, moisture content, and dry weight of the 
seeds at harvest time. The germination quality improves consider
ably during the first month of dry storage at laboratory temperature. 

2. The optimum germination temperature for air-dried seeds of 
B. lenta, B. pa.pyrifera, B. lutea, and B. populifolia is 32° C. constant, 
or alternation between 15° and 32° C. 

3. The minimum germination temperature for dry-stored seeds 
is remarkably high, being about 30° for B. lenta, and about 20' C. 
for B.. populijolia, B. papyrifera,. and B. lutea. The dry-stored seeds 
have a narrow temperature range for germination. 

4. When air-dry or freshly harvested seeds of Betula are in 
an imbibed condition at low temperatures they after-ripen, or go 
through a series of changes that improves their germination at 
temperatures and enables them to germinate at much lmvcr temper·· 
atures. The most favorable temperatures for after-ripening are o0 to 
5° C., while ro0 is less favorable, and storage in a frozen condition is 
ineffective or even injurious. Four weeks of stratification at o0 or 
puts the seeds into condition for excellent germination at C. 
to eight weeks of stratification at these temperatures the 
minimum germination temperature sufficiently to good early 
spring germination in outdoor seed beds. Seeds stratified at o0 C. for 
5-6 months begin to germinate profusely even at this low tempera
ture. In short, the minimum germination temperature falls 
30° C. with such treatment. 

5. Moist sand, granulated peat, or blotting or filter paper are 
equally effective as stratification media, so that the seeds are indif
ferentto a considerable range of acidity in the medium. 

6. Seeds of B. papyrifera are less dormant than are tho:::.e the 
other species studied. They also fall in vitality most rapidly in un
favorable storage condition. 

7. The falling of the germination minimum with low temperntu re 
stratification must be advantageous to the seeds in nature. The high 
germination minimum of the freshly shed or dry seeds will insure ;10 
germination in the fall. The cold weather of the \vinter, with the 
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seeds buried under leaves and snow, will after-ripen them and pre
pare them for early spring germination. This probably accounts for 
the abundance of Betula seedlings in the early spring. Knowledge of 
the after-ripening at low temperature stratification is also very im
portant to the producer of birches. Dry-stored seeds sown outside 
in early spring will not germinate because of the high temperature 
minimum, while properly stratified seeds will give quick and abun
dant germination in early spring. 

8. The percentage germination of Betula seeds reported in this 
paper is very much higher than that reported in forestry books (12). 
This is probably easily explained by the facts that past workers have 
used too low temperatures for the germination of dry-stored seeds, 
or they have failed properly to after-ripen the seeds that are to be 
germinated at low temperatures in the seed beds in the early spring. 

9. Germination of dry-stored Betula seeds is not affected by a 
considerable range of acidity of the medium in which germination 
takes place; neither is it influenced by light, increased CO., or a 
considerable range of 02 pressure. Sterilization with 0.2 per cent 
uspulun for one-half hour causes a slight reduction in percentage of 
germination. 

II. STORAGE 

ro. During one year of air-dry storage at room temperature, 
seeds of B. lenta and B. populifolia kept perfectly, while B. lutea and 
B. papyrifera fell in viability. 

r r. The optimum moisture ·content for seeds stored at room 
temperature in sealed containers lies considerably below the mois
ture content of freshly harvested seeds for B. papyrijera (o.6 per 
cent), while B. populifolia keeps best with a medium amount of 
hygroscopic moisture (s.2 per cent). B. lenta keeps well in all except 
very humid conditions during a storage period of one year. 

12. Stored at ice box temperature, seeds with higher moisture 
content keep as well as seeds low in hygroscopic moisture for one 
and one-half years of storage . 

III. SUGGESTIONS FOR GROWERS 

r3. Birch seeds are harvested to best advantage after the catkins 
have begun to dry on the trees, but before they have shed a con-
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siderable part of the seeds. They should be shaken from the catkin~. 
dried on well ventilated racks, and stored. About six weeks before 
planting the seeds ought to be stratified in a suitable moist medium 
at temperatures of from 32° to 41° F. After su.ch a treatment the 
seeds will germinate in the seed beds in early spring. It takes ap
proximately one month to six weeks for a full Mand of young seed
lings to appear above the surface of the soil. Early spring planting is 
recommended. 

14. For dry storage of seeds for a few months no special precau
tions need be taken, but for storage of one year or more the follow
ing methods.ought to be used: B. lenta can be stored in almost any 
storage room of average room temperature tha.t is dry and well 
ventilated; B. populifolia is sensitive to excessive drying as well as 
to very high humidities, and should therefore be kept in closed con
tainers at a cool temperature; B. papyrffera. keeps best when 
thoroughly dry, which can be done by keeping the seeds suspended 
in a bag in a closed container, the bottom of which is covered with 
quick lime. 

BOYCE THOMPSON INSTITUTE FOR PtA • ...,T RESEARCH, Ixc. 
YONKERS, N.Y. 
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AN INEXPENSIVE AND QUICKLY MADE I::\STRF:'1IEXT 
FOR TESTING RELATIVE HU~HDITY' 

\YI LL I.\ ~f B. S II I l' I'\" 

(wrnr THREE FIGl'RES) 

It is commonly understood that sulphuric acid and variou;; salts 
may be used in the control of humidity. Wrr.so::-;-2 di:-;eusses the use 
of sulphuric acid in humidity control, and SPE::\CER·; presents a list 
of inorganic salts supplying a rather wide range of humiditie;;. 

Most investigators attempting to control humidity do not ad nal-
ly make humidity readings. The usual procedure is io check the 
specific gravities of the control solutions from ti.me to time. It is 
taken for granted that a given concentration of solution \Vill gin~ a 
specified vapor pressure, but such an assumption lntLy le~ul to error. 
To illustrate: A given concentration of sulphuric acid solution under 
specific temperature and pressure conditions ivill exert a definite 
humidity control through desiccation of a limited volume of 
Any modification of these prescribed conditions \<:ill necessarily re
sult in a humidity variation of the air under control; any 
decrease or increase in temperature brings about a corrc::;ponding 
change in vapor pressure. In addition to the preceding, there is 
the possibility of leakage in tubing, ill-fitting stoppers, or defodin: 
glassware. If living plant material is placed ·within the controlletl 
vessel, large quantities of water will be given off through 
tion. A further source of difficulty lies with inaccuracies due to the 
control solution itself, which may contain impurities causing it to 
give a higher specific gravity reading than would correspond to its 
sulphuric acid content. Defective recording instruments 

'This workwas done in connection with a study ~ponsored. jointly by tlu~ Hoy('.(~ 
Thompson Institute for Plant Research, Inc., Yonkers, New York, and the Crup 
Protection Institute, and published at the expense of the former Institute out uf the 
order determined by the date of receipt of the manuscript. 

• WtLSON, R.. E., Humidity control by means of sulfuric acid solutions, with critical 
compilation of vapor pressure data. Jour. Indus. and Engin. Chem. 13: 326-·JJI. I921. 

3 SPENCER, H. M., Laboratory methods for maintaining constant hum.idity. Intcr
natl. Critical Tables x: 67:-68. 19z6. 
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mislead one. In the last analysis it is not the potential desiccation 
power of the control solution that really matters; it is the humidity 
actually present within the controlle9. vessel, and this can only be 
determined by measurement. Thus it is apparent that difficulties 
lie in the pathway of any one attempting accurate humidity control. 
Specific gravity determinations of a control solution are not sufficient 
evidence under ordinary experimental conditions that a definite 
vapor pressure has been attained. 

Various instruments are available for humidity testing, including 
the dew-point apparatus, instruments of the wet and dry bulb princi

. ple, and various types of hair hygrometers. These vary in reliability, 
but among the best are those of the wet and dry bulb type. 

The writer began studies requiring constant humidities during 
the spring of 1927. It was found desirable to use an arrangement pro
viding for a continuous flow of air through the controlled vessels, 
and a need arose for some instrument which would check the hu
midities delivered by the control solutions. The instrument here. de
scribed, employing the principle of the wet and dry bulb, was de~ 
signed to fill this need. It is illustrated in figs. 1-3. 

An ordinary Si-inch pyrex test tube (fig. rD) was drawn out 
at the bottom and joined with a r!-inch neck of quarter-inch glass 
tubing (H). The test tube was fitted with a three-hole rubber stop
per (C). Two roo° F. matched thermometers (A) and an elbow of 
quarter-inch glass tubing (B) were inserted through the stopper. 
The thermometers were so arranged that when the tube was stop
pered, the dry bulb would be approximately three inches and the 
wet bulb (carefully wrapped with one thickness of clean muslin, 
which had been thoroughly soaked in water) four inches from the 
base of the tube. For convenience in holding the instrument, it was 
commonly placed within an empty suction flask (fig. 3N). 

Air forced by compression (applied at M) or drawn by vac
uum (applied at 0) from the control solutions (P) through this 
test tube past the bulbs from the bottom inlet (H) to the top out
let (B) gives a reading within a few minutes, the time depending 
on the rate of air flow. The rate of air flow does not call for great 
precision, but uniformity of flow is desirable. A flow of one liter 
per minute (moderately rapid bubbling) is a good rate to use in 



FIGS. I-3.-Fig. 1, instrument for testing humidity: A, two matched 
thermometers; B, air outlet tube to which vacuum tube is attached; C, 3-lwle 
rubber stopper; D, pyrex test tube; E, wet bulb; F, dry bulb; G, fine-mesh 
copper screen plug; H, air inlet tube. Fig. 2, testing relative humidity within 
solid medium: J, point at which vacuum tube is attached; K, approximate 
depth instrument is buded in medium; L, peat moss medium. tig. 3, testing 
rela~~ve humidity of air passing through control solution: M, air inlet. where 

, ;, coropiress~d air tube may be. attached; N, empty suction flask used to hold in
• · s(tumerit; O;airol.ltlet where vacuum tube may be att<iched P, control 

S9kition. 
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checking most solutions, but satisfactory readings may be made over 
a fairly wide range. In testing a solution of low vapor pressure, it 
is not desirable to use too slow an air flow, as the cloth on the wet 

TABLE I 
TYPICAL SET OF READINGS WITH IKSTRUM:ENT COMPARED WITH THEORETICAL RELATIVE 

HUMIDITIES AS INDIC.11.TED BY SPECIFIC GRAVITIES OF CONTROL SOLUTIONS 

OCTOBER I8, 1928; RATE OF AIR FLOW ONE LI'XER PER MINUTE 

DETERMINATIONS BY INSTRUMENT 

Readings 

Wet bulb I Dry bulb 

74.5* 
76. 75t 

75 .5* 
77 t 

75.5 77 
77.25 77.5 

7S So 
73.5 79 

75 79 
74 78.75 

77 77.5 
73.5 78.25 

79 So 
71.5 So 

75 So 
71.5 So 

75 79 
70 78 

*Initial readings. 
i' Final readings. 

Depression Room Relative 
humidity• of wet bulb temperature (per cent) 

Solution I (water) 

0.25 77 99 

0.25 77 99 

Solution II (sulphuric acid) 

5.5 79 78 

4.75 79 Sr 

4.75 7S Sr 

Solution III (sulphuric acid) 

S.5 So 6S 

S.5 So 68 

S.o 7S 69 

DETERMlNATIONS BY 
SPECIFIC GRAVITY 

Specific 
gravity of 

control 
solution 

Correspond-
ing relative 
humidity• 

I .000 IOO 

I .000 IOO 

I.!90 81 

I.190 81 

I.I90 81 

I.265 65 

I.265 65 

I.265 65 

4 M.uwrn, C. F., Psychrometric tables for obtaining the vapor pressure, relative 
humidity, and temperature of the dew-point. U.S. ·weather Bureau, no. 235. 7S-79. 
H)I5. 

Wrr.soN, R. E., Graph on page 328 (article cited). 
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bulb may dry before time has been allowed for the reading. The 
reading is made when both mercury columns have come to rest. 
This makes possible a quick and satisfactory check on the humidity 
delivered by a control solution. To illustrate ho1v the tester is used, 
a typical set of determinations on three solutions is shown in table I. 

The instrument described can be used for testing relative hu
midity within solid media. If the investigator desires to know 
humidity within a solid medium, as peat moss or a fairly open snil, 
the basal neck of the tube (H) may be fitted vvith a plug fine·-mesh 
copper screen (fig. rG) to prevent solid particles from entering. 
The instrument is forced down into the medium (fig. ahiw:>t 
to the top (K), the vacuum tube applied (at Tl and a reading made. 
Such tests are useful in vvork on the stratification of seeds or in the 
storage of cuttings, root-grafts, or other similar materials. 1t may 
be said in this connection that there is danger of inaccurary if small 
volumes of medium are tested, as the replacernent of air bet ween 
the medium particles from the outside \Votild too great. 

One may test ·with this instrument the rclatiw humidity of large 
or small volumes of air, 5-ro liters being sufficient for a 
The size and shape of the instrument make possible its 
through small openings, such as the hole in the lid of a 
the top of a bell jar. Thus readings can readily made out of 
or within constant condition chambers of large or small 
dition to a rather wide use as a tester of humidity, it has 
pendability of the sling psychometer. It may be quickly constructed 
in any laboratory and is made of standard equipment in common 
use. 

BOYCE THOMPSON fasrr:ru:rE FOR PLANT RESEARCH, l:\c. 

Yo:mrnRs, N.Y. 
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R6LE OF MOTHER TUBER IN GROWTH 
OF POTATO PLANTI 

F. E. DENNY 

(WITH FIVE FIGURES) 

Introduction 

Substances stored in the mother tuber are utilized by the sprout 
as soon as germination begins, and many experiments have shown 
that the sturdiness of the sprout, the subsequent rate of growth, and 
the final yield are related to the size of the seed-piece at the time of 
planting. Questions relating, however, to the stage of development 
at which the sprout becomes entirely independent of the mother 
tuber, the nature of the substances passing to the sprout which are 
so influential in modifying its growth, the rate at which different 
compounds pass from the tuber to the sprout, and the correlation 
in point of time which may exist between this transfer and the subse
quent growth of the plant, these questions either find no answer in 
the literature of the subject or the answers. that have been provided 
are conflicting. 

By a series of experiments carried out in 1926, 1927, and 1928, 
it is believed that additional information upon these points has been 
obtained. The method of study has been, in brief, to amputate the 
mother tuber (by a method which involved a minimum disturbance 
of the root system) at different intervals after planting, that is, at 
different stages in the development of the plant, to observe the 
effects of this amputation upon the subsequent growth and final 
yield by comparison with check plants from which mother tubers 
had not been removed, to determine by chemical analyses of the 
amputated mother tissue what substances had disappeared and at 
what rate, and finally to make use of these observations to determine 
the periods at which connection with the mother tuber is critical, 

x Contributions from the Boyce Thompson Institute for Plant Research, Inc., 
Yonkers, N.Y., published at the expense of the Institute out of the order determined 
by the date of receipt of the manuscript. 
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and to correlate the chemical composition at any period with be
havior after amputation. 

In these experiments an effort was made to deal with sufficiently 
large numbers of plants so that the influence of e:.\."_Perimental errors 
would be reduced. During the three years, about 3000 plants, includ
ing amputated and checks, have been used in H1e tests. Consequent
ly the samples of tissue taken for analyses have represented large 
numbers of individual tubers, and, since the yield data \Vere obtained 
separately for each plant, the influence of variability (\vhich is high 
in experiments on potato yield) could be measured and allowed for. 
Furthermore, although only two varieties, Irish Cobbler and Bliss 
Triumph, were used in the main experiments, preliminary tests were 
also made with ten other varieties, and it is likely that the results can 
be considered applicable to a considerable number of Yarieties. In 
one respect these experiments have been narrowly restricted, 
ever; in that in nearly all cases only one size of seed-piece has been 
used, namely, 28 gm. The influence of size of seed-pieces upon 
results requires further experimentation. 

Summary of literature 

The attempt is not made here to deal chronologically with 
various papers that have been published on this and related 
but rather to indicate the relation 1•1hich they bear to the 
lar phases concerned in the present experiments, and to show 
status of the subject at the time the work was initiated. 

Amputation experiments were carried out by SIKORSK.I , who 
on May 20 planted six potato tubers (weight 63--66 gm.), three 
soil and three in sand. He removed the mother tuber from one plant 
in each series on June 30, and from another plant on August 3 L As 
compared with plants from which mother tubers were not ~.~,M,, ..... 
it was found that amputation had reduced the yield in all cases. 
believed that the influence of the mother tuber is not 
the early stage ofdevelopment, but extends over the complete 
tative period. He suggested that in the later stages the mother tuber 
acts as a storage organ for water, and that this function is im
portant in periods of drought. 

More recently SELIBER (r6, 17) has furnished two reports of his 
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amputation experiments, in which larger numbers of plants were 
dealt with. His method of removing the mother tuber from the grow
ing plant was to undermine the plant by removing earth until the 
mother tuber could be removed by hand. Two types of check plants 
were used, one being plants that were undermined in the same way 
until the mother tuber was touched by the hand but was not re
moved, and the other being plants which grew continuously in the 
soil without disturbance. He found that the removal of the mother 
tuber, even in midseason, reduced the final yield; but that the 
variety of potato was an important factor, the varieties Reitan and 
Chugunka being influenced to a great extent by amputating the 
mother tuber, while in the varieties Kruger and Epicurez the sub
stance of the mother tuber was not utilized. With these latter varie
ties, presence or removal of the mother tuber was not a matter of 
importance, so far as the yield was concerned. SELIBER also discusses 
the importance of the mother tuber as a water storage organ. 

The literature relating to the extent to which the substance of 
the mother tuber is utilized, that is, as to the amount of reduction 
in dry weight during the growing season, is conflicting. The earlier 
workers were impressed by the large proportion of dry substance 
that is removed from the mother tuber, while certain more recent 
reports tend to show that considerable amounts of the stored foods 
remain in the seed-piece even at the end of the growth period. 

As an example of the first group, we may cite FITTBOGEN, 
GROENLAND, and FRAUDE (9), who carried out the first and most 
complete set of analyses of mother tubers at intervals during the 
growth of the plant. They planted the tubers on April 13 and dug 
up sample lots of plants on May 28, June I8, July 2, July 25, August 
20, and September 22. The analyses of the mother tubers on these 
dates showed a rapid decrease in protein, starch, fat, "undetermined 
organic," and ash. More than 70 per cent of the organic substance 
of the mother tuber had been lost by June r8.2 

MULLER (r2) noted that even at the end of a dry summer the 
mother tubers that were recovered from potato vines at harvest were 
not shrunken, but were full of sap. But his analyses of the recovered 

•Their analyses show that in spite of this loss of dry matter, the sugar content of 
the mother tubers increased, and the present experiments con:firm this finding. 
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seed-pieces showed that the dry substance represented about 3.7 
per cent of the fresh weight, that almost all of the starch, protein, 
and phosphorus compounds had disappeared, and that ash constitu
ents (except KCl!) had been reduced to about one-half the original 
amount.3 

In one of the more recent articles relating to the utilization of 
the stored food, JONES and RosA (rn) state: 

The analyses of RAMSEY tmd ROBINSON (1917) show that carbohydrate, X, and 
ash constituents of the mother set are far from exhausted, even at the end of 
the growing season. 

Still more recently we have the report of LUD\VIG (n), which con
tains data on the composition of the mother tuber after growth in 
culture solutions. His experiments showed that after the sprouts 
had become 6, 8, or even 30 cm. high, with normal dark green leaves, 
and with roots and stolons 20 cm. long, the mother tubers still re
tained 40 per cent of their total nitrogen and about 65 per cent of 
their carbohydrate reserves. He emphasizes the "common observa
tion" that eyes dug out of tubers will produce normal plants with 
tubers not inferior to those produced by seed tubers planted in the 
usual way. He states that, during the late war, farmers used not only 
pieces of tubers, but also merely well developed eyes attached to 
pieces of potato peelings, and these gave normal yields. The failures 
that had resulted from the use of cut tubers were thought to be due, 
not to the small quantity of reserve food in the seed-pieces, but to 
loss by rotting. 

DE VRIES (6) studied the transfer of food reserves from the 
'mother tuber to the sprout at different stages of growth. These 
observations were largely qualitative, no analyses being furnished 
and no amputation experiments being carried out. His opinion was 
that the mother tuber furnished nutrients to the sprout until germi
nation was completed (plants above ground with green leaves) 1 but 
that after the beginning of formation of young stolons the food sup
ply was thenceforth transferred only to the newly forming tubers. 

3 One paragraph in MULLER'S article is significant in connection with the present 
experime~ts. He. states; "It would .be interesting to carry out a special experiment to 
determi?e in w,hat manner the absolute weight of the mother tuber changes during the 
vegetative period, Also, :how theyield of youngtubers would be influenced by removing 
the mother tuber after the sproJJ;t had completely developed." 
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Although, as will be shown later, the evidence is in favor of the 
older view that the depletion of the food reserves stored in the 
mother tuber is extensive or nearly complete, there is no agreement 
as to the nature of the substances furnished by the mother tuber 
that are so influential in increasing growth. APPLEMAN (r), by a 
series of experiment~ on the relation between the size of the seed
pieces and the strength of the sprout, showed that when the size of 
the seed-piece fell below a certain minimum, the vigor of the sprout 
decreased as the size of the seed-piece was reduced. He believed that 
the failure of small pieces to produce good sprouts was not due 
primarily to the lack of usual food materials, "as sprouts on pieces 
still large enough to contain an abundance of these substances show 
considerable decrease in vigor." He concluded "that the potato 
tuber contains a limited amount of a special growth promoting sub
stance, and if the amount of tissue surrounding the growing bud is 
too small there is not enough of this substance available for normal 
growth." The view expressed by JONES and RosA (ro) is that "the 
large set furnishes something to the plant arising from it, which is 
not present in sufficient amount in the smaller set." 

From this short summary of the literature, it is apparent that 
further information is needed upon the subject. In previous amputa
tion experiments either not enough plants have been used, or not 
enough stages of development of the plants have been included in 
the test to give a complete account of the relation of the mother 
tuber to the sprout. The observations on the effect of the removal 
of mother tubers have not been accompanied by chemical analyses 
of the amputated tissue. The data as to the extent of the utilization 
of the mother tuber show sharp disagreements, and further analyses 
are needed to show which of these divergent views is correct. The 
present experiments have provided additional information upon 
several of the questions involved, but a discussion as to the bearing 
of the results upon various phases of the problem will be postponed 
until the experimental results themselves have been described. 

Results 

The experimental results may be divided into two parts, the first 
dealing with the amputation of the mother tubers at intervals after 
planting and its effect upon subsequent growth of the plant, the 
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second dealing with the chemical composition of the mother tissue 
that was removed at different periods of growth. 

AMPUTATION OF MOTHER TUBER AND ITS EFFECT 

METHOD OF REMOVAL FROM SPROUT.-Since it was essential that 
the mother tuber be removed from the sprout :.vith as little disturb-

FIG. r.-Method of amputating mother tuber frorn sprout: left, plant grown in pot 
buried in soil; right, plant inverted, placed upon board with slot from edge to \'.enter 
used for support; pot then discarded. Note mother tissue being remon·d piece by pfore 
with scalpel; plant.placed in soil after removal of mother tuber. 

ance of the root system as possible, the plants were grown day 
pots which were planted in the soil, the top of the pot being slightly 
below the surface of the soil. At any subsequent period of growth 
at which it was desired that the mothertuber be removed, a number 
of pots containing the now well-rooted plants were removed from 
the soil and inverted (fig. 1). The mother tuber, which had been 

. ' 
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planted in the bottom of the pot just above the drainage hole, was 
now freely exposed and could easily be detached by cutting; the pot 
was then discarded and the plant was replaced in the soil, and from 
this time onward grew under normal conditions, that is, undisturbed 
by the restrictions of growth in pots. 

At each stage of.development at which mother tubers were re
moved from a certain number of plants, an equal number of plants 
were removed from pots and planted in the soil, but from these the 
mother tubers were not removed. These were considered as check 
plants, since they were handled in precisely the same way except 
with reference to the removal of mother tubers. It is true that there 
would be somewhat greater disturbance of the soil in removing the 
mother tubers than would result in handling the checks, but an at
tempt was made to equalize this difference partially, by purposely 
disturbing the soil around the mother tubers in the check to about 
the same degree. 

In setting the plants in the soil, the arrangement of the ampu
tated plants and their corresponding checks depended upon the stage 
of development at which the mother tubers were removed. When 
they were amputated at early stages, for example, at stages I and 2 

(fig. 2), the plants were arranged in the field in sets containing :five 
plants each, that is, five plants of the amputated series, then five 
plants of the check series, then five plants of the amputated series, 
etc. At the later stages of growth, for example, at stages 3 and 4 
(fig. 2), however, the amputated plant and the corresponding check 
were planted side by side, in order to equalize soil differences as near
ly as possible and to permit more dependable comparisons. 

It was found that the plan of having a set of checks for each 
set of plants from which mother tubers were removed, and repeating 
this at each stage of growth at which they were removed, was essen
tial in order to permit dependable comparisons at the end of the 
season. In the first year of the experiments (1926) this precaution 
was not taken, the "checks" being merely plants which had never 
been in pots at any part of the season and from which mother tubers 
were not removed. The yield data at the end of the season did not 
therefore take into account the influence of the growth in pots, as 
compared with growth in free soil, up to the time of removal of 
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mother tubers. Consequently the yield data for i~p(i had to be 
rejected. In I927 and 1928, however, the amputttted lots and the 
corresponding check lots grew for the same periods in the same sized 
pots, and for the same periods in the soil, the only variable factor 
being presence and absence of the mother tuber. 

FIG. 2.-Conditions of plants at four different stages at which mother tubers wrri: 
amputated: A, stage 1; B, stage 2; C, stage 3; D, stage 4. 

The preliminary experiments in x926 also showed that the exact 
method of removing the mother tuber from the plant was a matter 
of considerable importance; When it was removed by cutting across 
the stem at the surface of the tuber, or by forcibly twisting it off 
from the stem, bleeding at the cut end of the stem occur:i:e<l. 'fhis 
often resulted in wilting of the plant, even when the well-rooted 
plant with undisturbed root system was placed at once in soil to 
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which an abundant amount of water had been added. This difiiculty 
was obviated in r927 and 1928 by sectioning off small portions of 
tissue from the mother tuber piece by piece, until finally a small piece 
of it was allowed to remain at the base of the stem. Under these 
conditions no wilting was observed. The method of removing the 
mother tuber is showi;i in fig. r, and the condition at the base of the 
stem after amputation was completed is shown in fig. 4 (see left
hand plant at K). 

SIZE OF SEED-PIECE AND VARIETIES.-Seed-pieces weighing 28 
gm. each were used, and in order to be assured of uniformity in this 
respect the pieces were weighed individually, and trimmed until the 
weight did not vary by more than r gm. In the r926 and 1927 experi
ments only Irish Cobbler variety was used, but in the 1928 work 
Bliss Triumph was included in the main experiment. In this year 
also, a p1diminary test was made with a number of other varieties, 
as shown in table VI, in order to note the behavior of various varie
ties with respect to utilization of the dry matter in the mother tuber. 

SrzE OF POTs.-For the series in which the mother tubers were 
to be removed at stager (fig. 2), clay pots 3.5 inches in diameter and 
3.5 inches deep were used; for the series at stage 2 the pots were 6 
inches by 4.75 inches; for the series at stage 3 they were 8 inches by 
4.5 inches; and for stage 4 two sizes were used, ro inches by 4.5 
inches and 12 inches by 4.5 inches. 

STAGES OF DEVELOPMENT AT WHICH MOTHER TUBERS WERE RE
MOVED.-The mother tubers were removed at four different stages 
of development, and the sizes of the plants at each amputation stage 
are shown in fig. 2. At stage I (A) the mother tubers were removed 
when the sprouts had just pushed through the soil. The tips were 
green, but the young leaves had not yet expanded. This was the 
condition 22 days after planting. At stage 2 (B) the mother tubers 
were removed when the sprouts were about 2 inches above the sur
face of the soil and the leaves fully expanded. This was the condition 
of the plants 29 days after planting. At stage 3 (C) the plants were 
about ro inches above the surface of the soil, were making a vigorous 
growth, underground stolons several inches long had formed, and 
young tubers were well started in development. These plants might 
be termed half-grown. This was the condition 42 days after planting. 
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1''n;. ,3.·-History of development of amputated and check plants during growth period when mother tuber was rcmo\·cd 

1: E, amputated (left) and check (right) at titm: of amputation, May 24; F, two plants of same series showing 
of amnutitted and check plants on June 8; G, further o;!agc in growth of amputated (left) and check (right) 

on J nnc H1; ll, comparison of amputated ildt) and check (right) plants on July .3 r. 
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At stage 4 (D) the plants were about 24 inches above the surface of 
the soil, had attained approximately the maximum height of vine, 
were in full bloom, and many young tubers were fully formed. This 
was the condition 56 days after planting. 

SUBSEQUENT GROWTH OF PLANTS AFTER AMPUTATION.-The 

growth of the plants ftom which the mother tubers w~re removed as 
compared with the growth of the corresponding check plants is 
shown in figs. 3 and 4. The~e photographs were obtained by selecting 
what appeared to be average plants from each group, and placing 
the treated and check plant side by side for photographing. Because 
of the great variability of potato plants it will be recognized that 
only rough comparisons can be obtained in this way, since a single 
plant cannot be depended upon to show accurately the average con
dition of a group. 

The subsequent growth of the plants from which mother tubers 
were removed at stage l is shown in fig. 3. The condition of the 
amputated plant and its check on the day of the removal of the 
mother tuber (May 24) is shown at E; and F, G, and H show the 
conditions of the plants on June 8, June 19, and July 31 respectively. 
It will be observed that the plants from which the mother tubers 
were removed made slow growth at first, but that later in the season 
a surprisingly large amount of vine was developed. The amputated 
plant shown in fig. 3 (H, left) shows a comparatively larger quantity 
of tubers, however, than is justified by the final yield data shown in 
table IB, thus indicating that although the plant used for the photo
graph showed an average condition of vine, the underground condition 
was not truly representative of the group. At any rate it is apparent 
that removing the mother tubers at this early stage influenced both 
the subsequent vine growth and tuber yield, and that the effect was 
greater upon the yield of tubers than ,upon the final size of vine. 

The subsequent growth of the plants from which mother tubers 
were removed at stage2isshowninfig.4. The condition of the ampu
tated plant and its check (May 31) is shown at K,. and the condition 
on June 19 is shown at L. From this date onward the amputated 
plants grew rapidly enough to overtake the checks, so that later in 
the season no difference in size of vine could be observed between 
amputated and check plants, and consequently no further photo-
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graph in this series was made. As for the plants at stages 3 and 4, 
the condition of the checks is shown in fig. 2, C and D. The subse
quent rates of growth of the vines by amputated and check plants 
in these two series were so nearly equal that no difference was observ
able and further photographs were not made. But, although the 
amputation at these stages did not produce an"observable effect upon 

Frc. 4.-K, condition of amputated (left) and check (right) plants at time oi 
amputation (May 31) when mother tubers were rcmm·ed at ~tagc z; 1., reprt~;;1Cntati\'e 
samples of same series on June 19; later in season the Yine growth of amputalt:d and 
check plants approximately equal. 

the growth of vines, it will be seen from the data in table IB that it 
is possible that the yield of tubers was influenced, either unfavorably 
as in the case of Irish Cobbler, or favorably as in the case of Bliss 
Triumph. 

YIELDS OBTAINED.--Although a yield record was obtained in the 
1926 experiments, these data are not included in this report because 
of the failure to obtain adequate checks, as described in a previous 
paragraph. The plants in the 1927 experiments suffered from attacks 
of aphis, and the growth of many of the plants from midseason until 

. the :vines died was not normal, many plants dying and other plants 

', 
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being obviously injured by the numerous spray applications that 
were needed. This resulted in many missing hills in the field; and, 
since in these experiments the arrangement of the plants in the field 
was a necessary feature in permitting dependable comparisons as to 
the final yield of amputated and check plants, the yield data for 
r927 were excluded. fo the r928 experiment (which is to be consid
ered the main one in this series), however, the conditions were favor
able in all respects for normal growth; and, since the amputated lots 
had comparable checks in each case, the data are considered reliable 
and are presented in tables IA and IB. 

In table IA the first four columns show the yield in grams ob
tained from plants from which the mother tubers were removed at 
stage 1, that is, when the sprouts were first emerging from the soil. 
Columns I and 2 show the results with Irish Cobbler, and columns 
3 and 4 show those with Bliss Triumph .. Each figure represents the 
yield in grams from a single plant. The average yields when mother 
tubers were not removed were 255 gm. for Irish Cobbler and 350 gm. 
for Bliss Triumph, while the yields per plant when mother tubers 
were removed were 86 gm. for Irish Cobbler and n3 gm. for Bliss 
Triumph. Table IA, columns 1, 2, 3, and 4 show that removing the 
mother tubers at the time of emergence of the sprout markedly re
duced the yield. Furthermore, it will be noted (columns 2 and 4) 
that many of the plants from which mother tubers were removed at 
this early stage failed to develop at all. At this period of develop-

. ment the presence of the mother tuber is critical. 
The yield data for stage 2 are shown in table IA, columns 5, 6, 7, 

and 8. Here again each figure represents the yield from a single 
plant. Columns 5 and 6 show that the average yield for Irish Cobbler 
was 328±12.2 when the mother tuber was left on, and 274±9.3 
when it was removed. The difference (54 gm. per plant) is 3.5 times 
its probable error, and is therefore significant, showing that the re
moval of the mother tuber at this stage reduced the yield. In the 
case of the Bliss Triumph (columns 7 and 8) the corresponding values 
are 244±1I.4 for plants with mother tubers left on, and 197±xr.8 
for plants with them removed. The difference (47 gm. per plant) is 
only 2.86 times its probable error, and is insufficient to show that 
amputation reduced the yield. Further experiments with this varie-
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ty at this stage of development are necessary. It is apparent that 
the planting plan must be such as to place the amputated plants and 
their corresponding checks side by side in the field, in order to permit 

TABLE I.\ 

EFFECT OF AM.PUTATION OF ?>fOTHER Tl'llER~ t:PO); YIELD 

MonmR TUBERS REMOVED AT TIME OF l )iOTHBR l'l7BERS REltO\'.tD Al'TER GER'.\ffXA'l'lQ'.'1 
\\' . .\S CO~tr'LET.i.:: ANll U~.\VES t;;-.;:f'OLDED 

(STAGE z, l~lG. ~.B) 
E"blERGENCE OF SPROUT 

(S'.l'AOE I, FIG. 2A) 

IRISlI COBBLER BLISS TR!l'Ml'lI lRrsu Comn,ER HLJ>s TR1n1Pu 

Not 
removed, 

yield in gm. 

!IS 
255 
350 
343 
470 
292 
222 
215 
290 
I43 
430 
235 
230 

85 
I29 
288 
287 
355 
27~~ 
75 

20,:; 
318 
270 

* 
Average 255 

Removed, Not Removetl1 removed, yield in gm. yield in gm. yield in gm. 

40 493 S<ll 
46 IQ8 I I8i 
40 I02 qoj 
75 .psi 421 
35 474 74 
27 403 801 

25 275 *I 
26 177 ~:) * 354 
* 253 

=1 
105 .>07 
208 465 * 

* 454 *1 
* I9.l *I 
* ;~:;o *l 

I20 3r8 2301 
75 393 l'I 9Z 615 7~1 

IQ2l 18:.;J 
Ifo 3291 1461 44 474 17.; 
r.~5 490 I>OI 
150 i' 98 
us 

-1-------
::\ot ; Removed r".ln~.,0,~ ~-,j 1. ~~1.11,ov-.:d, ~Cnl?Vcd, '.vie Id in ,.,.n~. " " e , 1 

yield m gm. : ~l ~ yield in gm. : YWil m gm, 
----'-----·-!..-----'-----

290' 

* I 
257: 300! 
.i6s: 210 
zfiR'. 27t1l 
r;of 290! 
2-lO· ~.tS: 

;~~i ;gi1 
z.:;;/ siJO) 
J~Oi I99f 
393; ,320i 
~{Obj ~-+.Oi 
l\20 1 44·0·'.1 

~:o! 330j 

5~~i ~~g1 
3"10; .~t.1zj 
JO()( '.1t)Oj 

i>Sl t92' 25oi 
1osl 2~! 112 1 

9·! 
!(JO 
leh) 

Average 
Average 35~jAver~~1 

86 ' 
256/ Igoi 2901 
30~1 Iool 7o; 
~~~! ~;~i !~; 
~K:! r421' ,308; 
27.d I.H ( . *; 
34oi 2~.~ ! I,,5! 
.3:><>i x,_,, 290/ 
3-17' 2.f,!i 12.;, 

iO • 

:+56j 2.ft; :HS; 

-.. ·-~-~/---,~~1.-- .. ~·---- .. -~~!.!.L~ .·~·-·~·~-,~·-
jAyerage $28iAvcrngc 27~t..'..·\nm:r.ge 24.i.1 A.vc.r~i.'i{t:: 
11'.E. ±IJ»I P.E. ±9·.ll P.K ::!: ''""i l'.1'. 11 

I ., , 

*Plants failed to develop; missing hills not included in tomputing a veragc> and probal;~-

more critical comparisons regarding the influence of amputation at 
this stage upon. yield. 

The yields for the series in which the mother tubers were removed 
at stage 3 (when plants were half-grown) and stage 4 (when plants 
had attained maximum height and were in bloom) are shown in 
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table IB. Since the two varieties behaved quite differently with 
respect to the effect of the removal of mother tubers at these two 
stages, they will be discussed separately. The results with Irish Cob-

TABLE IB 
EFFECT OF AMPUTATION OF MOTHER TUBERS UPON YIELD 

\CONTINUATION OF TABLE IA) 

MOTHER TU:BERS REMOVED WHEN PLANTS WE"RE MOTHER TUBERS REMOVED WID:N PLANTS WERE 
IO INCHES HIGH, AND YOUNG TUBERS FORM.ING NEARLY MAXIM:UM HEIGB.T, AND IN BLOOM 

(STAGE 3, FIG. 2C) (STAGE 4, FIG. 2D) 

IRISH COBBLER BLISS TRIUMPH IRISH COBBLER BLISS TRIUMPH* 

Not Removed, Not Removed, Not Removed, Not Removed, removed, removed, removed, removed, 
yield in gm. yield in gm. yield in gm. yield in gm. yield in gm. yield in gm. yield in gm. yield in gm. 

200 105 I35 253 130 154 85 200 

160 154 I40 170 II7 30 58 68 
x92 290 122 125 106 47 106 124 
59 r30 242 200 183 146 182 125 
58 200 202 208 125 180 125 155 

140 177 150 249 r34 225 r42 95 
402 226 302 275 102 r87 232 198 
193 r6o 186 253 247 107 r38 n6 
222 290 .333 264 251 190 r40 167 
270 265 274 262 rrS r55 r66 196 
240 r70 rr6 rSo 173 204 90 r8o 
250 70 106 366 IS5 r70 r48 190 
r40 254 ISO I44 r35 ISO 2IO 234 
253 2!5 r76 294 r96 r42 rr6 r54 
r50 r96 78 I57 I03 ro3 r6o 225 
223 165 127 20! II2 II7 
Igo r44 252 93 103 52 Average I40 A'lerage 162 
206 I72 r56 II5 56 III 
220 I98 r.~s 89 r36 2!6 
308 70 60 ro6 200 r72 
268 r42 256 240 204 u8 
290 120 r46 r53 r83 216 
126 203 IS2 r8o 189 207 
235 r90 40 250 r77 255 
224 rso 198 ISO srr 280 

190 r35 ro3 !20 I77 230 
IOO !02 69 53 126 208 
120 70 142 233 235 197 
I74 90 I73 56 I78 210 
120 90 r3r 121 218 r54 
190 ro8 II7 99 r57 172 
192 I22 133 107 202 2r8 
148 r30 r81 212 r58 I47 
125 r46 90 156 230 223 
rgo 220 r25 r59 r87 253 
I53 I9o 128 206 253 r86 

73 202 44 r76 I62 202 
240 127 I40 220 138 rss 
130 207 16r I63 IIO 165 
r85 75 :r33 II2 
I70 r76 AYerage I53 Average I8r 88 206 
204 206 228 2I2 
243 148 ros 135 
155 190 179 62 
170 277 45 78 

102 109 
Average 189 Average r66 

Average r6o AYerage 164 

*Because of rotting of mother tubers. of Bliss Triumph between stages 3 and 4, only 30 plants with 
firm mother tubers were available for amputation at this stage. 

.... 
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bler for stage 3 are shown in columns r and 2, table IB, and sho>v 
the response from 45 pairs of hills, one plant of each pair being the 
check from which the mother tuber was not removed, and the other 
being the plant from which the mother tuber was removed at stage 
3 (plants half-grown, fig. 2C). The average yield per plant when 
mother tubers were left on was r89 gm., ancl that for plants from 
which mother tubers were removed was 166 gm. 

It was anticipated that probably only small differences \vould be 
found in the yields from plants with mother tubers not removed, as 
compared with plants from which they were amputated at these 
later stages of growth. Consequently, in transplanting after removal 
of mother tubers in the two series at stages 3 and 4, the amputated 
and check plants were placed adjacent to each other in pairs, in 
order that the soil conditions would be more nearly alike, and in 
order that the yield data could be compared by the simultaneous 
difference method employed by ENGLEDOW and Yt:LE (7) and by 
use of the formula given by FISHER (8). Calculations made by 
ENGLEDOW and YULE'S method show odds of only 13 to r for signifi
cance of the observed difference in this case. \Vhen the FISl!ER 

formula is applied to the same data, the value of "t" found was 
r.77, which, as shown by the table for "t" values (FISHER 8, p. 1:37), 
corresponds to odds of less than 20 to I. FrsHER's requirement for a 
probability of P = 0.05 would necessitate a value of about 2.0 in this 
case; the value actually found (r.77), therefore, fa1Iing short. 

Taking into account the probabilities shown by these two meth
ods, it seems that, while there is some evidence that the removal of 
mother tubers decreased the yield, the assurance is not complete, 
and further experiments must be made to permit a definite statement 
as to the influence of removal at this stage of development. 

The response of Irish Cobblers to the amputation of mother 
tubers at stage 4 (plants nearly full height and in bloom) is 
in table IB, columns 5 and 6. In this case the average yield with 
mother tubers left on was r6o gm. per plant, and with them removed 
was r64 gm. Removing the mother tubers at this late stage of devel~ 
opment haduo effect upon the :final yield of tubers. 

The results obtained with Bliss Triumph variety at stages 3 and 
4 an~shown in columns 3, 4, 7., and 8 in table IB. In examining these 
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data a surprising result is obtained, namely, the plants from which 
the mother tubers were amputated gave larger yields than those 
from which they were not removed. 

Thus (columns 3 and 4, table IB) the yield from plants from 
which the mother tubers were removed at stage 3 (half-grown) was 
r8r gm. per plant, whiJe the yield from plants from which they were 
not removed was 153 gm. There were thirty-nine pairs of plants 
available for this comparison. When the data are treated by the 
method of ENGLEDOW and YULE (7), it is found that the odds are 
36 to r that the observed difference is significant. When use is made 
of the formula of FISHER (8), the value of "t" resulting from the 
calculation is found to be 2.42. When this value is fitted into 
FISHER'S table of "t" values it is found that his requirement of a 
probability at least equal to P = 0.05 has been satisfied, and that 
odds greater than 19 to I in favor of the view that the amputated 
series has given greater yields than the checks have been obtained. 

A probable cause of this result may be found in the fact that, in 
the period following stage 3, the Bliss Triumph mother tubers that 
remained in contact with the sprout began to rot badly. When the 
time arrived to amputate them at stage 4, most of the plants had 
to be discarded because, upon inverting the pots, it was found that 
the mother tubers were either partly or completely rotten. There
fore, only thirty plants with firm mother tubers were available for 
the comparison at stage 4. The results of the amputation at stage 
4 are shown in table IB, columns 7 and 8. Here again a greater 
average yield was found for the plants from which mother tubers 
were removed, that is, 162 for the amputated and 140 for the cor
responding checks. STUDENT'S (I9) method shows odds of 19.5 to I 

that this difference is significant, but the calculation by FISHER'S 

method gives a "t'' value for the observed data amounting to r.84, 
which is somewhat below the "t" value (about 2.0) that would be 
required by him for a probability of P =0.05, that is, 19 tor. Thus, 
while the data partially support the view that contact with the 
mother tuber at this stage of development has reduced the yield of 
tubers, the odds are not sufficient to give assurance. The evidence 
at stage 4, however, tends to substantiate the similar condition 
found at stage 3. 

-
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It will be noted in tables IA and IB, that the check plants from 
which mother tubers were not removed gave yields that differed 
considerably in the four series. Thus the checks for the amputation 
at stage r gave an average yield for Irish Cobbler of 255 gm. (table 
IA, column r); the checks for stage z yielded 328 gm. per plant 
(table IA, column 5); while for stages 3 anJ 4 the yields of check 
plants were r89 and 160 gm. respectively (table IB, columns r and 
5). Since these were check plants (mother tubers not remoYed), 
amputation could not have been a factor, yet the differences in yield 
were even greater than the differences due to amputation. It should 
be remembered that the check plants grevv in pots for different 
lengths of time in the four series, and that after amputation the 
plants were of necessity transplanted into different parts of the 
in the four series. Consequently the conditions for growth were con
siderably different, and a difference in yield could be expected. These 
differences between the checks in the different series, however, do 
not vitiate the differences between the amputated and check plants 
in each series, since the eJ>.-periment was arranged to make conditions 
within each series the same for both amputated and check, 
for presence and absence of mother tubers. The high variability in 
yield of individual potato plants, and the differences observed be
tween checks in the four series, emphasize the importance the 
precautions taken to arrange the experiment so that the amputated 
plants and their corresponding checks could be compared directly 
with each other, under conditions that make these disturbing factors 
inoperative. 

CHEMICAL COMPOSITION OF AMPUTATED MOTnrrn TCBERS 

Analyses of the tissue obtained in amputating mother tubers at 
intervals after planting were obtained for all three years. Although, 
as previously described, the yield data were not suitable for com
parisons in the r926 and 1927 experiments, because of inadequate 
checks or interference with the planting plan after amputation, the 
plants from which mother tubers were removed had made apparently 
a normal growth up to the time of amputation, and consequently the 
analytical results from the amputated tissue should be of value, and 
are included. 
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SAMPLING METHODS.-As soon as the potato tissue was removed 
from the sprout the pieces were wiped with a moist rag, and peeled 
to remove the old epidermis and the suberized layer that had formed 
at the cut surface. The tissue was then either minced in a food 
grinder or chopped in a bowl. In the preliminary experiments in 
1926 and 1927 it was found that, as the season progressed, the moth
er tubers became very high in water content; hence when the tissue 
was passed through a food grinder liquid was pressed out, and it was 
difficult to get a sample of the tissue which represented uniform 
proportions of solid and liquid. In the 1928 experiments, therefore, 
the potato tissue was chopped into fine pieces in a wooden bowl, and 
better sampling obtained by this method. As soon as the tissue was 
ready for sampling, weighed portions were removed for the moisture 
determination. To obtain a sample for the subsequent analyses for 
all constituents except sugar, weighed amounts (150-300 gm. per 
sample) were dropped (small quantities at a time) into boiling 
alcohol. The amount of alcohol used was adjusted so that the final 
concentration, taking into account the water content of the tissue, 
would be about 70 per cent. The tissue was stored in this concentra
tion, but when the extractions for the analyses were begun, water 
was added to make the alcoholic concentration 50 per cent by 
volume. Three extractions at boiling temperatures were made, the 
liquid being decanted after settling. The tissue was then dried and 
ground to a fine powder which was extracted twice in the same man
ner, the decanted portions being added to the liquid obtained by the 
first three extractions. 

Fifty per cent alcohol (by volume) was selected as the solvent 
for two purposes: first, to separate the starch from non-starch sub
stances, as recommended by BRYAN, GIVEN, and STRAUGHN (4); and 
second, to separate protein from non-protein nitrogen. Working with 
the alfalfa plant, OSBORNE, WAKEMAN, and LEAVENWORTH (13) 
found that alcohol at 53 per cent (by weight) precipitated protein 
completely from the juice, and that 20 per cent (by weight) caused 
the precipitation of most of the protein present. In the present ex
periments it was found that very little if any protein was extracted 
by alcohol at a concentration of 50 per cent (by volume). Tests by 
such protein precipitants as colloidal iron, trichloracetic acid, and 

-
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tannin produced small precipitates in which only traces of nitrogen 
were present. Lead acetate precipitated appreciable quantities of 
nitrogen, but the results of VrcKERY and VINSON (22) indicate the 
possibility that these were substances other than protein. 

The extractions were made up to a definite volume after cooling, 
and this liquid was centrifuged, decanted, a;1d aliquots taken for 
analysis. This was called the soluble portion, solubility in this case 
referring to 50 per cent alcohol (by volume) as the solvent. 

The small amount of precipitate obtained in centrifuging the 
extract was added to residue from the extraction, and this, which 
was called the insoluble portion, was dried on a water bath and 
ground to a fine powder. 

Separate samples of the fresh tissue were taken for the sugar 
determinations, and this tissue was also dropped into boiling alcohol, 
exactly as just described for the main sample except that calcium 
carbonate was added to the alcohol. 

METHODS OF ANALYSIS.-For reducing sugars the MUNSON and 
WALKER method (2) was used, and the precipitated cuprous oxide 
was titrated with potassium permanganate, the permanganate value 
being determined by comparison with a sample of dextrose obtained 
from the Bureau of Standards. Sucrose was determined by inverting 
in the cold with hydrochloric acid (2). Ammonia was estimated by 
the aeration method after adjusting the solution to slight alkalinity. 
The apparatus of VANSLYKE and CULLEN (21) was used and the 
aeration period was 2.5 hours. For amide, the liquid after ammonia 
aeration was neutralized with a drop or two of acid, and, after the 
addition of x cc. of concentrated hydrochloric acid for each 10 cc. 
of liquid, was hydrolyzed for r.5 hours; the liquid was then trans
ferred to an evaporating dish and the hydrochloric acid removed by 
evaporation. The liquid was then made slightly alkaline and again 
aerated in the VAN SLYKE-CULLEN apparatus, and the ammonia 
formed during the hydrolysis was estimated. For "basic" nitrogen, 
the liquid remaining after the amide aeration was 1.lsed; phospho
tungstic and sulphuric acids were added, and the liquid was heated 
to boiling. It was then cooled, made up to volume in a fl.ask, mixed 
thoroughly, and allowed to stand over night. The precipitate was 
sepa;rated by the use of the centrifuge; to it were added the particles 
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of precipitate that remained in the volumetric flask, and the com
bined precipitates were washed twice with dilute phosphotungstic 
acid solution. The final precipitate was analyzed for nitrogen by the 
KJELDAHLmethod (2). The liquid decanted from the phosphotungstic 
precipitate was used for both the non-basic and amino-acid nitrogen, 
the non-basic by the "KJELDAHL method, and the amino-acid gaso
metrically by the VANSLYKE procedure (20). For the estimation of 
starch the diastase method with subsequent acid hydrolysis was 
used (2), but in this case saliva was found preferable to the malt 
extract because of the low "blank" value with saliva. 

RESULTS OF ANALYSES.-The percentage composition calculated 
on the basis of fresh weight of the tissue is shown in table II and 
fig. 5. It will be noted that a rapid fall occurred in the percentages of 
all constituents except moisture, sugars, and soluble solids. Thus 
while the starch percentage dropped from about ro-15 to about 0.3-
0.6 per cent (table II, column 8), the water content increased from 
about 70-80 to about 96 per cent. The various forms of nitrogen 
(table II, columns rr-17) all show a continuous reduction in per
centage composition throughout the period of analysis, until finally 
the mother tubers removed at stage 4 were almost completely de
pleted of all forms of nitrogen, the percentage remaining being only 
about one-fifth or one-tenth of that present in the mother tubers at 
the time of planting. The change in the percentage of reducing sugar 
shows an interesting behavior in that, although there is a continuous 
loss of dry substance, the percentage of reducing sugar actually in
creased (table II, column 9). The details of these changes vary 
somewhat with the variety and with different years. There is a tend
ency for the percentage to be highest in midseason, that is, when the 
plants are about 10 inches high, and to recede again at the later 
stages. Another interesting feature is to be noted with respect to 
the percentage of solids soluble in 50 per cent alcohol. This tends 
to remain more nearly constant than any other constituent for which 
data were obtained. Thus, up to about stage 3 (stage 2 in the case 
of Bliss Triumph in I928) the percentage of soluble solids was about 
So per cent of the value at the start of the experiment. Probably 
the increase in sugar explains this maintenance of a high soluble 
solids value in spite of the continuous loss of dry weight during the 
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V Al<IETY AND DATE 
01' l'LANTING 

Irish Cobbler, . 
May 12, 1926 

Irish Cobbler, 
April 22, 1927 

j ,... 
Irish Cobbler, 

May 2, 1928 

Bliss Triumph, 
, May 2, 1928 

# 

' l 

TABLE II 

CHEMICAL COMPOSITION OF MOTHER TUBERS REMOVED FROM POTATO SPROUTS AT DIFFERENT INTERVALS AFTER PLANTING 

DATA REGARDING REMOVAL OF YOTHER TUBERS PERCE>ITAGE COMPOSITION ON FRESH WEIGHT BASIS 

No. days 
Solids Nitrogen (N) 

Date of No. days after Condition of plant at time soluble Re- Cane removal after emer- of removal H,O 
in5o% Starch ducing sugar Insoluble Soluble planting genceof 
alcohol sugars 

in50% in so% NH3 Amide Basic sprout 
alcohol alcohol N N N --- ---------------------------Seed-pie ces at sta rt, before planting 71.6 2.8o 15.72 0.55 0.15 0.17 0.40 0.023 • 0.014 0.087 Jnne 4 23 2 ···························· 87 .6 2.51 6.15 0.99 o.II 0.06 0.27 0.027 o.oog 0.057 Jnne 14 33 12 ···························· 91.8 2.62 3.05 l.88 0.08 0.04 0.20 0.012 O.OIO 0.033 June 21 40 19 ···························· 94.3 2.41 I.41 I.93 0.12 0.03 o.rx o.orx 0.005 0.026 June 29 48 27 ···························· 96.0 !2.II 0.48 t.61 0.15 0.02 0.08 0.013 0.002 0.021 Jn}y 7 56 35 ···························· 95.5 I.94 0.32 t.48 ........ 0.03 0.06 0.007 0.001 0.012 ---------------------Seed-pie cesat sta rt, before planting 8o.4 2.81 10.61 0.50 0.16 0.13 0.21 0.017 0.023 0.076 May28 36 7 Sprouts 2" high Sg.8 2.35 3.82 z.28 0.50 0.08 0.07 0.007 0.010 0.027 June 16 55 26 Sprouts 9" high 95.3 2.04 0.28 l .42 0.24 0.04 0.03 0.002 o.oos 0.019 June30 69 40 Sprouts 1311 high 96.3 r.70 o.6o 1.43 0.07 0.03 O.OI O.OOI 0.002 0.025 --- ------ ------ ---Seed-pie cesat sta rt, before planting 78.90 3 .17 II.80 0.89 0.46 O.Zl 0.20 o.oo8 0.036 0.040 May24 22 0 Emergence of sprouts (stage l, 

fig. 2A) 83.70 2.93 8.15 I .20 0.40 0.11 0.15 0.005 0.019 0.050 
May31 29 7 About 2 11 high, leaves expanded 

(stage 2, fig. 2B) 88.60 3 .15 4.89 t.42 0.72 0.07 0.08 0.005 0.009 0.030 
Jnne II 42 20 About 10" above ground, half-

grown (stage 3, fig. 2C) 94.40 2.82 I.09 2.02 0.42 0.03 0.04 0.002 0.006 0.014 

June 25 56 34 Maximum height, in bloom 
(stage 4, fig. 2D) 96.00 2.27 0.30 x.61 0.21 0.02 0.02 o.oor 0.003 0.007 --- ---~ ---------------------Seed-pie ces at sta rt, before planting St.72 3.66 9.55 I .II 0.63 O.II 0.17 0.007 0.026 0.042 May24 22 0 Emergence of sprouts (stage r, 
fig. 2A) 85.25 2.87 7.93 1.24 0.29 0.10 o.:u 0.004 0.014 0.030 

May31 29 7 About 2" high, leaves expanded 
0.06 (stage ., fig. 2B) 91.90 3.35 3.33 l .86 0.46 0.05 0.002 0.007 0.013 

June II 42 20 About 10" above ground, half-
grown (stage 3, fig. 2C) 96.40 2 .22 0.40 I.40 0.49 0.03 0.02 0.002 0.003 0.007 

Non-
basic Amino 

N N 
------........ 0.078 
········ 0.051 ........ 0.044 
········ 0.024 
········ 0.027 
........ 0.014 
------
········ 0.096 ........ 0.039 
········ 0.015 
········ 0.009 

o.zoo o.o84 

o.o6o 0.047 

0.035 0.025 

0.014 0.015 

0.006 0.008 ------
0.071 0.054 

0.044 0.028 

0.018 0.014 

0.007 0.007 
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same period. Later in the season the percentage of soluble solids 
dropped, but even at stage 4 its value was found to be 60-70 per 
cent of the original value. 

The ash analyses, given in table III, are for the 1928 series only. 
Columns 2 and 5 show the percentage of ash obtained by ashing the 
portion of the tissue that was insoluble in 30 per cent alcohol; 
columns 3 and 6 show the ash percentages obtained by ashing 
aliquots of the liquid extract; and columns 4 and 7 represent the 
total ash obtained by adding the soluble and insoluble percentages. 
These analyses show a gradual fall in the different forms and in the 
total ash from the beginning to the end of the experiment. The ash, 

TABLE III 

ASH IN MOTHER TUBER TISSUE AMPUTATED FROM SPROUTS AT DIFFERENT 

PERIODS OF GROWTH 

PERCENTAGE ON l'RESR WEIGHT llASIS 

STAGE OF GRO\VTB AT Tll!E WSBCOBBLER BLISS TRU:Ml'll OF A>ll'UTATXON 

Insoluble* Soluble* Total Insoluble* I Soluble* I Total 

Start of experiment ....... 0.425 0.455 0.880 0.285 o.3r6 o.6or 
Stage I (fig. 2A) ......... 0.337 0.368 0.705 0.273 0.300 0.573 
Stage 2 (fig. 2B) ......... 0.302 0.310 0.612 0.195 0.197 0.392 
Stage 3 (fig. 2C) ......... 0.208 6. 195 0.403 0. 167 o. r28 0.295 
Stage 4 (fig. 2D) ......... 0.020 o.16o o.r8o t t t 

' 
*Percentage ash in the portion of tissue either soluble or not soluble in so per cent nlcohol (by volume) 
t Tissue not available for analysis (see text). 

however, was not used up as completely as the dry weight or various 
forms of nitrogen, as shown in the previous paragraphs .. Table III 
shows that at stage 3 approximately one-half of the ash was still 

. present in the mother tissue. An analysis of the ash for various 
constituents was not made, but the ash has been retained for a 
subsequent analysis. The question as to the rate of utilization of 
the different ions is an interesting one, made especially so by the 
observations of MULLER (12) and of RAMSEY and ROBERTSON (14). 
In both contributions it is reported that potassium remains in the 
mother tuber and does not take part in the growth of the sprout. 

. Cl,JANGES IN FRESH AND. DRY WEIGHT OF INDIVIDUAL MOTHER 

TlJ.BERs.~Since the seed-piece loses dry substance to the sprout, and 
also .of oourse: loses substance by its own respiration, and at the same 
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time gains in water content, it may be inquired whether, as a result 
of these two opposing factors, the absolute weight of the mother 
tuber will increase or decrease during the period of the experiment. 

In the 1926 and 1927 experiments, n0 account was taken of the 
absolute change in weight of the mother tuber during the season. 
Hence, although the data could be calculated upon either the fresh 
or dry weight basis, it was impossible to determine the absolute 
amounts of materials leaving the individual mother tuber at any 
stage. In 1928 a special experiment was carried out to obtain data 
on this point (table IV). About 75 seed-pieces of each variety were 
carefully weighed on a small balance in order to obtain a weight of 
28 gm. Ten of these were weighed at once, and the average weight 
was found to be 28.20 gm. for Irish Cobbler and 28.25 gm. for Bliss 
Triumph (table IV). The average deviation of the weight of any one 
seed-piece from the average weight of the ten was about one per 
cent. The other sixty-five pieces of each variety were then planted 
in the soil, and permitted to grow until the plants arrived at the 
various stages of development at which mother tubers were ampu
tated in the main experiment. At each stage ten plants were lifted, 
the mother tubers removed, an? after careful wiping with a moist 
cloth, the fresh and dry weight of each was obtained. The average 
values are shown in table IV. The changes in fresh weight of the 
individual mother tubers are shown in columns 2 and 3. It is seen 
that the absolute weight did not change much throughout the season, 
the Irish Cobblers losing in weight from 28.20 to 26.22 gm., and the 
Bliss Triumph mother tubers gaining in weight from 28.25 to 29.02 
gm. The dry weight and water content per mother tuber are ex
pressed in grams in columns 4, 5, 6, and 7 in table IV. Thus, while 
each Irish Cobbler seed-piece lost 5.24 gm. of dry matter (that is, 
from 6.43 to r.19 gm.), it gained 3.26 gm. of water (that is, from 
2r.77 to 25.03 gm.). This observation, that the absolute weight of 
the mother tuber did not change to any great degree during the 
season, facilitated the interpretation of the data obtained from the 
samples of tissue. It showed that calculations upon the fresh weight 
basis are capable of showing the true changes in composition with 
respect to the various constituents. And, although the observations 
showing that this is true were not made until r928, it seems likely 

.. 4 
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that the 1926 and 1927 data can be evaluated safely from the same 
point of view. 

In the last six columns in table IV the changes in fresh weight, 
dry weight, and water content of the mother tubers at each stage 
of development have been calculated from these data, and expressed 
as a percentage of the amount in the moth& tuber at the time of 
planting. Special attention is directed to the large percentage losses 
in dry substance. About 25-30 per cent was lost by the time the 
sprout emerged from the soil, about 50 per cent at the time germina
tion was complete, and about 80 per cent at the time the plant was 
half-grown. It is not maintained, of course, that all the dry sub
stance lost by the mother tuber was gained by the sprout. It is cer
tain that part of it was lost by the respiration of the mother tuber 
tissue, and some of it might merely have leached out into the soil. 

ABSOLUTE AMOUNTS OF VARIOUS CHE!i>fICAL 
CONSTITUENTS PER MOTHER TUBER 

The data in table IV, showing the average fresh weight per mother 
tuber at each stage of development, combined with the data in table 
II, showing the percentage composition on the fresh weight basis, per
mitted a calculation of the absolute amounts of the various constitu
ents in: the individual mother tuber at each stage at which amputa
tion was carried out. These data are shown for the r928 experiments 
in table V. 

By following down the columns in table V it is possible to observe 
the amounts of the various constituents present at the time of plant
ing, and also the amount remaining in the mother tuber at each 
subsequent period of development. 

One of the interesting features of table V relates to the utiliza
tion of starch between stages 2 and 3. At stage 2 leaves were fully 
formed, and the production of starch by the process of photosynthe
sis was going forward rapidly. It might have been e:x-pected that 
because of this there should have been less demand upon the stored 

, ~tarch, and yet during this period of high photosynthetic activity in 
theleaves the depletion of starch from the mother tuber was going 

· fdrw~rd at a rapid rate. 
·· A.n<>ther striking result was obtained with respect to the utiliza. 
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TABLE IV 

FRESH WEIGHT, DRY SUJ3STANCE, AND WATER CONTENT OF MOTHER TUBERS REMOVED FROM SPROUTS AT INTERVALS AFTER PLANTING 

. 
PERCENTAGE OF AMOUNT L'l MOTHER TUBER AT 

FRESH WEIGllT DRY WEIGHT WEIGHT OF H,O TIME OF PLANTING 
PER MOTHER PER MOTHER PER MOTHER 

DESCRIPTION OF :MOTHER TUBERS TUBER (mr.) TUBER (GM.) TUBER (GM.) 
REMOVED FR01{ SPROUT Fresh weight Dry weight \Vater 

Cobbler Bliss Cobbler Bliss Cobbler I Bliss Cobbler Bliss Cobbler Bliss Cobbler Bliss 
------------------------------------

&~=~································· 28 .20 28.25 6.43 5 .47 2!. 77 22.78 IOO 100 100 100 100 100 
Emergence of sprout (stage 1, fig. 2A). . ...... 27 .40 28.88 4.45 4.17 22.96 24.71 97 102 69 76 105 109 
After germination complete and leaves expanded 

26.45 (stage 2, fig. 2B) .......................... 27.46 29 .24 3 .20 2.79 24.26 97 104 50 50 III II6 
Plants ro inches high and young tubers starting 

to form (stage 3, fig. 2C) .................. 26.30 29.02 I .31 r.08 24.99 27.93 93 103 20 20 rr5 !22 

Plants in bloom and young tubers well developed 
* * * * * (stage 4, fig. 2D) ......................... 26.22 I.19 25.03 93 19 IIS ...... 

* Because of rotting of mother tuLcrs of Bliss Triumph san1ples, a firm condition could not be obtained at this stage of development, 
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TABLE V 

ABSOLUTE AMOUNTS OF SUBSTANCES PER MOTHER TUBER AFTER REMOVAL FROl>l SPROUTS AT I:\"TERVAT,S AFTER PLANTING 

j I SOLIDS 
j 'V ] SOLUBLE S RCII REDUCING CANE 

i (t::r . rn'. 5o% ' (;M) SUGARS SUGAR Insoluble Soluble • 
, COND-ITION OF MOTHER ·n:nERS~ • 1 A.LCOHOL ! • (GM.) (GM.) ~ in so'~O in 50~{, N~~ri.i l ;'-~,.1dc 

NITROGEN (N) 

Basic 
N(gm.) 

Non-basic 
N (gm.) 

Amino 
N (gm.) 

lmUOVED FROM SFROl'T l i (GM.) 'alcohol (gm.): alcohol (gm.) <0 .) N <0 m.) 

Cob·! 1· I Cob- i Br i Cob- : Br : Cob- : nr Cob- ' Ill" : Cob- : m· : Cob- Br : Cob- . Ill' Cob- nr ' Cob- ' Jlr Cob- i Ill' i Cob- ' Bl' 
/ blei- j E 155 : bler i - 155 ! bler ! I:JS ! bler i 155 , bler : is.s : blcr iss : blcr lSs ' blcr ~ 155 bler ; 155 hlcr ' 155 '. bler ~ 155 

1\ blcr ! 155 

_A_s_p-la-1-1t-er-I-. -.. -.-.-,-. -.. -.-.-.-.-.. ~-. ~i21 .771'.2~L779; 0.89-i.! LOJ4'. 3 .328\ 2 .698; o.251j 0.314: o.:r30, 0.178 0.059 ~~31 ~¢ o .0481~023;0 .00190.0102;0.0074'.o .0113·0.ou9'0.02821o .0201;0.0237:0.0153 
Emergence-of sprout (stage -I,! ) ! ! ; I ! , '. : : : , ; ; 1 , 

fig.2A} ............. _ . ..., .... :22.958:2+.717- 0.8031 0.835 2.233 2.290. 0.329: o .. ~58 o.no: 0.08+ 0.030, 0.029: 0.041- o.0320.ooq.o.00120.00520.00410.01350.00860.01640.0127',o.012910.0031 
After comi1lele germination! 1 ! i ! ! · 

;.md leaves expanded (stage: l ; ! : 
2,fig. zll)........ . .... '24.25626.450' 0.865' o.9Sr· 

Phu1ts 10 inches hig-}1 and; ! i ! 
young tubers startmg lo ; ~ 
{_ornt (slage 3, -fig. 2CJ .... .'24 .. 990:27 .935 0.742 

l1Jants in bloom and young 1 1 

tubers weH devduped {stage, 

0.974~ 0.390 0.544" 

o.1r6 0.531 0.406 0.110' 0.116 

o. 1,35. 0.019 0.017 o .022 o.oq_:o .oor40.0006:0.0025:0.0020:0.0082p.0038_0.0096-o.0052·0.00690 .oo+o 
' ' - ' ' - ' . ; 

; ' ' ' • ' ! ! i 
0 .006_0 .0005 0 .00060 .00160 .00080 .0037 0 .0020'0 .00,37 0 .0020_0 .0039:0 .0020 

l 
0.009 O.OII 

4, fig. 2D) ............... ;25 .029, * 0.567 ..... 0.055:, ••••• 0.005 ...... 0.005 ...•.. 0.0002, ..••. .,0.0006 ...... 0.0018_ ...•.. o.oors ...... :0.0021; ••.••• 

*At thi:;; stage of growth in the HJ28 experiments-, Bliss Trimnph inothcr tuhers were so badly rotted that a sufficient number could not he rccovncd . 

... 
• 
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tion of the sugars. Since the sugars are physiologically quite active, 
and therefore in condition for immediate use in respiration and 
growth, it might be expected that during periods of rapid growth 
these mobile substances would be used up rapidly and their concen
tration reduced to the minimum. Instead, however, the sugar actu
ally increased during °the period of rapid growth (see footnote 2). 
No doubt it was transported freely from the mother tuber, but this 
did not result in depletion, since apparently other compounds were 
broken down to sugar, and a high sugar level was maintained. The 
cane sugar situation is similar to that with reducing sugar, but the 
rate of loss of cane sugar was greater in the later stages of develop
ment (table V, columns ro and u). 

The rate of disappearance of nitrogenous substances from the 
mother tubers is shown in table V, columns 12-25. The significant 
feature here is that all the forms of nitrogen for which analyses were 
made were utilized at about the same rate. It might reasonably have 
been expected that some forms would disappear faster than others, 
but the uniformity of the disappearance of these diverse groups is 
surprising. An estimate of this may be obtained by noting the num
ber of cases in which the amount remaining at any stage is about 
one-half of that remaining at the previous stage. Out of forty-nine 
such pairs of values, thirty-one may be classed as essentially fulfilling 
this condition. Nothing of fundamental importance is claimed for 
this relation, which is quite accidental, since the stages chosen for 
amputation were merely empirical, but the coincidence serves to 
emphasize the facts observed. The data for r926 and r927 in table 
II also show a somewhat similar condition with respect to the rate of 
utilization of nitrogenous reserves. 

BERA VIOR OF DIFFERENT VARIETIES WITH 
RESPECT TO LOSS OF DRY WEIGHT 

Because of the discovery ofSELIBER (17) that the substance of 
the mother tuber of the variety Kruger is not utilized to any con
siderable extent by the sprout, a test was made with several varieties 
in order to see whether this behavior could be observed with Ameri
can varieties. Tubers of ten varieties,4 in addition to the Irish Cob-

4 Appreciation is. hereby expressed for the co-operation of Mr. WILLIAM STUART 

of the United States Department of Agriculture in supplying tubers of these varieties 
(except King Edward) for this experiment. 
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blers and Bliss Triumph used in the main experiment, were available 
for this test. Seed-pieces were prepared by first adjusting the fresh 
weights at approximately 20 gm. each, and then weighing them ac
curately on a balance. The average fresh weights are shown in table 
VI column z and the corresponding dry weights in column 4. The 

' ' 0 seed-pieces were then planted and allowed to grovi' until the plants 
were about half-grown. The plants were then lifted, the mother 
tubers wiped carefully with a moist doth, and the fresh and dry 

TABLE VI 

COMPARISON OF DIFFERENT VARIETIES OF POTATOES I;,;' LOSS OF DRY WEIGHT 

l!"ROM MOTHER TUBERS 

FRESH WEIGHT o:;· MOTHER \ DRY WEIGHT m· ~{OTHER I 
TUBER (GM.) TliBER (m,L) I PERo:NTA•'£ 

VARIETY 
I lJRY WEIGH't 

Alter \ I After. LOST 

At planting amputation At planting I amputation 
from sprout* from sprout* I 

Early Rose ............. 20.34 22.56 4.760 1.334 

I 
>":' -'' f"" 

King Edward ........... 20.33 24.07 3.923 0.956 76 

Green Mountain ........ 20.37 20. 2:2 5 · n3 r.333 74 
Burbank ............... 20. 19 19.37 I 

4.656 I .080 I 77 
Russet Rural. .......... 20.06 25.23 4.339 I. I-..17 I 74 
Peerless Pearl. .......... 20.66 21.69 4.741 0.696 8-

I 
:> 

Beauty of Hebron ....... 19.60 22.74 4.543 1.286 l 72 

Early Ohio ............. \ 20.03 19. IO 4.671 0.742 8.~ 

Ehnola ................ 20.07 20.57 5.260 0.810 s-
I 

:> 

McCormick ............ 20.85 2r.49 .).6:n 0.859 I 76 
I I 

I 

*Amputation from sprouts alter germination had been completed and plants were about 15 inches 
high. 

weights of each again determined (table VI, columns 3 and 5). The 
right-hand column in table VI shows the percentage of the original 
dry weight lost by the mother tubers during the period of growth. 
It is apparent that none of the varieties showed a behavior similar to 
that of Kruger. All the varieties in the present test lost a large pro
portion of their dry weight. Early Rose and Beauty of Hebron lost 
72 per cent of their original dry weight, and Peerless Pearl and 
Ehnola lost 85 per cent. 

It is interesting to note also in this table the data available on 
the change in fresh weight of mother tubers during the season. In 
the previous discussion of the behavior of Irish Cobbler and Bliss 
Triumph,it was pointed out that only small.changesfo the weight 



... 

" 

DENNY-MOTHER TUBER OF POTATO 107 

of the mother tuber took place, Irish Cobbler losing slightly in weight 
and Bliss Triumph gaining slightly. Table VI, columns 2 and 3, 
shows that of the varieties in this test, Green Mountain, Burbank, 
Peerless Pearl, Early Ohio, Ehnola, and McCormick showed such 
small changes that it may be doubted whether the amount of change 
is greater than the em~rs of measurement. Relatively large increases 
in fresh weight were shown by King Edward and Russet Rural. 
SELIBER (r7) has emphasized the tendency of the tubers to gain in 
weight during the season, but in the present experiments the more 
usual tendency has been for the fresh weight to remain nearly con
stant. Probably the condition of the seed-piece at the time of plant
ing and the weather conditions during growth are important factors. 

Discussion 

It should be emphasized that the results of this series of experi
ments were obtained with mother tubers 28 gm. in weight. This size 
was selected because from the literature it appeared that this is about 
the smallest size that can be depended upon to produce a plant with 
full vigor. And while in these experiments removal of mother tubers 
at midseason or later did not markedly reduce the final yield, it is 
possible that with smaller seed-pieces the influence of the mother 
tuber would have been exerted during the later periods of growth. 
Likewise, although a reduction in yield resulted from the removal of 
mother tubers after germination was complete and leaves were fully 
formed, it is possible that if large seed-pieces had been used, and if 
large supplies of stored materials had been available during the early 
stages of germination, the young plant might have become inde
pendent of the mother tuber at an earlier stage. Further work re
garding the relation of size to the stage of development at which 
contact with the seed-piece is no longer critical for growth of the 
sprout would be desirable. 

It may have been noted that the analytical data are presented 
on the fresh weight and the "per tuber" basis, but not on the dry 
weight basis. The results of the analyses in these experiments are 
peculiarly well fitted to emphasize the importance of the selection 
of the basis on which chemical analyses are calculated, and that 
erroneous conclusions may result from the use of a basis that is un-
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suitable for the purpose. It is clear that in the present case the "per 
tuber" basis is the best one to show the rate of utilization of the 
stored substances, since in this way we deal with absolute amounts. 
The fresh weight basis is nearly as good, since in this particular case 
the fresh weight of a seed-piece is nearly constant throughout the 
period of sampling. If the information in table V (showing the abso
lute amounts of various constituents per mother tuber), and that in 
table IV (showing the dry weight per mother tuber) is used to calcu
late the percentage composition on the dry weight basis, some very 
misleading results are obtained. This method of calculation shows, 
for example, that at stage 2 the starch percentage of the Irish Cob
blers was about 19 per cent lower than at the beginning, when a:; a 
matter of fact about 60 per cent of the starch had been lost by that 
time. Again, this method of calculation shows that little change in 
amino acid content had taken place between the beginning of the 
experiment and stage 3; but the mother tuber had lost, in fact, 83 
per cent of this constituent. This confusion results from the condi
tion that as the substances are used up the dry weight itself also 
falls, and the percentage change on this basis depends upon the rela
tive rate of fall of the two changing values. 

The observations (table IB, columns rand 2) that in midseason 
it appears possible that the Irish Cobbler plants had become com
pletely independent of the mother tubers, and that amputation may 
not have influenced the yield unfavorably, are not in accord with the 
observations of SIKORSKI (18) and SELIBER (17). It must be remem
bered, however, that they suggest the importance of the mother 
tuber as an organ for water storage, and this factor would come into 
play only in periods of drought. In the present experiments there 
was an abundance of moisture in the soil at all times, and therefore 
no opportunity was afforded to test their hypothesis. The fact that 
in the preliminary experiments removal of the mother tuber by cut
ting across the base of the stem with a knife, or amputating by twist
ing, induced wilting of the plant even under moist conditions, lends 
support fo the view that the water stored in the mother tuber might 
become an important factor. 

The 'unfavorable effect upon the yield of Bliss Triumph which 
was obtained when the mothertubers were allowed to rernain in con-
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tact with the plant from stage 3 to stage 4 (table IB, columns 3 and 
4) may have resulted from toxic materials formed during the rotting 
of the tubers. The reports of BREAZEALE (3) and COLLISON (5) em
phasize the toxic effects of plant tissue during certain stages of de
composition. If toxic substances were formed during the rotting of 
mother tubers, the conc!.itions for their absorption by the plant would 
be favorable because of the close connection at the base of the stem 
between the mother tuber tissue and the sap-conducting vessels. 

DE VRIES (6) believed that the mother tuber furnished nutrients 
to the sprout until germination was complete, after which time its 
substance was transferred exclusively to the newly developing tu
bers. LUDWIG (u) adopts this as an argument against large tubers 
for seed-pieces, on the basis that it is not an economical method, 
since much of the starch in the large tubers merely passes out of the 
old into the young tubers, and at the end of six months is harvested 
a second time. There is evidence against these views in the results 
of the present experiments. Fig. 2 shows that at stage 2 very few 
young tubers had begun to form, and that even at stage 3 the new 
tubers were still small. The analyses (tables II and V, and fig. 5) 
show that at stage 3 nearly all of the starch and various forms of 
nitrogen had already been exhausted from the mother tuber; in fact, 
only 20-25 per cent of the original dry weight still remained, and the 
subsequent analyses showed that not much more transference from 
the mother tuber was to take place. Most of the materials destined 
to leave the mother tuber did so within about forty days from plant
ing, or about twenty days from the date of emergence of sprout. 
We are not justified in inferring from this that the small amount of 
substance left at this stage does not exert a considerable influence 
upon the later growth of the plant, but it suggests that this influence 
is qualitative, and not due to the quantity of starch or other ma
terials furnished. 

This brings up the question as to the nature of the chemicals that 
pass from the mother tuber to the sprout and strongly influence its 
growth. Are these materials merely food stuffs, or are they special 
growth-promoting substances, such as have been postulated by 
APPLEMAN (r)? The present experiments seem competent to show 
that materials ordinarily regarded as food stuffs, such as sugar, 

... . .. 
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amides, amino-acids, etc., are used up rapidly and disappear from 
the mother tuber, and we must assume that they constitute an im
portant part of the contribution made by the seed-piece. But the 
experiments are not capable of showing that special substances do 
not pass also, and that these do not exert an important function in 
regulating the use of the food stuffs that are translocated. \Ve may 
regard the situation as analogous to that found by REED (15) in the 
twigs of lemons and other plants, in which two factors are considered 
to be operating jointly: first, stored food which (when in the proper 
condition) can support growth; second, special substances ·which (in 
small quantities) influence the utilization of these food materials in 
growth. REED speaks of them as substances which catalyze the 
growth process. In any event it is clear that the methods of 
analysis used in my experiments are not capable of sho·wing the 
presence of special growth-promoting substances. The use of culture 
solutions would offer a more favorable method of e1."Perimentation; 
and the results of LUDWIG (u), showing the influence of salt content 
of the culture solution in modifying the rate of utilization of the 
stored foods in the tuber, are suggestive of the capacity of small 
amounts of one substance to control the utilization of a relatively 
large quantity of other substances in growth. 

Summary 

r. A series of experiments, in r926, 1927, and 1928 is reported1 

in which the mother tubers were amputated from potato plants at 
intervals after planting, in order to observe the effect of this removal 
upon the subsequent growth and yield of the plant, and to note at 
what stage of development the young plants became independent of 
the food reserves of the seed-piece. 

2. The seed-pieces were planted in the bottoms of pots which 
were then buried in the soil; when the sprouts had reached certain 
sizes the pots were removed and inverted, exposing the mother tuber, 
which was then amputated; the pot was discarded and the weU
rooted plant replaced in the soil. The checks consisted of an equal 
number of plants which were removed from the pots at the same time 
but which were allowed to retain the mother tubers. 

3. The mother tubers were removed at the following periods of 
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development: stage r, when the sprouts first emerged from the soil 
and before leaves had expanded; stage 2, when plants were about 2 

inches and had leaves fully expanded; stage 3, when plants were 
about IO inches high and young tubers were forming on well-devel
oped stolons; stage 4, when plants had attained approximately maxi
mum height and were ii'!. bloom. 

4. The effect of amputation upon subsequent growth is shown 
by photographs, and by tables of the yield. Plants from which the 
mother tubers were removed at stage I gave a yield of tubers only 
about one-third of that of the checks; removal of the mother tuber 
at this stage was critical and many plants were not able to survive. 
The plants from which mother tubers were removed at stage 2 gave 
a yield which was about 80 per cent of that of the corresponding 
checks, but the difference in yield was significant statistically, indi
cating that at this stage of development the young plant has not yet 
become independent of the stored food in the seed-piece. With re
spect to the effect of amputation at stage 3, the two varieties used 
(Irish Cobbler and Bliss Triumph) gave different responses. In the 
case of Irish Cobbler, plants from which mother tubers were removed 
showed a reduction in yield per plant, but the odds that this differ
ence was significant were not high, leaving the issue in doubt. In the 
case of Bliss Triumph, the amputated plants gave a higher yield 
than the checks, indicating that contact with the mother tuber had 
been detrimental. It is suggested that this result was due to the 
rotting of the mother tubers between stages 3 and 4, with the produc
tion of toxic substances which were absorbed from the seed-piece at 
the base of the main stem and unfavorably influenced the subsequent 
growth. This effect was not observed in the case of Irish Cobbler 
seed-pieces, since they remained firm between stages 3 and 4. Re
moval of mother tubers at stage 4 produced no effect upon the yield 
of Irish Cobbler, but again the yield of Bliss Triumph was slightly 
greater with mother tubers off than with them on. The difference 
in this case, however, was not large enough to be conclusive statisti
cally. 

5. It appeared possible that the sprout became independent of 
the mother tuber at stage 3 (about ro inches high). Most of the 
storage materials that were destined to leave the mother tuber had 
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already been used up. Further experiments are required to show con
clusively whether contact with the mother tuber at this or later 
stages is beneficial; and if so whether the advantage results from the 
transfer of the small amount of food materials still available at that 
time, or from the water storage relation existing between seed-piece 
and sprout. 

6. These experiments were carried out with mother tubers weigh
ing 28 gm. each. It is possible that with smaller seed-pieces the 
sprout would have remained dependent on the mother tuber for a 
longer period, and that with larger pieces amputation could have 
been carried out at an earlier period without interfering with subse
quent development. 

7. The amputated mother tissue was subjected to chemical 
analyses in order to determine the rate at which stored substances 
left it, and to note any correlation which might exist between the 
composition at any stage of development and the subsequent be
havior. A rapid loss of substance from the mother tuber was noted. 
By the time the sprout emerged, about one-fourth to one-third of the 
dry weight was lost; about one-half remained at stage 2; and at stage 
3 the mother tubers had been depleted of nearly 80 per cent of the 
original dry weight. The extent of the depletion varied with different 
lots, in different years, and with different varieties, but ranged from 
70 to 85 per cent. Starch and the various forms of nitrogen (both 
soluble and insoluble) were steadily used up; but the sugar concen
tration was maintained at a high level, so that, even though the dry 
weight had been reduced to a low level the sugar percentage on the 
fresh weight basis was greater at all subsequent stages than it had 
been at the time of planting. 

8. The analyses showed that different groups of nitrogenous sub
stances, such as insoluble, soluble, ammonia, amide, amino, basic, 
etc., were removed from the mother tuber at approximately the same 
rate. There was no evidence of one form being more readily avail
able for growth than other forms. 

9. Although between stages 2 and 3 the foliage was active photo
synthetically, large demands upon the organic substance of the 
mother tuber were made during this period. A ''sparing" action 
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upon stored foods in the underground part because of food manu
facture in the tops of the plant was not noted. 

BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 
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GERMINATION AND KEEPING QUALITY OF PARSNIP 
SEEDS UNDER VARIOUS CONDITIONS' 

HILDA c. JOSEPH 

(WITH TWO FIGURES) 

Introduction 
In several ways parsnip seeds furnish especially favorable ma

terial for the study of the effect of storage conditions upon longevity. 
They are short~lived, and when stored in bags in a laboratory the 
vitality drops about 20 per cent during two years and 60 per cent 
during three years of storage; hence the differential effect of storage 
conditions is quite evident within two years. They withstand ex
treme drying without injury to their vitality, which makes it possible 
to study the effect of a wide range of water content. They germinate 
with reasonable speed over a considerable range of temperature. 

The experiments reported in this paper have been conducted for 
the purpose of :finding a method by which parsnip seeds could be 
stored for several years without losing their vitality. Such a method 
would be of advantage to seedsmen in enabling them to avoid an 
annual discard of seeds left over from the previous year. It is also 
hoped that a method worked out for storage of parsnips might be 
applicable with modifications to other short-lived seeds of commer
cial importance, such as cabbage, onion, and a number of the conifer
ous seeds. 

The problems which presented themselves in connection with 
this study of parsnip seeds were mainly the following: (I) Is the seed 
material as harvested and sold by the seed grower uniform enough 
for experimentation, or do the ripe and green seeds of each shipment 
require separate investigation? (2) What are the optimum temper
ature requirements for the germination of parsnip seeds, and does 
the optimum germination temperature remain unchanged when the 
seeds become older? (3) What influence have moisture content, stor-

' Contributions from the Boyce Thompson Institute for Plant Research, Inc., 
Yonkers, N.Y., published at the expense of the Institute out of the order determined 
by the date of receipt of the manuscript. 
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age temperature, humidity of storage chamber, fluctuation of hu
midity, and aeration upon the keeping quality of the seeds? (4) In 
which way or ways do the factors mentioned under (3) influence the 
viability of parsnip seeds? 

. Discussion of literature 

A number of investigations have been made to determine the 
influence of various storage conditions upon the keeping quality of 
seeds. This discussion will be limited, however, to the reports of 
DUVEL (r), HEINRICH (2), MAQUENNE (3), NAKAJIMA (4), and TIL
LOTSON (5), which bear directly on the work reported in this paper. 

The paper of MAQUENNE is the only one in which e:ll..'})eriments 
with parsnip seeds are reported. MAQUENNE stored parsnips in 
vacuum for two years at room temperature. During this period the 
seeds retained their viability completely, while a control lot stored in 
a paper bag lost all vitality during the same period. Excessive drying, 
according to MAQUENNE, is the only way of succyssfully retaining via
bility in certain seeds, because only when the last traces of water are 
liberated from the seed under the action of the vacuum is a state of 
"supermaturation" reached. He defines supermaturation as "a new 
state of equilibrium established between the enzymes and the sub
stances they condense," and speaks of it as a state of suspended life. 

Since MAQUENNE'S experiments ran only a little more than two 
years (1899-1902), it remains to be proved whether he really was 
able to produce a state of suspended life in his experimental material, 
or whether the life processes were only retarded enough to leave the 
final percentage of germination unchanged for a certain time. He 
does not give data to show whether the germination energy as 1vell 
as the germination power remained constant. He also fails to sho-vv 
that there is no other way of storing by which vitality could be 
maintained in short-lived seeds. Since the data given are based on 
quantities of 2-,-4 gm. of seeds which were originally not of a very 
high quality (5r per cent of vitalseeds at the beginning of the experi
lJlent), it seemed desirable to investigate the keeping quality of a 
larger number of parsnip seeds of good quality under a variety o[ 
storage conditions. 

DuvEL (r) wotked with a number of vegetable seeds, which he 

,·-'"' 
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stored under various climatic conditions in different places of the 
United States, such as Mobile, Alabama; Wagoner, Indian Terri
tory; and Ann Arbor, Michigan. He determined the effect of various 
degrees of atmospheric humidity and temperature on the keeping 
quality of his material, and worked out different methods of packing 
and sealing seeds as a l'rotection against the influence of high atmos
pheric humidities. One of his main conclusions is that "as a factor 
detrimental to vitality, moisture is of far greater importance than 
temperature.'' 

DUVEL was working with atmospheres of high constant humidity 
and widely fluctuating humidities without distinguishing between 
the effects of the two. Later TouMEY (6) emphasized the detrimen
tal effect of variations in humidity, even when the moisture content 
reached at different times was not very high, making the following 
statement: 
Even the most resistant species suffer .... when kept over summer in a loft 
where the moisture content of the seed is likely to vary with variations in the 
humidity of the air. 

This quotation applies to forest seeds, especially to those of the 
coniferous type, and is taken from the chapter on seed storage, which 
contains very good general information as to optimum storage con
ditions for various tree seeds. 

HEINRICH (2) has made significant contributions to our knowl
edge of the effects of storage conditions upon the vitality of seeds of 
cereal and forage crops. He determined the rate at which these seeds 
absorb water from a saturated atmosphere, also the total amount 
thus absorbed. He also found the "critical moisture content" for 
seed storage. With moisture content above the critical point there is 
rapid degeneration of the seeds in storage, while with moisture con
tent below it the vitality is little modified by a considerable period 
of storage. Discovery of the critical moisture content is one of the 
very important contributions to our knowledge of seed storage. It is 
also a fact that has been largely overlooked by later investigators. 

TILLOTSON (5) shows the favorable influence of dry air-tight 
storage upon the retention of vitality by coniferous seeds. His meth
.od avoids the injurious effects of :fluctuating moisture content. He 
did not determine the exact moisture content of the seeds, but the 

.. -
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excellent keeping quality shows that they were below HEINRICH'S 

critical moisture content. 
NAKAJIMA's experiments (4), published in 1927, are interesting 

because of the methods used for drying the seeds. In addition to 
drying over desiccating agents, he mixed quicklime or calcium 
chloride with the seeds, and varied the am0tmt of the drying agent 
added to suit the· amount of desiccation endured by the various 
seeds, thus avoiding excessive or injurious drying. He considers his 
method of controlled drying in closed chambers superior to "air-dry" 
air-tight storage. 

Methods and material 

In these experiments one variety of parsnip, commercially called 
Hollow Crown, was used exclusively. The supply was obtained from 
two different commercial seed firms in three shipments in the fall of 
1924, and from one firm in one shipment in the fall of 1925. The 
shipments of 1924 (no. 24266, no. 24702,and Hollow Crown Guernsey) 
were lacking in uniformity, and were therefore separated into ripe 
and green lots. The shipment of 1925 appeared to be uniform enough 
to remain unselected. The total number of seeds handled in all ex
periments approximated 85,000. 

All germination tests were carried out in electrically heated 
ovens, the temperature of which was automatically regulated. The 
seeds were placed on three thicknesses of filter paper in Petri dishes, 
in lots of roo seeds in each dish. The seeds were left unsterilized 
after it had been determined that the loss, resulting from treatment 
with various concentrations of uspulun, was more severe than that 
caused by molding of the seeds. Alternations of temperature were 
effected by transferring the seeds from one oven to another, with the 
longer period (5:00 P.M.-9:00 A.M.) at the lower temperature. 

The seeds were stored in glass bottles with rubber stoppers. 
When seeds with reduced moisture content were stored, the stoppers 
were cemented in the bottles and coated with DeKotinsky cement. 
Either the germination chambers just mentioned or an ice chest 
served as storage chamber. In each chamber the seeds remained in 
darkness except for the short intervals when the doors were opened. 
The moisture detenuinations were made on unmacerated seeds in 
ovens at ro3° C . ., and in avacuum oven at 72° C. 
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Experimental results 

Before storage experiments were begun, preliminary studies were 
made with the different samples of Hollow Crown seeds: (1) to deter
mine the vitality and optimum germination temperature of fresh 
seeds; (2) to determine the moisture content of air-dry green and 
ripe seeds; (3) to improve the germination of green seeds by artificial 
drying. 

The vitality of ripe seeds (brown seed coats) proved to be 
superior to that of seeds not fully ripe (green seed coats). There is no 
specific optimum germination temperature for ripe or green seeds of 
recent harvest. As table I shows, they germinate equally well at 

TABLE I 

GERMINATION OF FRESHLY HARVESTED PARSNIP SEEDS; COMPLETE 

GERMINATION REQUIRED 2I DAYS IN EACH CASE 

No. OF 
PERCENTAGE G;;RMINATION AT 

COLLECTION 
CON-

SEEDS 
(1924) 

D!TION OF 
IN E,\CH 

SEED 
TEST 15° c. 20° c. 27° c. 32° c. IS-

20Q c. 
--

Hollow Crown no. 24702. Ripe 2Xroo 94 88 83 Molded 87 
Hollow Crown no. 23266. Ripe 2Xroo .. ... 95 94 Molded ..... 
Hollow Crown unselected. Ripe 4Xroo . . .. . 95 .. .. . .. ...... .. ... 
Hollow Crown no. 24702. Green 2Xroo 70 35 65 Molded ..... 
Hollow Crown no. 24266. Green 2Xroo 72 77 68 Molded 70 

I 

oo-
32° c. --

82 
94 

..... 
73 
79 

constant or alternating temperatures between 15° and 27° C., while 
32° C. is too high for both kinds of seeds. 

Simultaneously with the germination tests, moisture determina
tions were conducted, the results of which are given in table II. 
They show that in each of the samples tested the green seeds contain 
a greater amount of hygroscopic moisture than the ripe seeds. 

In an attempt to improve the germination of green seeds by lower
ing their water content to that of ripe seeds, different lots of unripe 
seeds were dried in various ways (table III). From the data in table 
III one may draw the following conclusions: (r) Germination of 
green seeds can be favorably affected by drying in a vacuum oven 
at 60° C. for four days. This result was confirmed by similar tests 
with six more series of samples. The average improvement of germi
nation of dried over undried seeds was r6.6 per cent. (2) There is no 
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direct relationship between water content and germination quality, 
since all green seeds with improved germination have a very much 
lower water content than ripe seeds that germinate equally well. (3) 

TABLE II 

MOISTURE CONTENT OF FRESHLY HARVESTED, AIR.-DRY PARSXIP SEEDS; 

NUMBERS REPRESENT AVERAGE OF THREE TESTS 

l\IETHOD OF DRYING 

Vacuum 72° C ........................ . 
Vacuum 72° C ........................ . 
Access of air 94 ° C .................... . 

24702 
24266 
Guernsey 

AMOUNT OF HYGROSCOPIC 11"0!5~ 
TURE IN PERCE?\TACE Ol~ 

DRY WEIG:HT 

Ripe seeds Green seeds 

7 .46 
6.50 
6.90 

The method of drying is of importance. Drying at room temperature 
or temperatures between 72° and 85° C. does not affect the germina
tion quality either favorably or unfavorably, while at temperatures 
above these a marked injury is noticeable. 

TABLE III 

GERMINATION OF GREEN PARS1'IP SEEDS DRIED IN VARIOUS WAYS; NL'llBERS 

REPRESENT AVERAGES OF FIVE TESTS WITH IOO SEEDS EACH 

ORIGINAL Loss OF 
FIXAL 1'£RCEXTAGB 

DRY TEM:PERATURE MOISTURE M01sn;1rn G'ERM!~A'l'I\ IN" 
CON'fENT 

MOISTURE CONTENT A'l' 20QC. 

Undried seeds, fresh ................ 7 .4 !' ......... 7 .4 72.0 
Seeds kept at room temperature for 4 

months in paper bag ............. 7 .4 2.8 4.6 64 "' Fresh seeds dried at 60° C. in vacuum 
oven for 4 days .................. 

Fresh seeds dried at 72° C. in vacuum 
7.5 5.6 I.9 83.0 

oven for 4 days .................. 6.8 7 .0 I .8 /.f.O 
Fresh seeds dried at 90° C. with access 

of air 4 hours ................... 7 .4 6.I I .3 78.0 
Fresh seeds dried at 95° C. with access 

of air 4 hours ................... 6.5 5.6 0.9 23.0 
Fresh seeds dried at ro3° C. with ac-

cess of air 2 hours ............... 6.8 4.2 2.6 5r.o 

This heat injury may be temporary only, provided the seed 
material is air-dry at the start and well ventilated during the drying. 
Table IV shows a slight temporary heat injury obtained in five sam-
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ples of ripe seeds dried at 87° C. The seeds had completely recovered 
after one month. On the other hand, a complete destruction of via
bility occurs even at the optimum drying temperature of 60° C. when 
the samples are kept in sealed containers while they are heated. 

After the percentage of vital seeds in freshly harvested parsnips 
and the optimum temperature or temperature range for germination 
had been found, storage experiments were set up in order to deter
mine the influence of humidity, temperature, and ventilation upon 
the viability of stored seeds, and to :find an improved method of 
storage. The seeds were arranged in the following series: (r) Air
dry seeds of known moisture content were stored in paper bags at 

TABLE IV 

EFFECT OF HIGH TEMPERATURES ON PARSNIP SEEDS E:EPT IN OPEN AND IN CLOSED 

CONTAINERS; NUMBERS REPRESENT AVERAGE OF FIVE TESTS WITH 

IOO SEEDS EACH 

GERAUNATION AT 20° C. 

MATERIAL DRYING TEMPERATURE CONDITION OF SAM:PL'E 
Immedi- One month 

ately later r·c. 4j hourn Weighing bottle uncovered 84.0 96.0 
Hollow Crown 87° C. 4! hours Weighing bottle sealed None None 

Guernsey, ripe 60° C. 4! hours Weighing bottle uncovered 96.7 95.8 
60° C. 4} hours • Weighing bottle sealed None None 

room temperature and in an ice chest (5°-7° C.); these seeds were 
to serve as controls for the following samples. (2) Air-dry seeds of 
known moisture content were stored in tightly stoppered bottles at 
25° and at 5° C. (3) Seeds, the moisture content of which had been 
reduced to different degrees at various high temperatures, either 
with access of air or in vacuo, were stored in tightly stoppered bot
tles at 25° and 5° C. (4) Seeds were treated similarly to those men
tioned under (2) and (3), but stored at temperatures between and 
below those recorded there. This last series is still in progress and 
will be discussed in a later paper. 

When samples of seeds were taken out of the different storage 
conditions three years later, it was found that the temperature re
quirements for germination had changed. Green seeds from storage 
at ice box temperature showed a definite optimum germination at 

..... 
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15° C., instead of growing equally well at constant and alternating 
temperatures between r5° and 27° C. (table I). Samples of no. 
24266, for instance, which had been stored in a paper bag in the ice 
chest, showed an average germination of 84 per cent at 15° C., 74 
per cent at 20° C., and only 58 per cent at 15°-25° C. Green seeds 
stored at room temperature were all dead, so that all tests remained 
without results. 

Ripe seeds had retained part of their vitality in all storage con
ditions. Table V shows how the optimum germination temperature 
had changed in various lots. All samples which had retained a high 

TABLE V 
CHANGE IN TEMPERATURE REQUIREMENTS FOR GERMINATION OF RIPE 

PARSNIP SEEDS DURING STORAGE 

I 0PT!M!J?d GER-
MATERIAL WATER CONTENT 11ETBOD OF STORAGE ?dINATION TEMP 

ERATIJRE (°C.) 

' Ripe, fresh ...... 6.33 and 6.13 .................... 15 or 20 
Ripe, 3 years old. Fluctuating 6 .33-5 .60 Room temperature, 15-25 alt. 

paper bag 
Ripe, 3 yea.rs old. Constant 6 .13 and 6 .83 Room temperature, 15-25 alt. 

sealed bottle 
Ripe, 3 years old. Reduced to various degrees, Room temperature, rs 

constant sealed bottle 
Ripe, 3 years old. Fluctuating 6 .33-9. 10 Ice chest, paper bag 15 
Ripe, 3 years old . Constant 6. 13 and 6. 83 5° C., sealed bottle 15 
Ripe, 3 years old. Reduced to various degrees, 5° C., sealed bottle 15 

constant 

percentage of vitality (as may be seen from tables VI and VII) 
germinated best at 15° C., while seeds of lower vitality (tables VI 
and VII) needed alternation of temperature. 

Tables VI-VIII show the decrease in germination of the various 
·samples under di:ff erent storage conditions during the first three 

· years of storage. 
· · .The effect of storing seeds in paper bags where they are exposed 
to'variatio:n:s in atmospheric humidity and temperature is shown in 
~able Vi. Ripe seeds retained their viability much better when 

stored in anice chest as compared with laboratory storage, in spite 
··.of the high humidity. in the ice box, which increased the moisture 
: ~ntent . of the seed . considerably. Green seeds 1ost their vitality 
Ja.ster than ripe seeds urtder the same cool and humid conditions. 

.. A st~rage of air-dry)eeds in sealed containers under similar 
' ., . ' ' 

.f' 
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temperature conditions proved very unfavorable at high as well a.s 
at cool temperatures (table VII), which shows that fluctuations in 

TABLE VI 
Loss OF VITALITY IN VARIOUS COLLECTIONS OF PARSNIP SEEDS DURING STORAGE 

AT ROOM TEMPERATURE AND IN ICE CHEST IN PAPER BAGS 

~ e "' "' ~ z~ 
0 

0 z '"' No.OF '-' LENGTH OF "'0 ::;! Si: p .,:.. 
CoLr.ECTION "' STORAGE TEMPERATUTE 

o;:: 
~~~ ""' SEEDS S'l'ORAGE .,,.,, ~ ::1 

USED ~ PERIOD ... z 
SJ~ ~~ !;j ~$ 

~ .. ~ u., u:> s ~6 ~t3~ ~~ ~ "' ------
Hollow Crown {2Xroo 6.33 Fresh .................. 94.0 20 None 

ripe, no. 24202, 3Xroo 5.60 2 years Room temperature 72 .3 20 20.6 
r924 ......... 4XIOO 5.60 3 years Room temperature sS.o IS-25 39.3 

Hollow Crown {2Xroo 6.r3 Fresh .................. 95.0 20 None 
ripe, no. 25266, 3XIOO 9 .IO 2 years Ice chest 87 .0 20 8.5 
r924 ......... 4XI00 9 .IO 3 years Ice chest 84.0 rs It .6 

Hollow Crown rxroo 6.5 Fresh .................. 77.0 20 None 
green, no. 3Xroo 8.8 2 years Ice chest 54.0 20 29.9 
24266, r924 ... 4Xroo 8.8 3 years Ice chest 46.0 rs 40.4 

Hollow Crown rXIoo 6.8 Fresh .................. 94.0 20 None 
unselected, 3Xroo 8.6 I year Jee chest 90.3 20 4.0 
1925 ......... 4Xroo 8.6 2 years Ice chest 78.0 IS 17.r 

TABLE VII 
KEEPING QUALITY OF PARS.NIP SEEDS WITH ORIGINAL WATER CONTENT STORED 

IN TIGHTLY STOPPERED BOTTLES AT VARIOUS TEMPERATURES; 

4Xroo SEEDS USED IN EACH GERMINATION TEST 

LENGTH OF STORAGE 
AT Ol'TIMUM PERCENTAGE 

MATERIAL DESCRIPTION STORAGE TEMPERATURE 
PERCENTAGE GERMINATION LOSS OF 

PERIOD (•C.) GERMINATION TEI!.ifPERA'tURE VITALITY 
<•c.) (oC.) 

Hollow Crown ripe, no. rresh .......... 88.o 20 .......... 
24702, r924 moisture 2 years 25 22.0 20 75 
content 6 .33% ........ 3 years 25 None .......... IOO r .. ·h ........ .. 95.0 20 .......... 

Hollow Crown ripe, no. 6 months 25 97.0 20 None 
24266, r924 moisture 2 years 2s 60.7 20 37 .5 
content 6.r3% ........ 3 years 25 48.0 IS-32 50.6 

3 years 5 54.0 IS 47 .4 

Hollow Crown green, no. r~h . ······· .. 35 .0 20 . ......... 
24702, r924 moisture 2 years 25 I.7 ······· ... 95.2 

3 years 25 None . ......... !00 content 7 .46% ........ 3 years 5 None .......... IOO 

Hollow Crown ripe, Guern-r~ 
. ......... 95.0 20 .......... 

sey, r924 moisture 2 years 25 75.0 20 20 
3 years 25 IO.O rs-25 85 content 6 .833 ........ 3 years 5 12.0 IS 83 

..... 
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humidity and constant atmospheric moisture are less injurious to 
seed vitality than lack of ventilation for seeds of ordinary moisture 
content. There is an indication that the critical moisture content 
found by HEINRICH (2) for his seeds is somewhat below 6. r3 per cent 

TABLE VIII 
KEEPING QUALITY OF SEEDS WITH REDUCED MOISTURE CONTENT STORED IN 

TIGHTLY STOPPERED BOTTLES AT VARIOUS TEMPERATURES; 4Xroo 
SEEDS USED FOR EACH GERMINATION TEST 

~ e 
~ LENG TR s lZ: 

DESCRIP'.l'ION ~e OF !< < !< OF TREATMENT ~ STORAGE UATEIU:AL §"' i;;iz: 
ti PERIOD "1; ~~ s £~ ~ (g ~ 

I 

i ~i 

I ~ i I PERCENTAGE 

i ~<;:i I LOSSOF i ~ ~ I VI'.CALIT\: 
I ~::a, 
! "'"': ;oe>"'. 

------- i 

("' None ...... 83.0: 20 : None f "'' 4 hourn 90° C. 
r.27 2 years 25 67 .5 i 20 I I8.7 

Hollow Crown I.27 3 years 25 59.0: I5 29 
no. 24266, 0.60 3 years 5 70.0 • 15 15 .7 
1924 green Dried 24 hours 72° [r. 7 None ...... 6r .o ! 20 None 

C. in vacuo r-7 
2 years 25 76.0 20 : Improved 

r.7 3 years 25 75.0. rs 'Improved 

{"' None ...... 6o.o; 20 None 

Dried 1hour92° C. 
I.25 2 years 25 SI .o : 20 i 15 
J.25 3years 25 39.5 i r5 i 34.2 
I.60 3years 5 47 .5 . 15 20.S 

Hollow Crown r~ 
None ...... So.('\ 20 None 

ripe, 0.40 2 years 25 69.0 20 13.8 
Guernsey Dried 2 hours 92° C. 0.40 3 years 25 50.0 15 37.5 
x924 ....... 0.60 3 years 5 77.0 15 3.8 

{°.40 None ...... 84.0' 20 None 
Dried 4 hours 92° C. 0.40 2 years 25 75 .5 ' 20 IO 

0.40 3years 25 64.0' IS 23.8 

t'' None ...... 7I ·5 : 20 i None 
Dried 6 hours 92° C. 0.50 2 years :;5 73.0: 20 None 

0.50 3years 25 69.0 IS None 
O.IO 3years s 7r.o 15 i None 

in ripe parsnip seeds, since seeds with this moisture content keep 
almost as well as artificially dried seeds of a much lower water con
tent. The keeping quality decreases rapidly, however, with an in
crease of hygroscopic moisture above 6.r3 per cent. Again, green 
.seeds show a greater sensitivity than ripe seeds. 

·The .Clata in table VIII show .that the unfavorable influence of 
.• ....• · .. Iatk:·of.ventilatfo:riisavoided H the water content of the seeds is 

reduced by.·arti:ficial drying; For green seeds the last method of 
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storage seems to be the only favorable one. It excludes i1uctuating 
and high atmospheric humidities, to which green seeds have been 
shown previously to be very sensitive. 

The fact that ripe seeds also retain their viability better when 
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A- RIPE CONSTANT 

B- RIPE ALTERNATE 
C- GREEN ALTERNATE 

D- GREEN CONSTANT 

Frc. r.-Rate of germination in ripe and green parsnip seeds at constant and 
alternating temperatures immediately after harvest. 

stored artificially dried under exclusion of air is shown by a com
parison of data in tables VII and VIII. 

fo addition to the loss in percentage of germination and a shifting 
in the optimum germination temperature, a slower rate of germina
tion can be noted in stored seeds as compared with freshly harvested 
materials (:figs. I and 2). 

The germination rate in fresh seeds is highest during the first nine 
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days and decreases slightly during the following days. Germinat~on 
is complete after the first fifteen days. The curves for green and npe 
seeds are similar in shape, and those for alternating and for constant 

100° 
-- ICE CHEST RIPE CONSTANT 
-o- ICE CHEST GREEN CONSTANT 

90 -- R. T. RIPE C.ONSTANT 
-o- R. T. RIPE ALTERNATE 

80 

FIG. 2.-Rate of germination in parsnip seeds after three years of storage at room 
temperature and in ice chest with access of air. 

temperatures run close together in both kinds of seeds. After three 
years of storage, however, curves plotted from similar tests have a 
very different form. For the first six to nine days the rate of germina
tion isvery low, but rises considerably during the following ten days. 
In seeds of well preserved vitality, such as ripe seeds stored in the 
ice c4est, theioptimum percentage of germination is almost reached 

... ~~ the e11d of this. second period, w:hich means that complete germina-
"' •', I,\' ' ', ' 

. . 
. 

t 
! 

, . 
. 
I .... 
:/ 

:»; : 
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tion is reached after approximately twenty days, five days later than 
in freshly harvested seeds. In seeds of lower vitality, however, such 
as ripe seeds stored at room teinperature or green seeds, germination 
proceeds slowly for more than one month, the highest percentage 
being reached only after forty days. It is also noticeable that the 
curves obtained from "tests with stored seeds lack in regularity as 
compared with those obtained from experiments with new seeds. 
This may be due partly to infection by molds, to which stored seeds 
seem more susceptible than new seeds, but it may also be due to 
irregularity in absorption of water by stored seeds. In this respect 
the very low percentage of germination obtained in all stored seeds 
during the first six days is of special interest. Even seeds of high 
vitality, such as ripe seeds stored in the ice box, show this decrease 
in the rate of germination during the first few days. Later the factor 
which causes this retardation apparently is overcome, and the rest 
of the curve has the same shape as that for fresh seeds. In seeds of 
lower vitality, however, the rate remains low throughout the germi
nation period. 

Discussion 

A comparison of the experimental results reported here with 
those obtained by MAQUENNE (3) shows that there are several ways 
of retaining vitality in parsnip seeds besides the one used by MA

QUENNE. The writer was able to obtain almost equally good germi
nation (94 and 90.3 per cent) in two consecutive years with parsnip 
samples of high quality stored under conditions which permit the 
continuation of metabolic processes (table VI). The writer has also 
been able to improve the vitality in green seeds during a period of 
three years (61-7 5 per cent germination) by storage at reduced mois
ture content after drying with artificial heat (table VIII). These 
storage conditions also did not exclude all life processes. It appears, 
therefore, that parsnip seeds can retain their vitality under certain 
storage conditions without being transferred to a state of "super
maturation" for at least as long a period as has been used by 
MAQUENNE in his experiments. 

In agreement with the results of DUVEL (1), it was found that 
temperature and humidity are the main factors to be considered in 
parsnip storage; that they are closely dependent upon each other in 
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their effect on seed viability; and that humidity is the more impor
tant of the two. 

These facts should be taken into account by nurserymen and 
foresters when they have to store short-lived seed material. At the 
present time seed growers suffer great losses from an annual discard 
of seeds which they are unable to sell after th<! first winter of storage, 
and foresters find it difficult to hold over a part of their harvest of 
short-lived fir and pine seeds from one year to another. Since most 
firs and pines are biennial or periodic bearers, and good harvests are 
therefore obtained only every second year or at longer periods, it is 
hard to find enough seed material of good quality for yearly plant
ings. 

With a knowledge of the exact amount of moisture which may be 
retained in a seed at available storage temperatures ·without serious 
injury to seed vitality, it will be much easier for seed gnn\-ers to store 
seeds with minimum loss of vitality for several yeaxs. For parsnip 
seeds this "critical moisture content" for ordinary room tempera
tures has been determined to lie below 6.13 per cent. \Vith a hygro
scopic moisture of more than 6.13 per cent the keeping quality of 
the seeds decreases markedly. 

The main symptoms of devitalization, aside from a gradual loss 
in percentage of germination, are retardation in rate of germination 
and need of temperature alternations for germination. Dev.EL, who 
has also noticed a decreasing rate of germination in his dry storage 
material, concludes that the seed coat must become impermeable to 
water and retard the absorption of moisture necessary to germina
tion. This is not the case in parsnip, however, because the same 
retardation in gennination rate can be observed when the dried seed 
coats are broken before the seeds are placed in the germination 
chamber. 

Various other possible causes for slow devitalization in dry stor
age have been suggested by other workers, such as a colloidal re
arrangement of substances in the embryo or a gradual denaturing of 
protoplasmic cell contents, but the experimental proof for these 
theories has not yet been obtained. 
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Summary 

r. In germination tests conducted shortly after harvest, well
ripened brown seeds give better germination than green seeds. 

2. The germination of green seeds can be improved through 
artificial drying at 60° C. in vacuo for four days. 

3. There is no deftnite optimum germination temperature for 
freshly harvested seeds, constant and alternating temperatures be
tween 20° and 27° C. being equally favorable. 

4. With increasing age, parsnip seeds stored under unfavorable 
conditions require a temperature alternation of 15°-25° C. for germi
nation, while seeds stored under conditions favorable to the reten
tion of vitality germinate best at r5° C. 

5. Stored in paper bags at room temperature, ripe parsnip seeds 
lose their vitality at a rate of 20 per cent during the first two years 
and approximately 60 per cent during three years of storage, when 
the moisture content of air-dry seeds is 6.33 per cent in the beginning 
and 5.6 per cent at the end of the storage period. 

6. There are various ways by which the keeping quality of seeds 
may be improved. At a temperature of 5°-7° C. in an ice box the 
seeds keep for a considerably longer period, although their moisture 
content increases in the moist atmosphere of an ice box to more than 
r.5 times that of seeds stored at room temperature (9.I as compared 
with 5.6 per cent). 

7. If the seeds are dried carefully and thoroughly, either for 
twenty-four hours in vacuo at 72° C. or for four to six hours at 90° C., 
to a moisture content of 0.40 to r.7 per cent, their viability remains 
high even if they are stored at room temperature. To insure a con
tinuous low moisture content, seeds treated in this way have to be 
kept in air-tight storage. The "critical moisture content" of parsnip 
seeds lies somewhat below 6.13 per cent. 

8. Seeds which are not artificially dried cannot be stored under 
exclusion of air without losing their vitality very rapidly. Although 
a low storage temperature retards the death rate of unaerated moist 
seeds, it does not remove the injurious effect of lack of ventilation. 

9. In advising practical storage methods for parsnip seeds, three 
methods of storing are suggested: (r) Storage at ice box temperature 
(approximately 5° C.) with frequent stirring of the seeds to secure 

-
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good ventilation; with this way of handling, even a very high atmos
pheric humidity is of little importance to the keeping quality of the 
seed. (2) When a higher storage temperature has to be used, a 
thorough drying of the seeds (90° C. for four to six hours) and a 
subsequent air-tight storage in sealed containers insure good keeping 
quality. (3) Optimum keeping quality should be obtained where 
artificially dried seeds are stored air-tight at low temperatures. 

BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, !NC. 

YONKERS, N.Y. 
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CHEMICAL CHANGES INDUCED IN POTATO TUBERS BY 
TREATMENTS.THAT BREAK THE REST PERIOD 1 

F. E. DENNY 

INTRODUCTION 

In previous articles (z, 3), it was shown that treatments with sodium 
thiocyanate and ethylene chlorhydrin shortened the dormant period of 
freshly harvested tubers of Solanunz tuberosum L. and induced early 
sprouting, growth of buds becoming distinctly visible in about five to 
seven days. The experiments here reported upon were undertaken to 
determine what chemical changes accompanied this resumption of growth 
in dormant buds, and to note how soon after the treatments these chemical 
changes occurred. 

Samples of treated and check tissue were taken at intervals after treat
ment, starting as early as 48 hours, and extending up to six day~,, at which 
time sprouts 1-2 mm. in length were often obtained. Sampling was not 
continued beyond this stage since the object was to study only the early 
stages of growth following the breaking of dormancy. 

The most noteworthy changes observed were (1) an increase in sucrose 
in the treated tissue, and (2) an increase in solids soluble in so-percent 
alcohol. These changes were found to occur within at least 48 hours after 
the end of the period ot treatment. Sampling would need to begin at an 
earlier period than was adopted in this series of experiments in order to 
ascertain how much sooner after treatment these changes started. 

Since a previous experiment (4) with lilac (Syringa vulgaris, L.) had 
shown that dormancy was localized narrowly in the buds, samples of the 
eye-tissue in the potatoes were collected separately from the.rest of the seed
piece, and the analyses were compared with those obtained from the tissue
not-at-eye. It was found that these changes in sucrose and soluble solids 
occurred in both types of tissue, but that the changes were greater in the 
tissue-at-eye than in tissue-not-at-eye. 

METHODS 

Treatment of Tissue and Collection of Samples 
The experiments were arranged to furnish comparable samples of 

treated and check tissue at various intervals after treatment. The tubers 
i Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 

New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 

10 131 
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were cut into pieces approximately 28 grams in weight, each seed-piece 
having one eye only. For each pair of samples to be taken after treatment 
about 700 seed-pieces representing about 175 tubers were usedi the number 
of tubers involved in any single experiment, therefore, ranged from about 
175 to 525. The seed-pieces were divided into two lots, one lot being 
treated with the chemical (either by the dip-method using ethylene chlor
hydrin, or by the soak-method using sodium thibcyanate), and the other 
lot being the check (dipped or soaked in water instead of chemical). The 
treated potatoes were then planted in the soil in flats and allowed to stand 
until a subsequent period at which time a sample of about 350 pieces each 
of treated and check lots were removed, and tissue taken for analysis. 
It will be noted in tables I and 2 that sampling began 48 to 72 hours after 
treatment and extended up to 144 hours; the number of consecutive samples 
obtained varied with the different lots; usually only one was obtained, but 
in some cases two were taken, and from one lot three successive samples 
(two, four, and six days after treatment) were available. 

After the seed-pieces were removed from the soil they were wiped with 
a moist rag. In obtaining samples of eye-tissue a chip of tissue just above 
the sunken eye was cut off and discarded, leaving a smooth, level surface 
with the eye in the center; the eye was then picked out ·with a sharp knife, 
about 0.1 'gram of tissue being removed in this process; two samples (25 and 
IO grams each) were obtained at each sampling period. In removing the 
eye tissue a certain amount of the surrounding tissue was included, but care 
was taken to include approximately the same amount of this adjacent 
tissuein different samples, success in this respect being attained by weighing 
a· number of the eye-pieces occasionally, and ,noting whether the average 
weight checked closely to a.I gram. 

After the eyes were removed the rest of the seed-piece was sampled 
for tissue-not~at-eye as follows: the skin and the suberized surfaces were 
trimmed off by the removal of a thin layer, and the tissue was then chopped 
finely in a wooden bowl. Two samples for moisture were weighed out and 
two samples (roo grams each) were taken for the subsequent analyses. 

Analytical Methods 

The. weighed samples ·of tissue were dropped into boiling alcohol, the 
amount of alcohol being adjusted to give a final concentration of about 
70.percent alcohol, taking into account the moisture in the tissue. The 
tissue was stored for subsequent analyses in this concentration of alcohol, 
but.when. the. analyses were begun, water was added to make the alcoholic 
concentration 50 percent by volume. The procedure in extracting the 

.. i ....... o'. ~~sueandi.nh·carrybeingdout ~bealdy~es of the.solubleand(· insoluble fractions was 
e same as· as . en. escri ma prevmus paper 5), except with respect 

to ~he determination of starch. In the present experiments starch was 
1 ~stimated by the Walton. and Coe (7) method which eliminates interfering 

•.+{:'.tk'·:;.:. 
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polysaccharides, and which therefore gives a more dependable value for 
the starch content. The moisture percentage that was obtained from 
samples of the tissue-not-at-eye was used in the calculations. At the time 
of obtaining the tissue-at-eye samples, tissue could not be spared for separate 
determinations of moisture. Subsequently it was found that eight of the 
tissue-at-eye samples in alcohol· could be used for making a comparison of 
the moisture-at-eye with that in the balance of the seed-piece by evaporating 
down to dryness the sample of eye-tissue stored in alcohol, and weighing 
the residue. In six ot the eight cases the eye-tissue showed a lower water 
content, the decrement averaging o.6 percent of the moisture content 
found in the corresponding not-at-eye tissue. 

Varieties and Source of Tubers 
Three varieties were included in the tests: Bliss Triumph, Irish Cobbler, 

and Garnet Chili. The tubers for lots nos. I and 4 (see column I in each 
table) were obtained from Bermuda through the courtesy of the Bermuda 
Department of Agriculture; those for lots nos. 2 and 3 were supplied by the 
Everglades Experiment Station of the University of Florida; those for 
lots 6 and 8 were furnished by the Office of Horticulture of the United 
States Department of Agriculture; and the tubers for the other lots were 
obtained from the Institute gardens. 

Seed-pieces representing the treated and check lots in each experiment 
were planted in soil in boxes for later observations regarding the effects of 
the treatments upon the rate of germination. In all cases the treated 
tubers germinated sooner than the checks, the difference being Jess pro
nounced, however, for lots no. I and Ir. Photographs of the treated and 
check lots were obtained at later stages of growth but these are not published 
for the reason that they are not essentially different from photographs 
published in previous articles (2, 3). 

RESULTS 

The results of the chemical analyses are given in tables I, 2, and 4, 
the data being given as percentages of the fresh weight of the tissue. Table 
I shows the results with the tissue taken at only the eyes of the potatoes. 
The most noteworthy difference in composition between treated and check 
lots is shown by the figures for sucrose in column 9. There are 13 samples 
available for comparison and in each case the sucrose of the treated lot is 
higher than in the corresponding check. This is true even of the samples 
taken only 48 hours after the end of the treatment. 

The sucrose determinations were carried out mainly by the use of 
hydrochloric acid as the inverting agent (see I, p. 95), but in some cases 
the results obtained in this way were checked by the use of the enzym 
invertase. Since the results by the two methods were in agreement it 
seems likely that the increase in reducing power was due to the presence of 
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TABLE .L Chemical Composition of Treated and Check Tissue. Samples of Potato Tissue Takett at Eye Only* 

.· Percentage Composition on the Basis of the Fresh Weight of the Tissue 

Days 
Soluble Reducing Insoluble§ 

. V8:rletY ** Chemical .Treat- After Sucrose Starch 
.Jlient Used t Treat- Solldstt Sugar % % Nitrogen 

ment % % % 

c. Check Treated Check Treated Check Treated Check Treated Check Treated 
---------------------------

·Bliss Chlorhydrin · 5 3.06 3.88 0.358 0.358 0.412 o.888 13.61 II.85 0.349 0.328 
Cobbler " 5 3.15 4.18 0.040 0.145 0.394 I.116 13.33 14.33 0.361 0.301 -"" .. 

2 3.14 4.00 0.280 0.062 0.287 0.524 10.28 940 0.275 0.293 
Gani et .. 

5 3.60 3.62 0.454 0.241 0-431 0.602 12.85 II.86 0.266 0.256 
Bliss .. 2 2.95 3.15 0.194 0.247 0.207 0.805 8.88 7.91 0.225 0.207 

4 2.85 3.60 0.194 0.235 0.252 0.693 9.52 9.39 0.206 0.151 
" 

. 

" 3 2.49 3.12 0.203 0.159 0.176 0.682 8.39 8.26 0.250 0.239 
Cobbler NaSCN 2 3.JO 3.30 0.165 0.171 0.229 0.379 IO.JI 9.66 0.223 0.228 

5 3.1.2 3.89 0.171 0.320 0.257 0,953 10.62 10.22 0.214 0.250 
Bliss ch1orwdrin 3 2.32 3.20 0.209 0.176 0.170 0.586 8.63 8.44 0.257 0.256 -_ u Nase 2 3.36 3.81 0.247 0.367 0.252 0.570 7.81 5.67 0.256 0.258 

4 3.20 3.77 0.218 0.547 0.183 0.799 8.12 6.51 0.232 0,1!42 
" Chlorhydrin 3 2.67 3.36 0.241 0.259 0.202 0.375 8.49 7.75 0.230 0.238 

* Sample of tissue-at-eye obtained by removing about one-tenth gram of tissue at the eye of the seed-piece. 
**These names are shortened designations for Bliss Triumph, Irish Cobbler, and Gamet Chili. 
t These names are shortened designations for ethylene chlorhydrin (CICH2CthOH) and sodium thiocyanate (NaSCN). 
tt Refers to solids soluble in 50% alcohol by volume. 
§ Nitrogen (N) insoluble in 50% alcohol by volume. . 
§§ Nitrogen {N) soluble in 50% alcohol by volume. 
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O.II2 0.128 
O.IOO 0.080 
0.130 0.130 
0.087 O.IIO 
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TABLE 2. Chemical Composition of Treated and Check Tissue. Samples Taken from Tissue-not-at-Eye of Potato* 

Percentage Composition on the Basis of the Fresh Weight of the Tissue 

Days 
Soluble Reducing Insoluble Soluble Lot Variety Chemical Treat- After 
Solids Sugar Sucrose Starch Nitrogen Nitrogen Moisture No. ment Used Treat-

% % % % % % % ment 

Check Treated Check Treated Check Treated Check Tre-ated Check Treated Cb eek Treated Check Treated --- ------------------------------~--------
I Bliss Chlorhydrin 5 3.06 3.32 0.341 0.173 0.357 0.577 16.31 15.67 0.167 0.138 0.162 0.183 76.3 76.5 2 Cobbler " 5 3.10 3.40 0.234 0.107 0.378 0.573 1242 13.01 0.215 0.178 0.210 0.224 78.0 77-8 3 " .. 2 2.37 2.67 0.335 0.229 0.290 0.475 12.04 1r.54 0.186 0.179 0.175 0.186 80.3 80.8 4 Garnet ... 

5 2.87 3.00 0441 0.347 0.557 0.591 13.14 13.58 0.149 0.129 0.157 0.160 79.3 79.3 5 Bliss " 2 2.32 2.42 0.047 0.088 0.369 0.565 9.59 8.89 0.170 0.180 0.144 0.105 83.7 84.2 
4 2.14 3.02 0.059 0.194 0.256 0.497 9.70 9.47 0.182 0.141 0.140 0.147 84.1 84.0 6 " " 3 r.86 2.16 0.177 0.106 0.179 0.474 ro.29 ro.63 0.189 0.179 0.102 0.121 83.7 83.2 7 Cobbler NaSCN 2 2.57 2.65 0.100 0.144 0.218 0.350 lI.37 ro.66 0.157 0.165 0.148 0.135 8r.4 82.1 
5 2.64 3.08 0.167 0.268 0.156 0.606 ro.80 ro.05 o.r6r 0.165 0.150 0.133 82.0 8r.o 8 Bliss Chlorhydrin 3 I.67 2.36 0.138 0.129 0.193 0.425 ro.04 9.74 0.192 0.194 0.104 0.133 84.5 834 9 

H NaSCN 2 2.89 3.09 o.q8 0.151 0.312 0.572 8.19 8.16 0.160 0.165 0.150 0.162 84-] 84.3 
4 2.96 3.53 0.141 0.305 0.363 0.874 7.45 6.89 (J.155 0.151 0.165 0.154 84.9 85.2 IO " Chlorhydrin 3 2.39 242 0.315 0.159 0.271 0447 8.95 8.93 0.180 0.186 0.135 ,.0.132 84-1 84.3 IIt H " 6 2.22 2.67 0.265 0.337 0.061 0.322 II.IS IO.Go 0.125 0.122 0.140 0.148 84.I 84.r 12t Cobbler " 6 2.29 2.56 0.029 0.035 0.130 0.218 l I.24 12.07 O.I6I 0.141 0.170 0.191 8I.2 8I.2 13 " " 2 241 3.34 0.023 0.023 0.218 0.269 ll.63 10.99 0.193 0.156 0.179 0.178 8r.5 81.8 
4 2.50 3.56 0.021 0.026 0.204 0.322 II.43 ro.48 0.178 0.134 0.184 0.186 82.2 83.I 6 2.22 2.74 0.021 0.023 0.182 0.235 12.86 II.02 0.171 0.146 O.I 56 0.195 8I.5 83.0 

Note: Lot numbers, varieties, treatments, and other details correspond to those in table I. 
*Tissue-not-at-eye obtained by peeling the seed-pie<:c after removal of eye-tfasue, and taking the samvlc after mincing the tissue. t Includes eye-tis;;uc also. 

.... 
(;;> 

°' 
..., 
P:1 
trJ 
tJj 

S} 
() 
trJ 

>-l 
P:1 
0 
;;;:: 
"O 
lfl 
0 
z 
"" z 
1/1 
>-l 
~ 
<::: ._, 
t'i 

"" ~ 
'<:! 

" ;;.. 
z 
>-l 

;;o 
Gj 
[fJ 
trJ 
> ;;a 
(") 

i:Il 
._, 
~ 
r 



DENNY - REST PERIOD I3i 

The differences in starch between the treated lots and their corresponding 
checks are not fully consistent in the various Jots (see table 2, column II), 
eight samples showing decreases in starch and three showing increases. 
However, the average percentage decrease is significant statistically by 
Student's (6) method. 

Percentage Change of Sucrose, Soluble Solids, and Starch 
In order to show the amount of change observed with respect to sucrose, 

soluble solids, and starch, the increase or decrease of the treated lots was 
calculated as a percentage of the corresponding check lot, and these data are 
shown in table 3. The results with the tissue-at-eye are shown in columns 
3, 4, and 5, and those with the tissue-not-at-eye in columns 6, i and 8. 

TABLE 3. Percentage Change in Chemical Constituents at Intervals After Treatment 

Difference Between Treated and Check Lots E;.:pressed as Percentage of the Check. 
( +l =Increase in Treated Lot;(-) =Decrease in 'l'reated Lot 

Days 
Lot After Samples of Tissue Taken Samples Taken from Tissue-
No. Treat- at Eye Only* not-at-eye t 

ment 

Soluble§ Sucrose Starch Soluble§ Sucrose Starch 
Solids% % % Solids % % % 

I 5 +z7 +rrs -13 +9 + 6I -4 
2 5 +z3 +183 +8 +ro + SI +s 
3 2 +27 + 83 - 9 +r3 + 64 -4 
4 5 0 + 40 - 8 +s + 6 +3 
5 2 + 7 +289 -IO +4 + 53 -7 

4 +26 +r75 - I +4I + 94 -2 
6 3 +25 +288 - 2 +16 +164 +3 
7 2 +6 + 66 - 6 +3 + 60 -6 

5 +25 +27I - 4 +17 +288 -7 
8 3 +38 +244 - 2 +4I +120 -3 
9 2 +13 +126 -27 + 7 + 83 0 

4 +18 +337 -20 +19 +140 -8 
IO 3 +26 + 86 - 9 + I + 65 0 

Average +20 +177 - 8.o +14 + 96 -2.3 

Note: Lot numbers, varieties, and chemical treatments correspond to those in tables 
I and 2. 

*Tissue-at-eye obtained by removing approximately one-tenth gram of tissue at eye 
of seed-piece (see text). 

t Tissue-not-at-eye obtained by peeling the seed-piece after removal of eye-tissue and 
taking the sample after mincing the tissue. 

§Solids soluble in 50-percent alcohol (by volume). 

Table 3 (columns 4 and 7) shows that the percentage increase in sucrose 
is consistent with respect to the various samples, and surprisingly high in 
value. To a somewhat less extent this difference was true also with respect 
to the solids soluble in 50-percent alcohol (see table 3, columns 3 and 6), 
all comparable pairs but one showing a greater amount of soluble solids in 
the treated lots. The differences in starch were not found to be so great -
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numerically nor so consistent in the different lots, but the observed average 
decreases in starch in the treated lots are statistically significant. 

Table 3 also permits a comparison of the differences between tissue
at-eye and tissue-not-at-eye with respect to the amount of change in 
chemical composition. This comparison is interesting in view of the 
results previousJy reported for lilac (4) in which it \Vas shown that the 
dormancy was localized narrowly in the bud. I'f this is true of potatoes 
also, we should expect the changes in composition to be greater in the 
tissue-at-eye than in tissue-not-at-eye. The sucrose changes in table 3, 
columns 4 and 7, show that the cane sugar in the eye-tissue of the treated 
lots was 177 percent higher than in the corresponding checks, while the 
increase in tissue-not-at-eye was 96 percent. By Student's method of 
estimating the significance of differences it can be shown that the odds are 
about 400 to I that the sucrose change was greater at the eyes than at 
the rest of the seed-piece. The difference between the gains at-eye as 
compared with i10t-at-eye is less for the solids soluble in 50-percent alcohol 
(table 3, columns 3 and 6) but, using the same method of statistical com
parison, odds of 27 to I are obtained that the increase is greater in the eye
tissue. In a similar manner the starch analyses (see table 3, columns 5 
and 8) show that the samples of the tissue-at-eye in the treated lots were 
8.o percent lower in starch than their checks, while for tissue-not-at-eye 
the treated lots averaged 2.3 percent lower in starch; calculations by 
Student's method show odds of 60 to I that the decrease in starch was 
greater in the tissuecat-eye than in tissue-not-at-eye. 

These results corroborate the view that the initial changes take 
at least in the vicinity of the bud, if not in the growing-point itself. 

Effect of Treatment Upon Different Forms of Soluqle Nitrogen 
In addition to the determinations of the soluble and insoluble forms of 

nitrogen shown in tables r and 2, some experiments on the forms of nitrogen 
present in the soluble portions were carried out. Aliquots of the 50-
percent alcoholic extract were used and the results are given in table ..J.· 
It will be seen that no consistent differences between treated and check 
lots were found, the agreement between the two being' in most cases good. 
There is some evidence in table r, column 15, that the solub1e nitrogen 
increased at the eyes after treatment, but the data in table 4 do not show 
increases fqr any of the forms of nitrogen for which analyses were made. 
,Experimental work relating to other forms of nitrogenous substances .i11 

the soluble portion would be desirable. 

Chemical Composition of Tissue-at-eye as Compared 
with Tissue-not-at-eye 

The analyses in tables I and 2 permit a comparison of the chemical 
"v"'~'u"·'~11.•n of the eye-tissue with that of the tissue represented by the 
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TABLE 4. Forms of Soluble Nitrogen in Treated and Check Lots of Potato Tissue 

Percentage Composition on the Basis of the Fresh Weight of the Tissue 

Lot 
No. 

5 
" 
II 

" 
II 
12 
13 
" 
" 

Days After Ammonia Amide Aminot 
Location of Tissue * Treatment Nitrogen .CN) Nitrogen (N) Nitrogen (N) 

Check Treated Check Treated Check Treated 

--------------------
At eye 2 0.006 0.004 0.017 0.007 0.043 0.043 

u " 4 0.005 0.005 0.012 O.OII 0.047 0.053 
Not at eye 2 0.008 0.005 0.016 0.021 0.067 0.060 

" u -u 4 0.007 0.006 0.013 0.019 0.065 0.070 
Whole seed-piece 6 0.005 0.004 0.022 0.019 0.062 0.074 

" " 6 0.005 0.005 0.035 0.035 0.075 0.085 
Not at eye 2 0.004 0.005 0.035 0.036 0.093 0.090 

" u " 4 0.005 0.004 0.035 0.032 0.090 0.092 
" .. " 6 0.004 0.005 0.030 0.034 0.079 0.091 

Note: The lot numbers, varieties, and treatments correspond to those in tables 1 and 2. 
* See text and foot-notes in tables I and 2 for description of type of tissue represented in samples. 
t Determined gasometrically by Van ~lyke apparatus. 
t By Kjeldahl method on the phosphotungstic precipitate. 
§ By KjeldahJ method on the phosphotungstic filtrate. 

Basic :j: Non-Basic§ 
Nitrogen (N)" Nitrogen (N) 

Check Treated Check Treated 

----------------
0.043 0.033 0.057 0.044 
0.045 0.041 0.057 0.068 
0.039 0.030 0.071 0.058 
0.037 0.040 0.074 0.083 
0.040 0.036 0.079 0.074 
0.032 0.042 0.098 O.II5 
0.033 0.043 o.ro5 o.ro4 
0.034 0.038 o.roo 0.110 
0.038 0.050 0.085 O.I04 
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rest of the seed-piece. In order to make clear the differences that exist 
between the composition of the tissue in these localities in the tuber, table 5 
has been prepared, in which only the check tissue data in tables I and 2 

were used for making the comparison. The difference in percentage 
composition of tissue-at-eye and tissue-not-at-eye has been expressed as a 
percentage of the value of the tissue-not-at-eye. In this connection it 
should be borne in mind that the eye-tissue referred to in this experiment 
consisted of samples obtained by picking out the eyes of seed-pieces, taking 
about one-tenth gram of tissue at each eye (necessarily taking some of 
the surrounding tissue along with the eye itself), while the tissue-not-at-eye 

Lot 
No. 

---
I 
2 
3 
4 
5 

6 
7 

8 
9 

IO 

TABLE 5. Comparison of Tissue-at-eye and Tissue-not-at-eye with Respect 
to Chemical Composition 

Days 

Difference Between Tissue~at-eye and Tissue-not-at-eye Expressed as Percentage of 
Tissue-not-at-eye. ( +) =Tissue-at-eye Higher than Tissue-not-at-eye; 

( -) = Tissue-at-eye Lower than Tissue-not-at-eye 
after 

Treat-

I I ment Soluble Reducing Sucrose Starch Insoluble Soluble 
Solids Sugar % ?~ :N " % ~10 % I e;.:;_, 

I 
I 

5 0 + 5 +rs -17 +ros I -27 I 
s +r6 - 83 + 4 + 7 -L i3 

I 
-3+ ' 

2 +32 - I/ - I - 5 + 48 -22 

5 +25 + 3 -23 - 2 l 

+ 52 -29 
2 +z7 +3IO -44 - i + 32 I -31 
4 +33 +z30 - 2 - 2 + 13 l - 7 I 
3 +34 + rs - 2 -r8 + 32 

I 
-15 

2 +zr + 65 + 5 - 9 + 42 + I 

5 +r9 + 2 +65 -r7 I + 33 +ro 
3 . +;;8 + SI -I2 -r6 

I 
+ 34 -23 

2 +20 + 67 -rg - 5 + 60 -27 
4 + 8 + 54 -49 + 9 + so -26 
3 +r2 - 23 -2s - 5 

I 
+ 28 -25 

Average +22 + s2 - 7 -- 7 + .+7 -r9 

Note: Lot numbers, varieties, and treatments correspond to those in previous tables. 

is represented by the rest of the seed-piece (about 25 grams of minced 
tissue). The values for the composition of the not-at-eye portion, therefore, 
are such values as one would obtain in an ordinary analysis, since the 
comparatively small amount of eye-tissue (o.I gram per seed-piece) would 
not have much influence on the total value. 

The values given in table 5 show the amounts in percentages by which 
the eye exceeds the rest of the seed-piece if the plus sign ( +) is given, or 
the percentage decrement if the minus sign (-) is given. 

·It will be seen from table 5, columns 3 and 7, that the soluble solids 
.were about 22 percent, and the insoluble nitrogen was about 47 percent, 
higher in the eye-tissue than in the rest of the seed-piece. The starch, 
however; was about 7 percent, and the soluble nitrogen about 19 percent, 
lower at. the ey~-tissue as compared with the not-at-eye-tissue. The 
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reducing sugar difference shovvs a value of 52 percent increase for eye
tissue over not-at-eye, but the variations in this constituent were so large 
that the results on this point are left in doubt. 

The data in table 5, column 5, indicate that the cane sugar is about 7 
percent lower in the eye-tissue than in the rest of the seed-piece, but when 
the variation in different lots is taken into account this difference is not 
found to be significant stntistically. But if the sucrose data for the treated 
lots in tables I and 2 are considered from the same viewpoint, it is found 
that sucrose was about 35 percent higher in the eye than in the balance of 
the seed-piece, and this difference is significant statistica!Iy. This fact 
emphasizes the fact previously established: that the most striking effect of 
the chemical treatment is to cause a large increase in sucrose, especially 
in the vicinity of the eye. 

Table 5 shows that the composition of the eye-tissue differs from that 
of the rest of the seed-piece, at least with respect to certain constituents, 
especially starch and nitrogenous substances. But the data do not show 
how steep is the gradient of change in composition from the eye inward 
toward the pith, and laterally toward other localities in the cortex. Infor
mation on this point would be desirable in arranging to take samples of eye
tissue for it would show whether great care would need to be taken in exclud
ing the tissue adjacent to the eye as completely as possible. It would be 
possible to obtain samples of eye-tissue that included less of the adjacent 
tissue than has been done in these experiments if it were necessary, especially 
if determinations of only certain chemical constituents were made. 

It is possible that this difference in composition of tissue-at-eye and 
tissue-not-at-eye has been a factor in these experiments, and that certain 
inconsistencies of the data are the results of having included in the sample 
more or less of the adjacent tissue in one or the other of the samples of 
comparable pairs. 

SUMMARY 

I. Previous experiments had shown that treatments of dormant potato 
tubers with ethylene chlorhydrin (C!CH2CH20H) and sodium thiocyanate 
(NaSCN) were effective in breaking the rest period, and these experiments 
were undertaken to determine what chemical changes are induced in the 
tissue shortly after the application of the treatments. 

2. The chemical composition of treated and check tissue was determined 
at intervals of 2, 3, 4, 5, and 6 days after treatment, the comparisons not 
being carried beyond the stage at which sprouts became visible. 

3. A partial localization of the changes within the tuber was obtained 
by making separate analyses of the tissue-at-eye (obtained by picking out 
about 0.1 gram of tissue from each of about 350 seed-pieces at each sampling 
period) and of the tissue-not-at-eye (obtained by peeling the seed-pieces 
after removal of eye-tissue and sampling the remaining tissue after mincing). 

4. The most noteworthy difference in composition between treated and 
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check tissue was in the sucrose content. The treated tissue in every case 
was higher in cane sugar than the corresponding check, the increase over 
the check being about 100 percent. 

5. Other important differences observed were: (a) an increase in the 
solids soluble in so-percent alcohol, the increase in the treated lots over 
the checks being about IS to 20 percent; and (b) a decrease, amounting to 
2 to 8 percent, in the starch content. 

6. These changes were found to have occurred at least within 48 hours 
after the treatments were applied. 

7. The changes were found to be greater in the tissue-at-eye than in 
the rest of the tissue in the seed-piece, corroborating previous observations 
that dormancy is localized in the bud tissue, and suggesting the probability 
that the very first changes occur in the growing-point itself. 

8. The other constituents for which analyses were obtained, i.e., reducing 
sugars, insoluble and soluble nitrogenous substances (50-percent alcohol 
being the solvent), ammonia, amides, amino acids, basic and non-basic 
nitrogen, did not show consistent differences between treated and check 
tissue. 

9. No difference between the moisture content of treated and check 
tissue was observed. 

IO. The composition of the tissue-at-eye was found to differ from that 
of the. tissue-not-at-eye with respect to certain constituents. The tissue
at-eye was higher in soluble solids and insoluble nitrogen, and lower in 
starch and soluble nitrogen. The reducing sugar data were inconclusive. 
Sucrose values tended to be lower at the eye in the check samples, but in 
the treated samples the sucrose was definitely higher in the eye tissue than 
in the balance of the seed-piece. 

BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC., 

YoNKERS, . NEW YORK 
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THE KILLING OF PLANT TISSUE AND THE INACTIVATION 
OF TOBACCO MOSAIC VIRUS BY ULTRA-

VIOLET RADIATION 1 

JOHN M. ARTHUR AND jOHN M. NEWELL 

INTRODUCTION 

Radiation from quartz tube mercury vapor arcs and similar sources 
rich in ultra-violet of wave length shorter than 290 mµ are injurious to 
plant tissue. The purpose of this investigation was to determine what 
region of the ultra-violet is most injurious, and whether that region near 
wave length 290 mµ, the extreme limit for solar radiation, is injurious to 
plant tissue. 

The investigation was prompted partly by reports that solar radiation 
as received at high altitudes in Colorado and elsewhere is injurious to plant 
tissue on certain days when the atmosphere is especially clear and free from 
clouds. Plants growing in greenhouses appear to be protected. This 
protection· may be due to the absorption of the extreme ultra-violet or to 
a diminution of the total intensity on passing through glass, which amounts 
to at least 20 percent. 

In most of the work a series of five glass filters supplied by the Corning 
Glass ·works was used to absorb progressive increments of the extreme ultra
violet radiation between wave lengths 200 and 365 mµ. 

In general it was found that the amount of injury to plant tissue in
creases rapidly with decreasing wave length between 290 and 200 mµ. 
Radiation from the quartz tube mercury arc without a filter will cause a 
rapid killing of the whole upper surface of young tomato seedlings in one 
minute as exposed in this investigation. A filter transmitting one percent 
at wave length 249.7 mµ will protect the plant for about ro minutes on 
single exposures. The injury can be produced by much longer exposures 
at longer wave lengths. It is possible to choose suitable filters which will 
protect plants against injury for 6 hours and yet get marked injury when 
this time period is doubled in a single irradiation of 12 hours. 

These effects are not cumulative. That is, a plant which is only slightly 
injured bya single IO-minute irradiation through a certain filter will receive 
very little further injury when irradiated through that same filter each day 

i Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 
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for several weeks provided that each single exposure never exceeds IO 

minutes. Evidence is also presented to show that the time for producing 
a similar injury is decreased in proportion to the increase in incident total 
radiant energy applied from the quartz tube mercury lamp. 

Further investigations are. reported on the inactivation of the virus 
which causes tobacco mosaic using the unprotected quartz tube mercury 
arc as a radiator. It was found that this virus could be inactivated when 
exposed through quartz plates in about rs seconds while 5 seconds exposure 
greatly reduced its potency. The virus was also inactivated by short 
expof>1_ires when tobacco plant leaves were irradiated immediately after the 
virus was rubbed over the surfaces, but if irradiated the next day there \Vas 
little or no inactivation. 

DISCUSSION OF LITERATURE 

Siemens (16) in 1880 observed that the radiation from a carbon arc 
was injurious to plants. Melon and cucumber leaves, when exposed at a 
distance of one meter or less, rolled up at the edges and assumed a scorched 
appearance. He avoided this difficulty by placing the plants farther ai.vay 
from the lamp. Deherain (6) shortly afterward showed that glass protected 
against this injury by cutting off the most refrangible rays. 

More recent work has shown that radiation from a quartz tube mercury 
vapor arc is similarly injurious to plant tissue. Maquenne and DeMoussy 
(14) in 1909 showed that such radiation caused a blackening of the leaves 
and death of the protoplasm of surface cells. Ursprung and Blum (18) 
in 1917 irradiated a great number of plants and observed the percentage 
of cells killed in different layers of cells of leaf tissue. A decision on when 
a cell was dead was based on its power to deplasmolize in distilled water 
after it had previously been placed in a cane-sugar solution. They found 
that some plant cells were killed easily while others were much more re
sistant. Green algal filaments were killed completely in IO minutes ex
posure while the cells of agave leaves were not all killed even with 6 hours 
ex:posure. I twas shown that the amount of killing increases with exposure 
time and that penetration. of leaf tissue depends both on the nature of 
epidermal and other cell layers and on their number and thickness. These 
authors noted also that glass plates protect plants against injury from the 
rays and conclude that wa,ve lengths shorter than 290 mµ cause the injury. 
Since ordinary glasstransmitsto only 312 mµ there is apparently no experi
mental basis for this conclusion. 

Lipperheide (IJ), using uviol blue glass as a filter, stated that radiation 
of wave length shorter than 280 mµ produces very marked injury on plants. 
No .transmission.·curves or other similar data for this kind of glass ·were 
included. Delf and his associates (7) have done considerable work on the 
injupous effects of ultra-violet radiation on plants. They observed that 
exposures of a few seconds (4 to 30) each day would cause most of the 
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leaves to die and fall off of Coleus and Pelargonium plants and that there 
was no definite increase in resistance against the injurious radiation when 
exposures were increased gradually. Stunting of plants was produced with 
exposures of one minute or more. Exposures of 30 seconds in the case of 
Trij olium seedlings gave no stunting and a favorable after-effect. In 
general the presence of pigments gave increased absorption and more 
injury, although this wets not always true. The effect of ultra-violet 
radiation upon leaves is summarized by Delf as follows: 

(1) Absorption of rays by epidermis and cuticle. 
(2) Latent period without visible changes. 
(3) Lethal effect in epidermal cells (apparent on account of a peculiar 

"shine" or varnished appearance). 
Eltinge (10) observed that a series of commercial glasses, Quartzlite, 

Vita, and window glass, did not transmit injurious rays from a quartz-tube 
mercury-vapor arc. The ultra-violet component transmitted by the Vita 
glass used (limit at wave length 289 mµ), seemed beneficial to some plants 
but without visible effect upon others. The radiation from the open arc 
(without filter) produced great injury or death with exposures of 30 seconds 
the first day and an increase of 30 se~onds on each succeeding clay of 
irradiation exposed at a distance of 50 inches from the lamp, showing that 
there was little immunity developed against the injurious rays. When 
irradiated at IOO inches slightly less injury was observed. 

Smith (I7) observed that the "biological rays" obtained from an old 
quartz mercury lamp masked the symptoms of the mosaic disease of 
tobacco plants. This disease can be transferred from diseased plants to 
healthy plants by inoculations with expressed and coarsely filtered plant 
juice. The virus contained in the expressed juice was inactivated by an 
exposure of 30 minutes to the rays of a quartz mercury vapor lamp. 
Mulvania (15) reported that this.virus could be killed by a similar exposure 
of one hour. Both of these workers conclude that the virus is not as 
susceptible to ultra-violet injury as bacteria, since most bacteria are killed 
when exposed in a clear solution free from air bubbles in less than 60 seconds. 
Ellis and Wells (9) have published a table showing the exposure time 
necessary to kill various bacteria. Smith and Mulvania believe further 
that this resistance to ultra-violet indicates that the virus is a non-living 
substance similar to an enzym. 

Coblentz and Fulton (4) have accurately determined the region lethal 
to bacteria as well as the relative effectiveness in this respect of different 
wave lengths in the ultra-violet region. They conclude that a germicidal 
action is produced by ultra-violet radiation from the Schumann region back 
to and including wave length 365 mµ. This includes a part of the extreme 
region transmitted by window glass and also much of the solar ultra-violet 
region, and we should therefore expect solar radiation both winter and 
summer to have some germicidal action even when transmitted through 
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ordinary glass. The lethal action of wave lengths longer than 305 mµ 

emanating from a quartz mercury arc was found very slow in comparison 
to the region around 280 mµ even though the latter was of much lo\ver 
intensity. It was estimated that wave lengths shorter than 280 mµ were 
at least IO times as rapid as those longer than 305 mµ. The killing effect 
was found to be cumulative with no stimulating effect upon growth and 
no apparent continuation of the lethal action <luting rest from irradiations. 
The energy required to kill a bacterium in the most active killing region 
(I70-280 mµ) was very small and was of the order of 4.5 X rn-12 gram 
calories. A further deduction was that in order to produce a rapid killing 
the radiant flux must exceed a threshold value of about 25 microwatts per 
square millimeter which obtains at a distance of about IS centimeters 
from a I IO-volt quartz mercury arc consuming 320 vvatts. 

That this lethal action extends into and probably increases in the 
Schumann region is indicated by the work of Bovie (r). The lethal action 
of the Schumann region on green algal filaments and fungus spores he 
observed to be cumulative and to increase with decreasing wave length. 
The component of wave length shorter than r70 mµ was 15-20 times more 
destructive than the component of longer wave length. 

APPARATUS AND METHODS 

In most of the present work a Cooper Hewitt 220-volt horizontal 
Uviarc lamp was used. This lamp consumes about 730 watts (160 volts, 
4.6 amperes) at the arc after the first ro minutes of burning. A rectifier 
and transformer is supplied by the manufacturer so that the lamp may be 
operated on a Ho-volt alternating current line. Since this burner becQmes 
slowly solarized through use over a long period of time a second burner 
was kept as a standard source of radiation for comparison from time to 
time. Some experiments were also made with the iron arc as a source of 
radiation. The effect was similar to the mercury arc but on account of a 
lower intensity in the ultra-violet region and the difficulty of maintenance 
this source was abandoned early in the study. 

The mercury lamp used is equipped by the manufacturer with a metal 
shield which completely encloses the quartz tube burner. The metal face 
of this shield is easily removed or attached by manipulating a spring catch 
·arrangement. A square opening 6 x 6 inches is cut in the center of this 
face, and a system of metal cleats and spring clips is provided around the 
edge of the opening for holding glass filters or metal kits which can be used 
tc> regulate the size of the opening. In all of the present work glass filters 
6! x 6!inches were used to cover the opening and the dimensions of the 
opening effective in transmitting radiation from the lamp was therefore 
6x6inches. 

In some of the experiments a plano-convex quartz lens, 4! inches in 
Si inches focal length, was used to concentrate the rays from 
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the arc. This lens was fitted into a metal plate which could be easily 
attached to the face of the shield and which, when attached, held the plane 
face of the lens firmly pressed against the glass filter. 

For the most part glass filters were used. The work was started with 
sqme pieces of Corex A which had previously been used as a roof covering 

TEXT FIG. I. Transmission spectra. 
I. Corex A plates before solarization, 40 seconds exposure 
2 • U H U U Cl 20 H U 

3. " after 40 " 
4· " " ... 20 " 
5. Window glass, 20 seconds exposure 
6. Filter A, 20 seconds exposure 
7.. " B, " u " 

. 8. c, " " " 
9.. " D,, H u " 

IO.. " D, IO.. " 

II. " F, 20 " 
12. F,. IO " " 
13, Open arc without filter, IO seconds exposure 

11 
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on one of the greenhouses. It has been noted previously in a Bureau of 
Standards publication (2) that this glass does not solarize, or lose its trans
mission appreciably in the ultra-violet region, when exposed to sunlight for 
14 months. The samples of the glass used in these experiments were found 
to transmit faintly as far as wave length 225 mµ. When tomato plants 
were exposed through them to rays from a quartz mercury arc a definite 
killing effect was produced in a comparatively short time. It was found, 
however, that these filters solarized so rapidly that after an exposure of 
one hour plants could be exposed through them for an additional hour with 
little or no injury to tissues. The filters after such an exposure transmitted 
faintly to wave length 240 mµ although the whole region of wave length 
shorter than 290 mµ was dimmed appreciably. After complete solarization 
(8 hours exposure to the lamp) the filters still transmitted to wave length 
248 mµ (text fig. r). Following these experiments an effort was made to 
get filters which would transmit various parts of the region between wave 
lengths 290 mµ and 225 rnµ. It was found that several layers of gelatin 
could be deposited on quartz plates to produce filters transmitting to 
250 mµ or slightly beyond. These filters had the disadvantage of not 
holding up well under prolonged irradiation from the lamp due mainly to 
the heat involved. Mica filters were also tried but the thinnest piece 
measured did not transmit much beyond wave length 290 mµ. 

A series of glass filters was finally obtained through the cooperation of 
the Corning Glass Works. These filters have a high transmission in the 
ultra-violet region and do not further solarize upon prolonged irradiation 
with the quartz mercury arc. The limits of transmission of this series of 
glasses in the ultra-violet are shown- in text figure I. The spectrograms 
were taken on a Hilger quartz spectrograph. After many of the experi
ments reported herewith had been completed the filters were sent to the 
Bureau of Standards and the percentage transmission of each filter between 
wave lengths 249 and 349 mµ was determined. These measurements '.Vere 
made photographically by means of a Hilger Sector photometer. The 
method has been described elsewhere (3). The percentage transmission 
of each filter is shown plotted against wave length in text figure 2 and is 

. based upon this data. 
The incident total radiant energy I 5 inches from the lamp tube, measured 

by means of a Weather Bureau type pyrheliometer (12), was .17 gram 
calories per square centimeter per minute. When filter A was placed over 
the lamp an energy loss of approximately 15 percent was observed. A 
further decrease of about 6 percent in total incident energy occurred when 
eitherfilt~rs C or D '\Veresubstitutedfor A . . The use of the quartz concen
tratiriglens in connection with filter Aresulted in a concentration of about 
3ti~es the total energy value. Actual readings with the pyrheliometer 
l:iUtface ISinch~s from the quartz tube burner Were as follows: 

With filter only, .r4 gr. cals. 
With· filter plus lens, .42 gr. cals. 
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It should be pointed out that the pyrheliometer used was covered with a 
hemisphere of uviol glass which transmitted faintly to 253 m,u before 
solarization. The transmission in the extreme ultra-violet region would 
undoubtedly decrease appreciably when exposed to the rays from the 
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TEXT FIG. 2. Transmission graphs of various filters. 

lamp but on account of the return of this instrument for recalibration the 
actual amount of the decrease has not as yet been determined. A part of 
the energy loss due to the filters as observed above was no doubt due to the 
visible component as well as the ultra-violet. 



150 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

EXPERIMENTS WITH PLANTS 

After a preliminary study of the effects of the ultra-violet region on 5 
or 6 different species of plants the tomato was selected as a subject for more· 
detailed observations. Small plants 2! to 3 inches high were used in most 
of the work. In testing the cumulative effects of irradiation, where daily 
irradiations were given over a considerable perioe of time, the plants often 
grew to a height of 12 to 15 inches. Such a series \Vas transferred to larger 
pots from time to time so as to maintain a healthy normal growth of the 
control plants. No great difference in the amount of injury could be 
determined between young plants with the first pair of leaves (not counting 
the cotyledons) and large plants 8 to 12 inches high. Old leaves appeared 
to be ::ilightly more resistant than young leaves just open. Also no great 
difference was observed when the plants were one inch closer or one inch 
farther away from the lamp during the exposure, but it was established that 
6 inches farther away made a slight decrease in the amount of injury. 
AU plants were irradiated during the study at a distance of approximately 
15 inches from the nearest point on the quartz tube to the tip of the plant. 

RESULTS OF IRRADIATION 

It was soon established that the amount of injury increased rapidly with 
decreasing wave length from 290 mµ. The open arc (without a filter) 
caused considerable injury in 30 seconds. When the most transparent 
filter (A) was used no great injury could be detected until the plant was 
exposed for about 15 minutes in a single exposure, while it required approxi
mately 60 minutes to produce as severe an injury as 30 seconds exposure 
to the open arc. The transmission of the filters is shown in table I and 
text figures I and 2. No injury was produced when plants were irradiated 
through filter D until the continuous exposure period exceeded 6 hours, 
while r2 hours continuous exposure to the radiation transmitted by this 
filter gave less injury than 30 seconds exposure to the open arc. Using 
the quartz concentration lens as already described with this filter an injury 
could be produced in 3! to 4 hours single irradiation which was about the 
equivalent of 12 hours exposure without the lens. Since pyrheliometer 
measurements of the relative total energy in the two cases were about 3 
to I it is interesting to note that the injurious effect produced is approxi
mately proporti~nal to the amount of energy received when the same wave 
lengths are transmitted and that a certain "minimum dose" or threshold 
value of energy is necessary to produce any injury, the amount of which 
depends upon wave length. 

The effect of exposures made once each day or every second day through 
the various filters was studied over periods varying from 2 weeks to 45 
days. Using .the most transparent :filter (A) it was observed that IO 

minutes exposure each day or every second or third day caused very little 
more local injurythan a similar single exposure. As the leaf tissue grew, 
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however, and more new surface was exposed each day normal to the rays 
the injurious effect on the whole plant was greater and more certain for 
observational purposes. In no case, however, could a more injurious effect 
be produced with a much shorter daily exposure over a period of weeks than 
could be produced with a single exposure. The effect is, therefore, not 
cumulative locally, but a.,dditive to a certain maximum degree when the 
whole aerial portion of the plant is considered. 

In Plate XXV, figure 2, is shown the effect of irradiating young tomato 
plants for periods of ro and IS minutes per day during the period September 
6 to October 22 through filter A. The plant at the left is the control. 
The center plant received IO minutes exposure and the plant at the right 
15 minutes. The plant receiving only IO minutes exposure is slightly 
injured while the one receiving rs minutes per day is badly injured. Both 
plants received 36 separate periods of irradiation of IO and IS minutes, 
respectively. A single exposure of IS to 20 minutes also produced severe 
local injuries to parts of leaves exposed normal to the rays but the injury 
to the whole plant was much less severe since the total surface presented in 
a single exposure is small. The energy transmitted from the lamp through 
this filter does not cause any visible injury to tissue when single exposures 
do not exceed 5 minutes per day. With this filter, as is the case with all 
other filters used in the study, there is a minimum or threshold value of 
energy which must be exceeded to produce an injury. As the region trans
mitted moves so as to exclude rays of shorter wave length the time necessary 
to produce injury rapidly increases, until a point is reached where in
sufficient energy is transmitted to produce any injury even after prolonged 

. irradiation. 
The minimum exposure time necessary for producing marked injury 

was determined for the series of 5 filters mentioned above. This was 
accomplished by irradiating young plants each day or every other day for 
periods sufficiently long to produce maximum injury for that particular 
exposure period and filter. The data is presented in table I. Photographs 
of the plants irradiated in this series of experiments are shown in Plate XX'*. 
figures I, 2, and 3, and Plate XXVI, figure 4. These plants show, therefore, 
all of the cumulative injuries or additive effects which it is possible to 
obtain with the same energy source and the respective filters and exposure 
periods. It is apparent from this data that the open arc produces a marked 
injury in exposure periods of 30 seconds. Figure I shows the control and 
plants which have been exposed for 30, 60, and 120 seconds, respectively, 
at each of II irradiations from October S to 22. Lines in the spectrogram 
of this arc can easily be seen to wave length 220 mµ. When plants are 
exposed for IS minutes through filter A a similar injury is produced, but 
not quite as severe as 30 seconds exposure to the open arc. The plants are 
shown in figure 2. From left to right are the control plant and plants 
exposed for IO and IS minutes, respectively, in each of 36 separate irradi-
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ations from September 6 to October 22. This filter transmits one percent 
of the incident radiation at wave length 249.7 mµ and has an extreme limit 
of transmission at 237 mµ. The plants shown in figure 3 received IS 
irradiations of 30, 45, and 60 minutes, respectively, through filter B during 
the period September r8 to October 19. The control plant is at the left. 
The plant receiving 30 minutes exposure is very slightly injured. The one 
receiving 60 minutes is severely injured. Plants may be exposed repeatedly 
through this filter for 25 minutes each day with no visible effect. Radiations 
transmitted through filter C cause severe injury after 3 hours exposure. 
These plants were photographed after 7 periods of irradiation of I, 2, and 
3 hours, respectively, during a IO-day period and are shown in Plate XXVI, 
figures 4 and 5. Two hours exposure produces almost no injury while 3 
hours gives a severe injury. The plant is protected completely when each 
single exposure does not exceed 1j hours. This filter transmits one percent 
of the incident radiation at wave length 273.7 mµ and has an extreme 
limit at 253 mµ. Using filter D no injury was produced after two periods 
of irradiation of 6 hours each. Single irradiations of 12 hours produce 
considerable injury. As pointed out above, a similar injury could be pro
duced when the quartz concentration lens was placed over this filter in 
single exposures of 3! to 4 hours. This filter transmits one percent of the 
incident radiation at wave length 28I.I mµ and has an extreme limit at 
270 mµ. The leaf injury produced by 3i hours irradiation v.rith both the 
filter and lens, together with 12 hours irradiation with the filter alone, 
are shown in figure 6. No injury could be produced on plants taken from 
a greenhouse and irradiated for long periods through filter F. The concen~ 
trating lens was used in conjunction with this filter for a period of r8 hours 
c.ontinuous exposure with no visible injury. This is the equivalent of 54 
hours irradiation without the lens. This filter transmits one percent at 
wave length 293.5 mµ and has a transmission limit at 286 mµ. The trans
mission of the filters, the exposure time necessary to produce marked 
injury, the relative time to produce injury equal to or slightly less than one 
second exposure to the open arc, and the time of exposure not injurious to 
plants, are summarized in table I. 

If we assume the killing effect produced .in several exposures of 30 
seconds each from the open arc as equal to I, it takes more than 30 units 
to produce the same effect through a filter transmitting one percent at 
wave.length 249.7mµ, as compared with 120 units through a filter trans
mitting one percent at 259.7 mµ, 360 units at 273.7 mµ and r,440 units at 
28I.lmµ, while as pointed out above a filter transmitting one percent at 
293~~ mµ protects plants indefinitely which have been receiving normal 
solar radfatiOn. 

Coplent:z and Kahler (5), usinga similar quartz mercury arc, have shown 
-We total amount ofultra.violet radiation of wave length less than 

mµ is aboutthe same for solar radiation as for the mercury arc, that is, 



TABLE I. Relation between Transmission of Various Filters a.nd the Time Required to Produce Marked Injury to Young Tomato Plants Using a 
lYfercury Arc in Quartz as a Source of Radiation. Plants Taken from Greenhouse and Irradiated Immediat.,ly 

Filter Number Open Arc A B c D F 
-~-------

Thickness (millimeters) ................ - r.9 3.II 3.99 2.0 5.06 
Wave length mµ at which glass transmits 

13 ................................ - 249.7 259.7 273.7 28r.1 293.5 
Extreme limit of transmission mµ ...... 200 237 245 253 270 285 
Time required to produce marked injury. 30 secs. 15 mins. I hr. 3 hrs. 12 hrs. With lens 18 hrs. Equal to 

54 hrs. No effect 
Relative time to produce injury equal to 

or slightly less than 30 seconds exposure 
to open arc ......................... I.0 30:0 120.0 360.0 1,440.0 Protects indefinitely 

Time of exposure not injurious to plant .. - 5 1111115. 25 mins. I~ hrs. 6 hrs. Protects indefinitely 
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about .02 gram calories per square centimeter per minute. The energy 
distribution (they point out further) is very different, since sunlight termi
nates at about 300 mµ at near sea level while the mercury arc has 5 percent of 
its total radiation, or 20 percent of the ultra-violet component, of wave 
length shorter than 300 mµ. This being the case, since no injury is produced 
by energy transmitted through filter F even though it is concentrated 
threefold, it is thought that no injury can be proauced by the ultra-violet 
component of solar radiation at the normal intensity and range of wave 
lengths in altitudes where plants grow. This filter transmits to wave 
length 285 mµ and transmits one percent at 293.5 mµ. Since the limit for 
solar radiation is wave length 290 mµ and the energy at that wave length 
must always be extremely small it is believed that it could not possibly 
cause injury to plant tissue since the threshold value of energy necessary 
for producing injury at this wave length is comparatively great. 

Plants which had been removed from the greenhouse to a dark basement 
room 3 or 4 days before irradiation were observed to be more severely 
injured by smaller exposures than those which were taken directly from · 
the greenhouse. A series of two plants so treated together with the control 
are shown in Plate XXVII, figure 7. The extreme injury of a single ex
posure of 3 minutes to the open arc is shown on a plant which has been 
kept in darkness for 4 days. Since plants kept in darkness were found to 
be more susceptible another attempt was made to produce an injury through 
filter Fusing the concentrating lens. As pointed out above no injury had 
ever been produced through this filter on plants which had been exposed 
continuously to solar radiation, that is, taken from the greenhouse and 
.irradiated at once. The plants were kept in a dark room for 4 days and 
were irradiated on the fifth for 16! hours. A slight injury was produced
the characteristic "shine" on one or two leaflets. Plants so treated are 
apparently very sensitive to the visible region as well as to ultra-violet, since 
even the control plants showed some evidence of light injury upon return 
to greenhouse conditions, but none of the "shine" or varnished appearance 
which is characteristic only of ultra-violet injury. This injury was pro
duced by wave lengths longer than 285 mµ,. The fact that the charac
teristic ultra-violet injury can be produced very near the extreme limit for 
solar radiation. (wave lengths longer than 285 mµ) is interesting, since it 
shows t}lat the limit of the energy range for plant growth is definitely fixed 
in, the ultra-violet region, and that one needs to overstep the limit of solar 

. radiation as the plant ordinarily receives it by only an extremely narrow 
· · !lla,rgin to cause matke9. injury to tissues.. Since the conditions under 

which this inj~ry was>prcx:h1~ed throughfilter Sx'."'.5.06 (4 days in darkrie$S 
fcillo\Ved by the equivalent of approxiinately 50 hours· irradiation fro~. the 

~~;1:1.,:;q~~~ t1:1,ercury arc) . are not found· .in natµre, ·the ~artier conclusion, that the · 
\1 ;;\ pltra-:viQlet c9mponent of $olar radiation as the plant receives it at high 
·" ii;~lUtt!4es car).not ~· i,µjurious, is .still believed to be correct. 
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The effect of the shorter wave lengths (ultra-violet, Schumai:rn region, 
and X-rays), where absorbed by plant tissue, is in general injurious. lt 
may lead to stimulation of growth or even possible change in genetic 
constitution. So far as our own observations go in the effect of the ultra
violet region there is no marked stimulation but only injury. Plants 
which have received repeatedly such exposures which do not :injure tissue 
show no well defined increases in growth or fruit production or other 
stimulation. This work is being continued, however, in a study which will 
be supplemented by a chemical analysis of tissue which has been exposed 
repeatedly to various regions of the ultra-violet component of radiation 
from a quartz mercury arc. 

OBSERVATIONS ON THE KILLING OF THE VIRUS WHICH 

CA USES TOBACCO MOSAIC 

Since it was observed in the foregoing researches that plants were able 
to withstand radiation of wave length shorter than 290 mµ for a considerable 
time with no apparent injury provided a certain threshold value of energy 
was not reached, and further since Coblentz and Fulton (4) had observed 
that wave lengths as long as 365 mµ had a germicidal effect on bacteria, 
it might appear that there was some possibility of killing the tobacco mosaic 
virus within living plant tissue, assuming that the virus would be as easily 
killed as bacteria. Experiments were therefore made to determine, first, 
the exposure necessary to kill the virus when purified and exposed to ultra
violet radiation in a water solution in thin layers between quartz and glass 
plates; and second, whether the virus could be killed within plant tissue. 
Samples of virus were prepared by Dr. C. G. Vinson by precipitation with 
acetone in accordance with a method already described by him (19). Tests 
of the potency of the virus were made by Dr. F. 0. Holmes using a method 
which he has described elsewhere (II). This consisted briefly in trans
ferring the virus to be tested to leaves of Nicotiana glutinosa by rubbing 
lightly with a piece of cheesecloth moistened with the virus solution. 
The potency is indicated by the number of colonies of dead cells or circular 
brown lesions which develop on the leaves after a period of 2 to 3 days 
incubation. The procedure of irradiation with the quartz mercury lamp 
was in detail as follows: 6 drops of the purified virus were distributed by 
means of a pipette over an area 2 to 3 inches square on a glass plate. This 
was covered with a quartz plate Ys of an inch thick and the virus was 
exposed through the quartz plate at about 15 inches from the burner. 
The quartz plate was then removed and IS to 20 drops of distilled water 
were added so as to have sufficient liquid to saturate a small piece of cheese
cloth. The irradiated virus was then rubbed lightly over the leaves of 
the tobacco plant. The first experiment showed that virus could be com
pletely inactivated in exposures of one minute (fig. 8). Controls protected 
by window glass or a Noviol 0 filter (transmitting to wave length 312 and 



156 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

390 mµ, respectively) produced great numbers of lesions after being exposed 
for IO minutes to mercury arc radiations. Similar exposures of 5, 15, 20, 

and 45 seconds were made, using virus from the same sample. It was 
found that 5 seconds inactivated most of the virus >vhile not a single lesion 
was produced when it was exposed for 15, 25, and 45 seconds. Figure 9 
illustrates a single leaf from the control plant (left) and another from a 
plant inoculated with virus after it had been frradiated for 20 seconds. 
This virus was prepared from diseased tobacco plants which had been 
growing in a greenhouse. Further tests upon virus from plants grown in 
the field during the following summer shO\ved this to be more resistant as 
one or two lesions were produced from virus which had been irradiated for 
30 seconds. This difference was probably due to the protective action of 
the greater amount of contaminating material and the difficulty of getting 
a sufficiently pure solution. Even with the additional contaminating 
material only a very few lesions developed after an exposure of r5 seconds 
to the open arc. 

Both Smith (r7) and Mulvania (15) reported previously that the virus 
of tobacco mosaic could be killed in exposures of 30 minutes to one hour 
to mercury arc radiation. They concluded that since the virus· was ob
served to be more resistant than bacteria to ultra-violet radiation it is 
probably enzymatic or chemical in nature. Most bacteria are killed by 
short exposures of one minute or less (9). Following a similar line of 
reasoning, since it is shown that the virus can be killed by an exposure of 
a few seconds, one might conclude that it is entirely bacterial in nature. 
This does not necessarily follow since enzyms and chemical compounds vary 

. considerably in their resistance to these rays and it is possible to find non
living compounds which are rapidly changed by extremely short exposures. 
The evidence shows only that the virus, whatever its nature, can be .in
activated, when sufficiently free from contaminating material, by an ex
tremely short exposure to ultra-violet radiation. 

Further experiments showed that the virus could be killed with a short 
exposure (r minute) when spread upon the plant leaf surface if irradiated at 
once. If irradiated the. day following inoculation there was no appreciable 
killing of the virus. It is apparently impossible to inactivate the virus 
when it has penetrated far into plant tissue, although irradiations were 
given of .sufficient intensity and quality to kill the whole upper surface 
of the plant leaves. 

SUMMARY 

I.. Using a mercury-vapor arc in quartz as a radiator and a series of 
filters, thetfrne required to produce marked injury ~n young tomato plants 
has bei;;n determ.ined. The filters absorb progressive increments of the 
extreme ultra-viOlet component of radiation from this lamp toward wave 
len.g:th 29omµ (the extreme limit for solar radiation). 
' '>~• The time of exposure necessary to cause injury was observed to 
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increase rapidly as more and more of the extreme ultra-violet component 
was absorbed. Filters which transm.it one percent of the incident energy 
at wave length 28I.I mµ were found to cause marked injury to plants only 
after r2 hours irradiation while the open arc (without a filter) produced a 
more severe injury in 30 seconds exposure. 

3. It was determine1 by means of a quartz concentrating Jens that 
apparently the time of exposure necessary to cause marked injury is 
approximately inversely proportional to the incident energy, using the 
same quality of radiation. 

4. No apparent injury is produced on tomato plants until a certain 
"threshold value" of exposure time is reached in a single irradiation. 
The time necessary to reach this value increases rapidly with increasing 
wave length so that plants can be exposed repeatedly through a filter 
transmitting one percent at >vave length 273.7 mµ for It hours each day 
with no apparent injury . 

5. The injury produced is not cumulative but since new tissue is pre
sented normal to the incident radiation on each succeeding day of exposure 
the total injurious effect on a plant is much greater when plants are exposed 
each day or every second day for the same time over a considerable period. 

6. No typical ultra-violet injury to tomato plant tissue could be pro
duced within the extreme limits of solar radiation, that is, by wave lengths 
longer than 289 mµ, except under conditions which never occur in nature. 
The injury was produced by irradiation through a filter which transmitted 
faintly to wave length 286 mµ, by exposing young plants continuously for 
r6t hours after the plants had been kept in darkness for 4 days. Since a 
concentrating lens was used to produce this result ·which increased the 
total intensity threefold, approximately 50 hours continuous exposure 
would be required to produce the same result without the lens. It should 
b:: ;:ointed out further that whenever the natural range for solar radiation 
is overstepped by a very narrow margin injury results. 

7. No stimulation to increased growth or fruiting was observed in these 
experiments, but only injury. 

8. The virus which causes tobacco mosaic was found to be completely 
inactivated by 15 seconds exposure to the open arc when the virus was 
prepared sufficiently free from contaminating material. 

9. This virus could not be inactivated when it had penetrated plant 
tissue. 
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EXPLANATION OF PLATES 

PLATE xxv 
FIG. I. Effects of open arc. Left to right: control, exposed 30, 60, and 120 seconds 

respectively in each of u exposures over a li-day period. 
FIG. 2. Effects of irradiation through filter A. Left to right: control, irradiated 10 

1Tiinutes and 15 minutes respectively in each of 36 exposures over a 46-day period. 
FIG. 3. Effects of irradiation through filter B. Left to right: control, irradiated 30, 

45, and 60 minutes respectively in each of 15 exposures over a 31-day period. 
PLATE xxvr 

FIG. 4. Effects of irradiation through filter C. Left to right: control, irradiated I, 
:2, and 3 hours respectively in each of 7 exposures over a 10-day period. 

FIG. 5. Top view of 2-hour (right) and 3-hour (left) plants shown in figure 4 above. 
FIG. 6. Irradiated through filter D . . Left, leaf exposed for 3~ hours with lens and 

filter .. ·Right, leaf irradiated for 12 hours with filter only. The path of the rays is indicated 
on leaJ at left with India ink, while region of maximum injury on leaf at right is indicated 
pyX. 

PLATE XX.VII 
FIG. 7. Irradiated with open arc (without filter). Left, control; center, plant· 

irradiated 3 minutes immediately after removal front greenhouse; and right, plant• irradi· 
,,.<1 ~·ated .. 3.minute~ .~,fter, ht;?ing pl~c,ecl.for 4 day~ in a dark. basement. ·.· , 

F~G. 8. 'tobacco plants whicli have been inoculated with the mosaic virus which has 
been irradiated fort minute (at left) and 3 minutes (center); and the control plant (at right). 

fIG; 9, Leaves from inoculated tobacco plants. · Left, from control plant; and right, 
ri i./ft~p:i phtnt whkh had been inoculated .with virus which had been irradiated through a 
"':t;.;i:~ ;F.q$ti;z Phl.te for 20 seconds. 
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THE INFLUENCE OF I..IGHT INTENSITY AND LIGHT QUALITY 
UPON THE GROWTH OF PLANTS 1 

HARDY L. SHIRLEY 

INTRODUCTION 

Since the discovery that green plants can assimilate carbon in the 
presence of light, light has been recognized as being one of the major factors 
influencing the growth and other characteristics of vegetation. Plant 
ecologists have considered light conditions to be one of the important 
factors in instituting succession. Foresters have based their theories and 
practices of silviculture upon the light requirements of the forest trees. 

When it became possible to measure light conditions under the forest, 
the decrease in intensity was found to be exceedingly great. Salisbury 
(24) gave values as low as 0.16 to r.3 percent of full sunlight in an oak
hornbeam forest. His upper values were about IO percent. Kvapil and 
Nemec (18) gave the average intensities under Austrian forests as 2 to 15 
percent of outside light. Measurements of the total radiant energy under 
a 70-year-old mixed hardwood stand near the Boyce Thompson Institute 
gave values ranging from 0.5 percent in dense shade to 16 percent in sun 
"flecks." A dense stand of sumach allowed only 2 percent of the energy 
to pass through. Measurements by other workers indii::ate that under a 
well stocked stand the light intensity is usually below IO percent of outside 
intensity and often as low as r percent. The intensity at any one spot 
varies greatly from time to time depending upon whether or not a "fleck" 
of direct sunlight strikes it. 

Light under a forest canopy suffers not only a great depletion in intensity 
but also a change in quality or spectral energy distribution. Knuchel (17) 
found the light under a beech forest to contain about 12 percent green and 
yellow, 7 percent red, and less than s percent of blue and violet, as compared 
with zenith skylight in the open. Similar results were obtained for other 
broad-leaved trees. The change in quality was more pronounced when 
the sun was shining than when the sun was hidden by clouds. Knuchel 
found no significant change in the light quality under spruce and fir canopies 

· or other needle-leaved species. The measurement of the light quality 
un.der a forest canopy is a difficult problem. Knuchel's measurements 
seem to be the ~ost reliable ones made to date. 

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript .. 
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Klugh (15, 16) measured the spectral quality of forest light. He 
found a spruce-cedar swamp forest to transmit 0.036 percent in the orange 
region, 0.33 percent in the green, and 3.05 percent in the blue-violet region. 
The reason for the discrepancy between these two sets of measurements is 
largely due to the fact that Knuchel compared forest light with skylight, 
while Klugh compared it with sunlight. Skylipght has its maximum in.
tensity in the blue-violet region of the spectrum, while the maximum energy 
of sunlight is in the yellow-green region (Kimball, r4). In the forest, 
skylight forms a much higher percentage of the total light than it does 
outside. The quality of daylight is thus changed in two 1vays in pas;:;ing 
through a leafy canopy. Through partial absorption by leaves the light 
loses more red and blue than green and yellow. By decreasing the pro
portion of sunlight to skylight the red region is diminished more than the 
blue. The latter change seems to be of much greater importance than the 
former. 

In the past there has been a tendency among plant ecologists and 
foresters to over-emphasize the importance of light at the expense of other 
factors. Experiments on trenched areas by Fricke (9) and Tourney (28) 
have clearly demonstrated that survival and growth. are often determined 
by the extent of root competition for moisture and nutrients rather than by 
light. However, moisture conditions alone are not sufficient to explain 
why bunch grass and red cedar will grow in dry exposed rock cre\·ices and 
not in shaded ravines. Root competition does not account for the large 
numbers of epiphytes and lianas which give the characteristic appearance 
to the tropical rain forest. 

The problem of the light requirements of plants is of importance to 
the greenhouse man as well as the forester and the plant ecologist. Even 
the fancier, who tries to grow plants in living rooms or sun porches, is 
concerned with the light required to get healthy, vigorous grmvth of his 
plants. 

In the study which follows an attempt has been made to discover what 
the light requirements for the survival of a few plants are, and how the 
rate of growth changes with increasing light intensities. A studv of the 
effects of light quality upon growth has also been made, with p;rticular 
emphasis upon the blue region of the spectrum, as compared \Vith the red. 

DISCUSSION OF LITERATURE 

Effect of Light Intensity Upon Photosynthesis 

Blackman and Matthaei (2) and others have shown that with low 
lighth1tensities the rate of photosynthesis is almost directly proportional 
tothelight intensity if other factors are not limiting. At higher intensities 
the slope of the curve falls off and approaches a line parallel to the axis, as 
$own by B8ysen)ensen (4} and Harder (13). 
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Effect of Shading on Plant Growth 
The effects of shading on plant growth were studied by Combes (6), 

Garner and Allard (10), Lubimenko (19), Popp (21), Rose (23), Shantz 
(27), arid Zillich (29). 

Lubimenko found that the amount of dry matter produced increased 
with increasing light intensity up to a certain maximum and then decreased. 
He states that the optimum intensity for growth increases as the chlorophyll 
concentration decreases. His light intensities are all expressed in terms of 
the transmission of a certain piece of glass. Robinia Pseudo-Acacia, Pinus 
silvestris, Fraxinus excelsior, and Tilia parvifolia attained maximum dry 
weight at intensities corresponding to those which would pass through 7, 9, 9, 
and 27 layers of the glass respectively. Helianthus annuus attained 
maximum dry weight under full sunlight. Lubimenko states that chloro
phyll concentration increases with decreasing light intensity until a certain 
maximum is attained and then diminishes. Plants having a high chloro
phyll concentration have greater power to vary it, and can thus adapt 
themselves to a wider range of intensities than those which have a low 
chlorophyll concentration. They also attain maximum dry weight at 
lower light intensities than plants having low chlorophyll concentration. 
He found that height and leaf area behaved as dry weight but attained 
maximum development at lower intensities. The percentage of dry matter 
usually decreased with decreasing light intensity. He noticed that in 
general root growth increases and stem growth decreases with increasing 
light intensity within certain limits. Since no measurements of light 
intensities were made it is difficult to compare his results with those obtained 
by other investigators. 

Combes (6) found the optimum light intensity for the production of 
dry matter in plants to increase with increasing age of the plant. Maximum 
dry weight of fruit always occurred in full light intensity. His optimum 
intensities are somewhat higher than those given by Lubimenko, but 
otherwise his conclusions are in general accord. Rose (23) obtained 
maximum growth with full sunlight intensity. The shades used by Combes 
and Rose were much larger and more satisfactory than those of Lubimenko. 

Shantz (27) found the fresh ·weight of potato, cotton, lettuce, and 
radish to increase with decreasing light intensity from 50 to IS percent of 
full sunlight in Louisiana. None of the plants he tested were able to grow 
past the seedling stage when the light was reduced to 6 percent of full 
sunlight. Dry weight determinations were not made. 

Garner and Allard (ro) found decrease in seed production and in dry 
weight of tops of soy-beans when grown under shades. Zillich (29) noticed 
a delay in the time of flowering and fruiting of plants grown under lattice 
shades. The optimum intensity for green weight was 50 to 75 percent 
intensity for most of the plants he used. He found that weeds attained 
greater dry weight under reduced light intensities while cultivated plants 
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TABLE I. Dry Weight Produced Under Different Light Qualitles. (Data from Popp, 1926) 
'---

Dry \Veight per Plant (grams) Dry \Veight per 100-percent Intensity* 
Wave Lengths Light Intensity (Per-

House Transmitted cent of Outside 
Number (millimicrons) Illumination) Sudan Sun- Soy- Sudan Sun- I Soy-Grass flower Tobacco Tomato bean Grass flower Tobacco 

Tomato _ _::_ 

I. ..... 312-720 80.0 5.35 26.56 20.60 77.01 2.82 6.7 33.2 25.7 96.3 3.5 
II. ..... 290-720 46.6 5.37 20.II 25.IO 86.09 2.58 rr.5 43.I 53.9 184.9 5.5 

III ...... 389-720 66.l 5.61 19.73 2r.60 8343 3.01 8.5 29.9 32.7 126.1 4.6 
IV ...... 472-720 56.7 3.66 6.06 15.IO 66.oo 1.98 6.4 10.7 26.6 II6.2 3.5 
v ...... 529-720 37.0 3.76 0.36 13.00 59.09 o.86 10.2 I.O 35.I 160.0 2.3 

* Calculated by the writer. 
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Bates and Roeser (I) grew coniferous seedlings for a period of nine 
months under artificial illumination of IO hours daily duration. The 
experiment was arranged so that the plants grew at varying distances 
from the light source. By measuring the radiation intensities under 
which the plants survived, a minimum light requirement was obtained. 
This intensity was compared by the use of a thermopile with noon summer 
sunlight at Colorado Springs, Colorado, for the year of 1926. The method 
of comparison is open to the criticism made of Burns's work. Redwood 
survived with 0.62 percent and pifion pine with 6.3 percent of total solar 
radiation. Their curves showing the amount of dry weight produced at 
different light intensities show a straight line for redwood, which has the 
lowest light requirement, and curves convex downward for western yellow 
pine, Douglas fir, and pifion pine. The curve for Engelmann spruce is 
S-shaped. 

Davis and Hoagland (8) reported on the growth of wheat under artificial 
conditions. They found the dry weight produced to be directly pro
portional to the light intensity over the range of intensities they used. 
Dry weight seemed to bear an exponential relation to the length of day. 

Effects of Light Quality on Growth 

The effects of light quality upon the growth and form of plants was 
studied by Popp (22). He found very little difference between plants 
grown under full sunlight conditions and those grown in the absence of 
ultra-violet radiation. When all wave lengths shorter than 529 mµ were 
removed the growth was poor, the plants were weak, and lower in fresh and 
dry weight. When the dry weight per unit intensity is considered the 
plants grown under the complete solar spectrum appear to have the ad
vantage. This result is exaggerated by the fact that the intensity was 
lower in this light quality than in any other except that of house 5, which 
eliminates all the blue, Table I is taken from Popp's data. 

The effects of different ranges of wave lengths on the anatomical develop
ment of plants were studied by Miss Pfeiffer (20). The full solar spectrum 
gave better development as expressed by greater stem thickness, height, leaf 

. ' thickriess and differentiation, and extent of root system, than any of the 
othe.r qualities used, with the visible spectrum next best. The red and 
blue were poorest, partially due to their lower intensities. 

Sayre (25) studied the chlorophyll development in different spectral 
. r~gions~ H~ found no chlorophyll development in wave lengths longer 
· .. than .680 millirnicron,s'. · In the visible region chlorophyll formation occurred 
in allspe¢tt;al :regions if sufficient energy were present, the red being most 

... :~ffective, folfowed by the green and blue. The chlorophyll development 
' · · w~s judged by noting the relative greenness of the plants. 
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METHODS 

Light Conditions 

16-j 

In experiments designed to study the effects of light conditions upon 
plant growth either sunlight or artificial light may be used. Sunlight 
varies over wide limits from day to day and from hour to hour, in addition 
to its seasonal variation~. Davis and Hoagland (7) grew wheat plants 
for 30 days at different times during the year and found variations in dry 
weight of from 15.2 grams to 97.5 grams per IOO tops. The temperature 
was maintained at 20.5° C. throughout the year. These results are 
attributed to variations in solar radiation. The magnitude of the daily 
and seasonal variation in solar radiation may be appreciated from an 
examination of meteorological reports. All light experiments described 
below were carried out at the Boyce Thompson Institute for Plant Research 
at Yonkers, New York. The sunlight conditions prevailing during the 
time of any experiment are shown in the reports of the New York l\1eteoro
logical Observatory. 

Owing to these great variations in sunlight, it is difficult to carry out 
quantitative experiments on the effects of sunlight intensity on plant 
growth, and it is impossible ever to duplicate exactly the light conditions 
of one experiment in a later one. Artificial light may be maintained fairly 
constant, but it differs greatly in quality from sunlight. In this work both 
artificial light and sunlight have been used. 

Constant-condition Room 
The plants grown under artificial light were placed in the constant

condition room at the Boyce Thompson Institute (3). In order to get a 
range of intensities two I ,500-watt lamps were suspended in front of the 
air inlet (Pl. XXVIII, fig. I). The light intensities varied from 20 to 700 

foot-candles depending upon the position in the room. Hourly variations 
in light intensity were negligible as shown by the pyrheliometric record. 

TABLE 2. Shading Cloth Used for Greenhouse and Out-of-door Shades 

Average Light Intensity 
Green- Out- Mesh (Percent of Outside) 
house side Shading Cloth Used (No. Threads 
Shade Shade per Inch) 

Greenhouse Outside 

E - 2 layers muslin 52 x 56 I.O 
D d I layer muslin 52 x 56 8 20 
c c I layer cheesecloth 36 x40 I9 47 
B b I layer cheesecloth 24 x24 40 74 
A a none - 7r IOO 

The lamps did deteriorate during the course of the experiment and were 
replaced on May r. Temperatures were uniform throughout the room. 
At a distance of two feet below the lamps the rise in temperature due to 
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their heat was less than 0.5° C. Continuous records of temperature as 
measured by both wet and dry bulb thermometers were taken by Cambridge 
resistance thermometers. The temperature varied from 25° to 27° C. 
with an average of 26° C. and the relative humidity varied from 89 to 93 
percent in both light and dark rooms. Normal atmospheric carbon dioxid 
concentration >vas used. 

The plants shaded one another to some e:ttent. This shading was 
taken into account in making the light measurements. 

Greenhouse Shades 

Four wooden frames, 3 x st x 4 feet high, were placed in the green
house and covered with different weaves of cloth to provide a range of 
light intensities (PL XXVIII, fig. 2). Table 2 shows the arrangement. 

The transmission of the shading cloth was measured at 8 different wave 
lengths distributed over the visible spectrum by means of a Konig-l\fartens 
spectrophotometer. The transmission of the cloths used was the same 
for all wave lengths tested. 

Measurements of light intensity in the different shades were taken with 
the Macbeth illuminometer on cloudless days between the hours of 
r I :oo A.M. and 12 :30 P.M. The measurements \Vere taken in foot-candles 
and compared to total daylight intensity. These percentage intensities 

TABLE 3. Temperature and Humidity Conditions ·in Greenlzoi>se Slzades, 
October 24-March 23, 1927-28 

Shade .•.•......................... , ...... E D c 
I 

B l Temperature, degrees C. 
Maximum recorded .. ; .............. 28 28 29 30 
Minimum.recorded .................. r9 r9 r9 19 
Mean ............................. 24.2 24.0 23.9 23.3 
Average algebraic deviation from daily 

mean ............................ +0.5 +0.3 +0.2 -o.6 I 
Average absolute deviation from daily 

j mean ............................ o.6 04 0.4 o.8 
Mean weekly evaporation from Living-

ston standardized atmometers, cc. 

I of water ......................... I!8 95 roo ;6 

A 

30 
19 
23.7 

-04 

0.9 

73 

showed some variations with the progress of the season, due in part to the 
change in the angle with which the sun's rays struck the greenhouse glass. 
Owing to the seasonal variations in illumination only plants grown at the 

. same time can be safely compared. · 
Each shade was provided with forced ventilation from a commercial air

conditioning machine. The temperature and humidity variations in the 
different shades were thus kept at a minimum (table 3). 

Temperature conditions during the summer were higher and showed 
average deviations of 0.5° to 0.9° C. 
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The temperature table was made up from daily readings of thermometers 
placed in the different shades. Readings were made at all hours of the day, 
but most of them were made at about noon ·when the deviations \\·ere largest. 

Outside Shades 
Three cubical wooden frames 8 feet on a side were set up in the garden 

and covered with one layer of the three shading cloths used in the green
house shades. Figure 3 of Plate XXVIII shows a view of a shade with 
one side removed. Forced ventilation was supplied the three shades from 
a fan at a rate calculated to provide for a complete air change every one 
and one-half minutes. 

Temperature and evaporation conditions are shown in table 4. 

TABLE 4. Temperature and Evaporation Conditions in Outside Cages, June 8-August I 

::::t ;~~~~-s~~y" · l~~~~~~~t ·· ·· ·· . : · .. ·· ·· : : · ... · .· : ·. · .. · .· : ·. · ... · : 1--2-:-·- --4·-:---i--7-:--- --r-;4-o--
------------------------·- -----____ , __ _ 
Temperature, degrees C. 
Maximum recorded ...................... . 
Minimum recorded .......................... . 
:Mean ..................................... . 
Average algebraic deviation from daily mean ... . 
Average absolute deviation from daily mean ... . 
Mean weekly evaporation from Livingston stand-

ardized atmometer cups ................... . 

32 
IS 
25.2 

+0.3 
0.5 

47 

Spectral Houses 

34 
I4 
25.0 

+a.I 
04 

66 

34 
I4 
24.7 

-0.I 

0.3 

33 
14 
24.8 

-0.3 
0.5 

85 

To test the effect of light quality upon growth, plants were grown in 
the spectral glass houses at the Institute. These houses were described by 
Popp (22). A blue glass has been substituted for the window glass and 
Corex has been substituted for G 86 B. The house numbers have been 
rearranged slightly. 

Text-figure I shows the spectral transmission curves in the visible 
region of the different glasses used as measured on the Konig-Martens 
spectrophotometer. Text figure 2 and table 5 show the limits of trans
mission as determined by the Hilgar quartz spectrograph. 

TABLE 5. Visible and Ultra-violet Spectral Regions Transmitted by the 
Various Light Filters Used 

House 
No. 

Name of 
Glass 

I .................... Noviol "O" 
I I . . . . . . . . . . . . . . . . . . . . '' Corex' ' 

III .................... G 403 ED 
IV .................... Noviol "C" 
V .................... G34 

Wave Lengths Trans
mitted (millimicrons) 

389-720 
290-720 
374-585 
472-720 
529-720 

The glass was manufactured by the Corning Glass Company. 
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Temperature and humidity conditions prevailing in the houses at the 
time of growth are shown in table 6. 

TABLE 6. Temperature and Ez•aporation Conditions in Spectral Houses, July II-October 22 

Bouse ......... · .... · · .. · .. · · · .. · · · · · " · · ___ ..!._, __ -~~-- --~~-1-----•----
Temperature, degrees C. ' ' 

JV v 

Maximum recorded. . . . . . . . . . . . . . . . . 42 40 40 
Minimum recorded............. 20 20 . 19 
Mean............................. 29.8 27.8 27.4 
Average algebraic deviation from daily 

mean............................ +2.o 
Average absolute deviation from daily 

mean ........................... . 
· Mean weekly evaporation from Living

ston standardized atmometers, cc. 
of water ........................ . 

2.0 

!04 

-O.I -0.3 

0.5 o.6 

r30 

38 
r9 
27.3 

-o.6 

0.7 

I..!-3 

TRANS/vi/SS/ON OF SPECTRAL GLASSES 

VIOLET BLUE GREEN Y£LLO ORANG£ RED 

620 660 

39 
r9 
27.2 

-o.6 

0.7 

I22 

1 

TEXT FIG. i. Transmission curves for glass of spectral houses. The Corex, house II. 
was unpolished. Actually it transmits about So percent of the light instead of 25 percent, 
The measurements were made on a Konig-Martens spectrophotometer. 

1n _order to secure comparable light intensities two shades were arranged 
in each house, _so that in each quality condition three intensity conditions 
were maintained. Light intensity measurements were made with thermo
piles and with the Macbeth illuminometer. Measurements made with the 

instruments showed fairly close agreement. 
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TEXT FIG. 2. Transmission spectra of the glasses used. Spectra obtained by use of a Hilgar quartz spectrograph illuminated with a 
mercury-vapor arc in quartz. The figures on the scale show the wave length in hundredths of microns. 
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Effects of Differences in Soil Moisture on the Dry Weight and 
Root Development of the Bean Plant 

Since it is very difficult to maintain soil moisture uniform in pots placed in a series of 
shades, the question arises as to whether or not slight variations in moisture are likely to 
cause significant differences in the dry weight. Accordingly a special experiment was car
ried out at the Connecticut Agricultural Experiment Station in New Haven, to answer this 
question. • 

An early variety of red bunch bean was grown in a rich medium sand soil in two-gallon 
glazed jars. The moisture content of the jars was controlled by filling to weight every other 
day. The water was added through a glass U-tube which ended in an inverted clay pot · 
filled with gravel. The water distributed itself uniformly through the soil except for the 
upper inch in the drier pots. 

The soil moisture varied from a point where the particles of soil would scarcely cohere, 
to a point where moisture would drip from the soil. The plants in the driest soils sometimes. 

TABLE 7. The Influence of Soil Moisture on tlze Dry Weigltt and 
Root Development of the Bean 

Soil Moisture 
(percent of 
dry weight) 

Dry Weight 
of Tops, xo 

Plants (grams) 

7 ............................ 22.6 
IO ............................. 22.3 
II ............................ 20.8 
I2 ................. · ·. · · · · · · · · 23.7 
15 ....................... ' .... 22.6 
16 ............................ 22.3 
18 ......... : .................. 20.3 
18 ........................ ' ... 24.9 
25 .... ; ... ' ... ' . . . . . . . . . . . . . . . 29.4 
27 ............................ 24.I 

Root Development 

very extensive 
very extensive 
very good 
very good 
good 
good 
good 
good 
poor 
poor 

wilted slightly on bright days. Table 7 shows the results obtained. An examination of the 
table shows that no significant differences in dry weight were produced by the experimental 
conditions imposed on the plants. 

Species Used 
The following species of plants were used in these investigations: buck

wheat (Fagopyrum esculentum Moench.) variety Japanese; dwarf sunflower 
(Helianthus cucumerifolius Torr. and Gray): Galinsoga parviflora Cav.; 
avens (Geum canadense ]acq.); green and purple wandering Jew (Trade
scantiafittminensis Vell. and Zebrina pendula Schnizl.); hog peanut (AmpM
cprpa monoica (L.) Ell.); California redwood (Sequoia sempervirens Endl.); 
loblolly pine (Pinus Taeda. L.), tomato (Lycopersicum esculentu.m MiIJ.) 
variety Bonny Best; tobacco (Nicotiana Tabacitm L.), variety Turkish. 

]'re~tment of Plant Material. Before. and During the Experimental Period 
· · .. · .•. ·The .p~ants were. grown)n .a .rich. composted loam soil, containing a 

hJgh •sai;ld. fra~tion.· . Th:e soil was sterilized with· stea.m. a.nd leached before 
using. · Eight~inch clay pots were used for growing all plants except tomato 
andto!:>acco, whkh were grown in two-gallon jars perforated at the bottom. 
~qck~heat seeci .was sown iu the pots. When the cotyledons had com- j . . 

. 
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TEXT FIG. 3. The influence of I2 hours daily artificial illumination of different 
intensities on the production of drv matter in plants. The dry weight is almost directly 
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pletely unfolded the plants were thinned to 15 to 25 plants per pot, and 
allowed two or three days to adjust themselves before placing under the 
shades. All other plants were transplanted to the pots soon after their 
first pair of leaves had unfolded. Redwood and loblolly pine seedlings 
were usually 2 to 5 centimeters high when placed in the cages. Geum was 
I to 2 months old. A sample of each species of plants was taken for dry
weight determinations at the start of an experiment to determine the 

05 

04 

0 

Constant Lighr Room 
Col71in11of!$ //lumination 

• Gevm 
.. Hog Peanvt 
" Ga7in.so9cr }(. l='ull scale 
0 Redwood 

10 20 3() 40 50 60 
Light Intensity Foor Candle.s 

70 

TEXT FIG. 4. The influence of continuous artificial illumination of different in· 
tensities on the production of dry.matter in plants. · 

initial dry weight. FOr sunflower, buckwheat, and Galinsoga 15 to 20 

plants were grown per pot. Loblolly pine was grown IO to the pot, and 
Geum and redwood 5 plants to the pot. Tobacco and tomato were grown 
·.in individual pots. 
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The plants were watered and examined daily. Measurements •vere 
made of height each week, and notes taken on the general appearance and 
progress of the plants. 

Analysis of Plant Material 

The annual plants were grown until flowering and usually until fruiting 
had started. Before harvesting, one or more average dominant plants 
were chosen from each pot for leaf area and chlorophyll determinations, 
except in tomato and tobacco where only one leaf from each plant was 
used. A blueprint of the leaves was made and the area determined by a 
planimeter. After blueprinting, the leaves were used for chlorophyll 

4 
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GREEN HOIJSE SffAOES 1927 

FN·.sr .series 
«> Bvckwl!eat Octl2-.Ncw:2J 
e Gcrl!nso9a Oc7:21-Nou29 
o .Sunflower oct21-11011.<30 

10 Jg 30 36 1-0 50 
LuJllT 1nren.stty per c<?nr ol' rota! cvnl19ht 

60 7i 

TEXT FIG. 5. The production of dry matter in different intensities of ·daylight. 
The curve for buckwheat is convex upwards while the others are approximately straight 
lines. 

determinations. Chlorophyll was estimated by the method of Willstatter 
and Stoll as modified by Schertz (26). A colorimeter was used to compare 
the pigment with a standard made up from crystalline chlorophyll, and the 
standard described by Guthrie (12). 

The remaining plants were used for fresh- and dry-weight determinations. 
The plants were cut off at the surface of the soil and the tops weighed 



174 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

immediately. They were then taken to a cold room and frozen. The 
next day the frozen plants were run through a fo~d chopper. The ground 
material was thoroughly mixed and a proportionate sample taken for 

.7 

5 

4 

GREENHO!JSE SHADES !987-1928 

.secO!ld seni?.S 
() 81JCkWht"at Dec 2.5'· Feb I 
• r;; alm.soqa Dec 16 ·./an 14 
o S 1Jnflower Dec 16-Jt711 II 

16 20 ..30 40 50 5.S 60 
L1911t intensity pPr cent or "fotcll .svnl1jht 

/J s 10 

TEXT FIG. 6. The influence of shading in midwinter on the production of dry matter. 
These curves approximate straight lines closer than those of text figure 5 where the total 
amount of light received was greater . . 
moisture determination. If the plants ·were small the entire plant 'Nas 
used for a moisture. sample. The moisture samples were dried to constant 
weight in a vacuum oven run at 70° C. The roots of redwood, Ioblolly 
pin,e, and G:eum were washed out and dried separated from the tops. 
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In each experiment from 2 to 6 pots of plants were used in each light 
condition. In the analysis of the material for fresh and dry weight the 
plants of each pot were treated separately so that the average deviations 
for the individual pots could be calculated. The complete data taken on 
each set of plants were considered too bulky to be included in this paper. 
The curves and data presented are the mean values from a large number of 
plants. In the constant-condition room 20 redwood and Geum plants 
were grown in each intensity and 40 of all other plants. In the spectral 
house shades IO Geum plants and 30 sunflowers and Galinsoga plants were 
grown in each condition. In the greenhouse and outside shades from 15 
to 30 of ·each perennial species, and 30 to 150 of each annual species, were 
used in each shade except tomato and tobacco, of which six were used. 

RESULTS 

Light Intensity Studies 
In the constant-condition room with 12 hours daily illumination all 

plants except sunflower survived for the period grown with less than 50 
foot-candles illumination (table 8). Although sunflower showed some 

TABLE 8. Survival at Low Intensities 

No.of Light In- Per- Percentage In-
Plant Days tensity (foot· centage crease in Dry 

Grown candles) Survival Weight 

Sunflower ....................... 48 46 0 -
Geum ... •...................... 54 4r 90 358 
Redwood ....................... 55 30 90 66 
GaUnsoga ............. . · ......... 35 25 92 r,670 
Buckwheat ..................... 48 26 96 2,500 

growth at first in the lower intensities, it died before the experiment was 
closed. The buckwheat plants had started to die in the lower intensities 
when harvested. 

Of the plants grown under shades, all except sunflower showed 50-
percent survival under the lowest intensities maintained, from 0.5 to 1.5 
percent of total sunlight. Sunflower survived better under I-percent 
intensity during the winter than during the summei;. This was probably 
due to the higher temperature in summer which increased the rate of 
respiration. Redwood plants survived for 6 months with I-percent sunlight 
intensity but half of them had died by the end of the seventh month. 
Loblolly pine survived five months under the same conditions but was 
dying by the end of the sixth. The herbaceous plants were grown for 
much shorter periods of time. 

Production of Dry Matter 

With twelve hours daily illumination in the constant-coI).dition rooms 
the dry weight produced by the plants grown was almost directly pro-
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portiona! to the light intensity up to the highest intensities available under 
the two I ,500-watt lamps. A similar result was obtained with continuous 
illumination except that at 70 foot-candles hog peanut showed a decrease 
due to the injury caused by continuous illumination (text figs. 3 and 4). 

During the winter the dry weight produced by the shaded plants was 
almost directly proportional to the light intensity received up to the highest 
intensities available in the greenhouse (text figs. 5, 6, 7). During the 
summer, some plants in the greenhouse shades showed a tendency to use 
the light less efficiently at the higher intensities (text fig. 8). The plants 
grown in the outside shades under lower night and day temperature con
ditions showed different shaped curves (text fig. 9). The slope of the 

GREENHO!J$E SHADES 1928 

80 
SVNLIGlfT 

TEXT FIG. 7. The effect of different daylight intensities on the production of dry 
matter in plants in the early spring. Only one series of redwood and Ge11m gave curves 
convex upwards. The relative positions of the curves are not significant. 

curves decreased and there was a tendency to develop maximum dry weight 
at lower light intensities than inside. The light intensity may be reduced 
SO percent during midsummer without seriously affecting the growth of 
the plants studied. A further reduction to 20-percent intensity caused 
decreased dry weight for most of the plants used. Later in the season 
thesame plants gave curves convex downward but not tending to nm 
.parallel to the axis (text fig. IO). · 

Redwood and Geum produced maximum dry weight at 50 and 75 
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Gree11house ShadfJ.s 1928 

Redwooc/ /ffarc/J 2 7-0ct 212 

Tomato Apr. 30-vune.s 

Gevm March 27-1.lvne 4 

.fa Sunflower cJvne6"-Av9. 13 

Lob/oily Apr. JO-Oct 9 

Ga11n.so9C1 vvne 6"- /-lug. 8 
$11nflower Sept. EG-oct '2 9 
flog Peanut !Van:h 21-cJune 1 
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Light i11ten.s1ty percent of f"o"tal .svnliqlrt 

177 

TEXT FIG. 8, The effect of different degrees of shading on the production of dry 
matter in plants grown in the greenhouse in midsummer. Tomato, hog peanut, and Geum 
show a decrease in the efficiency with which they use light at the higher intensities. For 
all other plants the dry weight is almost directly proportional to the light intensity. The 
relative position of these curves is not significant. 

. . 
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percent of full summer sunlight. When placed in direct sunlight, growth 
in these plants, together with loblolly pine, appeared to have been arrested. 
They immediately developed considerable red pigment in the leaves, while 
the tips of the leaves turned brown and died. Later they apparently 

1.0 

Ot/f.sicle .sllacles 1.h11e I to Sept: 26, 1.928 

J1Jne1-t}S.fd-() 
Loblollv.. - -fT'- - -
..- - "'rict!t//.s Cl vu! !O-Au .IS 

Ga//17.soqa 0 c..11J11e h./t1(y 6 0 

0&.-~~~2'~~'--~----4~0------~6i~V--------8~0----~--IC\:?-'-~--~--" 

Ught inteno>ity per cent or total .svnlighT 

TEXT FIG. 9. The effect of different daylight intensities on the production of dry 
matter in plants grown out·of-doors in midsummer. At this time of year a reduction to 
one-half of full daylight caused little decrease in dry weight. 

became adjusted and were growing nicely when harvested. AH other 
plants used produced maximum dry weight in full summer sunlight. 

A careful examination of the curves will show a slightly different shape 

.. 
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for different species under comparable light intensities. The curves for 
Geum, hog peanut, redwood, tomato, and buckwheat show a tendency 
towards being convex upwards while for sunflowers, tobacco, and Galt'.nsoga 
the curves are nearer straight lines or convex downward. As one would 
expect, plants which usually grow in the shade, as Geum and hog peanut, 

011ts1de shades Au910 to Sept c?O, 1928 

20.0 

0 20 10 60 80 
Li9h"t inten.sity per cent or -toiat .Sl)/'l/lqht 

TEXT FIG. IO. The production of dry matter in plants under a range of daylight 
intensities in the late summer. Any decrease in intensity at this time of year caused a 
corresponding decrease in the production of dry matter. 

were found to use light less efficiently at high intensities than at low ones. 
On the other hand, one would expect plants which usually grow in sunny 
habitats to use light with equal or greater efficiency at moderately high 
intensities than at low intensities. Sunflower and Galinsoga maintained 
their initial efficiency rate at considerably higher intensities than Geum 
and hog peanut. 

Total Solar Radiation Required for Growth 

Hourly records of the total solar radiation in gram calories received on a 
square centimeter of horizontal surface are published each month by the 

13 .. 
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New York 1\1eteorological observatory located in Central Park, New York 
City. The Boyce Thompson Institute for Plant Research is only 13 .m~les 
from this observatory, so it seems reasonable to assume that the rad1at1on 

GREENHO!IS'E SHADES 1927-1928 
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TEXT FIG •. II. The influence of total solar radiation received on the production of 
<lry matter in plants. Note that the plants receiving the longer daily period of illumination 
grew better than those grown in midwinter. 

received at the Institute over a period of a month or tnore would be approxi
mately equal to that received at Central Park. 

Text figure I I shows the amount of dry weight produced per plant per 
gram calory of radiation received on a square centimeter of horizontal 

'· 
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surface. During the period over which these plants were grown the 
temperatures were held fairly uniform as shown above. It will be noticed 
that for both Galinsoga and sunflower the plants grown in midwinter with 

Ou/side Shades 1928 

17 

15 

/OJ 

20 f-C 60 80 100 
Lij/Jr intensity per cent of rota! .svnliqht 

TEXT FIG. r2. The influence of light intensity upon the percentage of dry matter in 
plants. 

the shortest day lengths produced the least dry matter per unit energy 
received. This is in accord with results presented by Davis and Hoagland 
(8). Aside from this point the correlation between plants grown at one 
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time as compared with another is not close. This lack of correlation is 
partly due to the fact that the plants were not all harvested at the same age. 

Percentage of Dry J!latter 

The percentage of dry matter in the tops of plants increased with 
increasing light intensity, as shown in text figure I2. 

Ot1f sicle s/Jades 1228 

20 fO 60 80 100 

Light lrtteMity per cent of f'of'al .svnJ19ht 

TEXT FIG. 13. The influence of light intensity on the proportion of root to shoot. 

Ratio of Root to Shoot 

Low light intensity favors top growth at the expense of root growth. 
This is well demonstrated in the ratio of dry weight of roots to dry weight 
of tops (text fig. I3 and Pl. XXIX). 

Height Growth 

With decreasing lightintensity the plants studied tend to increase their 
height. The height attains a maximum at about 20 percent of full summer 
sunlight, or.60 percent oflate summer sunlight (text figs. 14 and r5 and Pis. 
XXIX-XXXI). Upon further decrease in light intensity the height 
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falls off rapidly. It seems evident that the light intensity cannot be reduced 
below the point at which maximum height growth occurs without causing 
incipient starvation of the plant. Plants under high light intensities tend 

Ot1fsicle Shades !9E8 

/.r?O 

Gali11soga 

Rec/wood 

Loi?lolly 

as..---...... _.....i..~--~--..1.-~~~.....i.--~--~..a...~~~.....ii.............11 
~ ~ ~ ~ m 

Light intensity per cent" or -total .s11nlight 

TEXT FIG. r4. The influence of light intensity on the height growth of plants. 
Contrast with text figure 9, which shows the dry weight of the same plants. The tallest 
plants usually had the least dry weight. 

to attain complete height growth earlier than shaded plants due to the fact 
that they mature earlier (text fig. 16). 
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Strength of Stem and Form of Plant 

The stems of the plants grown under low intensities were weak and 
succulent, often too weak to support the plant (Pis. XXIX-XXXI). 
The lack of sufficient woody material accounts for their weakness and 
brittleness. The heavily shaded plants had long internodes and few 
branches. The density of growth increased with increasing light intensity 

robacco 

Ovf.s!dt? Shades 1928 

00~----------------~--------'!------------------....... ----~ 20 10 60 80 100 
Light" i11ten.stty perce.nr of rota! .stmlight 

TEXT Fm. 15. The influence of shading in late summer on the height growth of 
plants. At this season a decrease to 20-percent intensity caused a decrease in height 
growth. Text figure IO shows the dry weights of these plants. 

Leaf Development 

The leaf area per plant seemed to follow height growth rather closely 
and attained a maximum at about the same light intensities. Leaf thick
ness increased with increasing light intensity as shown by the weight of 
100 square centimeters of leaves and by cross section studies (text fig. 17) . 
. Th~ internal structure was also modified by light intensities. Under low 
intens;ties the palisade tissue decreased from two layers to one layer, while 

· t.he intercellular spaces increased slightly. 

Chlorophyll Concentration 
Table 9 shows the chlorophyll concentrations.per unit leaf weight and 

per U!lftleaf area. Fo.r all plants studied there is a tendency to increase 
the 'chlorophyll <con~ntration with· decreasing light intensities until a 
.crjticalintensity is reached .. Further decrease in light intensity causes a 

. d~erease in chloropnyll concentration. This is more pronounced when 
'" \,.'·· 

• 
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TABLE 9. Chlorophyll Concentration in Leaves 

' 
Plant Material. ....................... Chloraphyll per IO Grams Chlorophyll per roo Sq. Cms. .... Fresh Leaves (milligrams) Leaves (milligrams) 

Outside Shades I 

Light Intensity (percent) ............ ~12?_ 74 IOO 20 47 74 IOO 
--

Sunflowers, June 5-Aug. 20 .......... I7 II II 9 3.I 2.3 2.3 2.7 
Tomato, June r-Aug. 8 .............. 20 rs 14 !2 3.5 3.3 3.2 3.6 
Tobacco, June 5-Aug. rs ............ r4 IO II 9 2.7 2.9 3.4 2.7 
Galinsoga, June I-Julys ............. !8 II II I2 2.7 I.8 I.9 2.3 
Geuin, June s-Sept. 2 r .............. r6 16 IO r2 3.5 4.7 3.3 3.7 
Galinsoga, Aug. 16-Sept. 16 .......... 32 20 24 IS 5.r 2.8 3.7 2.9 
Tomato, Aug. IO-Sept. 17 ........... 26 IS rs IO 3.5 3.0 3.2 2.9 
Buckwheat, Aug. 17-Sept. r6 ........ 19 ?" 19 r6 2.9 3-4 2.8 2.s -J 

--------·----------
Greenhouse Shades 
Light Intensity (percent) ............ I 8 r9 40 71 I 8 19 40 7r 

--------------------
Hog peanut, March 27-June 4 .. ...... SS 63 41 38 28 3.r r.9 r.3 r.3 I.2 
Geuin, March 27-June 4 ............. 28 34 33 27 24 3.6 4.r 4.6 4.7 4.0 
Galinsoga, Junes-Aug. 8 ............ 21 29 31 25 22 3.3 3.r 3.4 3.0 3.0 
Tomato, April 30-June 5 ............ 9 22 18 I3 II r.9 2.8 3.I 3.r 2.4 
Sunflower, June 5-Aug. r3 ........... - r7 17 20 I2 - 2.5 2.8 3.3 2.3 

considered on the basis of leaf weight than on the basis of leaf area. Sun
flower has a relatively low pigment concentration, and shows relatively 
slight variations with light intensity. Hog peanut, on the other hand, 
showed higher concentrations and larger variations under different in tensities 
than the other plants used. 

Flowering and Fruiting 

The first flowers were produced at about the same time under all light 
intensities unless the light intensity was so low as to seriously stunt the 
growth. While shading caused no appreciable delay in the time of appear
ance of the first flowers, maximum flower development occurred earlier 
with the plants receiving the higher intensities. Ripened fruit also could 
be found in all intensities at about the same time; however, in the higher 
intensities maximum fruit development was earlier. Shading seemed to 
prolong the vegetative and fruiting periods, while full sunlight intensities 
hastened maturity. These observations on flowering and fruiting are 
based on buckwheat and Galinsoga which flower and fruit on any day 
length from 9 hours to 24 hours. Plants grown with less than IO percent 
of full summer sunlight produced only occasional flowers and no ripened 
fruit. Sunflower never flowered on less than 19-percent intensity; buck
wheat and Galinsoga, on the other hand, flowered with 8-percent intensity 
but did not fruit. 

Light Quality Studies 
Dry Weight 

Table IO shows the production of dry matter with IO-percent light 
intensity in the different spectral regions. The dry weight curves for Geum 
ate shown in text figure 18. 
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The entire visible and ultra-violet solar spectrum, house II, is more 
efficient for the production of dry matter in the plants grown than any of 
the other qualities used. Removal of the ultra-violet and some violet, 
house I, causes no very significant decrease in efficiency. Blue light, house 
III, also gave satisfactory growth. When all the blue is removed, as in 

He(ghf growth ct1rve 
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TEXT FIG. 16. The influence of different daylight intensities on the weekly height 

growth of sunflowers. The plants in full daylight were always shorter. Those receiving 
20-percent intensity continued rapid height gwwth after the others had begun to mature. 

TABLE IO. Spectral Shades. Dry Weight per Plant in Grams Under 10-

Percent Light Intensity 

Wave Lengths Transmitted (millimicrons) 

n III I rv v 
290-720 374-585 389-720 472-720 529-720 ------------

GaUnsoga, May 30--July 5 ................... .57 .3I .40 .30 .z6 
Galinsoga, July 1-Aug. 15 ................... .28 .20 .29 .I6 .IO 
GaUnsoga, Sept. 9-0ct. I9 .................. .55 .27 .63 .37 .17 
Sunflower, June 5-Aug. 13 ...... ; ........... r.16 .55 .49 .13 .o.:i. 
Sunflower, Sept. r9-Nov. r ................. .40 ,22 .55 .20 .II 
Geum, July 10--0ct. 24 ...................... 2.30 1.32 I.08 I.26 .63 



B£D3 

BED4 

BED5 
TEXT FIG. I7. Camera lucida drawings of cross sections of buckwheat leaves of 

Oct. I2 to Nov. 23, 1927 series. The light intensities of beds I to 5 were r"espectively 71, ,,.,.,. .. 
36, 19, 5, and o.6 percent of full daylight. The lower intensities cause a decrease in th'e 
number of palisade layers, in the size of cells, and in total leaf thickness. The intercellular 
spaces increased somewhat. 
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house V, a serious decrease in efficiency results, while house IV is inter

mediate in efficiency. 
Form and Vigor 

Normal plants have not been grown without the use of blue light (see 
Pl. XXXII). The plants of house V, minus blue, were tall and weak, thus 
suggesting etiolated plants in appearance. The leaves were badly rolled 
and often crinkled. Plants grown under the blue glass seemed to be stunted 
somewhat, having very short internodes but rather sturdy stems. The 

Geum Spectral Shades 

7.0 Jv!y /(}-_Oct. 21-, 1928 

10 20 30 50 60 7tJ 80 
Light intensity per cent of' f"of"Q/ sunll9ht 

TEXT FIG. r8. The effect of different light qualities and intensities on the production 
of dry matter in Geum. Curve II is for normal daylight; curve I is minus ultra-violet· 
curve III (dotted) is blue light; curve IV is minus violet and part of blue· curve V is minu ~ 
all the blue. Quality His most efficient and quality Vis the least effici~nt. 

I 
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plants from house II were always most sturdy and vigorous, followed by 
those of houses I and IV. Blue light if of sufficient intensity prevents 
excessive elongation and an etiolated type of growth. 

Chlorophyll Concentration 
Table Ir shows the chlorophyll concentrations in the different houses. 

TABLE I I. Chlorophyll Concentration, Spectral House Shades 

Chlorophyll per 10 Gms. Chlorophyll per too Sq. Cms. 

-g Fresh Leaves (mgs.) Leaves (mgs.) 

"'";: -"' ::i a 
s.c: ·s 

Wi '<!' "' .... 
"' 

OI '<!' M .... 
"' OI 

·~ti " ... ·> ... " ... .:> ... 
~J °t:ifl ...l ~.,. 

. » 
~...; ...l ~,,. 

• » 
~t !:lo ~~ 

... 0 ,,_ 
=~ 

•U "'" i8 ~z "'" l!O "" i~ 
5)0 i::= ~b J! .;,~ ;<I 01 ~g I': I 

~* ~1 .ab. tl 
:l ~s 1~ ~~ = ... ·~ M 

!>. [/) 15. t! >. t! 1:l. ~ bl§ JSi ~~ ~i 
~ El r'3 ~ .. 

" ::1l " .... [/) .... .... [/) <n 

--------------------
65 IS I2 17 I4 IS 3.7 2.0 5.8 2.I 2.2 

389-720 II 2S I7 23 26 31 ' 4.8 2.7 4.1 3.3 3.7 
4 25 - 20 27 36 3.5 - 3.1 4.0 5.7 --------------------

68 12 IS I8 13 IS 2.8 3.2 2.6 2.2 2.3 
290-720 IO 29 r6 27 28 38 s.5 2.8 4.6 3.8 4.0 

5 27 - 22 29 31 3.7 - 3.6 3.6 3.7 ------------------.--
IO 20 I6 49 2S 29 3.9 3.4 4.0 3.6 4.0 

374-585 4 25 - 25 26 23 3.3 - 5.2 3.7 3.8 
I 49 - 20 3I 28 7.3 - 4.2 4.5 4.7 
--------------------

47 13 I4 20 I7 18 2.7 3.I 3.9 2.3 2.2 
472-720 25 23 I8 27 29 24 3.6 2.7 4.4 3.8 3.2 

9 18 - 25 29 29 2.8 - 4.0 3.5 4.1 
--------------------

37 16 20 12 IS I9 2.8 4-3 5.3 2.7 3.0 
529-720 I9 I7 - 17 24 II 3.3 - 4.I 3.7 3.6 

3 24 - 17 23 20 :~.9 - 2.4 4.I 3.4 

In all light qualities used, the plants increased their chlorophyll concen
tration with decreasing intensity to a certain point. For IO-percent 
intensity all qualities gave approximately the same chlorophyll concen
tration-house V was usually lower and house III often higher than the 
others. 

DISCUSSION OF RESULTS 

The light intensities needed for survival of the plants used seem to be 
even much lower than the values given for other plants by Bates and 
Roeser (1), Burns (5), and Grasovsky (II). However, the determination 
of the minimum light intensity required for mere existence of a particular 
species is probably of little ecological significance, since the plants studied 
demand ten times as much light or more for flowering and fruiting. It 
seems probable that if several species of plants were competing on an area 
which was illuminated by a light intensity well above that required for 

• ,,,- -
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survival the plants having the fastest growth rate would become dominant, 
at least for the first generation, rather than those having the lowest light 
requirement for survival. The difference in the ability to survive under 
low light intensities may be due not so much to differences in the efficiency 
of the photosynthetic equipment of different species as to differences in 
the basal metabolism of the growing plant. 

With increasing light intensity the rate of growth as measured by 
increase in dry matter is almost directly proportional to the light intensity 
up to 20 to 30 percent of full summer sunlight. Above 50-percent intensity 
the amount of growth increases very little with further increases in light. 
While slight shading causes no marked deleterious effects, shading which 
cuts out 80 percent or more of the light reduces the amount of growth 
considerably. 

The optimum light intensities for the production of dry matter were 
much higher than those found by Grasovsky (II), Lubimenko (19), and 
Shantz (27). They are in approximate accord with the values given by 
Combes (6), Garner and Allard (IO), Popp (21), Rose (23), and Zillich (29). 
Inview of the wide differences in species used, methods of experimentation, 
and especially of temperature and sunlight conditions, close agreement 
cannot be expected. 

The differences in the dry weight curves for the plants grown in the 
greenhouse shades compared to the plants grown in the outside shades at 
the same time are attributed in part to the higher range of light intensity 
outside, but largely to the higher temperature conditions prevailing inside 
the greenhouse. Temperature must have acted as a partially limiting 
factor in the outside shades. This is in accord with the conclusions of 
Blackman and Matthaei (2) for the influence of temperature on the rate of 
photosynthesis, and with data presented by Davis and Hoagland (8), 
which showed that the temperature required for optimum dry weight 
production increased with increasing light intensity, within certain limits. 

The correlation between dry weight produced and total solar energy 
received is not close. To secure good correlation of these factors the 
temperatures should be uniform, the day lengths should be the same, the 
plants should be harvested at the same age, and the light intensities should 
not be so high at any time as to either directly or: indirectly inhibit the rate 
of photosynthesis. 

A number of investigators have reported on experiments on the effects 
of light conditions upon the growth of plants in which height measurements 
and notes of general vigor were used as criteria of growth. For the plants 
used by the writer height and general appearance proved to be the least 
reliable criteria, while dry weight of the entire plant and dry weight of the 
fruit proved the most reliable. A comparison of text figures 9 and IO with 
r4 and 15 shows that dry weights increased while height decreased with 
increasing . light intensity. Even fresh weight may be deceptive due to 

I Ill 
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the much greater water content of the shaded plants. The necessity of 
considering the roots of woody plants is well emphasized by the redwood 
from the outside shades. At 20-percent intensity the root formed only 
25 percent of the dry weight of the entire plant, while at mo-percent in
tensity the root formed 46 percent of the total dry weight. Low light 
intensities tend to produce vegetative growth at the expense of flowers and 
fruit, top growth at the expense of root growth, large leaf area at the expense 
of leaf thickness, and succulence at the expense of sturdiness. 

Of the plants investigated sunflower is the most exacting. It needed 
more light for survival, more for flo\vering and fruiting, more for maximum 
height growth, and more for attaining maximum dry weight. Not only was 
sunflower more exacting in its intensity demands but it also showed much 
greater injury when grown in fractional parts of the solar spectrum than the 
other plants used. Sunfimver was able to use the light with almost equal 
efficiency up to the highest intensities used, provided the temperature was 
sufficiently high, while Geum and hog peanut showed a decided decrease in 
efficiency at the higher intensities. The increased efficiency of Geum and 
hog peanut at lower intensities may be attributed in part to their ability 
to increase their chlorophyll concentration. 

ECOLOGICAL SIGNIFICANCE 

Since the light intensities under forest canopies are only 0.16 to 20 
percent of full sunlight, and since a reduction of the light intensity below 
20 percent of full sunlight causes a marked decrease in the amount of dry 
matter produced by plants, it seems evident that the light intensities 
prevailing under well stocked stands of forest trees are almost always 
below the optimum for the growth of higher plants, and may often approach 
the limiting values for survival. However, it should be borne in mind that 
light is not the only growth factor which may be below the optimum in the 
forest. 

The change in quality of the light passing through the forest canopy, 
on the other hand is not a serious factor in the growth of the plants. The 
loss of the blue spectral region due to absorption by the leaves is more than 
compensated for by the gain in percentage of skylight as shown by Klugh's 
measurements (15, 16). The loss in the red region causes no significant 
difference in the efficiency of the light as shown by studies in the spectral 
houses. It seems certain that the poor growth of plants under forest 
canopies is not to be attributed to changes in light quality. 

The increase in the percentage of the blue spectral region of forest light 
compared to daylight will cause intensity determinations, made by the 
use of light-sensitive paper, which is affected more by the blue region than 
by the red region, to be too high. Only methods which are uniformly 
sensitive to all wave lengths can be safely used in comparing forest light 
with. daylight. 
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SUMMARY 

I. Plants were grown under four sets of light conditions: (I) under cloth 
shades inside a greenhouse; (2) under cloth shades out-of-doors; (3) in a con
stant-condition room supplied with artificial illumination; (4) in a series of 
houses covered with glasses transmitting definite spectral regions. Curves 
are presented shmving the influence of light intensity upon the total pro
duction of dry matter, percentage of dry matter, height growth, and ratio of 
roots to shoots. Studies of chlorophyll concentration, leaf area, and time 
of flowering and fruiting were also made. The effects of different qualities 
of light on growth are shown. A discussion of the silvical and ecological 
significance of the studies is given. 

2. The light needed for the survival of the plants grown is very low, 
being less than 40 foot-candles for all except sunflower, which requires a 
much higher intensity. 

3. Redwood and loblolly pine are able to survive for a period of 6 
months under a light intensity at which they are barely able to increase in 
dry weight. Sunflowers, on the other hand, died within two or three 
weeks. 

4. At low light intensities the dry weight produced by the plants studied 
is almost directly proportional to the intensity received up to about 20 

percent of full summer sunlight. At higher intensities the slope of the 
curve falls off, shade plants showing a decrease at lower intensities than sun 
plants. 

5. The percentage of dry matter in tops, the ratio of dry weight of 
roots to dry \veight of shoots, the density of growth, the strength of stem, 
and the leaf thickness all increased with increasing light intensity. 

6. Leaf area and height attained maxima at light intensities of about 
20 percent of full summer sunlight. 

7. Chlorophyll concentration increased with decreasing light intensity 
until the intensity was so low that it hazarded survival. Further decrease 
in light intensity caused a decrease in chlorophyll concentration. 

8. The time of maximum flowering and fruiting was considerably 
delayed by low light intensities. Fruiting did not occur at all in the plants 
studied in intensities below 8 percent of full summer sunlight. 

9. The entire visible and ultra-violet solar spectrum is more efficient 
for the growth of the plants studied than any portion of it used; the blue 
region of the spectrum is more efficient than the red region. 

IO. Light intensity is usually a limiting factor in the growth of the 
vegetation under a forest canopy . 

. Ir. Light quality is .not a seriously limiting factor in the growth of 
plants under forest canopies. 

r2. Moderate variations in soil moisture are not likely to cause significant 
changes in the dry weight produced by plants provided the moisture content 
is not so low that it approaches the wilting coefficient, or so high that it 
approaches saturation. 

~ 
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EXPLANATION OF PLATES 

PLATE XXVIII 

Fw. I. The constant-condition room showing method of illumination. 
FIG. 2. .A greenhouse shade showing air inlet, spreader, atmometer, and thermometer. 
FIG . .3· An outside shade showing tile. air inlet, atmometer, and thermopile. The 

front has been removed. 

PLATE XXIX 

FIG. 4. Redwood plants grown for 55 days on 12-hour days in constant-condition 
room. The figures above the plants show the light intensity in foot candles. 

FIG. 5. Redwood plant from the greenhouse shades, grown from March 27 to October 
22, r928. The figures on the pots show the light intensity in percentage of full sunlight. 

FIG. 6. Redwood plants grown in outside shades June I to Sept. 26, 1928. Figures 
on,,,,the pots show the light intensities in percentages of full summer sunlight. 

PLATE XXX 

FIG. 7. Sunflowers from constant-condition room grown for 48 days with r2 hours 
daily illumination. The figures on the pots are light intensities in foot-candles. 

FrG. 8. Sunflowers from greenhouse shades June 5 to August 13, 1928. Figures on 
the pots represent light intensities in percentages of full summer sunlight. 

FIG. 9. Sunflowers from outside shades June 5 to August 20, 1928. Figures on the 
pots represent light intensities in percentage of full summer sunlight. 

PLATE XXXI 

FIG. IO. Galinsoga plants grown in the constant-condition room for .35 days with 
12 .hours daily illumination. Figures on the pots show the light intensities in foot-candles .. 

FIG. r.r. Galinsoga plants grown in greenhouse shades from June 5 to August 8, 1928. 
Figures on the pots show the light intensities in percentages of full summer sunlight. 

FIG; 12. Galinsoga plants grown in outside shades from June r to July 6, 1928, 
Fi&:µres on the pots show thelight intensities in percentages of full summer sunlight. 
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PLATE XXXII 

FIG. 13. Geum plants grown in constant-condition room for .54 days with 12 hours 
daily illumination. Figures.on the picture show the light intensit.ies in foot-candles. 

FIG. 14. Sunflower plants grown in the spectral-house shades from J1o111e 5 to August 
15, 1928. The Arabic figures on the pots show light intensities in percentages of outside 
sunlight. Roman numerals show the house number. 

FIG. 15. Geum plants grown in the spectral-house shades from July ro to October 24, 
1928. Arabic figures show light intensities. Roman numerals show the house numbers. 

FIG. 16. Galinsoga plants grown in spectral-house shades from May 30 to July 5, 
1928. Arabic figures show light intensities. Roman numerals show house numbers. 

14 
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EFFECT OF CHEMICALS, TEMPERATURE, AND HUMIDITY 
ON THE LASTING QUALITIES OF CUT FLOWERS 

A. E. HrrcncocK AND P. W. ZIMMERMAN 1 

INTRODUCTION 

Numerous suggestions for methods of prolonging the life of cut flowers 
have appeared in journals or in books relating to floriculture. In only a 
few cases, however, have these suggestions been accompanied by experi
mental data. 

Fourten and Ducomet (r) reported several chemicals as being effective in 
extending the life of cut flowers from 2 to IO days beyond that of the 
untreated ones. Compounds were classified as favorable, indifferent, 
aseptic, or injurious. Some of the favorable compounds were as follows: 
potassium hydroxid, calcium hydroxid, potassium chlorid, potassium nitrate, 
potassium sulfate, ethyl alcohol, ammonium phosphate, and cane sugar. 
Several organic acids (acetic, oxalic, tartaric, and citric), ammonium chlorid, 
ammonium hydroxid, ferrous sulfate, and sodium nitrate were some of the 
compounds listed as unfavorable. Favorable treatments extended the life 
of Prirnula, Myoso#s, Asperu.la, and Silene from 4 to 9 days. 

Knudson (2) used many treatments in testing the effect of various 
compounds on the keeping qualities of cut flowers, but he was unable to 
substantiate the favorable results of Fourten and Ducomet. Most of the 
flowers which Knudson used were those having a relatively short duration 
of life. He also stated that zinc sulfate, a mixture of strontium and calcium 
chlorid, and a mixture of barium and calcium chlorids prevented the decay of 
African marigold and zinnia flower stems. 

Laurie (3) states that each of the following chemicals prolonged the life 
of carnations, chrysanthemums, dahlias, and hollyhocks: a one-tenth
percent solution of boric acid, potassium permanganate, nitric acid, or 
potassium nitrate; a one-percent solution of cane sugar; and a solution 
containing one-half tablet of aspirin in two quarts of water. Asters kept 
twice as long in a one-tenth-percent solution of cane sugar as those which 
were not treated. 

Perret (4) concluded that low-temperature treatment was the most 
effective means of preserving cut flowers. He considered relative humidity 
to he ah hnportant factor, the most favorable results occurring within the 
limits of 60 to 90 percent of saturation. 

Since there is no reliable clue as to the nature of chemicals which may 
improve the keeping qualities of cut flowers, a selection of chemical com

.1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 
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Preliminary tests were first run to determine the limits of decidedly 
injurious conceritrations. Dilutions of one-fifth, one-half, or one-tenth 
were made from I- to IO-percent solutions until concentrations of from 0.001 

to o.ooooor percent were reached. Repetition of treatments was then 
confined to concentrations which were slightly injurious and to more dilute 
ones. Solutions were usually placed in graduates, both to facilitate dilution 
procedure and to determine the amount of water used by the flowers. Tap 
water was used in most of the experiments since no difference could be 
detected between the response of flowers in tap water and that in distilled 
water. The use of solvents other than water was sometimes necessary, but 
in such cases a solution of the pure solvent was used as a check in addition 
to a water check. Flowers with a similar external appearance were regarded 
as being comparable. In some of the experiments flowers were used which 
had opened from bud within r6 or 24 hours' time. 

Experimental Results 

None of the compounds was noticeably effective in prolonging the life 
of cut flowers used in these experiments. Many of the solutions in concen
trations lower than 0.25 percent were either beneficial or non-toxic to the 
flowers. Coreopsis in 0.5- to 2.5-percent ethyl alcohol, for example, was 
usually better than the check. Most of the chemicals, however, were toxic 
in concentrations greater than 0.25 percent. In concentrations greater than 
0.01 percent the following compounds produced injury consistently: acetyl 
salicylic acid (both aspirin tablets and the chemically pure salt), cupric 
acetate, cupric chlorid, cupric nitrate, copper sulfate, cobalt acetate, 
calcium salicylate, lithium chlorid, nicotine, nu-green, potassium ferricyanid, 
sulfanilic acid, and uspulun. Xylol was toxic when added at the rate of 
2.5 cc. per 250 cc. of water. Copper salts were sometimes injurious at a 
concentration of .001 percent, the same variety of flower responding differ-
ently at one time than at another. · 

Injury was not always in the form of wilting or browning of petals and 
stems. Changes in petal color resulted from treatment with acetates of 
copper, barium, strontium, magnesium, and sodium; chlorids of lithium, 
barium, strontium, and sodium; sodium carbonate, sodium bicarbonate, 
barium hydroxid, sulfurous acid, and anilin blue in concentrations of 0.5 to 
0.125 percent. The two carbonates and lithium chlorid produced the most 
marked fading of pink portions of Gladiolus petals. Lithium chlorid was the 
most. effective in causing the lower dark red portions of Gladiolus petals to 
turn deep purple. Flowers undergoing pronounced color changes did not 
last as long as the checks, but those showing slight color changes were 
comparable with the untreated.lots except for depth of color. . Even though 
the four copper salts in concentrations greater than .05 percent usually 
injured the stems of Gladiolus, the petals would often remain in good 
condition aslong as those of the untreated flowers. 
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The effect of a par:ticular compound was not always the same for different 
varieties of flowers. Phlox, for example, was injured by a 0.003-percent 
solution of gallic acid, whereas it required a o.I-percent solution to injure 
Delphinium. Although a I-percent solution of copper sulfate injured aster 
stems badly, Phlox stems were unaffected by the same treatment. Flowers 
of Lilium rubrum were injured by a 0.003-percent solution of sodium 
chlorid, while a concentration greater than 0.05 percent was required to 
injure Coreopsi.~. 

Stems of Aster and Phlox were preserved in excellent condition when 
placed in a 0.5- to 0.05-percent solution of potassium permanganate. Higher 
concentrations of permanganate were equally effective when the flowers 
were transferred to water after a one-hour treatment. 

Discussion 
Although many treatments appeared to be beneficial, the variation in 

response among lots receiving similar chemical treatment at different 
times was as great as that between treated and untreated lots. A similar 
variation occurred among untreated lots of the same variety of flowers which 
were taken at different times. In view of this variation the beneficial 
results for individual treatments can not be considered as significant, with 
the possible exception of the ethyl-alcohol treatment. Since Phlox and 
Coreopsis usually lasted from I to 2 days longer when placed in ethyl alcohol 
than similar untreated lots, this treatment must be considered as slightly 
favorable. 

The use of potassium permanganate is certainly one means for preventing 
the rapid decay of Phlox and Aster flower stems, but in these experiments the 
floral parts were not benefited in proportion. The comparatively short 
time which asters lasted may be accounted for in part by the fact that 
practically all plants from which these flowers were taken had aster yellows. 

In the early experiments no attempt was made to control temperature or 
humidity, but in other later experiments these two factors were found to be 
of considerable importance. Individual variation among a given lot of 
flowers receiving the same treatment was such that some would remain in 
perfect condition for from one to several days longer than others, even 
though all flowers had opened from bud within the same period (16 or 24 
hours) and were selected to be comparable in external appearance. 

The possibility of beneficial chemical treatment of cut flowers is by no 
means precluded by these or similar experiments, but certainly the results 
were not sufficiently striking to warrant the use of such compounds as 
aspirin, sodium carbonate, sodium bicarbonate, and sodium chlorid. As 
Knudson pointed out, a favorable treatment would be expected to slow up 
the normal maturing processes that make for seed production and the 
consequent loss of floral parts. Since it is known that low temperature 
(3° to rn° C.) will retard the maturing processes in flowers, many attempts 
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have been made to find a chemical treatment which would produce similar 
results at room temperature without at the same time causing injury. 

The fact that anesthetics will retard certain metabolic processes in man 
has been partly responsible for attempts to find a chemical treatment which 
will "put flowers to sleep" very much the same as ether will anesthetize 
human beings. Since low temperature may be regarded as a favorable 
treatment, and since it retards transpiration, it might be expected that a 
favorable chemical treatment would likewise reduce water loss from floral 
parts. In these experiments transpiration was reduced· by many of the 
chemical treatments, but in all cases the flowers which remained in the best 
condition were those that lost the greatest amount of water daily. Thus 
the relative amount of water lost was an index to the condition of the 
flowers. 

EFFECT OF TEMPERATURE AND HUMIDITY 

Materials and Method 

Cut flowers of carnation, rose, Cosmos, and Dalzlt'.a were subjected to 
different temperatures and humidities. Flowers placed under bell-jars 
received air which was first passed through a series of three I-liter Basks 
containing a known concentration of reagent quality sulfuric acid. By 
varying the concentration of sulfuric dcid it was thus possible to provide a 
series of different vapor pressures. Vapor-pressure calculations were taken 
from Wilson's chart (6) and the resulting relative humidities were measured 
in the bell-jars with Shippy's modified wet and dry bulb apparatus (5). 
"Petticoat bubblers" were used in each flask in order to insure the attain
ment of equilibrium relations between the air drawn through and the 
sulfuric acid solution. 

Laboratory temperature was decidedly variable (22° to 34° C.). Re
frigeration rooms, however, were kept constant at 20°, r5°, I0°, and 5° C. 
Humidity experiments were run at room temperature, 15°, and I0° C. Four 
varieties of carnations were used (Morning-low, Supreme, Ward, ai1d a 
yellow variety). Briarcliff Rose, Jersey's Beauty Dahlia, and both the 
early and late flowering Cosmos constituted the other varieties of flowers 
used. Carnations and roses were purchased from a local florist. All other 
varieties of flowers were grown on the Institute grounds. 

Final data were taken for each treatment when . the majority of the 
flowers ceased to remain in good condition. The total time lasted does not 
include the day on which final data were taken. 

Results 

The effectof constant temperature on the keeping qualities of cut flowers 
is shown in table I. Data concerning alternating temperatures are given in 
table 2. . Coreopsis, for example, lasted four times as long at 5° C. as at 
room temperature. Cosmos was not so greatly benefited by low tempera-
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TABLE I. E.ffect of Temf1ernture on Coreof>sis a11d Cosmos 

Number of Days Flowers Lasted 

Temperature in ° C. Coreop.sis Cosmos 

Lot I Lot II Lot III Lot I Lot II 
---------·--· 

Room (22-;34 0 C.). ... . . . 4 3 2 3 3 
20. 
I .5. 
IO. 
5. 

. . . . . . . . ........ . . . .. s 3 3 2 3 
. . . . . . . . . . . . . . . . . . . 7 7 5 2 4 
. . . . . . . . . .. . . . . . . . .. 12 8 9 3 5 

. . . . . . . . . . . . . . . .. . . . . 18 13 I.f 3 5 

TABLE 2. Ejfcd of Alternating Temperature on Coreopsis 

Temperature Conditions in ° C. N um her of Days Flowers Lasted 
Lot I Lot II 

Room during day, 5 ° at night ..................... 6 6 
'' '' ,, 10° " ..................... 6 6 

'·' " 15° ..................... 4 4 
J' 2()0 ..................... .:t 2 

So '' I0o •. • ............. • ... . I2 
JOO II 50 ••••••••••••••••••••·13 

5° 'i ,roon1 " ..................... 3 
24 hours at room, 24 hours at 5 ° ................... -

5° 2 clays, rest of time at room .................... -
50 .3 j' '' '~ '' ,, '' ••••••••••.•..••.•.• 

4 
8 
.5 
6 

ture. When flowers of Coreopsis were kept at room temperature during the 
day and at 15° or 10° C. during the night, a gain of only 2 days resulted. 
Alternating between 5° and rn° C. day and night, respectively, was the 
same for Coreops-is as a constant 10° C. temperature. A gain of 2 days over 
the day and night alternation resulted when the flowers were kept 24 hours 
at room temperature and 24 hours at 5° C. Coreopsis stored at 5° C. for 2 

and 3 days lasted an additional 3 days when removed to room temperature. 
Similar lots placed at room temperature from the beginning also lasted 3 
days. After 7 days' storage at 5° C. Coreopsis and Gladiolus wilted in a 
short time when transferred to room temperature, Coreops-is lasting one 
day and Gladiolus lasting only 3 hours. Both lots were in perfect condition 
at the time of transfer, at least so far as external appearance was concerned. 

Data showing the effect of relative humidity at different temperatures 
are given for carnation in table 3, and for rose in table 4. Carnation 
showed a consistently favorable response not only to a relatively high 
humidity, but to a humidity of 98 percent as compared with one of So percent. 
Low temperature treatment was also decidedly beneficial to the carnation, 
especially at a high humidity. It must be noted, however, that carnation 
kept as well at the lowest humidity (15 percent) in the I0° C. room as in a 
saturated atmosphere at room temperature. 
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TABLE 3. E_ffect of Temperature and Hmnidity on Carnation 

Number of Days Flowers Lasted 

Room Temp. (22-34° C.) 15° c. I0° C. 

Relative Humidity 

Lot No. Lot No. Lot No. 

I II III IV I II I II Ill IV 

Air .............. --------------------
I,5 .... , .......... 3 I I 2 5 3 5 3 2 3 
55 ............... ".> I I 2 4 2 6 3 2 2 

So ............... 5 2 I 4 4 2 8 4 2 3 
98 + ............ 5 2 I + 6 5 II 5 8 II 

5 4 2 5 12 9 IZ 9 12 t2 

TABLE +· Effect of Temperature and Humidity on Rose (var. Briarcliff) 

Number of Days Flowers Lasted 

Relative Humidity Room Temp. I5° c. I0° c. (22-34° C.) 

Lot I Lot II Lot r Lot II Lot I Lot II 
---- ----

Air .. .................... 3 4 5 3 9 IO 
rs ... . . . . . . . . ............ 3 4 5 2 8 IO 
55 ....................... 3 5 7 z 12 IO 
80 .. ............. . ' ...... 3 5 7 5 8 9 
98 + .. . . ....... . .... 3 5 6 9 9 IO 

Roses lasted 2 to.3 times as long at ro0 C. as at room temperature but 
they were not particularly benefited by a high humidity. Cosmos and 
Dahlia were variable, some lots lasting best at high, and other lots at low 
humidities. 

Discussion 

Low temperature treatment was beneficial in practically all cases, but 
especially so for Coreopsis and carnation. Alternating high and low 
temperatures do not appear to be so effective on a day and night alternation 
as on a 24-hour alternation. Flowers stored at 5° C. for 7 days or longer 
may be expected to wilt much sooner when removed to temperatures above 
22°. C. than a fresh lot of flowers. 

The behavior of Dahlia was somewhat puzzling. Jersey's Beauty 
dahlias placed at 5° C. remained in perfect condition for 14 days, yet similar 
lots placed at I0° C. lasted only 4 days. It is to be noted, however, that 
according to the results given in tables 3 and 4 there was a considerable 
difference in response of flowers placed at rn° C., 15° C., and room tempera~ 
ture. In the case of Coreopsis (table 1) 5° C. was much more favorable than 
100 c. 

In the case of carnation there was a close correlation between the degree 
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of relative humidity and the lasting quality of the flowers. This relation, 
however, was noticeably modified by temperature. \tVhile it is to be 
expected that all kinds of flowers will not respond similarly to a given set of 

, temperature and humidity conditions, humidity is nevertheless important 
and may be a limiting factor even at ro0 C. 

SUMMARY 

Chemical Treatment 

r. None of the 50 chemical compounds used was noticeably effective in 
prolonging the life of cut flowers. 

2. Vvithin a restricted range of concentrations certain compounds were 
toxic and others were not. Injury was manifested in Gladiolus as wilting 
and as a color change in the petals. 

3. Potassium permanganate was consistently effective in preventing the 
decay of the flower stems of Phlox and Aster, although for the floral parts 
no marked gain in time of lasting resulted from this treatment. 

4. Variation among individual flowers was such that in check lots as 
well as in treated ones some of the flowers would be in good condition after 
a few days while some would be badly wilted or dead. 

Effect of Temperature and Humidity 

I. Low temperature (5° to 10° C.) was especially favorable for keeping 
cut flowers of coreopsis, carnation, and rose. Dahlia and Cosmos were not 
so greatly benefited at 10° C. 

2. Carnations kept 2 to 3 times as long in an atmosphere which was 
nearly saturated as they did in a humidity below So percent of saturation. 
The other varieties of flowers were not so greatly benefited by high humidity 
treatments. 

3. Carnations lasted longer at low humidities if the temperature was 
also low, but humidity was a limiting factor even at 10° C. 
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of relative humidity and the lasting quality of the flowers. This relation, 
however, was noticeably modified by temperature. While it is to be 
expected that all kinds of flowers will not respond similarly to a given set of 
temperature and humidity conditions, humidity is nevertheless important 
and may be a limiting factor even at 10° C. 

SUMMARY 

Chemical Treatment 

I. None of the so chemical compounds used was noticeably effective in 
prolonging the life of cut flowers. 

2. Within a restricted range of concentrations certain compounds were 
toxic and ·others were not. Injury was manifested in Gladiolus as wilting 
and as a color change in the petals. 

3. Potassium permanganate was consistently effective in preventing the 
decay of the flower stems of Phlox and Aster, although for the floral parts 
no marked gain in time of lasting resulted from this treatment. 

4. Variation among individual flowers was such that in check lots as 
well as in treated ones some of the flowers would be in good condition after 
a few days while some would be badly wilted or dead. 

Effect of Temperature and Humiiiity 

I. Low temperature (S0 to rn° C.) was especially favorable for keeping · 
cut flowers of coreopsis, carnation, and rose. Dahlia and Cosmos were not 
so greatly benefited at ro0 C. 

2. Carnations kept 2 to 3 times as long in an atmosphere which was 
nearly saturated as they did in a humidity below 80 percent of saturation. 
The other varieties of flowers were not so greatly benefited by high humidity 
treatments. 

3. Carnations lasted longer at low humidities if the temperature was 
also low, but humidity was a limiting factor even at 10° C. 
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VEGETATIVE PROPAGATION OF HOLLY 

P. W. ZIMMERMAN AND A. E. HITCHCOCK 

Propagation of hollies has been considered an important subject in 
recent years because of extensive ravages made upon these plants at 
Christmas time and also because of their growing popularity as ornamentals 
for home planting. Nurserymen have not been able to supply the demand 
for plants since seeds have germinated very poorly and cuttings have not 
responded well. An occasional cutting has been rooted from time to time 
by some growers but their success has been far too infrequent to be of any 
commercial importance. Hollies are dioecious, and due to the fact that 
berried types can not be selected from seedlings until the plants are several 
years old vegetative reproduction is of particular value. There is also 
much variation in leaves, berries, and size among seedlings, and if a good 
method for vegetative propagation can be found, new plants which woulo 

I grow true to type could be made from selected trees. 
Cutting material was taken from one deciduous and five evergreen 

species of holly, though most of the experimental work was done with one 
evergreen variety, !lex opaca. The results reported in this paper are 
concerned with the following topics on vegetative propagation of holly: 
the percentage of rooting from cuttings; the variation in response of material 
from different trees; seasonal effects; the age of the tissue as affecting 
rooting; variation according to rooting media used; leaves as necessary 
organs on cuttings of evergreen varieties; light requirements; temperature 
and time required for rooting; position of roots; chemical changes while the 
cuttings are in the rooting medium; and the growth of holly plants which 
have been produced from cuttings. 

MATERIAL AND METHODS 

Source of Holly Material.-For the most part materials used in the 
.experiments came from Maryland, New Jersey, or Massachusetts. Smaller 
collections have come from the New York Botanical Garden, Pennsylvania, 
Oregon, ~nd California. 

··$election of Cutting Material.-Material with little or no leaf-spot disease 
wasmade into. three types of cuttings as follows: (11 current year growth 
cut to elimin.ate the old wood; (2) current year growth plus enough two-

1 Contributions from the Boyce Thomp3on Institute for Plant Research, Inc., Yonkers, 
N. y,, and t.he Maryland Agricultural Experiment Station, College Park, Maryland; pub· 
lished at the expense of the Institute out of the. order determined by the date of receipt of 
:the manuscript. . . 

205 



206 THE BOYCE THO:\lPSON INSTITUTE FOR PLANT RESEARCH, INC. 

year-old wood to furnish cuttings four to five inches in length, and (3) culls 
which were generally discarded but 1vere used in a few cases to determine 
the rooting capacity of old wood. The basal portions of culls were generally 
two to four years old. 

The uppermost three or four leaves were left on the cuttings. It was 
impossible to make the cuttings so as to leave exactly the same amount of 
leaf area on each specimen. An attempt was made to approach uniformity 
by removing whole leaves or parts of leaves. 

Time of Year.-The experiments reported in this paper were conducted 
with material collected between August and January inclusive. Rooting 
was equally good any time between August and December 3r. Thereafter 
there was some variation according to weather conditions which may cause 
winter injury. 

Jlfedia Used.-vVater-washed sand, bank sand, peat moss, slag, and 
mixtures of peat moss and sand, constituted the media used. The water
was.hed sand was neutral in reaction; the bank sand had a pH value of 
5.5 to 6, the slag was alkaline with a pH value of 8 to 9, and the peat moss 
showed a pH of 3.6 to 4.0. When peat moss was used with sand, 50 percent 
of each by volume, the mixture generally gave a pH value of 4.5. The 
medium was approximately six inches deep in the bench. 111 

Jvfethod of Planting Cuttings.-The cuttings were planted so that the 
leaves rested on the medium. It was generally necessary to slant the 
cuttings to make the leaves lie flat and also to keep the base of the stem 
away from the boards holding the medium. Usually the basal portions of 
the lowermost leaves dipped into the medium. With this method it was 
necessary to remove the cutting from the medium to observe root develop
ment. 

Time Required.-Some cuttings root in three weeks' time, but to obtain 
a high percentage of rooting it is necessary to leave the cuttings in the 
medium for three to four months. Plants that are to be potted should 
have a large root system which will not break easily. To obtain such 

·results requires approximately 14 weeks. 
Tem,perature.-Evergreen hollies were grown in greenhouses with a 

temperature range of 60° to 75° F. On clear days the temperature often 
went above 75° F. flex verticillata was grown in constant-temperature 
incubators maintained at 80.6°, 75.2°, 68°, and 59° F. While in the 
incubators the cuttings were surrounded with moist sphagnum moss either 
in long glass tubes or in clay pots. When in glass tubes the basal portion 
of the cutting was placed so that it could be observed without being removed 
from the medium. With this method roots could be seen within a short 
time after they em.erged from the bark. 

Handling of IJoUy Plants.-When it was desirable to grow holly plants 
which had been produced from cuttings, they were potted and placed in 
Wardian cases (board cases with glass covers) until new roots had startPd 

.1 
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to grow. The cases were uEed fer the purpose of mantaining a high relative 
humidity about the newly potted plants. After three weeks in the cases 
holly plants were set on the bench and handled like the average potted 
plants. 

Holly does not require a special type of soil. It does especially well, 
however, in leaf mould or a mixture of peat moss and soil. 

Potted plants may be planted out of doors any time during spring or 
early summer. If new shoots arise after July I5 they are apt to be injured 
by cold weather during the winter. 

RESULT$ 

Variation in Rooting of Ilex opaca Cuttings According to the 
Source of Material 

Table I shows the results of experiments with cuttings from four different 
trees growing in Massachusetts. The cuttings were all in the same green-

TABLE I. Variation in Rooting Response of Holly (I. opaca) Cuttings Taken from Four 
Different Trees in Massachusetts. The Cuttings Were Placed in a Medium of 50 Per

cent Peat Moss and 50 Percent Sand on Oct. 28, i927 and Left Until Feb. 6, 1928 

Tree Type of Total No. Percentage Percentage 
Designation Cutting Cuttings Rooted Dead 

Tree no. o ..... Current growth I6I 39.5 7.5 
" " r. .... " 46 .59 IS 
" " 2 ..... " 6j So 2 

" " 3 ..... " 88 8r.5 9 

Tree no. o ..... Current grov;th plus a l4i 47 6.6 
portion of old wood 

" " I ..... " IIj 4.5 33 
" " 2 ..... " 316 73.2 8.5 
" " 3 ..... " 60 78 14 

Tree no. o ..... All types, ii;,clucling culls I,OOI 47.7 5.3 
" " I. .... 244 5!.7 22 

" " 2 ..... " 844 73.3 7.7 
" " 3 ..... " 685 b5 2I.9 

house and grown in a mixture of 50 percent peat moss and 50 percent sand. 
The experiments were started on October 28, 1927 and ended February 
6, 1928. 

Table 2 shows the results with material from nine different trees growing 
in the woods near New Lisbon, N. ]. Cuttings from trees labeled I, 2, 

3, 4, and 5 were taken on October 4. Those labeled a, b, c, and d were 
taken December 18. Greater variation occurs with cuttings taken in 
January and February, due probably to frost injury. 

'Winter Injury to Ilex opaca 
Two lots of holly were brought from Massachusetts in 1927 and 1928. 

The first lot was collected and made into cuttings on October 28, 1927. 
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TABLE 2. Variation in Rooting of Holly (I. opaca) Cuttings Taken from D~fferent Trees 
Growing in the fVoods Near New Lisbon, N. J. 

Tree Date Date Rooting Type Total Per- Per-
Designa- Taken Exp. Was Mediun1 of No. centage centage 

tion Concluded Cutting Cuttings Rooted* Dead* 
-----------

Tree no. I .. IO/ 4/28 3/ro/29 Slightly 
acid sand 

All types 
included 

r50 68.7 24.9 

" " 2 .. " " " " 320 5r.7 2I.2 
" " 3 .. " " " " 155 60 24.5 
" " 4 .. " " " " 91 74.7 r4.3 
" " 5 .. " " " " 136 78 19.I 

Tree no. a .. 12/18/28 2/20/29 50-50 peat Current 6r 72 3.3 
and sand growth 

" " b .. " " " " 59 64 0 
" " c .. " " " " 60 66 r.6 
" " d .. " " " " 6r 79 0 

-------
Tree no. e .. 12/17 /28 4/ 3/29 Slightly 

acid sand 
" 60 6I.6 3.3 

" " f .. " " " " 60 53.3 3.3 
" " g .. " " " " 60 36.6 3r.6 
" " h .. " " " " 60 45.0 28.3 

* The percentage figures show the average of all lots for each tree. 

The results are shown in table I. The second lot was collected about 
January 15, 1928. The leaves showed signs of frost injury and withered 
quickly after being placed in the rooting medium. There was practically a 
100-percent loss in the lot. 

Two collections of cuttings were made from trees near New Lisbon, 
N. J ., one in September r927 and the other in January 1928. The first lot 
was unusually satisfactory, rooting as high as 90 percent. The second lot 
showed some frost injury and leaves were soon lost after the cuttings were 
placed in the medium. As with the Massachusetts cuttings they were 
nearly a total loss. 

Several lots from New Lisbon, N. J. in October 1928 and December 
1928 were about alike in response. Data showing the number of cuttings 
and the percentage of rooting from these lots are given in table 2. As 
during the previous year, however, cuttings brought from the same locality 
near the end of January 1929 soon showed yellowing of the leaves and were 
discarded. 

The failure to root seems to be due to winter injury rather than mere 
seasonal changes in the composition of the stems or leaves, since cuttings 
taken after January 5, 1927, in Maryland gave consistently good results. 
Cuttings from Maryland in 1928 did very poorly after January 15. The 
leaves showed about the same type of winter injury as was characteristic 
for the MasE?achusetts and New Jersey holly. 
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Age of Cutting Material Used for Ilex opaca 

Succulent material of !lex opaca taken in May and June did not root. 
Current-year stems root equally well from August to January or until 
winter injury occurs. As shown by data in table I two-year-old wood is 
nearly as effective as current growth. Culls with stems three or more 
years old produce a high percentage of rooting. The table shows some 
advantage for current-year stems when all older wood has been removed, 
the percentages being So for current-year stems and 73 where a portion of 
one-year-old stems remained attached. Results for the two types were not 
always consistent, but where large numbers were used the percentage of 
rooting was higher for the current-year stems. 

Effect of the Medium 

Five different media were used as follows: 
I. Imported German peat moss (pH 3.6 to 4.0) 
2. Bank sand (pH 5.5 to 6) 
3. Water:-washed sand from Long Island Sound (pH 7) 
4. Equal portions of sand and peat moss mixed (pH 4 to 5) 
5. Slag from steel mills (pH 8 to 9) 

TABLE 3. Media Tests with Cuttings of Holly (Ilex opaca) 

Tree Dates Medium* No.of Percentage Percentage 
Designation Cuttings Rooted Dead 

Tree no. I N.J ..... 10/4 to Mixture IS 88.8 0 
12/13/28 

" " " " " Bank sand 17 70 0 .... 
Tree no. 2 N.J. .... " Mixture 18 66.6 0 

" " " " " Bank sand 17 
5gt 

0 .... 
" " " " " Slag 20 Not counted .... 

Trees no.a&dN.J. 12/18/28 to Mixture IO 33.3 IO 
2/2/29 

" " " " " Banksand IO 38 30 

Tree no. I Md ..... rn/15/25 to Peat moss 20 9ot IO 
3/15/26 

" " " " " Mixture 20 75 0 .... 
" " " " " Bank sand 20 50 0 ..... 

Maryland ........ 1/5 to 4/15/27 Peat moss 40 50 -
II " Mixture 40 71 -........ 
" " Bank sand 40 30 -........ 

* The word "mixture" refers to a mixture of 50 percent peat moss and 50 percent 
sand. . 

t The cuttings in slag remained in the medium until March 15, 1929 at which time 
20 percent had rooted and 70 percent were dead. 

t The peat moss was 3 inches deep over sand. The ends of the cuttings were in or 
near the sand. 



2IO THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

All cuttings used for media tests were taken from the same tree so as 
to reduce possible variation. Rooting occurred in all the different media 
but the percentage varied with the media. Table 3 shows the results with 
pure peat moss, mixtures of peat moss and sand, bank sand, and slag which 
is a waste product from the steel mills. The percentage of rooting varied 
in the different lots. In one case the lots in sand gave a slightly higher 
percentage of rooting than those in a mixture of peat moss and sand. In 
another case pure peat moss was better than the mixture but in three cases 
out of five the mixture was the best medium. Possible reasons for such 
variations are mentioned in the discussion. 

The Value of Leaves on Cuttings 

In 1927 all leaves were removed from five lots of 20 cuttings each, and 
they were then placed in a mixture of peat moss and sand. They did not 
root even though left for a longer time than is necessary for the average 
leafy cutting to respond. 

!lex verticillata, a deciduous holly, roots readily from hard-wood leafless 
cuttings. In r925 ten cuttings of I. verticillata formed roots about one 
inch long around the base of the stems. The lower ends of the cuttings 
were removed so as to eliminate all the roots, and a second set of roots, as 
vigorous as the first, appeared in a short time. Cuttings of evergreen 
varieties failed to root after the leaves were removed. The minimum 
number of leaves necessary for a cutting to root has not been determined, 
but probably as many as can be kept in good condition will always work 
to the advantage of the cutting. 

Light Requirements 

!lex verticillata cuttings can be rooted in dark chambers, but evergreen 
species need light while in the rooting medium. The exact amount of light 
required has not been determined. Six hours of extra light at night from 
moo-watt nitrogen bulbs has been beneficial to root growth and in some 
cases to the percentage of rooting. Plate LV, figure I, shows two lots of 
!lex crenata which received different amounts of light. The lower row was 
given normal sunlight from November 16, 1928 to January 9, 1929. The 
top row during the same period was given six hours of artificial light in 
addition to normal sunlight. There was an increase in both the percentage 
of rooting and in the size of the roots. All of the cuttings receiving extra 
light rooted, while only 45 percent of those receiving normal light formed 
roots. Also new shoots were appearing under extra light treatment while 
cuttings receiving normal sunlight remained dormant. 

Plate LV, figure 2 shows two rows of !lex opaca which received different 
amounts of light from October 4 to December 13, 1929. The top row was 
given 6 hours of artificial illumination in addition to full normal sunlight; 
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the lower row was given only normal light. Not all lots of I. opaca in 
extra light have shown an increase in percentage of rooting, but the size 
of roots produced was always larger than in normal light. 

In the case of !lex glabra the extra light was beneficial for both root 
growth and percentage of rooting. In two lots of 24 cuttings each, 16 
rooted in extra light while only I I rooted in normal light. The experiment 
was repeated twice with similar results. The difference in the size of the 
roots was more striking than the difference in percentage of rooting. 

Temperature and Time Requirements 

Constant-temperature incubators could not be used for evergreen 
varieties since light is necessary for root growth. Deciduous varieties, 
however, root while in the darkness, and table 4 shows the effect on Ilex 

TABLE 4. The Effect of Constant Temperatures on Time Required for Rooting of Ilex 
verticillata. Experiment was Started on January r5, I925. Each Lot Included IO 

Cuttings. The Data Were Taken after All Cuttings in Each Lot Showed Roots 

Temperature 
590 F ................................. . 
68° F ................................. . 

72.50 F ................................. . 
So.6° F ................................. . 

Time 
42 days 
28 " 
2I 
18 " 

verticilZata of three constant temperatures maintained in incubators. The 
cutting material was uniform and the response was nearly uniform, though 
a few days elapsed between the time the first roots could be seen until the 
last of the Jot had rooted. No rooting occurred at 50° F. At temperatures 
higher than 95° F. the cuttings rotted before they had enough time to form 
roots. The optimum for rooting is probably somewhere between 75.2° 
and So.6° F. For practical purposes, however, it might be best to grow 
the cuttings at approximately 68° F., since less loss from decay is likely. 

Evergreen varieties have been grown at variable temperatures in the 
greenhouses and no accurate data on temperature effects could be collected. 
An effort was made to keep the night temperature at 60° F., and the day 
temperature not to exceed 75° F., though when the sun was bright the 
temperature often mounted to 85° F. It is probable that the evergreen 
varieties, like the deciduous ones, can produce roots at any temperature 
between 58° and 85° F., but that the time required will vary with the 
temperature. 

In several collections of flex opaca taken between August and December 
some rooting occurred in 2I days. Variation in time of response is well 
illustrated by Plate LVI, figure 3, showing a lot of I6 holly cuttings from 
New Jersey. They were placed in the medium on December 17, 1928, 
removed and photographed on February 20, 1929, a total of 65 days. This 
illustrates as favorable a response as could be hoped for in ~lex opaca, but 
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it shows variation in time of rooting although the cuttings were given the 
~ame treatment as far as known. The seven cuttings on the left probably 
had rooted in three or four weeks, the next four in five or six weeks, and the 
next four in six or eight weeks. One cutting on the right, though in good 
condition, did not root in 65 days. This illustrates approximately what 
may be expected in any collection of holly cuttings if taken from a favorable 
tree any time between August and January r. If plants are to be grown 
from cuttings the root system should be approximately as large when potted 
as those shown on the seven cuttings to the left. To obtain such rooting 
on the majority of the cuttings it was necessary to leave them in the medium 
three to four months. 

flex cornuta responded in about the same time required for I. opaca. 
On December 30, r927, 99 cuttings were placed in bank sand and on April 
q.. 1928, 97 of the cuttings had rooted, one was in good condition but not 
:i,-ooted, and one was dead. 

In one lot of 20 cuttings of flex crenata, 9 specimens rooted in 40 days 
(October 4 to November 13). Approximately 50 percent of Ilex glabra 
cuttings started on January 16 rooted in 60 days. 

Position of Roots 

The majority of I. opaca cuttings produced roots just above the cut 
surface. Occasionally a few roots originated along the stem or from the 
callus. This occurred particularly in young stems taken from plants in 
New Jersey. Itex cornuta, I. glabra, and I. crenata send out their roots 
very much like I. opaca, but I. verticiUata has been observed to send out 
roots only from the bark just above the cut surface. 

Carbohydrate Storage 

Ilex opaca cuttings were gathered in New Jersey on October 5, 1928 
and the stems were tested microchemically on October 6. Only traces of 
starch could be found in any of the stems tested, but the reducing substances 
were fairly plentiful. 

The cuttings were then placed in the rooting medium under two different 
light conditions: (I) normal sunlight, and (2) normal sunlight plus six 
hours of light from 1000-watt nitrogen bulbs. On December 15 approxi
mately half of the cuttings had rooted. At this time the tests showed an 
abundance of starch in rooted cuttings and a fair amount in non-rooted 
cuttings. A few of the non-rooted cuttings had more starch than some of 
the rooted cuttings. Also the stemsin extra light had slightly more starch 
than those in normal light. 

Sugars which were fairly plentiful at the beginning were present only 
in traces in both sets at the end of the experiment. It appears that the 
starch increa!?ed while reducing substances decreased. Collections of holly 
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from the same locality taken December IS were fairly 'Nell supplied with 
starch and reducing substances. After remaining in the medium until 
April I2 they showed an increase in starch but a great decrease in reducing 
substances. At this time one non-rooted cutting 1vhich was tested had a 
fair amount of starch and a good supply of sugar. Cuttings taken from 
trees in New Jersey on February 5 had an abundance of starch. From 
these data it appears that the stems of I. opaca accumulate starch through
out the months of October to February. 

Ilex crenata cuttings were collected and tested on November 16 and then 
placed in the rooting medium in the greenhouse and in three dark places 
at 41°, 50°, and 59° F. They were tested bi-weekly thereafter. At the 
beginning the pith of the stems was full of starch. The lot in the green
house kept an abundance of starch in the pith and after four weeks the 
cortex also was full of starch. About 50 percent of the cuttings had rooted 
by January 9 but no difference could be detected in the starch content of 
rooted and non-rooted specimens. 

The starch disappeared regularly from the cuttings stored in darkness 
at 41°, 50°, and 59° F. After 6 weeks none could be found in the 50° and 
59° F. lots. At the same time a fair amount of starch was present in the 
4r° F. lot. No rooting occurred in the lots stored in darkness. 

Growth of Plants from Cuttings 

Approximately 2000 holly plants (I. opaca) resulting from cuttings 
taken in October, I927, failed to grow normal shoots after being held con
tinuously through the winter at approximately 70° F. Though the cuttings 
formed good roots the buds did not grow. During the summer of 1928 
a fe>v new shoots arose though in most cases they were from lateral buds 
instead of terminals. Also buds on two-year-old wood frequently developed 
into new shoots. The terminal buds did not grow until after they had 
passed the winter of 1928-1929 in a cold house. On April 9, 1929,practically 
every plant was producing normal shoots from terminal and lateral buds 
characteristic for holly. Even flower buds came through the long dormant 
period without apparent injury (Pl. LVII, fig. 5). 

Cuttings taken from trees after December 15, 1927, developed roots by 
March, 1928, and new shoots during April and May. Of 180 plants resulting 
from cuttings taken in October, 1928, only 17 new shoots had appeared on 
April 9, 1929. Of the 200 plants from cuttings taken from the same locality 
December 17, 1928, all were developing normally on April 9, 1929. 
Apparently the cool weather from October to December 17 was sufficient 
for "after-ripening" of the buds. There seems to be no correlation between 
dormancy and rooting, but there is a decided relationship between cool 
temperature and preparation of buds for ·growth. Plate LVI, figure 4, 
shows two holly plants made from cuttings taken on October 5, 1928, and 
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kept continuously in a warm house until photographed on April IO, 1929. 
In each case a lateral bud instead of the terminal bud gave rise to the.new 
shoot. In similar cases terminal buds have lain dormant through the 
summer and then developed shoots after passing the winter in a cool place. 
Apparently the terminal buds have a more lasting rest period than lateral 
buds. Plate LVII, figure 5, illustrates the appearance of the I. opaca 
plants as new shoots and flower buds are developing. There is a difference 
between the pistillate and staminate buds, the former being solitary and 
the latter in clusters of two or more buds on one pedicel. To secure berries 
on potted plants it is necessary to propagate staminate plants so that they 
will flower concurrently with the pistillate plants. Insects do the pollination 
work if flowering occurs in the spring, but if grown in greenhouses during 
the winter the flowers must be pollinated by hand. Plate LVIII, figure 6, 
shows two holly plants that grew from cuttings taken January s, 1927. 
They were potted on April I, 1927, and photographed in November, 1927. 
They have a good quota of berries for small plants. The flower buds were 
present when the cuttings were made and were not disturbed through the 
process of propagation. 

DISCUSSION 

The percentage of rooting in different lots of holly (Ilex opaca) cuttings 
varied from zero to near roo percent. Lots taken from different trees on 
the same day varied from 39.5 percent to 81.5 percent rooting. Material 
from Massachusetts varied slightly more than that from New Jersey. 
The difference might be due to inherent factors or to our failure to pick 
comparable cuttings. If the cuttings had been comparable no variation 
would have resulted, but it is physically impossible to pick from one tree 
rooo cuttings which have had the same environment. Material collected 
for cuttings came from different parts of the tree, and therefore had not 
been subjected to the same external environment. These environmental 
factors might determine the difference in response, but until we know more 
about the underlying principles controlling root growth from cuttings such 
problems will remain unsolved. 

Since holly trees from which cutting material was taken are of seedling 
origin, there may well be inherent differences between trees. They show 
different leaf characters, different rates of growth, and some difference in 
susceptibility to disease. This being true, it is easy to understand why 
lots from different trees might respond differently but the question still 
remains why carefully selected cuttings from the same tree show variation 
in response. To answer such questions we must know vastly more than at 
present about the secrets of plant growth. Probably there are a number of 
factors operating to initiate roots. When all conditions are satisfied, 
roots begin to grow, though a variation of any one factor might change the 
type of response. Some roots are slow to appear though they have been 
initiated. In such cases possibly nutrition plays a role. 
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The results showing seasonal effects on vegetative propagation of holly 
are definite to the extent that succulent material is worthless and that after 
January I the rooting response is apt to be poor. The succulent material 
rots easily after being placed in the medium while the cuttings taken late 
are likely to have their leaves injured by cold weather. This probably would 
not hold for trees growing in the south where no winter injury occurs. 
During January 1927, Maryland material responded as well as that taken 
earlier in the winter. 

As mentioned above, succulent material does not hold up but as it 
matures toward the middle of July it becomes favorable for cuttage. Re
sults in table r indicate that the current-year growth alone is slightly better 
than when a piece of two-year-old stem remains attached. Old stems, 
however, retain their capacity to form roots for several years. So far the 
age limits have not been determined but five-year-old stems have been 
successfully used. 

Media tests shown in table I are interesting in that they were conducted 
to include acid and alkaline material. Rooting has occurred in media 
showing a pH value of 3.5 to 8. Best results have been obtained around 
pH 5, but some rooting occurred at pH 8. Most consistent results have 
occurred in a mixture by volume of 50 percent peat moss and 50 percent sand. 
Cuttings in pure peat moss have at times rooted well but they have not 
given consistent results, probably due to variable amounts of water held by 
this medium during the different trials. Neutral water-washed sand has 
not been so good as slightly acid bank sand. Here again it might be a 
question of water-holding capacity since the bank sand had more sediment 
and kept a more nearly constant water supply. Certainly the oxygen and 
C02 content of the air in the medium has not been a determining factor. 
The highest C02 content detected at any time was in pure peat moss where 
it reached 0.5 percent. Sand usually had o.I percent, and mi..xtures of 
peat moss and sand had from 0.1 to 0.3 percent depending upon when the 
readings were made. The media were four to five inches deep and had 
about the same amount of oxygen as would be found in the air of the house. 
The writers have shown that willow cuttings will root when oxygen is low; 
they will also root when carbon dioxide is high providing the oxygen content 
is approximately 20 percent. While we should not generalize from facts 
applying to willow, it is likely that holly roots can grow in fairly high 
amounts of C02 and much less oxygen than is normally found in air. 

One or more leaves are needed for rooting evergreen holly cuttings. 
Deciduous varieties will root without leaves either in dark or light. The 
leaves of !lex opaca have usually been classed as sclerophyllous, but we 
find that they lose water rapidly, and one of the hardest problems has been 
to keep them fresh while the cutting is in the rooting medium. The most 
successful method of planting has been to slant the stem so that the leaves 
rest directly on the medium. The nurserymen generally consider the 
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holly difficult to propagate. Probably their failures were due to their 
methods of planting. Shallow and vertical planting bring very poor 
results. If high humidity could be maintained the latter method might 
serve, but ventilation is necessary to hold the temperature down, and 
during this operation the cuttings are likely to wilt. 

Diseased leaves are a source of trouble. The holly leaf-spot disease 
causes the leaves to fall from the cuttings before rooting can occur. Cutting 
material, therefore, should be selected from healthy trees. 

If in good condition, leaves function to increase carbohydrates when in 
the medium. Microchemical tests have shown that more starch is present 
at the time roots are forming than \Yhen the cuttings were made. This 
indicates an important purpose of green tissue in light even for cuttings. 
There is no indication that the presence or absence of starch has been a 
limiting factor, for cuttings with a low starch supply have been known to 
root and some with abundance of starch have failed to root though they 
appeared to remain in good condition. 

Artificial illumination for 6 hours in addition to normal sunlight has 
increased the percentage of rooting and has favored root growth of Ilex 
crenata and I. glabra (fig. r). It has favored root growth of I. opaca (fig. 2) 
but has not always increased the percentage of rooting. When the electric 
lights are burning, the air over the cuttings is somewhat drier than normally 
and it is likely that some of the shallow planted cuttings suffered injury 
from drying. Other genera such as Azalea, Andromeda, and Camellia 
have given increased percentage of rooting and increased growth of roots 
with extra light. It is probable that Ilex opaca would respond like I. 
crenata in extra light if precautions were taken to keep the leaves in good 
condition throughout the experiment. At any rate, once roots are initiated 
there can be no doubt about the favorable effect of extra light on their 
growth. 

The time required for roots to appear on holly cuttings varies with the 
temperature. This fact is best illustrated by the figures given for flex 
vert1:cillata rooted under various constant temperatures. Rooting occurred 
in r8 days at 80.6° F., in 28 days at 68° F., and in 42 days at 59° F. This 
shows that a wide range of temperature can be used and that the effect :will 
be only to vary the time of rooting. The evergreen varieties are more 
difficult to handle since both light and temperature must be considered. 
There is some indication that 68° to 78° F. is a favorable range, but no doubt 
higher orlower temperatures could be used successfully. At 68° to 75.2° F. 
rooting of I. opaca cuttings starts in 21 days. Approximately 75 percent 
of the cuttings root within 60 days. The root system is generally large 
and sufficiently hardened for potting after 90 days. Both I. glabra and 
I. crenata require less time than I; opaca. Though few experiments were 
carried out with I. cornuta and I .. aquij olium, they appeared to have about 
the same time and temperature requirements for rooting as I. opaca. 
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The roots of I. opaca generally arise just above the cut end of the stem. 
Occasionally roots appear from the callus and in immature tissue they often 
arise along the stem some distance from the base. All the other varieties 
studied showed some variation but in general they are essentially like 
I. opaca. 

The growth of !lex opaca. plants produced from cuttings was interesting 
in that the new shoots developed just about the same as they would have, 
had they remained on the mother tree. Winter buds with flower and shoot 
primordia mature in early fall. In nature these buds have a rest period 
of two to three months during which time they need a cold temperature to 
prepare them for growth in the spring. Cuttings taken into warm green
houses in October will form roots regularly but new shoots do not develop 
normally if the plants are left continuously in a warm place. Figure 4 
shows that laterals may grow at the expense of terminals when the plants 
do not have the advantage of a low temperature period. An occasional 
terminal will grow, but as shown by the data on another page, out of 180 
plants resulting from cuttings taken in October and kept in a warm house 
only 17 had made shoot growth by April 9. Of 200 plants from cuttings 
taken on December 17 all were producing shoots on April 9. Another set 
of more than 2000 plants from cuttings taken in October made practically 
no growth during the following summer, but after remaining in a cold house 
for the winter they made supposedly normal growth in April, as shown by 
figure 5. The new shoots have flower buds and though a year late in de
veloping they appear to be normal. If pollinated when ripe, the pistil 
develops into a green berry which matures and turns red after seven to 
eight months. Figure 6 shows two plants that flowered in May and 
produced berries which were red when photographed the following No
vember. Their value as Christmas plants can be readily seen. The main 
problem in producing such plants is to select cuttings with flower primordia. 
Although there is some variation from year to year, the majority of terminal 
stems on trees in good light have flower primordia in the three or four 
buds nearest the tip. Both pistillate and staminate types should be 
propagated at the same time so as to insure a supply of pollen when the 
stigmas are ripe. 

SUMMARY 

I. Holly (flex opaca, I. crenata, I. glabra, I. cornuta, and I. aquifolium) 
was multiplied through vegetative propagation by means of cuttings. In 
the case of !lex opaca, the percentage of rooting varied according to the 
source of cutting material. Of four lots taken at the same time from 
different trees in Massachusetts the percentage was approximately 40, 60, 
80, and 80 percent, respectively. Even though three types of cuttings were 
made from each lot the percentage of rooting remained fairly consistent 
for each tree. Similar results were obtained with material from Maryland 
and New Jersey. 
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2. Rooting was equally good from August r to January I. Results were 
generaHy unsatisfactory after January IS because of frost injury. 

3. Three types of cuttings were tried. Cuttings made of current year 
stems were slightly better than where old stems remained attached. A 
four- or five-inch cutting of current growth plus a portion of two-year-old 
stem gave satisfactory results. Culls or material four to six inches in length 
taken at random from stems two to five years old gave a greater variation 
and a lower percentage of rooting than other types. 

4. Of the five different media used, a mixture of 50 percent sand with 
50 percent peat moss by volume was generally the best. Rooting was 
obtained, however, over a pH range of 3.6 to 8 in the various media. 

5. Cuttings of evergreen hollies did not root when all leaves had been 
removed. !lex verticillata, a deciduous variety, rooted when no leaves were 
present. 

6. flex opaca cuttings started rooting in 21 days, but to obtain a high 
percentage of rooting it was necessary to leave the material in the medium 
for 3 to 4 months. 

7. Holly cuttings rooted at various temperatures from 59° to 80° F., 
but for practical purposes 65° to 75° F. was considered a satisfactory range. 

8. Stems of flex opaca increased in starch and decreased in reducing 
substances while in the rooting medium. flex crenata. cuttings kept in 
the dark lost starch regularly for 6 weeks and did not root. Comparable 
sets in light increased in starch and formed roots. 

9. Dormant cuttings taken in October produced roots but very few 
shoots when kept continuously in a warm place. The buds did not 
develop until after being stored two or more months in a cool place. Many 
plants lay without top growth throughout the summer of 1928 but having 
been stored in a cool place the following winter, they made normal growth 
in the spring of 1929. 

IO. Potted holly plants (I. opaca) when properly selected and pollinated 
produced crops of berries during the first season. 

EXPLANATION OF PLATES 

PLATE LV 
FIC. I. Jlex crenata cuttings, Nov. 16, r928, to Jan. 9, r929. Top row, cuttings given 

6 hours of extra light in addition to normal sUrtlight. Lower row, cuttings give11 normal 
sunlight only. 

Fm. 2. flex opaca ~uttings, Oct. 4, r928, to Dec. 14, 1928. Top row, cuttings given 
full normal sunlight plus 6 hours.of artificial illumination from r,ooo-watt nitrogen bulbs. 
Lower row, cuttings given full.sunlight only. 

PLATE LVI 

Fm. 3. !lex opaca cuttings, Dec. 17, 1927, to Feb. 201 1928 The photograph shows 
one complete set of cuttings to illustrate variability in size of roots appearing after two 
months time. 
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FIG. 4. Ilex opaca plants from cuttings, Oct. 5, 1928, to April 10, 1929. For explana
tion of figure see page 564 of the text. (Compare with figure 5.) 

PLATE LVII 
FIG. 5. !lex opaca plants from cuttings, Oct. 28, 1927, to April 9, 1929. The picture 

illustrates development of shoots after the buds had lain dormant through an entire growing 
season. Previous to the summer of I928 they were kept continuously in a warm house. 
During the winter of 1928 and 1929 they ;vere stored in a cold greenhouse. As the weather 
became warm in the spring the new shoots appeared. The plant on the left is staminate 
and the one on the right is pistillate. (Compare with figure 6.) 

FIG. 6. !lex opaca plants from cuttings, Jan. 5, 1927, to Nov. 18, 1927. The buds 
had passed their rest period before the cuttings were made, consequently new growth 
appeared as soon as root systems were established. The flowers were pollinated in May 
and the resulting berries were red by December. (Compare with figure 5.) 
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EFFECT OF ENVIRONMENTAL CONDITIONS ON THE 
CHLOROPLAST PIGMENTS 

JOHN D. GUTHRIE 

INTRODUCTION 

Prior to the work of Willstatter and his coworkers (19r2) our knowledge 
of the chloroplast pigments was in an uncertain state. Willstatter succeeded 
in isolating these pigments in the pure condition and determined their 
chemical nature. He showed that they possess the following formulas: 

Chlorophyll a [C32H300N4Mg](COOCH3)(COOC20Ha9), 
Chlorophyll b [Cs2H2s02N4Mg](COOCHs) (COOC20Ha9), 
Carotin C40H55, 
Xanthophyll CoH;o02. 

These formulas seemed to indicate an interconversion of the pigments in 
the process of photosynthesis. Therefore, Willstatter devised methods for 
the quantitative determination of the pigments in leaves. Applying these 
methods to leaves gathered from various naturai' habitats, it was found that 
the ratio of chlorophyll a to chlorophyll b, the a/b ratio, and the ratio of 
carotin to xanthophyll, the c/x ratio, were practically constant. No diur·nal 
change in these ratios could be detected. For these reasons he abandoned 
the idea of the interconversion of the pigments. Nevertheless, the formulas 
are so suggestive of a relationship between the pigments that theories based ' 
on such hypothetical relationships are advanced from time to time. Usually 
no attempt is made to substantiate such speculations by experimental work, 
and often the known facts are neglected. 

The main purpose of the work reported here was· to provide additional 
acts that might bear on such theories. Equipment that placed environ

mental factors more or less under the control of the experimenter was 
available. Using this equipment, conditions differing greatly from those 
to be found in nature could be produced. The effects of light duration, 
light quality, light intensity, carbon dioxid, and mineral nutrients were 
studied. A few analyses were made on mosaic tomatoes. In general the 
results show the constancy of the pigment ratios, but they also show that 
under certain conditions these ratios are changed. 

Aside from the main object, other problems presented themselves during 
the course of tJ:i.e investigation. A new quantitative method for fraction-

. . 
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ating chlorophyll a and chlorophyll b was devised; a series of substitute 
standards for chlorophyll was prepared; and a brown pigment that could be 
extracted from leaves with dilute acetone was studied. 

HISTORICAL 

Sorby (1873) concluded, from spectrophotometric examination of leaf 
extracts, that the ratio of chlorophyll a to chlorophyll b ranges from 5.9 : r to 
7. 7 : I, and that this variation probably depends on the length of time the 
leaves are exposed to the sun. Tswett (r907), using a spectrographic and 
also his chromatographic method, concluded that the a/b ratio varies from 
4 : I to 6: r. Jacobson and Marchelewski (1912) come to the conclusion 

. that the a/b ratio varied with environmental conditions. They precipitated ' 
the chlorophyll as phaophytin from leaf extracts, and then examined it 
spectrographically. Their chief error, and no doubt the cause of the 
fluctuations observed, was a partial fractionation of the pigments, which has 
been shown by Willstatter to occur in this precipitation, due to phiiophytin 

·a .being more soluble than phaophytin b. More recently Wlodek (1921) 
came .to conclusions similar to those of Jacobson and Marchelewski based 
on the spectroscopic examination of living leaves. He measured the width 
of the first absorption bands of the pigments and found them to vary. As 
a matter of fact, these bands overlap, so it is not possible to measure their 
width. It is very doubtful if the fluctuations he observed had anything to 
do with the a/b ratio. 
. In a study of autumnal changes, Willstiitter (1918) found that there was 
ofte~ a ... conversion of carotin into a pigment that at least benaved like 
xanthophy!I in the analysis. There was little change in total carotinoids. 
An increase in water-soluble brown pigment was noted. Goerrig (1918) 
working on carotinoids in autumnal coloration also noted little change in 
total carotinoids, but an increase in water-soluble brown pigment. Tswett 
(1908) also was of the opinion that autumnal coloration was due to water
soluble brown pigments, and found the carotinoids present were not the 
ones normally present in leaves. 

Willstatter (1918) studied the effect of high carbon dioxid and high light 
intensity on detached leaves. He found that the ratio of carotin to xantho
phyll shifts to a lower value under these conditions. There was also a small 
lowering of the a/b ratio. 

METHODS 

In general the methods used were based on the work of Willstatter and 
Stoll. They were not of a high degree of precision, but were the best 
available. Two methods for fractionating chlorophyll a and b were used 
throughout the work. One was the method of Willstatter, modified only in 
minor details, and the other a new method worked out by the author. It 
was th.ought best to use both methods in order to avoid misleading results 
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that might arise should one contain a systematic error. Besides, this made 
possible the comparison of the new method with the more established one 
under a wide range of conditions. During part of the work total chlorophyll 
was determined by a method that was essentially that of \Vil!sfatter. More 
will be said later concerning the results of comparing these three methods 
and the errors involved in the determinations. 

The carotinoids were determined by the method of \Villst~itter, using a 
Bausch and Lomb colorimeter for comparison against potassium dichromate. 
In all colorimetric comparisons, several readings were taken with the 
standard on the left, then an equal number with the standard on the right, 
and all values averaged. Six readings were usually made in the chlorophyll 
determinations, ten in the carotinoid determinations. During the last part 
of the work a spectrophotometer was available, and the carotinoids were 
determined as recommended by Schertz (I 923). 

Willstatter's Methods for the Four Chloroplast Pigments 
Briefly these methods are based on the following principles: 
(r) The quantitative extraction of the pigments with acetone and their 

quantitative transfer to ether. 
(2) Conversion of the chlorophylls to phaophytin by acidification; 

saponification of the phaophytin with hot, concentrated, methyl alcoholic 
potassium hydroxid to phytochlorin e and phytorhodin g; and fractionation 
of these derivatives from ether solution with 0.835 and 347 normal hydro
chloric acid. 

(3) Th.e separation of the chlorophylls from the carotinoids by saponi
:fication in the cold with methyl alcoholic potassium hydroxid, and the 
fractionation of carotin and xanthophyll between petroleum ether and 
methyl alcohol. 

For the details of these methods the reader is referred to Willstatter and 
Stoll (1912). 

A New Method for Chlorophyll a and Chlorophyll b 
The principle on which this method is based is the methylation of the 

chlorophyll in the leaf by refluxing with methyl alcoholic hydrochloric acid, 
quantitative extraction being accomplished by the same procedure. The 
resulting methyl phaophorbids are then fractionated from their ether 
solution with 5.05 and 6.75 normal hydrochloric acid. The method follows: 

Place 30 g. of leaves in an 800-cc. Kjeldahl flask and add 200 cc. of o.6N 
methyl alcoholic HCl. Put a condenser, of the type shown in text figure I, 

in the neck of the flask and reflux on the steam bath for one hour. Pour the 
methyl alcoholic HCI from the leaves into a beaker, add IOO cc.more to the 
leaves, reflux IO minutes, and pour off. Do this three times. Combine the 
extracts, cool, and filter through a rapid paper. 

Place the extract in a 4-liter separatory funnel and mix with 350 cc. of 
ether. Add about r~ litera of water slowly. The ether separates as a 



GCTHRIE - CHLOIWPLAST PIGMENTS 223 

layer at the top. This ether layer contains most of the chlorophyll in the 
form of methyl phiiophorbid. \Vash the aqueous layer with 75 cc. of ether 
in order to remove the last traces of the chlorophyll derivatives. Do this 
by shaking vigorously with the ether and waiting until the ether separates 
to the top. Combine this wash ether with the main bulk. The aqueous 
layer often remains brown, but this is due to pigments other than chlorophyll, 
which are not soluble in ether. At this point the ether may be placed in the 
ice box over night without appreciable loss of pigments. 

TEXT FIG. I. Condenser used in new method for chlorophyll determinations. 

Place the ether in a 500-cc. separatory funnel and extract three times 
with 25-cc. portions of HCl, sp. g. r.r2s, and twice with 15-cc. portions of 
HCI, sp. g. I.19. Make these extractions by shaking the ether vigorously 
with the acid and then allowing the layers to separate. Run the extracts 
into a second 500-cc. separatory funnel. Add r50 cc. of ether, and transfer 
the pigments to it by slowly diluting with water and shaking vigorously. 
This is another point at which the extracts may be kept in the ice box over 
night. 

The pigments are ready for fractionation. Add 50 cc. of s.05N HCl and 
shake vigorously. Place this extract in a second separatory funnel, add 20 

cc. of ether, shake vigorously, and when the layers separate run the extract 
into a 500-cc. volumetric.flask. Add the wash ether back to the main bulk. 
Repeat this process until the flask is near the mark. Make to volume with 
the same acid and mix by pouring out into a dry beaker and back into the 
flask. The flask contains the chlorophyll a of the sample in the form of 
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methyl phliophorbid a. Filter a portion of this through a rapid paper and 
compare at once with the standard for the a fraction. Extract the ether 
with lOO-cc. portions of 6.75N HCI. Run these extracts into a 500-cc. 
volumetric flask, bring to volume, mix, filter, and compare with the standard 
for the b derivative. 

The standards may be prepared by fractionating a known mixture of 
methyl phaophorbids a and b, similar in amount and ratio to that expected in 
the sample, or with the substitute standards described further on. The 
methyl phiiophorbids were prepared and purified as described by Willstatter 
(1912). 

Method for Total Chlorophyll 
The method used for total chlorophyll in some of the analyses was 

essentially that of Willstatter. The alkaline chlorophyll extracts from the 
carotinoid determinations were made up to a convenient volume, usually one 
liter, and compared with a standard made by saponifying a known weight of 
chlorophyll in a manner identical with the unknown, or with a substitute 
standard described in a previous paper (1928). 

The Pigment Soluble in Dilute Acetone 
In Willstatter's method a preliminary extraction was made with 30-

percent acetone. This extract was brow.n in color. In Willstatter's work it 
was discarded. He mentions, however, that it varied in intensity from 
plant to plant and with conditions of growth. Although the nature of the 
pigment or pigments present in this extract was unknown, it was thought 
desirable to make some study of it. The extracts were made to volume, 
allowed to stand until colloidal material flocculated, and then filtered. 
Relative amounts were determined by colorimetric comparison. 

Substitute Standards 
Throughout the work substitute standards were used for most of the 

determinations. They proved superior to the regular standards due to 
ease of preparation, stability, and capacity for exact duplication. Further
more, they should be of value to those not desiring to go to the trouble of 
preparing pure compounds for making the regular standards. 

That these substitutes give results essentially the same as the regular 
standards is shown by the following values obtained by applying both 
substitute and regular standards to the same series of samples: 

, . Chlorophyll Chlorophyll b alb Ratio 

S~claI:d Substitute , Standard Substitute Standard Substitute 

0.537 0.535 ·0.196 0,195 2.78 2.78 
0.625 0.597 0.227 0.220 2.80 2.75 
0.625 ,. 0.596 0.226 0.2I9 2.80 2.75 
0.073 0.068 0.028 0.027 2.65 2.56 
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K2Cn01 Xanthophyll 
2 g. per Liter 28.4 mg. per Liter 

Set at: Matches at: 

r4 mm .................................... :22.8 nun. (25.0) 
19mm...... ............ . ... 27.5111111. 
27 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... 36.6 mm. (50.0) 
35 mm .................................... 43.0 111m. 

As a primary standard for xanthophyll a solution standardized spectro
photometrically by the method of Schertz was used. The reason for this 
was the lack of satisfactory material from \vhich to prepare xanthophyll. .-\ 
small preparation from soy bean leaves gave a specific transmissive index 
of r.87 in ether, considerably lower than the value 2.09 given by Schertz 
(1925). A solution of pure carotin was used as a primary standard against 
which to compare ,the potassium dichromate. This was prepared by a 
method different from that described by \Villstt-itter. 

Preparation of Pure Carotin 

6.5 kg. of fresh carrots were ground through a nixtamal mill into acetone 
and then extracted with acetone on an asbestos suction n1at. The first two 
extracts, due to dilution of the acetone ·with water in the carrots, contained 
little carotin and \vere discarded. The next three extracts contained the 
bulk of the pigment. These were combined and diluted slowly with about 
one-third of their volume of water. Carotin crystallized on standing in an 
almostpure state, as shown by the high transmissive index (I.97) of solutions 
of the preparation. The crystals were filtered off with suction after the 
extracts had stood over night. The yield was 230 mg. The carotin was 
purified by recrystallization from petroleum ether. This increased the 
specific transmissive index to 2. I I for the mercury line 435.8. Further 
recrystallization did not change this value. The melting point was r69° 
which agrees with that originally given by Willstatter and Mieg 
rather than the more recent value (174°) given by \VillsUitter and Stoll and 
also found by Schertz (r925). Schertz gi\'es I.915 for the specific trans
missive index of carotin in petroleum ether. He prepared his carotin from 
dried carrots. On the basis of its higher melting point, his preparation 
might be expected to be purer than the one described here, yet the 
transmissive index, which Schertz advances as a criterion of purity, 
the opposite to be true. 

Probable Error of Methods 
On account of the impossibility of running a large number of determi-

1:1ations at one time, the probable error of the methods could not be found in 
.the.usu;:dmanner .. The value of the probable error was estimated from 
rc;suJts .of duplicate determinations in the following manner: 2 

.iJ am indebted to Doctor Frank Wilcoxon for suggesting this method of determining 
the probable error. 
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Find the deviation of the duplicates from each other in percent of their 
mean. Take the sum of the squares of these deviations. Divide by the 
number of duplicates and take the square root. Multiply by .67/'\/2. 
This is equivalent to the following: 

6'"' {f(f. 
Probable error singular = "l2 '17'f. 

Applying this to the data at hand it was found that for Willstatter's 
method for chlorophyll a and b the probable error singular for total chloro
phyll was r.6 percent, for the a/b ratio 3.7 percent. With the new method 
for total chlorophyll a and b the probable error singular for total chlorophyll 
was 4.I percent, for the a/b ratio 3.5 percent. With Willstatter's method 
for the carotinoids the probable error singular for total carotinoids was 2.6 
percent, for the c/x ratio 4.7 percent. 

Since working out the above method it was found that a method es
sentially the same, and giving the same results when applied to the data at 
hand, has been published by Fleisch (1926). 

A Comparison of Methods 

Three methods giving total chlorophyll values were used throughout the 
work. In many cases these were used on identical material. A comparison 
of values so obtained showed that \Villstatter's method for total chlorophyll 
gave values averaging 43 percent higher than his method for chlorophyll a 
and b. The new method gave values averaging 50 percent higher than 
those by Willstatter's method for chlorophyll a and b. The a/b ratios 
averaged 20 percent higher by the new method than by Willstatter's. 

The low values with YVillstatter's method were probably due to de
struction of chlorophyll during the saponification with hot concentrated 
potassium hydroxid, this destruction being associated with the presence of 
impurities and therefore not occurring when the standard was saponified. 
Willstatter mentions the possibility of a loss in saponification, but considers 
it negligible. Unfortunately no comparison of his two methods can be 
found in his work. 

In tables 7, 9, and. II values are given by both the colorimetric and 
spectrophotometric methods for the carotinoids. It will be seen that 
although they differ somewhatin a few cases, the conclusions can be drawn 
from the data by either method. 

Preservation of the Sample 
AH the analyses in this work were made on fresh material, immediately 

after gathering. With a view toward future work the possibility of storing 
the samples in a frozen condition was investigated. The results are sum
marized in table I. The decrease in total chlorophyll is almost negligible, 
but there is plainly a shift in the a/b ratio. Odds that this difference is 
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significant are 990 : I by "Student's" method (see Love, 1924). This seems 
to be due to the conversion of a small amount of chlorophylI a to chlorophyll 
b. The odds are 85 : I that there is a decrease in a, and 45 : r that there is 
an increase in b. 

TABLE r. Chlorophyll Analyses on Samples Preserved by Keeping Frozen Compared with 
Analyses on the Fresh Tissue 

Chlorophyll a Chlorophyll b Total Chiaro· 
in percent of in percent of phyll in percent a/b Ratio 

Plant Time Stored Method Used 
Fresh \Veight Fresh Weight of Fresh Weight 

Fresh Stored Fresh Stored Fresh Stored Fresh Stored 
--------------

Sunflower .. 7 d~t's New o.r 19 O.II3 .o.p .04+ O.I6I 0.157 2.9 2.6 

" " 0.143 0.133 .033 .041 0.176 0.174 4.5 3.3 .. IO 

" 31 " " 0.137 O.lU .038 .043 0.175 0.154 3.8 2.6 .. 
Tomato .... 4 months " o.roo 0.086 .024 .026 0.124 O.II2 4.2 3.4 

" 2 Ll 'i'i"illstatter's 0.039 0.036 .or7 .020 0.056 0.056 2.4 r.8 .... 
" 28 " " 0.08Q 0.074 .031 .036 O.II I o.rro ? ·~ 2.I .... -·I 

I 

Samples showed a marked loss in total chlorophyll when dried and 
stored. It may be that by exercising care serious losses can be avoided by 
the use of this method, but it cannot be recommended as generally applicable. 

RESULTS OF ANALYSES OF PLANTS GROWN UKDER DIFFERENT CONDITIONS 

In reporting the results of these experiments, the values for the dry 
weight· determinations are omitted from the tables in order to save space. 
For the same reason only total chlorophyll or total carotinoid percentages 
and the af b or c/x ratios are tabulated, except where there is a marked shift 
in the ratios. In these cases the pigments are recorded separately. In 
some instances the figures represent averages of several determinations. 
However, the interpretation of the results is based on the individual values. 

One should not attach much significance to small differences occurring 
vertically in the tables, owing to the somewhat empirical nature of the 
methods and the different ages of the plants. However, the values given 
horizontally in the tables are results of analyses run at the same time, under 
the same conditions, and on plants of the same age. They are therefore 
comparable. In studying the data the probable errors of the methods are of 
value in deciding on the significance of differences. However, the data are 
best adapted to the use of "Student's" method. The odds have been 
worked out by this method wherever the data are sufficient. These odds 
are given in the discussion of the results of each experiment. 

Experiment I. Effect of Increased Carbon Dioxid 
This~perimentwas started on November 16, 1925, and ran through 

the winter. The object was to see what effect carbon dioxid would have on 
plants. In general they responded with increased growth, even though light 



TABLE 2. Analyses of Plants Grown in Various Concentrations of Carbon Dioxid 

Plant Substance Method 
Determined Used 

Tomato .... Chlorophyll * Willstatter' s 
" " t New 

Seed leaves, 
soy bean .. " Willstatter's 

Soy bean ... " " 
" " " New 

Sunflower ... " " 

Tomato .•.. Carotinoids Willstatter' s 

*Average of three analyses. 
t Average of four analyses. 

Total Pigment in percent 
of Fresh Weight 

Control Flue 0.3 per- r.o per-
Gas cent cent 

-----------
0.133 0.133 0.138 0.140 
0.149 0.134 0.148 I.68 

0.130 0.162 0.152 0.158 
0.165 - 0.102 0.162 
0.213 0.206 0.213 0.218 
0.178 - - 0.168 

------------
0.0136 0.0127 O.OII6 0.0124 

Total Pigment in percent Ratio, Either a/b or c/x 
of Dry Weight 

Control Flue 0.3 per- r.o per- Control Flue 0.3 per- I.a per-
Gas cent cent Gas cent cent 

------------------------------
r.36 I.38 I.II I.I7 3.1 3.0 3.I 3.2 
I.56 1.31 I.18 r.36 4.3 4.0 4.0 4.1 

0.84 0.94 o.86 0.89 3.6 3-4 3.3 4.3 
0.55 - 0.58 0.55 2.6 - 2.9 2.4 
0.76 o.68 0.76 0.70 3.7 3.I 3.3 3.6 
- - - - 4.2 - - 3.6 

-----------------------------
0.165 0.130 o.rr3 O.II8 0.57 0.61 0.55 0.50 
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intensity was poor during most of the experiment. Owing to necessary 
temperature control, it was hard to regulate the carbon dioxid concentration. 
Analyses for carbon dioxid were made daily and in general the values were 
kept close to those desired. The temperature in all houses was 25° C. The 
conditions were as follows: 

(I) Control. Ordinary greenhouse conditions. 
(2) Furnace gas. Purified flue gas from boilers. Carbon dioxid content of 

air kept near 0.3 percent. 
(3) 0.3-percent house. Carbon dioxid kept near 0.3 percent by means of 

gas from tanks. 
(4) LO-percent house. Carbon dioxid kept near I.O percent by means of 

gas from tanks. 

The results are summarized in table 2. Aside from carbon dioxid 
increasing the chlorophyll in the seedling soy beans, there is little effect on 
the green weight basis. Data given later \Vill show that seedlings or young 
plants tend to respond with increased chlorophyll production under con
ditions favoring rapid photosynthesis, although the effect may be in the 
opposite direction as the plants grow older. This effect is probably due to 
the young plants having ai1 abundant supply of all other materials necessary 
for chlorophyll production except carbohydrates. Later in the life of the 
plant these are exhausted, and an increase in chlorophyll production is no 
longer noted. 

Considering the dry weight percentages, no significance can be attached 
to any chlorophyll differences in the soy beans. \Vith the tomatoes, howw 
ever, a marked reduction of chlorophyll is evident. Applying "Student's'' 
method to the individual determinations, the odds for the 0.3-percent and 
I .o-percent houses are 4,000 : I and 900 : I, respectively. The difference 
of the dry weight results from the green weight values can be accounted for 
by an increase in the percentage of dry matter due to extra carbon dioxid, no 
doubt due to increased carbohydrate production. 

There is a little evidence of a tendency for carbon dioxid slightly to 
decrease the a/b ratio. The odds are 8 : I, 8 : I, and 2 : I for the furnace 
gas house, o.3wpercent house, and 1.0-percent house, respectively. The 
differences are so small that they may be due to some constant error in the 
methods. In any case it is best for the present to attach no significance to 
them. 

The data on the carotinoids are meager. However, the carotinoids are 
low in the houses with extra carbon dioxid when expressed on the. dry weight 
basis.. It is interesting .to note that they should behave so similarly to 

... chlorqpfl)lll t():wa,rd carbpn dioxid. This tendency for the carotinoids and 
chforopl,lyllto. be similarly affocted will also be noted in other experiments •. 
The c/ x ratio. appears to remain unchanged. 
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Experiment 2. Effect of Increased Day Length and Extra Carbon ;J)ioxid. 
Eighteen-hour Day Series 

The purpose of this experiment was to study the effect of increasing the 
length of day, with and without extra carbon dioxid. A gantry crane 
carrying 48 1 ,ooo-watt lights was used. This was moved over the green
houses at night. At the sta;t it gave an illumination of 723 foot candles, 
and at the dose 450 foot candles as measured by a Macbeth illuminometer. 
Pyrheliometer measurements were 0.32 and 0.30 gram calories per sq. cm. 
per minute, respectively. Plants were also given continuous artificial 
illumination in the constant light room. Here the light intensity started at 
r,320 foot candles and closed at r,rno foot candles. The pyrheliometer 
values were 0.35 and 0.19. Carbon dioxid was supplied from tanks. The 
temperature under all conditions was 20° C. The experiment started 
February 24, 1926. 

The conditions were as follows: 
(r) Control. Ordinary greenhouse conditions. 
(2) 18-hour day. Extra light from 12 P.M. to 6 A.M. with the gantry 

crane. 
(3) r8-hour day plus C02. Extra light from 6 P.M. to 12 P.M. with the 

gantry crane. Carbon dioxid about 0.3 percent. 
(4)· Continuous artificial illumination in the constant light room with 

carbon dioxid about 0.3 percent. 
· The results are summarized in table 3. Total chlorophyll on the green 

weight basis does not show large differences. On the average the values for 
the r.8-hour day are slightly lower. The reduction of chlorophyll in the 
tomatoes was associated with a mottling effect. Taking the values for all 
the plants the odds are only 5 : I that the values in the 18-hour day series 
are significantly less. With the r8~hour day plus carbon dioxid the differ
ence is greater. The odds here that the reduction observed is significant are 
60 : I. Also the values obtained in the constant light room are lower than 
in the control. 

On. the dry weight basis the chlorophyll values are distinctly lower with 
the 18-hour day and sdll lower with extra carbon dioxid. The odds are 
88 : I and. r,666 : I, respectively. Also, the odds that the 18-hour day plus 

·• carbondioxid is. lower than the r8-hour day without carbon dioxid are I 84 : I. 

Here we have increased photosynthesis acting to increase the dry matter 
. without corresponding increase in chlorophyll. There is also the possibility 
of an increase in the rate of decomposition of chlorophyll under these con
diticms. ' The brown pigme:flt shows a distinct increase. 

The·a/b ratio in the. 18-hour day plus carbon dioxid tends to average 
slightly lower than the.~S~ho .. qr day without carbon dioxid. The odds are 
only 4 : 1 ·and little i'.rnportance can be assigned to the differences as a 
constant error may be involved. 



TABLE 3. Analyses in Day Length and Carbon Diaxid Experiment. Eighteen-hour Day Series 

Total Pigment in percent Total Pigment in percent Ratio, Either a/b or c/x of Fresh Weight of Dry Weight 

Substance Method Plant Determined Used ' 
I8-hr I8-hr. Cont. 18-hr. 18-hr. Cont. 18-hr. 18-hr. Cont. 

Control Day Day Illumi. Control Day Day Illumi. Control Day Day Illumi. 
+co. +co. +co, +co, +co, +co, ---------· ------------------------

Sunflower ... Chlorophyll New 0.133 o.r25 0.124 O.I2I I.08 J.02 1.03 o.86 3.I 3.7 3.3 3.2 .. " Willstatter's 0.087 O.IOO 0.081 0.067 0.71 0.61 047 0.39 3.0 3.1 2.7 2.6 
Tomato .... " *New 0.145 0.131 0.124 I.29 I.OS 0.85 3.5 3.3 3.3 

" " Willstiitter's 0.138 0.085 O.III r.28 o.8r 0.67 2.8 2.5 2.7 
Soy bean ... .. * .. 0.182 0.163 0.139 o.86 0.70 0.45 2.5 24 2.2 

CC H " New 0.255 0.284 0.168 r.29 r.08 0.56 2.5 2.5 2.3 
-----------------------------------

Sunflower ... Carotinoids Willstatter's o.ou7 0.0089 0.0088 0.0081 0.087 0.044 0.049 0.051 0.40 0.46 047 0.33 
Soy bean ... .. .. 0.0194 0.0185 0.0080 0.086 0.068 0.027 0.45 0.44' 0.48 

---· -------·-·------·------------------------
Sunflower ..• Brown pigment i' I.00 4.12 8.16 
Tomato .... " " LOO 0.96 I.2I 
Soy bean ... " II I.00 r.40 I.37 

*Average of three analyses. 
t Relative values. Control used as standai d. 
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The carotinoids show changes essentially the same as chlorophyll, 
decreasing with extra carbon dioxid and increased day length. The c/x 
ratio shows no significant change. 

Experiment 3. Effect of Increased Day Length and Extra Carbon Dioxid. 
Twenty-four-hour Day Series 

In this experiment the equipment was the same as in experiment 2. The 
temperature was kept at 25° C. Three white flame carbon arc lights were 
used in the constant light room in addition to the usual incandescent lights. 
The gantry crane started at 761 foot candles and ended at 765 foot candles. 
Pyrheliometer readings were 0.36 and 0.31 gram calories per sq. cm. per 
minute, respectively. The constant light room started at 1450 and 0.24 and 
ended at 975 and 0.20. The experiment was started on January 28, !927. 

The conditions were as follows: 

(I) Control. Ordinary greenhouse conditions. 
(2) 24-hour day plus C02• Extra light from the gantry crane 6 P.M. to 6 

A.M. Carbon dioxid kept at about 0.3 percent by means of gas 
from tanks. 

(3) Continuous artificial illumination in the constant light room. Carbon 
dioxid about 0.3 percent. 

The results of analyses are summarized in table 4. On the green-weight 
basis the effect of age of the plants is so evident that no treatment of the 
results as a whole can be made. With the seedling soy beans there is a 
marked increase in chlorophyll with extra carbon dioxid and long day. 
This effect of increased photosynthesis acting to increase chlorophyll in 
seedlings was noted in the carbon dioxid experiment and discussed there. 
This difference becomes less and less as the plants grow older, until finally in 
old age the long day, extra carbon dioxid plants contain distinctly less 
chlorophyll than the controls. This age difference is also evident in the 
sunflowers. 

On the dry weight basis the seedling soy beans still show a higher chloro
phyll percentage with extra carbon dioxid. But aside from these, the soy 
bean analyses show a marked decrease with extra carbon dioxid and in
creased day length, as is to be expected on the basis of the previous experi
ment. The odds are 770 : I. The a/b ratio again shows a slight tendency 
to be lower with the extra carbon dioxid plants. The odds are I2 : I. 

The total carotinoids follow rather closely the total chlorophyll values. 
The c/x ratio tends to be slightly lower in the 24-hour day plus carbon 
dioxid plants. 

Although the extracts containing the brown pigment were not compared 
colorimetrically, it was noted that those from the long day plus carbon 
dioxid plants were distinctlydarker than those from the controls. 

Tomatoes under the 24-hour day with extra carbon dioxid showed 



Plant 

TABLE 4. Analyses in Day Length and Carbon Dioxid Experiment. Twenty-four-hour Day Series 

! I I Total Pigment in percent 
of Fresh Weight 

Total Pigment in percent 
of Dry Weight Ratio, Either a/b or c/x 

--

Days 
Under 
Exper. I Substance ! ''f ti 1 TJ 1 D.r.termined .1\' e 10' \ set 

I 

Soy bean .. ,- -~~1--;;-1--(;Iorophyll 1-Ncw ---
Cmitrol 

24-hr. I 24-hr .. 
Day Day 

+co,* + cu,t 
Control 

24-hr. I 24-hr. 
Day Day 

+ C02* -1- CU2l 
Control 

24-hr. I 24-hr. 
Day Day 

+co,* +co,t 
-1------·------

:: :: ~~··~~·,~~I :: f :: 
0.220 0.330 I u9 r.5r 3.1 3.6 
0.219 0.247 I. 16 0.83 3.6 3.6 
0.306 0.326 I.72 I.I] 4-3 4.1 

Sunflower ...... . 35 
70 

0.299 n.150 I.32 (l.4S 4.2 3.6 
" \Villstlitt<>r';; o.rn:; o.II2 o.O<):J 0.74 0.78 0.75 2.9 2.8 
" New 0.176 0.159 r.28 0.82 4.4 4.2 

.2.8 

-- ---·---·- --«---~--- ------ ----~-1~~ 

Soy liea:n. . . . . . . 20 Carotinoids Willstatter's 0.0245 0.0276 0.16,3 0.150 o.66 0.51 
" .. . . . . . . . 26 " " 0.0238 0.0253 0.143 0.099 0.42 0.39 

Sunflower...... 35 " " 0.0187 0.0150 o.rn30 0.133 0.104 0.102 0.47 0.42 I 0.42 

* Twelve hours natural, illumination. 
t No daylight, continuous 
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distinct injury, the plants making little growth. This injury is also charac
teristic of tomatoes in the constant light room. The effect on the pigments 
is described in the report on the next experiment. 

Experiment 4. The Effect of Continuous Illumination on Tomatoes 
It was found that when tomatoes were exposed to continuous artificial 

illumination in the constant light room, the leaves yellowed and later 
showed necrotic areas. For this experiment the plants were gro>vn under 
ordinary greenhouse conditions, and then placed under continuous illumi
nation. After several days analyses were made on these plants and on those 
left in the greenhouse as controls. 

The results are shown in table 5. It was of course evident without 

TABLE 5. Analyses of Tomatoes Subjected to Continuous Illumination Compared with Plants 
Left under Ordinary Greenhouse Conditions 

Total Pigment in per- Total Pigment in per- Ratio, either a/b or ~f:c cent of Fresh Weight cent of Dry Weight 
Substance Method 

Determined Used 
Control Continuous Control Continuous Control Continuous 

Illumination Illumination Illumination 

Chlorophyll * . Willstatter's 0.085 0.055 0.59 0.25 2.4 2.I 
" t . " 0.069 0.039 o.5r 0.2I 2.2 I.9 
" t. New 0.124 0.068 0.99 0.35 4.2 3.8 

Carotinoids * .. Willstatter's 0.0104 0.0060 0.067 o.o::q 0.51 0.38 

Brown 
pigment* ... I.00 l.63 

*Average of 4 analyses. 
t Plants under continuous illumination had no extra carbon dioxid. 

analysis that a decrease in chlorophyll had taken place. The data show this 
plainly. The decrease on the dry-weight basis is greater, due to a very large 
increase in carbohydrates in the continuously illuminated plantS. 

The a/b ratio shows a consistent lowering with continuous illumination. 
The odds are J'.,ooo : I that this is significant. The individual values for 
chlorop.qyll a: an.d b (not given in table) show that both decrease under the 
effect of the light, but chlor:ophyll a decreases faster than b. 

, · .. The .ca;rotiI?oids also .show a distinct decrease under the action of the 
··light. .The c/x ratio.is .also lowered. Odds are 33 : I that this difference is 
significant. Values givel'.I individually for carotin and xanthophyll show 
that both decrease, the shift in the ratio being due to the more rapid de
composition of .carotiI?; The brown pigment shows a large increase with 
continuous illumination~ · 

Exp~~e~t 5 •. Effect of Light of Various Qualities 
In this experiment greenhouses equipped with various glasses cutting 

out certain regions of the spectrum were used. No attempt was made to 



TABLE 6. Analyses in Colored Glass Experiment Where Total Intensity is the Same in Ili, ll2, Ila, and Il4, but 20 percent lower in JI, 
-

Total Pigment in percent Total Pigment in percent Ratio, Eithet a/b or c/x of Fresh Weight of Dry Weight 
Plant Substance Method 

Determined Used 

H1 II. Ha u, I H, Ht H2 Ha IX. Hs H1 lb Ha H, Hs 
~--l---·----

Soy bean .. Chlorophyll Willstatter' s 0.190 0.212 0.206 0.152 0.081 0.87 LOO I.OI 0.74 0.44 2.I 2.6 2.3 2.0 I.I 
U H " .. 0.245 0.264 0.205 0.206 I.07 I.17 0.90 LOI 2.5 2.6 2.0 2.I 
" .. " New 0.333 0.294 0.270 0.256 r.6r I.44 r.27 I.28 3.7 3.2 3.4 3.1 

Tomato ... " Willstatter's 0.194 0.147 0.134 - 0.176 I.63 r.34 I.25 r.52 2.6 2.2 2.5 2.2 
H H " - 0.145 - - 0.121 - r.31 - - I.21 - 2.6 - - 2.I 

Sunflow~~:j .. " 0.088 0.104 0.105 O.IOO --- 0.55 0.71 0.78 0.67 ---- 2.0 I.6 2.2 2.0 --
-----1----------,~-"----------------- ---~·-----·-------- ---~ ------------
Tomato ... I Carotinoids Willstatter'8 .0199 .0175 .0179 .0172 -- 0.174 0.155 0.152 0.181 -- 0.56 0.50 0.47 046 --

" ... l " " .0224 .0156 .0122 .0205 .0193 0.187 0.140 o.rr5 0.181 0.166 0.58 0.51 0.43 0.45 0.51 
Sunflower. .. " .0!20 .0143 .0116 .OI2I -- 0.075 0.099 0.086 0.083 -·- 0.62 0.57 0.51 0.48 ---·------------ --=.-r~-:;;;-

~-~---

-;;~4;.·--1--- r~--1 ·----- ------------~ ----- ~-~---~ 

Soy b"'"·· Bm~~ plgme"t •
1 

t.oo 0.91 
Tomato .. - " " I.oo 0.90 I 0.60 0.60 0.50 . 
Sunflower.I " " j r.oo 0.73 . 0.78 0.62 I i I I I 

* Relative amounts. 
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keep the temperature constant, but it was maintained approximately the 
same in all the houses by forced ventilation. The equipment has been 
described by Popp (1926) and the reader is referred to his paper for further 
details. 

Three series were run. In the first the light was kept approximately the 
same in houses I, 2, 3, and 4 with shading doth. The intensity in house 5 
was about 80 percent of the others. The conditions were as follows: 
H1. Ordinary greenhouse glass. " 
H2. A glass transmitting about 80 percent of the incident radiation at 

290 mµ, the extreme limit for solar radiation. 
H3• A glass cutting out the ultra violet. 
H4. A yellow glass cutting out all wave lengths shorter than 472 mµ. 
Hs. An orange glass cutting out all wave lengths shorter than 526 mµ. 

The results of the analyses are given in table 6. No significant difference 
is evident between the chlorophyll values of houses r, 2, and 3 on either the 
green- or dry-weight basis. From this it may be concluded that the ultra 
violet of sunlight has little effect on chlorophyll. Houses 4 and 5 tend to be 
slightly lower than houses r, 2, and 3, indicating that cutting out the blue 
rays slightly reduces chlorophyll production. Odds are 37 : r and 48 : I 

that chlorophyll is lower in house 5 than in house r on the green- and dry
weight basis, respectively. 

The a/b ratio is lower in houses 4 and 5. The odds that house 5 is lower 
than house I are 78 : I. 

The total carotinoids show no very significant differences. The c/x ratio 
seems to be slightly higher in house I than in the other houses, but this 
cannot be ascribed to light quality, since house 3, where all the ultra violet is 
cut out is slightly lower than house 2. 

The comparative values for the brown pigment show that it is lower in the 
houses lacking in blue light. 

In the second series a blue glass was introduced. No shading cloth was 
used, and therefore the intensity differences are much greater in this series 
than in the previous one. This should be remembered when interpreting 
the data. 

The conditions were as follows: 

H2. Intensity about 45 percent of outside. 
Hs, Intensityabout 45 percent of outside. 
Hs. Intensity about 27 percent of outside. 
H6• A blue glass cutting out all wave lengths longer than 585 mµ. In

tensity about ro percent of outside. 

The results of this series are tabulated in table 7. There is not much 
· difference betweenhousezand 3 in total chlorophyll or the a/b ratio. With 
the exception of one set of analyses, chlorophyll is higher in house 5 than in 
house r. House 6 is very much higher in chlorophyll than either house 2 or 



TABLE 7. Analyses in. Colored Glass Experiment where Total Intensity Varies* 

Total Pigment in percent Total Pigment in percent Ratio. Either a/b or c/x 
Substance Method 

of Fresh Weight of Dry Weight 
Plant Determined Used 

H• H. H& u. Ht H• H> Ho Ht Ha H• Ho -----------------------------
Torµato ....... Chlorophyll Willstatter's O.I4I 0.141 0.145 0.214 1.34 I.19 1.82 1.89 3.0 3.0 2.9 3.3 " . .. Total 0.192 0.192 0.205 0.295 r.83 I.62 2.56 2.61 ..... ~ .. 

" .. \Villstlitter's 0.137 0.163 0.170 0.237 I.IS r.32 1.94 1.80 2.9 3.2 2.9 3-4 ........ 
" .. Total 0.183 0.224 0.241 0.324 1.58 1.82 2.74 2.46 

Soy bean ...... .. New 0.295 - 0.306 0.334 1.54 - r.54 - 2.8 - 2.8 2.8 
" u .. Willstiltter's 0.268 - 0.210 - I.07 - o.8r ·- 2.8 - 2.4 ....... 

·----- ---------·- ·~---·-----------------
Tomato ....... Carotinoids Willsttitter'i. .0154 

(.0190)** 
.0169 

(.0201) 
.OI58 .0259 

(.0190) (.0306) 
0.147 

(0.181) 
0.142 

(0.169) 
0.198 

(0.238} 
0.229 0.38 

(0.271) (0.31) 
0.42 

(0.30) 
0.35 

(0.26) 
0.39 

(0.33) .. .. II .0157 .0205 .0204 .0339 o.13q 0.166 0.232 0.257 040 0.40 0.39 0.37 
Soybean ...... " .. 

.0334 .0269 0.133 0.104 0.41 0.29 

I (.o.p2) (.0323) (0.164) (0.125) (0.33) 0.27 

Tomato .... ~1 Brown pigment t I . -----------~- - ~-------i-----
1.21 I.00 043 0.65 

Soy bean.• ... • U II 1.00 - 0.80 -
I 

---~----

* H,, 45 percent of outdoor inteni<ity. 
Ha, 45 " u " " 

J-IJ1 27 H ". II U 

H11 IO " u " u 
**Values in parenthe;;is arc determined with spcctrophotomctl'r. 
t Relative values. 
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house 3. Odds are 360 : I on the green weight basis and 832 : l on the dry 
weight basis. In house 6 the plants made very little growth. The high 
amount of chlorophyll is probably due to production of tissue not keeping 
pace with chlorophyll production. This cannot be ascribed to blue light 
alone, since a large intensity difference is involved. It will be shown later 
that reduction in intensity leads to a marked increase in chlorophyll per
centage. In accord with what was noted in the previous series, the a/b ratio 
averages slightly lower in house 5 than in houses 2 and 3. House 6 runs 
slightly higher. Due to the slow growth of plants in this house, more 
analyses could not be made. 

The total carotinoids show small changes that in general parallel those of 
total chlorophyll. There is an especially large increase in house 6. No 
significant change is shown in the c/x ratio. 

The brown pigment is lower in houses 5 and 6 than in houses 2 or 3. 
In house 6, however, it is higher than in house 5 in spite of the lower in
tensity in house 6. This is in accord with the conclusion that the production 
of this pigment is favored by blue light. 
· In order to check the results in house 5 in relation to the reduction of the 

a/b ratio under these conditions a third series was run. Plants grown under 
ordinary greenhouse conditions were placed in house 5 and, after several 
weeks, analyses were made on them, and upon the controls left under green
house glass. The results are summarized in table 8. They show an 
undoubted decrease of the a/b ratio in house 5. The odds are over 5,000 : .I 
in favor of this. Total chlorophyll expressed on the fresh weight basis 
shows a slight decrease in house 5. This decrease falls almost entirely on 
chlorophyll a. The odds that this decrease is significant are 200 : r. On 
the dry weight basis, total chlorophyll remains practically unchanged. 
Whether the red light affects the a/b ratio by increasing the rate of de
composition of a, by causing a transformation of a into b, or by slowing up 
the production of a, cannot be decided by the data at hand. 

Recently Sayre (1928) has shown that chlorophyll development ceases 
when light shorter than 680 mµ is cut out. 

Experiment 6. Effect of Reducing the Light Intensity 
In this experiment the purpose was to see what effect a reduction of 

intensity would have on the pigments. Plants were grown under a frame
work covered with black cheese-cloth. This reduced the intensity to about 
12 perce!}t of that outside. 

The results oftheanalysesare shown in table 9. Both total chlorophyll 
and total carotinoids are much higher with reduced intensity on both the 
fresh and dry weight basis, There is no significant change in either the a/b 
or c/x ratios. The brown pigment is much reduced by shading. 

Work of Willstatter (1912) shows that shade leaves are higher in total 
chlorophyll than sun leaves. This has also been shown by Lubimenko 



•. 

TABLE 8. Analyses of Plants Placed Under Glass Transmitting no Blue, Compared with Controls Left Under Window Glass 

Chlorophyll a in percent Chloropbyll b in percent Total Chlorophyll in Total Chlorophyll in a/b Ratio of Fresh Weight of Fresh Weight percent of Fresh "Weight percent of Dry Weight 
Days 

Plant Under Method Used 
Exp. Light Light Light Light Light 

Control Longer than Control Longer than Control Longer than Control Longer than Control Longer than 
526 mµ 526 m,. 526 m,. 526 mµ 526 mµ 

··----------~ - -----
Sunflower ...... I4 New O.II4 O.IIO .034 .037 0.148 0.147 0.9I I.29 34 3.0 

H 
20 " 0.143 O.I4I .033 .037 0.176 0.178 I.28 I.60 44 3.9 ~ ~ • ~ • « .. " 

o.r33 .038 0.171 I.54 3.6 . ~ ~ ... 2I 0.150 0.127 .043 .041 0.193 0.168 I.30 1.26 3.6 3.2 
" 23 .. 0.134 0.122 .043 .042 0.177 0.164 I.29 I.23 3.2 3.0 ...... 

0.140 O.II6 .041 .042 O.I8I o.r58 r.32 I.I9 3.5 2.8 
H 

2I Willstatter's 0.084 0.063 .029 .025 O.IIJ 0.088 0.76 o.66 2.9 2.6 ... ~ ~ .. 
0.081 o.o68 .028 .026 O.IO<) 0.094 0.73 0.71 2.9 2.7 

Soy bean ...... 29 " 0.168 0.126 .055 .051 0.223 0.177 0.90 0.84 3.1 2.5 
0.163 0.126 .057 .054 0.220 0.180 0.89 0.85 2.9 2.9 

Soy bean ...... 29 New 0.242 0.20I .077 .o67 0.319 0.268 I.28 1.27 3.2 3.0 
0.246 0.194 .078 .068 0.324 0.262 x.30 1.24 3.2 2.9 

tV 
-l"-
0 

.., 
ti; 
t"J:J 

to 
0 

ri 
t"J:J .., 
l:r:: 
0 
a:: 
'"ti 
(fJ 

0 z 
.... z 
ff: .., 
~ 
c. .., 
trj 

8 
~ 

'"" I:"' :... 
'.!, ..., 
?:! 
t:1 
(fJ 

t:rj 

> 
~ 
() 

~::r: 
,_, 
~ 
() 



GUTHRIE - CHLOROPLAST PIGMENTS 

(1907). Willstiitter finds with certain plants a reduction of the a/b ratio. 
With all plants studied he noted a reduction of the c/x ratio. Absence of a 
shift in these ratios in this experiment is hard to reconcile with his i:esults. 
It may be that factors other t~.an intensity are involved in the changes 
observed under natural conditions. 

TABLE 9. Analyses of Plants Subjected to Reduced Intensity Compared with Plants Left in 
Open Sunlight* 

Plant Substance 
Determined 

Method 
Used 

Total Pigment in Total Pigment in 
percent of Fresh percent of Dry 

Weight Weight 
Ratio, Either 

a/b or c/x 

Outside Shade Outside Shade Outside Shade 
-----1--------1-----1------------------
Sunflower. Chlorophyll 
Tomato... t• 

Sunflower . " 
" Carotinoids 

Tomato ... " 

Willstii.tter's .062 
u .086 

New 
Willstii.tter's 

.I20 

.0092 
(.0090) 
.OII2 

(.OII2) 

0.104 
0.150 
0.150 
.OI2I 

(.or48) 
.0204 

(.0248) 

0.38 
0.80 
0.76 
0.057 

(0.055) 
0.104 

(0.104) 

0.92 
I.28 

r.25 
O.I08 

(0.132) 
0.174 

(0.212) 

2.5 
2.8 
3.4 
0.42 

(0.32) 
0.42 

(0.29) 

2.6 
2.6 
3.3 
0.42 

(0.29) 
0.45 

(0.31) 
-----1-------1-----1------------------
Tomato. . . Brown pigment t 
Sunflower . " " 

2.10 
2.ro 

I.00 
I.00 

* Values in parenthesis determined with spectrophotometer. 
t Relative values . 

. Experiment 7. Effect of Mineral Nutrients 
These experiments were conducted with soy beans grown in quartz sand 

and watered with nutrient solutions and distilled water. Oats were also 
grown in minus potassium and control cultures, since Wlodek claims to have 
found evidence of a shift of the ajb ratio with this treatment, using oats as 
the experimental plant. 

The nutrients 8 were prepared in the following manner: 

STOCK SOLUTIONS 

I. MgS04·7H20 ........................................ 2 percent 
2. KNOa ............................................... 2 percent 
3. Ca(NOs)2-4H20 ..................................... ·+percent 
4. K2HP04 •••••..••...........•.•...........•.......... 2 percent 
5. KC! ................................................. 2 percent 
!5. Ca Ch ............................................... 2 percent 
7. NaN03 ••..•..•............••....••.............•.... 2 percent 
8. Na2HPQ4, ........................................... 2 percent 

For complete nutrients use equal parts of I, 2, 3 and 4. 
For minus phosphorus use equal parts of r, 2, 3 and 5. 
For minus nitrogen use equal parts of r, 4, 5 and 6. 
For minus potassium use equal parts of I, 3, 7 and 8. 

To make the nutrients, 10-cc. portions of the solutions were mixed as 

3 I am indebted to Mr. J. T. Sullivan of Purdue University for suggesting this combi
nation of nutrient salts. 



.. 

Plant 
Age 
in 

Days 
Substance 

Determined 
Method 

Used 

TABLE IO. Analyses in Experiment with ~Mineral Nutrients 

Soil 

Total Pigment in percent 
of Fresh Weight 

Com
plete -N -P -K Soil 

Total Pigment in percent 
of Dry Weight 

Com
plete -N -P -K Soil 

Ratio, Either a/b or c/x 

Com- I - NI - P I - K 
plete 

-'------r I ·I 1----•----•----•----•----•---•---•---•---•---•--•---•--•--•--
Soybean*.· 139 Chlorophyll Wil!statter's 0.186 O.II5 0.150 0.139 0.153 I.05 0.89 0.95 0.83 0.92 2.8 I 2.I 2.2 3.0 , 2.2 

l< H , , 42 " " 0.209 0.160 0.183 0.166 0.146 I.21 I.IS r.08 I.12 l.12 2.4 2.6 2.2 2.7 2.4 
Oats*...... 46 

., 
" 0.147 0.170 1.43 1.40 3.8 3.9 

Soy""'" j. · 1 •• 
" New 0.321 0.177 0.141 0.2II I.83 I.06 0.65 I.02 3-3 3.I 3.2 3.2 

" " t. . 41 " " 0.229 0.166 0.214 r.15 0.81 0.95 4.2 44 3.9 
H H t. • 36 " Willstiitter' s 0.194 0.176 o.ro7 0.181 I.IO I.05 0.49 0.87 3.4 3.2 3.2 2.8 
H H t. • 4f " " 0.184 o.rr2 0.082 O.II9 0.92 0.55 0.32 0.53 3.r I 3.1 3.2 2.4 

---------------------------------
Soy bean* .. 42 Carotinoi<ls Willstatter's .0267 .0187 
Oats* ...... 46 " " .0198 
Soy bean t .. 36 " " .0275 .0212 

.0206 I .0175 .0163 0.154 0.135 0.122 O.II9 0.12510.41 0.47 0.52 0.4410.46 
.0238 0.194 0.197 0.54 0.58 

.rn37 .0256 0.157 0.127 0.063 0.124 0.37 0.39 0.47 0.35 
" " 41 " " .0247 .0162 .. 

Soy bean t ~ -;-6 jn~:~~I'ign;~-t ~-~----··-~--~·~-----
I.00 12.39 

-" -H • • 41 H H I.00 2.17 

-2::~99 2:::05 ·---·--- 0~124 0.079 ~.039 0.091 --- 0.42 0.39 0461~~~·--

2.48 2.06 I 
----'---'-----'----------'------·~--~---~---~- -----~-~----------------------------

*Analyses on plants from seed planted December 9, 1926. 
t Analyses on plants from seed planted April 21, 1927. 
t Relative values. 
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indicated above and diluted with 250 cc. of distilled water. A few drops of a 
solution of ferric citrate was added in each case. Applications were made 

each week. 
The results are summarized in table IO. Two lots of plants were grown, 

the first series being started on December 9, 1926, and the other April 21, 
1927. The light intensity in these tw,9 series was extremely different and 
the response to reduction of the nitrate supply was not the same in both. 
Therefore, the results of these series will be considered separately. 

In the winter series total chlorophyll expressed on the fresh weight basis 
is higher where an essential element is lacking. Odds for minus nitrogen 
are 100 : I, for minus phosphorus 16: I, and for minus potassium 14 : I. 

Plants grown in soil are distinctly higher in total chlorophyll than if grown in 
the complete nutrient solution, both on the dry and fresh weight basis. The 
odds are I,660 : rand r40 : I, respectively. The a/b ratio shows no changes 
that can be regarded as significant. Total carotinoids show changes that 
parallel that of total chlorophyll. Unfortunately, no comparison of the 

brown pigment was made in this series. 
In the spring series only soil, complete, minus nitrogen and minus 

phosphorus cultures were grown. It is evident that here the action of lack 
of nitrates is decidedly different from that in winter. There is a marked 
decrease in total chlorophyll on both the fresh and dry weight basis. The 
odds are 450 : I and I ,600 : I, respectively. The soil and minus phosphorus 
cultures show essentially the same effects on total chlorophyll as did the 
winter series. It is very interesting that total carotinoids as well as total 
chlorophyll decrease in the minus nitrogen cultures. In the soil and minus 
phosphorus cultures they are higher than in the complete solution on the 
fresh weight basis. The brown pigment shows large changes, which are 
inversely correlated with total chlorophyll, soil being lowest and minus 

nitrogen highest. 
Considering the a/b and c/x ratios for both series together, there is no 

evidence of significant differences except for the slightly high c/x ratios with 
minus nitrogen and the somewhat low values with minus phosphorus. 

The difference of the effect of nitrates in the two series is probably to be 
explained on the basis of an increased light intensity and duration in the 
spring, leading to the production of abundant carbohydrates and conse
quently making nitrogen a limiting factor. In the winter with lower 
carbohydrates, the nitrogen in the seed sufficed to provide for the needs of 
the plant. Another possibility to consider, is the probable action of light to 
decompose chlorophyll in the leaf. This action would be greater in the 
spring and tend to reduce the chlorophyll percentage. It would be expected 
that the amount of nitrogen supplied by the seed might be sufficient to 
produce chlorophyll rapidly enough to care for its decomposition in the 
winter with low light intensity, but not in the spring with high light intensity. 

Deuber (1928) has also noted that lack of nitrogen may increase chloro-

phyll in soy beans under certain conditions. 
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The action of lack of phosphorus and potassium may be due to the 
decreased growth of the plant, chlorophyll production not being similarly 
affected. This may also partially explain the action of soil, since the plants 
in the soil cultures grew slower than with the complete nutrient solutions. 
It may be possible that certain accessory nutrients were present in the soil 
and not in the culture solutions. .. 

Experiment 8. Effect of Continued Darkness 
When soy beans or tomatoes are placed in the dark room there is a 

marked reduction in total chlorophyll in a few days. The results of experi
ments of this nature are summarized in table u. The reduction in total 
chlorophyll is evident without recourse to analysis, but its magnitude is 
shown by the data. Carotinoids do not show a para11el decrease. Aside 
from the second analysis on soy beans they remain almost constant. 

The most interesting result of these experiments is the large increase in 
the c/x ratio in the plants kept in darkness. This appears to be due to a 
decrease in xanthophyll and an increase in carotin. It looks as if xantho
phyll had been changed to carotin, but the data do not exclude other possi
bilities. The brown pigment shows a marked increase with continued 
darkness. 

Yellow Coleus was investigated as a plant naturally low in chlorophyll. 
It does not show the same changes as the other plants. Neither total 
chlorophyll nor total carotinoids show changes. Both are quite low in this 
plant. The brown pigment does not change much. The dilute acetone 
extract of this plant is in general darker than usually found. It seems also 
to differ qualitatively from that of tomato and soy bean. The c/x ratio is 
higher than commonly found. This rather high ratio in the yellow Coleus 
has been also noted by Schertz (1923). 

Experiment 9. Effect of Tomato Mosaic 
A few chlorophyll analyses of mosaic tomato and tobacco plants have 

been published by Elmer (1925). His analyses show a great increase in the 
c/x ratio, carotin almost doubling in amount. It was chiefly to check this 
that a few analyses were made on healthy and mosaic tomatoes. No such 
marked change in the c/x ratio as that reported by Elmer was found . 
. Chlorophyll seems to break down faster than the carotinoids under the 
action of the disease. The brown pigment shows a lru:'ge increase with 

D.rscussION 
. Since many points have beentreated in detail under the separate experi

inents., it is necessary here to. indicate only the more important results and 
deal .with conclusions that can be drawn from the data as a whole. 

pne of the main objects of the work was to determine whether the a/b 
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TABLE II. Analyses on Plants Placed in Darkness Compared with Plants Left in Light 

Total Chloro. Tola! Chloro. Rel. Am't. Carotinin Xantho1>hyll Total Carot. Total Carot. 
Days in percent of in percent of of Brown i>ercent of in percent of in percent of in percent of 

Plant Under 
Fresh Wt. Dry Wt. Pigment Fresh Wt. Fresh Wt. Fresh Wt. Dry Wt. 

Exp. 

Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark Light Dark ------------ -----------------
Soy bean ...... 8 0.264 0.062 1.16 0.33 I.00 2.91 .0049 .0096 .0164 .0123 .0213 .0219 O.II3 0.096 

(.0040) * (.0081) (.0149) (.0081) (.0189) (.0162) (0.100) (0.071) 
II II 8 0.368 o;og8 1.65 0.59 1.00 3.39 .0091 .0068 .0297 .0143 .0388 .02II 0,174 0.128 ...... 

(.0081) (.0061) (.0267) (.0137) (.0348) (.0200) (0.156) (0.121) 
Tomato .....•. 4 0.185 0.146 2.25 I.64 1.00 1.56 .0042 .0049 .0139 .0121 .0181 .0170 0.220 0.192 
Yellow Coleus. 8 0.023 0.022 0.25 0.31 1.00 0.81 .0021 .0021 .0034 .0040 .0055 .0061 0.059 0.085 

*Values in parenthesis determined with spectrophotometer. 

... 

<Ix Ratio 

Light Dark 
------

0.32 0.82 
(0.29) (r.07) 
0.34 

(0.32) 
0.51 

(0.49) 
0.34 0.46 
0.65 0.56 
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and c/x ratios could be changed. It is shown that storing at a temperature 
below freezing will cause a lowering in the a/b ratio. Cutting out the blue 
rays from sunlight will also produce a lowering of this ratio. Both the a/b 
and c/x ratios decrease when tomatoes are placed under continuous illumi
nation. An elevation of the cjx ratio occurs when plants are placed in total 
darkness. 

The fact that the ratios of the pigments to each other can be changed 
eliminates the likelihood of their existence in the leaf combined with each 
other in definite proportions. It is reasonable to assume that the difficulty 
of shifting the ratios has some explanation, as does also the small changes 
produced by certain conditions. 

It is interesting to consider a possibility that arises in view of what has 
been found in this work. Suppose that chlorophyll a and chlorophyll b 
exist in the leaf in equilibrium with each other as might be indicated by the 
following: 

[Cs2HsoON4Mg]COOCHa · COOC20Ha9 + 02 µ 
. [Cs2H2s02N4Mg]COOCHa· COOC20Ha9 + H20 

It would be reasonable to expect that the reaction to the right would 
evolve heat. According to the theorem of Le Chatelier, lowering the 
temperature should shift the equilibrium toward the right, increasing 
chlorophyll b. In agreement with this, b increases and a decreases when . 
leaves are stored at a. temperature below freezing. It is very unfortunate 
that there were no other experiments on the effect of temperature. Experi
ments I and 3 were at 25° C, while experiment 2 was at 20° C. The a/b 
ratios were lower in experiment 2. Since these analyses were separated over 
a period of time, a constant error may be involved. However, the indica
tions are sufficiently favorable to warrant further work on the effect of 
temperature. 

Spectrograms of chlorophyll a and chlorophyll b, as given by Wills tatter, 
show that chlorophyll a absorbs more red light than chlorophyll b, and 
chlorophyll b somewhat more blue than chlorophyll a. It would be ex
pected, therefore, that a preponderance of red light would increase the 
activity of chlorophyll a more than band shift the above postulated equilib
rium to the right. Similarly a preponderence of blue light should increase a. 
This is in agreement with the data. 

The ratio. changes in the case of tomatoes can be best explained on the 
basis of the. pigments decomposing at different rates under these conditions. 
The conversion of chlorophyll a to chlorophyll b and of carotin to xanthophyll 
by the process of oxidation under conditions of rapid photosynthesis is not 
to be excluded, since the relative amounts of the more highly oxidized 
pigments increase. Willstatter (1918) has observed that the c/x ratio is 
lowered when detached leaves are placed under continuous. artificial illumi~ 
nation and high carbon dioxid concentration. These conditions are very 

• 



GUTHRIE - CHLOROPLAST PIGMENTS 247 

favorable to oxidation. He kept leaves at the same temperature in darkness 
and found no shift in the c/x ratio. Illuminated leaves that had been 
treated with ether to stop photosynthesis showed a normal c/x ratio. It is 
probable that the change observed is due to conversion of carotin to a 
product that at least behaves similarly to xanthophyll in the analysis, 
Willstatter regards this change as similar to that which frequently occurs 
during autumnal coloration. 

It was found that long continued darkness results in a decrease in 
chlorophyll without a corresponding decrease in carotinoids. It seems that 
an increased rate of decomposition, favored by the conditions that darkness 
induces in the leaf, occurs, rather than the decrease being due solely to the 
stopping of chlorophyll production with decomposition going on at a normal 
rate. However, the most interesting result of darkness is an increase in the 
c/x ratio, a result which might be expected when the evolution of oxygen 
is checked due to photosynthesis ceasing. 

It is to be noted that the shifts in the ratios observed so far result from 
very abnormal conditions. This must be especially borne in mind in 
attempting to connect these changes in any way with the mechanism of 
carbon assimilation. One of the strongest arguments against the inter
conversion of the pigments during photosynthesis is the result of Willstatter 
showing no significant diurnal fluctuations. It may be, however, that the 
present methods are not accurate enough to detect small changes during the 
course of a day. 

It is interesting to note that a decrease in chlorophyll is accompanied in 
most cases by a decrease in carotinoids. Chlorophyll and the carotinoids 
also tend to increase simultaneously. The chief exception to this is the 
effect of continued darkness. Of especial interest is the decrease in caroti
noids that accompanies a decrease in chlorophyll, due to the effect of 
insufficient nitrates. It is probable from this that the effect of nitrates on 
the amount of chlorophyll in plants is to be explained on some other basis 
than the fact that nitrogen enters into the chemical composition of chloro
phyll. Its effect must be on some step common to the development of the 
carotinoids as well. 

It is very difficult to draw conclusions from the values for total chloro
phyll, since undoubtedly two processes which cannot be separated are 
involved. One is the formation of chlorophyll, the other its decomposition. 
Conditions that change the amount of chlorophyll may affect one or both of 
these processes. This complication is not confined to chlorophyll, but is 
involved in any attempt to interpret analyses made on plants. It would be 
an important step in the field of plant physiology if ways could be devised of 
surmounting this difficulty. 

A very interesting point brought out by the data is the marked corre
lation of the brown pigment of the dilute acetone extract with low chloro
phyll values, especially where it is likely that these low chlorophyll values 
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are brought about by increased decomposition. Until the effect of darkness 
was studied, it was thought high brown pigment values were associated with 
conditions favoring high carbohydrates. Darkness should result in a 
depletion of carbohydrates, but nevertheless, the brown pigment increases, 
accompanied by a decrease in chlorophyll. It is likely that the correlation 
of low chlorophyll and high brown pigment is due to the action of a common 
cause, such as a derangement of some metabolic process in the leaf, rather 
than the brown pigment being a chlorophyll decomposition product. A 
decision may be possible if the chemical properties of the brown pigment 
can be worked out. An attempt in this direction is being made. 

SUMMARY 

I. Willstatter's fractionation method for chlorophyll a and b gives total 
chlorophyll values that are lower than those obtained by his method for 
total chlorophyll. A new method is described for fractionating chlorophyll 
a and b which gives higher values than those obtained by vVillstatter's 
fractionation method. The total chlorophyll values obtained by this new 
method approach closely the values obtained by \Villstatter's total chloro
phyll method. 

2. Substitute standards made from inorganic salts are described for 
chlorophyll determinations and new values are suggested for the potassium 
dichromate solution described by Willstatter as a standard for carotinoid 
determinations. 

3. A new method is given for preparing carotin from carrots. The 
specific transmissive index of carotin at the mercury line 435.8 was found to 
be 2.u. 

4. A method for determining the relative amounts of a brown pigment 
that may be extracted from leaves with dilute acetone is given. 

5. Total chlorophyll does not change significantly during storage of 
tissue in the frozen condition, but the a/b ratio decreases. 

6. Increasing the concentration of carbon dioxid in the air results in a 
decrease in total chlorophyll and carotinoids on the dry weight basis, but 
little change on the fresh weight basis. It does not change the a/b or c/x 
ratios. 

7. Increasing the duration of illumination results in a decrease in total 
chlorophyll and total carotinoids, especially on the dry weight basis. There 
is. no significant shift in the a/b or c/x ratios. 

8. When both extra carbon dioxid and increased day length are applied 
simultaneously, the decrease in total chlorophyll and total carotinoids is 
greater. Thea/band c/x ratios remain unchanged. 

9. Very young plants, such as seedling soy beans, are exceptions to the 
above, extra carbon diox:id bringing about an increase .in chlorophyll. 

io. In tomatoes subjected to continuous artificial illumination there is a 



GUTHRIE - CHLOROPLAST PIGMENTS 249 

marked reduction in chlorophyll and carotinoids in a few days. · Thea/band 
c/x ratios are both significantly lowered. The brown pigment increases. 

I I. Cutting of the ultra violet from sunlight has no significant effect on 
chlorophyll or carotinoids. 

12. Elimination of blue light results in a slight but significant decrease 
in chlorophyll and carotinoids, provided the intensity is kept the same as the 
control. The a/b ratio is lowered by cutting out blue light. 

r3. Cutting out red light results in an increase in both chlorophyll and 
carotinoids, but this is due partially to intensity reduction. The a/b ratio 
is higher under the blue light, but the number of analyses is insufficient to be 
certain of this increase. Brown pigment production is favored by blue light. 

14. Reducing the light intensity to 12 percent of normal sunlight results 
in an increase in chlorophyll and carotinoids. The a/b or c/x ratios show no 
significant change. Brown pigment is reduced. 

15. Removing the nitrate supply leads to increased chlorophyll and 
carotinoid percentages on the green weight basis, under the light conditions 
prevailing in the greenhouse during the winter. The opposite is true in the 
spring, with higher light intensity. Under these latter conditions, brown 
pigment increases. 

16. Removing the potassium or phosphorus supply leads to an increase in 
chlorophyll on the green weight basis, but little change on the dry weight 
basis. 

17. Chlorophyll and carotinoids are markedly higher in soil than in any 
of the nutrient solutions used. Brown pigment is low in plants grown in 
soil. 

18. Lack of nitrates, phosphorus, or potassium does not significantly 
affect either the a/b or c/x ratios. 

19. Placing plants in the dark results in a large decrease in chlorophyll, 
unaccompanied by a corresponding decrease in carotinoids. The c/x ratio 
shows a marked increase. Brown pigment increases. 

20. Tomato mosaic results in a decrease in chlorophyll, which may be 
accomplished by a decrease in carotinoids. Brown pigment increases. The 
a/band c/x ratios show no large changes. 

The writer wishes to thank Doctor John M. Arthur of the Boyce Thomp
son Institute and Doctor R. C. Burrell of the Ohio State University for 
helpful suggestions and criticisms. 
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RELATION OF COMPOSITION OF SEED AND THE EFFECTS 
OF LIGHT TO GROWTH OF SEEDLINGS 

J.VIARY E. REID 

It is possible to study the effect of light ·on the assimilation of inorganic 
nitrogen, the synthesis into proteins of the products formed therefrom, and 
the utilization of these products in growth independently of carbohydrate 
synthesis. This can be done by growing plants in the light in an atmosphere 
lacking carbon dioxid. A plant may have a supply of reserve carbohydrates 
or fats sufficient to last for a considerable time. Such a reserve may be 
adequate to afford energy for respiration and building material for proto
plasm and cell walls without having the complicating influence of carbo
hydrate synthesis. Under such circumstances is growth in the light the 
same as in darkness or is there a distinct consequence of light on growth and 
development aside from its r&le in synthesizing carbon compounds? Since 
there is now much evidence that varying proportions of carbohydrates and 
nitrogen have remarkable influences on metabolism and growth, may it not 
be that by controlling the process of carbohydrate synthesis, extreme 
variations in the relative proportions of carbohydrates to nitrogen may be 
obtained with the probability of resulting effects upon the type of de
velopment? 

Godlewski (2) investigated the process of germination in the light 
without the presence of carbon dioxid and found that it went on much the 
same as with seedlings grown in the normal atmosphere. There was no 
stretching out of the stem as occurs with plants grown in darkness. The 
chloroplasts were completely formed and of normal color. He concluded 
that the form changes of etiolated plants are not to be sought in the inter
ruption of carbohydrate synthesis. 

Corenwinder (I) enclosed a leafy branch of a tree in a glass cylinder 
filled with air lacking carbon dioxid. The leaves of the tree continued to 
grow and eventually became larger than those kept in the normal atmos
phere. He attributed the difference in size of the two sets of leaves to the 
more favorable temperature for growth which he. thought existed within the 

. chamber. It was concluded that the. leaf assimilated the carbon dioxid 
given off by its own tissues or which was probably brought to it from other 
parts of the plant. Undoubtedly growth occurred at the expense of 

Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the. expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 



252 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

carbohydrate compounds stored locally within the stem and possibly also 
some was conducted in from the adjoining portion of the branch. From a 
consideration of the results of the present experiments it seems possible that 
the limitation of carbohydrate synthesis may itself have had a favorable 
effect on the growth of the leaves enclosed within the chamber. 

Godlewski (3) claimed that the daily growth period is, as Sachs indicated, 
brought about by the retarding effect of light on growth. That both inter
nodes and leaves show this retarding effect is indicated by Prantl's (9) and 
Vines' (12) measurements. Godlewski thought the retarding of growth by 
light is a consequence of its effect on the protoplasm but he considered that 
the decreased growth could not be entirely explained by a lessened motility 
of the protoplasmic molecules. He held also that the extensibility of the 
cell walls is decreased by light. 

Kraus (5) attributed the limited thickening of tissues in darkness to lack 
of carbohydrate synthesis. He claimed that light influences the thickening 
of the tissues because it makes possible the formation of carbohydrates. 
Godlewski, on the contrary, maintained that thickening of the tissues goes 
on if the plants are grown in a carbon-dioxid-free atmosphere. He held that 
the effect of light on the solidification and thickening of the plant membranes 
has nothing to do with carbohydrate synthesis. 

The literature dealing with the relation of varying proportions of carbo
hydrates and nitrogen to growth of shoots and roots has been reviewed in 
previous publications (Reid, IO, II). 

Most of the investigators in this field of research, particularly Godlewski 
(4) and Pfeffer (8), have been chiefly interested in the chemical differences of 
plants grown in darkness and in light with and without carbon dioxid and 
they have not described the type of growth with any detail. Very little 
attention has been given to the relative weights of different organs of the 
plant, the number and kind of roots produced, the color and size of cotyle
dons and leaves, and differences in anatomical structure of plants grown in 
darkness and in light in atmospheres having and lacking carbon dioxid. 

EXPERIMENTAL METHODS 

Seedlings of Illinois high- and low-protein corn, cow pea, soy bean, 
muskmelon, and sunflower were used. The cultures were prepared ac
cording to methods described in a previous publication (Reid, II). When 
the seedlings were beginning to emerge from the sand, the cultures were 
placed in the apparatus devised for (a) providing an atmosphere containing a 
relatively high concentration of carbon dioxid, and (b) an atmosphere 
lacking carbon dioxid. 

This apparatus consisted of a series of 12 tubulated bell jars, six of which 
were used as culture chambers having the atmosphere containing carbon 
dfoxid and the other six were used as chambers in which the carbon dioxid 
of the incoming air was completely removed. Text figure I shows one of the 
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two series. The lower outlet tube of each jar was connected with a gas pipe 
having six outlets, one leading to each jar. The gas pipe was connected to 
the vacuum system of the building and by means of a screw the amount of 
vacuum could be regulated. The tubulated openings at the tops of the jars 
were individually connected with another gas pipe on the opposite side of the 
jars. The air leading into this gas pipe was, in one series, conducted through 
a soda lime tube and then through baryta water before entering the gas pipe 
leading to the culture chambers. In the other series the air was conducted 
through a strip of glass tubing about one inch in diameter and thirty inches 
long. Extending into this open tube was a smaller tube leading from a 
carbon dioxid tank. 

The pressure from the tank was kept uniform by means of a pressure 
gauge and the gas was allowed to bubble out at the rate of 20 bubbles per 
minute. The rate of flow was checked at frequent intervals during the day 
by holding the end of the small tube under water and counting the number of 
bubbles per minute. It was found that with a vacuum which had a force 
sufficient to lift a column of water 6 cm. and by allowing carbon dioxid to 
enter the current of ingoing air in the large tube at the rate of 20 bubbles per 
minute, the air in the culture chambers was kept at a concentration of 
approximately 0.4 percent carbon dioxid (by volume). 

The jars were sealed with DeKhotinsky cement to glass plates 12 inches 
square. It was necessary to maintain an air-tight seal in order to insure an 
equal pull of air through all of the jars. At frequent intervals a water 
manometer was inserted into the system at the inlet and outlet of each jar 
to make certain that the pull was uniform in all of the chambers. 

Fresh applications of nutrient solutions were made through a glass tube 
Inserted through the rubber stopper at the top of each jar. The tube 
extended to within an inch of the level of the sand and was kept closed by a 
screw pinch cock at the exposed end except when nutrient solution or 
distilled water was to be applied. 

The investigations were conducted chiefly during May and June, when 
iight supposedly would not be a limiting factor. Experiments have also 
been made at other times during the year but the results, although inter
esting, are not sufficiently conclusive to report at this time. 

The seedlings were allowed to develop until the plants grown without 
extra carbqn began to show evidences of loss of turgor, etc., resulting 
undoubtedly from insufficient carbohydrates. The plants of any particular 
kind, receiving a.nd not receiving carbon dioxid, were always harvested at 
the same .. time .. Due. to differences in .the relative .. amounts of reserve 
carbohydrates and to variations in the rate of growth of different t:\"pes, the 
length of the period of growth varied with the kind of plant. Illinois high" 
protein com, for example, grown without extra. nitrogen or extra carbon had 
a growing periq<;J. of only 9 days bu.t sunflower seedlings under the same 
~---":._:;. ... c ..,.,..,.,.,. fr.T" Ta <la:vs. When given extra nitrogen, the high-protein 
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corn grew for ten days, whereas soy bean seedlings grew for r7 days. 
Throughout the developmental period light conditions were favorable for 
rapid growth and synthesis of carbohydrates. 

Microchemical tests on sections of tissues of seedlings grown under the 
different external conditions were used for the detection of starch, free
reducing substances, cellulose, and lignin. The following methods were 
used: 

Starch. Dilute solution of IKI. Starch grains stained deep blue. 
Free-reducing substances. Fliickiger reaction: a few granules of copper 

tartrate were placed on a slide and dissolved in a 20-percent solution of 
NaOH. After standing for IO minutes at 45° C. the tissues were examined 
for copper oxid crystals. 

Cellulose. Sections of tissue were placed on a slide in a drop of I2KI 
solution and excess of the reagent removed with filter paper. The location 
of the blue color in the sections was observed. A drop of 75-percent H2S04 

was then added from the side of the cover glass. Cellulose membranes will 
swell and become blue in the reagent. 

Lignin. Phloroglucin-HCI reaction. Sections of tissue were placed on a 
slide in alcoholic phloroglucin (o.I gm. phloroglucin, IO cc. alcohol); the 
sections were covered and left until the solution evaporated. Then a drop 
of 25-percent HCI was added from the edge of the cover glass. A red-violet 
color in the cell walls was taken as an indication of the presence of lignin. 

Godlewski (4) and Vines (r2) have both maintained that leaves could be 
developed in light under conditions which inhibited any assimilation of 
carbohydrates. In the experiments herein described, the air entering six 
of the chambers was free from carbon dioxid but the air in the chambers 
themselves contained small amounts which must have been produced in 
respiration. The concentration of carbon dioxid in the tissues of the leaves 
was probably considerably higher than that in the air surrounding the plants 
in.the chambers. Although at the time the plants were harvested starch 
was not found in the leaves except in the guard cells and bundle sheaths, it 
is not supposed that carbohydrate synthesis was completely inhibited. 
There may have been considerable utilization of the carbon dioxid followed 
by growth with accompanying respiration. Toward the end of the growing 
period the amount ofcarbon dioxid in the air of the culture chambers must 
have been very small. Determinations of the carbon dioxid were not made 
during the later phases of growth of the seedlings, consequently this 
question cannot be answered. 

RESULTS ·.OF ·EXPERIMENTS 

The results of these experiments show the effect of differences in chemical 
oomposition of the seed upon the growth of the seedling, particularly in 
re;lat11on to the availability or non-availability of additional carbon and 

The growth. responses of each· type of seedling will be described. 



TABLE I. Seedlings from High and Low Protein Seeds Grown Without Nitrates and With and Without Carbon Dioxid, June l-14, 1925 

.... 
Green Weights per Plant 

Length of Total 
Weight 

Shoots 
Growth Number Nitrogen 

of 
Leaves (Stems Entire 

Plant Variety 
Period of in Seeds 

Seeds Roots Stems +Cots. Plant 
Days Plants % gms. gms. gms. +Leaves) gms. gms. 

Carbon Dioxid Removed from Incoming Air 

*Corn ......... Illinois high-protein 9 10 2.76 2.73 I.I36 +leaf 0.791 r.320 2.46 
sheaths 

0.529 Corn .......... Illinois low-protein IO IO I.09 3.91 r.082 +leaf 0.516 I.OIO 2.09 
sheaths 

0.494 Cow peas ...... New Era 12 8 4.40 I.04 0.220 0.344 0.276 0.620 0.840 Soy bean ...... Peking 13 14 3.40 0.94 0.183 0.244 +cots 0.566 0.749 
0.321 Muskmelon .... Red Rocky Ford 12 24 5.62 0.32 0.089 0.058 cots only 0.203 0.292 
0.145 Sunflower ...... Mammoth Russian 14 12 4.56 0.57 0.157 0.393 cots only 0.678 0.835 
0.285 

Incoming Air Containing 0.3-0.4 % Carbon Dioxid 

Corn ......... ·! Illinois high-protein 9 IO 2.76 2.73 I.155 0.792 0.902 r.694 2.85 Corn .......... Illinois low-protein IO IO I.09 3.9r 0.991 0.584 0.441 1.025 2.02 Cow peas ...... New Era 12 8 4.40 r.04 0.756 0.731 cots shed 1.292 2.05 
Soy bean ...... 0.561 Peking 13 14 3-40 0.94 0.640 0.388 +cots 0.840 r.48 
M uskmclon .... 0.451 Red Ilocky Ford 12 24 5.62 0.32 0.349 0.133 +cots 0.377 0.726 
Sunflower ..... , 0.244 Mammoth Russian 14 I2 4.56 0.57 0.462 0.818 cots only I.228, I.69 
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TABLE 2. Seedlings from High and Low Protein Seeds Grown With Nitrates and With and Without Carbon Dioxid, May 12-29, 1925 

Green Weights per Plant 

Length of Total 
Weight Growth Number Nitrogen 

of Leaves Shoots Entire Variety Period. of in Seeds 
Stems (Stems Plant 

Plant 
Seeds Roots +Cots. Days Plants % +Leaves) gms. gms. gms. gms. gms. 

Carbon Dioxid Removed from Incoming Air 

Corn .......... Illinois high-protein IO IO 2.76 2.73 LII2 +leaf 0.927 I.504 2.62 
sheaths 

Corn .......... Illinois low-protein 15 IO I.09 3.91 
0.577 

r.660 +leaf i.291 2.075 3.74 
sheaths 
0.784 

Cow peas ...•.. New Era 14 IO 4.40 I.JO 0.442 0.467 0.263 0.730 I.17 
Soy bean ...... Peking 17 12 3-40 0.80 0.366 0.242 +cots 0.629 LOO 

Muskmelon .... Red Rocky Ford r6 rs 5.62 0.20 
0.387 

O.II9 0.075 +cots 0.265 0.384 

Sunflower ...... Mammoth Russian 12 I4 4.56 o.66 
0.191 

0.179 0.278 +cots 0.573 0.752 
0.294 

Incoming Air Containing 0.3-0.4 % Carbon Dioxid 

Corn .......... Illinois high-protein IO IO 2.76 2.73 r.280 0.787 0.958 I.745 3.03 
Corn .......... Illinois low-protein 15 IO r.09 3.91 1.726 1.036 1.376 2.412 4.14 
Cow peas ...... New Era 14 IO 4.40 I.JO r.569 0.950 0.760 r.710 3.28 
Soy bean ...... Peking 17 12 3.40 0.80 0.587 0.514 0.577 r.092 r.68 
Muskmelon .... Red Rocky Ford 16 rs 5.62 0.20 0.597 0.294 +cots 0.853 r.45 .. 

Mammoth Russian 
0.559 

Sunflower ...... 12 14 4.56 o.66 0.441 0.702 +cots r.328 I.77 
0.626 
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. · · TABLE 3. Growth of Seedlings from Seeds of Different Nitrogen Content With and Without Carbon "Dioxid and Nitrates 

Fresh Weight (gms.) per Plant 

:Plarit Variety 
Nitrogen 

Without Carbon Dioxid Without Carbon Dioxid With Carbon Dioxid With Carbon Dioxid in Seeds 
3 Without Nitrates With Nitrates Without Nitrates With Nitrates 

Shoots Roots Shoots Roots Shoots Roots Shoots Roots 

Corn .••.••.•.. Illinois low-protein 1;09 I.OIO 1.082 2.075 1.660 1.025 0.991 2.412 1.726 
Corn.:· ......... Illinois high-protein 2.76 1.320 1.136 1.504 1.112 1.694 1.155 I.745 l.280 
Soy bean .••••. Peking 3.40 0.566 o.r83 0.629 0.366 0.840 0.640 I.092 0.587 
Cow peas ....•. New Era 4.40 0.620 0.220 0.730 0.442 1.292 0.756 1.710 l.569 
Sunflower ...... Mammoth Russian 4.56 0.678 0.157 0.573 0.179 1.228 0.462 1.328 0441 
Muskmelon .... Red Rocky Ford 5.62 0.203 0.089 0.265 O.II9 0.377 0.349 ·0.853 0.597 
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TABLE+ Percentage Gain* in Fresh Weight of Seedlings When Nitrates or Carbon Dioxld or Both are S1ipplietl 

Nitrates Supplied Carbon Dioxid Supplied Nitrates and Carbon 

Nitrogen 
Dioxid Supplied 

Plant Variety in Seeds 
% 

Roots Stems Leaves Leaves Leaves 
+Cots. 

Roots Stems 
+Cots. 

Roots Stems 
+Cots. 

------------------------
Corn .......... Illinois high-protein 2.76 - 2 + 9 + 17 + I + 50 + r4 + 13 + 49. + 2I 
Corn .......... Illinois low-protein I.09 + 53 + 59 + 150 - 9 + 18 - 14 + 59 +no + 16.8 
Cow peas ...... New Era 4.40 + 100 +36 - 5 + 243 + II2 +103 + 613 + 176 + 175 
Soy beans .. ' .. Peking 3.40 + 100 - l + 20 +249 + 59 + 40 + 220 +III + 80 
Muskmelon .... Red Rocky Ford 5.62 + 33 +29 + 31 + 292 + 129 + 68 + 570 +407 + II9 
Sunflower ...... Mammoth Russian 4.56 + 14 - 29 + 3 + 194 + 108 + 44 + r8o + 78 + 119 

*The fresh weight of seedlings produced by the reserves within the seed (without additional C or N) is taken as standard. 
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TABLE 5. Green lVeight of n:ssue Produced per O.I Gram of Reserve Nitrogen 

Carbon Dioxid Removed from Incoming Air 

Total With Nitrates Without Nitrates 
Plant Variety Nitrogen 

in Seeds 
0' /0 

Leaves Shoots Leaves Total Roots Stems +Cots. (Stems Total Roots Stems +Cots. gms. gms. gms. +Leaves) gms~ gms. gms. gms. gms. gms. 

------------------------------------
Corn ....... Illinois high-protein 2.76 34.74 14.77 7.66 12.31 19.97 32.62 15.09 7.02 ro.50 
Corn ....... Illinois low-protein r.09 87.67 38.g? 18-40 30.30 48.70 49.II 25.40 lI.60 I2.II 
Cow peas ... New Era 4.40 23.98 7.73 8.r6 4.60 r6.2s 14.69 3.85 6.01 4.83 
Soybean ... Peking 3.40 45.65 16.17 l0.66 17.09 29.48 32.84 8.02 I0.72 14.10 
Muskmelon. Red Rocky Ford 5.62 SI.SI r5.98 I0.00 25.s3 35·S3 38.98 II.88 7.77 19.33 
Sunflower ... Mammoth Russian 4.56 34.981 8.34 12.95 13.69 26.64 37.73 7.19 18.15 12.38 

Incoming Air Containing 0.3-0.4% Carbon Dioxid 
-----------~--------

Corn ..... ··I Illinois high-protein 2.76 4lU7 17.00 rn.+s r2.72 23.17 37.84 15.34 10.52 l 1.97 
Corn ....... Illinois low-protein r.09 97.13 40.51 24-32 32.30 56.62 47.32 23.26 13.71 ro.35 
Cow peas I New Era 4.40 57.32 27.43 16.61 13.28 29.89 35.85 13.23 12.80 9.82 
Soy bean .. ·1 Peking 3.40 74.04 25.88 22.68 25.48 48.16 56.46 28.09 I0.03 18.34 
Muskmelon. Red Rocky Ford 5.62 19+46 80.18 39.46 7+82 114.28 96.83 46.55 17.78 32.50 

unflower ... 1 Mammoth Russian 4.56 82.32 20.53 32.66 29.13 6q9 78.03 21.34 37.77 18.92 

·~~ 

~ 
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Photographs showing the appearance of high- and low-protein corn, musk
melon, and cow pea seedlings under each of the four sets of environmental 
conditions were published previously (Reid, 10). 

The quantitative data are given in tables I to 5. Table 3 summarizes 
the results given in tables I and 2. The data presented in tables 4 and 5 are 
based on calculations made from tables I and 2. Table 4 shows the per
centage gain in fresh weight of seedlings when nitrates or carbon dioxid or 
both are supplied. The fresh weight of seedlings produced by the reserves 
within the seed, without additional carbon or nitrogen, is taken as the 
standard. 

Illinois Low-protein Corn 

These seedlings were grown from seeds containing only x.09 percent 
nitrogen but a large store of carbohydrates. The amount of reserve 
carbohydrates in proportion to the reserve nitrogen was very much higher 
than in any of the other types of seeds used in these experiments. The 
seedlings were greatly benefited by extra nitrogen in the form of nitrates, but 
were not benefited (in fact showed injury) by the use of carbon dioxid unless 
extra nitrogen was also given. In tables I and 2 it is shown that plants 
supplied with neither carbon dioxid nor nitrates weighed 2.09 grams each; 
those furnished carbon dioxid but no nitrates weighed 2.02 grams each; 
whereas others given nitrates but no carbon dioxid weighed 3.74 grams. 
Seedlings supplied with both carbon dioxid and nitrates weighed 4.14 grams 
each. The differences in green weight of the unnitrated plants receiving and 
not receiving carbon dioxid are not significant although there were definite 
differences in appearance, especially in size of the tops. Leaves of the 
unnitrated seedlings grown under conditions which restricted carbohydrate 
synthesis were Ionger,and more green, and there tended to be more visible 
leaves produced than by similar seedlings which were permitted to synthesize 
carbohydrates. Leaf blades of seedlings furnished carbon dioxid but no 
nitrates weighed 14.5 percent less than those of seedlings grown on their own 
reserves of both carbon and nitrogen (table 4). Leaf blades of the seedlings 
given carbon dioxid had an average length of I I.I cm., whereas those not 
given carbon dioxid had a length of 13.5 cm. A gain of 150 percent in the 
green weight of the leaf blades resulted when extra nitrogen but no extra 
carbon dioxid was furnished. In table 5 it is shown that seedlings grown 
without both extra nitrogen and carbon dioxid produced 49 grams of fresh 
tissue per o. r gram of reserve nitrogen and 88 grams when extra nitrogen only 
was supplied. · Similar seedlings grown with extra carbon dioxid but without 
extra nitrogen yielded 47 grams of tissue. Seedlings to which both carbon 
dioxid and nitrates were furnished produced 97.grams of tissue, a gain of only ' 
9 grams hy the use of carbon dioxid; indicating that the carbohydrate· 
reserves of the seed were sufficient to allow the utilization of considerable 
addi.tionalnitrogen. The principal effect of supplying extra carbon dioxid 
but no nitrates was in stunting of the leaves whereas the chief effect of, 
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supplying nitrates but no carbon dioxid was in increasing the weight, size, 
and number of leaves. 

Illinois High-protein Corn 
In comparison to the other types of seedlings, the green weight of the 

high-protein corn seedlings was influenced relatively little by differences in 
external environment during the ten-day period of growth. Internal 
differences in the contents of the cells and anatomical structure were 
observed, however. Growth was increased somewhat more by additional 
carbon dioxid than by nitrates. The average weight of a seedling grown on 
its own reserves of both carbon and nitrogen was 2.46 grams whereas that 
of a seedling given extra carbon dioxid but no nitrates was 2.85 grams and 
that of seedling supplied with nitrates but no extra carbon dioxid was 2.62 

grams. When given both additional nitrogen and carbon dioxid the average 
weight was 3.03 grams. From the data presented in table 4, it may be 
noted that the presence of carbon dioxid in the atmosphere surrounding the 
seedlings did not modify the amount or type of growth to nearly so great an 
extent as it did with seedlings grown from higher protein types of seeds. In 
table 4, it is also shown that nitrates influence the amount and kind of 
growth of low-protein corn seedlings more than that of the high-protein corn 
seedlings. This is perhaps because the store of reserve nitrogen in pro
portion to the carbohydrates is much greater in the high-protein corn. The 
growth of roots of the high-protein corn seedlings was not appreciably 
influenced by supplying either carbo~ dioxid or nitrates, although there was 
a slight increase when both nitrates and carbon dioxid were furnished. 

New Era Cow Pea 

The seeds from which these seedlings were grown had a high nitrogen 
(4-4 percent) and a high starch content. In tables I and 2 it may be ob
served that the seedlings gained more in weight by the use of carbon dioxid 
than they did by the use of nitrates. The average weight of a seedling 
grown without addition of carbon dioxid or nitrates was 0.84 grams whereas 
that of a seedling given carbon dioxid but no nitrates was 2.05 grams and 
that of one furnished nitrates but no carbon dioxid was r.17 grams. The 
average weight of a seedling given both nitrates and carbon dioxid was 3.28 
grams. In table 4 it is shown that a gain of 243 percent in green weight of 
roots, of I 12 percent in the green weight of stems, and of ro3 percent in the 
green weight of .leaves resulted by supplying extra carbon dioxid but no 
nitrates whereas a gain of IOO percent in weight of roots and only a slight 
gain in weight of shoots resulted from supplying nitrates but no carbon 
dioxid. Both hypocotyls and roots of the seedlings receiving nitrates were 
larger in diameter than those of unnitrated seedlings. The 100..:percent 
gain in the fresh weight of roots with the use of nitrates was brought about 
chiefly by the increase in the root diameters. There was no apparent 

_. 
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increase in number or length of roots. The carbon-dioxid-treated seedlings, 
however, had remarkable increases in number and length of roots as well as in 
weight as compared to seedlings which did not receive carbon dioxid. 

The blades of the leaves did not vary greatly in size with differences in 
external conditions. Cow pea seedlings of this variety quickly utilize the 
reserves in the cotyledons and form a set of leaves which are relatively thick 
in cross section and have a very compact structure. The second set of 
leaves is compound. Much of the nitrogenous food reserve is utilized in 
forming the first set of relatively large leaves. Because of the compact 
cellular structure of these first leaves and of their high protoplasmic but low 
water content, the cow pea seedling appears to produce a smaller amount of 
leaf tissue per unit of reserve nitrogen (table .5, column rz) than the other. 
types of seedlings which were used. . In table r, column 9, it may be noted 
that the weight of leaves of the plants synthesizing carbohydrates is much 
higher than that of plants grown in the atmosphere lacking carbon dioxid. 
This difference in weight is partially due to the very high starch content of 
the leaves receiving carbon dioxid (see photographs, 10). 

Peking Soy Bean 

The non-nitrogenous carbon compounds of this seed are stored largely in 
the form of fats, although considerable starch is also present. The seed 
contains 3.4 percent nitrogen. The seedlings gained more in size and weight 
by the utilization of carbon dioxid than by that of nitrates. Figures r to 4 
in Plate LXVIII illustrate the appearance of soy bean seedlings under the 
four sets of environmental conditions. In tables I and 2 it is shown that; 
the average weight of a seedling grown without the addition of carbon 1 

dioxid or of nitrates was 0.75 grams whereas when supplied with carbon 
dioxid but no nitrates it was I .48 grams, and when given nitrates but no 
carbon dioxid was I .oo gram. When both nitrates and carbon dioxid were . 
given, the average weight was I .68 grams. Table 4 shows that the per
centage gain in fresh weight of roots with carbon dioxid supplied is 249, with 1 

nitrates supplied it is 100, and with both nitrates and carbon dioxid it is 220. • 

The stems gained 59 percent with carbon dioxid supplied but did not gain 
when nitrates but no carbon dioxid were given. The leaves increased 
appreciably in weight with the addition of carbon dioxid but not with· 
nitrates unless carbon dioxid was also furnished. As was the case with cow 
pea seedlings, the roots of the nitrated plants had larger diameters than those 
of the unnitrated plants. The gain in weight of roots with the use of 
nitrates is brought about partially by the increase in diameter of the roots. 
The roots of the plant receiving nitrates but not carbon dioxid were some-, 
what longer but not much more numerous (Pl. LXVIII, fig. 3) that those of: 
the corresponding plant .which did not receive nitrates (fig. 1). Roots of a 
seedling furnished carbon dioxid are much longer and much more numerous. 
(fig. 2) than those of a seedling not given carbon dioxid. The addition of 
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both nitrates and carbon dioxid (fig. 4) resulted in an increase in the weight 
of stems and leaves. 

Red Rocky Ford Muskmelon 

These seeds have the highest nitrogen content (5.62 percent) of all the 
types used in these experiments. The non-nitrogenous reserves are stored 
chiefly in the form of fats. Like the other kinds of seedlings grown from 
seeds with a high nitrogen content, there was a greater gain in weight with 
the use of carbon dioxid than with that of nitrates. The average weight of a 
seedling grown without addition of carbon dioxid or nitrates .was 0.292 

grams whereas when grown with the addition of carbon dioxid but no nitrates 
it was 0.726 grams and seedlings to which nitrates but no carbon dioxid was 
given averaged only 0.384 grams. When both nitrates and carbon dioxid 
were supplied the average weight was r.45 grams (tables I and 2, column II). 
In table 5 it is shown that muskmelon seedlings grown without addition of 
carbon dioxid or nitrates produced 39 grams of fresh tissue per o.r gram of 
reserve nitrogen but 97 grams if carbon dioxid only was supplied. Seedlings 
to which nitrate nitrogen but no carbon dioxid was given yielded 52 grams of 
fresh tissue and those furnished carbon dioxid as well as nitrates yielded I9..J. 
grams. 

The roots gained 292 percent (table 4) when carbon dioxid only was 
supplied but only 33 percent when extra nitrogen without carbon dioxid was 
given. When both extra nitrogen and carbon dioxid were furnished the 
roots gained 570 percent over the checks grown without either carbon 
·dioxid or nitrates. The synthesis of carbohydrates resulted in a very great 
increase in number and length as well as in weight of roots. The roots of the 
nitrated seedlings tended to be coarser than those of the unnitrated plants. 
The stems and hypocoty1s gained appreciably in weight with the use of 
additional carbon dioxid and without nitrates but only slightly by the use of 
additional nitrates unless carbon dioxid was also supplied. Seedlings not 
given carbon dioxid did not develop leaves to the stage of unfolding unless 
extra nitrogen was obtainable. Seedlings furnished carbon dioxid but no 
additional nitrogen developed large cotyledons but only a few of these 
.seedlings developed true foliage leaves and these were very small. Plants to 
which both carbon dioxid and nitrates were supplied produced two rela
tively large foliage leaves with the third leaf nearly ready to unfold. 

Mammoth Russian Sunflower 
The food reserves of these seeds contained much oil and a relatively 

large amount of nitrogen (+56 percent). The average weight of a seedling 
grown without addition of either carbon dioxid or nitrogen was 0.835 grams, 
whereasthat of a seedling receiving carbon dioxid but no nitrates was L69 
grams and that ofone receiving nitrates but no additional carbon dioxid was 
0.752 grams. The average weight of a seedling receiving both nitrates and 
carbon dioxid was only r.77 grams (tables Land 2, column II). The results 
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summarized in table 4 show that the addition of nitrates without carbon 
dioxid to the seedlings did not appreciably increase or modify the type of 
growth but that the addition of carbon dioxid without nitrates greatly 
increased the growth and especially that of the roots. The green weight of 
roots was increased 194 percent when carbon dioxid only was supplied but 
only 14 percent when nitrates only were given. They gained 180 percent 
when both nitrates and carbon dioxid were furnished. Seedlings receiving 
carbon dioxid produced adventitious roots at the bases of the hypocotyls 
but none were found on seedlings not given carbon dioxid. The stems and 
hypocotyls gained considerably in weight with the use of carbon dioxid. 
Photographs of sunflower seedlings grown under the four sets of environ
mental conditions are shown in Plate LXVIII, figures 5 to 8. 

General Observations on Growth of the Various Types of Seedlings 

Seedlings grown from seeds having a large reserve of starch but a small 
amount of nitrogen are greatly benefited by extra nitrogen in the form of 
nitrates but are not benefited and may even show injury by the use of extra 
carbon in the form of carbon dioxid unless extra nitrogen is also given. 
Seeds having a large reserve of nitrogen but somewhat limited amounts of 
non-nitrogenous carbon compounds produce seedlings which respond 
favorably to additional carbon dioxid but much less to additional nitrogen. 

This relation of the relative amounts of carbohydrates and nitrogen to 
growth was found in all the types of seedlings which were used and is in 
agreement with results reported by Kraus and Kraybill (6). 

The utilization of extra carbon in the form of carbon dioxid and extra 
nitrogen in the form of nitrates have different effects on the relative amounts 
of growth of the various organs. In general, the synthesis of carbohydrates 
results in a comparatively greater increase in the growth of roots and stems, 
particularly of roots than of leaves, unless extra nitrogen is also given. If 
the carbohydrate reserves of the seed are sufficient to permit the utilization 
of additional nitrogen, as was true with low-protein corn seedlings, the extra 
nitrogen tends to cause a relatively greater increase in the growth of leaves 
than of roots. If seedlings are supplied with both carbon dioxid and 
nitrates; the proportions of shoots to roots appear to be affected by the 
relative rates of synthesis of nitrogenous and carbohydrate compounds. In 
order definitely to determine the situation with respect to the influence of 
the relative rates of synthesis of carbohydrate and nitrogen compounds on 
the growth of shoots and roots, more exact quantitative chemical methods 
will be required. 

Shoot-to-root Ratios 
The ratios of green weights of shoots to roots do not necessarily give a 

correct impression of the relative amounts and ~inds of growth of shoots and 
roots under the various environmental conditions. Judging the type of 
growth by green weights only may furnish a somewhat misleading picture, as 
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for example, the roots of several types of the nitrated plants tended to be 
coarser but not noticeably or appreciably more numerous than those of 
corresponding plants grown without nitrates. It is highly important to 
consider the number of roots initiated as well as their length, diameter, and 
weight. Under certain conditions a plant may produce a relativelyextensive 
system of finely branching roots which may weigh considerably less than 
those of another plant which are coarser, shorter, and much less profusely 
branched. Volume measurements in such cases are of no greater value than 
are the fresh weights. Photographs may afford a more accurate conception 
of the relative differences in growth of roots under varying conditions of 
environment than do the fresh weights. 

Microchemical Evidence of the Effect of the Different Conditions for Growth 
on the Chemical Composition of the Seedlings 

Seedlings of high-protein corn grown both with and without nitrates 
contained somewhat less starch but approximately the same amount of free
reducing substances when grown without as with carbon dioxid. No 
marked differences in chemical composition of these seedlings resulting from 
the presence or absence of nitrates and the presence or absence of carbon 
dioxid were found at the end of the nine-day period in which these seedlings 
were growing. 

Seedlings of low-protein corn not supplied with nitrates and carbon 
dioxid contained less starch but approximately the same amount of reducing 
substances as similar seedlings which received carbon dioxid. Seedlings 
which received both nitrates and carbon dioxid contained slightly more 
carbohydrates than similar seedlings which did not receive carbon dioxid. 
The presence or absence of .nitrates in the nutrient medium affected the 
supply of reserve carbohydrates in the. low-protein seedling much more 
than the presence or absence of carbon dioxid in the atmosphere. 

Cow pea and soy bean seedlings which received carbon dioxid contained 
much more starch and free-reducing substances than similar seedlings which 
were not permitted to synthesize carbohydrates. Plants receiving nitrates 
and carbon dioxid had much less starch and free-reducing substances than 
similar plants not receiving nitrates. 

The roots, hypocotyls, stems, and cotyledons of muskmelon seedlings 
grown in the atmosphere containing 04 percent carbon dioxid were gorged 
with starch. More carbohydrates were produced than by any other kind of 
seedling used in these experiments. It has been found in other experiments 
that tomato seedlings similarly have an unusual capacity for the rapid 
synthesis of both carbon dioxid and inorganic nitrogen into products which 
promote growth, Carbohydrates tend to accumulate very rapidly in these 
two kinds of ·seedlings·if·the :nitrogen ·supply is somewhat. limited. Only.a 
few starch grairis and a small amount of reducing substances were found in 
sections of tissues of seedlings grown in the atmosphere to which no carbon 

· dioxid was supplied. 
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Sunflower seedlings receiving carbon dioxid contained very s111all amounts 
of starch, relatively more of reducing substances, and very large amounts of 
fat. The tissues of seedlings grown without carbon dioxid contained very· 
small amounts of carbohydrates. Starch was present only in the guard cells 
of the leaves. Only slight traces of reducing substances were found in the 
tissues of the different organs but some fat was found particularly in the 
cotyledons. 

It appears from the results shown in tables 3 and 4 that seedlings grown 
from seeds having a high protein and high oil content synthesize carbo
hydrates more rapidly in the early phases of growth than seedlings of low
protein seeds. The high-protein, high-oil seeds have their food reserves 
stored in tissues that become foliage organs, the plastids of which are capable 
of functioning in carbohydrate synthesis very early in the growth of the 
seedling. It takes a considerably longer time for other types such as corn to 
develop their foliage tissues to the stage at which an appreciably extensive 
synthesis of carbohydrates may occur. Doubtless other unknown factors 
have also influenced the amount of carbohydrate synthesis in the young 
seedlings which have been used in these investigations. 

The accumulation of greater amounts of carbohydrates or fats in the 
tissues of seedlings grown without nitrates as compared with the amounts 
found in seedlings to which nitrates were supplied is in accord with observa
tions of Kraus and Kraybill (6) and also of other investigators and is to be 
attributed to the fact that both synthesis of organic nitrogen compounds and 
utilization of carbohydrates in growth are limited by the lack of nitrogen. 
When carbohydrate synthesis is limited there is le.ss of free-reducing sub
stances, starch, and cell membrane substances in seedlings grown. with 
nitrates than :without nitrates, since part of the reserve carbon must be used 
in the synthesis of organic nitrogen. compounds from nitrates. 

Rather definite correlations have been found bet~n the relative 
amounts of carbohydrates and fats which accumulate in the tissues of the 

·. seedlings under different. conditions and the number and weight of roots 
p11)duced. The high~protein types of seedlings-soy bean, cow pea, 
Uiuskmelon, arid sunflower-when grown in the atmosphere containing 
<:atbon dio:iddaccuxy.ulate large amounts of reserve carbohydrates in their 
tiSi;Ues and at the same .tiine develop relatively large root systems. Similar 
~lings grown without carbon dioxid have very little reserve carbohydrate 
in their tissues and have .comparatively small root systems. Seedlings of 
high,. an~'lci)V,.proteiti corn whkh did not gain much in green weight due to 
the utiliza.tion of carbon ciiq#d. had. relatively small differences in the 

.. carbohydrate content of their. ~issm:ls~ I twas also found that there were no 
marked clifferences in the m1mber and weight of roots produced by corn 
se~lirigs re~vi.ng ca.(bon dioJ<:id as compared with others which did not 
receive it.- · ··The carbohydrate .. reserves of the seed especially of the low 
protein type were sufficient to enable the plants to produce root systems of 
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approximately the maximum size and weight characteristic for seedlings of 
these kinds. 

Effect of Conditions Influencing the Supply of Available Nitrogen and 
Carbohydrates Upon the Growth Response as to Thickness of 

Tissue, Lignification, etc. 

Microscopic examination of the tissues of the various types of seedlings 
has definitely indicated the effect of different amounts of carbohydrates on 
the development of strengthening tissues. Seedlings which synthesized an 
abundance of carbohydrates had thicker walled xylem vessels and ap
parently much more extensive lignification of bast fibers than seedlings 
grown under conditions which prevented access to extra carbon. Less 
difference of the effect of synthesizing or not synthesizing carbohydrates was 
noted in the case of low-protein corn seedlings than in those of high-protein 
types. This variation in response is undoubtedly related to the difference in 
the relative amounts of reserve carbon and nitrogen in the seeds. 

Concerning the direct effect of light on the development of strengthening 
tissues only an incomplete report can be made. The ceIJs of low-protein 
corn seedlings used in other experiments and grown in darkness appeared to 
have about as much thickening of the walls as was found in similar seedlings 
grown in the light in the carbon-dioxid-free atmosphere. Seedlings of 
higher protein seeds grown in light and without carbon dioxid had slightly 
more thickening of walls than was found in similar seedlings grown in 
darkness. It seems possible that because of the apparently greater ability 
of these seedlings than of the low-protein types to synthesize carbohydrates 
in their early growth that some of the carbon dioxid given off in respiration 
may have been synthesized into compounds which were used in producing the 
slightly greater thickening of the cell walls. 

DISCUSSION 

Growth of Roots 
In table 6 it may be noted that soy bean and cow pea seedlings develop 

TABLE 6. T'Veight of Roots in Grams per Plant Produced by Seedlings Grown Without Extra 
Nitrogen, Some in Darkness, and Others in Light, With or Without Carbon Dioxid 

in the Atmosphere 

Darkness* Light Light 
Normal Atmosphere -co. +co, 

High-protein corn ................. o.686 I.!40 I.155 
Low-protein corn ................. 0.750 I.080 0.991 
New Era. cow pea ................. 0.237 0.220 0.756 
Peking soy bean .................. O;I72 0.183 0.640 
Red Rocky. Ford muskmelon ....... 0.040 0.089 0.349 
Mammoth Russian i:mnflower .... , .. 0.105 0.157 0.462 

* The experiment for· which .these seedlings were grown was described in a previous 
publication (II). 

·' 
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TABLE 7. Lengths and Fresh Weights of Stems plus Hypocotyls Attained per Plant by 
Seedlings Gi-own Without Extra Nitrogen, Some in Darkness, and Others z:n Light, 

With or W#hout Carbon Dioxid in the Atmosphere 

Darkness* Light Light 
Normal.Atmosphere - co, +co, 

Length Weight Length Weight Length Weight 
cm. gms. cn1. gms. cm. gms. 

-------------
High-protein corn .......... 36.0 o.n4 25.7 0.529 28.6 0.792 
Low-protein corn .......... 29.2 0.715 20.2 0.494 17.7 0.584 
New Era cow pea .......... 32.r 0.699 ro.9 0.,344 164 o.73r 
Peking soy bean ...... .... ·. 40.0 0.568 rr.6 0.244 r7.o 0.388 
Red Rocky Ford muskmelon. q.o 0.20I 3.4 0.058 4.0 0.133 
Mammoth Russian sunflower 27.2 0.855 12.3 0.393 r8.r o.8r8 

*A description of these seedlings and the experimental methods was given in a previous 
publication (rr). 

practically the same weight of roots in darkness and in light in an atmosphere 
not supplied with carbon dioxid. Muskmelon and sunflower seedlings 
produce a greater weight of roots in the light but this may be partially 
accounted for by the fact that in the light they doubtless made use of some 
of the respired carbon dioxid. High- and low-protein corn seedlings 
developed considerably more roots in light than in darkness. The seedlings 
grown in darkness were exposed to a temperature approximately 4 degrees 
lower than that used for the seedlings grown in the light, which may be 
responsible to some extent for the observed differences in the amount of 
roots produced under the two conditions. Other lots of corn seedlings 
grown in darkness at higher temperatures than were used for the seedlings 
mentioned in table 6 had considerably larger root systems. There is also the 
possibility that light favored the utilization of carbohydrates in the growth 
of roots. To answer this question somewhat more definitely, it will be 
necessary to place seedlings in nutrient solutions containing a soluble form 
of carbohydrate such as glucose and to keep some of them in darkness and 
others in light in an atmosphere lacking carbon dioxid. In this way it may 
be possible to determine if light in itself affects the utilization of carbo
hydrates in the promotion of growth of roots. 

The: question arises as to what types of non-nitrogenous carbon com
pounds favor rooting. It. has been noted that certain seedlings such as cow 
pea and muskmelon store up large amounts of starch and reducing sub
stances, and that growth of roots is greatly fostered during the process of 
this accretion of carbohydrate materials. Other seedlings such as sunflower 
have their carbon reserves accumulate chiefly in the form of fats and during 
the time in which this accretion of material occurs, roots grow profusely. 
Since there is a conspicuous gain in growth of roots with the accumulation 
of carbon compounds in the form of fats as well as in the form of starch, the 
type of compound more directly concerned in the growth of roots must be a 
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simpler and a soluble type of compound common to both the starch- and 
fat-forming plants. During the process of carbohydrate or fat accumulation 
a disposition for rapid growth and initiation of roots is established. Chem
ical changes of importance in the growth of roots, other than the formation 
and accumulation of carbohydrates, must doubtless also occur at this time. 

Growth of Stems and Hypocotyls 

The measurements of lengths of stems and hypocotyls furnish a better 
picture of differences in type of growth under different external conditions 
than do the weights. This is partly because the stem tissues of seedlings 
synthesizing carbohydrates are more compact, are heavier walled, and 
contain more storage carbohydrates. A given length of stem of a seedling 
grown in the light in an atmosphere containing carbon dioxid tends to weigh 
more than that of a similar seedling grown in darkness. 

Growth of the stem and hypocotyl is favored by having an abundance of 
carbohydrates since stems and hypocotyls of seedlings synthesizing carbo
hydrates were longer and heavier than those of plants in which photo 
synthesis was restricted. Low-protein corn seedlings were an exception in 
this respect. Seedlings grown from seeds having a high nitrogen content 
have available less non-nitrogenous carbon compounds than are necessary 
to allow the greatest amount of growth from the reserve nitrogen. It is 
also shown and in agreement with results of Godlewski (3) that light in 
itself has an inhibiting action on the growth in length of hypocotyls and 
stems since seedlings grown in light in an atmosphere not supplied with 
carbon dioxid are shorter and weigh much less th.an those of seedlings grown 
in darkness. Godlewski's experiments showed also that a greater amount 
of the total dry matter of the seedling grown in darkness went into the 
hypocotyl and stem than it did in the seedling grown in the light. 

Growth of the Leaves and Foliaceous Cotyledons 

The data presented in table 8 show that light influences the growth of 
leaves and foliaceous cotyledons in other ways than by the synthesis of 

TABLE 8. Weight in Grams of FoUaceous Tissue Produced per Plant by Seedlings Gro·wn 
Vlithout Extra Nitrogen, Some in Darkness, a.rid Others in Light, Vf.iith or H'zthout 

Carbon Dioxid in the Atmosphere 

Darkness* 
Normal Atmosphere 

Light 
- co, ----------------·---.. ----- --~------ ---·------

High-protein corn ............... . 
Low~protein corn ................ . 
New Era Cow Pea ............... . 
Peking soy bean ...... " ......... . 
Red Rocky Ford muskmelon . : .... . 
Mammoth Russian sunflower ..... , . 

0.696 
0.575 
0.058 
0.074 
0.040 
0.165 

0.791 
0 .. 516 
0.276 
0.321 
o.q.5 
0.285 

*A description of these seedlings was given in a p!'e\·ious publication (u). 

0.902 
0.441 
o.56r 
o.45I 
0.244 
o.4ro 
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carbohydrates. Seedlings grown in the light under conditions which 
inhibited carbohydrate synthesis .had larger leaves and cotyledons which 
also weighed more than those of seedlings grown in darkness. The only 
exception to this mode of behavior was that of the leaves of low-protein corn 
seedlings and in these the differences were not great. 

The leaves and cotyledons of seedlings grown without nitrates from high
protein types of seeds are benefited by the synthesis of carbohydrates 
whereas those of the lower protein types are smaller and weigh less if carbon 
dioxid is supplied than if it is not furnished. Not only is there this difference 
in size and weight of leaves under the two conditions but the leaves are 
greener if the plants are not permitted to utilize additional carbon as carbon 
dioxid. Similar experiments with wheat seedlings grown from seeds of 
relatively low-nitrogen, high-carbohydrate content produced the same 
response as to size and greenness. The leaves and cotyledons of the high
protein types of seedlings grown also without nitrates tend to be greener in 
the early phases of growth if extra carbon is supplied. It might be expected, 
however, that if similar experiments were conducted with seedlings grown 
in a series having varying concentrations of carbon dioxid in the atmosphere, 
certain concentrations might lead to the synthesis of just enough additional 
carbohydrates so that these seedlings would have available the same amount 
of carbohydrate compounds in relation to the stored nitrogen that low
protein corn seedlings had as a natural endowment and that the growth 
responses of these seedlings would be somewhat like those of low-protein 
corn. More recent experiments with squash seedlings tend to give some 
support to this hypothesis. The present indications are that a very large or 
very small amount of available carbon in proportion to nitrogen produce 
internal conditions unfavorable to the development of a healthy green color 
and of relatively large size of leaves. 

Nightingale (7) reported an increase in greenness of leaves of tomato 
plants having a large amount of carbohydrate but low nitrogen reserves, on 
changing the plants from .a 14-hour to. 6-hour exposure to June sunlight. 
The factors involved in inducing the greater greenness of leaves in the short 
day may be related to those in the experiments described above. 

SUMMARY 

I .. (a) Seedlings grown from seedshaving a high carbohydrate but low 
nitrogen reserve have their growth increased more by the use of nitrates 
than they do by the use of carbon dioxid. 

( b) Seedlings grown from seeds having a relatively low carbohydrate but 
highnitrogen content have their growth increased more by the use of 
carbon dioxid than they do by the use of nitrates. 

(c) If light is not a limitingfactor most types of seedlings grow most 
rapidly when supplied with both carbon dioxid and nitrates, especially during 
the later phases of seedling development. 
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2. The synthesis of carbohydrates by seedlings results in a relatively 
greater increase in growth of roots and stems, particularly of roots, than of 
leaves unless extra nitrogen is also given. 

3. The utilization of nitrates causes a relatively greater increase in 
growth of leaves and stems than of roots. 

4. Seedlings grown from seeds containing relatively large amounts of 
carbohydrates in proportion to nitrogen do not synthesize carbohydrates 
extensively unless extra nitrogen is furnished. These seedlings corre
spondingly do not increase the weight and size of their roots when grown in 
an atmosphere containing carbon dioxid as do the high-protein seedlings 
which synthesize carbohydrates abundantly. 

5. Seedlings grown from seeds containing relatively large amounts of 
nitrogen in proportion to carbohydrates do not have the capacity to utilize 
nitrates extensively unless carbon dioxid is also furnished. Correspondingly 
the effect of nitrates in stimulating the production of leaf tissue does not 
occur to so great an extent as in the case of seedlings grown from low
protein seeds. 

6. Seedlings grown without extra nitrogen accumulate reserve carbo
hydrates more rapidly than those supplied with nitrates. 

7. Seedlings which synthesized an abundance of carbohydrates and 
especially those which accumulated large amounts of carbohydrates in the 
cells had thicker walled xylem vessels and greater amounts of lignification of 
bast fibers than seedlings grown under conditions which·prevented access to 
extra carbon dioxid. 

8. It is shown that exposure to light during the normal length of days in 
May and June produces an inhibiting effect on the growth in length of the 
stem and hypocotyl ·but a stimulating effect on the growth of leaves and 
foliaceous cotyledons. 

9. Other investigators have stated that. the synthesis of carbohydrates 
has no direct effect on the growth of leaves. The results of these seedling 
experiments have shown that the synthesis of relatively large amounts of 
carbohydrates has a growth-limiting and a chlorophyll-deficiency effect on 
leaves unless a supply of available nitrogen is maintained during the synthe
sizing process. 

These investigations were conducted at the Boyce Thompson Institute 
for Plant Research from 1924 to 1926. I wish to thank Dr. Ward R Davis 
·for making deter:tninations of the carbon dioxid content of the atmosphere 
in the .. culture chambersi also the Department of Plant Genetics of the. 
University of Illinois for supplying the seeds of high- a.nd low-protein 
corn .. 

·· · B!)vcli! Ta.o).iPsoN··INsnTti±E :FoR PLANT REsEAaca, IN"c., 
Y ONlCERS, NEW y ORE: . 
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EXPLANATION OF PLATE LXVIII 

Fw. I, Peking soy bean seedling grown without nitrates and without carbon dioxid. 
FIG. 2. Peking soy bean seedling grown without nitrates and with carbon dioxid. 
FIG. 3. Peking soy bean seedling grown with nitrates and without carbon dioxid. 
FIG. 4. Peking soy bean seedling grown with nitrates and with carbon dioxid. 
FIG. 5. Mammoth Russian sunflower seedling grown without nitrates and without 

carbon dioxid. 
FIG. 6. Mammoth Russian sunflower seedling grown without nitrates and with 

carbon dioxid. 
FIG. 7. Mammoth Russian sunflower seedling grown with nitrates and without 

carbon dioxid. 
FIG. 8. Mammoth· Russian sunflower seedling grown with nitrates and with carbon 

dioxid. 
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EFFECT OF VARIATIONS IN THE AMOUNTS OF AVAILABLE 
CARBON AND NITROGEN ON THE GROWTH OF 

WHEAT SEEDLINGS 

MARYE. REID 

A study is here reported of the development under different external 
conditions of wheat seedlings from seeds having varying proportions of 
carbohydrates and nitrogen. 

EXPERIMENT I. APRIL 24-MAY 6, 1926 

Wheat seedlings grown from three different types of wheat were used: 

Weight, Total Amount of 
gms. Nitrogen,% Nitrogen, mgs. 

Marquis, Dickinson, N. D .............. 2.94 2.37 59.0 
Marquis, Davis, Calif. ................. 2.60 1.45 37.7 
Little Club, Davis, Calif. ............... 2.66 r.52 40.4 

The .seeds were sterilized by immersion in a 0.25-percent solution of 
Uspulun for one hour, and were placed in germinators between layers of 
rrroist filter paper April 24 and were planted in sterilized quartz sand (No. 3) 
in 7-inch bulb pots April 26 (1). There were four cultures of each of three 
type5 ·of wheat. Two of each of the three sets of cultures were given the 
nutrient solution containing nitrates, and two of each set the solution 
lacking nitrates. The cultures were placed in the bell jar apparatus de
scribed in the preceding paper (2) ·and were sealed air tight with DeKho
tinsky cement. ·One of each of the pairs of cultures was given approximately 
0.4 percent carbon dioxid in the incoming air and the other was placed in a 
chamber receiving air lacking carbon dioxid. A reduced pressure equal to 
.0.004 atmospheres was maintained for all of the cultures. Fresh nutrient 
.solutions were given every third day and the moisture content of the sand 
was maintained during intervening times by the addition of freshly distilled 

·.water .. The ~ultures were .removed from the apparat11s· May 6 ·and were 
immediately placed in darkened moist chambers. until the seedlings could be 

· weighed !j.tid measured. The temperature and light conditions were both 
h~ghly favorable for. n1pid growth •. The days were all clear except two 

.··which were only"pavtly ·clouciy. . · · · 

Contributionsfr~rii. the Boyce Tho~pson InstiMe for Plant R.eeearch, foe., Yonkers,c 
New York, publi$hed at the expense of the. Institute out of the order determined by the 

. ciate of receipt of the. xnanuscripti · 
274 
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EXPERIMENT 2. MAY I0-22, 1926 

Although the Marquis wheats used in experiment I were of the same 
strain, it was considered desirable to study the effects of high- and low
protein contents of wheat which had been grown under similar environ
mental conditions. In this experiment hard and soft grains were selected 
from the Marquis wheat grown at Davis, California. The Marquis wheat 
from Dickinson, N. D., was also used. 

Weight of I Total Amount of 
Grains, Nitrogen, Nitrogen, 

gms. % mgs. 

Marquis, Dickinson, :N. D ............... 2,!2 2.37 50.2 
Marquis, Davis, Calif. (Hard grains) ..... 2.33 2.I I 49.I 
Marquis, Davis, Calif. (Soft grains) ...... 2.2! r.45 32.2 

Four cultures of each type of wheat were grown and the same conditions 
for growth were' employed as in experiment r. Due to the fact that the 
season was somewhat more advanced and the temperature was high, a 
canopy of cheesecloth was stretched across the greenhouse about thirty 
inches above the bell jars for four or five hours during the middle of the day 
on six of the ten days during which the seedlings were growing. The 
temperature and light conditions were, therefore, slightly different in 
experiments I and 2. 

DATA 

The results show that growth of the seedling is markedly influenced by 
changes in the external environment with respect to the available supply of 
carbon and nitrogen and also by differences in the amounts of nitrogen and 
carbohydrates stored within the seeds. The relative amount of reserve 
carbohydrates is of particular importance if the seedlings are grown under 
conditions which limit the synthesis of these substances from carbon dioxid 
and the relative amount of reserve nitrogen is likewise of particular im
portance if the seedlings are grown under conditions which limit or inhibit 
the intake of additional nitrogen. 

The utilization of carbon dioxid resulted in a greater total weight of green 
and dry tissue whether the seedlings were grown with or without additional 
nitrogen. If nitrates were not supplied, additional carbon dioxid favored 
the growth of roots much more than that of shoots and in most cases the 
roots of high-protein seedlings had their growth increased by carbon dioxid 
somewhat more than those of low-protein seedlings. The addition of 
nitrates to the carbon-dioxid-treated seedlings promoted the growth of 
shoots more than that of roots and the growth of shoots of low-protein 
seedlings considerably more than that of high-protein seedlings. 

The green weights of shoots and roots of experiment I are shown in table 
1 and those of experiment 2 in table 2. The high-protein Marquis wheat 
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seedlings grown without nitrates in experiment I produced 12.5 grams of 
shoots and 9.9 grams of roots with added carbon dioxid and 12.r grams of 
shoots and 6.8 grams of roots without the addition of carbon dioxid. The 
low-protein Marquis wheat seedlings of the same experiment yielded 8.9 
grams of shoots and 9.6 grams of roots when additional carbon dioxid was 

TABLE I. Wheat of High- and Low-protein Strains Grown With and Without Add#ion of 
Carbon Dioxid, and With and Without Nitrates, April 24-May 6, 1926 

Without Nitrates (88 Plants) 

Green Weights Dry Weights Percentage of 
Ratio of Total C02inAir Dry Matter 

Type of Wheat Nitrogen Entering Green Weight 
in Seed 3 Chamber of Shoots 

Shoots I Roots Shoots Roots Shoots Roots to Roots 

-
Marquis ....... 2.37 0.43 12.47 9.90 I.SI 0.85 12.2 9.1 I.26 
Marquis ....... 2.37 none 12.07 6.82 I.26 0.43 ro.5 6.4 I.77 
Marquis ....... r.45 043 8.90 9.64 r.47 0.92 I6.6 9.5 0.92 
Marquis ....... I.45 none 9.05 7.42 I.OJ 0.64 I2..2 8.7 I.22 
Little Club .... r.52 0.43 9.38 I0.87 I.41 0.92 15.I 8.5 o.86 
Little Club .... r.52 none ro.54 8.47 I.2I 0.67 I I.5 8.o 1.24 

\:Vith Nitrates 

Marquis ....... 2.37 0.43 1642 II.48 I.74 o.86 I0.6 7.6 I.43 
Marquis ....... 2.37 none u.63 6-97 I.IS 0.54 I0.2 7.7 I.66 
Marquis ....... 1.45 0.43 16.96 12.67 r.90 LOO II.2 7.9 r.34 
Marquis ....... r.45 none 8.36 7.04 0.94 0.53 rr.3 7.6 I.I8 
Little Club .... r.52 043 16.80 12.82 r.84 0.98 10.5 7.7 I.31 
Little Club .... r.52 none 8.39 7.50 0.83 0.47 IO.O 6.3 1.12 

TABLE 2. Marquis Wheat of High- and Low-protein Strains Grown With and Without 
Addition of Carbon Dioxid, and With and Without Nitrates, May I0-22, 1926 

Without Nitrates (75 Plants) 

Total Green Weights Dry Weights Percentage of Ratio of 
CO, in Air Dry Matter Green 

Type of Wheat Nitrogen Entering Weights of in Seed Chamber Shoots to % Shoots Roots Shoots Roots Shoots Roots Roots 
-----------

Dickinson, N. D .. 2.37 0.43 9.64 7.08 I.30 048 13.6 6.8 I.22 
Dickinson, N. D .. 2.37 none 7.83 4.or 0.83 0.33 ro.6 8.3 r.95 
Davis, Calif. .... 2.IX 0.43 9.72 7.25 I.22 0.63 !2.6 8.7 I.34 
Davis, Calif. .... 2.II none 9.25 5.32 LOI 0.43 11.0 9.1 I.73 
Davis, Calif ..... 145 043 7.44 7.60 I.Ig 0.72 r6.r 9.5 0.98 
Davis, Calif. .... l.45 none 6.96 5.14 0.78 0.51 I I.3 IO.O r.35 

With Nitrates 

Dickinson, N. D .. 2.37 043 14.02 8.40 r.64 0.64 9.4 6.1 I.66 
Dickinson, N. D .. 2.37 none rr.80 5.14 r.ro 0.39 9.3 7.7 2.29 
Davis, Calif.. ... 2.ll 04% 15.20 9.12 I.]I 0.75 II.3 8.3 r.66 
Davis, Calif ..... 2.U none 12.!I 6.oo I .• 07 0.45 8.9 7.6 .2.02 
Davis, CaliL ... r.45 043 x2.99 8.60 x.55 0.71 !2.0 8.2 1.51 
Davis, Calif.. .... I.45 none 10.50 4.98 0.96 0.38 9.2 7.8 :uo 
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given and 9.I grams of shoots and i·4 grams of roots when carbon dioxid 
was withheld. The data presented in tables I and 2 have been summarized 
in table 5 which shows the percentage gain or loss over the checks due to the 
addition of carbon dioxid. In column 6 of this table it may be noted that the 
increases in green weights of roots of unnitrated seedlings resulting from the 
use of carbon dioxid varied from 28 percent with a low-protein wheat to i6 
percent with a high-protein wheat. In two of the three lots of seedlings 
grown from low-protein grains there was a slight decrease in the green weight 
of the shoots. In column S of table 5 the effect of added carbon dioxid upon 
the growth of shoots may be observed. The slight decreases in green 
weights of shoots of the unnitrated seedlings furnished with carbon dioxid as 
compared to those not given carbon dioxid would not be considered signifi
cant were it not for the fact that there were conspicuous differences in the 
appearance of the shoots of the two sets of seedlings, the shoots of the 
seedlings not receiving carbon dioxid being longer. The leaf blades of the 
high~protein Marquis wheat seedlings of experiment r, grown without added 
carbon dioxid, had an average length of r5.9 cm. whereas those of similar 
seedlings which received carbon dioxid had an average length of r3.3 cm. 
Leaf blades of low-protein seedlings of the same variety and strain averaged 
I0.8 cm. in length when grown without added carbon dioxid and rn.2 cm. 
when extra carbon dioxid was given. With the exception of one set of Iow
protein seedlings, similar differences in length of leaf blades with carbon 
dioxid added or withheld were found in experiment 2. In all cases the 
differences in length between leaf blades of high-protein seedlings grown 
with and without added carbon dioxid were greater than those of corre
sponding low-protein seedlings. The roots of unnitrated seedlings receiving 
carbon dioxid, especially those of the high-protein types, were heavier, 
somewhat longer, and considerably more branched than those of seedlings 
not supplied with carbon dioxid. With a greater amount of stored nitrogen 
in the wheat grains, there were greater differences in growth of both shoots 
and roots due to the addition of carbon dioxid to the atmosphere. 

The relative sizes of shoots and roots and the general appearance of the 
plants may be observed in the illustrations of Plate LXIX. The unnitrated 
high.protein Marquis wheat seedlings grown without carbon dioxid are 
shown in figure r and those given carbon dioxid in figure 2. The similarly 
treated low-protein seedlings of the same strain are shown in figures 5 and 6. 

Extra nitrogen supplied in the form .of nitrates had a somewhat different 
influence on growth from that of additional carbon supplied as carbon 
dioxid. The high~protein Marquis wheat seedlings of experiment r (table I) 
produced· 12 ,5 grams of shoots and 9.9 grams of roots when grown without 
nitrates and 16.4 grams of shoots and I LS grams of roots when nitrates were 
furnished. The low-protein seedlings of the same strain produced 8.9 
grams of shoots and 9.6 grams of roots when grown without nitrates and r7 
grams of shoots and I2.i grams of roots with nitrates supplied. Table 6 
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gives the percentage gain or loss over the checks due to the addition of 
nitrates. In columns 3 and 4 are shown the percentage di:ffer~nces in green 
weights of seedlings receiving carbon dioxid and nitrates in comparison to 
similar seedlings grown without nitrates. Shoots of low-protein seedlings 
of the two experiments gained 75, 90, and 79 percent and the roots 13, 31, and 
18 percent, respectively. Seedlings of the high-protein strains did not 
benefit as much as those of the low-protein strains from the utilization of 
nitrates. Shoots of different lots of high-protein seedlings gained 45, 56, and 
32 percent and the roots 19, 26, and 16 percent, respectively. Seedlings 
receiving nitrates had longer shoots but tended to have shorter roots than 
those not given nitrates. ·The most outstanding feature in the response of 
the carbon-dioxid-treated s~edlings to nitrates is that the growth of shoots is 
favored much more than that of roots and the increase due to nitrates in the 
growth of shoots of low-protein seedlings is much greater than that of high
protein seedlings. The differences in appearance of the carbon-dioxid
treated seedlings grown with and without nitrates may be observed from the 
illustrations in Plate LXIX. Figures 2 and 4 show the high-protein seed
lings and figures 6 and 8 the low-protein seedlings. 

The use of nitrates without additional carbon dioxid resulted in the 
production of longer shoots but shorter roots than when nitrates were not 
used. Although longer leaves were produced with nitrates than without, 
the green weights of shoots were not increased in all cases. Somewhat 
different results with the use of nitrates but no extra carbon dioxid were 
obtained in experiments I and 2. In experiment r, the dry weights of the 
low-protein seedlings receiving nitrates but no carbon dioxid were less than 
those of corresponding seedlings not furnished nitrates, indicating that the 
presence of nitrates may have stimulated the respiratory processes with the 
resulting loss of more of the dry matter (3). Table l, columns 6 and 7, 
gives the dry weights of shoots and roots of seedlings receiving and not 
receiving nitrates and grown under conditions which restricted the synthesis 
of additional carbon dioxid. In experiment 2 in which the light was slightly 
less intense an apparent stimulation of respiration due to the presence of 
nitrates was not observable. 

SIZES OF SEEDLINGS IN RELATION TO KIND AND AMOUNT OF FOOD RESERVES 

Although the low-protein seedlings grown without extra nitrogen were 
sm.aller than those of high-protein seedlings, per unit of reserve nitrogen the 
seedlings of low-protein grains yielded greater weights of both shoots and 
foots.. This response may be related to the greater amounts of reserve 
carbohydrates in propo~tion to nitrogen in the low-protein grains •. ·The 
flinty grains. of the. high· protein Marquis wheat from Da".'is, ·California, 

··• 'wpich wete U.Sle~.in e,x~riment 2 contained 49 milligrams of nitrogen and. the 
starChy low-protein grains from the same loeatlon and the. saine strain of 
wheat contained 32 milligrams; of nitrogen; · Althoughthe starch or total .· 
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carbon content of these grains has not been determined quantitatively, 
microchemical examination indicated that the low-protein grains had a 
higher starch content. Per unit of reserve nitrogen, the low-protein starchy 
wheats cont;:iined much more starch. 

NITROGEN CONTENT OF TISSUES OF SEEDLINGS 

Analyses of the nitrogen content of the roots and shoots of each set of 
seedlings were made and the results are given in tables 3 and 4. The same 

TABLE 3. Effect of C02 in the Atmosphere Upon the Capacity' of Shoots and Roots to Utilize 
Nitrogen. April 24-May·6, 1926 

Total Nitrogen Percentage of Percentage of the Nitrogen in Dry 
Total C02inAir 

from 88 Seedlings Weight Total Nitrogen in: 
Variety Of Wheat Nitrogen Entering in Seed 

% Chamber 

Shoots I Roots Shoots l Roots Shoots j Roots 
mgs. mgs. 

Without Nitrates 

Marquis* ........... 2.37 0.4% 47.3 18.3 3.14 2.!6 72.1 27.9 
3.II 2.16 

Marquis* ........... 2.37 none 51.1 11.5 3.96 3.02 81.6 18.4 
3.97 -

Marquis t ........... l.45 0.43 28.9 13.2 r.90 1.50 68.6 31.4 
2.02 1.39 

Marquis t ........... 1.45 none 29.8 II.I 3.06 I.79 72.8 27.2 
2.81 1.65 

Little Club t ......... r.52 0.43 28.5 13.8 2.II r.55 67.3 32.7 
1.94 r.46 

Little Club t ......... I.52 none 29.1 I I.7 2.54 1.76 71.3 28.7 
2.31 1.73 

With Nitrates 

Marciuis * ........... 2.37 0~43 78.4 21.5 4.52 2.43 78.5 21.5 
4.48 2.55 

Marquis * ..... , ..... 2.37 none 65.3 16.4 5.49 3:08 79.9 20.I 

· Marquis t ..... : '. .... r.45 0.43 67.8 23.3 
5.55 3.14 
3.61 2.42 74.4 25.6 
3.53 2.25 

Marquist~·, ... ; .... • 1~45 none 46.4 I0.2 5.02 1.90 8r.9 18.l ··' ,', . '•: ·: 4.87 1.9r 
Little Club t .... · : .... ' . r.52 0.43 69.0 20.5 3.80 2.18 77.1 22.9 

Little.CfobJ., ...•... 
3.69 1.99 

1.52 none 45.2 9.2 5.45 r.94 83.r 16.9 
5.37 r.97 

•*Dickinson,. N.D. 
t Davis, (;alif, · · 

tables show ~he percen~e of the total nitrogen of the plant found in the 
shoots and roo~ under th.e dxfferent environmental conditions. A higher 
percentage of nitrogen and also a greater amount of the total nitrogen of the 
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plant was found in the shoots of plants grown without additional carbon 
dioxid than in those to which carbon dioxid was given. The high-protein 
Marquis wheat seedlings of experiment 2 had 3 percent of nitrogen in the 
shoots and 2.1 percent in the roots with carbon dioxid supplied, and 5.r 

TABLE 4. Effect of C02 in the Atmosphere Upon the Capacity of Shoots and Roots to Utilize 
Nitrogen. l.1ay I0-22, I926 

Total Nitrogen Percentage of Percentage of the I Total from 7 5 Seedlings Nitrogen in Dry Total Nitrogen in: C02ln Air Weight 
Seeds of Marquis Nitrogen Entering Wheat Raised at: I in Seed Chamber 

Shoots I Roots Shoots I Roots 
% 

Shoots I Roots 
mgs. mgs. 

Without Nitrates 

Dickinson, N. D ...... 2.37 043 I 40.0 r4.o 3.09 2.07 7 .p 25.9 
3.04 2.06 

Dickinson, N. D ...... 2.37 none 42.3 7.8 5.08 2.36 84-4 r5.6 
5.II 2.32 

Davis, Calif. ......... 2.I I 043 36.8 !2.6 3.00 2.00 74.5 25.5 

Davis, Calif.. ........ 2.I I none 40.8 7.7 
3.03 r.98 
4.04 r.82 8 .. p 15.9 

0.43 
4 .. or r.79 

Davis, Calif. ......... r.45 26 .. r II.4 2.I6 I.58 69.5 30.5 
2.21 r.s8 

Davis, Calif. ......... I.45 none 25.6 8.o 3.28 r.59 76.2 23.8 
3.27 r.53 

With Nitrates 

Dickinson, N. D ...... 2.37 043 53-7 17.6 4.07 3.28 75<3 2.J..j 
4.09 3.6! 

Dickinson, N. D ...... 2.37 none 64.6 r2.7 5.94 3.29 83.5 16.5 
5.84 3.15 

Davis, Calif. ......... 2.II 043 69.5 20.2 4.02 2.68 77-5 22.5 
4.n 2.jo 

Davis, Calif. ......... 2.II none 59.3 r2.5 5.45 2.8r 82.5 r7.5 
5.59 2.70 

Davis, Calif. .......... r.45 043 56.I r9.2 3.59 2.74 74.5 25.5 
3.62 2.71 

Davis, Calif. ......... r.45 none 49.8 ro.5 5.21 2.62 82.6 r7.4 
5.r8 2.83 

percent in the shoots and 2.3 percent in the roots with no additional carbon 
dioxid. The nitrated seedlings had a higher nitrogen content than those 
not supplied with nitrates. The high-protein Marquis seedlings given 
nitrates had 4.r percent nitrogen in the shoots and 3-4 percent in the roots 
with carbon dioxid furnished, and 5.9 percent in the shoots and 3.2 percent 
in the roots with no additional carbon dioxid supplied. 

The seedlings of high-protein strains h<td greater differences in the 
distribution of the nitrogen in the plant as affected by carbon dioxid than 
those of low-protein strains. In experiment 2, the results of which are given 

fl 
I 
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in table 4, the high-protein Marquis wheat seedlings grown from the Davis, 
California, wheat had 74.5 percent of the total nitrogen in the shoots and .25.5 
percent in the roots when grown with carbon dioxid in the atmosphere and 

TABLE 5. Percentage Difference in Green Weight With Carbon Dioxid Added Over Paired 
Check Without It 

Nitrates Added Nitrates not Added 
Class of Seeds Date of Experiment 

Shoots Roots Shoots Roots 

High-protein ......... April 24-May 6 + 4r.2 + 64-7 + 3-3 + 45.I 
May 10-22 + 18.8 + 63.5 + 23.1 + 76.5 
May 10-22 + 25.5 + 52.0 + 5.I +36.2 

Low-protein ......... April 24-May 6 + I02.8 + 80.0 - I.6 +29.9 
April 24-May 6 + I00.2 + 70.9 - 11.0 + 28.3 
May Io-22 + 23.7 +72.7 + 6.9 +47·8 

84 percent in the shoots and 16 percent in the roots when grown without 
carbon dioxid. The low-protein Marquis wheat seedlings of the same strain 
had 69.5 percent of the total nitrogen in the shoots and 30.5 percent in the 
roots when grown with carbon dioxid, and 76 percent in the shoots and 24 
percent in the roots when grown without carbon dioxid. A similar influence 

TABLE 6. Percentage Difference in Green Weight With Nitrates Added Over Paired Check 
With Nitrates not Added 

With Extra co. Without Extra co, 
Class of Seeds Date of Experiment 

Shoots Roots Shoots Roots 

High-protein ......... April 24-May 6 + 31.6 + 16.o - 3.6 + 2.2 
May l0-22 +45·4 + 18.6 + 50.7 + 28.2 
May lo-22 +56.4 +25.8 +30.9 + 12.8 

Low-protein ......... April 24-May 6 +90.5 + 3r.4 - 7.6 - 5.1 
April 24-May 6 + 79.I + I7-9 -20.4 - II.4 
May 10-22 + 74.6 + 13.1 + 50.9 - 3.1 

of carbon dioxid on the distribution of nitrogen in the seedlings was also 
found in the seedlings which received nitrates. The results givenin tables 

· 3 and 4 also show the effect of composition of the seed upon the allocation of 
nitrogen in the seedling. Unnitrated seedlings grown from the low-protein, 
high-carbohydrate seeds have relatively more of their reserve nitrogen in the 
toots and Jess i:r(the shoot.s than seedlings grown from the higher protein 
seeds. 

GREENNESS OF LEAVES 

Definitely noticeable differences in greenness of leaves developed under 
the various conditions for growth; ·For any given set of external conditions 
the seedling leaves of high-protein strains were greener than those of low
protein strains. It was also true that the higher the protein content of the 
wheat grains the greener the seedling leaves. For example, the leaves of the 



282 TH.E BOYCE THOMPSON INSTITUTE FOR PLA)[T RESEARCH, INC. 

very low-protein Marquis wheat seedlings grown from seed produced at 
Davis, California were less green than those of seedlings grown from the 
high-protein grains selected from the same sample of a relatively pure line 
wheat. The greenness of the leaves was also affected by the external 
environment. The higher the nitrogen in relation to available carbohy
drates the greener the leaves. The following series indicates in decreasing 
order the greenness of leaves under different external conditions of carbon 
and nitrogen supply: 

- C02 + N > - C02 - N > + C02 + N > + C02 - N 

Unnitrated seedlings not receiving carbon dioxid had greener and also 
longer leaves than those that received carbon dioxid. The nitrated seedlings 
which were not given carbon dioxid also had greener leaves than those of 
seedlings supplied with carbon dioxid. The same differences in greenness of 
leaves under the varying conditions of carbohydrate and nitrogen supply 
were found in experiments I and 2. Seedlings of Illinois low-protein corn 
described in the previous paper, when grown without extra nitrogen were 
greener and longer, and there tended to be more visible leaves produced per 
plant if the seedlings were grown without carbon dioxid than if it were 
furnished. 

SUMMARY 

This investigation is along the same line as previous studies regarding the 
influence of the carbohydrate and nitrogenous storage reserves in the seed 
upon the subsequent development of the seedling and especially as to the 
proportion of shoots and roots produced. Wheat seeds of high and low 
protein content were grown in pulverized quartz under four sets of external 
conditions: 

(I) \Vithout additional carbon dioxid and without nitrates; 
(2) vVith additional carbon dioxid and without nitrates; 
(3) Without additional carbon dioxid and with nitrates; 
(4) With additional carbon dioxid and with nitrates. 

It was found that the weight of roots produced as compared with the 
weight of shoots depended not only upon the carbohydrate and nitrogenous 
reserves within the seeds but also upon the carbon dioxid content of the air. 
Seedlings of high-protein grains grown on their own nitrogen reserves had 
their total growth increased more by carbon dioxid than those of low
protein grains and the roots increased relatively more than the shoots. 
Both high- and low~protein seedlings grown without nitrates produced 
smaller tops and the leaves were less green whencarbon dioxid was furnished 
than when it was withheld. 

\iVhether or not a seedling responded to theaddition of nitrates tothe 
soil solution depended upon the relative amounts of carbohydrate and 
nitrogenous reserves.in the seeds and the availability of carbon dioxid in the 
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external atmosphere. Seedlings of low-protein seeds grown in an atmos
phere containing carbon dioxid had their total growth increased with the 
utilization of nitrates more than that of high-protein seeds and the shoots 
were increased relatively more than the roots. 

The most significant facts which appear are that addition of carbon 
dioxid causes an increased growth of roots, especially of high-protein seed
lings, while the addition of nitrates, also, causes an increased growth of tops, 
and of low-protein seedlings more than of high-protein seedlings. 

These investigations were conducted at Boyce Thompson Institute for 
Plant Research in 1926. I wish to thank the Cereals Division of the Bureau 
of Plant Industry, U.S. D. A., for supplying the wheat seeds. 

BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, !NC., 

YONKERS, NEW YORK 
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EXPLANATION OF PLATE LXIX 

Fm. I. High-protein Marquis wheat grown without carbon dioxid and without 
nitrates. 

Fm. 2. High-protein Marquis wheat grown with carbon dioxid and without nitrates. 
FIG. 3. High-protein Marquis wheat grown without carbon dioxid and with nitrates. 
FIG. 4. High-protein Marquis wheat grown with carbon dioxid and with nitrates. 
FIG. 5. Low-protein Marquis wheat grown without carbon dioxid and without 

nitrates. 
FIG. 6. Low-protein Marquis wheat grown with carbon dioxid and without nitrates. 
FIG. 7. Low-protein Marquis wheat grown without carbon dioxid and with nitrates. 
FIG. 8. Low-protein Marquis wheat grown with carbon dioxid and with nitrates. 
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PRIMARY DORMANCY, AFTER-RIPENING, AND THE DE
VELOPMENT OF SECONDARY DORMANCY IN 

EMBRYOS OF AMBROSIA TRIFIDA 

w. E. DAVIS 

INTRODUCTION 

The fruits of Ambrosia trifida are dormant at ~aturity. The dormancy 
is in the embryo since germination does not take place even when. the 
embryos are freed.from all enveloping structures. An after-ripening process 
must .precede germination, but even when the seeds are after-ripened 
their germination, especia1ly at high temperatures, may be consjderably 
delayed or prevented altogether due to the fruit and seed coats. Failing 
to germinate under such conditions the embryos develop a second dormant 
condition more pronounced than the initial or primary dormancy. 

since after-ripening, germination, the deyelopment of secondary dor
mancy, and possibly the primary dormancy of the embryo duringits period 
of growth and maturity on the plant are more or less influenced by these 
membranes, a brief description of the embryo with its accompanying 
. structures will be given at this ~lace. 

STRUCTURE OF THE fRUITS 

The seed:..bearing structure is a fruit (text fig. I A), the outer part of 
which consists of a thick-walled involucre. Beneath the involucre is the 
ovary, the style of which protrudes through an opening at the top of the 
in.Volucre. The walls of the ovary are distinct.from the involucre. Within 
the ovary and readily separating fr:om it is the seed (text fig. I B). The 
seed consists of tl:i.e embryo encased by a delicate membrane usually two 
iayeri; of~ells in thickness, the .outer of which consists of dead cells with 
striated thickenings in the wall!! together with fragments of disintegrated 

. ~f.;wa.!$, co~stituting the remnants o( the integuments. The seed coat 
.. ·····:vi'!;~e:t'ous vascular bundles .(text fig. I B)~ The inner layer- of. 

' <~ill~c:t with the embryo is of nucellar origin. It is made up 
: $;'M~Jn)Od~ately i:h.ick cell walls. The entire membrane 

~titll. l}),;11n•~lM~~parated fr<:m1 the embryo (text fig. 1 C) by pressing 
~~ 'seed :bfi#"e~,~ 'the th.umb and finger.; With less soaking the 

· J ~~tl't~t,.tributfon :<?! 'th~ ~Tho!llpson Institute for Plant Research, Inc:, Yonkers, 
Ne~ Yoril, and. the. DepartnientoJ Botany. and Plant Pathology, no. 282, Kan5as Agricul• 
tur~d Coll~e, Manhattan{ Kansas; published at the expense of the Institute out of the 
order determined by the date of receipt of the manuscript. · 

285 



286 THE BOYCE THO:\fPSOK IKSTITUTE FOR PLAKT RESEARCH, CNC. 

outer layer of non-living cells separates readily from the living layer leaving 
the embryo with only the nucellar layer intact. 

As these membranes (involucre, ovary wall, and seed coats) may each 
be removed without interfering with the structures beneath, their combined 
as well as their individual effect upon after-ripening, germination, and 
development of secondary dormancy in the embryo may be studied. 

A B c 
TEXT FIG. r. A, the fruit; B, the seed; C, the embryo; D, section of the 

two-layered seed "coat. 

D 

In this paper three structures are considered, as shown in text figure I: 
(A) the fruit, (B) the seed obtained by the removal of involucre and ovary, 
and ( C) the naked embryo. Dormant embryos in all cases have been after
dpened within the fruits or within the seed. Secondary dormancy of the 
embryo was usually induced within the fruit and seed coats, but also within 
the seed coats alone. 

PRIMARY OR INITIAL DORMANCY 

Although all embryos are dormant at maturity, the dormancy is not 
equally deep seated in all, since in dry storage it may disappear early from 
some and late or never completely from others. The degree of dormancy 
of different crops varies as indicated by results reported later. 

Again the dormancy is not equally pronounced in all parts of the embryo 
itself but is especially characteristic of the hypocotyl as has been found true 
of most dormant embryos, such as Crataegus and others (I, 2, 3). When 
the naked dormant embryos are placed under germinating conditions, the 
hypocotyls fail to elongate and no roots are produced. The cotyledons, 
especially those in contact with the wet medium, frequently enlarge to 
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several times their original size and in the light become intensely green, 
while those not in direct contact with the medium remain colorless and 
of the original size. The plumule also frequently grows while the hypocotyl 
remains dormant. Text figure 2 shows these characteristic behaviors of 
the embryos upon moist cotton in petri dishes. 

TEXT FIG. 2. Dormant embryos after a. period in a germinator, showing growth of 
cotyledons and of some epicot:yls in contact with moist substratum, <1nd no growth of 
hypocotyls or of cotyledons not in contact with moist substratum. 

It does not seem likely that these differences in degree of dormancy 
especially in embryos of the same crop can be attributed entirely to con
ditions that obtain during storage, for while the accessibility of oxygen 
due to differences in permeability of enveloping membranes may not have 
been the same to all embryos, the temperature and the moisture content 
during dry storage were the same. 

The primary dormancy universally present in embryos at maturity 
has its origin during the development of the embryo while in contact with 
the mother plant. Since no attempt was made to store the fruits of different 
crops under the same conditions any differences in their relative dormancy 
after similar periods of storage may have been due in part to slight 
differences in temperature and moisture content during storage as well as 
to possible differences in permeability of enveloping membranes during 
development on the plarit for the different years. 
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AFTER-RIPENING IN DRY STORAGE 

After-ripening or the disappearance of dormancy in embryos of fruits 
in dry storage, as indicated by germination, takes place slowly and very 
unequally in different embryos, In some, after-ripening may take place 
within a few months while in others the dormancy may still be present 
after one or more years. Excised embryos of fruits collected in 1918 when 
placed under germinating conditions, March 19I9, gave five percent germi
nation; in May, 36 percent, and in July, 40 percent. Excised embryos of 
fruits collected in 1919 gave 75 percent germination in October 1920. 
Embryos of fruits collected in 1924 gave So percent germination September 
1926. Excised embryos of fruits collected in 1926 gave 40 percent germi
nation August 1927. Embryos of fruits collected in 1927 gave no germi
nation May 1928, while embryos of fruits collected in 1928 gave 40 percent 
germination July 1929. Naked embryos were used in all germination tests 
in order to determine whether the failure to germinate was due to the 
membranes surrounding the embryos or to a dormant condition of the 
embryos themselves. The germination tests were made at temperatures 
ranging between 27° and 29° C. 

AFTER-RIPENING IN Low TEMPERATURE GERMINATOR 

While after-ripening may gradually go on in the embryos in dry storage; 
it may be brought about much more quickly and uniformly when the 
fruits or seeds are placed upon a wet medium such as moist cotton at a 
temperature of from 5° to I0° C. The optimum temperature for after
ripening at low temperature is near 5° C. and requires, for freshly harvested 
fruits, from 70 to . 90 days. Embryos of fruits after-ripened in the cold 
germinated also with greater energy than embryos of fruits after-ripened 
in dry storage. 

Whether the after-ripening takes place in dry storage or at low tempera
ture the process is evidently the same, since fruits that have been in dry 
storage for some time do not require as· long a period to after-ripen in the 
cold as do recently harvested fruits. Fruits taken from dry storage and. 
placed upon moist cotton in petri dishes at low temperature in March 
required less than two months to after-ripen while still later in the season 
one month was frequently found sufficient for the complete after-ripening 
of all fruits. Embryos of fruits that had been after-ripened in dry storage 
and subsequently given an additional period in the cold, germinated with 
greater energy than those taken directly from dry storage. Many of the 
intact fruits after-ripened at low temperatures, germinated overnight, .and 
the hypocotyls of naked embryos often attained a length of from one to 

. ttV'o centimeters. within 24 hours ::if ter they had been removed from the 

. fruits and "placed under germinating conditions. 
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RELATION BETWEEN TEMPERATURE AND MOISTURE CONTENT 

IN AFTER-RIPENING 

Embryos of fruits kept on moist cotton in petri dishes at a tempera
ture varying from 23 to 25 degrees from November until July gave no 
germination at any time during that period. \Vh.en the fruits were removed 
from these temperatures and placed in the cold, they required fully as long 
a period in the cold for the embryos to after-ripen as those of recently 
harvested fruits. The fruits that had been in a high temperature germi
nator since harvest were placed in a cold germinator July 7 and on September 
26, when a portion of the fruits was removed from the cold, the naked 
embryos gave 70 percent germination. The remaining fruits were left in 
the cold until November when all embryos were found fully after-ripened, 
giving roo percent germination within forty-eight hours. The after-ripening 
of the embryos in these fruits did not take place as uniformly as that of 
recently harvested fruits when placed in the cold germinator; 

Fruits of ragweed were planted in pots in a greenhouse October 24, 
1927. No germination had occurred up to May 5 when the fruits were 
removed from the soil. All membranes were then removed from around 
the embryos and the naked embryos were placed upon moist cotton at 
28° C. to germinate. None of the embryos germinated. There had been 
no perceptible after-ripening of the embryos during the 194 days the fruits 
had remained in the soil at the temperature of the greenhouse. 

In a previous year fruits planted in two pots A and Bin the greenhouse 
October 30 gave 18 and 28 percent germination, respectively, by March 7. 
This difference in response to soil conditions may possibly be accounted 
for in that the embryos of the 1927 crop were more dormant than those of 
the previous year, or to a condition of the embryos when the fruits were 
planted, or even to the temperature of the greenhouse. 

While there is an optimum temperature (5° C.) for after-ripening in 
the cold when the fruits or seeds are in a saturated condition, there appears 
also to be a close relation between the temperature and moisture content 
during after-ripening in dry storage. Excised embryos of fruits harvested 
and placed over concentrated sulfuric acid in November r926 gave no 
germination at any time up to August of the following year. 

In April 1927 after embryos of fruits in storage had begun to after
ripen, some of these air-dried fruits were placed in a closed vessel and 
transferred to arefrigerator at about rn° C. The embryos of these fruits 
after three months did not germinate as well as the embryos of the fruits 
left in storage in the laboratory. Embryos of fruits stored at the same time 
and at the.same temperature in a container in which was placed a vial 
containing a few drops of water in order to raise slightly the moisture 
content of the embryos within the fruits, after-ripened more rapidly than 
the embryos of air-dried fruits stored in the laboratory. 
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The percentage germination of naked embryos of fruits subjected to the 
various treatmen~s were: fruits stored over sulfuric acid, o percent; 
fruits stored in laboratory, 40 percent; fruits stored in closed vessel in 
refrigerator, 25 percent; fruits stored in refrigerator with moisture content 
slightly above that of air-dried fruits in the laboratory, 52 percent. 

There is evidently not only a minimum moisture content below which 
after-ripening may not take place at all or only very slowly, but there is 
also a close relation between the moisture content of the embryo and the 
temperature employed. At low temperatures after-ripening takes place 
most rapidly when the water content is high or when the embryos are fully 
saturated. At high temperatures the after-ripening of embryos in air
dried fruits takes place slowly, while in fully saturated fruits it does not 
take place at all. At both low temperatures and high temperatures, 
the moisture content of embryos determines whether after-ripening will 
take place and also something of the rate at which it will take place. The 
process of after-ripening under any conditions requires a low respiratory 
intensity. At high temperatures and high moisture content the processes 
involved in after-ripening are apparently counteracted by those involved in 
respiration. 

THE NECESSITY OF OXYGEN FOR AFTER-RIPENING 

Whatever the changes may be that take place in after-ripening, a supply 
of oxygen to the embryo seems necessary to initiate and complete the 
changes. Air-dried fruits, the soaked embryos of which gave about 40 
percent germination, were sealed in jars from which the oxygen was absorbed 
by potassium pyrogallate. Along with these as controls, fruits were sealed 
in other jars from which the oxygen was not absorbed. After one month 
at low temperature, the embryos of fruits taken from jars without oxygen 
gave no greater percentage germination than the embryos of similar fruits 
taken from dry storage at the time the experiment was started, while the 
embryos of fruits taken from jars with normal oxygen pressure at the 
beginning of the experiment, gave a much higher percentage germination. 

In order to test further the oxygen requirement for after-ripening, petri 
dishes were prepared with layers of moist cotton. A solution of agar was 
poured over this layer of cotton and when sufficiently cooled fruits and 
seeds were arranged upon the agar. 

A thin coating of agar. was then spread over the fruits and seeds in the 
several dishes, after which they were placed at low temperature. Along 
with these were other dishes containing fruits upon moist cotton only. 
The seeds with a very thin coating of agar after-ripened almost as readily 
as the fruits upon the moist cotton alone, while the fruits covered with a 
thicker layer of agar after-ripened much more slowly. For example, the 
naked embryos of fruits covered with a thicker layer of agar after three 
months at low temperature gave only 70 percent germination while the 
embryos of fruits upon moist cotton gave 100 pe! _ent germination. 
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CHANGES IN ACIDITY AND CATALA.SE ACTIVITY DURING AFTER-RIPENING 

In a study of the after-ripening of seeds of Crataegus, Eckerson (3) 
found an increase both in acidity and in catalase activity. 

During the after-ripening of embryos in fruits of Ambrosia at low 
temperature there was also a slight increase in acidity, probably due to 
hydrolysis of oils, together with a considerable rise in catalase, but it is 
doubtful whether either has any special significance in the process of after
ripening. Dormant embryos of fruits kept at high temperature in a 
saturated condition three months had an acidity slightly higher than that 
of air-dried seeds. \Vhether at low temperature or high temperature, the 
nse in acidity appears to be simply the result of metabolism in the embryo. 

The rise in catalase, while an excellent index of after-ripening in the cold, 
seems also to have no special significance in the process of after-ripening, 
being a resmt and in no sense causal. Embryo;; of fruits in which there 
was a large percentage of embryos after-ripened in dry storage possessed 
no higher catalase content than the original dormant embryos. During 
the period of after-ripening in the cold there was always a considerable rise 
in the catalase content of embryos over that of air-dried ones. The average 
catalase content per embryo based upon a large number of both air-dried 
and after-ripened medium-sized embryos is indicated by the following data: 
the average cc. of 0 2 released per dry intact seed was 7.2 and for after
ripened seed I I.6. 

The catalase content of individual air-dried seeds of approximately the 
same weight may differ, as shown in table r. This is also true of seeds after-· 
ripened in the cold, as shown in table 2. 

TABLE r. Catalase Content of Individual Embryos from Air-dried Fruits 

Wt. in grams of Individual 
Embryos, Membranes Removed 

Cc. of 02 Released 
after 5 Minutes 

.0144 .......................... 5.7 

.0160.......... . . . . . . . . . . 5.5 

.0157 ........ . 

.0123 ......... . 
5.0 
5.9 

.0124 .•. ; ..... . . ........ 5.0 

.0150 ............. . 

.0134 ......................... . 

.0156 ......................... . 

6.5 
5.8 
6.3 

.0150 .. ' ........................ 5.5 

.0154 ........................... 5.9 

Ave .. 01452 ...... , ...... • ...... , . . . . 5.7 

Cc. of 02 Released 
Based upon . r gram 

39.5 
34.3 
3r.8 
47.9 
40.3 
43.3 
43.2 
40.3 
36.6 
38.3 

39.5 

The embryos of fruits in table 2 were after-ripened in an ordinary 
refrigerator in which. there. was considerable fluctuation in temperature 
during the period of after-ripening. On this account the catalase content 
of the embryos may be higher than when after-ripened at a lower constant 
temperature. 
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TABLE 2: Catalase Content of Individual Embryos Fully After-r·ipened in a Low-temperatur 
Germinator. Takenfronz the Same Lot of Air-dried Fruits as Employed in Table I 

Wet Wt. in grams of Individual 
After-ripened Embryos 

Cc. of o, Released 
after 5 Minutes 

.0150 ......................... ro.o 
,0165 ......................... II.5 
.0140 ......................... IO.O 

.0197 ............ , . . . . . . . . . . . . x r.5 

.0182 ......................... 13.0 

.0198 ......................... I2.2 

.0150......................... 8.3 

.0176 .... ,•, ....... ; ........... I0.3 

.0228 ......................... 18.5 

.0183 ......................... 12.3 

Ave .. 01769 ........................ 1r.76 

Cc. of o, Released 
Based upon . r gram 

66.6 
69.6 
7r.4 
58.3 
7r.4 
6r.6 
55.3 
58.5 
SI.I 
67.2 

66.I 

GERMINATION OF AFTER-RIPENED FRUITS 

When fruits of Ambrosia trifida, after-ripened in the cold, were placed 
upon a moist medium at a temperature between 25° and 30° C., usually a 
large percentage of fruits germinated within a few days, but there was 
always a number of fruits that did not germinate, not because the embryos 
within were not fully after~ripened, but because of restrictions imposed 
upon the embryos by membranes that surrounded them. \Vhen these mem
branes were removed, the naked embryos readily germinated. The per
centage germination of after-ripened fruits depends upon the extent to 
which the after-ripening has been carried and upon the temperature at 
which they are placed to germinate. At temperatures around 20° C. the 
germination usually takes place more slowly than at temperatures near 
30° C. but may extend over a longer period of time, and give a higher final 
percent. For example a batch of fruits was left at low temperature for 
three months after which they were placed to germinate, some at 30° C. and 
some at 22° C. After eight days 80 percent of those at 22° had germinated 
while only 27 percent of those at 30° had germinated. At another time 
two lots of after-ripened seeds of 40 each were placed at 27° and 20° C., 
respectively, and after seven days 52 percent of those at the higher tempera
ture had germinated and only 35 percent of those at the lower temperature. 
A temperature of 30° C. is slightly above the optimum for germination of 
embryos inclosed within fruits. 

When fruits after-ripened in the cold and especially fruits that have 
after-ripened in dry storage were subjected to alternating temperatures the 
percentage of germination was much greater than at either temperature 
used in. the alternation, as is indicated in tables 3 and 4. In table 3 the 
fruits were removed from the cold as soon as the naked embryos were found 
capable of complete germination. In table 4 the fruits were taken from 
dry storage at which time about 40 to 50 percent of the naked embryos 
responded to germinating conditions. 
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TABLE 3. The Effect of Alternating Temperatures upon Germination of Fruits 
After-ripened at Low Temperature 

Number Employed Condition Temperatm:e (° C.) 
Percentage 

Germination 
after r 2 Day·s 

293 

·-------1----------
50 .............. . Fruits 
50 .............. . " 
50 .............. . 
50 ... - .......... . Excised embryos 

20 
20-30 

30 
30 

' 

50 
70 
24 

IOO 

·--·---~--------

TABLE 4. The Effect of Alternating Temperatures upon the Germinal-ion of Fruits in Dry 
Storage, About 40 Percent of the Naked Embryos of Which Were 

Number Employed ________ , 
50_ ............. . 
50 .............. . 

S~··-······I 

Capable of Germinating 

Condition Temperature (° C.) 

Fruits 
" 

Percentage 
Germination 

after r2 Days 

+ 
2+ 

2 

The germination of fruits evidently depends upon the degree of after
ripening, the temperature, and the oxygen available to the embryo within 
the fruits. The degree of after-dpening determines the capability of the 
embryo to respond to the conditions of germination. The oxygen supply 
is controlled by the membranes incasing the embryo and also by the 
temperature; At high temperatures an oxygen supply commensurate with 
the demands of the embryos cannot be maintained in all intact fruits. 
As a result of such limited oxygen intake embryos that are not thoroughly 
after-ripened or even when fully after-ripened as indicated by their ready 
germination when naked, are often prevented from germinating. 

THE DEVELOPMENT OF SECONDARY DORMANCY IN EMBRYOS OF 

FRUITS AT HIGH TEMPERATURE 

The after-ripened fruits or seeds of Ambrosia trifida that do not germinate 
at high temperatures do not die, but after a time revert to a dormant con
dition and mustagain be returned to the.cold and go through another after
ripening process before germination can take place. It usually requires as 
long a period in the cold .to overcome this induced or secondary dormancy 
iri the embryo as is required to overcome the original or primary dormancy. 

The tirne required for the after-ripened embryos within the fruit to 
to a state of dormancy in which even the naked embryos do not 

· condition germinate, varied considerably. At one time fruits 
required92 days to after-:ripen were removed from the cold and placed 
temperature around 28° C. to germinate. After 32 days the embryos 

of fruits that had not germinated were found to have reverted to the dormant 
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condition. These dormant fruits were again returned to the cold where 
they were allowed to remain IOO days, when the naked embryos were again 
found capable of germinating. 

TEXT· Fm. 3. Germination of embryos taken from fruits that had been stored for 
three months as follows: A, dry; B, in a germinator in a refrigerator; and C, in a germinator 
at 27°-30° C. 

In July i927 the embryos of fruits after-ripened in the cold, when 
placed at 29° C. for on!:' month still gave 30 percent germination. In June 
1929 both fruits and seeds, between 30 and 40 percent of the naked embryos 
of which would germinate, were placed upon moist cotton in petri dishes 
between 27° and 30° C. After 30 days, naked embryos from both fruits 
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and seeds were found incapable of germinating. Embryos sufficiently after
ripened in dry storage to germinate are rendered dormant more quickly 
than embryos of fruits after-ripened in the cold. Fruits taken from the 
O'ame lot as above usually after-ripened in the cold in about a month. At 

TE}('.T FIG. 4. A, embryos from seeds that have been through primary and secondary 
· dormancy and two after-ripening periods. B, similar seeds after an overnight period in a 
ge!'.rnirfator, showing the vigor with which they germinate. 

this stage of aft~r-ripening in dry storage the embryos within the fruits or 
seeds may quickly be either after-ripened or rendered dormant, depending 
upon the temperatureto which they are subjected. 
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numbers of each the weights were fairly uniform. 'fhe respiration was 
determined by a dosed type of respirometer described by Harrington and 
C:r:ocker ( 4). . 

TABLE 5. Respiration at 30° C. after 20 Hours 

Fruits Seeds Embryos 

Cc. 02 
Taken up 

Cc. C02 C02 Cc. 02 Cc. C02 C02 Cc. 0 2 Cc. C02 
Released 0, Taken up Released O, Taken up Released 

co, 
0, 

-------------·-·---1-----l---1----1--------
I.55 ....... · I.46 
I.IO........ I.09 

.94 r.65 I.16 .70 3.73 2.55 .68 

.99 r.69 I.21 .71 4.12 2.83 .68 
1.32........ I.24 
r.17........ r.08 
r.46........ r.28 
I.08. . . . . . . . -9+ 
1.43. . . . . . . . I.34 
I .24. . . . . . . . I.08 

.94 1.52 I.02 .67 3.91 I 2.73 .69 

.92 r.69 I. r6 .68 3.98 2 .So .70 

.87 r.68 I.IS .68 4-02 2.86 .71 

.87 r.83 r.29 .70 3.31 I 2.22 .67 
·93 2.0I 1.36 .67 3.92 2.70 .69 
.87 r.81 I.22 .67 3.28 2.16 .65 

r.59 I.II .69 I 
_"'_"e_._1_.2_9_._·_· _· ! __ 1_ .. l-9--'--·9_2--'--r.-7_2-_-. ·-;-;;--: ~1-;,;s-- -2-;;;-~S 

TABLE 6. Respiration of Seeds rmd Embryos at I5° C. after 20 Hrs. 

Seeds Embryos 

02 co, co, 
Oz co, co, 

02 02 

r.28 ....... . . ........ .75 .58 r.88 r.16 .61 
.93 ... .... . . . ... . . . . .56 .60 r.82 I.L.J. .62 
.77 ... .. . . .. .. .. . ... .50 .60 2.05 I.25 .6r 

r.18 ....... .. .. .. .. .. .69 .58 1.77 r.09 .61 
. 96 ... . . .. . . .. .. .... .58 .60 r.92 l.20 .63 

r.05 ... .. . . . . .. .. .. .. .59 .56 r.94 I.I9 .6I 
I.IO ... .... . . .. .. .. .. .74 .67 r.59 .99 .62 

Ave. I.08 ............ .63 .60 r.85 LIS .62 

It will be observed that when the membranes are removed, the gaseous 
exchange between the embryo and the surrounding air is increased. The 
nucellar membrane is more effective in reducing the v~lume of oxygen 
taken up and carbon dioxid given off by the embryo, than that of the in
volucre and ovary wall combined. 

The nucellar membrane of the seed in text figure I D at 30° C. has reduced 
the gaseous exchange of the seed to less than one-half that of the naked 
embryo. It does not seem to affect greatly the respiratory ratio since it is 
about the same for seeds with the nucellar membrane intact as for the 
naked embryos. 

In the fruits the respiratory ratio is higher than that obtained for 
either .seeds or embryos. The ratio in the fruits also lacks uniformity. 
This lack of uniformity and possibly the high respiratory ratio may be due 
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to different degrees of saturation of the involucral and ovary walls or to 
variations in the films of water between the membranes. 

At r5° C. as at 30° C. a great reduction has taken place in the volumes 
of the gases taken up and given off by seeds over that of naked embryos 
due to the presence of the nucellar membrane. The respiratory ratio is also 
lower than that at the higher temperature, but its value, as for the higher 
temperature, is practically the same for both seeds and naked embryos. 

OXYGEN NECESSARY FOR INDUCING DORMANCY 

\Vhile a restriction of the oxygen pressure by the membranes of seeds 
was found necessary for the development of dormancy, yet it does not 
develop in the absence of oxygen, as was found true for after-ripening. 
After-ripened fruits and seeds, when covered with a coating of agar by which 
the oxygen supply was greatly reduced, became dormant much more slowly 
than those not so treated. The optimum oxygen pressure in the develop
ment of dormancy, while not determined, may possibly be that pressure 
which at a given temperature falls just short of causing germination. 

THE RELATION BETWEEN CATALASE ACTIVITY AND RESPIRATION 

The catalase activity of embryos held in germinators at different 
temperatures with and without the various membranes, parallels closely 
the respiration intensity under similar conditions. The highest catalase 
activity is found in the naked embryos at all temperatures, and the least 
activity in the fruits where the oxygen supply is least. Fruits, seeds and 
embryos were placed upon moist cotton in petri dishes and kept at 25° C. 
for three days, after which the catalase content was determined for each. 

In table 8 fruits, seeds, and embryos were prepared as in table 7 and 
placed at a temperature of r5° C. for 20 days. At the end of this period 
all membranes were removed from the fruits and seeds and the catalase 
content was determined for the three sets of embryos. 

TABLE 7. Catalase Activity after 3 Days in a Germinator at z5° C. 

Number I Condition During 
I 

Cc. 02 Released after 

1-
Average cc. o, per 

Used Treatment ro Minutes Embryo Released 
-----1 

Fruits 1--3 I 29 

I 3 I 33 
3 25 I 9.7 
3 Seeds 43 I 

3 ·12·5 I q.2 I 
3 Embryos /0 

I 3 " 80 
3 79 

i 
25.4 

In table 9 the treatment was similar to that in tables 7 and 8 except 
for temperature and time. They were kept at 30° C. for IO days after 
which .the catalase was determined on the embryos of each. 
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TABLE 8. Catalase Activity after 20 Days in a Germ·inator at r5° C. 
----

Number I L'sed 
------

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

:\umber 
Used 

-----
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

--.-· 
Condition During Wt. in grams 02 Released after I 

Treatment (wet wt.) ro Minutes 
-------------

Fruit .093 52.3 
.085 5!.2 
.085 5!.5 

" .Oi8 48.8 
" .088 54.5 

Seeds .090 59.5 
" .087 62.8 

.090 62.0 

.080 46.3 

.090 55.0 
Em~,ryos .090 106.0 

.roo ro6.5 

.09i 9r.5 

.092 92.5 

TABLE 9. Catalase Activity after IO Days at 30° C. 

Condition During \\?'t in grams 02 Released aft~r 
Treatment (wet wt.) IO Minutes 

-· 
Fruit .080 30.2 

.092 32.0 

.087 29.7 

.090 25.6 
" .078 25.5 

Seeds .087 28.5 
.090 20.2 
.085 19.2 
.090 .,. ~ 

•:)•/ 

.090 27,5 
Embryos .092 5r.5 

.093 47.5 

.094 54.5 

.088 54.0 

.088 54.5 

---
Average cc. o, p~r 
Embryo Released 

25.8 

28.5 

49.5 

Average cc. o, Re
leased per Embryo 

I2.I 

26.2 

At 30° C. the catalase of the embryo treated in the fruit is slightly 
higher than for seeds where the nucellar membrane is present. This was 
found true elsewhere when seeds were run at 30° C. but never true at lower 
temperatures. 

The respiration increases as the temperature increases but the catalase 
of the embryos treated within the fruit or seed above a certain temperature 
tends to decrease. Both seem to depend upon the oxygen supply since a 
removal of the membranes tends to increase at about the same ratio both 
the respiration and the catalase content of the naked embryos over that of 
embryos with membranes intact. Overholser (8) found a marked increase 
in catalase activity in Vicar pears at 15° C., but at temperatures above 
that a decrease in catalase activity. Lantz (7) reported an accumulation 
of catalase in corn germinating at 10° C., but at higher· temperatures a 
decrease. Somewhere between 15° and 20° C. for dormant seeds or fruits 
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of ragweed the catalase content for some time at least is fairly constant. 
Below that temperature as the' embryos after-ripen there is an increa~e in 
catalase, while above it the catalase decreases. In table IO is shown the 
catalase activity of fruits after IO days at various temperatures. 

TABLE IO. Catalase Activity of Frnits after IO Days at Various Temperatures 

Number of Fruits 
\Vt. of ro 

Embryos in 
grams (wet wt.) 

Temperature (° C.) 
Average cc. of o, per 

Embryo Liberated 
after IO Minutes _______ , _____________ ------------------

IO 
IO 
IO 
IO 
IO 
IO 
IO 

.350 

.355 

.352 

.380 

.365 

.362 

.365 (air dry) 

0 

5 
IO 

rs 
20 

THE CAUSES OF DORYlANCY 

19.3 
20.7 
2I.2 

19.5 
r5.9 
13.8 
r8 

Since dormancy in embryos of Ambrosia tr-ifida develops only at rather 
high temperatures, its cause seems to be due to the restricted respiration 
at these temperatures imposed upon the embryo by the membranes that 
envelop it. The nucellar membrane plays the principal r6le here. This 
membrane, when the seed is in a germinator at 30° C., reduces the gaseous 
exchange of dormant embryos to less than one half of that of naked embryos. 
During the period in which the after-ripened embryos become dormant 
there is a decreasein the intensity of the respiration in the embryos inclosed 
within the fruit and seed coats. The catalase content of the embryo also 
decreases during this time, indicating a relation between catalase activity 
and the respiration. Although the catalase may have no function in either 
after-ripening or dormancy since in either case it seems to be a result rather 
than a cause, yet a comparison of its activity determined from time to 
time upon imbibed seed at different temperatures serves as a fairly accurate 
indicator as to what processes are in the ascendency in the embryo. Its 
rise or fall, accompanied as it is by a rise or fall in respiratory intensity, also 
indicates closely the temperatures at which the oxygen supply to the embryo 
is sufficient or deficient. 

Just what takes place in the development of dormancy in seeds of 
Ambrosia, one cannot say. Kidd and West (5) were able to produce dor
mancy in seeds of white mustard by means of carbon dioxid, but the dormant 
condition tended to disappear by a removal of seed coats or a redrying of 
the seed. In the embryos of Ambrosia the induced dormancy is so deep. 
seated. that neither redrying nor the complete removal of all membranes 
from the embryo wiff bring about germination. Partial intramol.ecular 
respiration induced .at high temperatures by a restriction of the oxygen 
supply, together with an increase in the pressure of carbon dioxid over 
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that of oxygen, may bring about a sort of asphyxiation which in time may 
render the embryo incapable of germinating under the most favorable 
conditions. A slight initial rise in both the respiration and the catalase 
when the seeds and fruits are first placed at high temperatures followed 
later by a depression in each with a rising respiratory ratio indicate a partial 
intramolecular respiration. 

On the other hand, it is possible that the restricted respiration which 
is necessary to produce dormancy depletes certain necessary nutrient 
substances or develops inhibiting substances. Since the recovery from 
pronounced dormancy of the embryo is brought about by subjecting the 
imbibed fruits or seeds to a prolonged period in a cold germinator, develop
ment of after-ripening may involve, respectively, reduction and oxidation 
processes in the embryo. Since oily seeds like Ambros1:a with dormant 
embryos have at low temperatures a very low respiratory ratio, much more 
oxygen being taken up than carbon dioxid given off, some of this oxygen 
may possibly be fixed in the formation of more or less unstable compounds 
which become readily available to the embryo in germination. The 
rapidity and the energy which the fully after-ripened embryos exhibit in 
germination indicate this. At high temperatures, on the other hand, when 
germination is prevented by the restriction of the oxygen supply to the 
embryo by the enveloping membranes, oxygen may perhaps be withdrawn 
from compounds stored in the embryo, reducing them to more stable com
pounds which are not available to the embryo. The two processes, after
ripening of dormant embryos and the development of dormancy in after
ripened embryos, are opposite in nature. After-ripening involves changes, 
whatever they may be, that are associated with a low respiratory process 
which in fully imbibed embryos is attained only at low temperatures. 
It involves as it were a rest and a recuperation after a period of activity 
at high temperatures, during which the embryo has been deprived of its 
ability to respond to the conditions of germination. 

Even after-ripening in air-dried fruits requires a considerable period of 
time and apparently does not take place in the embryos of some fruits at all. 
The after-ripening of embryos within air-dried fruits is not dependent upon 
the removal of water alone. Even here there is evidently some readjust
ment in the embryo itself, which requires considerable time. In some 
embryos the dormancy is so pronounced that it cannot be overcome in dry 
storage. It has also been demonstrated that at least some water in the 
embryo is necessary to induce the changes involved in after-ripening since 
fruits placed in a closed vessel over sulfuric acid did not after-ripen. 

DORMANCY IN EMBRYO OF SEEDS IN NATURE 

Many seeds are dormant at maturity; especially is this true of seeds 
of the Rosaceae. Some seeds that are dormant at maturity after-ripen 
under dry storage conditions, but in many the dormancy is so deep-seated 
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that it can only be overcome by a prolonged period in a moist condition at 
low temperature. The dormancy in seeds of hawthorn apparently is not 
diminished in dry storage and the seeds finally pass from the dormant to 
the lifeless condition. 

As to the cause or causes of dormancy in nature one can only surmise. 
There may be one cause or several, but judging from the conditions under 
'\\'.hich the seeds of Ambrosia trifida may be made to pass in the laboratory 
from a condition in which they germinate readily, to a condition in which 
no germination will take place even with the naked embryos, one may 
conclude that the same causes are operating in nature as in the laboratory· 
Seeds in which the embryos are dormant usually mature at the end of the 
season so that they have a rather long period of development at high 
temperatures. These seeds, as far as I am aware, at least when mature, 
aiso have membranes that restrict more or less the gaseous exchange in 
the seed. The restriction of the oxygen supply acting through a long 
period even at moderately high temperatures may bring about a state of 
dormancy in these embryos. In all cases where dormancy in the embryo 
is involved, whether produced in nature or in the laboratory, there is no 
doubt a very close relation between dormancy and restricted respiration. 

SUMMARY 

r. The embryos of fruits of Ambrosia trifida are dormant at maturity. 
2. The embryos of the fruits after-ripen slowly in dry storage, but 

much more rapidly and completely in a saturated condition at low tempera
ture (o0 -I0° C.). 

3. The time required for the after-ripening of freshly harvested fruits 
at the optimum low temperature (5° C.) is about three months. 

4. During the period at which the fruits are at low temperature there 
is a slight rise in the acidity together with a pronounced rise in the catalase 
content of the imbibed embryos over those of air-stored fruits. 

5. If the embryos after-ripened in either dry storage or at low tempera
tures fail to germinate when placed at high temperatures, due to enveloping 
membranes that interfere with the gaseous exchange between the embryos 
and the external atmosphere, they revert to the dormant condition and 
must again be after-ripened before germination will take place. 

6. The time required for the development of secondary dormancy in 
the after-ripened embryos is from 30 to 60 days. 

7. The same embryos of fruits may be repeatedly made dormant and 
after~ripened by altei:nating periods at high temperature with sub-minimal 
oxygen supply and with periods at low temperature with adequate oxygen 
supply in water imbibed condition. 

g,· The cause of secondary dormancy in embryos of Ambrosia trijida 
appears to be due to restricted respiration at high temperatures. 

9. The cause of restricted respiration is the low permeability of the 
membranes, which envelop the ernbryo, to oxygen. 
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IO. The restriction of the gaseous exchange is due mainly to the influence 
of the nucellar membrane, consisting of a single layer of living cells immedi
ately enveloping the embryo. 

Ir. While the development of dormancy is associated with restricted 
or incomplete respiration, the presence of a supply of oxygen seems necessary 
to its development. Embryos of fruits embedded in agar in order to reduce 
further the oxygen supply to the embryos developed dormancy more slowly 
than embryos of fruits at the same temperature but free from agar. 

12. During the period in which the embryos become dormant both the 
respiration and the cataiase activity are reduced. 

13. At the germination temperatures employed the catalase activity of 
fruits, of seeds, and of naked embryos bear about the same relation 
to one another as does the respiratory capacity of each of these to 
the other. 
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THE DEVELOPMENT OF DORMANCY IN SEEDS OF 
COCKLEBUR (XANTHIUJ1f) 

w. E. DAVIS 

J NTRODUCTION 

In a previous paper (2) it was shown that dormancy may be induced 
id the after-ripened embryos of ragweed (Ambrosia trifida L.) by means 
of high temperature germination in connection with restricted oxygen 
supply to the embryos due to the fruit and seed membranes that envelop 
them. These embryos, however, were dormant at maturity and the in
duced secondary dormancy was evidently merely a reversal of the essential 
changes through which the embryos had gone in the after-ripening process 
or the removal of the original or primary dormancy. The embryos of 
seeds of Xanthium canadense and X. commune have at no time during 
periods of dry storage of seeds in the burs exhibited any tendency to dor
mancy when placed under germinating conditions. No doubt this is also 
true of other species of Xanthium. Shull (4) compared the germination 
of embryos of seeds of X. glabratum, when quite green, with those of fully 
ripened seeds and of seeds one year old and was able to detect no perceptible 
after-ripening in passing from the unripe to the ripe and year-old conditions. 
The so-called dormancy or delay in the germination of these seeds at certain 
temperatures is due, as pointed out first by Crocker (1), to the restriction 
of the oxygen supply to the embryos by the seed coats for when the seed 
coats are removed and the naked embryos are placed under suitable con
ditions, germination usually takes place within 24 to 48 hours. 

DEVELOPMENT OF DORMANCY IN SEEDS OF XANTHIUl\I U:\'DER 

LABORATORY CONDITIONS 

Since there is this restriction of the gaseous exchange between the 
embryos and the outside air by the seed coats, it was thought highly probable 
that a dormant condition might be induced in the embryos themselves 
provided germination could be prevented at temperatures necessary to 
produce dormancy. While the restriction of the oxygen supply by the 
seed coats in Xanthium seeds is normally considerable as shown by Crocker 
(1) and Shull (4), it is not sufficient to prevent germination at temperatures 
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New York, and the Department of Botany and Plant Pathology, no. 285, Kansas Agricul
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necessary to produce pronounced dormancy. In order to reduce the gaseous 
exchange to a point where germination would not take place even at high 
temperatures, the hypocotyl ends of soaked seeds were embedded in 
modeling clay so that about one-third of the length of the upper seeds and 
even less of the lower seeds of burs were exposed to view. The clay with 
the embedded seeds was placed upon very moist absorbent cotton in petri 
dishes so that the exposed parts of the seeds were in contact with the wet 
medium. By this means seeds could be placed at once at temperatures as 
high as 30° C. without great loss through germination. After a few weeks 
in this condition, the embryos of the seeds had become sufficiently dormant 
to be removed from the clay and placed upon wet cotton and returned to 

TEXT FIG. I. A, seeds in clay in a high temperature germinator to produce dormancy; 
B, imbedded in agar for the same purpose. 

the same temperature to which they previously had been exposed while 
in the day. A period of from eight to ten weeks in the day was usually 
sufficient to prevent germination of the seeds when transferred from the 
<:iay to the moist cotton alone. 

More recently agar has been employed in preventing germination at 
high temperatures and has been found even more effective than clay . 
.A solution of three or four percent agar was prepared and poured over 
sterilized moist cotton . .in petri dishes. When the solution of agar had 
sufficiently cooled so as not to cause injury to the seeds, the sterilized seeds 
that had previously been soaked overnight in water were arranged upon 
the agar. An additional thin layer of agar was now spread over the seeds. 
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The upper seeds of burs required only a very thin layer of agar to prevent 
germination while the lower seeds required a considerably thicker coating. 
Since the seeds arranged in the agar were nowhere in contact with one 
another, any seed that showed signs of decay while at high temperature in 
the incubator was readily removed without disturbing others. It was 
found necessary to soak all seeds before embedding in either clay or agar 
since the soaking brought out all defects in seed coats due to injury in the 
removal of the seeds from burs. All seeds with defective coats either 
germinated or soon decayed. Text figure I, A and B, shows seeds embedded 
in clay and in agar, respectively. · 

Whether the dormancy was produced by embedding the seeds in agar 
or clay, the naked embryos exhibited many of the characteristics of dormant 
.and partially dormant embryos as previously pointed out for dormant 
naked embryos of hawthorn (Crataegits mollis) by Davis and Rose (3) and 
by Davis (2) for embryos of ragweed (Ambrosia trifida). There was often 
a slight elongation of the hypocotyl, and a tendency for the cotyledon in 
contact with the wet medium to enlarge ·and become green while others 
not in contact with it often failed to enlarge and remained colorless. There 
was also a tendency for the cotyledons by unequal growth of the upper and 
lower surfaces to cause the embryos to become inverted upon the medium 
leaving the hypocotyl pointing upward. In some embryos the plumules 
showed slight growth while the hypocotyis remained inert. 

1'.ABLE I. Results with Uppe:r Seeds Held at a Temperature of About 28° C. for 140 Days, 
· Including the Periods in Clay and on Moist Cotton 

Number of Embryos Germinated after 13 Days........................... I 
'' '' '' '' '' I6 '' . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
,, it ,,, ,, IS ,, ...... ~..................... 5 

" " 19 " . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

" 
" :; :: :; 24 ........................... 9 

30 .....•......... , ..•.......• IO 

Table I shows the results of upper seeds of burs that were kept at a 
temperature of about 28° C. for 140 days, including both the period in the 
clay and the period the intact seeds were upon the moist cotton only. At 
the end of the period the seed coats were removed and the embryos were 
placed under germinating conditions. The number of seeds used was u. 

The remaining embryo had not germinated at the end of 30 days. 
'!'he embryos of similar but untreated seeds which had been soaked 24 hours 
in water in order that the seed coats might be removed, gave 100 percent· · 
germination within 24 hours. The seed coats of untreated seeds as w.ell 
.is those of treated seeds were removed· in al.I experiments invol'ving gerini"'.. 
nation iri ord.er to detenµine .whether the dormancy was due to . the seed 

.. coats,. the permeability ofwhich might have been altered during the o:-eat~ 
ment, or whether it was due to a condition induced in the embryos them
seJves. 
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Text figure 2 shows embryos of seeds that had been exposed to tempera
tures ranging from 27° to 30° C. for four months. During one-half of this 
time the hypocotyl ends of the seeds were embedded in clay while the 
remainder of that time the intact seeds were upon moist absorbent cotton 

TEXT FIG. 2. Dormant. embryos of cocklebur that have been in a high 
temperature germinator for 30 days. 

only. The seed coats were then removed and the embryos returned to the 
incubator. The embryos were photographed 30 days later. Several of 
the embryos germinated during this time and were removed from the 
germinating chamber and so are not shown. 

DEVELOPMENT OF DORMANCY IN EMBRYOS OF SEEDS OF 

XANTHIUM IN NATURE 

Embryos of seeds c.ollected atvaricms times of the year from plants 
standing in fields at no i:ime showed any tendency to dormancy. Since, 
however, a high moisture content has been shown to be an important 
factor in the developm:ent of dormancy in embryos one would not expect 
to find any marked changes in the germinating condition of such seeds. 
On the other hand, seeds of burs buried beneath the soil have a very different 1 

environment. Their moisture content may be high and the compact soil 
about the burs in which the seeds are still encased, together with that 
imposed by the seed coat, may materially interfere with the gaseous ex-
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change of the seeds. Under such conditions, seeds that failed for any 
reason to germinate in the spring, would not be likely to do so later in the 
season, unless by some disturbance of the soil, they should be brought under 
more favorable conditions for germination. It is well known that of the 
two seeds in the burs of Xanthium that have been covered with soil, fre
quently the so-called lower seed germinates the first spring after maturity 
while the upper seed remains until the following spring or even later before 
germination takes place. This behavior has been accounted for on the 
basis of the difference in the gaseous exchange between upper and lower 
seeds (I) and the surrounding medium due to a difference in permeability 
of seed coats and the ability of the lower seed to germinate with a slightly 
lower oxygen pressure than the upper seed (4). 

By removing growing plants from the soil during the summer and fall 
and stalks of dead plants in the spring, burs were located, the lower seeds 
of which had given rise to plants, but which still contained the upper seeds 
ungerminated. The seed coats were removed from these seeds and the 
embryos along with the embryos of other seeds which had been stored in 
the laboratory were placed under germinating conditions. The results 
of the germination tests are given in tahle 2. 

TABLE 2. Germination of Embryos of Upper Seeds Which Were Taken fi·om the Soil 1ltlring 
the Suna""+er and Fall after the Lower Seeds Had Given Rise to Plants 

No. of No. 
Germination-Days 

Time Experi- Seeds Collected 
~l_:_j~ ment Used 

I 2 3 4 5 6 7 II I2 I,l I4 IS 

I IO July I I I 0 3 I 3 0 0 0 0 I 
2 IO " 9 I 3 0 2 I 2 0 0 0 I 

3 r8 " 25 I 8 2 5 I 0 0 0 0 0 l 

4 IS " 25 8 6 I 

5 20 Control 17 3 I 6 20 " 20 

2!4 7 15 Sept. 7 0 I 0 0 0 I 3 'I' I () 0 l 
8 IO March 5 9 I 

I I 9 20 Control 20 I 
In experiments I, 2, 3, and 4 the seeds were taken from a roadside where 

the soil was rather compact and dry at the time the seeds were obtained. 
In experiment 3 the seeds were kept intact in the germinator 48 hours, 
after which the seed coats were removed and the embryos were returned 
to the germinator. In experiment 4 the intact seeds were kept upon moist 
cotton in the refrigerator for a period of 30 days, when the seed coats were 
removed and the embryos were placed under the same germinating con
ditions as the others. In experiments 7 and 8 the seeds were obtained from 
a locality in which the soil was quite moist during the greater part of the 
year and at times was completely saturated. 

In experiment 8 only a few seeds were procured from a large number of 
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seed stalks removed from the soil in March, due no doubt to a lack of 
development of a second seed in burs or to their destruction during the 
fall and winter by small rodents or insects. However, the rapidity or the 
vigor with which the naked embryos of these seeds that had passed through 
the winter beneath the soil germinated as compared with others under the 
same conditions, but collected in the fall, are doubtless characteristic of 
seeds that have overwintered in the soil. 

'J;'EXT FIG. 3. Embryos of cocklebur after 24 hours in germinator. A, after-
. ripened seeds; B, dry-stored seeds. 

This shows clearly the tendency of non-germinating embryos within 
the seed coats and burs in the soil to go into a.dormant condition during the 
'Y'a,rm weather of summer and to after-ripen, or go out of dormancy, during 
cool weather of winter. This development of embryo dormancy during 
the summer and after-ripening during the winter is probably a rather 
gener~l,phenomenon with non-germinating embryos of seeds of wild plants 
in the soil of .the temperate zone. At least this rhythm has been shown 
in the preceding paper for seeds of Ambrosia trifida which have dormant 
embryos at maturity an:d in this paper for Xanthfom seeds which have non-
dormant embryos at maturity. . 

' . '' ' . ' 

' . ' 

REMOVAL. OF DORMANCY IN. TREATED SEEDS 

. A condition of dormancy may not orily be induced in the embryos of 
seeds of the cocklebur, but the dormant condition likewise may be removed. , 
When the dormant seeds were placed upon moist cotton in petri dishes and . 
kept at low temperature, preferably about 5° C., for several weeks, the 
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embryos gradually recovered from the dormant condition and germinated 
as readily or even more readily than embryos of dry stored seeds. 

Text figure 3 A shows upper seeds of burs which were kept at high 
temperature in clay for four months when they were transferred to a tem
perature of 5° C. at which they were allowed to remain for three months. 
They were then taken from the cold, the seed coats removed, and the 
embryos placed under germinating conditions. The embryos were photo
graphed 24 hours later. That the embryos had suffered no injury during 
the prolonged period at high temperature followed by an almost equal 
period in the cold is evident when the readiness and the energy with which 
they germinated are compared with conditions in embryos of dry stored 
seeds after a similar period in the germinator, as in text figure 3 B. 

CATALASE ACTIVITY OF DORMANT AND AFTER-RIPENED SEEDS 

The catalase activity of seeds of Xanthittm both during the development 
of dormancy at high temperatures and the removal of dormancy at low 
temperatures corresponds to the results obtained in a study of the after
ripening and development of secondary dormancy in seeds of Ambros1'.a 
trifida ( 2) . 

When the seeds of Xanthinm were prevented from germinating at 
temperatures at which they ordinarily germinate, through a restriction of 
the oxygen supply by means of clay or agar, the catalase activity decreased. 
Shull and Davis (5), working with Xantlz,iurn seeds with seed coats intact 
at temperatures below the minimum for germination of intact seeds, 
reported that at first there was a rise in the respiratory rate accompanied 
by a similar rise in the catalase activity, but after a period in the genni
nator there was a fall in each until the catalase activity was no greater 
than in air dry seeds. 

In table 3 it will be observed that at temperatures considerably above 
the minimum for germination of intact seeds, but with the oxygen supply 
sufficiently restricted by means of either clay or agar to prevent germination, 
the catalase activity of seeds after from 50 to 60 days was even less than 
that of seeds in dry storage. The reduction of catalase of seeds with only 
the anterior portion embedded in clay as compared with that of the whole 
seed embedded in a coating of agar, is evidently due to the greater restriction 
of the oxygen supply to the more active portion of the embryo involving 
the hypocotyl and plumule. lt also indicates that there is no very wide 
diffusion of oxygen through the embryo from the regions where it enters 
the seed. The respiration of intact dormant seeds was also less than that 
of untreated seeds. The catalase no doubt varies within certain limits 
with the oxygen supply tothe embryo a,nd there is a more or less close 

·relation between the catalase activity and the restricted respiration of 
seeds at high temperatures as was formerly shown by Shull and Davis (5) 
for non-dormant seeds of Xanthium at temperatures below the minimum for 
germination. 
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TABLE 3. The Catalase Activity of Xanthium Seeds under Various Conditions 

No. of Kind of Wt. granrn Cc. of o, Re- Av. cc. of 
Seeds Seeds Treatment of Seeds Soaked leased after 02 Released 

Seed ro Minutes per Seed 
----

2 Upper Seeds soaked overnight. 17.2 
-------- --

2 " 17.0 
---------

2 " 40 16.5 8.45 ---------
2 " Embedded in agar 60 days at 14.0 

-------- temperatures 27°-29° C. ---
2 " 13.7 -------- ---
2 " ·-P I4.5 7.00 

2 " Hypocotyl ends of seeds em- 13.5 
bedded in clay 60 days at ----

2 " temp. 27° to 29° C. IO.I 
---------

2 " ·-P I I.5 5.8 

2 " Embedded in agar at high tem- 23.5 
perature So days, then re- ---

2 " moved from agar and placed zo.o 
in icebox 50 days. --------------

2 " .+r 20.5 I0.6 

2 Lower Seeds soaked overnight. 21.5 
-------- ----

2 " 23.7 
-----

2 " .52 23.5 I I.4 
-------- ------

2 " Embedded in agar So days at 43.5 
27°-29° C., then in icebox 40 -

2 " days. 47.6 
--------

2 " .56 43.0 22.3 

----

RELATION OF OXYGEN PRESSURE TO DORMANCY 

The lower soaked seeds of burs were embedded near the bottom of large 
tubes of agar. The tubes were then sealed as shown in text figure 4. 
At this depth in the agar the oxygen supply to the embryos of the seeds 
must have been greatly reduced. Similar seeds in petri dishes were covered 
by a thin layer of agar. After 57 days at 26° to 30° C. both sets of seeds 
were taken from the agar, the seed coats were removed, and the embryos 
were placed under germinating conditions. They were photographed four 
days later. The results are shown in text figure 5 A, indicating the embryos 
of seeds taken from tubes of agar, and B, those taken from seeds in petri 
dishes (text fig. I B). The slight dormancy of the embryos taken from 
the tubes and the very pronounced dormancy in those taken from petri 
dishes can be accounted for only by the difference in the gaseous exchange 
of the seeds, resulting from the different depths at which they were embedded 
in the agar. 
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Seeds sealed in agar in tubes were later kept 100 days at a temperature 
of 30° C. without any apparent sign of dormancy in the embryos. Seeds 
embedded in agar at the bottom of tubes always decayed if the agar with
drew from the sides of the tubes so as to admit air. 

TEXT FIG. 4. Method of embedding seeds deeply in agar. 

It is probable that seeds of Xanthium can be kept indefinitely in a 
medium to which little air is admitted, provided the medium does not 
keep them in a so fully saturated condition as does agar, in which extreme 
care is necessary to prevent spoiling. 

The above experiments seem to indicate that the development of 
dormancy, or at least the rate of development, is closely associated with 
the rate of oxygen supply to the embryo. Below a certain rate of oxygen 

·supply the changes ·that take place during the development of dormancy 
either do not take place or are greatly slowed down. The same charac
teristic was found true of seeds of Ambrosia (2), but seeds of Ambrosia 
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will not stand the prolonged high temperatures to which seeds of Xanthium 
may be subjected. It was suggested in the case of Ambrosia that possibly 
a rate of oxygen supply just below that which at a given temperature is 

TEXT Fm. 5. Germination of embryos after four days when taken from seeds made 
partly dormant by covering with agar. A, a thin layer of agar in a petri dish; B, buried 
deeply.in agar in a test tube. 

necessary to produce germination, is near the optimum for the development 
of donnancy. 

SUMMARY 

r. The naked embryos of seeds of Xanthium at maturity show no 
dormant tendencies, but dormancy may he induced in the embryos of 
intact seeds at temperatures at which germination ordinarily takes place, 
provided the restriction of the gaseous exchange by the seed coats is supple
mented by means of clay or agar to a point where germination may not 
take place. 

2. The time required for the development of dormancy in the embryos 
of intact seeds varies from two to several months and no doubt depends 
upon the temperature and. on the magnitude of the restriction of the gaseous 

. ·exchange. 
3. During the period in which dormancy is induced there is a per

ceptible drop in. both the catalase activity and the respiratory rate of the 
seed. · · 

. 4. The do~tnan~ embryos. of seeds of Xantkium after the removal of 
.seed coats usually exhibit under germinating conditions a marked variation 
in the dormancy of the va'.rious embryos themselves. This is very likely 
due to differences in the permeability of the seed coats to gases during the 
period in which dormancy was induced. 
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5. When seeds, the embryos of which have been rendered dormant 
were kept moist and at low temperatures, preferably about 5° C., the 
dormancy after a time disappeared from the embryos as was indicated 
by the rapidity or vigor of the germination of the naked embryos at suitable 
temperatures. 

6. During the period of after-ripening or the removal of dormancy at 
low temperature, there was a rise in the catalase activity and also in the 
respiratory intensity of the seed. 

7. Seeds of burs buried in the soil where they have a high moisture 
content apparently become more or less dormant during the summer and 
in turn lose this dormancy during the low temperatures of the succeeding 
winter and spring. 

8. An oxygen supply to the seed just below that necessary to. cause 
germination at a rather high temperature appears best for the development 
of dormancy. 
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HASTENING THE GERMINATION OF SOME CONIFEROUS SEEDS 

LELA V. BARTON 

Germination experiments on southern pine seeds (Pinus taeda, Pinus 
echinata, Pinus caribaea, and Firms palustris) conducted in this laboratory 
in 1928 (Barton, I) have been extended to include seeds of a number of 
different species of pine together with several other conifers. It seemed 
desirable to ascertain the response of these different forms to low tempera
ture stratification which proved effective in hastening the germination of the 
southern pines. 

The present paper reports results of these tests on both 1927 and 1928 
crops of seed. Of the 1927 crop the seeds tested were: Pinus austriaca, 
Pinus Banksiana, Pinus Cembra, Pinus densiflora, Pinus excelsa, Pimts 
flexilis, Pinus insignis, P1:nus Laricio, Pinus Lambertiana, Pinus monticola, 
Pin us co1ztorta M urrayana, Pin us ponderosa I, Pirtus ponderosa I I, Pin us 
res-inosa, Pimts Strobus, and Pinus Tlzunbergii. All of these seeds except 
those of P1:nus flexilis, were obtained from Thomas J. Lane, seedsman, and 
were received in this laboratory in July 1928, when germination tests were 
started. They were collected in the fall of 1927 and presumably were 
kept in dry storage at room temperature up to the time of shipment. 

fhe 1928 crop of seeds included Abies arizonica, Citpressus macrocarpa, 
Libocedrus decurrens, Picea canadensis, Picea excelsa, Picea Omorika, Picea 
pungens, Picea sitchensis, Pinus austriaca, Pinus Banksiana, Pinus Cembra, 
Pinus contorta, Pinus contorta Murrayana I, Pinus contorta Murrayana II, 
Pinus contorta Murrayana III, Pinus Coulteri, Pinus densiflora, Pinus 
excelsa, Pinusflexilis, Pinus insignis, Pinus koraiensis I, Pinus koraiensis II, 
Pinus Lambertiana I, Pinus Lambertianci II, Pinus monticola, Pinus 
ponderosa, Pinus resinosa, Pinus rigida, Pinus Strobus, Pinus Thunbergii, 
Sciadopitys verticillata, Sequoia sempervirens, Taxodium distichum, Thuya 
gigantea, Thuya occidentalis, and Thuya orientalis. Pinus contorta Mur
rayana I and Pinus flexilis (1927 and 1928 crops) were furnished through 
the courtesy ofthe U. S. Dept. of Agriculture Forest Service, Rocky Mt. 
Experiment Station, Colorado Springs, Colo.. All of the other 1928 seeds 
were obtained from Thomas J. Lane, and most of them were received in 
this laboratory in Nov~mber 1928. 

METHOD 

The method was essentially the same as that described in a previous 
paper (Barton, r). Preliminary to germination experiments an examination 
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of embryos was made by cutting the seeds. This process is usually called 
a cutting test of the embryos. · These tests served as a basis for calculating 
.. "real" percentages of germination (Jacobs, 2), but they should not be 
considered as absolute indices of the germination capacity of the seed lot 
because of the limited number of seeds available for cutting. In the fresh 
seeds, however, there seemed to be, for the most part, a close correlation 
between the embryo tests and the seedling production in the soil. 

The seeds were mixed with moist acid peat and placed in ovens at o0 , 

5°, and ro° C. for different periods of time. They were aerated and 
moistened at intervals of 6 to IO days throughout the test. In special 
instances other temperatures than o0 , s 0 , and I0° C. were used. Some of 
.the seeds which were very slow in germinating were given additional 
treatment of rs° C. as well as weekly alternating temperatures of - 5° 
to 5° C. and 5° to ro0 C. A number of the slow germinating seeds (1928 
crop) were also planted in flats and put outside in cold frames in open, 
mulched, and board-covered soil in December, 1928. 

The number of seeds stratified depended upon the quantity available 
but where possible at least 600 seeds were used. Samples (roo seeds each 
if possible) were taken from these seeds at intervals of one, two, three, 
and in a few cases four or more months, and planted at a depth of 1,'8 to 1/4 
inches in a greenhouse in flats containing equal amounts of sand, peat, and 
wood soil. Samples of seeds which had been kept dry at room temperature 
were planted at the same time for controls. 

The seedlings were counted as soon as they appeared above ground, 
and as a general rule they were discarded after counting. The word 
"germination" as it is used throughout this paper in referring to green
house plantings means the appearance of seedlings above ground. In 
describing cultures in the separate ovens the word refers to the appearance 
of the primary root. 

Apparent germination percentages are those calculated on the basis of 
the number of seeds planted. "Real" germination percentages are those 
calculated on the basis of the number of sound embryos in the seeds used. 
Apparent germination percentages are used in the results and discussion 
except in special instances. 

RESULTS AND DISCUSSION 

Pin us 
Pinus aztstriaca 

From table I it will be seen that in the 1927 crop the cutting tests 
revealed 98 percent good embryos. A considerable number of these. ''good" 
embryos appeared yellow and rancid and this may account for the small 
germination percentages obtained. This same statement may be taken to 
apply in a greater or. Jess degree to all of the 1927 seeds. This is not sur-

. prising in view of the fact that all of these seeds were pn1ctically a year 
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old before they were received and the vitality of most pine seeds decreases 
rather rapidly with ordinary storage. 

TABLE l. Results of Embryo Tests 

Species 

Abies arizonica .... ............................. . 
Cupressus macrocarpa . .......................... . 
Libocedrus decurrens . .......................... , . 
Picea canadensis ............................... . 
Picea excelsa., ......................... ......... . 
Picea Omorika ................................. . 
Picea pungens ................................. . 
Picea sitchensis . ............................... . 
P~nUJ austrip,ca ................................ . 
Pinus austriaca ................................ . 
Pinus Banksiana . .............................. . 
Pi.nus Banksiana ............................... . 
Pinus Cembra . ................................ . 

• Pinus Cembra ................................. . 
Pinus contorta ................................. . 
Pinus contorta Murrayana ....................... . 
Pinus contorta Murrayana, I. ..... : .............. . 
Pinus contorta Murrayana, II .................... . 
Pinus contortq, Murrayana, Ill ................... . 
Pinus Coulteri ................................. . 
Pinus densijlora .... ............................ . 
, P~nus densiftora . ............................... . 
Pinus excelsa ... . ' .............................. . 
P~nus exce!sfl' ... , .............................. . 
P~nus jlex~l~s ............... . , ... , .... , .......... . 
P~nus ft.ex~lis •. ............ , ..... , ............... . 
P~nus ~ns~gn~ . ................................ . 
P~nus insig?'is ..... * ... : ......... , .............. . 
Pinus koraiensis, I ........ , .................... . 
Pinus koraiensis, II ............................ . 
Pinus Lambertiana ............................. . 
Pinus, Lambertiana, I ................•........... 
P~nus La~b~rtiana, II ....... ,, .............. , ... . 
Pinus Laruio ... ............. , .................. . 
Pin,us Laricio . .................................. . 
Pinus monticola. . ............................. . 
Pinus monticola ................................ . 
Pinus ponderosa, I. ............................ . 
Pinus poit,derosa, II .... , ....................... . 
J?~us ponfarosa ............................... . 
P~n.us res~nosa. :·· .............................. , . 
P~nusr~~nosa ... :,'- ...... , ........... : .......... . 
Pinus rigida.; .... ............................. . 
Pin,uii Strobus: ', ..... , ....... ' ..................... . 
Pinus Strobus .. . , ..... ., ....... , ................. . 

, P~nus Thunberg~~ ..... ; .... : ................... . 
', Pi1fUS Tftunberg_u, •. ... : .......... , .... : ........ . 

Sciadoptys ver~illa}a ... , .. .,' ........ ,•, .. ; ....... , 
Ser;.urn-f!.semt?ef'!"/'rens., .... .... , ...... , ~ ........ : .. 
TaxotiJ,um di:stichum ........ , .................. , .. 

• Thu~a,.gigf!ntea. : .. .... : ......•.. , .... , ·•· ....... ,, .. . 
Thuya oc~ideflitf.flis .. ,, ... ; ... : . '· .... : .. > .•....... 
T'Jiuya orientalis .... , ; .....•. : ...•.. : ........... . 

*Not enough seeds to make cutting test. 

Crop 

1928 
1928 
1928 
1928 
1928 
1928 
1928 
1928· 
1927 
1928 
1927 
1928 
1927 
1928 
1928 
1927 
1928 
1928 
x928 
1928 
1927 
1928 
1927 
1928 
1927 
1928 
1927 
1928 
1928 
1928 
1927 
1928 
1928 
1927 
1928 
1927 
1928 
1927 
1927' 
1928 
1927 
1928 
1928, 
1927 
1928 
1927 
1928 
1928 
1928 
1928 
1928 
1928 
1928 

Number 
of Seeds 

Examined 

IOO 
IOO 
50 

100 
roo 
100 
100 
roo 
IOO 
IOO 
IOO 
IOO 
IOO 
50 

IOO 
IOO 
IOO 
IOO 
100 
25 

100 
100 
IOO 
IOO 
IOO 
50 

100, 
!00 

25 
22 
25 
50 

IOO 
100 
roo 
100 
IOO 
IOO 
100 
IOO 
ioo 
100 
IOO 
100 
100 
IOO 
100 
300 
200 
100 
100 
100 

Percent 
Good 

Embryos 

69 
59 
40 
74 
96 
81 
93 
79 
98 
95 
97 
90 
77 
92 
99 
98 
98 
99 
98 
96 
96 
94 
80 
70 
83 
54 
97 
93 

100 
100 
88 
78 
88 

100 

79 
95 
87 
94 
85 
97 
95 
91 
96 
98 
85 
79 
90 

' 
u.3 
76 
80 
55 
74 
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The highest germination from treated seeds of Pinus austriaca 1927 
was 16 percent which was obtained in 14 days after planting seeds which 
had been stratified for two months at 5° C. The average germination of 
the untreated seeds was 20 percent in 60 days. 

Of the r928 lot of seeds, 95 percent had good embryos and much higher 
germination percentages were obtained. Here the controls averaged 47 
percent in 24 days. Approximately the same results were obtained from 
one, two, or three months' stratification at either o0 or 5° C. Seeds from 
these conditions gave about 50 percent germination in r2 to 18 days after 
planting in the greenhouse. Hence it might be said that stratification is 
effective in producing prompt germination of Pinus austriaca seeds but 
there is no appreciable increase in the number of seedlings. 

Pinus Banksiana 
Tozawa (7) reports 94 to mo "real" percent germination for this 

species after the seeds had been subjected to "exposed burying storage" 
for a period of about four months. 

Experiments in this laboratory did not give such high germination 
percentages (tables 2 and 3). Results indicated that the beneficial effects 
of stratification in this case were to be found only in the hastening of 
germination since the average final germination percentage of the controls 
was practically as high as that of the treated seeds. It would seem ad
visable, however, to stratify these seeds at 0° or 5° C. for a period of two 
months prior to planting since it makes a difference of IO to 20 days in 
appearance of seedlings. 

The 1928 crop of seeds showed a slight increase in germination over 
the r927 crop but this difference was not so marked as in the case of Pinus 
austriaca. 

Pinu.s Cembra 

Although germination tests were made on both 1927 and 1928 lots of 
these seeds, no seedlings were obtained. The cutting tests revealed many 
embryos which apparently were sound but which had a wrinkled and rather 
dried appearance. It is possible that none of these seeds were viable, but 
it is very likely that favorable after-ripening conditions have not yet 
been found. 

Kienitz (3) found that Cembra pine under the most favorable con
ditions in a seed bed rarely germinates the first year but there is abundant 
germination the second year. Zederbauer (9) also reports that Pinus 
Cembra and Pinus koraiensis proved especially hard to germinate. It is 
certain that the germination of Pinus Cembra seeds will require a great 
deal more study. 

Pinus contorta 

Qf this species Tourney andStevens (6) say: "The Pacific coast form 
of this species and the Rocky Mountain form known as lodgepole pine show, 
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in the nine tests from seeds collected in different regions and at different 
times, a remarkably low germination within the period of the test. In , 
one sample but 14 percent germinated within the period of 50 days, yet 
cutting tests at the time of termination of the experiment showed that 
80 percent of the ungerminated seeds were sound. The average germi
nation in 50 days was only II.2 percent and the highest 24 percent." 

All the seeds available for this study were of the 1928 crop. Ninety-nine 
percent of the seeds were apparently good. The response to stratification 
was definite and favorable. The optimum temperature for stratification 
seemed to be s° C. and the time two months. Seeds planted after this 
treatment gave 86 percent germination in 18 days whereas the average 
for the checks gave SI percent in 28 days. 

Pin us cantor ta M urrayana 

Although 98 percent of the 1927 crop of the seeds of this species con
tained embryos, the results· of the germination tests indicated very low 
vitality, especially so when compared with the results of three lots of the 
same kind of seed from the 1928 crop. The highest germination percentage 
(6 percent) was obtained from seeds which. had been stratified for two 
months at s° C. The check lot of seeds. averaged four percent germination 
so it cannot be said that stratification had any appreciable effect. 

There was, however, a decidedly favorable response to stratification in 
the I928 seeds of which there were three different lots, numbers I, II, 
and III. Ninety percent of the seeds of number I germinated in 14 days 
after two months' stratification at 5° C. while the average control for these 
same seeds gave 63 percent germination in 24 ·days. Similar results are 
to be found in the cases of numbers II and IIL 

For Pinus contorta Murrayana, then, stratification of the seeds at either 
o0 or s° C. for one, two, or three months is decidedly beneficial in the 
production of prompt and complete stands of seedlings. 

Pinus Coulteri 

Only a limited number of the 1928 crop of these seeds was available and 
yet they furnished one of the most striking examples of low temperature 
stratification effects. 

The sample plantings were. of ten seeds each. Seeds which had been 
stratified at o~. 5°, or 10° c. for one, two, or three months germinated to 
the extent of 80 to 100 percent in 19 to 25 days after planting in a flat in 
the greenhouse (text fig. 11 right). None.of the untreated seeds had gernii-
1:1ated .at the enq of so days. 

Pinus densiflora 

.In this in~fante there was very little difference in the results of the 
germination tests on 1927 and 1928 seeds. The cutting tests also showed 
that the two lots were of practically equal vitality . 

. . 
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Stratification for two months at 0° or 5° C. proved effective in hastening 
germination. The seeds left at these temperatures longer than three 
months began to germinate. This was especially true of the 1928 seeds. 
A small percentage germinated at 10° C. before they had been in this con
dition one month~ However, a sample planting of 1928 seeds after stratifi
cation for one month at 10° C. resulted in the best germination percentage 
(82) obtained in these tests. Hence it would seem that there would be 
very little if any loss due to seedling production in the oven at 10° C. and 
at the same time good results could be obtained from greenhouse plantings 
after one month at this temperature. It would be impractical to stratify 
at I0° C. for a longer period. 

TEXT FIG. I. Seeds were stratified for one month at o0 , 5°, and 10° C. Picture 
taken 25 days after planting. Left to right: Thuya giga.ntea; control, o0 , 5°, and 10° C., 
Pinus Coitlteri; control, o0 , 5°, and rn° C. 

Tozawa (7) reports 98 to mo percent "real" germination of Pinus 
densiflora after four or five months' "exposed burying storage" or "indoor 
burying storage." He also obtained 99 to IOO percent "real" germination 
from one month (March) "exposed burying storage" and from dry storage. 
However, he found that the seeds with four or five months' treatment 
germinated more readily. 

Pinus excelsa 

This species of pine proved one of the most difficult to germinate. 
The best germination was eight percent in 25 days. This resulted from a 
planting of 1928 seeds which had been stratified at rn° C. for three months. 
In addition to the usual tests .after one, two, and three months at 0°, 5°, 
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and ro0 C., plantings of the 1927 seeds were made after four and eight 
months at 5° C. There was no germination from the former and only one 
percent in 15 days from the latter. Seeds of the 1928 crop were tested 
afte! four months at o0 , 5°, and ro0 C. Those from o0 C. germinated to 
the extent of two percent 25 days after planting in the greenhouse. 

Additional seeds of the r928 crop were stratified at an alternating 
temperature of - 5° to 5° C. and at a constant temperature of r5° C. for 
periods of one, two, three, and four months. Sample plantings were made 
from each temperature at the end of each of these periods but no seedlings 
were produced. 

Since the cutting tests revealed 80 and 70 percent good embryos in the 
1927 and 1928 lots, respectively, it is evident that the methods here reported 
are unsatisfactory for the treatment of seeds of Pinus excelsa. 

Pinus flexilis 

A reference to table I will show that in this case the 1927 seeds were 
better than the 1928. In either case the seeds may be left at 0°, 5°, or 
10° C. for one, two, or three months. The response of the 1927 seeds to 
any of these conditions was very marked. For instance, after two months 
at 5° C., a sample planting gave 100 percent germination 18 days after 
planting, while the control produced 50 percent germination in 40 days. 

The stratification effects were not so striking for the 1928 seeds (tables 
2 and 3). Here the principal result was the shorter germination period 
of treated seeds, as the final germination percentages from untreated seeds 
approximated the number produced from treated seeds. 

Pinus insignis 

As would be expected from the results of the cutting tests (table I) 
1927 and 1928 crops of these seeds behaved in a similar manner. For 
both of them 5° C. for two or three months was favorable for after-ripening. 
Seeds thus treated produced a rather complete stand of seedlings (75 to 84 
percent) in 14 to 18 days while the untreated seeds required 50 to 70 days 
for a smaller percentage germination (69 percent). 

Pinus koraiensis 

NoI927 seeds ()f this pine were available but experiments were per
formed with two different lots of 1928 seeds. From table 3 it will be seen 
that the first lot (Pinus koraiensis I 1928) gave 20 percent germination 
within 25 days .after planting when the seeds had been stratified for three 
months at 5° C. Seeds of Pinus koraiensis II 1928, however, did not 
germinate at all when planted after stratification at 0° or 5° C. for one, 
two, or three months, l:>utproduced seedlings to the extent of ten percent 
after stratification for one or two months at rn° C. When these seeds 
were planted after stratification for five months at 0° or 5° C., 33 percent of 
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them germinated in 43 days. This seems to point to the need of a long 
stratification period. 

Seeds of Pinus koraiensis were also stratified for one, two, and three 
months at a constant temperature of r5° C. and at a weekly alternating 
temperature of - 5° to 5° C. Results of sample plantings showed these 
temperatures to be of little value for stratification. 

In all sample plantings of stratified seeds of this species only ten seeds 
were used in each lot. 

Samples of one hundred seeds each of Pinus koraiensis I 1928 were 
planted in flats and put in cold frames in mulched, board-covered, and open 
soil on December IO, I928. On July 2, 1929, seeds held under the three 
conditions had germinated to the extent of 12, 21, and 6 percent, re
spectively. 

Further experiments on Pinits koraiensis are now being planned. 

Pinus Lambertiana 

In spite of the fact that embryo tests of P.inus Lambertiana II 1928 
showed that the seeds of this lot were inferior to those of Pinus Lambertiana 
I 1928 or of Pinus Lambertiana 1927 (table r), the highest germination 
percentage (92) was obtained with these seeds after they had been stratified 
for three months at 10° C. Each of the three Jots, however, showed the 
marked effect of low temperature stratification as an effective agent for 
hastening germination. This fact is clearly shown in tables 2 and 3 and is 
significant in view of the difficulties in germination reported by Tourney and 
Stevens (6). fhey say that the earliest germination attained in any of 
the tests was 20 days. In some of their samples there was no germination 
in 50 days. The germination in 50 days averaged but eight percent. 

Jacobs (2) reports the normal germination of sugar pine based on 12 

tests for 120 days as varying from 18 to 53 percent. Soaking for four days 
and exposure to freezing for 48 hours he found most favorable to induce 
the early and complete sprouting of sugar pine seeds. The beneficial 
action of soaking, Jacobs considered due to the action of bacteria in. tap 
water exposed to air. This is recommended as a possible means for ob
taining a high percentage of vigorous seedlings in nursery beds. He found 
soaking for four days most beneficial of all pretreatments tried and in his 
lots I and 4 the germination reached 80 and 73 percent ("real" germination 
percent), respectively, in a period of 20 days. He used fresh seeds, that is, 
extracted seeds which had been dried for one week at an average room 
temperature of 22° C. before being used for germination tests. 

Stratification effects on Pinus Lambertiana II 1928 here reported com
pare favorably with the germination results of Jacobs (2). After three 
months at o0 , 5°, and 10° C. these seeds produced seedlings to the extent of 
92, 85, and II8 "real" percent, respectively (table 2). A "real" percentage 
of over rnois due either to the planting of seeds which have more than the 
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average number of good embryos or to the selection of poor seeds for the 
cutting tests. 

Piniis Laricio 

For the 1927 seeds one or two months at either o0 or 5° C. puts the seed 
in condition for sprouting. Here the beneficial effect of low temperature 
treatment is to be found only in the earlier stands of seedlings since the un
treated seeds germinated equally well but in 60 days as compared to 14 
to r8 days for the treated seeds. 

The 1928 seeds were not received until May 1929, and seem to have 
poor germination quality (tables 2 and 3). However, the stratification 
effects are noticeable (table 3). 

Pinus monticola 

Of the seeds of this species Tourney and Stevens (6) say: "The earliest 
germination was in 25 days. The highest number of sound ungerminated 
seeds after 50 days was 48 percent. In this sample no seeds germinated 
within the 50-day period. Taking these samples as a whole they show a 
remarkably low germination capacity. Furthermore, the germination in 50 
days averaged but 2.7 percent." 

Wahlenberg (8) has worked with these seeds and reports that fall 
sowing of western white pine results in prompt and complete germination 
the following spring. Larsen (4) reports the same beneficial effect of fall 
sowing. 

The 1927 and 1928 Jots of seeds used in the present study had 79 per
cent and 95 percent good embryos. Consequently there should have been 
a better yield of seedlings from untreated seeds than that reported by 
Tourney (6). We have obtained similar results. The average percentage 
obtained after 50 days in the 1927 lot was I I and that obtained from the 
1928 seeds was ten in the same period. 

In the r927 seeds, the best germination obtained was 48 percent. This 
resulted 70 days after planting seeds which had been stratified for three 
months at 5° C. However, the major portion of these seedlings had been 
produced at the end of 37 days. 

The best germination obtained in the 1928 seeds (30 percent 23 days 
after planting) was the result of three months' stratification at 0° C. 

Four and five months' stratification at 0°, 5°, and ro° C. as well as one, 
two, three, and four months at a weekly alternatingtemperature of 5°to10° C. 
were also tried with the 1928 seeds. None of these results were superior 
to those already given. 

Three flats of woo seeds each were planted and put in cold frames in 
mulched, board-covered, and open soil December ro, 1928. On July 2, 

1929, these flats showed germinations of six, eight, and seven percent, re
spectively. The number of seedlings obtained in this experiment was 
unduly low because part of the seeds were eaten by mice. 
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Pinus ponderosa 
Tourney and Stevens (6) report an average germination of 43 percent 

in 50 days with the earliest germination within ten days after starting the 
tests. They found that some samples attained a germination as high as 
22 percent in ten days and that the germination energy period was usually 
within 25 days and sometimes within 15 days after seeding (text fig. 2, 
right). . 

Both lots of 1927 seeds used in the present experiments yielded better 
productions of seedlings than the 1928 seeds. In general Pinus ponderosa 

TEXT Fxo. 2. Seeds were stratified for two months at o0 , 5°, an<l 10° C. Picture 
taken 19 days after planting. Left to right: Pinus resinosa r928; control, o0 , 5°, and 10° C. 
Pinus ponderosa 1928; control, o0 , 5°, and 10° C. 

seeds germinate readily without treatment of any kind. In every case the 
untreated seeds had begun to germinate in ten days and in one case (Pinus 
ponderosa II 1927) the germination within this period amounted to 36 
percent. This is in agreement with Tourney's report.as is the fact that the 
germination is practically complete within 20 to 30 days. However, a 
higher final germination percentage (50 to 79 percent) was obtained in the 
present experiments.· 

Stratification for one or two months at either 0° or 5° C. has the ad
vantage that a higher germination percentage (74 to 97 percent) is promptly 

.. obtained (tahl~ 2 and 3)'. 
.· . . . . .·.· . . . •· ··• ··.. . . . .· . . .. . . Pi'ffUS resinosa 

··' Both the 1927 and .. 1~28 $eeds responded favorably to stratification for·. 
one, two, or three months at 0°, 5°, or 10° C Very .good germination 

. (from 73 to 95 percent within a period of 14 to 25 days) was obtained in 
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all cases (text fig. 2, left). However, the control lots of seed also produced 
good stands of seedlings (64 to 67 percent in 20 to 24 days). 

In tests on Pinus resinosa, Tourney and Stevens (6) obtained an average 
germination of 33.6 percent in 50 days. They also report that taking the 
samples of this species as a whole, the peak of germination was attained in 
25 days or less. 

Pinus rigida 

Only 1928 seeds of this species were tested. Table 3 reveals very 
clearly the beneficial effect of stratification. Here it is seen that one month 
at 5° C. gave as good results as two or three months. Seeds planted after 
one month at 5° C. gave 87 percent germination after 12 days and 95 per
cent after 18 days and if the experiment was extended to 40 days the 
percentage germination reached 99. This is in sharp contrast to the un
treated seeds of which only three percent had germinated after 12 days 
and which reaches 33 percent after 50 days (text fig. 3). 

Very good germination (79 to 96 percent) was also obtained after one, 
two, or three months at o0 or ro0 C. (table 2). 

Pinzts Strobus 

The seeds of this species proved rather difficult to germinate. In spite 
of this fact, however, the low-temperature effects were quite marked and 
especially so in the 1927 seeds. For instance after two months at 5° C., 
69 percent of the seeds had germinated 24 days after planting while the 
corresponding control showed three percent germination 60 days after 
planting (see table 3). 

After the same stratification period the 1928 seeds attained 26 percent 
germination in 24 days, while the corresponding control yielded four 
percent 28 days after planting. 

Seeds were also stratified at a weekly alternating temperature of - 5° 
to 5° C. as well as a constant temperature of 15° C. From these stratifi
cations sample plantings were made after one, two, three, and four months. 
The results showed these temperatures inferior to those of o0 , 5°, and ro° C. 
oraf ter~ripening. 

Pinus Strobus seeds have been reported as being very irregular in 
germination and as being greatly benefited by fall sowing (Tourney, 6), 
which practice is, of course, essentially the same as low-temperature 
stratification. 

Ac:cording to Schmidt (5), Pinus Strobus stored dry will not germinate 
witho.ut soaking in water. He advises storage in_ a cool, moist room for 
30 days after a swelling period of 16 hours. As a result of treatment with 
a 16-hour water bath, he reports 78 percent germination. He also soaked 
the seeds in one percent hydrogen peroxid for 16 hours. From these 
seed_s he obtained 8-1 percent germination in 60 days. 
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TEXT FIG. 3. The effect of stratification at 5° C. for one, two~ and three months on 
germination of the seeds of Pinus rigida. Dotted line shows the percentage of good seeds 
as revealed by embryo tests. 
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Pinus Thunbergii 

Seeds of both 1927 and 1928 crops proved difficult to germinate. The 
highest germination obtained was 20 percent. Five degrees C. proved as 
good as any temperature for after-ripening these seeds. When one compares 
the percentage and time of germination of the stratified and untreated 
seeds (table 3), the benefit of the low-temperature treatment is apparent. 
However, it leaves much to be desired. 

One thousand seeds each were planted in three fiats which were put in 
cold frames December ro, 1928, in mulched, board-covered, and open soil. 
On July 2, r929, seedlings had been produced to the extent of two, four, 
and five percent, respectively. 

Other Coniferae 

Abies ariz01;,ica 

Cutting tests showed that 69 percent of the seeds had good embryos. 
The best germination was 43 percent which was obtained 41 days after 
planting seeds which had been stratified for one month at o° C. (table 2). 
However, seeds which had been stratified for two months at 5° C. produced 
seedlings to the extent of 36 percent within 14 days after planting. Since 
the control gave only two percent germination after 50 days, the beneficial 
effect of low-temperature treatment is evident. 

Cupressus macrocarpa 

Tourney and Stevens (6) found that the highest germination in 50 days 
was I7 percent and the average 9.7 percent. They report the highest 
germination capacity as 37 percent and the average only 16.2 percent. 

In spite of the fact that cutting tests showed a germination capacity 
of 59 percent, the average germination of untreated seeds in the present 
tests was only six percent after 50 days (table 3). However, higher per
centages were obtained after low temperature treatment. The best germi
nation was 22 percent which resulted 23 days after planting seeds which 
had been stratified at o° C. for two months'. The best stratification tempera
ture. tried for these seeds was o° C. (table 3). 

Lioocedrus decurrens 

A small number of 1928 seeds of this species were received in May 1929. 
Cutting tests revealed only 40 percent good embryos. 

The highest germination obtained was 23 percent (58 percent real 
germination) which resulted 24 days after planting seeds which had been 
stratified for one month at o° C. These seeds also responded well to two 
months' stratification at either o0 or 5° C. (table 2). In any case low
temperature treatment had a marked effect since the control lot of seeds 
had germinated to the extent of only one percent in 50 days. 
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Picea canadensis 

Stratification at o0 C. proved more favorable for after-ripening these 
seeds than at 5° C. while 10° C. could not be used at all because too many 
seeds (164 percent) germinate within a month at this temperature. From 
ta:ble 2 it will be seen that the highest germination percentage (96 percent 
in 25 days) was obtained after the seeds had been kept for two months at 
o0 C. The untreated seeds germinated to the extent of 48 percent in 26 
days (table 3). Tourney and Stevens (6) report 37 percent as the highest 
germination percentage obtained in 50 days. 

Only 1928 seeds of this species were available for the present tests. 

Picea excelsa 

The response of these seeds to low temperature stratification was 
essentially the same as that of Picea canadens,is (tables 2 and 3). 

Picea Omor·ika 

In this species stratification for one or two months at o0 , 5°, or 10° C. 
appears to be equally good. The highest germination was 66 percent 
within 15 days after planting. In view of the fact that cutting tests 
revealed only 81 percent good embryos, the above percentage represents 
fairly complete germination. The average control gave ten percent germi
nation in 16 days. 

Picea pungens 

In this case one month's treatment at o0 , 5°, or 10° C. is sufficient to 
give a stand of seedlings of from 74 to 80 percent in 16 days (table 2). The 
germination of the untreated seeds was only 47 percent in 50 days. 

Picea sitchensis 

This species proved more difficult to germinate than the other species 
of Picea included in this study. Of these seeds Tourney and Stevens (6) 
observed that germination seldom gets well under way for a period of 20 

to 30 days and usually many sound seed remain ungerminated after a 
period of 50 days. 

This same observation was made in the present study. However, 
since seeds which had been stratified for two months at 5° C. yielded 24 
percent seedlings in 27 days and the control yielded only four percent in 
40 days, again we can say that although we do not obtain a complete stand 
of seedlings the beneficial effect of stratification is evident. The germination 
tests were allowed to continue for 60 days. 

Sciadopitys verticillata 

Soiadopitys verticillata seeds were obtained from Conyers B. Fleu, 
seedsman, and were received in this laboratory January 2, 1929. The 
seeds were of the 1928 cropand were qriginally fromJapan. 
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Germination tests of these seeds were made preliminary to storage 
tests which are now in progress. Oven tests of 200 seeds each were made 
in peat at constant temperatures of 5°, 10°, 15°, 20°, 25°, 30°, and 35° C. 
as well as daily alternating temperatures of 10° to 30° C., 15° to 30° C., 
20° to 30° C., and 20° to 35° C. The best germination temperature proved 
to be 20° C. where a percentage of 52.5 was obtained in 6r days with a 
final percentage of 60.5 in five months. The period of these tests was 
seven months. 

Stratification of these seeds differed from that of any other seeds in 
this report in that three different media (peat, leached peat, and muck) 
were used. One thdusand seeds each were placed in each medium at 
constant temperatures of o0 , 5°, 10°, and 15° C. as well as daily and weekly 
alternating temperature of 5° to 10° C. At the same time (January 1929) 
woo seeds each were planted in five flats, one of which was placed under 
each of the following conditions: I, open cold frame; 2, mulched cold frame; 
3, board-covered cold frame; 4, lowest temperature greenhouse available 
(40°-45° F.); and 5, highest temperature greenhouse available (65°-70° F.). 
The greenhouse temperatures increased, of course, as the season advanced. 

Sample plantings from all .the stratifications were made after two, 
three, four, five, and six months. The seedling productions from o0 , 5°, 
and 10° C. for one, two, and three months are shown in table 2. The best 
stratification conditions found were I0° C. for one 'or two months, or o0 

or 5° C. for two months. No seedlings have as yet been obtained from the 
fourth, fifth, or sixth month's planting. However, since the seedlings do 
not begin to appear until 60 to 70 days after planting and since these last · 
plantirtgs were made in June, July, and August, 1929, it is possible that the 
seedling production will indicate some advantage in stratification. 

In view of the results of the tests it would seem that stratification has 
no particular effect in hastening the germination of seeds of Sciadopitys 
verticillata since the untreated seeds grow just about as well as the treated 
ones (table 3). 

()f the seeds which were planted in flats, those in the warm greenhouse 
germinated first. Here the germination reached 13.6 percent in three and 
one-half months and in four .months the percentage was 27.3. After four 
month~ this flat was badly infected with damping-off which doubtless 
precluded additional germinations. Seedlings appeared in the low-tempera-

. tµre gr~nho1.1.se after seyen months (7.5 percent), while the seeds in the 
.cold fran:i~ had produ~ed no l)eedlings in this perio<:l.. 

Seg_1J,oia sempervirens 

·A lot of 1928 se~s of. this tree were exceptionally poor in quality. 
Three hundred seeds were cut open and 88.7 percent of them were empty 
or molded, only II.3 percent appearing good. 

The usual stratification and sample plantings were made but no seedlings 
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were obtained. Tourney and Stevens (6) obtained as high as 21 percent 
germination in 50 days and an average germination of 8.8 percent. 

Taxodium distichum 
The germination capacity of these seeds as shown by the embryo tests 

was 76 percent (table r). Stratification for one month at 5° C. seemed 
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TEXT FIG. 4. The effect of stratification at 5° C. for one, two, and three months on 
germination of the seeds of Taxodium disticlmm. 

satisfactory for after-ripening the seeds. From seeds thus treated a seedling 
production of 39 percent was obtained in 28 days. The corresponding 
untreated seeds germinated to the extent of four percent in the same length 
of time (table 3 and text fig. 4). 

Production of seedlings was much more prompt and complete than that 
reported by Tourney and Stevens (6). They found that the earliest germi
nation was in 50 days and that in most samples there was no germination 
within the period of the test. The average germination in 50 days was 
reported as o'.7 percent and the highest three percent. 
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Thuya gigantea, Thuya occidentalis, and Thuya orientalis all responded 
to two months' stratification at 5° C. In each case the treatment resulted 
in more prompt and complete stands of seedlings than in the control lots 
of seeds although this difference was more marked in the case of Thuya 
gigantea (table 3 and text fig. r, left). 

The results agree in general with the germination of Thuya occidentalis 
as reported by Tourney and Stevens (6). They found that the highest 
germination in 50 days was 65 percent while the average was 33.9 percent. · 
In their samples germination started from ten to IS days after beginning 
the test and the crest was usually reached within a period of 25 days. 

SUMMARY 

I. Experiments on the seeds of several coniferous trees revealed a 
general favorable effect of low temperature stratification on seed germi
nation. 

2. Sample plantings made in the greenhouse after stratification in moist 
acid peat at 5° C. for a period of two months not only saves time in seedling 
production but also produces more complete seedling stands in the majority 
of cases. In some instances other stratification temperatures or periods 
or both prove more advantageous. 

3. Pinus austriaca, Pinus Banksiana, Pinus Laricio, and Pinus ponderosa 
gave a much more prompt production of seedlings (stand complete 8 to 48 
days sooner) after stratification for two months at 5° C. However, the 
actual number of seedlings produced from treated and untreated seeds was 
about the same. 

4. Pinus contorta, Pinus contorta Murrayana, Pinus Coulteri, Pim•s 
densiflora, Pinus flexilis, Pinus insignis, Pinus monticola, Pinus resinosa, 
Pinus rigida, Pinus Strobus, Pinus Thunbergii, Abies arizonica, Libocedrus 
decurrens, Picea Omorika, Picea sitchensis, Thuya gigantea, Thuya occi
dentalis, and Thuya orientalis show decided beneficial effects of stratification 
at 5° C. for a period of two months. Not only are the seedlings produced 
in a shorter period of time, but the actual number of seedlings produced is 
greater than in the corresponding controls. 

5. Three months' stratification at I0° C. resulted in the best germination 
(8 percent after 25 days) of Pinus excelsa obtained in these tests. This 
was better than the average control (2 percent in 60 days), but further 
study is needed. 

6. Pinus koraiensis responded equally well to stratification for three 
months at 5° C. or for one or two months at 10° C. However, the best 
germination (33 percent in 43 days) was obtained after the seeds had been 
stratified for five months at either o0 or 5° C. 

7. Pinus Lambertiana seeds gave best germination after stratification 
for three months at rn° C. Pinits Lambertiana II 1928 thus treated yielded 
92 percent germination in 25 days while the average control of the same 
lot had produced no seedlings in 70 days. 
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8. Stratification of Cupressus macrorarpa for two months at 0° C. gave 
about four times as many seedlings in one-half the time required by un
treated seeds. 

9. Picea canadensis and Picea excelsa preferred treatment at 0° C. for 
two months, after which they attained germinations of 96 and 90 percent, 
respectively, in 25 days whereas the average controls gave 48 and 53 per
cents in 26 days. Picea pungens, on the other hand, responded equally 
well to low-temperature treatment at either o0 or 5° C. for one month, 
germination tests from these conditions showing percentages of 79 and 
So in 16 days with the corresponding check yielding 47 percent in 50 days. 

IO. Sciadopitys verticillata germinates well after three and one-half 
months in a warm greenhouse (65° to 70° F.). Sample plantings after 
two, three, four, five, and six months of stratification at constant tempera
tures of 0°, 5°, ro0 , and 15° C. as well as daily and weekly alternating 
temperatures of 5° to 10° C. failed to show any beneficial effects. Outside 
plantings in mulched, board-covered, and open soil showed no advantage. 

u, One month at 5° C. proved most satisfactory for pretreatment of 
Taxodium distichum seeds. Treated seeds germinated to the extent of 39 
percent in 28 days while the untreated seeds gave four percent germination 
in the same length of time. 

12. Pin.us Cembra and Sequoia semperv-irens seeds used in this study 
produced no seedlings at all. Seeds of the former appeared wrinkled and 
rather dried when the outer coat was removed. Cutting tests of 300 seeds 
of the latter showed II.3 percent good embryos. 

13. Weekly alternating temperatures of - 5° to 5° C. were tried in 
the case of Pinus excelsa, Pinus koraiens1'.s, Pimts Lambertiana, Pinus 
Strobus, and Pinus Thunbergii. This alternate freezing and thawing 
apparently has no beneficial effect. 
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TABLE 2. Final Germination Percentages after Various Time Periods Following Stratification for One, Two, 
and Three Months at Different Temperatures* 

. I I o0 c 50 c. 10° c. Average Control 
Months of 

Species I Stratifi- Appar- Real Appar- Real Appar- Real cation Appar· Real 
ent % % Days ent % % Days ent % % Days ent ~{i % Days 
Germ. Germ. Germ. Gern1. Germ. Germ. Germ. Germ. 

~---------------------------- ---------
Abies arisonica, 1928 ..... , .................. I 43 62 41 2S 36 I7 0 0 so 

2 28 41 14 36 s2 14 - - - 2 3 I8 

Cupressus inacrocarpa, 1928 ............... .' .. 
3 27 39 18 12 17 I8 22 32 I8 
I I9 32 IS 16 27 I4 I3 22 lS 
2 22 37 23 II 19 IS 14 24 IS 6 IO 50 
3 IS 2s 9 13 22 IZ - - -

Libocedrils decurrens, 30 seeds each, 1928 ...... I 23 58 24 13 33 I7 7 IS 24 2 20 so rs 20 50 IS 3 8 II I 3 .50 Picea canadensis, 192S ...................... I 85 II5 I9 48 65 19 - - -
2 96 130 25 29 39 25 - - - 4S 6s 26 Picea excelsa, 1928 ..... , .................... l 66 69 19 6s 68 26 - - -
2 90 94 2s 69 72 25 - - - 53 55 26 Picea Omorika, 1928 ........................ I 58 72 22 5S 72 14 54 67 22 
2 58 72 15 58 72 IS 66 81 IS IO I2 16 Picea pungens, 1928 ......................... r! 79 85 I6 80 86 16 74 80 16 
2 7r 76 17 50 54. r7 79 85 17 39 42 20 
3 40 43 44 38 41 44 32 34 44 Picea sitchensis, 1928 ....................... I 29 37 28 r6 20 34 20 25 34 2 IO I3 27 24 30 27 32 41 27 4 ,) 40 
3 IS 23 25 12 IS 20 7 9 25 Pinus austriaca, 1927 ....................... I 9 9 rs 5 5 15 7 7 rs 
2 4 4 14 I6 16 14 - - - 20 20 50 
3 IO IO 25 9 9 30 - - -Pinus austriaca, 1928 ....................... I 49 52 rs so 53 r8 27 2S 14 2 46 4S r8 50 S3 rS - - - 46 48 I8 
3 49 s2 I2 4r 43 I2 - - -

Pinus Banksiana, r927 ...................... l 43 44 IO 43 44 IO - - -
2 64 66 14 62 64 21 - --- - 57 59 26 
3 48 50 37 57 S9 30 - - -

I 
Pinus Banksiana, 1928 ...................... I 

I 
56 62 II S4 60 18 71 79 18 

2 40 44 18 61 68 18 66 73 18 45 50 18 
3 58 64 12 58 64 12 -- - -1 ' 1 

*These percentages are not absolute finals but they represent the "crest" of the germination in each case. 
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TABLE 2.-Continued 

o° C. 5• c. 
Months of Species Stratifi- Appar- Real Appar- Real cation 

ent% % Days ent % % Germ. Germ. Germ. Germ. 
--Pinus conlorta, 1928 ........................ I 69 70 14 77 78 

2 67 68 18 86 89 
3 64 65 12 84 85 Pinus contorta Murrayana, 1927 .............. l l l 15 2 2 
2 2 2 II 6 6 
3 0 0 50 0 0 i'inuscontorta Murrayana, I, 1928 ............ I So 82 13 83 85 
2 77 79 14 90 92 
3 72 73 9 87 89 Pinus contorta Murrayana, II, 1928 ........... l 70 71 14 81 82 
2 59 60 14 64 65 
3 56 57 12 72 73 Pinus contorta Murrayana, III, 1928 .......... l 75 77 26 77 79 2 79 81 18 . 78 80 
3 82 84 9 94 96 Pinus Coulteri, 1928 ........................ I 80 83 24 90 94 2 100 104 19 100 104 
3 IOO 104 25 88 92 Pinus densijlora, 1927 ....................... l 57 59 31 68 71 
2 76 79 21 70 73 
3 36 38 30 68 71 Pinus densiftora, 1928 ....................... I 63 67 23 60 64 
2 66 70 23 s2 SS 
3 S7 61 12 67 71 Pinus excelsa, 1927 ......................... l 0 0 60 0 0 
2 0 0 60 0 0 
3 0 0 60 I I Pinus excelsa, 1928 ......................... l 2 3 34 I l 
2 0 0 49 l I 
3 0 0 53 2 3 Pinus flexilis, 1927 ......................... I 86 104 17 94 II3 
2 86 104 14 IOO 120 
3 96 II6 12 88 106 Pinus ftexilis, 1928 ..•...................... l 45 83 II 35 65 
2 18 33 23 40 74 
3 36 67 15 36 67 

ro• C. 

Appar- Real 
Days ent % % 

Germ. Germ. 
-------

II 57 58 
18 65 66 
14 - -
15 - -
8 - -

50 6 6 
13 71 72 
14 63 64 
12 53 53 
14 31 31 
II 27 27 
9 44 44 

26 59 60 
18 r8 r8 
15 18 18 
19 70 73 
19 IOO 104 
25 JOO 104 
25 - -
24 - -
30 - -
23 82 87 
23 - -
20 - -
60 2 3 
60 2 3 
37 2 3 
18 0 0 
27 I I 
20 8 II 
17 42 51 
r.8 80 96 
9 96 II6 

14 55 102 
23 32 59 
15 48 89 

Days 

--
45 
23 
-
-
-
30 
45 
23 
20 
45 
27 
15 
32 
27 
25 
24 
19 
25 
-
-
-
23 
-
-
28 
21 
2s 
45 
14 
25 
22 
23 
15 
23 
23 
2S 

Average Control 

Appar- Real 
ent % 
Germ. 

% 
Germ. 

Days 

------
47 47 18 

4 4 16 

63 64 24 

40 40 20 

28 29 40 

0 0 70 

38 40 40 

45 48 28 

2 3 60 

I I 12 

46 55 28 

45 83 28 
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p 

p 

p 

p 

p 

p 

p 

p 

p. 

p 

p 

p 

p 

Sped es 

----
inus insignis, I927 ........................ 

inus insignis, 192S ........................ 

i1tus koraiensis, I, 1928 .................... 

inus koraiensis, II, 1928 ................... 

inus Lambertiana, 1927 .................... 

tnus Lambertiana, ~. 1928 .................. 

inus Lambertiana, II, 192S ................. 

inus Laricio, 1927 ......................... 

inus Laric-io, 1928 ......................... 

in us monticola, 192 7 ........... · · ... · . · . · · · 

inus monticola, 1928 ....................... 

inus ponderosa, I, 1927 ....... · · · · · .. · · · . · .. 

inus ponderosa, II, I927 ...... ·. · · · · . · · ·. · . · 

Months of 
Stratifi-
cation 

----
I 
2 
3 
I 
2 
3 
I 
2 

3 
z 
3 
I 
2 
3 
I 
2 
3 
2 
3 
l 
2 
3 
I 
2 
I 
2 
3 
2 
3 
I 
2 
3 
I 
2 

TABLE 2.-Continued 

o0 c. 5° c. 

Appar- Real Appar- Real 
eut 3 % Days ent % 3 Germ. Germ. Germ. Germ. 
------------ ---

69 71 33 Sr S4 
75 7S 2.J. 75 78 
62 6.j. 30 84 87 
74 80 2S 77 83 
62 67 I4 79 85 
60 65 15 84 90 
0 - 60 IS -
8 - 64 8 -
0 - 53 20 --
0 0 47 0 0 
0 0 47 0 0 

IO IO 25 IO IO 
14 14 62 33 33 
72 72 30 67 67 

0 0 60 0 0 
28 32 64 32 36 
30 34 20 50 57 So 103 19 40 51 
72 92 25 64 85 
42 48 IS 59 66 
48 5S 14 50 57 
34 39 22 33 38 
32 32 13 21 2I 
7 7 12 13 13 

20 25 33 IO 13 
37 47 62 26 34 
24 30 37 4I 54 2S 29 47 15 16 
30 32 23 18 19 
74 85 15 76 87 
78 90 14 70 80 
- - - 63 72 
97 103 28 97 103 60 64 22 71 76 

I0° C. 

Appar- Real 
Days ent % 3 Days 

Germ-. Germ. 
------------

IS 2S 29 I5 
14 - -- -
30 86 89 25 
28 85 91 28 
18 76 82 r8 
20 90 97 15 
45 - - -
27 8 - 82 
25 0 - 53 
47 IO IO 28 
47 IO IO 28 
25 0 0 70 
62 9 9 55 
37 47 47 37 
60 0 0 60 
64 8 9 55 
35 30 34 25 
22 2S 36 22 
2s 92 II8 2s 
IS - - -
14 - - -
25 - - -

7 6 6 13 
6 I l I2 

28 23 29 28 
62 - - -
37 22 28 50 
21 7 7 47 16 17 lS 28 
IO 78 90 15 
17 68 78 14 
;'7 - - -
28 88 94 3r 
q .J.6 '19 I 22 

" 

Average Control 

Appar- Real 
ent 3 
Germ. 

'YO 
Germ. 

Days 

---------
62 64 50 

65 70 28 

0 0 70 

0 0 70 

2 2 70 

8 9 70 

0 0 70 

S6 64 26 

II II 26 

12 IS 60 

IO II 50 

73 84 22 

79 8.j. 40 
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TABLE 2.-Continued 

I o° C. $0 c. 
Months of 

Sped es Stratifi. 
Appar· Real Appar- Real cation 
_ent 3 % Days ent 3 % 
Germ. Germ. Germ. Germ. -------------

Pinus ponderosa, 192S ..... , ................. l 47 55 14 36 42 
2 30 35 rs 47 55 
3 15 18 12 18 2I 

Pinus resinosa, 1927 ........................ I SS 9r 18 83 86 
2 73 75 r+ 91 94 
3 76 78 22 95 98 

Pinus resinosa, 1928 ........................ l 89 94 IS 84 88 
2 - - - 89 94 
3 90 95 15 85 89 

Pinus rigida, 1928 .......................... I 86 95 r8 95 104 
2 79 87 14 92 IOI 

3 83 91 12 88 97 
Pinus Strobus, 1927 ......................... l 57 59 33 47 49 

2 70 73 41 71 74 
3 56 58 37 64 67 

Pinus Strobus, 1928 ......................... l 27 2S 45 26 27 
2 35 36 23 26 27 
.) 28 29 35 33 34 

Pinus Thunbergii, 1927 ...................... I 12 14 25 16 19 
2 IO 12 21 20 24 

I 3 I 7 8 40 6 7 
P.inus Thunbergii, 1928 ...................... I 

I 14 18 23 18 23 
2 I 7 9 23 II 14 
3 IO 13 25 5 6 

Sciadopitys verticiUata, 1928 .................. 2 14 16 148 20 22 
3 42 49 II7 42 49 

Taxodium distichum, 1928 ................... I 19 25 28 39 51 
2 

I 
32 42 37 31 41 

3 43 . .., 28 27 36 ;:, I 

Thuya gigantea, 1928 ........................ I 72 90 16 67 84 

l 
2 I 43 54 12 57 71 
3 I 60 75 14 74 93 

ThU'ya occidentalis, I<,128 ..................... / I I 28 51 18 so 91 
I 2 40 73 20 33 60 I 

3 I 38 69 16 22 40 
Tkuya orientalis, 1928 ....................... j l 20 27 18 21 

28 I I 2 33 45 27 33 4-

I 3 36 49 12 30 4r 
-

10° c. 

Appar- Real 
Days ent % 

Germ. 
% 

C,erm. 
Da1rs 

--------'----
14 62 73 IS 
14 39 46 II 
I2 - - -
r8 84 87 15 
17 8,3 86 17 
22 89 92 25 
18 91 96 18 
18 97 102 23 
rs 79 83 15 
18 79 87 ?~ 

-.1 
14 96 105 14 
12 85 93 15 
31 59 61 31 
41 76 79 41 
37 52 54 40 
28 16 16 45 
23 46 47 23 
25 16 16 25 
25 15 18 15 
21 8 9 14 
37 6 7 25 
2S 7 9 18 
23 12 15 23 
12 6 8 rs 

IOI so S6 IOI 
II7 36 40 II7 
28 40 53 2S 
27 so 66 27 
23 33 43 23 
16 S6 70 19 
14 43 54 14 
14 56 70 14 
24 41 75 30 
27 44 80 20 
16 40 73 16 
18 26 35 18 
18 9 12 14 
12 - - -

Average Control 

Appar- Real 
ent 3 3 Dai-s 
Germ. Germ. 
---------

48 56 16 

64 66 24 

67 72 24 

32 35 40 

3 3 6o 

6 6 40 

8 9 30 

IO 13 28 

28 31 100 

4 5 I 24 

ro 13 24 

24 44 24 

26 35 24 
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TABLE 3. ApparenVGermination Percentages after Stratification at 5° C. for One, Two, and Three Months. Percentages Given at Tw~-day 
Intervalsup to 30th Day, after Which the Intervals Are Ten Days. Germination Values Are for 100 Seeds Unless Otherwise 

Indicated. Controls Are Averages of Separate Controls for One, Two, and Three Month Stratification Periods 
-

Number of Days 

Months of 
2 I 4 I 6 I 8 I ro I 12 I 141 161 18 I 20 I 22 I 24 I 26128 , 30 I 40 I so I 60 j 10 j so j 90 j 100 

Species Stratifi-
cation 

Germination Percentages 

I I I 

I 
I I 

Abies arizonica, 1928 ........... I 19 25 
2 24 36 
3 8 12 

Control 2 2 Cupressus macrocarpa, 1928 ..... I 8 16 
II I 17 2 9 IO 

I 
3 5 13 

Control I 2 4 6 Libocedrus decurrens, 30 seeds 

I 
each, 1928 .................. 1 13 17 

2 JO 20 23 
Control 

I 
l Picea canadensis, 1928 ......... I 48 

2 3 16 29 
Control 18 41 i 48 

Picea excelsa, 1928 ............ I 

631 
65 

2 44 56 69 
Control 18 45 53 Picea Omorika, 1928 ........... I 58 I 2 28 58 

I 
I 

Control IO 
Picea pungens, 1928 ........... I 74 Bo 

2 

1 

23 so 
3 

I 
39 

\ 
Control 

41 23 39 47 
I - I 

-
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Months of 
Species Stratifi· 

cation 

Picea sitchensis, r928 .......... I 
2 

3 
Control 

Pinus austriaca, 1927 .......... I 
2 

3 
Control 

Pinus austriaca, 1928 .......... I 
2 
3 

Control 
Pinus Banksiana, 1927 ......... I 

2 

3 
Control 

Pinus Banksiana, 1928 ......... l 
2 
3 

Control 
Pinus contorta, 1928 ........... I 

2 
3 

Control 
Pinus contorta Murrayana, 1927 . I 

2 

3 
Control 

Pinus contorta Murrayana, I, 
1928 ... ..... • '" ~ ••• # ••••• I 

2 

3 
Control 

TABLE 3.-Continued 

Number of Days 

2 I 4 I 6 l 8 I IO I r2 I r4 , 16 I 1s I 20 1 •• 1 •41 •61 •8 I 30 I 40 I so I 60 I 10 j so I 90 I 100 

Germination Percentages 

4 I2 14 16 I I 4 12 24 
I 8 12 

2 4 
4 5 

II IS 16 
8 9 

5 IO II 12 13 14 16 17 18 19 20 
48 49 50 

37 50 
31 34 41 

38 40 42 46 47 
34 43 
41 57 60 61 62 

42 52 55 56 57 16 19 29 32 36 ., I ,IC 57 58 
53 54 

38 59 6r Ci2 
JI 56 58 6r 

12 23 32 45 47 48 5,~ 
77 78 79 76 84 86 87 

41 75 79 84 
19 30 39 

2 
47 48 so 51 

6 

2 3 
0 

4 

79 83 
46 87 90 
70 84 87 

4 20 43 47 sr 6r 62 63 
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Species 
Months of 

Stratifi-
cation 

Pinus contorta Murrayana, II, 
1928 ....................... I 

2 
3 

Control 
Pinus contorla Murrayana, III, 

1928 ....................... I 
2 
3 

Control 
Pinus Coulteri, 50 seeds each, 

1928 ....................... I 
2 

Control 
Pfous densiftora, 1927 .......... I 

2 
3 

Control 

I 
Pinus densiflora, 1928 .......... ! 

2 
3 

Control 
Pinus excelsa, 1927, I0° C ...... I 

2 
3 

Control 
Pinus excelsa, 1928 ............ I 

2 
3 

Control 
Pinus jlexilis, 25 seeds each, 

1927 ....................... I 

2 
3 I 

TABLE 3.-Continued 

Number of Days 

2 I 4 I 6 I 8 I ro I 12 I 14 l 16 j rs I 20 I 22 I 24 , 26 I 28 I 30 I 40 I so j 60 I 10 I so I 90 I roo 

Germination Percentages 

76 81 
57 64 
56 72 

12 27 33 39 40 41 42 

63 73 76 77 
74 78 79 

72 89 93 94 
l 5 9 14 17 19 21 23 24 28 29 

70 90 
70 100 

55 66 67 
0 

68 
7 47 60 69 70 

56 66 68 
4 II 21 22 27 33 38 39 28 52 57 60 61 

35 49 50 52 
34 40 64 67 

l 9 14 30 38 45 48 49 
I 2 

2 
2 

I 2 
I 

I 
2 

I 

48 84 94 98 
78 84 100 

44 88 
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Species 
Months of 

Stmtifi· 
cation 

Control 
Pinus jkxilis, 25 seeds each, 

. 1928 •••••••...••........... I 
2 
3 

Control 
Pinus insignis, 1927 ••......... I 

2 

3 
Control 

Pinus insignis, 1928 ..•........ I 
2 

3 
Control 

Pinus koraiensis, I, 25 seeds 
each, 1928 ....••.••......... I 

2 
3 

Control 
Pinus . Lambertiana, 25 seeds 

each, 1927 .................. I 
2 
3 

Control 
Pinm Lambertiana, I, 25 seeds 

each, 1928 ..••• ; •.•......... 2 

3 
Control 

Pi.n#S Lambertiana, II, 2.5 seeds 
each, 1928 .................. 2 

Control 
Pinm Laricio, 1927 ...• , ....... I 

2 
3 

Control 

TABLE 3.-Contintted 

Number of Days 

2 14 I 6 I 8 I 10 I 12 I q I 16 I rs j 20 ! 22 , 24 ,26 ! 28 I 30 I 40 j so I 60 I 10 ! so I 90 I 100 

Germination Percentages 

I ! 3 9 12 21 24 32 36 46 so 

IO 35 
32 36 40 

28 36 44 
9 21 23 34 40 42 45 

64 80 81 
54 75 

74 82 84 
9 16 33 36 46 49 53 54 62 67 69 

5 60 71 75 77 78 
52 64 79 

43 77 80 84 
l 6 25 38 56 58 65 68 69 

IO 15 
8 

20 
0 

7 IO 
II 18 19 29 33 

5 17 40 56 67 
l 2 

8 16 32 
IO 20 30 50 

8 

4 32 40 
0 

44 55 59 

I 49 50 
24 27 30 32 33 

II 17 22 32 35 46 51 53 56 57 58 
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Months of 
Species Stratifi· 

cation 

Pinus Laricio, r928., .......... I 
2 
3 

Control 
Pinus monticola, 1927, .. ; ...... I 

2 
3 

Control 
Pinus mont-icola, 1928 .......... I 

2 

Pinus ponderosa, I, r927 ....... 
Control 

I 

2 .. 

3 
Control 

Pinus ponderosa, II, 1927 ...... I 
2 

Control 
Pi11us ponderosa, 1928 ......... I 

2 
3 

Control 
Pinus resinosa, 1927 ........... I 

2 
3 

Control 
Pinus resinosa, 1928 ........... I 

2 

3 
Control 

Finns rigida, 1928 ............. I 

2 

3 
Control 

"~' 

TABLE 3.-Contitiued 

Number of Days 

2 I 4 I 6 I 8 I rn I 12 I 14 I 16 I r8 I 20 I 22 12.\ I 26 , 28 I 30 I 40 I so I 60 I 70 I so I 90 I ro: 

Germination Percentages 

I I I3 
2I 

I 
I 

I JI 

\ I 5 II 
7 8 9 IO 

4 6 IO 16 r8 20 25 26 
8 12 20 23 41 43 48 

I 2 4 8 II 12 13 

2 II IS 
15 

2 9 IO 
52 76 
21 

691 
70 

58 62 63 
20 34 40 47 69 73 74 

97 
69 71 

I 36 43 44 64 
179 34 36 37 38 

33 45 47 
28 36 

I 
3 33 47 48 50 .... 

70 82 83 
30 88 91 

82 89 95 

I 
25 42 52 64 

65 82 84 85 
38 89 I 14 72 85 

I 
12 31 62 65 67 68 I 

87 90 95 96 99 87 92 

181 ·1 25 

I 

29 84 88 89 l 3 7 IO 15 21 32 33 
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Months of 
SpecieG Stratifi-

cation 

Pinus Strobus, 1927 ........... I 
2 
3 

Control 
Pinus Strobus, 1928 ............ I 

2 
3 

Control 
Pinus Thunbergii, 1927 ........ I 

2 

Pinus Thunbergii, 1928 ........ 

3 
Control 

I 
2 

Sciadopitys verticillata, 1928 ..... 

3 
Control 

2 
3 

Control 
Taxodium distichum, 1928 ...... I 

2 

3 
Control 

Thuya gigantea, 1928 ........... I 
2 

Control 
Thuya occidentalis, 1928 ........ I 

2 
3 

Control 
Thuya l)rienf.alis, 1928 .......... I 

2 

3 
Control 

TABLE 3.-Continued 

Number of Days 

2 I 4 I 6 I 8 I zo I r2 I 14 I r6 l 18 I 20 j 2 2 I 24 , 26 , 28 i 30 I 40 I so I 60 I 10 I so I 90 I mo 

Germination Percentages 

6 24 33 42 47 
32 64 69 70 71 

30 55 61 63 64 
2 3 

12 20 26 
15 26 33 

3 I2 26 33 
2 3 4 6 

I2 14 16 
8 19 20 

4 5 6 
I 4 5 6 8 

8 13 I7 18 I9 
4 IO II 

I s 
4 8 9 IO II 

I I I 20 
6 30 

s 16 28 
3 26 36 39 

9 24 30 JI 
14 26 27 

2 4 
67 

45 57 
3 IO 

48 50 
r6 24 28 33 
7 22 

s 8 14 24 25 
14 19 21 26 
r6 23 3,, ,'\,5 

17 25 30 ;p 
3 9 14 23 24 26 27 
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Reprinted :from PHYTOPATHOLOGY, Vol. XIX, No. 11, pp. 1109-1015, November, 1929 

IS THE ASTER--YELr,ows VIRUS DE'rEC'fABLE IN ITS INSECT 
VECTOR~ 

!REINED. DOBROSCKY 

The leaf hopper, Cicadula sexnotata Fall., has been shown to be the spe
cific carrier of the virus of aster yellows ( 6) . Furthermore, this virus must 
remain in the body of the insect for at least ten days before it can reinfect 
another plant. Similar conditions have been found to obtain in the case of 
curly top of sugar beets and the leaf hopper, Eidettix tenellus (Baker) (8); 
and, also, in the case of streak of maize and the leaf hopper, Balclutha mbila 
Naude ( 9). The necessity for an incubation period of the virus would seem 
to indicate that we are dealing with an organism which must either multiply 
in the insect or undergo a definite part of its life cycle there. This simulates 
closely the facts known about malaria, yellow fever, Texas cattle fever, 
nagana disease of cattle, and African sleeping sickness. 

Because of the long incubation period of the aster-yellows virus in its 
insect vector it was thought this leaf hopper might be a favor.able one in 
which to detect the virus. An intensive study of the morphology and cytol
ogy of the insect was therefore undertaken. Such a study might result..,in 
the discovery of the causative. agent of yellows or some evident reaction of 
the insect to the virus. It might result even in the discovery of an intra
cellular body associated with the virus in the insect. 

Botanists who have studied the tissues of plants affected with virus dis
eases have found intracellular bodies in connection with many of these dis
eases. At least twenty-eight species of plants having the mosaic type of 
virus disease have been reported as containing these so-called "x-bodies," 
or inc.lusion bodies. 

Plants affected with the yellows type of virus diseases, such as aster 
yellows,· peach yellows, curly top of sugar beets, and cranberry false blos
som, have not been found to contain intracellular bodies. The morphological 
symptoms of a plant affected with aster yellows are, however, very striking 
and characteristic. Nevertheless, no bacterium, protozoan, or fungus has 
been found associated with the disease. The causative agent has not been 
found in those plants susceptible to the aster-yellows virus. It seemed ad
visable to search for it in the insect. 

MET BODS 

. The histology and cytology of the leaf hopper, Cicadula sexnotata, were 
sti1died by making smears and examining these under dark-field illumina
tion; by gross dissections of the alimentary tract, and by serial paraffin 
:;;ections. 
Contributions :from the Boyce Thompson Institute :for Plant Research, Inc., Yonkers, N. Y. 
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Smears. In making smears about fifty adults, hatched and reared on dis
eased asters, were used. Similar virus-free adults served as checks. Each 
insect was slowly crushed between a slide and a cover slip and, while the 
smear was still wet, it was examined under dark-field illumination. Numer
ous globules of fat were observed, some showing Brownian movements. 
There was no indication of vital movement shown by any of the bodies in the 
smears. 

When the smears had dried they were stained with Wright's blood stain 
for one minute. All the slides showed small brownish granules ·which wore 
the pigment granules of the compound eyes. About one-half of the smears 
contained oval-shaped bodies 8 µ to 12 µ long, with pink capsule-like rims, 
blue cytoplasm, and bright red nuclei. A :few forms were found dividing. 
These bodies resemble the spores of Cladosporium, a soil-infesting fungus. 
As the spores were never found in the paraffin sections, it is probable that 
the insects bore them externally. Nuclei of all sizes and stages of activity 
were found in the smears. Crushed nuclei in the spireme stage took a pink 
stain and resembled clumps of bacteria. l\Iany fragments of broken sperms 
were found but there was nothing present resembling either a bacterium or 
a flagellate. 

Dissect-ions. Gross dissections were made to study the alimentary canal. 
The stomach 1vas found distended with a dark brown fluid. Continuing 
from the stomach jg a narrower portion of the midintestine. This is very 
white and opaque in appearance, due to the accumulation of calcium-car
bonate crystals within the cells. It is thought that the liquid food passes 
by osmosis from the stomach to the posterior intestine without passing 
through this narrow portion of the midintestine. Two of the mast important 
appendages of the alimentary canal are the salivary glands and l\Ialpighian 
tubules. The l\falpighian tubules are four in number, rather large and 
thick. The salivary glands are in the head and prothora:s:. rrhey are so 
small and so transparent that it is difficult to find them. 

N" o cysts, lesions, or abnormal enlargements of any organ were found in 
the course of this macrodissection. 

Paraffin Sections. More than a thousand insects, adults, and nymphs 
were fixed in various reagents, including Gilson 's, Regand 's, Bouin 's, Flem
ming's weak, and Carnoy's solution. The sections were cut at 4 µ or 7.5 µ. 
They were then stained with Wright's, Giemsa 's, \Yolbach 's Modified 
Giemsa, Heidenhain 's Haemotoxylin, Flemming's, Mallory's Met11ylene 
blue, Pianese III B, Gentian violet, and Safranin, or acid fuchsin stain. 
For secretory cells of the salivary-gland type, Gilson 's :fixative followed by 
\Vright 's Romanowsky stain gave the best results. The Romanowsky stain, 
as put up by Coleman and Bell Co., proved most satisfactory. McNeal (7) 
has recently shown that there are four essential dyes in this stain. They are 
eosin, methylene blue, met11ylene azure, and methylene violet. 
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OBSERVATIONS 

The parasites which cause malaria are found in cysts in the stomach 
walls and also as free swimming flagellates in the salivary glands of their 
mosquito hosts. Herpetomonas associated with oriental sore was found in 
the salivary glands of the fly Phlebotornus papatasi (1). Holmes ( 5) 
found Herpetomonas elrnassiani (lVIigone) in the salivary glands of On
copeltus fasciatiis Dall., a bug which feeds on milkweeds. The :flagellate, 
Leptoinonas davidii Lafont, was found by Franga ( 4) in the salivary glands 
of the hemipteron Stenocephaltls agilis Scop. which feeds on Euphorbias. 
These organisms are all ingested by their insect hosts. In several insect
borne diseases the causative organism has been found in the alimentary 
tract, proper. It seemed advisable, therefore, to make an intensive study of 
the salivary glands and the alimentary tract of the leaf hopper in question 
in the hope of finding some indication of the presence of the virus. 

Salivary glands. 1 The salivary glands lie beneath the brain and occupy 
the dorsal floor of the head. They are made up of equal halves lying on 
either side of the msophagus. Each half resembles a small bunch of grapes 
with a fore-shortened central stem. 'l'he lobules, twenty-three in each half, 
are large secreting cells containing two nuclei. Physiologically, the salivary 
glands may be divided into three types of cells, the mucous cells, the serous 
cells, and the cells which line the accessory or reservoir glands. 

In making a comparative study of the salivary glands of healthy and 
viruliferous individuals, the following characteristics were noted: 1. Size, 
shape and staining properties of each lobule; 2. Texture and staining re
action of cytoplasm; 3. Vacuoles and inclusions in cytoplasm; 4. Size, stain
ing properties and physiological state of nuclei; 5. .Amount of secretion. 

Though several hundred insects were examined with these points in 
mind, no constant difference was observed. No lesions, no cysts, no dif
ference in size or shape of lobules, nor any alteration in the physiology of 
the cells, as indicated by their staining reactions, could be found . 

.After this study of the cytology of the secreting cells, the author pro
ceeded to look for any foreign organism that might be present. The 
numerous stains used were calculated to detect the presence of bacteria, 
fungi, protozoa, Rickettsia or x-bodies. None of these was found in the 
salivary glands of either the normal or the viruliferous individuals. 

In one experiment a series of adults, fed from one to twenty-three days 
on diseased asters, was studied in the hope of finding some progressive 
symptoms to account for the incubation period of the virus. No symptom 
indicative of the presence of the virus could be found. 

1 A more detailed morphological description of the salivary ·glands will be published 
bythe author in another paper. 
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SALJVARY i 

GLANDS; 

Fm. 1. A. r,ongitudinal section of adult female 0£ Cicailula scxnotata. Shows saliYary 
glands in prothorax and mycetome 011 either side of the first and seeond 
abclomiual segments. (7 µthick, x 50.) 

B. Mycetome iu detail. Note zone of empty cells with small marginal nudei. 
(7.5 µ, thiekx 430.) 

C. Midintestille of disease-carrying insect. (7 µ thick, x 180.) 
D. Salivary glands of adult insect starved ten hours. (7 ft thick, x 200.) 
E. Late·ral view of salivary glands of healthy normal insect. (7 µthick, x 160.) 

In another experiment some adults were starved and their salivary 
glands compared with those of normal insects in order to see how the cells 
were altered. It '\Vas found that the individual cells of the glands of 
starved insects were larger, due to an accumulation of secretion. This is 
illustrated in figure 1, D. J:t~igure 1, E, shows the salivary glands of a 
normal healthy insect. 

Alimentary tract. It is a well known fact that most insects shed their 
chitinous covering several times during the course of their development. 
The anterior and posterior intestines are lined ·with a thin intima, a con
tinuation of the outer heavy chitin. This intima is shed along ·with the 
outer coat ·when the insect molts. An insect which has fed on a diseased 
plant and becomes infective does not lose its infective principle in spite 
of this process of shedding. Since the midintestine is not lined with in
tima, it would seem that this is the logical place to look for obligate para
sites. Figure 1, C, is a photograph of the anterior portion of the mid
intestine, showing the large darkly stained cells which compose it. 
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It has been found in the case of several insect-borne diseases that the 
parasites are :first localized in some part of the alimentary canal and from 
there get into the salivary glands. Cicadiila sexnotata was found remark
ably free from all parasites. Its alimentary tract does not harbor any 
foreign organisms. 

Cowdry (3) examined one hundred and eleven species of insects and 
found that nineteen contained Rickettsia bodies. The ·writer, using Cow
dry 's methods of staining and fixing was unable to find any Rickettsia in 
the body of this leafhopper.2 

JJ1ycetome. The mycetome is an organ present in most Homoptera. This 
might easily be mistaken for a sign of the disease in the insect under dis
eussion. Witlazil (11) regarded it as excretory in function, others ascribed 
to it a nutritive function. Sulg (10), Buchner (2), and Glaser, however, 
have concluded that the organ is parasitic. 

The mycetome is a large paired organ located in the first two abdominal 
segments, as shown in figure 1, A. The cells composing it are closely 
packed with organisms of a fungal nature, whence the organ derives its 
name. 

Three distinct zones, comprising d:i:ff erent types of cells, can be seen 
in this organ. Figure 1, B, an enlargement of a portion of the mycetome, 
shows these zones very clearly. In the center of the organ are numerous 
compact cuboidal cells. The nuclei are almost one-half as large as the cell, 
and the cytoplasm is densely filled with a mycelium-like growth. With 
Wright's stain this zone is colored dark blue. The next zone is composed 
of very much larger cells with smaller nuclei. The cytoplasm is obscured 
by the presence of the thick mycelium-like strands. This zone stains a 
pinkish purple. The third zone is one-cell thick, the cells being almost 
empty of cytoplasm. Nothing but small, compact, dark blue nuclei are 
to be found along the borders of these outer cells. 

The whole organ is embedded in the fat tissue and has no direct con
nection with any other organ. It is present in virus-free as well as virus
bearing individuals. The organisms within this mycetome are supposed to 
migrate to the eggs and are so transmitted from one generation to another. 
Since this organ is hereditary and since it is not in communication with 
any other organ, it is not likely that it can be concerned in the problem of 
the insect's ability to harbor the yellows virus. 

DISCUSSION 

The virus diseases of plants are essentially insect-borne. Sucking in
sects, especially aphids and leaf hoppers, are the chief disseminating agents 

2 Dr. Cowdry was kind enough to examine some of the writer's slides and confirmed 
this conclusion. 
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under natural conditions. Of the leaf hoppers known to be virus vectors, 
all but one are very closely related in the classification of insects. 

Up to the present time, no one has done any intensive research on 
the morphology and cytology of these insect vectors with the view to lo
cating the virus. The writer has been unable to find any histological or 
cytological differences between virus-free and virus-bearing individuals of' 
the species Cicadula sexnotaia. While the tecnique used has given only 
negative data, it is possible that other methods of fixing and staining may 
yield positive results. 

A study of the other insect carriers of plant viruses may give a clue· 
as to iv here the yellows virus may be located in the body of the insect. Phy
siological studies may also throw light on the subject. Significant results 
might be obtained by making determinations of the pH of individual in
sects. If certain portions of virus-carrying individuals ·were isolated and 
healthy insects made to feed on them, one might get an indication of the 
whereabouts of the virus. Several attempts haye been made to culture the 
virus in plant decoctions. Some experiments in culturing the virus in 
insect juices should also be undertaken. 

SUMMARY 

A study of smears of virus-bearing insects under dark field illumination, 
of gross dissections, and of paraffin sections did not reveal any visual evi
dence of the presence of the aster-yellows virus in Gicaditla sexnotata. 

The mycetome, a hereditary parasitic organ, is evidently not concerned 
in the problem of the virus-carrying ability of the insect. 

After an intensive study of the salivary glands and alimentary tract of 
Cicaditla sexnotata with a view to finding the causative agent of aster yel
lows, the writer was unable to find such an agent or any lesions ·which 
might be due to the presence of such an agent. No bacterium, Rickettsia, 
fungus, protozoan, or x-body was found which could be considered of 
etiological significance. 

BOYCE 'l'IIO::\JPSON INSTITUTE FOR PLANT HESEARCH, INC. 

YONKERS, NEW YORK. 
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INFLUENCE OF ENVIRONMENT ON THE CALLUSING 
OF APPLE CUTTINGS AND GRAFTS 

WILLIAM B. SHIPPY 

INTRODUCTION 

A particular impetus for the study of callus physiology has been given 
by the results of recent investigations with apple crowngall which tend to 
show that the larger proportion of overgrowths on root-grafted trees are 
not bacterial tumors but callus tumors, formed chiefly as proliferations of 
the scion lip (Melhus, 1926). The fact that overgrowths may be non
parasitic in origin does not ·minimize their importance, but throws the 
emphasis of control on the regulation of growth processes of individl:lal 
pl~nts; This would obviate the consideration of their spread from one 
plant to another, the problem being rather one of inhibiting the excessive 
formation of callus cells at the graft union because of the frequent occurrence 
of qvergrowths at this point. 

The literature reveals many references to callusing, particularly with 
respect to the derivation and growth of callus cells and tissues. Of par
ticular importance in this connection are the studies of Trecul (1853), 
Goppert (1874), Stoll (1874), Kuster (1903), and Sorauer· (1908). Kuster 
and Sorauer have brought together most of the general information with 
respect to callus available up to 1900. 

Though environmental factors have been studied many times in their 
relation to plant growth processes in general, the particular influence of 
these factors on the formation of callus tissue has received scant attention. 
Kuster (1903) pointed out that external conditions influence callusing, and 
of these moisture is very important. He stated that moisture, supplied 
either in gaseous or in liquid state, is essential for callus development, and 
further, that although callus may form under water, its formation is much 
more abundant in mciist air, supposedly because transpiration and the· 
absorption of oxygen are hindered under water. Nutritive conditions were 
considered by Kuster to influence callusing. ·Organs rich in elaborated 
food were believed to develop wound tissue more abundantly than those 
poor in such materials. Under similar external conditions the capacity of 
both cut ends of a cutting for forming callus was not found to be equal. 
With poplar cuttings the basal poles callused more abundantly than the 
apical. Similar results were obtained with Rosa. With dandelion roots, 
callus formed more readily from the upper end, but with root cuttings of 
Medicago sativa more callus developed from the lower or root end. Kuster 
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was unable to decide what factors influenced this polarity, but considered 
inequalities in nutritive conditions important. 

Simon (1908) attempted to control temperature and moisture in his 
study of callus formation on cuttings of Populus nigra and Populus 
canadensis. He found that at I4°-r8° C. callus formed after eight days, 
at 25° after four days, and at 32° after three days. The apical and basal 
ends of cuttings we~e found to respond differently to humidity. Whereas 
apical callusing was greatest at 85 to 90 percent relative humidity, basal 
callusing was best at humidities between 90 and 94 percent. At complete 
saturation callusing became more or less equalized after a time for both 
ends of the cuttings, although at first callus formed more abundantly from 
the basal end. 

Riker and Keitt (1926), in discussing the development of excess callus 
and wound overgrowth in the case of apple root-grafts, stated that "The 
influences of temperature and, even more particularly, of moisture are of 
very great importance in determining the extent of callus development." 
These authors report studying the influence of temperature and moisture 
on the development of callus on apple grafts but present no data on this 
work. They found that "within certain limits callus development increased 
with higher temperatures and moistures and decreased with lower tempera
tures and moistures." A relation of food to overgrowth formation is 
suggested by the statement: "Injuries such as those from cultivators, hoes, 
hooks, and insects may serve to stop the downward passage of elaborated 
food and to lead to developments similar to those which follow a poor fit 
in grafting. Such developments are normal processes of the pfants when 
suitable conditions are provided." And further, in referring to the excessive 
formation of callus from the scion lip, they say, "It seems probable that 
the food as it descended the twig to the cut made a slow lateral movement 
along an obtuse angle to the lower tip where it accumulated and con
tributed to the development of callus. In a well-fitted graft such an 
accumulation occurred in a much smaller degree because the food material 
passed through' the united cambium layers into the root." They report 
that "wound overgrowths have been observed to reach considerable size 
on some plants and to continue their development for several years." 

Rehwald (1927) found that callus formation ·from root cuttings of 
Daucus Carota was facilitated by water-saturated air. He also found that 
the top and base of such cuttings differed in their capacity for callus for~ 
mation, obtaining callus only from the basal portion of the cutting. 

Swingle (1929) studied the relation of temperature, water, and oxygen 
to apple root growth and callus development. He used chiefly stem 
cuttings of the apple variety Springdale and the willow (Salix alba. L.)~ 
The apple cuttings were all .obtained from a single tree, representing wood 
from three to ten years old. Callusing was usually determined for a ten
day period only. In these experiments temperature appears to have been 



SHIPPY -- CALLUS 353 

well controlled. Moisture was supplied in two ways: either the cuttings 
were held in a saturated atmosphere, or during the callusing period or 
previously they were partly or entirely immersed in water. In the study 
of aeration, oxygen was supplied in three concentrations: .s percent, 20 

percent (air), and pure oxygen, these gas mixtures being passed through 
the control chambers at different rates of flow. Swingle concluded that a 
preliminary treatment of the plant material with water retarded callusing. 
Callusing seemed to be more active with slightly higher temperatures and 
with somewhat lower water and oxygen supplies than were indicated for 
the most active production of roots. Under good environmental conditions 
he found callus formation to be more active at the basal end of the cuttings, 
suggesting an internal polarity. Oxygen (100 percent) at a pressure of one 
atmosphere distinctly retarded callus formation. 

Hitchcock (1928), in studying rooting response, found that good callus 
formation occurred on many hard-wood cuttings in a peat moss medium 
of low moisture content (r40 percent). 

Kostoff (1928) studied the graft unions of intergeneric and interspecific 
crosses between members of the Solanaceae. He came to the conclusion 
that the callus tissues joining scion and stock are chiefly the product of 
the stock. Various types of tumors superficially like crowngall were ob
served immediately above the callus. Microscopical examination showed 
that large quantities of starch, produced by the scions, had accumulated 
just above the callus due to the fact that the union intercepted their passage. 
This large accumulation of food was considered the specific cause of the 
proliferations. 

Miss Smith (1928), working with Clematis, found that the "amount 
of callus formed by stem cuttings varies with the age of the wood taken, 
the amount of food reserves, as well as with the anatomical structure of 
the species," but that "other factors no doubt come into play." She 
states further that "There is an undoubted correlation between the amount 
of starch present in the tissues and the amount of callus formed by any 
given cutting, though it is not yet possible to express it as a quantitative 
relation;'' Different species of Clematis were found to vary in degree of 
callus formation. Under similar temperature conditions (bottom heat of 
l8.t)° C.) C. ajoliata, C. smilacifolia, and C. uncinata produced callus slowly 
and the total amount formed was small, while such species as C. Armandi, 
C. Hillarii, and C ranunculoides produced large calluses at a comparatively 
rapid rate. She pointed out that following the cutting injury to a stem 
there are death-changes in the divided protoplasts due to the altered 
metabolism of the injured cells. Following these death-changes a suberin 
seal isJaid down, and stillJater the first signs of abnormal cell divisions 
·may. be seen. These processes were described for C. smilacif olia. 

The present study was undertaken for the purpose of obtaining quanti
tative information regarding the influence of such primary environmental 
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factors as temperature and moisture on the callusing of apple root-grafts. 
The broad application of such information to horticultural practices is 
obvious. It was further considered possible that a greater knowledge of 
environmental influences on callusing might throw light on the problem 
of how these conditions may be manipulated to favor or restrict excessive 
callus formation, and that detailed observations on the callusing of scion 
and stock under many varied conditions might contribute toward a better 
understanding of the factors influencing the production of overgrowths. 

MATERIALS AND METHODS 

The study was begun at the Boyce Thompson Institute for Plant 
Research during the spring of 1927 and was continued for two years. The 
early part of the work was devoted to a preliminary survey of the com
parative importance of many different environmental factors on callusing 
in addition to a search for satisfactory methods of obtaining quantitative 
information on the effect of certain conditions. A general discussion of the 
materials used and the methods followed is presented herewith, and detailed 
procedures are given later for each individual experiment. 

Plant Material.-\rVith only a few exceptions, one-year-old shoots and 
one-year-old seedling root-stocks were employed. The scion material 
consisted of standard straight whips grown in a scion orchard, and repre
sented the following varieties: Jonathan, 'Wealthy, Yellow Transparent, 
Ben Davis, Grimes, Delicious, vVolf River, vVillow Twig, Northwestern, 
and Winesap. Scions were obtained chiefly from the Mount Arbor Nursery, 
Shenandoah, Iowa, though some were secured from the Chase Brothers 
Company, Rochester, New York. Occasionally material of unknown 
variety was used; this was obtained from trees located on the premises of 
the Boyce Thompson Institute, Yonkers, New York. 

A number of kinds of root-stock material were used, including French 
crab, Kansas grown; French crab, French grown; Austrian crab, California 
grown; seedlings of northern hardy varieties, Minnesota grown; and 
Tennessee crab, Kansas grown. Later the following were added to the list: 
Vermont crab, Kansas grown; seedlings of northwestern varieties, \Vashing~ 
ton grown, as well as the Hopa and Mead.or's winter flowering crabs, Kansas 
grown. These stocks were obtained from J. H. Skinner and Company, 
Topeka, Kansas; Vistica Nurseries, Inc., Stockton, California; Oliver 
Nursery Company, Topeka, Kansas; Clinton Falls Nursery Company, 
Owatonna, Minnesota; Washington Nursery Company, Toppenish, \Vash
ington; and Chase Brothers Company, Rochester, New York. 

Preparation of Plant .Material.-The scion and root-stock material was 
callused both as grafts in which the two symbionts were combined (Pl. XXII, 
figs. I and 2) and as cuttings in which they were separate (PL XXIII, 
fig. 6). In either case the individual pieces were cut as they would be in 
making a tongue graft; that is, a diagonal cut about 3 centimeters (Ii inches) 
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in length was made on the bottom end of the scion cutting, and a similar cut 
was made on the top end of the root cuttings (bottom in this sense meaning 
downward and top upward with respect to the ground line.) AU cuts were 
car:efully made with a sharp grafting knife. Grafts were not used entirely 
because of the great difficulty of measuring the callus of a graft union. In 
those experiments in which grafts were used, a sufficient number of indi
viduals was taken so that after breaking the union apart and examining the 
callus formed, the graft could be discarded. Many tests have indicated that 
the influence of the environment on callus formation at the union of a graft 
could be determined just as accurately with the scion and stock separate as 
with them together. In some of the later experiments both ends of the cut
tings were cut off squarely with hand shears, and then the roughly cut 
surfaces were trimmed with a sharp knife so as to provide a smooth, even 
surface. It is less difficult to measure the amount of callus in a symmetrical 
roll than in an asymmetrical roll such as is formed with the slanting cut 
where each area along the slant may differ in its ability to form callus. 

The cuttings usually averaged from 12 to IS centimeters (5 to 6 inches) 
in length, scion cuttings usually being longer than stock cuttings. The 
scion cuttings were cut apically immediately above a bud; at the slanting
cut end a bud was left on the back of the lip, since this is the custom among 
horticulturalists. Tongue grafts were usually employed for the callusing 
experiments, although wedge grafts and modifications of both tongue and 
wedge grafts were used from time to time. The procedure for making a 
tongue graft is so well known that it need not be repeated here. 

The plant material was never allowed to dry. Before being cut up 
for the· experiments, the shoots and root-stocks were stored in moist peat 
moss at a temperature of about 3° C. In this way the plant material has 
been kept in satisfactory condition for nearly two years. After cutting, 
special care was taken to prevent the cut surfaces from becoming injured 
by drying. In some instances when the cuttings were to be used immedi~ 
ately, they were dropped into a pan of water, but the more common pro
cedure was to place them in moist peat moss until the experiment was begun. 
Experiments requiring only a small amount of plant material were usually 
begun the same day that the material was cut. For larger experiments, 
requiring from several hundred to several thousand cuttings or grafts, the 
material was placed in moist peat moss at 3° C. as soon as prepared until all 
pieces could be started simultaneously. 

Temperature Experiments.-For the study of the influence of temperature 
several. types of equipment were used, including (I) electrically-heated 
ovens, · (2) refrigeration rooms, (3) temperature-controlled greenhouses, 
\4)basement storage room, (5) outdoor storage cellar, and (6) cold frame. 
Each type has its advantages as well as its limitations, but the combined 
conditions tha.twere available permitted the study of constant and variable 
temperatures, of slowly and sharply fluctuating temperatures, and allowed 
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the use of small or large amounts of plant material, together with such 
apparatus as was required. 

The controlled ovens ranged in temperature from 0° to 40° C., with a 
separate oven for each 5° between these two extremes. The refrigerat~on 
rooms were operated at 3°, 10°, 15°, and 20° C. Temperatures in the green
houses showed considerable fluctuation over the 24-hour period, but the 
automatic steam control prevente~ a drop in temperature below any specified 
point. Both the basement storage room and the outdoor storage cellar 
maintained a fairly even temperature, but both were subject to the influence 
of any prolonged change in outdoor temperatures. The temperature of 

·the cold frame varied almost in accordance with that outside. 
Moisture Experiments.-To procure and maintain a graded series of 

moisture conditions was not easily accomplished. Several methods were 
tried, no one of which was wholly satisfactory. The control of relative 
humidity was attempted chiefly in two ways: by means of sulfuric acid 
solutions, and by means of saturated solutions of inorganic salts. Each of 
these methods presents difficulties. The sulfuric acid solution ·becomes 
more and more dilute as it takes up water from the surrounding plant 
material. As a result.the concentration and corresponding vapor pressure 
change. Additional acid must be added to restore the original concen
tration. The saturated salt solution has the advantage that it is self
regulatory as to vapor pressure. As water vapor is taken up by the solution 
the undissolved crystals go into solution, serving to keep the concentration 
uniform. 

Open systems (in which fresh air was constantly supplied) and closed 
systems (using stoppered chambers) were used. These systems were 
operated at various temperatures. With each system sulfuric acid solutions 
and inorganic salt solutions were used to control vapor pressure. Con
trolled chambers used in the various tests consisted of test tubes, bottles, 
desiccators, and crocks up to 12 gallons in capacity. Further, the air in 
the chambers was circulated by motor-driven fans in some experiments and 
not in others. 

For studies of the influence of relatively high supplies of water, the 
plant materials were placed in direct contact with peat moss having various 
water contents. Here little difficulty was encountered. Representative 
samples of the peat moss were taken from time .to time, and the water 
content was determined by weight. The lack of complete uniformity of 
moisture in the peat moss and the necessity for taking representative samples 
comprised the main difficulties; these were; however, not very serious. 
For these ~periments use was made of both covered and uncovered con-

.. · tainers,)ncluding test:tubes of various siz;es, desiccators, crocks, and green
house flats. 

Aeration Experiments~....;_To study the influence of oxygen on the for· 
mation of callus alnumber of experiments were carried out in which various 
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mixtures of oxygen with air or nitrogen were used. The oxygen content 
of the mixtures ranged from o to roo percent. In these experiments a 
fresh supply of the gas mixture was forced through the control chamber 
each day. The gases were obtained from cylinders of the Linde Air Products 
Company, and the required volumes were measured by the displacement of 
water in a graduated carboy. The prepared atmosphere was then forced 
through the control chamber by tap-water pressure. By this method the 
gas mixtures could be prepared with sufficient accuracy for these tests. 

Polarity and Variety Experiments.-For experiments on the influence of 
polarity and variety on callus formation, and in other experiments in which 
optimum environmental conditions were desirable, moderately moist peat 
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TEXT FIG. I. Graphs showing the effect of temperature (degrees Centigrade) on the 
callusing of apple scion cuttings. The points of the curves, representing the average 
diametei:s of the callus rolls for individual cuttings, are based on four lots of material taken 
at five-day intervals; No callus formed at o", 5°, and 40° C. during the 40-day period. 

moss was· generally used as a medium. Flats, crocks, or other types of 
containers were used. The principal requisites for these tests were suitable 

·· temperature, moisture, and aeration to permit normal callm; formation. 
· ·Measuring. Cal~us Development.-:--In recording the amount of callus 

fqrmed in the ... different eJ<:periinents, readings .were generally made on the 
iJ~~~ ·of .the diameter of. the callus roll in millimeters. Since distinct 

·t~it ·.::::;~ff~reace"s eJcis.tinthe amount ~f cailus formed at the lip as compared with 
,. :1 ~'ijiai forriJ.ed. on the• side .and base of sliUlting cuts, separate readings were 

· .. · made· for ·these different areas. It was not considered possible or even 
essentiiU, to make these determinations precise. Two arbitrary values were 
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used for callus less than one millimeter; namely, a trace, recorded as 0.25 
millimeter, and slightly less than one millimeter, recorded as 0.75 millimeter. 
No fractional values were recorded above one millimeter; whole values were 
used, as one millimeter, two millimeters, etc. In reading the callusing of a 
graft union, the graft was pulled apart and the amount of callus on the 
scion cut and on the stock cut was recorded as for the cuttings. In very 
advanced stages of callusing, it was sometimes difficult to determine the 
exact origin (scion or stock) of the callus, for it could not be expected that 
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TEXT FIG. 2. Graphs showing the effect of temperature (degrees Centigrade) on the 
callusing of apple root cuttings. The points of the cutves, representing the average 
diameters of the callus rolls for individual cuttings, are based on four lots of material taken 
at five-day intervals. No callus formed at 0°, 5°, and 40° C. during the 40-day period. 

by roughly breaking apart two connecting meristems all the scion callus 
would adhere to the scion piece and all the stock callus would adhere to 
the root piece. However, by combining the callus found on the two pieces, 
the total amount present at the union could be determined with sufficient 
accuracy. 

EXPERIMENTS AND RESULTS 

Effect of Temperature on Callus Formation 
Experiment I (Constant Temperatures) 

Methods,-Yellow Transparent scion cuttings and northern hardy seed
ling root cuttings were callused at the following constant temperatures: 
0°, 5°, I0°, 15°, 20°, 25°, 32°, 35°, and 40° C. The purpose of the experi
ment was to study the specific effect of temperature on callusing. To 
observe these processes in detail it was necessary to use comparatively 
small numbers of cuttings; to offset the error that would necessarily result 



TABLE I. Effect of Constant Temperatures on the Rate of Callusing of Scion and Stock Ciittings at Optinmm Moisture (Callus per Individual 
Cutting as Total of Diameters of Roll Formecl on Lip, Side, and Base of Slanting Cut) 

Time 
0° C, s0 c. 10° c. rs• c. 20° c. 25° c. 32° c. 35° c. 40° c. 

in 
Days 

Scion Stock Scion Stock Scion Stock Scion Stock Scion Stock Scion Stock Scion Stock Scion Stock Scion Stock ---------- --- ----------
3 (d) .75 0 .75 .75 .75 .75 
4 (a) 2.5 .75 .75 .5 

(c) .25 .75 .75 .75 .75 .75 .75 0 
5 (b) .75 .75 I.25 .75 2.25 I.75 2.25 .75 

(d) ,75 .50 2.25 ,75 r.75 .75 .75 .5 -------- --- -----------
6 (c) 2.25 .75 .75 .75 2.0 I.SO 0 0 
7 (a) .25 0 3.0 .75 3.5 .75 4.0 4.0 I.5 I.25 

(b) 2.25 2.25 2.5 2.25 4.75 I.75 I.5 .75 
(d) 2.0 I.25 2.25 2.25 2.25 ,75 .75 .5 

8 (c) 3.0 4.75 2.25 4.0 4.0 2.0 0 0 
9 (a) .75 0 3.0 .75 3.75 .75 7.0 6.o 2.0 I.75 

(b) .25 0 6.o 3.0 4.0 5.0 4.25 2.25 2.0 I.5 
IO (d) 3.5 I.75 4.75 2.25 2.75 .5 .5 .5 -------- -------------------
II (a) I.25 .5 4.0 5.0 5.0 5.0 7.0 6.o 2.0 2.0 

(c) .25 0 4.0 4.75 5.0 5.0 4.0 4.0 0 0 
12 (b) .25 0 6.o 3.0 5.0 5.0 4.25 2.25 3.25 r.5 
14 (a) LS .75 5.0 5.25 6.o 6.75 8.o 6.75 2.0 2.0 
IS (d) 0 .25 5.0 r.75 7.0 2.5 2.75 .5 I.5 .5 ----------- --- ----------
16 (c) .25 .75 4.0 4.25 5.0 4.75 4.0 4.0 0 0 
I7 (b) I.5 0 7.0 6.o 7.0 6.o 6.25 2.25 3.0 I.5 
19 (a) .5 0 2.0 LS 6.o 5.75 9.0 7.0 IO.O 6.o 2.25 4.0 ------------- ---------------- ---- -----
23 (d) 0 .25 .75 r.75 9.0 2.5 9.0 6.o 4.0 .5 I.5 r.5 
24 (c) .5 I.5 7.0 4.75 7.0 6.o 4.0 +o 0 0 
25 (b) .75 0 3.5 .5 8.o 9.0 8.o 6.o 7.0 LS 4.0 I.5 
27 (a) I.25 .75 5.0 4.0 10.0 5.25 II.O 7.0 4.0 I.75 2.0 I.O 

---------- -------- -·------------
39 (d) .75 .5 7.0 6.o 12.0 9.0 
40 (c) 2.25 .25 6.o 6.o 10.0 9.0 
41 (b) 2.25 .25 8.o 6.o IO.O 9.0 
43 (a) 2.25 .75 8.o 6.o IO.O 6.25 

(a), Lot of 12/31/27. (b), Lot of 1/1/28. (c), Lot of 1/2/28. {d), Lot of1/,3/28. 
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from using a single cutting for each temperature, a similar series was 
started on each of four successive days. The containers were 21-centimeter 
(St-inch) test tubes, and into each tube filled with moist peat moss one 
cutting was placed so that it was completely covered with the medium. 
The tube was then closed with a cork stopper having a very small aperture 
to permit some exchange of air. One tube for each scion and root cutting 
was placed at each of the nine temperatures, thus making a series of 18 
tubes in all. One series was started on December 31, the second series on 
January I, the third on January 2, and the fourth on January 3. 

Examinations were made after 4, 7, 9, II, 14, 19, 27, and 43 days. 
Readings were made very rapidly so as to reduce to a minimum the injury 
that might have resulted through exposure to the air. At each examination 
the general condition of the plant material was noted, as well as the amount 
of callus formed on the lip, side, and top of the slanting cut. 

Results.-Table I shows the amount of callus formed per cutting, each 
value in the table having been obtained by totalling the diameters of the 
callus rolls on the lip, side, and base of the slanting cut. Averages for 
the four different lots at five-day intervals are plotted in text figures I and 2. 

It may be seen from table I that at 5° C. or below no callus formed during 
the 43-day period of the experiment. At ro0 measurable callus had formed 
on the scion after 19 days and on the stock after 23 days, the amount 
increasing during the following three weeks at a fairly slow, uniform rate. 
At 15° callusing began after seven days on the scion and after II days on 
the stock. As shown in text figures r and 2, at 15° there was a gradual 
growth acceleration during the period, and by the 4oth day the growth 
curve was still upward. At 20°, 25°, and 32° measurable amounts of callus 
had formed during the first five days. At these three temperatures growth 
was very rapid during the early part of the growth period; the rate at 25° 
was somewhat higher than at 20°, and the rate at 32° was slightly higher 
than at 25°. During the 40-day period the amount of callus reached a 
maximum and then decreased at both 25° and 32°, whereas the amount of 
callus continued to increase at ro0 , 15°, and 20°. The time before the 
maximum volume was attained was shorter with a higher temperature. 
Callusing reached its greatest volume in approximately 20 days at 32° and 
25 days at 25°. At 35° callus began to form promptly; it continued to 
increase slowly in volume for the first three weeks, but soon became browned 
on the surface and showed signs of injury. No callus was ever observed 
to form at 40° C. 

Discussion.-The effect of temperature on the rate of callus formation 
is very striking. Temperatures falling between 0° and 40° C. reptesent the 
range of possible temperatures at which callus may form on detached shoot 
an:d root cuttings of the apple. It is very doubtful if callus. ever w()uld 
form at 0° with this type of material. At 5° no appreciable amount of 
callus formed during a period of approximately two months, but over a 
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period of from six months to one year distinct callusing did occur at this 
temperature (not shown in these data). At I0° callusing began very slowly, 
and after starting, usually showed little or no acceleration; there was merely 
a steady increase in volume of callus. For storage periods between one 
and two months I5° was found to be a good callusing temperature. At 
this temperature callus formation began more slowly than at higher tempera
tures but more rapidly than at 10°, and after an initial period of slow growth, 
a distinct acceleration occurred. (The characteristic appearance of grafts 
stored for six or seven weeks at 5°, 10°, and r5° C. is shown in Plate XXII, 
figure 2.) Rapid callusing occurred at 20°, 25°, and 32°, the rate being 
more rapid the higher the temperature. A maximum volume was attained 
at 25° after about four weeks, and at 32° after from two to three weeks; 
the volume then decreased at each of these temperatures. 'While the data 
suggest that a greater final volume of callus may be had at 20° or lower than 
at higher temperatures, this may not always be the case. A preferable 
interpretation of repeated trials would be that for callusing periods longer 
than two weeks, temperatures of 20° or lower will in general give callus that 
is healthier in appearance than that which develops at higher temperatures, 
and this improved condition of the callus may often result in greater abun
dance. At 35° callusing was never found to be satisfactory; the surface cells 
of the callus became brown and formed a layer of cork almost immediately, 
so that further growth of necessity must have come from within. At 40° 
death of the tissues occurred, being consistently followed by an abundance 
of mold. 

For temperatures between 5° and 32° C., and for the initial part of the 
growth period, the rate of callus formation is greatly accelerated by a rise 
in temperature. In this respect the growth of callus resembles many 
chemical processes in which a rise in temperature of 10° C. doubles or 
trebles the rate of reaction. But for other temperatures, especially those 
above 32° C., and for the later phases of the growth period, no simple 
relation exists between temperature and rate of callus formation. Only 
within certain limits of time and temperature is the growth of callus 
accelerated with temperature rise and retarded with temperature fall. 

In controlling the rate of callus formation by means of temperature, 
the result may more readily be understood if a callus roll be regarded as a 
colony . of meristematic cells which undergoes a growth cycle like that of 
a colony of bacterial cells or like that of the plant of which the callus is a 
part. There are perhaps several stages of callus growth, as Buchanan 
(1918) b,as shown fot a bacterial culture; an "initial stationary phase," a 
"positive growth acceleration phase," a "logarithmic growth phase," a 
"phase of. negative growth acceleration," a "maximum stationary phase," 
alild several death phases. While different temperatures specifically in
fluence the duration of these different stages· of growth as well as the rate 
of growth during each phase, the important point to be noted here is that 
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the formation of new callus cells does not continue indefinitely. A certain 
maximum volume of callus is reached, following which the callus tissues 
either disintegrate or are transformed into permanent tissues. With high 
temperatures this phase is attained very quickly, and unless the temperature 
is immediately lowered, injury and subsequent decay follow. In the field 
the plant as a whole grows concurrently with wound healing processes, and 
instead of decaying, the callus becomes protected by an external corky 
layer., internal growth continues, and the meristematic cells differentiate 
into permanent tissues. The result is frequently a callus overgrowth. 

Experiment 2 (Constant Temperatures) 

21Jetlzods.-Wealthy cuttings were placed for a nine-day period at 
constant temperatures similar to those used in the previous experiment. 
Two sets of nine 500-cc. wide-mouth bottles were used as containers. In 
one set moistened filter paper was placed on the bottom of the bottles to 
maintain a high humidity; in the other, the cuttings were completely sur
rounded with moist peat moss. To permit an exchange of air the bottles 
were stoppered with absorbent cotton. In the filter-paper series it was 
possible to measure the amounts of callus formed without disturbing the 
cuttings; hence an examination of these was made after four days and 
an examination of both lots after nine days. 

Results.-As shown in table 2, no callus formed at 0°, 5°, I0°, and 40° C. 
during the nine-day period. At 15° and 20° no callus formed during the 
first four days, but by the ninth day slight callusing had taken place at 15° 

TABLE 2. Effect of Constant Temperatures on the Rate of Callusing of Scion Cuttings at 
Opt-imum Moisture (Average Diameter of Callus Roll per Individual Cutting) 

Temperature Average Callus per Cutting in Millimeters 
° C. After 4 Days * After 9 Days t 
o .............................. 0 0 

5 .............................. 0 0 

10 .............................. o 
rs ......... , .................... 0 

20 •............................. 0 

25 .............................. r.oo 
32 .............................. r.oo 
35 .............................. 2.00 

40 .............................. 0 

* Filter paper series. 
t Averages of both series. 

0 

I.25 
3.25 
4.50 
5.00 

r.75 
0 

and moderate callusing at 20°. At 25°, 32°, and 35°, callusing had occurred 
by the fourth day, being most rapid in its formation at the highest of these 
temperatures. By the ninth day, however, callusing at 25° and 32° had 
greatly increased, whereas at 35° injury had resulted in an actual decrease 
in callus. 

Discussion.-While the results of experiment 2 covering the nine-day 
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period are not identical with those of experiment I, they are sufficiently in 
accord to show the same general effect of temperature on the rate of callus 
formation. The time required for initiation and first appearance of callus 
shortens and ,the rate of subsequent formation increases with increasing 
temperature within the limits favorable for tissue growth. Above 32° 
injury occurred even during this short time. 

Experiment 3 (Variable Temperatures) 
Methods.-Scion cuttings, root cuttings, and grafts of three apple 

varieties were callused at variable temperatures. The temperatures used 
were as follows: (a) 6°-14° C. (av. 9°), slowly rising temperature (outdoor 
storage cellar); (b) 13°-18° C. (av. 16°), slowly rising temperature (basement 
storage room); (c) 4°-19° C. (av. 7°), sharply fluctuating temperature 
(cold frame); (d) 14°-23° C. (av. 18°), sharply fluctuating temperature 
(greenhouse). 

The slowly rising temperatures were recorded by a thermograph and 
showed a gradual rise from the lowest reading to the highest over a period 
of 52 days. The sharply fluctuating temperatures were recorded by daily 
readings. In the cold frame at this time of. the year (spring) the tempera
ture rose sharply during the short mid-day period and then dropped rapidly 
again, remaining comparatively low for the balance of the 24-hour period. 
The average temperature, based on readings taken at approximately nine 
o'clock each morning, was only 7° C. The greenhouse temperatures were 
subject to somewhat the same solar influence. Steam heat prevented the 
temperatures from ever dropping below a fixed point, but about mid
day a rather sharp rise and fall of temperature occurred due to the sun. 

Moisture in this experiment may be regarded as fairly constant since 
all the plant material was placed in peat moss of nearly the same water 
content. (It is shown in a later section of this paper that the moisture 
content of peat may vary greatly without an observable effect on the 
callusing.) 

One fl.at containing the following plant materials m peat moss was 
subjected to each of the four variable temperatures: 

Number of 
Pieces 

Jonathan: Scion cuttings ..................... , ... , . . . . . . . . . . IO 

Grafts (variously wrapped) ........................ 30 
Wealthy: Scion cuttings .................................... IO 

Grafts (variously wrapped) .... , ................... 30 • 
Y el!ow Trans-

parent: Scion cuttings •............ · ....... , . . . . . . . . . . . . . . IO 

Grafts (variously wrapped) . . . . . . . . . . . . . . . . . . . . . . . . 30 
f'rench crab root cuttings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IO 

By the term "variously wrapped" is meant that some of the grafts 
were wrapped with waxed thread, some with clean muslin cloth, and some 
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with friction tape. The data for these methods of wrapping are grouped, 
since the question of wrappers is not to be discussed in this paper. 

The material was examined after 21 days and after 52 days. At each 
of these times from two to :five pieces were taken at random from each 
bundle of plant material. The rest of the bundle was left undisturbed, 
and the data were recorded rapidly, so as to interrupt growth processes as 
little as possible. 

Results.-Table 3 and text figure 3 show that with the slowly rising 
temperature beginning at 6°, no callus had formed after three weeks, and 
that with the corresponding slowly-rising temperature beginning at 13° C. 
only a moderate amount of callus had formed at this time. However, at 

Time in 
Days 

21 
52 

"' a: 
UJ .... 
UJ 
;a BO 
::::; 
.J 

:e 
~ 

"' 3 
.J • 

i) 

TABLE 3. Effect of Variable Temperatures on Rate of Callusing of 
Apple Cuttings and Grafts 

Total Callus in Millimeters 

Slowly Increasing Temperature Sharply Fluctuating Temperature 

9° C. (6°-x4°) r6° c. (:i:3°-x8°) 1° C. <4 °-r9°) 18° C. (x4•-23°) 

0 57.0 r9.o 86.o 
54.0 rr5.o I04.o 9I.O 

10 •o •O 

TIME IN DAYS 

TEXT Frc;; •.. 3. Graphs showing the effect of variable temperatures (degr~ Centi
gtade) oiithe callusing of apple cuttings and grafts. The points of the curves are ~sed 
o~ the total amount of callus formed, obtained by combining the diameters of the calhis 
rolls for all plant individuals used, the number of pieces for the four different lots being 
comparable, Both the average temperature for the storage period and the range of variation 
{in , pare~theses) are shown. 



SHIPPY - CALLUS 

the end of 52 days, when these temperatures had risen to q 0 and 18° C., 
respectively, moderate callusing had occurred at the lower temperature 
(about equalling the amount formed at the higher temperature in 21 days), 
and abundant callusing had occurred at the higher temperature. 

\Vith the sharply fluctuating temperature ranging from 4° to 19°, the 
average temperature was low (7°), but the sudden daily rise in temperature 
was sufficient to cause a slight callusing after 21 days and abundant callusing 
after 52 days. In the higher range of sharply fluctuating temperatures 
(14°-23°) callusing took place under greenhouse conditions, and nearly 
reached its greatest volume in three weeks. 

Discussion.-This experiment again illustrates the point that the rate 
of callus formation increases with rise in temperature. ·within certain 
limits any rise in temperature appears to accelerate the processes of cell 
division and cell enlargement and any fall in temperature results in re
tardation of these processes. Even though a fairly uniform temperature 
be maintained, any variation from this temperature, even for short periods 
of time, has a noticeable effect on the volume of callus obtained after a 
given period of time. The fact that in the range of 14°-23° the amount of 
callus at the end of 52 days was less than that in the ranges of 13°-18" and 
4°-19° was apparently due to unknown conditions in this experiment, and 
should be regarded as exceptional rather than normal. 

Temperature as an Aid in Overgrowth Control 
These data not only substantiate the broad generalization that low 

temperatures retard growth processes and high temperatures accelerate 
them, but show that callus formation may be regulated as desired by the 
proper manipulation of temperature. Any tendency toward overgrowth 
formation during the storage period may be immediately checked by 
reducing the temperature to about 3° C. This retardation may be only 
temporary, however, for when the grafts are transferred to field conditions, 
growth processes may continue. Nevertheless, tongue grafts which have 
been well callused before planting have only rarelyshown the beginnings of 
an . overgrowth at the union after one season in the field. While these 
grafts were prepared with some care, no attempt was made to select scion 
and root pieces of equal size or to match precisely the cut surfaces. It 
may be that a proper regulation of the callusing of root-grafts prior to 
planting by means of temperature control will prove important in the 
prevention of overgrowths. 

Effect of· Temperature and Moisture on Callus Formation 

Experiment 4 (Temperature and Moisture) 
cuttings, root cuttings, and grafts of three apple 

were callused under conditions of varying temperature and 
moisture. Averages of the temperatures used were 4°, 9°, and 16° C. 
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None of these temperatures was strictly constant. The 4° temperature was 
maintained by refrigeration and occasionally dropped to o0 • The 9° 
temperature (temperature a, experiment 3) was obtained in an outdoor 
storage cellar, the thermograph record showing a very gradual rise from 
6° to 14°. A basement storage room was used for the r6° temperature 
experiment (temperature b, experiment 3), the thermograph record showing 
a gradual rise from 13° to r8° from March until early June. 

Moisture was controlled by means of sulfuric acid solutions, and for 
each of the three temperatures a series of five humidities was provided, 
these being expressed as 20, 40, 60, 80, and roo percent relative humidity. 
However, in an experiment of this kind the important factor to be controlled 
is the saturation deficit; that is, the difference between the vapor tension 
of water at a given temperature and the aqueous tension of a solution of 
sulfuric acid at that temperature. 

Since the vapor pressure curve of water and that of the sulfuric acid 
solutions diverge from each other as the temperature increases, a solution 
which will establish a certain saturation deficit at one temperature will no 
longer do so· at another temperature, and in order that the same saturation 
deficit may be established at both temperatures, solutions of different 
concentration must be used. The following table shows the saturation 
deficits corresponding to each of the relative humidities at the three tem
peratures. 

Saturation Deficit (mm. of Hg) 1 

Percent Relative 
Humidity 

4° c. 9• c. 16° c. 

20 4.88" 6.89 I0.90 
40 3.66b 5.17" 8.18 
60 2.44 344b 5.45" 
So I.22 r.72 2.73b 

1 Vapor pressure data from International Critical Tables, volume III. Nearly com
parable saturation deficits are provided at different relative humidities, designated by 
letters a and b. 

Although the experiments were not planned so as to obtain the same 
series of saturation deficits (from low to high) with each of the three tem
peratures, nevertheless, for each temperature a considerable range of 
saturation deficits was provided. 

The general procedure was as follows: A large glass crystallizing dish 
(25 cm. X 12.5 cm.) was placed on the bottom of a 12-gallon glazed crock. 
Approximately two liters of sulfuric acid .solution were placed in the 
c.;rystallizfog dish, The concentrations were carefully prepared with reagent 

. qualify acid, according to Wilson's (1921) vapor pressure chart. A ci.rcula.r 
screen made of heavy galvanized wire was placed on the crystallizing dish, 
and over this a double thickness of cheese-doth to prevent soil or plant 
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particles from falling into the acid. The plant material was then placed 
in the container. A flanged lid covered the crock and this was sealed air
t~ght with plasteline (modeling wax). Altogether, IS similar crocks were 
used to provide the five humidities at three temperatures. An additional 
crock, in which the plant material was placed over water, was similarly 
prepared, this crock remaining unopened for 45 days to show if opening 
the containers to examine plant materials seriously affected the results. 

The plant material placed within each crock was as follows: 
Numbero. 

Pieces 
Jonathan: Scion cuttings .................................... 25 

Grafts (variously wrapped) 2 ••••••••••••••••••••••• 60 
Wealthy: Scion cuttings .................................... 25 

Grafts (variously wrapped) . . . . . . . . . . . . . . . . . . . . . . . . 60 
Yellow Trans-

parent: Scion cuttings .................................... 25 
Grafts (variously wrapped) ........................ 60 

French crab root cuttings ...................................... 25 
2 See experiment 3. 

Examination of the plant material was made at the .end of 14, 28, and 
49 days. At each of these times the crocks were opened and from two to 
five pieces taken at random from each bundle. Callusing was examined, 
observations recorded, and the pieces discarded. 

Results.-The amount of callus formed at humidities below saturation 
was always small, and even at saturation callusing was much less.abund.ant 
than tha.t obtained in other tests in which the plant materials were in contact 
with moist peat moss. Table 4 and text figure 4 show that over water at 

Initi~ 
Specific 
Gravity 
of Acid 

· r.476 
r.378 
r.290 
I.r98 
o,no 

TABLE. 4. Effect of Temperature and Moisture on the Callusing of 
Apple Cuttings and Grafts . 

Total Callus in Millimeters 

Initial 
Percent 
Relative 

4• C. (0°-4°) 9• c. (6°-14 °) I6°. C. (13°-18°) 

Humidity 
14 28 49 14 28 49 I4 28 49 

Days Days Days :Qays Days Days Days Days Days - ------------
20 0 0 0 r.75 I0.75 3-75 5.50 7.25 0 
40 0 0 0 0.75 16.50 II.25 5.00 14.25 0 
60 0 0 0 2.00 12.75 ro.50 5.25 7.00 I.50 
Bo 0 0 0 2.75 15.25 20.25 15.25 r4.75 6.75 

. IOO 0 .. 0 4,50 2.50 r7~00 27.75 24.25 25.25 25.75 

?i~." 4° C. only a trace.offallus hacl been formed at the end of 49 days, and that. 
:W< ,no callus whatey~r. had been '.formed at the other humidities. At 9° callusing 
'.1'.~~g~ very slowly, .but after 'f:Wo weeks a sharp acceleration took place due 
····• t6 'the steadily nsil1g temperature. In this temperature range slight 

callusing .was had over all acid solutions; but over the three strongest 
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solutions the callus which had formed during the early period of the experi
ment was later partially destroyed through desiccation, the rate and extent 
of desiccation increasing with the=acid concentration. Callus formation at 
the end of 14 days at 16° C. was more abundant in every case than at the 

40 (Oo~ :-.°) a0 ceP.1.o1.0 ) 1e.0(13°-1eP) 

20 

I 0 1.476 :z 
0 
i= 
::> 

CJ) .J 
Q'. 

20 0 
w V) 

t-
1.2'78 .J w 

::;; .. ..:· 0 

::; Q'. 

1-
.J z 
~ 2 

0 
u 

~ 10 t.290 "-
0 

>-
UJ 

f--
::> 20 ~ .J 
.J Q'. 

< 10 
... .0 ............ 

1.198 <;) 

u ::'. 
"-

20 8 
a. 

IQ 0.970 "' 
20 20 40 ao 40 

TIME IN DAYS 

TEXT FIG. 4. Graphs showing the desiccation effect of combined temperatures and 
humidities on callusing cuttings and grafts. Though slight callusing (totals shown) 
occurred over acid solutions, particular attention is called to the curv<'s showing decrease 
in callus due to desiccation (r<'presented by a solid line). The average temperatures 
(degrees Centigrade) for the storage period and the ranges of variation (in parentheses) 
are shown. Since relative humidities were not constant in all cases, they are represented 
by the initial specific gravities of the solutions. 

lower temperature ranges, this difference being most pronounced over 
water and the dilute acid. As in the test at 9°, early-formed callus seems 
to have disintegrated more quickly with increased concentration of acid. 
There was little evidence of injury to the callus through opening the con~ 
tainers for examination. 

Discussion.-In general, callus formation under the inclosed conditions 
of this experiment was at the most no more than fair, being neither uniform 
nor especially abundant in any particular case. 

The fact that some callusing did take place over acid solutions of 
sufficient initial strength to provide very low humidities should not be 
construed to mean that callus really is able to form if the plant materials 
are surrounded by air in which these humidities are maintained. It would 
seem that the explanation lies in failure of the acid to establish an equilibrium 
quickly. This seems probable from a consideration of the experimental 
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conditions under which these tests were made, and it is supported by the 
results of experiment 5, described later. The moisture present in the air 
of the container at the start was so small in amount that it may be dis
regarded; a sufficient quantity of it could have been taken up by the acid 
solution quickly enough to establish an early equilibrium. The plant 
material placed within the containers, however, was of sufficient quantity 
to provide a large supply of available water. It seems probable that within 
a short time considerable water had been evaporated from the plant material 
and absorbed by the acid solution, and that this water served to dilute the 
acid solution materially and tended especially to form surface layers of 
much lower concentration than the underlying mass of solution. In one 
experiment in which the cuttings were placed over different concentrations 
of sulfuric acid it was found that at the end of six days they had lost weight 
as follows: 

Initial Specific Percentage Loss 
Gravity of Acid in Weight 

r.476 ...................................... 17.2 
r.378 .......................... " ........... !2.2 
r.290...................................... 9.6 
I.198...................................... 5.7 
0.970............................ .. . . . . . . . . 0.9 

At this rate, estimating the weight of plant material in each container as 
2400 grams, 4r2 cc. of water conceivably may have been withdrawn from 
the plant material over the most concentrated acid during the first six days. 
This amount of water would be sufficient to form a watery layer which 
could greatly modify the drying power of the acid solution. The formation 
of such a layer would be possible because neither the air in the containers 
nor the acid solutions was in motion, and considerable time would be required 
to establish equilibrium through diffusion and convection currents. During 
this initial period it would be possible that those cuttings most protected by 
a surrounding mass of plant material could actually callus slightly. If a 
smaller volume of plant material had been used, and if this material had 
been separated instead of being placed in bundles in which centrally
located cuttings were more or less protected, it is quite unlikely that callus 
would have formed over the acid solutions with a specific gravity of I.476, 
1.378, and I.290, 

The effect of these humidities at the different temperatures can be seen 
more clearly (textfig. 4) where the callus curves show the rate and extent 
of disintegration rather than the rate of formation and final volume at~ 

. tained .. · . It is likely that equilibrium had been established by that time. 
During this late phase of the storage period it may be seen that all the slopes 
(}f the curves are downward, indicating desiccation, with the exception of 
the lots in saturated atmospheres q.nd the lot over the most dilute acid at 
9° C. All solutions of acid, except in one case, brought about desiccation 
of the callus of cuttings and grafts, and the rate of desiccation increased 
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with the acid concentration. Further, desiccation was more marked 
throughout at the higher temperature. 

Experiment 5 (Relative Humidity) 
lviethods.-Since with sulfuric acid solutions of the preceding experiment 

the concentrations became modified by the absorption of moisture from 
the plant material, it seemed desirable to employ other means of maintaining 
humidity in which this source of error would be eliminated. Hence, an 
experiment was begun in which apple cuttings were callused in a con
tinuous current of air, the humidity of which was controlled by means of 
saturated solutions of inorganic salts. 

A number of salts were selected to provide a wide range of humidities. 
All solutions were made of "C.P." salts and distilled water. In the process 
of preparation, each solution was agitated by a motor-driven stirrer for a 
period ranging up to four hours in length, while the salt was added as rapidly 
as it was dissolved. At the same time the temperature of the solution was 
maintained slightly above that of the room so that on cooling saturation 
would be assured (one of the salts, calcium sulfate, is slightly more soluble 
in the cold). The solutions used with the relative humidities delivered, as 
determined by means of a special humidity testing instrument (Shippy, 
1929), were as follows: 

Percentage 
Solution Relative 

Humidity 
Ca(NOs)2.4H20.............................. 56 
NaN02 ..................................... 66 
NH4CI...................................... 79 
(NH,)2S01. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 
Znso •. 7H20.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 
Na2HPO., 12H20............................. 95 
H2C20•. 2H20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 
CaS04.2H20................................ 98 
Water ...................................... 100 

The influence of temperature on vapor pressure and saturation deficit 
may be disregarded in this experiment, since aH relative humidities were 
provided at the same temperature. 

Text figure 5 shows the arrangement of the apparatus. Ten series of 
four bottles each (one series for each solution) were so arranged that they 
could be connected to a single vacuum outlet. Three of the bottles were 
of 500 cc. capacity and each contained about 375 cc. of the solution. The 
fourth bottle held the cuttings and was of one liter capacity. The vacuum 
pull was regulated by means of clamps so that a slow, fairly constant flow 
of air passed. through· the solutions· and containers holding the cuttings. 

Plant material for the experiment consisted of ten Wealthy apple 
cuttings for each humidity, making a total of 90 cuttirtgs. Callusing was 
recorded after six days at room temperature (20°-25° C.). 
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Results.-As shown in table 5, during the six-day period the most callus 

TABLE 5. Effect of Relative Humidity on Callusing of Wealthy Cuttings 
(Temperature 22°-25° C.) 

Percent 
Solution Relative 

Humidity 
Calcium nitrate... . . . . . . . . . . . . . . . . . . . . . . . 56 
Sodium nitrite........ . . . . . . . . . . . . . . . . . . . 66 
Ammonium chlorid. . . . . . . . . . . . . . . . . . . . . . . 79 
Ammonium sulfate... . . . . . . . . . . . . . . . . . . . . 81 
Zinc sulfate.......... . . . . . . . . . . . . . . . . . . . 90 
Disodium phosfate...................... 95 
Oxalic acid......................... . . . . . 96 
Calcium sulfate. . . . . . . . . . . . . . . . . . . . . . . . . 98 
Water .................................. IOO 

+Trace. 
++More. 

+++Most. 

5 Cl) 
a: :z 
I- 0 
z i= 
0 :::> 
I.) d 

I/) 

VACUUM 

Comparative 
Amount of 

Callus 
0 

+ 
+ 

++ 
++ 

+++ 
+++ 
+++ 
+++ 

'}'EXT. FrG. 5. Diagram showing the arrangement of equipment for providing a 
graded series Of relative humidities by the use of saturated solutions of inorganic salts. 
Each vessel (bottle).is represented by two concentric circles, and the tubing used to connect 
the different ~ries to the. vacuum is indicated by solid Jines. The smaU T's show where 
clamps were attached~ 

. :formed between95 a,nd IOQ percent relative humidity, less between 80 
t~d 90 percent, still less bet\yeen 66 and 79 percent, and no callus formed at 
· 's~ ... peicent~ •· ' < .... · ·.·· .. ·· •··· ·.· ·. 

::iJiscussion.-In this experiment, as in the preceding, callus formation 
was only fair even at humidities .close to saturation. Apparently even in 
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the case of water-saturated air, the moisture condition was not optimum, 
since at the close of the experiment there appeared no likelihood that the 
cuttings would callus further. 

Experiment 6 (Moisture Toleration) 
Methods.-Since moistures below 100 percent relative humidity had 

failed to give uniform, abundant callusing, in this experiment roo percent 
relative humidity was provided in every case and the moisture variation 
was that of the total water content of the callusing medium (peat moss). 
Hence, this experiment represented a test under variable temperatures of the 
tolerance of callus to environments in which liquid water was increasingly 
available. 

Temperatures of ro0 , 15°, 20°, and 22°-25° C. were used. The water 
content of the peat moss medium in which the cuttings were placed varied 
as follows: 97, r77, 271, 337, and 437 percent (averages for period on basis 
of roo parts oven-dried peat moss). The plant material was as follows: 

Scion cuttings : 
Yellow Transparent 
Willow Twig 
Wolf River 
Ben Davis 
Delicious 

Root cuttings: 
Austrian crab 

The four temperatures and the five moistures made a total of 20 different 
sets of conditions. Fifteen . cuttings of every variety were used for each 
condition. All cuttings were :first cut with hand shears, and then the ends 
were trimmed with a sharp knife to ensure a smooth surface. Containers 
consisted of deep :flats (depth, 4 inches) divided into three compartments 
by lengths of lath. In preparing a flat, a one-inch layer of peat moss was 
spread over the bottom; the cuttings were placed upon this, and then were 
covered with enough peat moss to fill the flat. Fifteen flats were used for 
each temperature, or three for each of the five different moistures. 

Examinations were made after 7, 16, and 21 days. Usually three 
cuttings were picked at random for callus readings, the others remaining 
undisturbed. 

Results.-Table 6 and text figure 6 show that the moisture content of 
the peat moss medium may vary between wide limits without influencing 
the rate of callus formation. Considerable moisture tolerance is indicated 
by thefact that callus formed almost equally well in media varying in water 
content from 97 to 437 percent (Pl. XXIII, figs. 1-5). Further, these re
sults indicate that once the moisture content of the medium is such that the 
air within the medium is saturated, additional quantities of water have little 
or no stimulating effect on callus formation. 
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TABLE 6. Effect of Temperature and Moisture on Callusing of Apple Cuttings 

\Vater Content 
of Peat Moss 

Medium, Percent 

97 
177 
271 
337 
437 
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TEXT FIG. 6. Graphs showing the combined effect of temperature and liquid moisture 
on the callusing of apple cuttings. The amount of callus is expressed as the average 
diameter of the callus rolls per individual cutting. Temperature is shown in degrees 
Centigrade, and moisture is expressed as the total water content of the peat moss medium 
(percentage water by weight per 100 parts oven-dried peat moss). 

Discussion.-The conditions afforded in this experiment, as well as 
others in which cuttings and grafts have been callused in moist peat moss, 
permitted uniform callusing that had never been obtained when the material 
was merely exposed to a moist atmosphere even though the air were almost 
saturated wi.th water vapor. This has seemed to indicate the desirability 
of actually having liquid moisture in contact with the cuttings, as is the 
case in a moss or sand medium. The liquid moisture perhaps need be no 
more than a film, for good callusing has been had repeatedly in a medium 
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only slightly moist to the touch; in fact, in a medium in which the cuttings 
have actually decreased in weight due to water loss. However, if the 
medium is so dry that the loss of water from the cuttings is great, no callus 
forms. An experiment carried out with cuttings of Jonathan, Wealthy, 
and Yellow Transparent gives some idea of the water gain or loss from 
cuttings placed in a peat moss medium (table 7). The moisture contents 

A. 

B. 

c. 

D. 

TABLE 7. lVater Gain or Loss of Cuttings and Peat Moss Callusing Medium 

No callus ........................ 

Good callusing ................... 

Good callusing ................... 

Good callusing ................... 

- Loss in weight. 
+ Gain in weight. 

Initial Percent 
Water of Peat 

I6 
16 
I7 
17 
17 
~9 
19 

98 
ro9 
u3 

230 
238 
252 

405 
408 
418 

Percent Gain or Loss of Water 
After 33 Days 

Medium Cuttings 

+22 -26 
+r9 -23 
+21 -31 
+r6 -24 
+13 -25 
+13 -2! 
+I.5 -23 

- L, - 3 
-I6 - 4 
-14 - 6 

-16 +3 
-31 +4 
-43 +3 

-'32 + 5 
-46 + 3 
-52 +3 

of groups B, C; and D are all sufficiently high to permit callusing, but 
the low moisture contents of group A so desiccated the cuttings that callusing 
could not take place. It seems that for normal callusing the cutting 
material must be held reasonably close to its original moisture content. 

Effect of Aeration on Callus Formation 

Experiment 7 (Aeration) 

Methods.-Cuttings were callused under conditions of varying pro
portions of oxygen and air, as follows: 

Approximate Proportions •in Percentage 

Oxygen Air Oxygen Nitrogen 
0 lOO 20 80 

33 66 = 46 54 
66 33 73 27 

100 0 roo 0 
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Text figure 7 illustrates the apparatus. The cuttings were placed in 
four large desiccators provided with tubulated covers, clqsed with three
hole rubber stoppers. Through the central hole a solid glass rod was 
passed having a fan attachment, which when rotated by means of power 
supplied by an electric motor, constantly kept the air in motion in the 
desiccator. Through the other two holes 6 mm. CU inch) glass tubing was 
passed by means of which the atmosphere in the desiccator was changed 

c 

D 

.:::::::_ :.:::_-_::. -- ·-· ·-· ·--· ·------·---- ____ .,_,.._ -·- ·----- ------- -

TEXT FIG. 7. Diagram showing the arrangement of an apparatus for measuring and 
transferring to a desiccator various mixtures of oxygen and nitrogen or oxygen and air. 
The equipment includes (A) compressed air tap, (B) oxygen or nitrogen cylinder, (C) inverted, 
graduated carboy, (D) water faucet, and (E) desiccator used as control chamber. The 
proper volume of each gas is admitted to the water-filled carboy through the long tube ofthe 
carboy, the displaced water escaping through the short tube. By connecting the short 
tube. with the water faucet and the. long tube with that connected with the desiccator, 
the gas may be forced into the desiccator by tap-water pressure. As shown, the gas enters 
the lower part of the desicc;ator, displacing that previously present, which escapes through 
the short tube at the top. 

without disturbing the other contents. Proportions of oxygen and air 
\Vere measured in a calibrated, inverted carboy by displacing tap water 
by oxygen from a cylinder of the gas or by air from a compressed air outlet. 
The gas mixture was then forced into the desiccators by water pressure from 
the tap ... To. maintain the original gas mixture ten liters were forced 
··through the desiccators. dailyin the manner described. 

Plant material consisted of apple cuttings of unknown variety cut 
fiom trees growing on the premises of the Boyce Thompson Institute. 
Thirty-four cuttings were placed in each desiccator. Examination was 
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made after the preparations had remained for five and eight days at room 
temperature (approximately 25° C.). 

Results.-Table 8 shows that callus formed on cuttings placed in high 
concentrations of oxygen, but indicates that pure oxygen inhibited its 
formation. 

TABLE 8. Effect of Oxygen on the Callusing of Scion Cuttings 

Time in 
Days 

8 ....................... . 
5 ........................ . 
5 ...................... . 

Percentage 
Oxygen 

20 

46 
73 

5 ........................... . IOO 

( +) One cutting showing callus. 
( + +) Several with callus. 

( + + +) Many with callus. 
( + + + +) Majority with callus. 

Callus 

++++ 
+++ 

++ 
+ 

Discussion.-Callusing was clearly inhibited by IOO percent oxygen. 
With the other concentrations of oxygen the callusing showed great 
variability. Although table 8 suggests an inverse relation between callusing 
and oxygen concentration between 20 and 73 percent, this relation was not 
confirmed when the tests were repeated, in experiment 8. 

Experiment 8 (Aeration) 
.i\1'ethods.-Both apple and privet cuttings were callused under con

ditions similar in all respects to those of experiment 7. The experimental 
period was IS days, and 14 cuttings were used for each gas mixture. 

Results.--'-Table 9 shows that callus may form over a wide range of 
oxygen concentrations, but pure oxygen again appeared to be inhibiting in 
its effect. (See Plate XXIII, figure 6, for injury to cuttings exposed to 
high oxygen concentrations.) 

TABLE 9. Effect of Oxygen on the Callusing of Apple and Privet Cuttings 

Percentage Callus in Millimeters* 
Oxygen Apple Privet 

zo ............................... 3.3 3.0 
46 ............................... 2.I 2.3 
73 ............................... 3.8 2.3 

roo ............................... o.8 o.o 
*Average per individual cutting. 

Discussion.-In this experiment little difference in volume of callus 
occurred in oxygen concentrations ranging from that of air to that of an 
atmosphere containing 73 percent. At 100 percent oxygen, as in the 
previous experiment, callusing was inhibited. 

Experiment 9 (Aeration) 

Methods.-Appie cuttings of unknown variety were callused in concen
trations of oxygen lower than normal air, as follows: 
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Approximate Proportions in Percentage 

Air Nitrogen Oxygen Nitrogen 
0 IOO 0 IOO 

20 80 4 96 
30 70 6 94 
40 60 8 92 
50 50 IO 90 
60 40 I2 88 
70 30 14 86 
So 20 r6 84 
90 IO r8 82 

IOO 0 20 80 

The cuttings were placed in calibrated 40 cm. tubes fitted with fine
mesh copper screen supports inside to hold the cuttings above the water 
level. Cuttings were placed in the tube, and then the copper screen 
support was forced up into the tube about 5 cm. The tube was :filled with 
water and inverted with the open end held beneath the water. The water 
was displaced by the proper amounts of compressed air and nitrogen, the 
tube being so calibrated that a column of water from 2.5 to 5 cm. deep 
remained inside to supply a high humidity. The tube was closed with a 
rubber stopper, and then placed at 15° C. The final volume of callus was 
obtained after 16 days. 

Results.-The results given in table ro show that normal callusing 
occurs when the oxygen supply is 14 percent or higher. Concentrations 
of oxygen from 6 percent to 12 percent permitted callus formation and a 
slight amount of callus formed even in 4 percent oxygen. Any concen
tration of oxygen below r2 percent was inhibiting in its effects. 

TABLE IO. Effect of Decreased Amounts of Oxygen on the Callitsing of Apple Cuttings 

Percentage Callus in 
Oxygen Millimeters* 

0 ......................................... 0.00 

4 ......................................... 0.25 

6 ......................................... 3.00 
8 ......................................... 3.00 

IO ......................................... 3.00 

12 ......................................... 3.00 

14 ......................................... 5.00 

16 ......................................... 5.00 

r8 ......................................... 5.00 

20 .••.....................................• 5.00 

*Average per individual cutting. 

Discussion.-This experimentis subjected to the criticism that since the 
gas mixture was not renewed from time to time its composition was different 
at the close of the experimental period from what it was at the beginning. 
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While this is doubtless true, it is equally safe to say that the oxygen concen
trations were never greater than at the beginning of the experiment. These 
data are in accord with similar experiments showing that callusing does 
not take place in the absence of oxygen, but that smaller amounts than 
present in air are sufficient. In the absence of oxygen it is probable that 
respiration and other metabolic processes are so retarded that cell division, 
essential for the formation of callus, soon comes to a standstill. 

Carbon dioxid, chiefly formed as a product of respiration, must be taken 
into consideration. In one experiment, cuttings of different ages were 
placed in pure carbon dioxid as well as in a mixture of equal parts of carbon 
dioxid and air. In no case (after 18 days) did callus form, whereas moderate 
callusing took place with similar lots of cuttings in various proportions of 
oxygen and. nitrogen. In another experiment cuttings were placed in a 
graded series of high carbon dioxid concentrations. After 15 days callus 
had formed in air and in a mixture containing IO percent C02 and 90 percent 
air, but no callus had developed in mixtures containing higher percentages 
of carbon dioxid. Of course, in mixtures of carbon dioxid and air it is 
possible that oxygen would be a limiting factor. However, it seems more 
probable that carbon dioxid, in high concentrations, would reduce respiration 
and thus inhibit callusing. · 

Effect of Polarity on Callus and Overgrowth Formation 

It was early recognized in these experiments that both poles of apple 
cuttings do not callus equ~lly. It was very evident that the bottom or 
lower ends of both scion and root cuttings callus the better, and this fact 
would seem to have an important bearing on the usual formation of over• 
growths from the bottom of the scion. 

Experiment IO (Polarity) 

Methods.-See experiment 6. It may be noted, however, that the only 
requirement to illustrate polarity is an environment permitting normal 
callus formation. 

Results.-Distinct polarity was observed in apple scion (PL XXIII, :figs. 
I-5) and root stock cuttings with respect to the amount of callus which 
formed at opposite ends of the same cutting. Tables II and 12 show that 
callus was formed in much greater abundance on the bottom ends than on 
the top ends of both scion and root cuttings. This difference occurs regard~ 
less of temperature. Not every cutting calluses more abundantly from the 
bottom end, for individual variations do occur (where some factor, such as 
injury or localized depletion of water, acts to change the usual result). 
Observations of hundreds of cuttings, however, leave no doubt as to a 
marked difference in callusing capacity between the two poles of the same 
cutting. 
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TABLE II. Abundance of Callus Formed on Top and Bottom Ends of 
Apple Scion Cuttings* 

Time in Number of Storage Tern-
Total Callus in Millimeters 

Days Readings perature 
Top Bottom 

7 47 15° 0.25 33.25 
71 20 3.50 58.50 
63 22-25 25.75 r26.50 

r6 35 ro 0 0.00 18.50 
72 rs 13.75 r47.25 
65 20 33.75 r62.50 
6r 22-2s 76.00 212.00 

2I 64 ro 0 2.so 6I.50 
70 rs 30.75 r72.oo 
71 20 48.75 177.75 
70 22-25 8s.2s r82.7s 

*The terms "top" and "bottom" apply with respect to the ground line. 

TABLE 12. Abundance of Callus Formed on Top and Bottom Ends of 
Apple Root Cuttings* 

Total Callus in Millimeters 
Time in Number of Storage Tern· 

Days Readings perature 
Top Bottom 

-
7 2 20° o.oo 0.50 

IO 22-25 I.7S 7.25 

16 8 ISO 0.50 4.25 
IO 20 2.00 9.75 
IO 22-25 9.75 2!.SO 

21 6 ro 0 0.00 3.25 
13 rs 3.75 18.75 
rs 20 4.so 23.50 
IO 22-25 8.25 26.25 

*The terms "top'' and "bottom" apply with respect to the ground line. 

Experiment II (Polarity) 

379 

Polarity is distinct in the case of the slanting cut made on the basal 
end of scion cuttings prepared as in making the tongue graft. 

Methods.--See experiment 3. A favorable callusing environment is the 
only requirement. 

Results.-Tables 13 and 14, representing two different tests, show that 
:~he lip produces callus far more abundantly than the other areas of the 
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TABLE I3. Callus Formation from the Lip, Side, and Top of Slanting Cut Made on 
Basal End of Scion Cuttings 

Total Callus in Millimeters 
Tin1e in Number of 

Days Readings 
Lip Side Top 

2I 48 69 39 4r 
52 57 r37 63 76 

TABLE 14. Callus Formation from the Lip, Side, ani Top of Slanting Cut Made on 
Basal End of Scion Cuttings 

Total Callus in Millimeters 
Time in Number of 

Days Readings 
Lip Side Top .. 

r8 95 124 66 64 
52 94 266 II2 130 

slanting cut, whereas no marked differences exist between the base and the 
side. That the dominance of lip callusing is a polarity phenomenon is 
shown by the fact that similar slanting cuts made on the top end of the root 
piece show no striking dominance of the lip. In this case the lip, side, and 
base develop practically the same amount of callus. 

Experiment I2 (Polarity) 
The question may be raised as to whether or not the position of the 

cuttings with reference to gravity during the callusing period influences 
the effects of polarity. 

Methods.-Wealthy and Yellow Transparent grafts were callused in 
upright, horizontal, and inverted positions in a medium of moderately moist 
peat moss at approximately 20° C. Callusing was examined after 34 
days. 

Results.-Tab!e IS shows that callusing was the same, whether the 

TABLE 15. Effect of Posi#on of Apple Grafts Ditring Storage on the 
Abundance of Callus * 

Scion Callus Root Callus 
Variety Position of Grafts 

Lip Side Top Lip Side Top 
-----------

Upright 4.0 2.0 2.0 r.o 0.75 I.O 
Wealthy Horizontal 4.0 2.0 2.0 0.75 o.oo 0.75 

Inverted 4.0 2.0 2.0 r.o 0.75 I.O -----·---------
Upright 4.0 0.75 2.0 0.75 o.o I.O 

Yellow Transparent Horizontal 3.0 2.0 2.0 r.o o.o LO 
Inverted 4.0 0.75 2.0 r.o o.o r.u 

*Average per individual cutting. 
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grafts were upright, horiZontal, or inverted. The grafts united well in 
most cases, without reference to position. If gravity were responsible for 
the basally dominant development of callus, it must have acted prior to 
the callusing period. 

Experiment IJ (Polarity) 
Next to the possibility of a gravitational causation for basal dominance, 

that of food accumulation might be considered. This has not been given 
particular study in these experiments, although the results of a simple 
test made in this connection may be of interest. 

Methods.-Apple cuttings of current season's growth and of one-year
old and two-year-old wood were used. The basal end of each cutting was 
treated with a solution of iodine and potassium iodid in water. The cuttings 
were then divided into two groups, according to whether they contained 
little or much starch. The treated surfaces were carefully cut away with 
a sharp knife, and each lot of cuttings was placed in a desiccator over water. 
The material was sprayed every day with water from an atomizer so as to 
assure further favorable moisture conditions. Readings were made after 
20 days. 

Results.-Tab!e r6 shows that the difference in starch content of the 
cuttings was not correlated with any apparent difference in the abundance 
of callusing. 

TABLE 16. Influence of Starch Content on Amount of Callus 

I Average Callus per Individual Cutting 

Age of Wood Number of Cuttings of Low Cuttings of High 
Pieces Starch Content Starch Content 

Lip Side Top Liri Side Top 
---------------

Current season's ........ 7 5.0 1.0 0.75 3.0 r.o r.o 
I-year-old ............. II 3.0 LS 2.0 3.0 LO I.0 
2-year-old ............. 5 3.0 I.D I.O 2.0 1.0 I.O 

I 

Discussion.-This bit of evidence cannot be taken with any degree of 
finality, but it indicates that polarity, as it influences the formation of 
callus, may not be dependent on a simple food relation; it suggests that the 
polarity may be based on a complex of factors imperfectly understood at 
the present time. Kostoff (1928), working with whip grafts of solanaceous 
plants, found that starch accumulates just above the callus, and stated that 
"this great accumulation of food is the specific cause of the proliferations." 
While the dependence of callus development on the accumulation of food is 
an interesting possibility, it has not been satisfactorily demonstrated as yet, 
so far as the writer knows. 

Since these studies have pertained particularly to root-grafts in which 
the top of t~e root-piece is united with the bottom of the scion-piece, nearly 
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all measurements of root callusing have been of callus formed from the top 
ends of the root-pieces. Many observations indicate that the root calluses 
practically as well as the scion (though root callusing may not be so uniform, 
owing to inherited differences because of seedling origin), but the top end 
of the root neither calluses as well as the bottom end of the scion nor as 
well as the bottom end of the root. 

Significance of Downward Polarity in the Formation of Callus Overgrowths 

The preceding experiments have shown the distinct characteristic of 
apple scion and root cuttings to form callus tissue more abundantly from 
the lower ends. This fact seems to have a direct relation to the usual 
occurrence of graft-union overgrowths as proliferations of the scion (particu
larly the lip) rather than of the root stock, and further supports the view 
that overgrowths found at the unions of young apple trees are frequently of 
callus derivation, their formation being very largely influenced by this de
cided polarity. Plate XXII, figure I shows Wealthy grafts with over
growths of scion derivation at the unions as well as those of stock origin at 
the bottom of the root pieces. 

Effect of Variety on Callus Formation 
Observations on the callusing of cuttings of several apple varieties have 

repeatedly shown that varietal differences exist both in the rate of forming 
callus and in the final abundance attained under like external conditions. 
Since nurserymen find some varieties more susceptible to "callus knot" 
than others, a demonstrated correlation between varietal callusing capacity 
and varietal susceptibility to overgrowths may be regarded as of particular 
interest. 

Experiment 14 (Variety) 

Methods.-See experiment 6. Any procedure that permits the normal 
formation of callus serves to illustrate the importance of variety. 

Results.-Table 17 shows that different varieties vary markedly in the 

TABLE I 7. Comparative A mounts of Ca1lus from Scion Cuttings of Five Varieties 

Variety 

Yellow Transparent ...... .' .......... . 
Wolf River ........................ . 
Ben Davis ............. , ........... . 
Delicious .......................... . 
Willow Twig .................... '. .. . 

i Days 

22.25 
27.50 
24.25 
15.25 
ro.oo 

Total Callus in Millimeters 

x6 Days 

63.75 
63.00 
61.50 
34.50 
35.50 

:a Days 

78.50 
]I.25 
62.75 
37.75 
49.75 

rate at which they form callus. These data indicate that Yellow Trans
parent, Wolf River, and Ben Davis are rapid callusing varieties, whereas 
the Delicious and Willow Twig are comparatively slow callusing varieties. 

Other observations have indicated that in general the varieties that 
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exhibit the highest initial rates of callus formation are also the ones that 
develop the largest final volumes before callus growth ceases. The Yellow 
Transparent was always found to be a prolific callusing variety. In many 
experiments this variety was used in conjunction with the Wealthy and 
Jonathan varieties, and in these experiments the Yellow Transparent 
usually produced the most callus, the Wealthy less, and the Jonathan least. 
This is shown in tables 18 and I9· Differences between varieties in abun-

TABLE 18. Comparative Amounts of Callus from Cuttings and Grafts of Three Varieties 

Total Callus in Millimeters 
Variety 2I Days 52 Days 

Yellow Transparent ............... 70.0 132.0 
Wealthy ......................... 66.o 126.0 
Jonathan ........................ 58.0 n2.7 

TABLE 19. · Comparative Amounts of Callus from Cuttings and Grafts of Two Varieties 

Total Callus in Millimeters 
Variety IS Days so Days 

Yellow Transparent ............... 76.0 14r.o 
Jonathan ..... , ............. , .... 52.0 n4.o 

dance of callusing are more marked in some instances than in others, but 
consistent differences usually exist. 

Discussion.-It is a very significant fact that the abundant-callusing 
varieties have generally been found to be particularly subject to union over
growths. Thus, the Yellow Transparent and Wealthy varieties knot badly 
as compared with many other varieties. In a study of overgrowths Muncie 
(1926) frequently used the Wealthy variety because of the high percentage 
of trees of this variety which were discarded in the nursery on account of 
overgrowths at the graft union. If a large number of commercially grown · 
apple varieties were arranged in a series according to the abundance with 
which their cuttings formed callus under similar conditions, it seems very 
probable that this series would agree closely with a series based upon 
susceptibility to callus knot in the field. 

GENERAL DISCUSSION OF RESULTS 

Just as sQitable conditions of heat, moisture, and oxygen are essential 
.for the growth of all plants and animals, so are they essential for the growth 
of callus eel.ls. Published. information is very limited with reference to the 
influence of temperatilre upqn callus development. This is especially true 
with respect to .the callusing of stem and root cuttings of apple. There 
has been an equal lack of informatic;m as to the effects of moisture, as well 

.... as of other ~nvironmetital fa~tors, on callus formation. The present study 
was, begtin with a "liew of gaining more definite information on some of 
these points. · It was thought that it would yield data which, in addition 
to being of general scientific value, might be useful in apple root~grafting 
practices, applying not only to the formation of wound tissue but to the 
preventiOn of excessive callusing. 
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The results show that temperature may be employed as an effective 
instrument in the control of callus formation. ·within a wide temperature 
range, higher temperatures greatly accelerate callus formation. A tem
perature between 0° and 5° C. lies close to the lower limit of this range, and 
allows only a small amount of callus to be formed after a period of several 
months. At 10° C. callus formation is more rapid than at 5°, and at 15° it 
proceeds at a still higher rate. Growth curves within this range are uni
formly concave (indicating an acceleration with the lapse of time), whereas 
curves for temperatures ranging from 20° upwards are convex (showing 
rapid growth of callus during the early part of the storage period, but a 
gradual retardation later). Although the rate of callus formation increases 
with rise in temperature, if the temperature is above 32° C. pronounced 
m3ury occurs. Above this point browning of the surface cells takes place, 
and the injured cells are readily attacked by molds. By the proper manipu
lation of the temperature a desired degree of callusing may be had in a 
given length of time. The temperature can be so regulated that apple 
grafts can be callused to a point where they are ready for setting out within 
several days' time, or by using a lower temperature the time for reaching 
this abundance of callusing may be extended over several months. Or the 
grafts may be properly callused and then kept at a sufficiently low tem
perature to prevent further bud, root, and callus development until such a 
time as they can be planted. 

The moisture conditions of the environment have a pronounced retarding 
influence on callus formation when they are such as to allow considerable 
desiccation of the tissues. The percentage relative humidity of a sur
rounding atmosphere seems to be of less importance than the continuous 
availability of liquid water to the plant material. Cuttings that were 
exposed to roo percent relative humidity usually callused only slightly; 
but if the cuttings were completely covered with a moist medium of peat 
moss, sphagnum moss, or sand, so that a film of water was held against 
their surfaces, they callused abundantly. Some callus will form in atmos
pheres of less than mo percent relative humidity, but it is usually meager 
in amount and short-lived. Once saturation of the atmosphere has been 
attained and a film of liquid moisture has been made available to the plant 
materials, little or no stimulation of callus development results from in
creasing the moisture content of the surrounding medium. It was found 
that with the type of peat moss used, 100 percent water (with respect to 
dry weight of the peat moss) was sufficient to permit good callusing, and 
that the water content of the medium may be increased several times 
(to 300-400 percent) with no great modification of result. Peat moss was 
found to be a very satisfactory medium for experiments on callusing because 
of its great absorptive and water-holding capacity. If cuttings or grafts 
are covered deeply with peat moss containing 300 percent water, no further 
water need be added under ordinary conditions for a month or more. 
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Sand is perhaps the most commonly ·employed medium for callusing of 
cuttings and grafts, but it differs greatly from peat moss in its physical 
properties. When water is added to sand the spaces between the particles 
are flooded (absorption is negligible), but this water is held very loosely 
due to the coarseness of the medium and to its inability to absorb. In a 
warm, dry room water must frequently be added to the medium. The 
alternate flooding and drying of the medium does not favor callus formation, 
and unsatisfactory results may be obtained. 

Oxygen is essential for callus formation, but a lower percentage than 
that of ordinary air is sufficient. Callus development is not checked by 
extremely high concentrations of oxygen. Evidence was obtained which 
indicates that high concentrations of carbon dioxid inhibit callusing. 

Apple cuttings, whether shoot or root in derivation, manifest a distinct 
basal polarity in the formation of callus. That is, the lower end of both 
scion and root cuttings calluses with distinctly greater abundance than 
the upper end. If a slanting cut be made on the basal end of a scion cutting, 
the lower end, or lip, of this cut surface produces far more callus than the 
upper end. The top end of either a scion or a root cutting calluses com
paratively poorly, regardless of whether the cut is transverse or slanting. 
The explanation of this polarity is not known. It does not appear to be an 
effect of gravity, unless gravity influences the cuttings before they were 
severed from the parent tree. The cuttings manifest the same polarity 
whether stored for callusing in an upright, a horizontal, or an inverted posi
tion. Although preliminary tests have not been successful in showing a 
dependence of polarity upon food storage, this is a possibility. Root knot or 
callus overgrowths are doubtless related to polarity in callus formation, since 
in most cases these are outgrowths from the scion lips of root-grafted trees. 
Since in a tongue-graft union the scion lip occurs on the bottom end and 
the root lip occurs on the top end of the cutting, i'tis the scion lip which 
calluses the more abundantly. With suitable temperature and moisture 
conditions and a continuous supply of descending elaborated food from the 
growing tree, it seems very probable that the original callus roll from the 
scion lip might continue its growth over. several years. 

Cuttings from selected varieties differed as to the rate and final abun
dance ()f callus formation. The Yellow Transparent, Wealthy, Wolf River, 
and Ben Davis varieties have been found to be abundant call users, whereas 
the Jonathan, Delicious, and Willow Twig varieties produce callus less 

··vigorously. These differences may have a direct relation to varietal sus
ceptibility to overgrowths at the graft union, since the abundant-callusing 
varieties are partic1.llarly subject to proliferations of this type. 

SUMMARY 

Recent investigations on the crowngall disease .have indicated that a 
large proportion of the overgrowths on root-grafted apple trees are in the 
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nature of callus rather than bacterial tumors. Thus the necessity arose 
for studying the influence of such important environmental conditions as 
temperature, moisture, and aeration on the callusing of apple cuttings and 
grafts. Both constant temperatures (ranging from o0 to 40° C.) and variable 
temperatures were used. Variable moistures were provided in two ways: 
(1) by varying the humidity of the atmospheres used, and (2) by varying 
the water content of a peat moss callusing medium. Aeration conditions 
included atmospheres of different oxygen, nitrogen, and carbon dioxid 
concentrations. During the course of the study repeated observations have 
also been made on polarity phenomena and varietal differences which seemed 
pertinent to the formation of callus overgrowths. The results may be sum
marized as follows: 

r. The complete range of temperatures permitting the formation of 
callus frorn apple cuttings (scion or root) and grafts was found to lie between 
o0 and 40° C. At 3°-5° only a small amount of callus developed during a 
period of several months. Between 5° and 32° the rate of callus formation 
increased and the time elapsing before attainment of final volume decreased 
with rise in temperature. At temperatures above 32° injury usually 
resulted, and at 40° death of the tissues, accompanied by mold formation, 
always occurred within the first few days. 

2. By the proper regulation of controlled temperatures the callusing 
processes may be so accelerated or retar~ed that, within reasonable limits, 
a desired degree of callus formation may be had within a given length of 
time. Hence, apple grafts may be callused over a period of several months; 
they may be similarly callused within a few days, or, after being properly 
callused, they may be held in good condition for at least several months 
before planting. 

3. For general callusing purposes, temperatures below 20° C. rather 
than higher have been found mqst satisfactory. 

4. Variable temperatures do not change the general relations. Callusing 
is accelerated or retarded according to the degree and duration of the 
temperature. 

5. Air moistures below saturation have generally been found to be 
inhibiting in their effect on callus formation, since below this point desicca
tion of the tissues occurs. As the moisture content of .the air falls, the rate 
of desiccation increases. 

6. Liquid water, present as a film inclosing the cutting, appears to pro
vide the most favorable moisture conditions for bringing about uniform cal
lusing. Such conditions are supplied by moderately moist peat, sphagnum, 
m•nd · . . 

7. Good callusing takes place .in a peat moss medium containing 100 

percent water by weight. Practically no increase is brought about by 
... raising the water content of the medium, and no perceptible injury or 
inhibitory effect occurs .if the proportion of water to .ovei1-dried peat moss 
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is increased from three to four times. With a water content beyond this 
point, however, aeration probably becomes a limiting factor, and callusing 
is inhibited. 

8. Desiccation of callus tissue is accelerated by increase in temperature 
and decrease in humidity. 

9. Proper aeration was found to be important for callusing. The 
evidence indicates that while some oxygen is required, an amount of oxygen 
below that of air (20 percent) is sufficient. Callusing took place in high 
concentrations of oxygen, but was inhibited in roo percent oxygen. High 
concentrations of carbon dioxid, particularly with a limited supply of 
oxygen, prevented callusing. 

IO. Both scion and root cuttings of apple manifested a distinct polarity 
in callus formation. Dominance of the bottom end over the top end of 
cuttings held regardless of the position of the cuttings, whether upright, 
horizontal, or inverted. 

Ir. Varieties differ both in the rate and abundance with which they 
form callus. The Yellow Transparent, Wolf River, ·wealthy, and Ben 
Davis are abundant callusing varieties, and the Jonathan, Delicious, and 
Willow Twig are moderate callusing varieties. 

12. The effects of polarity and varietal differences on callus formation 
of apple cuttings and grafts appear to be significantly related to the 
occurrence of overgrowths at the union of root-grafted trees. 

Great pleasure is taken in acknowledging indebtedness to those who 
sponsored this study, Doctor William Crocker of the Boyce Thompson 
Institute, Professor I. E. Melhus of Iowa State College, and Doctor W. C. 
O'Kane of the Crop Protection Institute. The writer is also deeply grateful 
to members of the Boyce Thompson Institute staff for repeated suggestions 
during the study, and particularly to Doctor P. W. Zimmerman, in whose 
department the work was performed, as well as to Professors S. F. Trelease 
and R. A. Harper of Columbia University for advice and criticism in the 
preparation of the manuscript. 
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EXPLANATION OF PLATES 

PLATE XXII 

Fro. I. Apple grafts (Wealthy X French crab) after growing 86. days in the green
house. The graft on the left shows a slight overgrowth. from the scion lip, and both grafts 
show distinct overgrowths from the bottom ends of the root pieces. 

FIG. 2. Apple grafts (Wealthy X French crab) which have been stored in moist 
peat moss at different temperatures. Typical shoot and root development is shown for 
different storage temperatures and times. The callusing of the grafts has proceeded 
nearly parallel with these other growth activities. Reading from left to right: 5° C. for 
48 days, I0° for 40 days, ro 0 for 48 clays, 15° for 40 days, and 15° for 48 days. 

FIG. 3. Abundant callus formation from the bottom ends of apple cuttings, as 
follows: upper, Delicious cuttings; lower, French crab root cuttings. The calluses in both 
cases have grown together. 

PLATE XXIII 

FrGs. I-5. Jonathan cuttings which were callused at similar temperatures in peat 
moss which varied greatly in water content. The several figures combined illustrate the 
broad moisture tolerance manifested by callusing tissues. Average moisture contents of 
the peat moss media (percentage water by weight per mo parts oven-dried peat moss) 
for the entire storage period were as follows: reading left to right: 97, I 77, 27 r, 337, and 437 
percent. In addition, the effect of polarity on callusing is shown by the unequal ability of 
the two ends of the same cutting to form callus. 

Fw. 6. The figure shows the injury which resulted fo. high concentrations of oxygen 
when Wealthy cuttings were stored for 34 days in various mixtures of oxygen and nitrogen. 
Since callusing of the cuttings was negligible during exposure to the gas, they were trans
ferred to optimum conditions (moist peat at a moderate temperature) in order to test 
1n1ury. The result is shown after 14 days. The initial gas mixtures for the different sets 
of three cuttings each were as follows, reading right to left: air check, o percent oxygen 
(nitrogen used as complementary gas in each case), ro percent oxygen, 20, 30, 40, 50, 6o, 
70, Bo, 90, and 100 percf!nt. 
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THE :F'UNGICIDAL ACTION OF SULPHUR: I. 'l'RI~ ALLEGED 
ROLE OE' PENTATHIONIC ACIDi. 2 

FRANK WILCOXON ANDS. E. A. ~JC0ALLAN3 

IN'l'RODUCTION 

Although sulphur and certain of its compounds have been used for many 
years as a means of combating fungous diseases of plants, it is remarkable 
that there exists today no uniformity of opinion as to how its fungicidal 
action. is exerted; and there is scarcely a compound of sulphur which might 
conceivably be formed from the element, under the conditions of use, to 
which its toxic action has not been attributed. Among these compounds are 
sulphur dioxide, hydrogen sulphide, sulphuric acid, thiosulphuric acid, and 
pentathionic acid. Some investigators maintain that the element itself is 
the active agent, either in finely divided :form or as vapor, although its in
solubility and low vapor pressure have led the majority to consider it as a 
source of some more toxic principle. Extensive reviews of the earlier work 
on this topic are given by vYindisch (54), Barker, Gimingham and \Viltshire 
(2), Doran (12), Young (55), Vogt (48), Thatcher and Streeter (46), 
Goodwin and Martin ( 20, 21), and others. There is a great diversity of 
opinion expressed, and much of the early work is inconclusive and not sup
ported by adequate experimental evidence. 

The present paper presents the results of an experimental test of the 
hypothesis of Young ( 55), :first set forth in 1922, that traces of pentathionic 
acid associated with sulphur and formed from it constitute the active :fungi
cidal agent. It is hoped to follow this with a second communication dealing 
with hydrogen sulphide, which has recently become once more of interest 
through the work of Marsh (30). 

It has been shown by Freundlich and Scholz ( 19), that certain types of 
colloidal sulphur are stabilized by adsorbed traces of pentathionic acid. 
'rhese types, called hydrophilic because of the greater degree of hydration 
of the particles, were found by Young (55, p. 413) to be more toxic than the 
hydrophobic· types which do not contain pentat}lionic acid. Later he and 
Williams (51, 52, 56, 57) were able to correlate the toxicity of sulphur 
dusts with the presence or absence of pentathionic acid on the sulphur par-

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yon
kers, New York, published at the expense of the Institute out of the order determined by 
the date of receipt of the manuscript. 

2 Herman Frasch Foundation for Researe.h in Agricultural Chemistry, Paper No. 2. 
3 The authors wish to acknowledge their indebtedness to Prof. 0. W. Mason of Cor

nell University, for his optical and crystallographic observations on the samples of 
potassium and barium pentathionates used in this investigation. 
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ticles. Several of the published statements of Young in regard to the chem
istry of pentathionic acid are at variance with previous chemical knowledge.· 
For example, Young (55, p. 426) states that pentathionic acid is stable only 
within a narrow range of pH 4.2-5.4; whereas, it is well known that the acid 
is detroyed by alkalies, and rendered more stable by acids, and does not 
exhibit any· such zone of optimum stability. Thus Freundlich and Scholz 
( 19, p. 265), in discussing the stability of colloidal sulphur, say: "Sauren 
flocken deswegen so schwach, weil sie die Bestandigkeit der Pentathionsaure 
erhohen. '' Again, Young in summarizing the results of his first paper ( 55, 
p. 432) states that pentathionic acid is volatile. This is contrary to the im
pression of previous workers in the field of the polythionic acids, and has 
not been shown, so far as the present authors are aware. Young' does not 
describe in detail his method of preparing solutions of pentathionic acid, 
although he and Williams (52, 57) and Williams, Liming and Young (53) 
give the results of spore germination tests with such solutions, and it is not 
clear that they ever studied pure solutions of this acid, uncontaminated by 
other substances. The importance of doing this will be realized when it is 
remembered that pentathionic acid readily reacts with many other sub
stances forming finely divided sulphur as a product, which would compli
cate the interpretation of the results. The conclusions of Young have been 
criticized by Barker (39, p. 313; 1, p. 80) on the ground that sulphur ex
hibits toxicity outside the limits of pH specified by Young for the existence 
of pentathionic acid. Goodwin and Martin (20, p. 626) have also ques
tioned the statements of Young regarding the volatility of pentathionic 
acid. Roach and Glynne ( 38), in their studies on the winter sporangia of 
Synchytrium endobiotic-um (Schilb.) Pere., were unable to find any differ
ence in toxicity between pentathionic and sulphuric acids, at the same hy
drogen-ion concentration. 

In making comparisons of the toxicity of chemical substances to fungus 
spores, there are two requisites for obtaining accurate results which, though 
quite obvious, have not always received the consideration they deserve. (a) 
The substances whose toxicity is to be measured must be available in a pure 
state and of known concentration, and (b) the technique employed must be 
capable of distinguishing between the toxicity of the substances it is desired 
to compare. 

EXPERIMENTAL METHODS 

In these studies spore-germination tests have been employed to determine 
toxicity and the methods followed are those described in detail by McCallan 
(31, 32). These are moist-chamber tests and consist essentially of germi
nating the spores on glass slides in inverted moist chambers. The spores 
are suspended in the liquid toxic agent and pipetted as drops onto the 
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sli_des. In the case of toxic dusts, the slides are first dusted and then an 
aqueous suspension of spores pipetted onto the slides. The slides are sup
ported on glass racks in the moist chamber, there being four slides to each 
chamber. Four drops are placed on each slide, hence there are a total of 
sixteen drops in each chamber. For an illustration of a moist chamber com
pletely set up see McCallan (31). The chambers are sealed with water to 
preserve an. atmosphere· of high humidity. These chambers are placed at 
the desired temperature and the spores examined for germination after a 
given time. The percentage of germination and average length of germ 
.tubes are recorded. 

Redistilled water has been used as the medium for all tests and the tem
perature in all cases was ·within the range 19~23° 0. The concentration of 
spores in the drops ranged from about 10 to 40 per low-power field of 1920 µ 
diameter. In determining the toxicity of a given compound to a given 

, fungus, the number of spores per field was always approximately the same. 
The time allowed for germination before examination was from 18 to 48 
hours. Since, in none of the fungus spores employed has the percentage of 
germination appreciably increased after 12 hours, the longer periods of 
time have merely facilitated greater growth of the germ tubes already 
formed. In most cases there was but little further elongation after 24 
hours. 

Four common and representative pathogenic fungi were selected for this 
study: Sclerotinia americana (Wormald) Norton and Ezekiel ( 13), Botrytis 
sp., of cinerea type, Macrosporiiwn sarcinaeforme Cav., and Ui·omyces 
caryophyllinits (Schrank) Winter. The first three species ·were among 
those studied by Young in his first paper (55), provided that his Selerotinia 
was also the common Ameriean brown-rot fungus. Young employed Sclero
tinia almost exclusively in his latter studies. The Sclerotinia americana 
was isolated from infected white sweet cherries at Mattituck, New York, 
June, 1929. This fungus has been grown on potato-dextrose agar, where it 
sporulated abundantly. The spore-germination factors for S. americana 
have been discussed by Mc Callan ( 32). Since age is important, only conidia 
from cultures 5 to 10 days old have been used. The optimum germination 
temperature for these conidia is 23° C. The Botrytis sp., was obtained 
from H. H. Whetzel, Cornell University, who eonsiders it of the cinerea 
type and designates it No. 885 in his collection. The fungus was isolated in 
1927 at St .. Catherines, Ontario, Canada, from marigold, and has also been 
grown on potato-dextrose agar, where it sporulates fairly well. The opti
mum germination temperature was found to be 20°~25° C. The Macro
sporium sarcinaeforme was isolated by J. G. Horsfall at the Cornell Univer
sity Experiment Station from reel clover in July, 1927. This fungus was 
likewise grown on potato-dextrose agar and, having a wide temperature 
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of all controls gave a germination between 96.5 and 100 per cent. When 
the germination percentage in the controls is unusually low a dispropor
tionate effect is obtained with the treated spores, the percentage of germina
tion in the latter being greatly reduced. For this reason, all experiments 
with Sclerotinia americana have been discarded in which the controls have 
given less than 96 per cent germination. The uredospores of the obligate 
parasite Uromyces caryophyllinus are more variable in their germination. 

All experiments have been performed using duplicate and, in some cases, 
triplicate and quadruplicate moist-chamber tests. In general, but one mi
croscopic field has been counted in each spore-suspension drop ; ho'l<vever, in 
the case of low spore-suspension concentrations more fields have been 
counted. From 600 to 2000 spores have been counted from the eight slides 
constituting a duplicate moist-chamber experiment. The larger the number 
of spores counted the smaller can be the significant difference between treat
ments. In any experiment of this kind, it is necessary to balance the time 
and labor involved in counting a large number of spores against the preci
sion attainable in the final result and effect a compromise which will give 
the desired precision. 

From the data obtained in 250 representative duplicate tests, the stand
ard deviation of a single moist-chamber test was calculated by the method 
of Fleisch (14), and that of the difference between two such tests by the 
usual formula <TA:a=<r! +<Ti. The significance of any observed difference be
tween two treatments may then be estimated by referring to a table of 
values of the probability integral. Unless the difference is at least twice its 
standard deviation it can not be considered very significant. These values, 
calculated :for five different germination-percentage classes, are shown in 
table 2. · 

TABLE 2.-The a·verage percentage of deviation of representative duplicate tests fi~om 
their mean, and the difference in germination percentage required to show 

a significant difference between treatments, calculated for five 
germination-percentage classes 

' 

Germination- I Total num
percentage I ber duplicate 

class tests 

0- 20 50 
20- 40 50 
40- 60 50 
60- 80 50 
80-100 50 

Average per- I I Standard de-
centage of I Standard ! viation of 

deviation of deviation of 1j1 difference be-
duplicates single test: tween two 
from their 1 per cent 1 similar tests: 

mean I per cent 

0.99 2.27 3.21 
2,60 4,80 I 6, 79 
3.78 7.46 10.55 
2.76 5.61 7.93 
0.45 1.19 1.68 

Germina· 
tion-per

centage dif· 
ferenee to 

give odds of 
50-1 

7.45 
15.75 
24.48 
18.50 

3.90 
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It will be observed that the mean deviation of duplicates is least in the 
0-20 and 80-100 per cent groups, and greatest in the 40-60 per cent group. 
Because of the variation in the viability of the spores, a repetition of tests 
at different times, that is different experiments, will not give such consistent 
results as duplicates of the same experiment at the same time. A similar 
effect has been observed by Smith ( 42, p. 31). 

THE TOXICITY OJ!' PENTATHIONIC .ACID 

The chemistry of pentathionic acid 

Historical.-Pentathionic acid, H 2S50 6 , has been the subject of numer
ous investigations (17, 18, 28, 29, 41) since its discovery by "\Vackenroder 
( 49) more than eighty years ago, in the solution obtained by passing hydro
gen sulphide and sulphur dioxide into water. The difficulties encountered 
in preparing the salts of this acid in pure form suitable for analysis led 
some workers to doubt its existence. Spring ( 44, 45) in a series of papers, 
the last of which was published in 1882, presented a critical discussion of 
previous ·work and concluded that the alleged pentathionic acid was a solu
tion of sulphur in tetrathionic acid. In 1888 Debus (10) published the 
results of a very thorough study of the \Vackenroder solution in the course 
of ·which methods ·were devised for obtaining seYeral of the salts in pure 
form, by treatment of the concentrated solution ·with the acetate of the 
metal whose salt was desired. It vvas also slwwn that the salts could be 
recrystallized from an acidulated solution with less decomposition than 
from pure water. The ·work of Debus eliminated all doubt as to the exist
ence of the acid, and subsequent investigators have dealt with the mode of 
its formation and decomposition (16, 24, 35, 36), structure, physical proper
ties (15, 23), and its quantitative determination in the presence of other 
sulphur acids (25, 27, 37). Some of these questions have not yet been satis
factorily settled (3). It was found by Salzer ( 40) that pentathionic acid 
was formed in an acidified solution of sodium thiosulphate if a small amount 
of arsenious acid \Vere present. This method of preparation of the acid and 
its salts has been used by Raschig (34) and has been thoroughly studied by 
Kurtenacker and Czernotzky (26). It furnishes a much more convenient 
method of preparation than the original method of "\Vackenroder, since, by 
suitable adjustment of the concentrations of the reactants, the yield of pen
tathionic acid can be made large and that of other polythionic acids quite 
small. 

In addition to these two methods of preparation it has been shown that 
pentathionic acid is formed by the hydrolysis of sulphur monochloride (19, 
p. 266), as well as by leading sulphur vapor and water vapor through a 
heated tube (22). Of special interest in connection with this investigation 
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is the suggestion of Brugnatelli and Pelloggio (6) that oxidation of sulphur 
in the presence of moisture leads to the formation of pentathionic acid as 
an intermediate product in the formation of sulphuric acid. An interest
ing case of the occurrence of pentathionates in nature is reported by Day 
and Allen (9, pp. 115-118). These authors found that salt incrustations 
around hot springs near Lassen Peak, Shasta County, California, contained 
considerable amounts of soluble pentathionates. 

Pentathionic acid has not been obtained in a pure state, although aque
ous solutions containing 50-60 per cent of the acid may be prepared. It is 
a strong acid comparable to sulphuric acid and may be titrated with methyl
orange indicator. It is fairly stable in the presence of other strong mineral 
acids, but is at once decomposed by addition of an excess of sodium hydrox
ide solution, with separation of elementary sulphur in finely divided form, 
and this reaction forms the basis of a characteristic qualitative test for 
pentathionic acid, since no other oxygen acid of sulphur gives this test, 
with the possible exception of the recently prepared hexathionic acid (50). 
A less conclusive test is the formation of silver sulphide when a solution con
taining pentathionic acid is treated with ammoniacal silver-nitrate solution. 

Among other reactions of pentatllionates may be mentioned that with 
sodium sulphite forming sodium trithionate and thiosulphate, which has 
been used as a rapid titration method by Kurtenacker and Bittner (25). 
Hydrogen sulphide also rapidly decomposes pentathionic acid forming sul
phur and water, according to Debus (10). 

Preparation of potassium pentathionate and barium pentathionate.-In 
order to test the hypothesis that pentathionic acid is a factor in the toxic 
action of sulphur on fungus spores, it is desirable to prepare solutions of the 
acid from its purified salts, since the crude preparations obtained by the 
method of Wackenroder or of Salzer may contain a number of other com
pounds in addition to pentathionic acid. The potassium salt has been pre
pared by a number of investigators and its optical and crystallographic 
properties described by Fock and Kliiss (15). Barium pentathionate has 
been prepared by Lenoir (29) and by Fordos and Gelis (18), and these 
authors note that the barium salt when precipitated by alcohol persistently 
retains small amounts of alcohol. 

The procedure used in this investigation was the same as that described 
by Raschig (34, pp. 274-289). The final syrupy solution of pentathionic 
acid was freed from sodium pentathionate as described by him and treated 
with potassium acetate and acetic acid in alcohol. The potassium salt was 
recrystallized once from water containing 1 per cent sulphuric acid, washed 
with alcohol,. and dri.ed ov;er calcium chloride. In the case of the barium 
13alt, a concentrated solution of barium acetate, containing 3 per cent of free 
acetic acid was added to the pentathionic acid and barium sulphate filtered 
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off. On treating the filtrate with an equal volume of alcohol, the barium 
pentathionate separated in well-formed rectangular tablets. This salt was 
dissolved in water acidulated with acetic acid, and reprecipitated with al
cohol. The proportion of potassium or of barium in these preparations was 
determined by ignition to constant weight with an excess of concentrated 
sulphuric acid and that of sulphur by oxidation with bromine and hydro
chloric acid followed by precipitation as barium sulphate. 

TABLE 3.-Results of analyses of potassiurn pentathionate and bariwrn pentathionate 

Potassium pentathionate Barium pentathionate 

Found Calculated for 
. K,S,,O,.H H,O Found Calculated for 

BaS,00.3j H:P 

Potassium 21.67% 21.63% Barium 30.21% 30.08% 

Sulphur 44.16% 44.34% Sulphur . 35.30% 35.10% 

Ratio K-8. 2--4.97 2-5 Ratio Ba-S ... 1-5.01 1-5 

'l'he crystals dissolved in water, formed a clear solution and gave the qual
tative tests for a pentathionate, ·1'..e., an immediate precipitation of sulphur 
\Vith sodium hydroxide and a brownish black precipitate with ammoniacal 
silver nitrate. A 0.1-gram portion in 10 c.c. did not decolorize 1 drop N/10 
iodine, indicating the absence of sulphites and thiosulphates, and gave no 
precipitate with barium chloride, indicating the absence of sulphates. The 
crystals (Figs. 1 and 2) were submitted for exmnination to C. \Y. l\Iason, of 
Cornell University, who reports as follows: 

''Potassium pentathionate hemitrihydrate. Orthorhombic, (as described 
by Groth: Chemische Krystallographie 2: 717. Leipzig, 1906). 2V about 
65°, u < p, with the axial plane i)arallel to 010. Optically negative. Re
fractive indices by the immersion method: a.= 1.570; S = 1.63 +; y = 1.658." 

''Barium pentathionate, hydrated. As received: well-formed rectangu
lar tablets, occasionally with their corners truncated by small bipyramid 
faces. The tablets are flattened parallel to the axial plane, so that only edge 
yiews exhibit interference figures. 2E is large, and the optieal character is 
positive ( +). Refractive indices by the immersion method: a= 1.620 - ; 
j3 = 1.640 -; y :=:: 1.670." 

'' 'I'he above tablets, placed in water, become covered by numerous small 
prismatic crystals. Recrystallized from water, in ·which the salt is very 
soluble, imperfect tapering four sided prisms ·with curved edges, very acute 
ends, and marked transverse cleavage, are obtained. These exhibit extinc
tion varying from parallel to about 8° as a maximum. Interference figures 
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Fm. 1. Crystals of potassium pentathionate from aqueous solution by addition 
of alcohol. 

FIG. 2. Crystals of barium p!'lntathionate from aqueous solution by addition 
of alcohol. 
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were not obtained on account of the unfavorable habit of the crystals. Ap
proximate refractive indices, by the immersion method: a= 1.59; B = 1.67; 
y = 1.75. Recrystallized by the addition of alcohol to a concentrated aque
ous solution, crystals like those from water are first formed, singly and in 
clusters. As more alcohol is added these dissolve and rectangular tablets 
appear, :finally replacing them completely. This indicates the existence of 
two different degrees of hydration.'' 

Solutions containing pentathionic acid were obtained by treating 1 gram 
of the potassium salt with the calculated quantity of tartaric acid required 
to liberate the pentathionic acid and form potassium acid tart.rate, if the 
reaction were complete. It ·was found, however, by weighing the potassium 
acid tartrate ·which crystallized out, that the conversion >vas approximately 
50 per cent complete and the final solution contained pentathionic acid, 
potassium pentathionate, and tartaric acid. 

In the case of the barium salt, solutions of pentathionic acid were ob
tained by adding· to a kmnm solution of the salt the exact quantity of stand
ard sulphuric acid required to precipitate the barium as sulphate. The 
latter was :filtered off and the solution diluted to the concentration desired. 
'I'he pentathionic ac.id solutions obtained in this manner ·were quite stable, 
did not deposit sulphur on standing, and still gave tests for pentathionic 
acid after keeping for a month. 

The relative toxicity of pentathionic acid, sulphuric acid, and 
hyd~·ogen suJvhicle 

In this series of experiments, the comparative toxicity of pentathionfo 
acid, sulphuric acid, and hydrogen sulphide was determined. Sulphuric 
aeid was chosen for comparison because it is a typical strong mineral acid, 
as is pentathionic acid, but the sulphate ion shows no marked toxicity to 
fungus spores (7). Sulphuric acid is commonly present in commercial 
sulphur, and in greater quantities than pentathionic acid, and :lfoalJy, it was 
used as a standard of comparison by Young and his eoworkers (52, 53). 
Preliminary results with hydrogen sulphide are included, since the recent 
work of Marsh (30) appears to eonfirm the early findings of Polacci (33) 
that this substance is an important factor in the fungicidal action of sul
plmr. Hydrogen sulphide rapidly escapes from aqueous solutions exposed 
to the air. Hence it was necessary to perform the toxicity tests in a closed 
vessel. The hydrogen-ion concentration of the sulphuric acid and pen
tathionic acid solutions was determined with the antimony electrode ( 4, pp. 
83, 84), because irregular results were obtained with pentathionic aeid when 
the hydrogen electrode was used. The results of this series of experiments 
are presented in tables 4 to 8 and figures 3 to 10. 
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TABLE 4.-The comparative toxicity of pentathionic acid and sulph·urfo acid solutions to the conidia of Sclerotinia americana 
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Concentration I-~~ Percentage Germ-tube I Concentration I H 
(millimols per litre) I P germination length(µ) (millimols per litre) ·-P __ _ 
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1.860 ... . ................ I 2.38 ! 80.3 100 1.800 . ................ ... ........... 2.35 
3.696 ..... ... ..... ... . . 2.04 22.9 , 40 I 3.()96 ...... ......... ... ... .. 2.07 
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Fro. 7. The percentage of germination of conidia of Macrosporium sarcinaeforme in 
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prepared from the barium and potassium salts. 
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solutions of H,so. and H,S,00 plotted against the pH of these solutions. 



TABI.1E 6.-1'/!c cr11nparatire to:ricily of pentalhionic acid and .sulphuric acid 8olutions to lite cunidia of ilfacrosporiutn sm·cinacfor,me 
----- - -· --

" Pentathionic acid 

From barium salt From potassium salt 
Sulphuric acid 

Concentration I l Percent- Germ-
Concentration 

Percent- Germ- Concentration Percent- Germ-

(millimols pil age of tube (millimols pH 
age of tube ( millimols pH age of tube 

per liter) germina- length per liter) gennina- length per liter) gennina- length 
tion (µ) ti on (~t) ti on (µ) 

Control ...... - ll9.3 400 

\ 

Control .. - 99.0 400 Control ... i - 99.3 400 I 
0.033 ........... 4.08 99.1 500 0.000 ....... 5.50 99.0 400 0.081 .. ! 3.75 98.8 425 
0.099 3.H2 99.2 500 0.0fi4 . 4.42 90.0 400 0.214 ·········· 3.34 nn.o 400 
0.199 ...... :l.33 9!).0 500 o.3:rn . 'J 1"1•) 

t).li> !J7.7 250 0.420 .... 3.02 95.7 300 
0.332 3.07 98.7 500 0.llf17 .. 3.40 40.0 l:W 0.4!17 .... 3.00 90.0 300 
0.497 2.88 87.7 300 J .:~a;~ . 3.08 0 0 0.040 2.83 51.6 125 
0.66;{ 2.7a Gl.8 200 -"--~-- -~-- --- --- 0.85:: ......... 2.!l8 7.G 30 
0.92'1 2.iHl 5.!) :io ~--- -- ---- -- ] .280 I 2.51 0.2 15 
1.280 2.:,a 0.3 15 -··------- ---- - --- l.70(J . I 2.38 0 0 
1.710 2 .. 42 0 0 ---··- --· - --- ~---

~. -~ 

_,. -~ 

fl'. 
0 
If>. 

8 

~ 
tti 

~ 
trj 

8 
\:l:j 
0 
t;:: 
'"rJ 
m 
0 z 
H z 
lfl 
:j 

d 

'f 

>-3 
trj 

>Tl g 

~ 
> z 
>-3 

:::i:i 
trj 
[/), 
trj 

> 
~ 
0 
ll:l 
H z 
p 



"'WrLcoxoN AND McCALLAN: FuNGWIDAL ACTION OF SULPHUR 405 

100 

90 
A HYDROGEN SULPHIDE 

z 80 
0 SULPHURIC ACID 

0 • PENTATHIONIC ACID 

fi fROM POTASSIUM SALT 

z 70 

~ 
!)'.'., 60 
w 
0 

so 
w 0 
0 

40 
~ z 
w 30 
u 
0:: 
w 20 
ll. 

10 

0 
0.0 0.1 0.2 0.3 04 05 06 07 0.8 

CONCENTRATION -MILLIMOLS PER LITER 

FIG. 9. The percentage of germination of uredospores of Urom11ces caryophyllinns in 
solutions containing varying concentrations of H,S, H2SO, and of H,S,O, 

prepared from the potassium salt. 
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TABLE 7.-The comparative toxicity of pentathionic aciil anrl sulpliu.ric acid solution of the uredospores of Uromyces cary
ophyllinus 
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5.60 83.8 400 0.008 4.90 84.2 400 
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Since the results obtained with a given fungus, using sulphuric and 
pentathionic acids, are in no case significantly different, as vvas also found 
by Roach and Glynne (38), working with Synchytriurn endobiotic1un, a 
single curve has been drawn through all the points obtained. 'l'his curve 
was derived by plotting the points on probability paper ( 47, pp. 263-270) 
and drawing the best straight line through the points by the method of least 
squares. 'I'he sigmoid curve obtained in this way, which may be considered 
as the integrated form of a probability curve, appears to fit the data quite 
well. The theoretical significance of such a curve in relation to toxicity ex
periments has been discussed by Brooks (5, p. 78) and Smith (42, pp. 
31-34; 43, pp. 340-341). It will be observed that in every case hydrogen 
sulphide exhibits much greater toxicity than either sulphuric acid or pen
tathionic acid. 

When the percentage of germination is plotted against pH for sulphuric 
and pentathionic acids, no evidence is obtained for an optimum zone of 
toxicity. The solutions show no effect until a rather high acidity is reached, 
which varies for the different species of fungi, and the curves then drop 
sharply, the point of complete inhibition of germination being reached quite 
rapidly. 

The difference in effect of the pentathionic acid solutions made from the 
potassium salt and those made from the barium salt may perhaps be ascribed 
to the content of foreign material in the former, namely, potassium pen
tathionate and tartaric acid, which contribute much to the total molecular 
concentration but little to the acidity. 

An interesting observation frequently made was that discarded solutions 
of pentathionic acid became contaminated with a species of Penicillium, 
which grew luxuriantly in these solutions. This was not the case with the 
sulphuric acid solutions. 

The toxicity of the salts of penfothionic acid 

Although, according to Williams and Young, free pentathionic acid 
exhibits marked toxicity, these authors state that the neutral salts are non
toxic ( 52, p. 361). Accordingly, a study has been made of the toxicity of 
potassium pentathionate to the conidia of Sclerotina americana, in distilled 
water, in an acid buffer solution, and in a solution to which sufficient sodium 
hydroxide was added to cause incipient decomposition of the potassium 
pentathionate. The buffer used was the phthalate-NaOR buffer of Clark 
and Lubs (8) pH 4.6 diluted to i the recommended strength. The results 
are shown in tables 9 and 10. 

Potassium pentathionate in distilled water ·was entirely nontoxic at the 
concentration employed. When the salt is placed in an acid buffer a cer
tain amount of free pentathionic acid must be formed, but, even under 



TABLE 8.-Tho toxicity of hydrogen ,~ulphfrle to the conidia of BotryUs sp. (cincrea type), Macrospori,um sarcinaefonne, 
Solerotinia amcricana and to the uredospores of Uromyees caryophyllimrn 

Concentration 
( millimols per 
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TABLE 9.-The toxicity of potassiitm pentathionate solutions to the conidia of 
Sclerotinia · a11iericana 

Solution 

Control ............................................ . 
0.10% K,S,O, · H H,O in redistilled water 
0.01 % K,s,o. · H II,O in potassium acid phthalate- · 

NaOH buffer, pH 4.6 ................................................. . 
0.10% K,S,O. · lt H,O in potassium acid phthalate-

NaOII buffer, pH 4.6 ............................................... . 
0.50% K,S,O, ·It H,O in potassium acid phthalate

NaOH buffer, pH 4.6 . 
Potassium acid phthalate-NaOH buffer, pH 4.6 

Percentage of Germ-tube 
germination length (µ) 

99.2 500 
99.4 500 

99.4 500 

99.1 500 

99.2 GOO 
99.4 500 

-------

TABLE 10.-The toxicfty, to the coniclia of Sclerotinia americana, of colloidal sulplwr 
formed frorn sol1ltions of potass'iirm pentathionate and .~odium hydroxide 

Solution 
! 

.Percentage of i Germ-tube pH 
i 

germination length (µ) 

Control ...................................................... . 98.;) 275 
95 c.c. 0.5% K,S,O,. H H,O + 5 c.c. N /10 

NaOH .................................................. . ................... . 6.72 0 0 
ditto, diluted 1-10 .. 6.40 62.5 75 

5 c.c. N /10 in 100 c.c. redistilled H,O 11.14 83.9 200 

i 

10.49 97.6 350 
' 

ditto, diluted 1-10 ..... . ....................................... . 

these conditions, no toxicity was exhibited, although the pH value of 4.6 
lies within the range of maximum toxicity according to Young ( 55, p. 410). 

In the case of the solutions to which sodium hydroxide was added, due 
to partial decomposition, colloidal sulphur was formed, and these solutions 
were highly toxic. 

THE TOXICITY OF WATER EXTRACTS FROM SULPHUR 

Williams and Young ( 52, p. 359) have stated that pentathionic acid 
is found in filtered water extracts from sulphur. In another place (57, 
p. 19) the same authors say that this acid is adsorbed quite completely by 
the sulphur particle so that none can be washed off. According to our ex
perience most samples of sulphur give water extracts which respond to tests 
given by pentathionic acid. (a) They form a brownish black precipitate 
of silver sulphide with ammoniacal silver nitrate. (b) When hydrogen 
sulphide is passed through the extracts for several minutes, colloidal sul
phur is formed. ( c) There is a slight precipitate formed when the ex
tracts .are made alkaline with sodium hydroxide. None of the extracts 



410 T:rrn BoYcE Tum-rPsoN INSTITUTE FOR PLANT RESEARCH INc. 

examined gave the methylene blue test for hydrogen sulphide. The re
actions obtained were, however, not very distinct, and other substances 
than pentathionic acid might have given each of them; we are only justified 
in saying, therefore, that there is a strong probability of the existence of 
traces of pentathionic acid in the water extracts but not an absolute 
certainty. 

The toxicity of water extracts from several samples of sulphur has 
been determined. These extracts were made by triturating 100 gram por
tions of sulphur in a mortar with 100 c.c. of distilled water and :filtering 
the mixture. Three of the sulphur samples were obtained from a well
known firm dealing in chemical reagents and correspond to the sulphur 
preparations listed in the U. S. Pharmacopeia and others were two well
known brands of commercial 300-mesh dusting sulphur. One of the latter 
gave an alkaline water extract which showed the presence of calcium when 
tested with ammonia and ammonium oxalate. None of the extracts tested 
showed any toxicity to coniclia of Sclerotinia americana when prepared as 
described above. The results appear in table 11. 

TABLE II.-The toxicity of water extracts from ·various 'kinds of siilph·ur to the 
conidia of Sclerotinia a·mer-icana 

Solution I 
Control ...................................................................................................... I 

pH Percentage of i 
germination ' 

99.3 
Water extraet from Sulphur Lotum ...................... .. 6.0 99.5 

'' '' '' Sulphur Praeeipitum ......... , 6.4 99.4 
'' '' '' Roll Sulphur .............................. i 6.2 99.3 

-----------------1---
Control ..................................................................................................... I 97.6 
Water extract from eommereial dusting sul- ! 

phur (A) ...................................................................... . 4.2 98.2 
Water extract from commercial dusting sul-

phur (B) ..................................................................... . 8.6 98.8 

TIU: '.l.'OXICITY Oli' sur,PfflTR DUST BEF'ORE AXD AFTER 

TREATMENT TO REMOVE ACIDS 

Germ-tube 
length(µ) 

900 
900 
800 
900 

175 

180 

225 

·when it is desired to compare two samples of sulphur and to determine 
the effect of some factor on their toxicity, as, for example, the presence or 
absence of pentathionic acid, it is necessary that the samples should be 
alike in other respects. One factor that might be expected to influence 
the toxicity is the particle size of the material. Roll sulphur was ground 
and sieved to furnish four samples whose particles varied from 33 to 285 µ 
in diameter. rrhe average diameter for each lot was determined by micro-

'1· 



vVII,COXON .AND l\foC.ALLAN: FUNGICIDAL ACTION OF SULPHUR 411 

metric measurement of the particles. The toxicity to conidia of Sclerotinia 
americana was determined in quadruplicate tests on each sample. The 
results are shown in table 12. 

TABLE 12.-The relation between the particle size and toxicity of a sul· 
phur dust to the conidia of Sclerotin·ia americana 

Treatment \ Mean diameter of 
I particle (µ) 

------------------------------------------~! 
Control ........................................................................ \ 
Ground Roll Sulphur ....................................... i 

'' ,, '' ." ....................................... I 
....................................... I " " 

" " " ....................................... I 
I 

285 
142 

60 
33 

Percentage of 
germination 

97.6 
62.8 
47.2 
29.l 
20.7 

It will be seen that the toxicity increases to a marked degree as the 
particles decrease in size, and therefore particle size must be considered 
in the evaluation of sulphur dusts as :fungicides. 

If the toxic factor of sulphur were pentathionic acid, it would be rea· 
sonable to expect a difference in toxicity between sulphur, treated in such 
a way as to destroy any traces which might exist, and the original sample. 
Accordingly, a sample of 300-mesh dusting sulphur which gave a marked 
test with ammoniacal silver nitrate, was divided into two portions. One 
of these was triturated in a mortar with one per cent sodium hydroxide 
solution and allowed to remain in contact with the solution overnight. 
The next morning it was filtered with suction and thoroughly washed until 
the washings were neutral to litmus. Just before use, a portion was ex
tracted with distilled water and the extract tested for pentathionic acid 
'vith ammoniacal silver nitrate. None was found. Comparative toxicity 
tests, using the conidia of Sclerotir1d:a arner-icana, were then made on the 
two samples in triplicate, 5000 spores being counted. The results of this 
experiment are shown in table 13. 

T.ABLE 13.-The comparative toxicity, to Sclei·otinia amei·icana coniilia, of sulphur ili1st 
before and after treatment to remove pentathionic acid 

Treatment 

Control ............................................................................................................................ .. 
300-mesh sulphur untreated; with original pentathionic 

aeid eontent ........................................................................................ .. 
300-mesh sulphur treated to remove content of pen· 

tathionie acid ................................................................................... . 

Percentage of 
germination 

98.0 

64.7 

64.4 

Germ·tube 
length (µ) 

400 

100 

100 

There is no significant difference in toxicity between sulphur treated 
to remove pentathionic acid and untreated sulphur. 



412 Trrn, BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH INc. 

SUMMARY 

1. The various theories that have been advanced to account for the 
fungicidal action of sulphur have been briefly reviewed, with especial em
phasis on the pentathionic acid hypothesis of Young. 

2. An improved technique has been employed for the laboratory deter
mination of fungicidal activity, by means of spore-germination tests. 

3. The spores of four representative pathogenic fungi were used, 
namely, Botrytis sp. (cinerea type), llfocrosporimn sa,r·chwefonne, Sclero
tinia ame1·icana1 and Uromyces caryophyll1:nus; these exhibit varying de
grees of sulphur sensitivity. 

4. The accuracy attained in these tests has been determined, and de
fined in terms of percentage of germination and odds of significance. 

5. The chemistry of pentathionic acid has been discussed, and the prep
aration, analysis, and properties of potassium and barium penathionates 
have been described. Pentathionic acid solutions have been prepared from 
these salts. 

6. The comparative toxicity of pentathionic acid, sulphuric acid, and 
hydrogen sulphide to the four fungi has been determined. It has been 
found that pentathionic and sulphuric acids, both typical strong mineral 
acids, exhibit identical toxicity ·within the error of the experiment. The 
toxicity of these acids is apparently due to the hydrogen ion, and a com
paratively high concentration is required for its manifestation. Hydrogen 
sulphide is from 6 to 200 times as toxic. 

7. When percentage of germination is plotted against concentration of 
a toxic agent, a sigmoid curve is obtained. This curve appears to be the 
integrated form of a normal distribution curve, 'Which perhaps indicates 
the distribution of resistance among the individual spores used. 

8. The neutral salts of pentathionic acid ·were found to be nontoxic to 
conidia of ScleroMnia aniericana, except when treated vdth sodium 
hydroxide, which destroys the pentathionic and forms colloidal sulphur. 

~). It has been found that most samples of sulphur give water extracts 
that respond to qualitative tests for pentathionic acid, but these extracts 
were not toxic under the conditions of experiment. 

10. The particle size of sulphur dusts is an important factor in their 
toxicity and must be considered in comparing one preparation with an
other. 'l'he toxicity increases '.vith the :fineness of subdivision. 

11. A commercial 300-mesh dusting sulphur, treated with sodium 
hydroxide to remove pentathionic and sulphuric acids, did not differ in 
toxicity from the same preparation before treatment. 

12. It is therefore concluded that pentathionic acid is not a factor of 
importance in the fungicidal action of sulphur. 

BOYCE 'l'ROMPSON INSTITUTE FOR PLANT RESEARCII, INC., 

YONKERS, NEW YoRK. 

ii:: 
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ENZYM ACTIVITIES OF JUICES FROM POTATOES TREATED 
WITH CHEMICALS THAT BREAK THE REST PERIOD i. 2 

F. E. DENNY, LAWRENCE P. MILLER, AND ]OFIN D. Gunrnrn 

INTRODUCTION 

·when freshly-harvested potatoes are treated with chemicals such as 
ethylene chlorhydrin, sodium thiocyanate, and thiourea the rest period is 
broken, and sprouts begin to make their appearance uniformly throughout 
the lot, after about five to eight days. The untreated potatoes planted at 
the same time, however, usually do not show sprouts until several weeks 
later, and even then the sprouting is not uniform (4). 

It seemed desirable to study the enzym changes that take place in the 
potatoes during these few days in which the processes correlated with the 
breaking of dormancy are in progress, and to compare them with untreated 
tubers under the same conditions. This paper presents the results of a 
series of measurements of the enzym activities of juices obtained from 
potatoes which had been treated with chemicals but which had not yet 
sprouted. 

The three chemicals used for treating the potatoes were ethylene chlor
hydrin (CICH2CH20H), sodium thiocyanate (NaSCN), and thiourea 
(NH2CSNH2). These, although quite unlike in chemical character, produce 
similar results in the breaking of dormancy and therefore it seemed of 
special interest to compare them with regard to their effects upon enzym 
activity. 

The object of the experiment was to obtain partial or complete answers 
to such questions as the following: What enzyms show the greatest changes? 
How soon after treatment do the changes start? Do the different chemicals 
produce the same or different effects upon the enzyms? Is there any 
relation between the concentration of chemical used in treating the potato 
and the enzym activity of the press-juice? Is there any correlation between 
the sprouting response and the enzym changes? Are the chemicals acting 
directly upon the enzyms or. do the chemicals act first upon the living 
matter and only indirectly up0n the enzyms? Do the changes occur in 
the absence of the eyes or must these. be present to permit a response? 

The enzyms mainly studied in this series of experiments were catalase, 
i Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 

New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the. manuscript. 

2 Herman Frasch Foundation for Research in Agricultural Chemistry, Paper No. 3. 
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peroxidase, and oxidoreductase; a few tests with amylase and invertase 
were made; and in the course of the tests it was found that the pH changes 
and certain non-enzymic reducing properties of the juice had to be taken 
into account. 

A general statement of the results is as follows: Increases in various 
enzyms were induced by the treatments and in some cases these were 
detectable within 24 hours. The amount of the increase was related to 
the concentration of the chemical used, in such a manner that a series of 
chemical treatments of graded strength gave a corresponding gradation of 
enzym activities. The three different chemicals were not equal in their 
effect upon enzyms, ethylene chlorhydrin being much more effective than 
sodium thiocyanate and thiourea. . The correlation between the sprouting 
produced by the treatment and the amount of increase in enzym activity 
was not .close, the thiourea treatments, particularly, producing better 
sprouting than would be expected from the effect upon enzyms. Presence 
of eyes in seed-pieces treated with chemicals was not necessary for increases 
in enzym activity. Increases could not be obtained by adding the chemicals 
to the press-juice; they occurred only when the potatoes were treated with 
chemicals and press-juices obtained at a subsequent period. 

MATERIALS AND METHODS 

Varieties and Source of Seed 
Tubers of both Irish Cobbler and Bl.iss Triumph varieties were used. 

Freshly harvested potatoes of Irish Cobbler were obtained early in June 
from lvk C. E. McLeod, Jr., of Seabrook, S. C., late in June from Dr. 
R. A. McGinty of Clemson College, S. C., and in mid-July from Mr.]. M. 
Snyder of College Park, Maryland. To these persons and to Dr. C. 0. 
Appleman of the University of Maryland the writers wish to express thanks 
for their valuable cooperation in obtaining a dependable supply of experi
mental potatoes. For the tests later in the season tubers of Bliss Triumph 
and Irish Cobbler harvested in August from the Institute gardens were 
used. The Bliss Triumph seed potatoes from which this crop was grown 
were kindly furnished by the Nebraska Certified Potato Growers Association 
through the courtesy of Mr. William Morrow and Prof: H. 0. Werner of 
the University of Nebraska, to both of whom we wish to make grateful 
acknowledgment. The response of tubers of these different varieties from 
different localities was not noticeably dissimilar so far as the enzym studies 

· were concerned. Bliss Triumph has a shorter .dormant period than Irish 
·. Cobbler and responds somewhat more readily to chemical treatment but 

the changes observed were always in the sa:me direction and approximately 
equal iii, amount. ip. th<; vatious lots. . A much greater divergence w:as 

. . found betWeert the results with . whole tubers and cut tubers of the same 
variety than. between• varieties. 

" '', 
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Chemical Treatments 
The methods used in treating the potatoes were the same as those 

described in previous publications (4, 5). The ethylene chlorhydrin "dip 
method" consisted in dipping the cut tubers (one-eye pieces weighing about 
one ounce) into a dilute solution of ethylene chlorhydrin (the exact amounts 
of 40 percent ethylene chlorhydrin per liter being shown in the tables), 
and storing the dipped pieces in covered glass jars for a definite period 
(usually 24 hours but sometimes only 16 or even eight hours). At the end 
of the storage period the treated pieces were planted in soil in flats until 
a subsequent time at which it was desired to remove a sample for the tests. 
The check lot consisted of pieces from the same lot of tubers, stored for 
the same length of time in the same type of containers, and handled in 
exactly the same manner except that they were dipped into water instead 
of chemical solutions. The sodium thiocyanate and thiourea treatments 
consisted in soaking the potatoes (cut into pieces ready for planting) for 
one hour in the solutions, the strength of which is described in the tables, 
and then planting the treated pieces in soil at once without rinsing. The 
chlorhydrin treatment for whole tubers consisted in placing whole tubers in 
glass or earthenware vessels for which covers were provided, exposing them 
for one day to vapors of ethylene chlorhydrin which was allowed to evapo
rate from pieces of cheesecloth placed loosely at the top of the vessel. 
The treated tubers were then stored intact (without cutting into pieces) 
in paper bags until samples for the tests were wanted. 

Obtaining Samples 
In taking samples for analysis 25 to ·50 of the cut pieces were removed 

from the soil, were wiped with a moist rag; then the eye of each piece was 
removed by first cutting away the flesh to the level of the eye and picking 
out the eye with a. knife point, taking about one-tenth gram of tissue per 
eye; from the rest of the seed-piece a thin layer of the outer surface was 
removed. The eye-tissue was ground up in a mortar using successive 
quantities of added water, decanting after each grinding, until the final 
volume including the residue was 15 cc. for each gram of tissue taken; 
samples of the not-atceye portion (called in the tables "tissue exclusive of 
eye-tissue") were obtained by cutting off a .slice from each seed-piece until 
5() to 7 5 grams of tissue were collected; the tissue was placed in a small 
cheesecloth bag, pounded in a mortar and pressed in a hand-press; the 
bag was again pounded and pressed; three pressings were made in all, 
the volume of juice obtainable being about 0.5 cc. per gram of tissue taken. 
The juice was not allowed to stand after pressing but samples for the various 
tests were taken within a few minutes. 

It was found necessaryto change this procedure for part of the work 
as .. follows: (r) Juice used for the study of both enzymic and non-enzymic 
reducing substances could not be subjected to so much aeration as this 
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method entailed, and for such tests the juice was obtained by passing the 
tissue through a food grinder, placing it in a cheesecloth bag, and pressing 
by hand. (2) It was found, as shown later in the tables, that the treat
ments, especially those with ethylene chlorhydrin, produced a juice with 
a pH different from that of the check lot; therefore special pressings were 
made in which the tissue was rolled in calcium carbonate previous to 
pressing. 

RESULTS 

Catalase 
For the catalase determinations, usually two cc. of juice were diluted 

to 50 cc. with water and ten cc. of this were taken for the determination. 
In certain cases a different dilution ratio had to be chosen in order to give 
a suitable burette reading but in such cases the check juice was proportion
ately diluted. The apparatus and procedure described by Davis (3) were 
used except that the Dioxygen was neutralized by CaCOa instead of NaOH. 

The effect upon catalase obtained by treating potatoes with different 
concentrations of chemicals is. shown in tables I, 3, and 6, which refer 
respectively to ethylene chlorhydrin, sodium thiocyanate, and thiourea. 

Columns s and 12 show that the effect of the ethylene chlorhydrin 
treatment was to increase greatly the catalase activity of the press-juice. 
Thus, favorable concentrations of chlorhydrin approximately doubled or 
even trebled the catalase in the cut-tuber dip-method treatments, and in 
the case of the whole-tuber treatments the differences between treated and 
check are even greater. It will be observed that with few exceptions when 
a graded series of chemical concentrations was used in treating the potatoes, 
a correspondingly graded series of catalase determinations was obtained. 
This is especially true of the juices obtained from the eye-tissue. It will 
be noted that the check readings for the whole-tuber series were lower 
than the checks from the cut-tuber series. Merely cutting the tuber and 
planting the pieces increased the catalase of the press-juice. Although, as 
shown in table I, column IO, the pH of the press-juice (and even that of 
the juice after the dilution of 2 : 50 for the catalase determination, see 
column II), was higher (less acid) for the treated than for the check, and 
therefore was more favorable for the catalase of the treated than of the. 
check, the differences in catalase activity can not be explained by this 
difference in pH; for, w.hen samples of both treated and check juices. were 
brought to various pH values by the addition of acid or alkali the catalase 
.of the treated was higher than the check at any pH value within the range 
of.acidity encountered. Thus, in table 2 are shown the results of adjusting 
the juices of treated and check samples to various pH values and .then 
determining the catalase activity. The treated juice was. then found to be 
more active at the greatest acidity tha~ the .. check juice was at the lowest 

·acidity. Subsequent experiments showed that, even when ground with · 
calcium carbonate .in order to neutralize the acidity, the lots treated with 
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TABLE r. Effect of Different Concentrations of Ethylene Clilorhydrin Upon Dormant Potato Tubers 

Juice from Tissue Exclusive of Eye-Tissue 

Peroxidase Ratio 
Lot Cone. of Per- Treated 

Treat111c11f No. Chemical cent Check 
per Liter Genn. Catalase, 

cc. 02i11 
I :Min. 

Purpuro- Nadi-gallin method Method 

Chlorhydrin, 207 45 cc. 90 14.3 I.77 I.38 
cut tubers, 208 15 cc. 70 19.1 r.80 I.04 

dip method, 209 5 cc. 27 16.7 r.57 I.I I 
Cobbler 2IO Check 0 8.o I.00 I.00 

----
Chlorhydrin, 252 45 cc. 96 21.7 

cut tubers, 253 rs cc. 64 2I.2 
dip method, 254 5 cc. 40 I6.8 
Cobbler 255 Check 8 13.3 

Chlorhydrin, 137 LOO CC. 58 20.5 13.24 2.IO 
whole tubers, 138 0.20 cc. 60 9.3 4.40 r.69 
vapor meth- 139 0.04 cc. 13 3.2 2.II I.24 
od, Cobbler 140 0.008 cc. 0 2.8 I.20 0.94 

141 Check 0 I.6 I.DO I.OD 
----

Chlorhydrin, 240 0.50 cc. 66 18.9 2.82 Lost 
whole tubers, 241 0.16 cc. 20 9.1 2.50 2.II 
vapor meth- 242 0.06 cc. 0 4.3 r.46 r.55 
od, Blif>s 243 Check I2 2.9 I.DO I.00 

-------------
Chlorhydrin, 193 I.00 CC. 59 2.15 

whole tubers, 194 0.25 cc. 18 I.38 
yapor meth- 195 0.06 cc. 27 I.09 
od, Bliss 196 Check () LOO 

Note: Tissue for.lots 252-255 ground with calcium carbonate, 
* pH measurements made with quinhydrone electrode, 

I 

Methylene In do-
pH of Juice* 

Blue phenol 
Reduction cc. 
l\1inutes Ab-

Required sorbed As After 
Pressed Dilution 

I.O l I.5 6.5r 6.78 
6.o 5.0 6.34 6.78 
r.o 7.0 6.34 6.68 

Neg. 2.5 6.03 6.56 

See 
Note 

0.5 36.0 7.24 6.90 
r.5 14.0 6.56 6.90 . 

Neg. 4.0 6.17 6.73 
Neg. 2.0 6.05 6.64 
Neg. 2.5 6.oo 6.56 

----

I ______ ! ______ 
0.5 I I 8.o 

30.0 I I I 
Neg. 1 

I I I -

Juice from Ei•e-Tissue Only 

Peroxidase Ratio 
Treated 

Catalasc 
Check 

cc. 02 in 
I ~fin. 

Purpuro- Nadi-gallin method Method 

20.6 2.13 I.20 
17.0 2.27 r.70 
rz.8 r.49 I .I I 
5.9 I.00 LOO 

19.5 
15.0 
I0.6 
I0.0 

13.5 
q.3 I 
9.2 
5.8 
3.9 

----
21.7 3.37 
IO.O 2.36 I 7.5 2.q 
3.9 I.00 

·-·-

j 

Days 
After 
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ment 

Sa1nplc 
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ethylene chlorhydrin had a greater catalase activity than the corresponding 
checks. 

TABLE 2. Effect of pH Upon the Catalase Activity of Potato Juice 

Catalase, cc. 02 in r min. 
Juice from Juice from 

Treated Potatoes Check Potatoes 
J ~~ce adj~~ted ~? ~~ 5.96. . . . . . . . . . . . .. .. . . . . . 12.8 l.4 

" " 6.10. . . . . . . . . . . . . . . . . . . . . 16.± 2.9 
6.50. . . . . . . . . . . . . . . . . . . . . IS.,, 5-4 

" " 6.95 ..................... 19.7 7.7 

. The pH of the juice during the process of pressing and making the 
catalase measurement is not capable of explaining the increased activity 
of the juice from the treated lots; but the higher pH value of the sap which 
may have prevailed in the potato between the time of treatment and time of 
sampling may be of great importance in protecting the catalase formed or 
in inducing a greater production of catalase in the treated lots. These 
experiments throw no light on this point. 

The increases in catalase in potatoes treated with ethylene chlorhydrin 
were not due to the direct effect of the ethylene chlorhydrin upon the 
catalase already present. This was shown by e..xperiments in which various 
amounts of ethylene chlorhydrin were added to potato juice and the catalase 
activity subsequently measured. In no case were any increases observed; 
decreases were found if the amount of chemical added was large enough. 
Thus eight cc. of 40 percent ethylene chlorhydrin per 100 cc. of potato 
juice caused a decrease in the catalase, but when the amount added was 
less than about two cc. per IOO cc. of juice no effect upon the catalase 
was noted. · 

The effect of sodium thiocyanate treatment of potatoes upon the catalase 
.of press-juice is shown in table 3, columns 5 and 12. In the determinations 
with juice from tissue exclusive of eye-tissue (column 5) it is seen that small 
and probably insignificant differences were found between the check lots 
and the lots treated with various concentrations of chemical. Only when 
we examine the data on juices from eye-tissue, column 12, do we find any 
suggestion that the catalase activity has been increased, and, even here, 
the differences are small, and hardly beyond the experimental error. 

Preliminary experiments had shown that the addition of small amounts 
of sodium thiocyanate to potato juice greatly depressed the catalase activity, 
even ten milligrams of NaSCN per 100 cc. of potato juice causing a marked 
reduction. It was thought possible that, in the process of soaking the 
potatoes in sodium thiocyanate solutions, en()ugh chemical could be present 
in .. the press-juice to have a retarding influence upon catalase. Tests 
showed. that thiocyanate was present in appreciable amounts in the jtiice 
Jrorµ t~e treated potatoes. Consequently, the juices were qialyzed in . 
. coUodi()rt'bags in running water, .un.cter .:which condition.s. the catalase .is 
retained within the bag .a.nd the thiocyanate together with other easily 
diffusible substance~ passes through. This permitted a separation of the 



TABLE 3. Effect of Different Concentrations of Sodium Thiocyanate Upon Dormant Potato Tubers 

Juice from Tissue Exclusive of Eye-Tissue , 
Peroxidase Ratio 

Cone. of Per- Treated pH of Juice* 
Tre;itntent Lot Chemical cent c:iieCk Methylene Indo-

No~ Percent_ Germ. Catalase, Blue phenol 
cc. o. in Reduction cc. 

'",_.,. -- I Min. Minutes Ab-
' Pu!fturo- Nadi- Required sorbed As After galin method ·Pressed Dilution Method 

Cut tubers, 236 I.00 IOO 9.0 2.15 1.59 30.0 II.O 
soaked- 237 0.50 80 8.2 I.77 I.20 Pos. 8.o See 
I hour,- 238 0.25 65 8.7 I.2I 1 I.20 SI. 2.5 Note 
Cobbkr- 239 Water 0 8.5 I.00 I.00 Neg. 2.5 

Cut tubers1 182 LOO 100 7.3 2.31 I.20 Pos. 10.-0 6.10 6.64 
soaked 184 0.50 84 7.2 1.40 r.32 Sl. 8.o 5-97 6.68 
1 hour., 186 0;25 68 6.o 1.40 0.92 Pos. 2.5 5.88 6.75 
Bliss 183 Water 12 64 I.00 Neg. - 5.93 6.64 

185 Water 16 8.2 1.36 I.00 Neg. 2.5 5.88 6.68 

Cut tubers, 167 1.00 100 lI.2 i.50 r.57 15.0 6.5 5.97 6.51 
soaked 168 0.50 84 rn.5 r.36 1.64 Pos. 4.0 5.88 6.44 
l hour, 169 0.25 60 6.8 1.04 1.22 SI. 2.5 5.83 6.44 
Bliss 170 0.13 40 7.6 0.90 I.IO Neg. I.O 5.68 6.22 

171 Water 8 7.1 I.00 I.00 Neg. r.5 5.97 6.31 

Cut tubers, 157 2.00 3,5 1.48 1.44 Pos. 6.oo 647 
soaked 158 0.67 5.5 1.26 I.19 SI. 5.93 6.31 
I hour, 159 0.22 

I 
6.3 1.24 l.15 Neg. 6.oo 6.31 

Cobbler 160 Water 5.1 LOO I.00 Neg. 5.97 6.31 

Note: Tissue for lots 236-239 ground with calcium carbonate for the catalase determination. 
* pH measurements made with quinhydrone electrode. -

Juice from Eye-Tissue Only 

Peroxidase Ratio Days. 
Treated After 
Check Treat-

Catalase, ment 
cc. 02in Sample 

1 Min. Taken 
Purpuro- Nadi· gallin method Method 

---
9.3 2.38 r.59 
6.9 r.79 I.20 5 
7.3 2.02 I.20 
6.5 I.OD LOO 

---
9.0 1.50 1.19 

II.2 0.89 0.92 
7.1 I.19 0.92 4 
8.5 I.00 

7.5 0.99 LOO 
---

6.3 I.34 I.32 
5.8 I.03 I.08 
3.2 0.87 I.02 5 
2.6 0.77 0.8I 
4.9 I.00 I.DO 

------
3.9 I.16 
5.5 I.12 4 
5.2 I.04-
3.2 I.00 
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catalase and the thiocyanate which, if present, could retard it. The results 
are shown in table 4 from whi~h it can be seen that, although before dialysis 
there was no graded series of catalase readings corresponding to the series 
of concentrations of sodium thiocyanate, after dialysis the catalase activities 

TABLE 4. Effect of Dialysis of Potato Jitice From Tubers Treated With Chemicals 

Catalase, cc. 02 in I Min. 
Treatment Lot Cone. of 

Applied No. Chemical Used 
Before After 

Dialysis Dialysis 

NaSCN, cut tubers, soaked one hour, 236 1.003 9.0 15.9 
Cobbler 237 0.503 8.2 12.0 

238 0.203 8.7 8.4 
239 Water ·8.5 5.8 

Thiourea, cut tubers, soaked one hour, 224 I.Oo3 9.r 8.8 
Bliss 225 0.50% 9.7 8.8 

226 0.253 9.8 8.2 
227 Water 9.5 84 

Chlorhydrin, whole tubers, vapor meth- 240 0.50 cc. 18.9 19.8 
od, Bliss 241 O.I6 CC. 9.1 IO.O 

242 0.06 cc. 4.3 3.8 
243 Check 2.9 2.9 

then arranged themselves in a series in an order agreeing with the strength 
of the chemicals. 

Further tests were made to determine the effect of length of dialysis 
upon the catalase activity of juices from the sodium thiocyanate treatments. 
These results are given in table 5 which shows that a period of dialysis as 
short as one-half hour greatly increased. the catalase of the juice from 
thiocyanate-treated tubers, and that the maximum effect was reached in 
about two hours. Dialysis for 16 hours reduced the catalase of both 
treated and check, but the treated remained higher than the check. 

TABLE 5. Time Relations in D·ialysis of Juice From Potatoes Treated With 
Sodium Thiocyanate 

Catalase, cc. Oz in I Min. 

Time After Beginning 
of Dialysis Lot I Lot II 

Treated Check Treated Cheek 

Start ...................... 6.o I3.6 7.0 74 
%h.our .....•......... , ... I5.7 14.3 
2 hours ............•...... 19.9 14.9 18.6 II.8 
4hours •..•... ; .... ; ...... 20.0 !I.6 I4.7 IO;O 

.16 hoj,irs •••. ~ .............. II.o 4,7 9.7 5.2 
'. 

· These results indicate that the effect of the sodium thiocyanate soiution 
upon the catalase of potafo was two-fold: (1) It induced the formation of 

-
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TABLE 6. Effect of Dijf erent Conrentmtions uf Tkiourea Upon Dormant Potiitoes 

Juice from Tissue Exclusive of Eye-Tissue 

Peroxidase Ratio 
Cone.of Treated pH of Juice* 

Treatment Lot Chemical Per-
Check 

Methylene In do-
No. Percent cent Catalase. Blue phenol 

Germ. cc. 02 in Reduction cc. 
r Min. 1\1inutes Ab-

Purpuro- Nadi- Required sorbed As After gallin method Pressed Dilution Method 
---------

Cut tuners, 228 LOO 96 12.7 r.50 r.4r Neg. 3.0 
soaked 229 0.50 72 I2-4 r.44 r.38 Neg. 5.5 See 
I hour, 230 0.25 8 13.2 r.37 I.20 Pos. 7.0 Note 
Cobbler 231 ·water 12 I0.8 I.OD I.DO SL 2.5 

Cut tubers, 224 I.00 92 9.I I.21 L50 SI. 18.o 
soaked 225 0.50 24 9.7 I.14 r.57 SL II.O See 
r hour, 226 0.20 I2 9.8 I.21 r.45 Pos. II.O Note 
Bliss 227 Water 16 9.5 I.00 I.00 Neg. 8.5 

Cut tubers, 177 I.00 88 3.6 2.04 r.33 15.0 5.0 6.05 6.98 
soaked 178 0.40 76 3.1 I.2D r.50 Neg. 3.0 5.97 6.64 
l hour, 179 D.I6 36 I.4 r.23 r.39 Neg. 2.5 5.97 6.51 
Bliss 180 0.06 0 0.7 0.69 r.08 Neg. 2.5 5-93 6.47 

181 Water 0 2.0 I.00 I.00 Neg. 2.5 5.88 6.47 
-------------

Cut tubers, 162 2.00 100 8.9 2.04 r.42 2.0 9.5 6.q 
soaked 163 I.OD 95 I0.2 r.72 1.22 1.5 4.0 6.lD 
l hour, 166 0.50 IOO 9.2 I.39 l .37 Neg. 3.5 6.05 
Bliss 165 0.25 45 I0.2 I ·.53 I.20 Neg. 3.5 6.oD 

164 Water 20 7.3 I.00 LOO Neg. 2.5 5.97 
--------· 

Cut tubers, 152 2.00 7.8 I.52 r.38 Pos. 
soaked 153 0.67 8.8 r.76 r.35 Neg. 
l hour, 154 0.22 8.o r.55 I.02 Neg. 
Cobbler 155 \Vater 7.8 I.00 LOO Neg. 

i 

Note: Tissue for lots 224-,231 ground with calcium carbonate for the catalase determination. 
*pH measurements made with quinhydrone electrode. 

Juice from Eye-Tissue Only 

Peroxidase Ratio 
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Catalase Check 
cc. 02 in 

I Min. 
Purpura- Nadi-

gallin method 
Method 

22.6 2-47 
26.0 r.47 
2r.6 r.64 
r5.9 I.00 

25.6 
16.4 
16.o 
13.8 

8.o 
3.6 
3.3 
3-4 I 
4.6 

----
16.5 2.27 r.18 
r7.9 1.82 I.14 
12.4 r.44 I.08 
9.7 I .81 I.00 
8 -·I I.00 I.00 

----·~------~-
23.6 2.57 
15.7 
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l .4-J-
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an increased amount of catalase in the press-juice. (2) But the thiocyanate 
absorbed by the tissue, when pressed out with the juice, interfered with 
the action of the catalase that had been formed. Whether the thiocyanate 
was interfering with the catalase within the potato tissue before the juice 
was pressed out is an important question upon which the present experi
ments furnish no evidence. 

The effect of thiourea treatments upon catalase is shown in table 6. 
The data from the juice obtained from the seed-pieces after excluding the 
eye-tissue are shown in column 5 and indicate no differences in catalase 
activity between treated and checks, and no series of readings corresponding 
to the concentrations of chemicals used. Furthermore when these juices 
were subjected to dialysis as was done for the thiocyanate lots (see table 4) 
no differences between treated and checks were obtained. 

The catalase determinations on the extracts from the eye-tissue (column 
12), however, show definite increases of treated over checks and a fair 
agreement between the gradation of catalase values and the series of 
concentrations of thiourea; but, as compared with either ethylene chlor
hydrin or sodium thiocyanate, thiourea had much less effect upon the 
catalase of the juices. 

The direct action of thiourea upon catalase of potato juice is not im
portant in connection with these tests. The addition of thiourea to potato 
juice in amounts greater than about 150 milligrams per 100 cc. of juice 
retarded catalase activity; amounts smaller than about 50 milligrams 
produced no effect. Loevenhart and Kastle (8) found a marked increase 
in the catalase of hog's liver by the addition of thiourea, but a similar 
effect upon potato catalase was not observed by us. 

Peroxidase 
Two different methods were used in determining the peroxidase activity: 

the purpurogallin method and a modification of the Nadi-oxidase reaction. 
In the purpurogallin method ten cc. of five per cent pyrogallol, 30 cc. of 
phosphate buffer at pH 6.5, two cc. of r2 volume H202, and the required 
amount of potato juice or extract were added in centrifuge tubes. The 
mixture was allowed to stand in a constant temperature room either at 
23° C. or at o0 C. according to whether it was more convenient to stop 
the reaction after a few hours or allow it to continue overnight. When 
the precipitate of purpurogallin, which formed as a result of the peroxidase 
action of the juice, becameJarge enough to give a good colorimeter reading, 
thetubes were centrifuged and the precipitate was dissolved in 95 percent 
alcohol with the aid of heat, was made up to volume, wa$ filtered, and the 
amountof purpurog;allin was estimated by a colorimetric comparison using 
the check lot as the standard. Usually either one or two cc. of potato 
juice and five to ten cc. of extract from the eye-tissue gave suitable concen
trations for convenient measurements, and, although the amount used 
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varied somewhat in different tests, in any one test the amounts of juice 
used and all other conditions of the procedure were exactly the same for 
the treated and check lots. 

In the N adi method 25 cc. portions of the paraphenylene diamine
alphanapthol mixture, made up in a citrate buffer of pH 4.5, were placed 
in centrifuge tubes with 25 cc. of toluene. Sufficient extract or juice to 
give a convenient reading (usually I cc.) and 5 cc. of Dioxygen diluted 
I : 20 were added. The tubes were stoppered and allowed to stand with 
frequent shaking until sufficient color developed for a satisfactory colori
metric comparison. The peroxidase of the juice brings about the production 
of indophenol by interaction of the reagents; the indophenol dissolves in 
the toluene giving a red color which varies in intensity according to the 
peroxidase activity of the juice tested. The tubes are centrifuged. The 
top layers are decanted and compared in a colorimeter, using the check as 
the standard. 

The agreement between the two methods was only fair, and, in some 
cases, quite poor; this divergence is not surprising, since the enzym not 
only acted upon different substrates in the two cases, but also at two 
different hydrogen-ion concentrations. But, in general, the principal 
conclusions that could be reached by a consideration of the data were the 
same by either method. 

The effect of the chemical treatments upon the peroxidase of the press
juice is shown for the ethylene chlorhydrin treatments in table I, for sodium 
thiocyanate in table 3, and for thiourea in .table 6. In the case of the 
peroxidase it appears unnecessary to discuss the three chemicals separately 
as was done for catalase, since the chemicals gave more nearly equal results. 
The data show in general an increase of the treated over the check, the most 
favorable concentrations of chemicals giving an increase of about 50 to 
100 percent. The relationship between the concentration of the chemical 
arid the peroxidase ratio, however, is not such as to give gradations which 
correspond exactly to the concentrations of chemical used in the treatment; 
the agreement is fair but there are several irregularities. 

None of the three chemicals had an accelerating effect upon the peroxi
dase when added directly to potato juice. Ethylene chlorhydrin could be 
added up to about one percent of the potato juice (by volume) without 
either increasing or decreasing the peroxidase activity. Sodium thiocyanate 
at about 50 milligrams per 1oocc. of juice retarded, as did also thiourea 
at. about :200 milligrams, but fo the case of neither chemical did lower 
concentrations cause a detectable increase in peroxidase as measured by 
the purpurogallin method. 

Time Relations in the ])evelopment of Catalase and Peroxidase Activity 

In order to determine approximately how soon after treatment the 
increases in catalase and peroxidase began, samples of treated and check 
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potatoes were taken at intervals of 16, 24, 48, etc. hours after treatment. 
The results for the ethylene chlorhydrin treatments are shown in table 7 
and for sodium thiocyanate and thiourea in table 8. In the chlorhydrin 
treatments it is seen that the catalase increase is very marked between the 
24th and 48th hour and increases as early as the 16th hour after treatment 
were observed. The increases were greater in the extracts from the eye
tissue than in juices from the not-at-eye portion. 

TABLE 7. Time Relations ·in Effect of Ethylene Chlorhydrin Treatment of Dormmit Pata.toes 

Juice from Tissue Exclusive 
of Eye-Tissue Juice from Eye-Tissue Only 

-Hours After I Lot Variety End of Cata!ase, I Catalase, No. Treatn1ent CC. 0~ ill I ]\,fin. Peroxida.se cc. 02 in I Min. Peroxidase I Ratio. Ratio. I Check = r.oo Check =r.oo 
Treatment . Check I Treatment Check 

-
Bliss 24 IO.I I6.0 r.07 

I 
4.9 8.2 r.82 

r87 48 16.9 I I.O 2.05 24.9 S·S 2.17 
<tnd 72 24.s 12.2 2.04 24.3 6.4 3.45 
188 96 22,2 I I.3 2.20 24.6 7.0 6.12 
-- 1-9.31-~ 191 Cobbler 24 9.1 7.9 I.28 10.7 

and 48 15.9 9.0 r.74 29.8 I I I.,) ' 2.50 
192 72 2I.2 8.6 2.68 28.7 12.2 2.52 

2II Cobbler 30 I0.2 5.5 6.5 3.5 
and 56 IS.I 7.5 2r.5 5.3 
2I2 So ~_3.I 4.3 25.I 6.1 

213 Bliss 30 6.5 5.7 8.6 2.2 
and 56 14.3 7.5 I 20.5 3.6 
214 So 14.8 5.5 29.8 5.7 

215 Cobbler r6 4.4 r.7 2.20 4.9 3.0 I.77 
and 23 7.6 3.8 r.98 4-0 3.3 I.I I 
216 42 15.7 6.8 2.38 15.0 4.6 I..f5 ------, 
219 Cobbler 0 3.7 3.7 LOI 4.5 4.8 1.23 
and I6 9.3 5.8 I.96 5.6 2.3 I.23 
220 24 9.0 4.9 I.64 6.7 3.6 I.32 

40 18.7 .. p 2.86 25.4 5.6 2.02 

The peroxidase increases developed in a manner similar to that of the 
catalase, and although the course of development of peroxidase was not as 
consistent in the different lots as was the catalase, there was some evidence 
that the peroxidase increase began even earlier than that of the catalase. 

The results with thiourea (table 8) show no consistent increase with 
respect to time in catalase in the juice from the tissue-not-at-eye, but in 
the extract from the eye-tissue there is a gradual increase beginning about 
the 24th to 48th hour; this is tl"ue also of the peroxidase, except that the 
increase in the eye-tissue samples is not gradual but rather uneven. The 
sodium thiocyanate data on this point (table 8) are in agreement with 
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TABLE 8. Time Relations in E_(fect of Sodium Thiocyanate mrd Th1:011rea Treatment of Dormant Potatoes 
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Juice frmn Tissue Exclusive of Eye-Tissue ] uice frmn Eye-Tis!-me Only 

H"urs After Catalase. Peroxidase Ratio. Catalase, Peroxidase Ratio. 
Treatritent End of cc. 02 in r Min. Check = r.oo cc. 02 in r l\Iin. Check= 1.00 

TTeatment 

Thiourea I NaSCN Check Thiourea NaSCN Thiourea NaSCN Check Thiourea NaSCN 
T_reatment Treatment Treatment Treatment Treatment Treatment Treatment Treatment 

---
0 3.6 4.2 4.8 0.93 I.I/ 4 ., 3,6 3.9 c>.99 I.I4 ·-

24 6.3 4.5 6.2 1.01 1.35 6.9 4.6 4.8 I.12 0.93 
Cut tubern, soaked I 48 8.7 3.7 8.2 I.2I I.I/ 8.6 8.2 7.3 r.52 I.26 

hour, Cobbler 72 7.7 .'H 7.4 0.95 0.94 8.6 8.3 6.8 r.36 r.23 
96 '/.6 4;9 6.7 I.2I I.29 8.2 6.2 5.8 1.33 1.33 

120 8.5 6.3 7.2 0.95 I.I I 12.8 8.7 7.1 2.27 r.38 
--------~~~~ ------------------- ---------------------------------

0 0.70 
24 I.I6 I.04 

Cut tubers, soaked I 48 6.3 l l.9 I.26 5.6 t).I I.28 

hour, Bliss 72 +9 8.8 I.42 6.I I I.4 r.99 
96 4.7 7-7 I.bl 3.6 8.r r.90 

120 5.5 7.8 l..J.3 I I.2 I I.2 2.03 
q.8 ro.7 II.6 I.56 
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those in table 3 in showing no catalase increases in the juice from the 
not-at-eye tissue at any time during the period of sampling; but, as described 
in a previous paragraph, this is no doubt due to the inhibiting effect on 
the catalase resulting from the presence of thiocyanate in the press-juice. 
It will be remembered that after dialysis of such juices to remove the NaSCN 
the treated juices were then higher than the corresponding checks. In 
the eye-tissue samples also, there was no increase in catalase, at least not 
until after 120 hours. The peroxidase measurements with the exception of 
one lot show increases beginning about the 72nd or 96th hour. 

Reducing Properties of Juices 

Methylene Blue Reduction 

The solution of methylene blue contained 50 milligrams per liter. 
To five cc. of the freshly-pressed juice in a narrow test tube one to two cc. 
of the methylene blue solution were added and the two were mixed. The 

• time required for complete decoloration of the liquid at the bottom of the 
tube was noted. In cases where the reduction was not complete but only 
partial, the designations Sl. ( = slight) and Pos. ( = positive) were used to 
distinguish them from the lots called Neg. ( = negative) in which no reduc
tion at all could be noted at the end of 30 minutes. 

The effect of treatment with different concentrations of ethylene chlor
hydrin upon the methylene blue reducing capacity of potato juice is shown 
in table I, column 8. Under the conditions of the test, juices from the 
check lots were not able to reduce methylene blue within 30 minutes. 
The lots treated with favorable concentrations of ethylene chlorhydrin, 
however, caused reduction within about a minute or less. 

Treatments with sodium thiocyanate and thiourea gave juices with 
much less capacity to reduce methylene blue, as shown in table 3, column 8 
and table 6, column 8. In these cases the reduction was greater with the 
treated than with the checks, but the differences were not as great as with 
the chlorhydrin treatments. 

The pH value of the solution in which the methylene blue reduction is 
carried out is of importance, the less acid the solution the more rapid the 
rate of reduction. This was taken into account and it was found that when 
the treated and check juices were adjusted to the same pH the reduction 
was always more rapid in the treated lot; furthermore, while check juices 
were unable to cause reduction at pH values more acid than about 6.20, 
chlorhydrin-treated juices made acid to 5.75 could still reduce the methylene 
blue within the 30 minute period. The addition of small quantities of 
ethylene chlorhyc1rin, sodium thiocyanate, or thiourea to potato juice did 
not increase the rate of reduction of methylene olue. Sodium thiocyanate 
at about :to milligrams per r oo cc. of juice appeared to retard the action 
somewhat. 
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I ndophenol Reduction 

The indophenol solution was prepared by dissolving roo milligrams of 
indophenol in 25 cc. of boiling alcohol and diluting rapidly with water 
to one liter. When five cc. of potato juice are placed in a test tube and the 
indophenol solution is run in from a burette, the blue color is at first instantly 
reduced to a colorless condition; upon the continuous addition of the dye 
a point is reached at which the blue color is not discharged. The amounts 
of indophenol decolorized by juices from the potatoes treated with different 
concentrations of chemicals are shown in tables I, 3, and 6. It is seen 
that, while juices from untreated lots absorb about 2.5 cc. of indopheno! 

. under the conditions of the test, the juices from the lots treated with 
favorable concentrations of chemicals absorb 5 to 36 cc. In all tests but 
one there was a good correlation between the concentration of chemical 
used iri treating the potato and the indophenol absorption of the press-juice. 
The order of effectiveness of the three chemicals is first, ethylene chlorhydrin, 
then sodium thiocyanate, and finally thiourea; but even in the case of 
thiourea the value for the treated is about twice that of the check. The 
indophenol absorption of juices obtained from the whole tuber treatments 
with ethylene chlorhydrin was especially high. 

It should be emphasized that this reaction can be obtained when boiled 
juice is used, and, therefore, differs to a certain extent from the methylene 
blue reduction which is enzymatic, and does not occur in boiled juice. 

Self-reducing Properties 

When potato juice is allowed to come in contact with air it becomes 
first reddish, and later brown, or even nearly black. In these experiments, 
during the process of extraction the juices were exposed to the air and 
became more or less dark brown. When these juices were poured into 
test tubes, they gradually became lighter in color, and finally nearly canary 
yellow. One of the most distinct results of the chemical treatments was 
to favor the rapidity of this self-reduction; and, furthermore, the order in 
which the juices became decolorized was in the order of the series of concen
trations of chemicals used in treating the potatoes. ·With all three chemicals 
it was observed that the juice from the highest concentration of chemical 
became yellow in the shortest time, and then followed in order the different 
treatments, the check lot remaining brown for the longest time. The 
naturally-occurring pigment-forming system, therefore, was a better 
indicator than methylene blue for distinguishing between different concen
trations of chemicals in their effect upon the reducing properties of juices. 
Also, the three chemicals were more nearly alike with respect to this self· 
reduction than they were toward methylene blue reduction. Thus, in the 
thiourea treatments the differences between treated and check were not 
large, as shown in table 6; but the capacity of thiourea treatments to give 
quicker reduction of the color of oxidized juices was very distinct, and 
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gave gradations with respect to these characteristics corresponding closely 
to the graded series of concentrations of chemicals. 

It is likely that the capacity of dark colored juices from thiourea
treated potatoes to decolorize when allowed to stand is connected with 
the ability of thiourea to retard darkening of juices or tissue when the 
thiourea is added directly to the juice, or when pieces of potato tissue are 
dipped into solutions of thiourea and allowed to stand in air. In such 
cases the darkening can be completely inhibited if the proper concentration 
is chosen. 

Iod£ne Reduct£on 

·when ten cc. of ten percent trichloracetic acid are added to five cc. 
of potato juice the mixture will absorb appreciable amounts of o.or N 
iodine. Using starch as an indicator of an excess of iodine, it was found 

TABLE 9. Reducing Properties of .Tit.ice From Pata.toes Treated T'f.·'ith Chemicals 

I 
Reduction of 

Cone. of o.or 1\1 PhMphotungstic 
Chemic.'1.1 Treatment Lot No. Chemical Iodine Reagent. Ratio 

Used Absorbed cc. Treated 

1 I Check 
-~-----1 

NaSCN, cut tubers, soaked I I 167 1.00(~ i r.55 2.02 
hour I 168 0.50C~ I r.25 I.54 

169 0.250(, I.00 r.48 
r70 o.r3% 0.75 0.87 
I/I \Vater 0.70 I.00 

NaSCN, cut tubers, soaked I 236 1.00% I.65 1.95 
hour 

' 
237 0.50% l.,50 I.78 
238 0.25~;~} r.05 J.38 
239 Water 0.85 I.00 

-----
Chlorhydrin, whole tubers, vapor 137 I.00 cc. 2.75 

method 138 0.20 cc. I.IS 

139 0.04 cc. 0.30 
qo 0.008 cc. 0.20 
qr Check 0.20 

-
Chlorhydrin, whole tubers, vapor , r93 I.00 cc. 2.ro I.79 

method 194 0.25 cc. I.00 0.98 
I95 0.06 cc. LIS I.00 
196 Check o.8s I.00 

---
Chlorhydrin, cut tubers, dip 207 45 cc. 0.75 

method 208 IS cc. 0.85 
209 5 cc. 0.75 
2IO \Vater 0.45 ---------

Chlorhydrin, cut tubers, <lip 187 ,'.:\O CC. 2.00* 
method and Check I,05 

30 cc. 3.30 
188 Check 0.90 

Thiourea, cut tubers,. soaked I r62 2.00% 2.36 
hour 163 I.003 l.I3 

l 
r65 0.50% Lost 
166 0.25% I.13 
164 Water I.00 

*First pair of readings 48 hours, and second pair 72 hours after treatment. 
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that juices from the potatoes that had been treated with ethylene chlor
hydrin and sodium thiocyanate absorbed larger quantities of iodine than 
juice from untreated potatoes. The results are shown .in table 9. The 
thiocyanate-treated lots absorbed about twice as much iodine as the checks, 
and for the ethylene chlorhydrin treatments the divergence was even 
greater. The amounts of iodine absorbed by the juices formed in the 
different tests a series of values which corresponded fairly well with the 
amounts of chemicals used in treating the potatoes. Sodium thiocyanate 
itself will absorb iodine in neutral or alkaline solutions, but not in the . 
acidity produced by the amounts of trichloracetic acid added in making 
the tests. 

It will be noted that no results with thiourea are shown. This is 
because thiourea itself absorbs iodine in acid solution, hence although this 
test was made, and, although the juices from the treated lots absorbed 
more iodine than the checks, it seemed that the procedure was more nearly 
a measure of the amount of thiourea absorbed by the potato than of the 
substances for which the iodine test was being used. 

Titration with 0.01 N iodine in acid solution, using nitroprusside as an 
indicator, has been recommended as a measure of glutathione (see Tunni
cliffe, 12). Starch has also been tried as an indicator, but generally regarded 
as unsatisfactory, merely because it gives higher results than nitroprusside. 
It has, however, been recommended by Blanchetiere and Melon (I). 
Potato juice gives a very feeble nitroprusside reaction and therefore nitro
prusside can not be used as an indicator. It is probable that the substance 
responsible for the iodine reaction in the potato is not glutathione, but 
resembles the reducing substance described by Szent-Gyorgyi (ro). 

Phosphotungstic Reagent Reduction 

If to two cc. of Folin's (6) improved uric acid reagent (free from the 
phenol reagent) are added two cc. of boiled filtered potato juice, together 
with ten cc. of 20 percent sodium carbonate, a blue color will develop 
within a few minutes because of the rec;luction of the tungstic reagent. 
It was found that the intensity of this blue color was greater with juices 
from the potatoes that had been treet.ted with chemicals than with the check 
lots, and that a colorimetric comparison ·of treated and check could be 
made. The results are shown in table 9 from which it is seen that the 
reducing action of the juice from potatoes receiving favorable amounts of 

·.chemical was approximately twice that of the check juices. 

Effect of Method of Extraction, Tim.e of Standing, and Aeration Upon 
·· ·· Reducing Properties 

The 'redt.icing d.i.pacify .. of· .l3. •juice decreased to low. values when the 
juice ~as eX:po$ed to air in a thfo layer.. Under these conditions its capacity 
to reduce methylene blue was completely lost, and its effectiveness in 
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TABLE IO. Relation of Reducing Properties to the Method of Extraction and Time of Standing of Juice 

Indophenol Reduction* of . Cubic Centimeters of o.ox N Iodine Absorbed Reduced Phosphotungstic 
cc. Reagent 

Lot Treatment 
No. Press-juice Trichlor- Boiling Boiling Trichlor-

Amount· acetic \Vat er 
Fresh 

Water acetic 
of Acid Extract Extract Juice Acid 

Chemical At Stood Stood Extract of Juice of Extract 
Once J-2 hr. I hr. of Tissue Tissue Tissue of Tissue 

---
197 Ethylene chlorhydrin, whole 

•· tubers; vapor method 
I CC. 2.50 3.IO 3.35 3.10 2.6s 18 22 2.00 I.I6 

---
198 Ethylene chlorhydrin, whole l/4 cc. 2.IO 2.4s 

tubers, vapor method 
2.55 3.00 2.70 13 22 I.SI I.!8 

---
199 Ethylene chlorhydrin, whole 1/16 cc. I.IO I.IS I.IS 2.40 2.25 6 21 0.70 0.93 

. tubers, vapor method 
---

200 Not treated Check I.SO I.80 1.55 2.6,5 2.20 4 21 I.00 I.00 

* Colorimetric comparison with check at I.oo as standard. 

Reduction of 
Methylene Blue, 

min. 

Fresh 
Juice 

1/4 min. 

3min. 

Not complete 
after 30 min. 

Not complete 
'after 30 min. 
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reducing iodine and indophenol was much lower. In addition, the reducing 
property of a juice was found to depend upon whether the tests were applied 
upon press-juice or upon extracts obtained with boiling water or with 
trichloracetic acid. The results of a series of tests on the behavior of the 
reducing capacity are shown in table ro. 

The following observations are to be considered: (r) In treated juices 
the power to reduce 0.01 N iodine increased on standing. (2) Treated 
juices reduced methylene blue and this action was inhibited by boiling. 
(3) The reducing action of the juice on indophenol and o.OI N iodine 
disappeared rapidly on aerating the fresh juice, but not the boiled juice. 
(4) Extracts prepared by dropping the tissue into boiling water, or ex
tracting with trichloracetic acid, show much smaller differences when 
titrated with o.or N iodine than the expressed juice. These results would 
be in agreement with the assumption that the substance or substances 
responsible for the indophenol, iodine, and phosphotungstic reduction are 
present in the tissue in the reduced form; that these are partially oxidized 
in the process of extraction, but reduced back again in the treated juice. 

Amylase and Invertase 

The activity of both these enzyms may be measured by their effect in 
causing an increase in reducing sugar by the splitting of added substrates. 
But the measurements are difficult with potato juice for the reason that the 
amylase activity is not high and. the correction due to the sugar in the blank 
test is relatively higa in comparison with the increase it is desired to measure. 
Invertase may be studied simultaneously but, to make a comparison between 
treated and check juices in our experiments, it was necessary to add cane 
sugar in excess to the juice, since juices from lots treated with chemicals 
contained initially higher amounts of cane sugar than the check lots. 

To estimate the amylase and invertase activity of a given juice at least 
four sugar determinations (eight or twelve including duplicates) were 
needed for each lot of juice. Since there were usually four or more lots 
in each experiment, the time required for performing the necessary opera
tions made it impossible to carry out more than preliminary determinations 
of amylase and invertase measurements. The results of such tests are 
shown in tables II and I2. It is seen (columns 7 and 8 irt table II) that 
the. amylase and invettase activities of the treated lots were higher than 
the check, and that a series of graded values was obtained corresponding 
well with the gradation of chemical concentrations used in treating the 
potatoes. Column 6 shows that the sucrose values were higher in the 
treated than in the check. But from column 3 it will be seen that the pH 
values were also different in the treated· and check lots, and it was necessary 
to take this into account in another experiment. In order to determine 
the effect of the pH value of the juice upon amylase and invertase activity, 
a portion of the juice from the treated lot was adjusted to the pH of the 
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check lot by the addition of acid, and the pH of a portion of the check lot 
was adjusted to that of the treated lot by the addition of alkali. The 
amylase and invertase activity of the four lots were then determined and 
the results are shown in table r2. It is clear that the difference in pH 
can not account for the difference in enzym action between treated and 

TABLE I I. Effect of Ethylene Chlorhydrin Treatment Upon Amylase mzd bz.i.ertase of Potato 

Potassmm Permanganate Values* Resulting fron1 Sugar 
Determination. cc. N/20 KMNO, per 5 cc. of Juice 

Cone. of 
Treatment Chem. pH 

cc. per!. Juice 
Boiled Increase Suero set Amylase Invertase 
Juice on Present Valuest v,1lues§ 

Standing 
-----------

Chlorhydrin,wholetu- I.00 6.73 0.00 2.30 

I 
22.15 22.25 II.23 

bers, vapor method 0.33 6.47 0.17 4.I6 2r.38 2!.44 9.09 
O.II 647 Trace 3.i8 18.40 20-40 7.90 
0.09 6.5r 0.93 3.39 15.32 19.36 6.16 

Check 6.34 z.92 I.IS I 13.5~; 16.63 I 6.IO 

* Averages of three duplicate determinations. 
t Representing the relative amounts of sucrose in the juices. 
:j: Representing the increase in reducing power due to hydrolysis of added starch 

after making correction for blanks. 
§Represent the increase in reducing power clue to inversion of added sucrose after 

making correction for blanks. 

TABLE 12. Effect of pH on the Comparison of Treated and Check Lots H'-ith Respect to 
Amylase and Invertase 

Potassium Permanganate Value~ Resulting 
from Sugar Determinations. cc. N /20 

KMNO, per sec. Juice 

Treatment 
Juice 

Amylase I Invertase Boiled Increase I Sucrose 
Juice on Present Values Values 

Standing 

20.331 Chlorhydrin, whole Juice as pressed pH O.I5 I.80 2245 7.r3 
tuber,. treatment I =6.8 
cc. per l. 24 hrs. 

Juice adjusted to p.H O.I6 r.30 24.34 I6.20 5.07 
of check lot =6.3 

-----------
Check, not treated Juice as pressed pH 6.40 I.6! 15.2 7.07 I.90 

=6.3 
·--------

Juice adjusted to pH 
of treated lot =6.8 

6.33 I.77 14.3 15.55 3.35 

Note: See foot-notes to table II which apply here al:lo. 

check since eve11 at the same pH the treated was 50 to roo percent higher 
than the check. . 

It is realized that further work is needed before conclusions can be 
drawn, and in particular these experiments, which were carried out with 

... 
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ethylene chlorhydrin, should be extended to other chemicals. The effect 
upon amylase of the chemicals themselves when added to potato juice is 
now being investigated, especially with regard to sodium thiocyanate, 
because of the previous work of Johnson and \Vormall (7) which indicated 
a direct stimulative effect of this chemical upon the amylase of the saliva 
and potato juice, at any rate upon the dialyzed enzym. 

Acetaldehyde Formation 
Boresch (2), who investigated the effect of the warm-bath treatment of 

twigs of woody plants in breaking dormancy, found increased amounts of 
acetaldehyde in treated tissue, and he believed that the aldehyde formed 
was an effective agent in inducing growth of buds. \Ve made some pre
liminary measurements of acetaldehyde in treated and check lots of potatoes, 
first steam distilling the tissue to separate the acetaldehyde, and then 
using the method of Tomoda (II). The test can not be regarded as specific 
for acetaldehyde since it is given by any aldehyde or ketone. The aldehyde 
measurement by this method can be expressed in terms of cubic centimeters 
of o.I N iodine. Only small amounts of acetaldehyde were found, but in 
the three tests made the ethylene chlorhydrin treated potatoes gave higher 
values than the check lots. Thus, using 250 grams of minced tissue for 
each test, the titration values were: treated 0.85 cc., check 0.25 cc.; treated 
0.45 cc., check 0.30 cc.; treated 0.60 cc., check 0.30 cc. The effect of sodium 
thiocyanate and thiourea treatments upon the development of acetaldehyde 
in potatoes was not determined. 

Because of the low values obtainable from even such a large amount of 
tissue, it was concluded that neither time nor tissue could be sacrificed 
for further tests of acetaldehyde at that time. 

But even if it could be demonstrated that larger amounts of acetaldehyde 
are formed in treated tissue, it could not be concluded from this that 
acetaldehyde was the cause of the breaking of dormancy. Since acetalde
hyde is an intermediate product in respiration, and since Smith (9) has 
shown that the ethylene chlorhydrin treatment greatly increases the 
respiration of potato tubers, a more likely explanation is that the acetalde
hyde is a result of the increased life activity, and not a cause of its initiation. 
In other words the dormancy has been broken and considerable cell activity 
has occurred before the increase in acetaldehyde starts to take place. 

Effect of Presence and Absence of Eyes in the Chemical Treatment 
of Potato Tubers 

To determine whether the changes that occur when the cut tubers are 
treated with chemicals also take. place in the absence of eyes,. the eyes were 
removed from a portion of the seed-piece by reaming out with a knife 
blade. The two lots (with and without eyes) were then subjected to the 
same chemical treatment, and after several days were compared with each 



TABLE 13. Effect of Presence and Absence of Eyes in the Chemical Trentment of Domumt Potatoes 

Peroxidase 
Catalase, l\frthylene Blue Indophenol cc. 

Lot cc. 02 in I min. Reduction Absorbed 
No. Treatment Description Purpurop;al!in Nadi method Min. 

Treated Check Treated Check Treated Check Treated Check Treated Check 
------------------------------

Seed pieces 13.0 5.1 2.66 I.00 LSI I.00 SI. Neg. 6.o 3.5 
148 Cut tubers, soaked I with eyes 
to hour in I percent -----------------------~ -------------
151 NaSCN, Cobbler Seed pieces 12.8 8.8 3-.12 2.56 1.94. I.26 Pos. Pos. ,5.0 4.<J 

without eyes 
------------------ ------------

Ethylene chlorhydrin, Seed pieces __ 19.5 7.5 4.45 I.00 r.29 I.00 0.25 Neg. 36.0 2,0 
201 cut tubers, dip meth- with eyes 
to --------·----- --~- --~---

204 od, 50 cc. per I., Seed pieces 17.5 12.9 3.74 2.23 I.37 I.04 0.25 Neg. --;;~-1 2.5 Cobbler without eyes 

o.o r N Iodine 
Ah~orbed 

Treated Check 
-------

0.35 0.25 

-------
0.45 0.40 

-------
4.30 0.65 

-------
4.25 0.75 
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other and with two other lots, with and without eyes, which received no 
treatment at all. The results are shown in table 13. The same changes 
that were induced in the lots having eyes were also found to have occurred 
in the lots without eyes. The differences between treated and check were 
not as great when the eyes were absent for the reason that the check lots 
without eyes gave in general higher readings than check iots with eyes. 
This may be due to the larger amount of cut surface which was exposed 
by the removal of the eye from the seed-piece, or to a wound effect from 
cutting, or both. 

Relation of Percentage of Sprouting to the Results of the Tests on 
the Potato Juices 

In tables I, 3, and 6, column 4 are given the percentage germination of 
the lots receiving the various chemical treatments. In the sense that the 
gradation of percentage germinations corresponded both to the series of 
chemical treatments and to the results of the enzym tests made upon the 
juices obtained from the potatoes, it may be said that a general relation 
was found. Certainly the most favorable concentrations of chemicals for 
inducing sprouting also gave the largest values in catalase, peroxidase, 
and other properties tested for. But the correlation can not be regarded 
as a very close one when the results are examined in detail. Thus, the 
thiourea responses were only small in many respects and practically zero 
for the catalase in the tissue exclusive of eyes, and yet the sprouting response 
was good. The failure of the sodium thiocyanate and thiourea treatments 
to furnish juices with .the high capacity to reduce methylene blue such as 
was characteristic of the ethylene chlorhydrin treatments, when viewed in 
relation to the evident ability of these treatments to induce favorable 
sprouting, indicates that no close quantitative connection exists between 
methylene blue reduction capacity and sprouting. Even in the case of the 
ethylene chlorhydrin treatments, the whole-tuber treatments showed greater 
differences between treated and check lots than the cut-tuber treatments 
did, but the whole-tuber treatments were less effective in inducing germi
nation. No single test could be used as an indicator of the capacity of a 
given lot of "potatoes to sprout when planted; it is only when sprouting 
response is compared with the tests as a whole, that the general relation 
between increased enzym activity and high percentage sprouting becomes 
evident. 

DISCUSSION 

It is important to note that the increases in enzy:t:n activity that were 
found to result from the treatment of potatoes with chemicals were not 
direct effects of the chemicals upon the enzyms themselves. In no case 
were. any of the c;he:t:nkals capable of increasing appreciably the enzym . 
activity of the press-juice; they could cause depression if the concentration 
of the added chemical was high enough, but within the range of concentra-
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tion at which the chemical could likely exist in the juice, no increase in 
activity was observed. So far as these enzyms were concerned the chemicals 
did not act by stimulating enzym action; it would be better to say that they 
induced the living matter to produce larger amounts of (or more active) 
enzyms. 

An interesting feature of the experiments is the result shmving that 
chemical treatment increased the enzym activity of potato tissue containing 
no buds. The tissue in these cases consisted largely of pith cells which 
are incapable of further growth except to form cork layers after injury by 
cutting or bruising. And yet these cells responded readily to the chemical 
treatments as is shown by the increased enzym action of the press-juice 
obtained from them. It is true that, on the ;vhole, larger changes and 
quicker responses were found in the eye-tissue, but to ·what extent the 
changes in the tissue at some distance from the bud influenced the enzym 
activity at the eye or even the capacity of the bud to start into growth is 
not shown by these experiments, and is a problem that needs further work. 

The effect of the ethylene chlorhydrin treatments in causing a change 
in the pH value of the juices (in the direction of reduced acidity) was very 
striking, especially when the whole tubers \Vere exposed to the vapors of 
the chemical. On letting the tubers stand seyeral days the acidity shift 
amounted in some cases to approximately a \\•hole pH unit which is a ten
fold change in hydrogen-ion concentration. In the dip-method the shift 
was about 0.5 of a pH unit. A direct effect of ethylene chlorhydrin itself 
in causing this change in acidity can not be important here since an aqueous 
solution of ethylene chlorhydrin is acid, not alkaline, and furthermore the 
amounts of ethylene chlorhydrin absorbed by the tissue are too small to 
be effective in altering the pH in either direction. It would be interesting 
to know what changes within the tissue were responsible for this alteration 
of the pH. Potato juice is well buffered and the internal changes must 
have been extensive in order to give this result. Since the pH and buffer 
value of plant juices are influenced to a large extent by the content of 
organic acids and phosphates, quantitative measurements of these sub
stances, together with the amounts of soluble cations, are desirable in 
connection with this problem. 

We are aware of the possibility that the pH measurements may have 
been influenced by the increased reducing capacity of the juice and that 
the actual change in hydrogen-ion concentration may not have been so 
great as the data indicate. This point needs further investigation. But 
in the cases where the electrometric measurements showed a large reduction 
in acidity merely applying indicators to the surface of the tissue also showed 
ajarge shift .in the alkaline direction. 

We make no claim that the. changes in enzym activity which are here 
:reported are to be looked upon as the causes of the growth of buds or as 
furnishing proof as to the causes of the previous dormancy. They constitute 

.. 
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the measurements which have been made on the changes of the internal 
conditions which follow the treatment of the potato with chemicals. Thev 
are correlated with the initiation of growth processes and our data represe1;t 
the result of an effort to push the measurements back to as early a stage 
of development as possible. It will be remembered that some of the 
evidence as to the initiation of change reached back to the first 24 hour 
period after treatment. It is clear, however, that the effect upon the living 
matter must have been produced at even an earlier hour, that the effect 
was first upon the living matter which was induced to begin activity, and 
which then brought about the changes that could be measured. 

SUMMARY 

r. This is a report of experiments on the enzym act1v1t1es of juices 
obtained from dormant potatoes that had been treated with chemicals 
which break the rest period, the measurements being made after the treat
ment but before visible sprouts appeared. 

2. The effects of three chemicals were studied: ethylene chlorhydrin 
(ClCH2CH20H), sodium thiocyanate (NaSCN), and thiourea (NH2CSNH2). 
Although these three are different in chemical character they all break the 
dormancy of freshly harvested potatoes. 

3. Increases in catalase, peroxidase, and the reducing properties of the 
juice as measured by the reduction of methylene blue, indophenol, iodine, 
and phosphotungstic reagents were observed. The increases \Vere more 
marked in the case of the ethylene chlorhydrin treatments than for the 
other chemicals. 

4. Increases in catalase and peroxidase began within about 24 hours 
after the end of the treatment with ethylene chlorhydrin, but the response 
to sodium thiocyanate and thiourea was less marked and occurred less 
quickly. 

5. The increases in enzym activity were not direct effects of the chemicals 
upon the enzyms. In no case could the enzym activity of the press-juice 
be increased by the addition of the chemical to the juice. The chemical 
effect was indirect and was brought about by the action of the chemical 
upon the potato and not upon the enzyms in its juice. 

6. In almost a11 cases when the potatoes were treated with different 
amounts of a chemical arranged in a descending series with .respect to 
concentration, the juices obtained from these lots at a later period also 
showed a series of enzym readings corresponding to the series of concen
trations of chemicals originally applied to the potatoes. This was not true, 
however, of the catalase readings in the thiocyanate treatments until after 
the press-juice had been dialyzed. The juice from thiocyal;latectreated 
potatoes contained appreciable amounts of thiocyanate which, as shown 
by separate experiments, has a retarding effect upon catalase. A short 
period of dialysis allowed a separation of the thiocya11ate from the enzym, 
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after which the catalase values of the thiocyanate-treated lots were higher 
than the checks, and gave a series of readings corresponding to the concen
trations of chemicals used in treating the P<?tatoes. 

7. Ethylene chlorhydrin treatments induced a change in the pH of the 
juice in the direction of decreased acidity; and the amount of change in 
pH was related to the concentration of chemical applied in the treatment 
of the tissue. Only small changes in pH resulted from the sodium thio-
cyanate and thiourea treatments. · 

8. The enzym changes were greater in the eye-tissue, and in most cases 
started sooner there than in the rest of the seed-piece. But treatments of 
potato pieces having no eyes showed that the same changes in enzym 
activity occurred as in pieces containing eyes, the amount of the change 
being merely somewhat less. Presence of eyes was not necessary in the 
enzym responses of tissue. 

9. There was a general relation between the sprouting response and the 
enzyrn measurements, since the treatments which induced good sprouting 
were also effective in causing the potatoes to furnish a juice of high enzym 
activity. The correlation between enzym activity and sprouting was not 
found to be close, however, when the data were examined in detail. Thus, 
the sodium thiocyanate and thiourea treatments were much less effective 
in increasing enzym activity than would have been expected on the basis 
of the favorable sprouting response. And the enzym activity of juices was 
greater from whole-tuber than from cut-tuber treatments in the case of 
ethylene chlorhydrin, although the cut-tuber method gives the better 
response in sproutini;r. 
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SOME EFFECTS OF ARTIFICIAL CLIMATES ON THE 
GROWTH AND . CHEMICAL COMPO-

SITION OF PLANTS 1 

JoHN M. ARTHUR, JoHN D. GUTHRIE, AN]) JoHN M. NEWELL 

INTRODUCTION 

Plants. growing under natural conditions are affected more or less by 
temperature, rainfall, humidity and carbon dioxid concentration of the air, 
light intensity, light quality, and length of day, as well as by many soil 
factors. · In a study of the effects of these factors on plant growth it is 
obviously of great advantage to have as many factors as possible under dose 
control. One or more may then be varied in a definite direction and the 
effect observed on growth, flowering, dry weight increase, chemical ~ompo
si#on, or .other measurable quantity associated with the development of 
the plant. Unless all factors are controlled any attempt to assign measured 

.. variations. in a single factor as the causative agent of a particular develop~ 
··· ment. of the plant would seem to be mainly speculative. Yet many of the 
. effects on plants of variation in environmental factors are so outstanding 
· that. even with poorly controlled envfronmental conditions certain factors 
have been without doubt correctly assigned as causative agents. Such 
factors as temperature and light intensity, especially when decreased 
greatly, have such marked effects on plant development that these factors 
were long ago assigned as causative agents of certain growth.characteristics 
in plants. Length of day as a causative agent in initiating flowering has 
more recently been separated from two closely associated factors,. temper~ 
a.ture and light intensity. By an accurate control of day length wheri 
light intensity and temperature are high, Garner and Allard (4) have 
shown that day length alone determines flowering in some plants. Other 
causative agents which produce different developmental characteristics in 
plants rlo doubtexist arid will be found when natural envimnn1ental factors 

. 'can.be controlled.with more precision. · 
· .This series of exp~riments .includes studies made with several species Of 

plants .. growing in artificial climates. The. plants were grown in some 
experiments W'.i~h artificial light only as t.he SOllt"Ce of energy for photo~ 

. ~~thes~s'. .. In other experin1eri.ts they were gro\Vn with. daylight f?Upple~ 
11~ QY artificial lightfqr .a. period of six.to .12 hours.e.ach.night d!Jring · · 

· .. f·>~ t}6~tHbu~i~n~ fi:ont the Boyce iho~psonf~stitute for Plant Research, Jnc.; Yonk~r~; · 
· .'.$f oi:k, published at. the expe~se of the Institute ~ut of the order determined by the date 

~t of the maau.striI.)t. 
4.45 
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the months of February, March, and April. An attempt \Vas made to 
grow plants throughout their life history v1rith photosynthesis at or near its 
maximum rate by supplying a high light intensity and long day along with 
increased carbon dioxid concentration and a relatively high temperature. 
The effect of length of day on certain species was also studied in various 
combinations of temperature and carbon dioxid supply. Only a few 
combinations of various environmental factors were tested on the various 
species during these experiments. Some natural climatic factors also were 
found to be difficult to reproduce in an artificial climate. This is especially 
true of sunlight. The studies therefore are mainly a preliminary survey of 
the effect on plant development of a number of climatic factors reproduced 
as accurately as possible in an artificial climate. As more. efficient light 
sources are developed it will be possible to approximate more closely a 
natural environment. 

Chemical analyses of many plants grown under the different conditions 
·are given together with a discussion of the effect of various factors on 
percentage carbohydrate and nitrogen in various tissues. 

APPARATUS AND EQUIPJl.IENT 

Two kinds of equipment were used in these experiments. The first was 
the gantry crane greenhouses where sunlight was used during the day and 
a battery of 48 moo-watt lamps carried on the crane supplemented daylight 
for six to 12 hours each night. A photograph of the crane is reproduced 
in text figure r. The second type of equipment was the constant condition 
rooms where plants were grown entirely with ·artificial light furnished 
mainly by a battery of 25 moo-watt lamps. The constant-light room is 
illustrated in text figure 2. A more detailed description of each of the two 
types of equipment follows. 

Gantry Crane Greenhouses 

The gantry crane greenhouses consisted of a set of two houses each 
26 X 20 feet placed end to end with a four-foot vestibule between. The 
vestibule was ventilated independently and served to check the diffusion 
of carbon dioxid into the house having only the normal concentration of 
this gas. Each house contained two benches running parallel to the ridge 
and arranged to support jars of growing plants at a height of 56 inches 
above the floor level. Each bench was approximately 6~ X 20 feet. 
They were spaced 30 inches apart so as to leave an aisle of this width 
running through the center of each house parallel to the ridge. The crane 

.was built to travel upon iron rails placed on either side of the two green
houses. It was driven into place over one of the greenhouses by means of 
an electric motor, where it remained for a period of six to 12 hours each 
night. It was temoved each morning so as to avoid shading; The crane 
carried 48 moo-watt incandescent filament lamps arranged in rows so that 

"' 
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TEXT FIG, I. Gantry crane carrying 48 rooo-watt lamps used as a light source in the greenhouse to sup
plement daylight for 6 to !2 hours each night. TEXT FIG. 2. Plants growing with artificial light only in 
the constant-light room. This pidure shows the position of the glass-water filter between the lamps and 
the plants. 25 1500-watt lamps were.used asa light source. TEXT FIG. 3. A photograph of plants growing· 
in. the constant-light room four days after the start of the 1925 experiment. TEXT FrG; 4. Same as Frn .. 3 
exeept.taken 17 days later. Thelettucej:>Ja:nton Chart 6B (r9 hour day) was grown in 17 days from the small 

·plant similarly .located in. FIG. 3. The buckwheat plants on a 24 hour day in the rear of the date card grew 
fo a height of 24 inches in 17 days. These plants were about 2 inche3 high in FIG. 3. 
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each half of the greenhouse roof was illuminated by 24 moo-watt lamps. 
The lamps were fitted with mirror reflectors and were arranged to distribute 
the light uniformly over each of the two benches with a minimum intensity 
over the walks in the center of the house. In the first experiments, 1924 
and 1925, lamps were used with a rated voltage of IIS to 120. The current 
supplied was ro8 volts at the main switchboard but there was a voltage 
drop toward the socket so that the measured voltage at the socket was 
only 105. In later experiments the rated voltage of the lamps was 105. 
This results in a greatly increased intensity and efficiency of the lamps. 
All lamps were replaced at the end of each experiment and it was found 
that a lamp with a rated voltage approximately identical with the socket 
voltage would maintain well the initial light output during the time of the 
experiment. Experiments in general lasted 8 to IO weeks, during which 
time the lamps burned a total of 700 to 850 hours. It should be pointed 
out that these lamps are designed to be burned for moo hours and that 
unless current is very cheap it does not pay to burn them longer since the 
light output falls rapidly after this life span has been reached. 

In the first experiments air temperature in the gantry crane houses 
was controlled by thermostats operating steam control valves by means of 
compressed air. These were not dependable unless supplemented by hourly 
inspection, and they were later replaced by electrically operated solenoid 
valves. This gave a very positive control of the steam supply for heating 
and by hourly inspection during warm weather the greenhouse vents could 
be kept open far enough to keep the temperature down. Temperatures 
were recorded continuously during all experiments by means of recording 
galvanometers connected with electrical resistance thermometers placed in 
each house. In general, temperatures were held within a plus or minus 
variation: of approximately three degrees. 

The control plants were kept in a greenhouse similar in dimensions to 
the gantry crane houses. Here, however, a slightly better control of air 
temperature and humidity was obtained by recirculating the air by means 
of a standard air-conditioning system. The operation of this system 
depends upon first, the saturation of the air coming from the greenhouse 
with a thermostatically controlled mixture of cold. water and steam; and 
second,. the re-heating of the air in the ducts as it rises toward the greenhouse 
to bring it to the desired temperature. Depending upon the temperature 
of saturation and the temperature of re-heating a definite degree of relative 
humidity can be maintained within certain limits. In most of the experi
ments reported herewith the thermostats were set to maintain a relative 
humidity of So percent. 

Constant Condition Rooms 

These rooms are equipped for growing plants·. entirely with artificial 
light. They are two in number, the constant~light room and the adjoining 
dark room. Each room is approximately I I feet square and is 'ocated in 
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the basement under the greenhouses. The rooms are connected by a short 
dosed corridor, and in order to obtain different lengths of day and night 
plants may be moved from the light to the dark and back again with no 
temperature change and the minimum of shock. The same air was re
circulated through both rooms by means 6,f standard air-conditioning 
machinery similar to that already described in connection with the control 
greenhouses. The only difference was that ice water supplied by a IS-ton 
ice machine was used, while the amount of cooling in case of the control 
greenhouse was limited to the temperature of tap water .. Air temperature 
in the light and dark room was maintained accurately within a plus or 
minus range of one degree centigrade, and humidity controlled to a plus or 
minus three percent relative during the whole growth period of the plants. 
\Vet and dry bulb temperatures were recorded by means of recording 
galvanometers in connection with resistance thermometers. 

The main light source in the constant-light room was from 25 1500-watt 
·gas-filled tungsten filament lamps suspended from a metal frame in the 

ceiling of the room. The lamps were fitted with Reflectors and Light 
Manufacturers Standard Reflectors and were arranged to give uniform 
illumination on the benches where the plants were grown. A false ceiling 
,of clear plate glass was built between the lamps and the growing plants. 
This was ·fitted with a weir at one end which was adjustable in height. 
Water was fed in at the opposite end and the weir was set to maintain a 
layer of .water ,X to ?1 inch in thickness over the entire surface of the glass 
plate. This glass-water filter served to absorb some of the infra-red output 
of the lamps. It also resulted in a considerable loss of energy in the visible 
region. This was especially true when dust and green algae were. allowed 
to accumulate. Algae gave a great amount of trouble since such conditions 
of high temperature and high light intensity are ideal for their growth: 
It was found that a cheesecloth bag filled with zinc oxid and suspended in 
the water e;upply served to check the growth of algae. This treatment 
supplemented by a thorough scrubbing of the glass surface every other 
day maintained fairly well the initial transmission of the glass-water filter. 

A motor driven fan was used to supply forced ventilation to the space 
around the lamps and ,above the glass-water filter. This also served to get 

, tid of the ,large amount of excess heat from the lamps. This fan motor 
. switch.' was intedoc~ed with the switches supplying power to the lamps so 
.. that t,he lamps cou,ld not be bu,rned until the fan motor was running. 
· In the first experiment i11 1924 the glass-water filter was 40 inches from 
the tips of t,he lamps; The, distance from the filter to the soil in which the 
,plants grew was approximately 65 inches, making a total distance from the 
lamp to the soil of about 105 inches. . In later experiments the lamps were 

,. moved down toward the filter,so that in the last experiments (1926 and 1927) 
the lamps .were only 19 inches above the surface of the water, or 84 inches 
.above the soil. Since plant growth was very rapid the distance between 
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the tip of the plant and the filter rapidly decreased with a resulting very 
slight increase in light intensity. Some of the taller plants such as sun
flower, corn, and buckwheat grew sufficiently to touch the filter before the 
experiment was closed. 

The resulting light on the soil in which the plants were grown was 
measured by both the Macbeth Illuminometer and a pyrheliometer de 
scribed by Kimball and Hobbs (10) and in use at various Weather Bureau 
stations for recording solar intensity. These instruments will be dis.cussed 
later. The pyrheliometer was connecteO. with a recording millivoltmeter 
and calibrated in energy units. These data are also tabulated later. 
In the first experiment of 1924 light intensity decreased until at the end of 
the experiment it had fallen to about 50 percent of the original value. 
This was found to be due to the aging of the lamps which usually occurs 
after about 40 days of continuous burning. In all later experiments lamps 
were replaced or the experiment discontinued after 45 days. 

Carbon Dioxid Supply 

In one of the gantry crane houses and in the constant-light room the 
carbon dioxid concentration was maintained at ten times the normal, or 
about 0.3 percent. The carbon dioxid was supplied from steel cylinders 
holding 50 pounds of this gas. Three cylinders were connected to a manifold 
at the same time. The gas was first heated as it .left the tanks by means 
of a coiled tube immersed in ·hot water. This treatment prevented freezing 
which would otherwise occur due to the rapid expansion of the gas. . It 
was then expanded through a reducing valve into a 30-gallon cushion tank 
which insured an even flow through the gas meters located in the Jines 
which .delivered the gas to the growing houses. These meters were identical 
with the household type which public service companies use to meter 
illuminating gas except that they were fitted with a larger dial for more 
accurate reading. After a few determinations by gas analysis of the 
number of revolutions per minute necessary to maintain the concentration 
desired the valves were opened so as just to maintain this rate on the meters. 
In the 1926 and 1927 experiments a low range carbon dioxid recorder made 
by the Leeds and Northrup Company was used. This recorder had .a 
range of o to 3,5 percent. It has been described by Rosecrans (17). 

Approximately six cylinders of carbon dioxid or 300 pounds of the gas 
were required in each 24~hour period to maintain a concentration of about 
0.3 percent in one gantry crane ho1,1.se and in the constant-light room. 
When the greenhouse vehts at both the ridge and eaves were opened to 
keep temp~rature down even this rapid flow of gas failed to maintain the 
desired concentration. It should be stated here that it is almost impossible 
to maintain ariy appreciable concentration of ca~bon dioxid in a greenhouse 

);µ,this way on accoµnt of very rapid convection curren.ts which sweep th~, 
gas .out· as fast as .it is delivered. 

• 
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A separate experiment was made in 1926 to determine whether one 
percent carbon dioxid would produce more growth than 0.3 percent during 
the months of October, November, and December without additional light. 
It was found that a great number of plants produced more weight when 
grown in 0.3 percent concentration of this gas but that one percent gave 
no further increase. The higher concentration produced no injury, but it 
was much more expensive and difficult to maintain so that the lower 
concentration of 0.3 percent was used in all other experiments. 

Jn 1926 and 1927 a method for producing carbon dioxid from flue gases 
was studied. In the results of experiments presented here data concerning 
plants grown with carbon dioxid from this source are listed under the 
caption "Flue gas" or sometimes in the case of photographs, "F.G." 
Gases· arising from the burning of anthracite coal were treated in the 
following way. Hot gases were pumped by means of a negative pressure 
fan from the stack immediately above the boiler, first through a steel 
scrubbing tower where they were atomized with water. The gases were 
cooled and partially >vashed in this tower. They passed on through a 
similar tower where they were atomized with a one percent potassium 
permanganate solution. The gases then passed into a third tower where 
they were >vashed again with water and thoroughly saturated before moving 
through four filter cabinets. The first three filter cabinets were filled with 
trays of sawdust and sphagnum moss while the last one contained trays of 
glass wool which removed the last traces of finely divided carbon. The 
function of the permanganate solution is not definitely known. It has 
been found by trial, however, that it oxidizes certain compounds in the 
gases which are otherwise harmful to plants. It is slowly oxidized so that 
the solution becomes completely decolorized in about three to four weeks 
when the apparatus is running continuously, for nine hours each day. The 
permanganate solution returning from the tower is collected in a 300-gallon 
earthenware jar and re-circulated by means of a small pump. The third 
tower serves to wash out any permanganate carried over and effectively 
increases the size of the finely divided soot particles so that all traces of 
soot are removed by the filters. This is especially important when the 
gases are used in greenhouses since any finely divided carbon brought in 
by the gases is precipitated on the cold surface of the glass as well as on 
plants and in time builds up a sooty, black deposit. The present filtering 
arrangement has been used to produce gas for a single greenhouse during 
two seasons of growth in the winter months and has caused no appreciable 
blackening of the glass or white framework during this time. 

Light Intensity Measurements 

During the 1924 experiments light intensity was measured only by a 
Macbeth illuminometer. In all later series both the illuminometer and a 
recording thermo-electric pyrheliometer were used. The former instrument 
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is a portable photometer carryfog a lamp which is calibrated so as to give 
a known illumination value with a definite current. It is especially useful 
in measuring the illumination of artificial light sources indoors. On account 
of the color difference, between the artificial light source in the instrument 
and sunlight it is more difficult to measure solar intensities. There is 
also no relation between the reading of an illuminometer in foot candles 
and the radiant energy received in gram calory units which is applicable 
to all light sources since the illuminometer is concerned only with visible 
radiation. A factor can be obtained, however, for a given artificial light 
source operating under known conditions which will allow the conversion 
of the reading of an illuminometer in foot candles to energy units as deter
mined by a pyrheliometer or other apparatus for measuring rad~ant energy. 
A 1000-watt lamp fitted with a standard reflector at 37.5 inches gave an 
illumination value of 620 foot candles as i;neasured by an illuminometer or 
0.3 of a gram calory per square centimeter per minute as measured by. the 
pyrheliometer. The factor in this case is approximately 2100. This 
factor is also approximately the same as that obtained in the gantry crane 
houses. Ageing of the lamps decreases the value while the effect of a glass 
water screen as used in the constant-light room is to increase it greatly 
due to absorption of the infra-red region with very little loss in illumination 
value. In the case of the constant-light room the factor is approximately 
5000, except in 1925 when the line voltage was too low to operate the 
lamps efficiently. Kimball (9) has found a similar illumination equivalent 
for .sunlight which gives the illumination value in foot candles from the 
energy val.ue as determined by the pyrheliometer, this value being 6700 

for cloudless skies and 7000 for a sky covered with clouds. The value as 
determined in the constant-light room approaches that for sunlight. While 
thisfactor approaches the value 6700 found by Kimball for solar radiation 
it does not indicate that the light in the case of the constant-light room 
was equal to solar radiation in spectral energy distribution. The approxi
mate spectral radiation components of four .different light sources similar 
to those used in this work as published· by Coblentz, Dorcas, and Hughes 
(3) are as follows: 

In percentage of the total radiation to 
x2;000 ft. 

Sun, Washington, D. C ..... , . .: .... , ...... 450-600 inµ 600-I400 illµ 1400-4200 mµ 
Air mass 1.3, July 28, 1926, II A.M ........ 22.0 mµ 39.5 mµ r9.7 mµ 
Quartz mercury arc ...................... 6.7 " 3.2 " 20.5 " 
Gas filled tungsten lamp, 12.7 amps~ ... · .. •·. 3.8 

,, 
29.8 " 54.2 " 

White flame carbon arc 30 amps •.......... 9.8 " 19.5. " 39;2 " 

COLLECTION AND TABULATION OF DATA 

~ .. ~eekly measurenients of growth in height were made and any develop:
ment O{. buds; flowers, and fruit or changes in foliage color ~ere noted. 

• 
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These measurements were supplemented by frequent photographs, several 
of which are reproduced along with the chemical data. 

Chemical Analysis 2 

Many plants grown under the various conditions were sampled and 
analyzed for various carbohydrate and nitrogen constituents. The sampling 
was usually done toward the end of an experiment when the plants were 
nearing maturity except in certain cases where an attempt was being made 
to determine the effect of age on these constituents. Sampling was done 
at the end of the period of exposure to light in every case except where 
otherwise noted. In the case of those plants growing in the gantry crane 
greenhouses ':'Vhich were exposed to daylight plus artificial light from 6 P.M. 
until midnight, the plants were harvested at midnight and placed in the 
cold room at a temperature near zero degrees Fahrenheit where they 
remained until they were ground and preserved in alcohol on the following 
day. Plants could be kept at this temperature for 24 to 48 hours with 
very little change in carbohydrate fractions. Because of the difficulty in 
getting plant roots free from soil only the aerial portion in general was 
sampled. There were a few exceptions to this procedure in the case of 
those plants having large fleshy roots. ·The tissue was ground with a 
Russwin steel knife mill and divided into duplicate or triplicate samples 
for analysis. Separate samples were also taken for moisture determinations. 
The samples for analysis were placed in 300-cc. Erlenmeyer flasks and 
weighed. One-tenth gram of calcium carbonate was added and the flasks 
were filled two-thirds full. of boiling 95-percent alcohol and boiled for ten 
minutes. They were then filled to the neck with alcohol and stoppered 
and placed in storage until the tissue could be conveniently analyzed. 

In general the official methods for feeding stuffs published by the 
American Association of Official Agricultural Chemists was followed. The 
tissue was extracted with 50-percent alcohol. Reducing sugars were 
determined on the cleared extract and the fraction listed as sucrose deter- · 
mined by reduction, after hydrolysis of this extract, by subtracting the 
value for reducing sugars first .obtained. The acid hydrolyzable fraction 
was determined as reducing substances in the hydrolyzed and cleared 
residue. Hydrolysis was accomplished by heating for two and one-half 
.hours with. 20 cc. of. hydrochloric acid, specific gravity 1.125, and 200 cc. 
of waterin a fl.askfittedwith a reflux condenser.· The results are calculated 
as dextrose and tnultiplied by the factor .9. 

Soluble nitrogen was 4etermined from an aliquot of the alcoholic extract 
and. insoluble nitrogen from ati aliquot of the dried residue by the Kjeldahl 
method modified to include nitrates. 

The amount of moisture was determined by drying duplicate samples 
of the ground tissue in a vacuum oven at 70° C. 

2 The writers are indebteCI to Dr. J. E. Web.ster for analyses of plants grown in the 
1924 series. 
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TABLE I. Effect on Chemical Constitution of Keeping Tonia.to Plmzts in Darkness for Var:ious Periods Before Sampling. Whole Aerial Portion +-

Nitrogen, ';?{i Dry Carbohydrat~, 3 Dry Weight Weight 

Growth Conditions 
Weight Jv:Ioisture per Plant % 

I I I Dextrose I (Grams) Acid 
Soluble Total Hydro- Sucrose 

lyzable 

I. Exposed July 6 to 30, 1928, to sunlight. Leaves only 

I. Greenhouse, sampled at 3 P .M ......... 
2. Same except after I 7 hours in darkness .. 
3. Grown outdoors, sampled at 3 P.M ..... 
4. Saine as 3 except after 17 hours in dark-

ness .............................. 

5. Same as I .......................... . 
6, Same as 2 .......................... . 
7. Same as 3 .......................... . 
8. Same as 4 .......................... . 

15 
16 
IO 

IO 

19 
24 
12 
14 

83.0 
I 

.24 
84.2 .25 
82.7 .29 

84.3 .19 

Stems only 

88.5 .26 
89.1 .18 
87.0 .23 
88.9 .,~ 

·-/ 

2.42 33.7 1.41 2·94 
2.53 29.9 .57 r.71 
2.83 26.8 I.45 3.35 

2.87 26.4 .57 2.04 

l .13 15.0 4.52 5.83 
I.OI 14.3 2.84 6.06 
r.08 13.3 4.38 6.62 
I.17 14.5 2.61 6.22 

Total 

38.1 
32.2 
JI.6 

29.0 

25.4 
23.2 
24.3 
23.3 

Carbohydrate 
Nitrogen 

I.').8 
12.8 
I l.2 

I0.5 

22-4 
23.0 
22.5 
19.5 

2. Exposed to artificial light, 700 f.c. without filter April 30 to May 4 as compared to greenhouse plants. Leaves only 

9J Greenhouse, sampled at 3 P.l\L ........ I 
IO. San.1e ~xcept sampled in early AM ..... · 1 
II. Artificial light, sampled at once ........ 
12. Same except sampled after 40 hours 

darkness . . . . . . . . . . . . . . . . . . . . . . . . . · j 

13. Same as 9 .......................... . 
14. Same as ro ......................... . 
r5. Same as II .......... _ ............. . 
16. Same as 12 ......................... . 

15 
16 
IS 

16 

26 
22 

30 
34 

86.3 .29 3.19 
86.7 .,30 3.58 
85.7 .29 2.78 

88.9 .58 3.85 

Stems only 

9I.7 .30 I.L.j. 

9r.3 .28 l .09 

9r.4 .46 r.37 
92.4 .71 1.55 

23.9 I.49 
17.5 .26 
28.0 I.II 

9.5 0.0 

13.9 2.74 
13.0 2.22 
14.<1 2.r7 
12.3 I.OI 

~--

2.00 
I.48 
2.25 

I.20 

5.63 

I 
6.14 
7-14 
5.0.1 

27.4 
19.2 
JI.,) 

ro.7 

22.3 
2I.3 
23.,3 
18-.) 

8.6 
5.4 

II.2 

2.78 

19.6 
19.5 
I 7 .O 
I I.8 
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Effect of Darkness on Carbohydrate Fractions 
A series of analyses was made on tomato plants exposed in one case to 

daylight and in another to artificial light and then kept in darkness at 
room temperature for various periods before sampling. This study was 
made primarily to determine the magnitude of the decrease in carbohydrate 
fractions during short periods of da1-kness. These periods are comparable 
to the effect of night and periods of very low light intensity which plants 
often receive when growing under natural conditions. The data are given 
in table L It will be observed from the data given that plants gain slightly 
in percentp.ge moisture during such periods of rest. Nitrogen fractions are 
not changed appreciably. Total carbohydrates in general decrease slightly 
after 17 hours of darkness while after 40 hours this value has decreased 
to about one-third of the original figure. The greatest decrease is in the 
leaves in the shorter periods of darkness, while in prolonged darkness even 
the stems are greatly depleted in easily available carbohydrates. There is 
a difference in the percentage carbohydrate in plants sampled in the evening 
after a day of rapid photosynthesis as compared with plants sampled in 
the morning before any photosynthesis takes place. The effects of these 
rapid changes in carbohydrates are reflected in the carbohydrate-nitrogen 
ratio as indicated in the last column of table r. It is seen that darkness 
causes wide variations in this relation so that a combination of light and 
darkness can be chosen to produce in a few hours either a high or low 
carbohydrate plant depending upon the time the plant is sampled relative 
to periods of light and darkness. These changes are accomplished through 
an alteration of the percentage of carbohydrate in the whole plant with 
very little change in the percentage of nitrogen. The carbohydrate
nitrogen ratio will be discussed later in greater detail. 

Errors of Sampling 
In order to gain some idea of the individual errors of sampling, two 

species used extensively in these studies were selected for a detailed study 
of sampling errors. One was the aerial portion of radish and the other the 
tomato plant. A large number of plants of each species were grown under, 
similar conditions. They were then sampled in smaller separate groups. 
These data are included in tables 2 and 3. Table 3 shmvs both the variation 
in duplicate samples and that of individual plants. By comparing the 
figures in each column with the average at the foot of the respective columns 
it will be observed that the sampling errors are relatively small. Groups 
of individuals from both species of plants when grown under the same 
conditions vary but little in chemical constituents. 

CONDITIONS OF EXPERIMENTS 

Experiment l. June3 to August 15, 1924 

Constant-light room, artificial light only. 
Temperature 78° F. 



TABLE 2. Analysss of Special Radish Tops Grow1i in Control. Seed Phinted Feb. r2 and Plants Sampled March 8, I927 
·-

Nitrogen I 

\ 

Acid Hy- Total 

Total \Vt. of 
drolyzable Sucrose Dextrose Carbohy-

Sample Wt. of Tops per Afoistnre Insoluble Soluble Total 
:rviateriaJ drate::. 

Tops Plant 

Green Dry Green Dry Green Dry Green Dry 1 Green Dry Green Dry Green Dry 
·----------------·-- ---------------·----

Rr 82 3.0 92.38 0.30 3.95 0.15 l.97 0.45 5.92 0.53 6.99 0 0 0.14 r.82 0.67 8.81 
----- ------------------------------------

R2 89 3.I 92.48 0.29 3.81 0.16 2.19 0.45 6.oo 0.57 7.54 0 0 0.15 2.04 0.72 9.58 
---------------------------------------

R3 77 2.8 91.47 0.30 3.49 0.17 2.03 0.47 5.52 0.52 6.15 trace trace 0.16 r.83 o.68 7.98 
--------------------------------- _, __ ---· 

R4 63 2.l 92.23 0.28 3.60 0.17 2.27 0.45 5.87 0.,54 6.95 0.10 r.33 trace trace 0.64 8.28 
--- ---------------------------------------

Rs 59 2,2 92.38 0.28 3.68 0.15 I.92 0.43 5.60 0.58 7.60 0.23 2.95 trace trace 0.81 rn.55 
------ ---- -----------___ , ___ ---------------------

R6 50 r.6 90.63 0.38 4.07 0.23 2.43 0.61 6.50 0.64 6.86 0.16 r.68 0 0 0.80 8.54 
---------------------·----------- ·-·-----

R7 69 1.9 9r.85 0.29 3.55 0.14 I.75 0.43 5.30 0.57 7.00 0.24 2.99 trace trace 0.81 10.00 
--·------ --------- ·-----------------------------

RS -~I 2.0 91.25 0.34 3.84 0.2 l I.23 0.55 5.07 0.61 6.96 0.07 ' 0.81 O.II I.23 0.79 9.00 
----- ----------------------------------------

R9 64 2.2 91.13 0.34 3.85 0.22 2.48 0.56 6.33 0.60 6.74 o.r7 r.93 trace trace 0.77 8.67 
-----·~-------------------·----------------------------------

Rro 80 2.8 91.70 0.31 3.75 0.15 r.84 0.46 5.59 0.60 7.21 0.15 r.82 0.12 r.40 0.87 lo.43 
--------·----· ---------------------·----------------

Ru 71 24 92.24 0.24 3.08 0.16 2.03 040 5.11 0.57 7.38 0.12 r.52 0.08 I.09 0.77 9.99 -------------------------------------------
Average 91.79 0.34 3.69 0.17 2.0I 0.48 5.71 0.58 7.05 - - - - 0.76 9.25 

-· -------··-

..(>.. 
(/t 

°' 
>-) 
::r: 
l:'j 

~ 
....; 
() 

tr1 

~ 
'"" 0 
;:: 
r}i 
0 
~ 
.... z w ,.., .... ,.., 
c1 ,.., 
~ 

'=l 
0 
)':; 

1-;:i 

" ~ z ,.., 
)':; 
H 
'JJ 
tr) 
;i;. 
~ 
(') 

:r: 
...., 
z 
() 



TABLE 3. Duplicaf,e Analyses of Tomato Plants to Show Ind·ividual Va.rintion. Grown Under a Gla.ss which Tnrnsm£ts.011/y .fo Pcrrc11t 
of Sunlight. 1927. TV1zole L'1 i!rial Portion 

Sample 
Total 
Wt. of 
Plant 

Moisture 

Nitrogen 

Insoluble Soluble Total 

Acid Hy
drolyzable 
Ivlaterial 

·------------- ----:-.::=::::'...-=:::=-..=::::::==-...:::.::::::=-_ 

Sucrose Dextrose 
Total 

Carbohy
drate:.; 

----I I I~~ Green I_~ Gree1: Dry _ 1 Green ~-1 Grec1~--~ri: __ I- Grec1~-l---~i:_;' ___ Gree1~-1l~~-
o.180 2.21 0.148 I.82 0.321> 4.03 0.872 10.70 0.146 I.791 0.288 / 3.53 I.346 16.02 
o.r82 2.23 0.142 I.74 0.324 3.97 u.862 _ 10.58 j 0.145 I.78 o.2R+ I 3.48 r.291 

1

. 15.8-1-

0.178 ~;;- 0.185 ~ 0.363 3.9-1- --;,;~-- ~~6-1-0.238 -1- 2.58 ---::~~ -,---.-;~:;- ~;-;;---;;.6(;-
l I 0.178 ~ 0.193 _2.10 _ 0.371 _ _:..03 _ ~_'.:~ 10.48 0.2501 __ 2.78__/~:-,82 J__'!:_~~-- ~~_,_..:!·4I_ 

0.165 I.95 0.1571 I.86 0.322 3.81 0.856 I0.131 0.133 
0.169 2.00 0.161 r.90 0.330 3.90 o.88r Hq.o 0.149 

---I 0.165 ~ 0.1;-.;---;;;- 0.292 - 3.9r - 0.805- ~0.81 I 0.120 1-~~~~-1-~.51- ~.21 -1 ~0911-11 q.<13--

___ 1 ____ 1 0.159 ~ 0.13<_1_ r.74_ 0.2~~- 3.8'i'_~·82912~~-j~-=- _ r.50 I (l.LJ.~-i -~_:?'i'__!_:~'88 LJ..l>o 

1.57 
I.76 

l <-123 
I.349 

15.(i5 
15.93 

fl.334 
O.,:;r9 

3.95 
;3.77 

0.169 2.16 0.143 r.82 0.312 3.98 0.756 9.64 I 0.145 r.85 I 0.2651 3.38 I. 16(1 I 14.87 
0.163 2.08 0.147 r.88 0.310 3.96 0.798 IO.IS I 0.137 I.75 0.239 3.05 I.174 q..98 

-2-. -12- -~-. l-5S _1 ___ 73_1_0 __ 352- -3_85- --1-.-0-8-1 - --;;:-8-4-,---0-. 1_2_4_ --~;ii. 0.3~~-,·~-. 1-5- --r-_-5-84-. -II~;~-; 

l----l---I 2.17 __ ~.:?_:~-~_1_ __ 0.35,~~~88 -~957_ 1048_1_u.17o_i-~~~-+~~4n_1 _ 3.7_:+ 1.40.?__1 16.oC> 

0.19-1-
0.198 

0.138 0. I /I 2.19 

0.198 I 2.35 
0.192 2.28 

~I~q;-1-;~-~-

0.156 
o.13s 

r.77 

I.85 
I.60 

0.309 3.96 I 0.731 9.37 I 0.154 I .97 i 0.261 

r.<ir 0.29+ 

3.:1.'i r.146 I q.69 

3.64 I r.252 I q.n 
3.48 r.234 I q.6+ 
-----1·-·---------1· ~------
3. ~o I.310 i,;.70 
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Humidity So percent. 
Carbon dioxid concentration o. I to o.8 percent; 4 50-pound tanks used 

in each 24 hours. 
Light exposures of 5, 7, 12, 17, 19, and 24 hours in each 24 hour period. 
Light source 25 1000-;vatt 120-volt lamps operating on 105-volt supply. 

Light filter one-half inch of plate glass plus one inch of water. 
Average Macbeth readings at soil level: 450 foot candles. 

Experiment 2. August 28 to October I5, I924 

Same as Experiment I except no additional carbon dioxid. 
Average Macbeth reading 350 foot candles. 

Experiment3. February 28, to May I4, I925 
r. Gantry crane House I, daylight supplemented with artificial light 

from midnight until 6 A.M. each night, normal concentration of carbon 
dioxid. House 2, daylight supplemented with artificial light from 6 P.M. 
until midnight and with carbon dioxid concentration at about 0.3 percent 
or ten times the normal. 

Light source 48 1500-watt 120-volt lamps operating on ms-volt current. 
Average phrheliometer reading: 045 gram calory per square centimet€!r 

per minute. 
Equivalent in foot candles: 8r9. 
Temperature in all houses 78° F. 
2. Constant-light room, artificial light only. 
Carbon dioxid concentration about 0.3 percent. 
Light source 2.'i r500-watt 120-volt lamps operating on ms-volt current. 
Light filter of plate glass with water, average depth three-eights inch. 
Average pyrheliometer reading: 0.3 gram calory per square centimeter 

per minute. 
Macbeth reading: 800 foot candles. 
Temperature 78° F. 
Humidity 80 percent. 
Light exposures of 5, 7, 12, 17, 19, and 24 hours in each 24 hour period. 

Experiment 4. February 28 to J11ay 8, I926 

I. Gantry crane houses same illumination as 1925 except 48 moo-watt 
ms-volt lamps operating on rn5-volt current supply. 

Average pyrheliometer reading: 0.36 gram calory per square centimeter 
per rninute. 

Macbeth reading: 760 foot candles. 
House I, daylight plus gantry crane illumination from midnight until 

morning. 
House 2, daylight plus gantry crane illumination from 6 P.M. until 

· midi;iight and with ten times the normal carbon dioxid concentration. 
Temperature 68° F. in all houses. 

• 
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Humidity So percent in control house. 
2. Constant-light room; artificial light only. 
Carbon dioxid concentration ten times normal. 

4.59 

Light source 25 1500-watt 105-volt lamps operated on 104-volt current. 
Light filter same as Experiment 3. 
Four mercury vapor arcs in glass tubes. 
Average pyrheliometer reading: 0.25 gram calory per square centimeter 

per minute. 
l\Iacbeth reading: 1200 foot candles. 
Temperature 68° F. 
Relative humidity 80 percent. 
Light exposures of 5, 7, 12, 17, 19, and 24 hours in each 24 hour period. 

Experiment 5. January 28 to April 8, 1927 
L Gantry crane houses same illumination as in 1926 except only one 

house, number 2, illuminated. 
House 2, daylight I2 hours plus gantry crane 12 hours from 6 P.M. 

until 6 A.M. making a 24 hour day. 
Carbon dioxid ten times normal. 
Temperature 78° F. except in a small vestibule held at 68° F. 
Relative humidity in control house 90 percent. 
2. Constant-light room, artificial light only. 
Carbon dioxid concentration ten times normal. 
Light source 22 1500-watt 105-volt lamps operated on 105-volt current. 

Three 25 amperes white flame carbon arcs. Two mercury vapor arcs in 
glass tubes. 

Light filter same as experiment 3. 
Average pyrheliometer reading: 0.24. 
Macbeth reading: 1400 foot candles. 
Temperature 68° F. 
Relative humidity 90 percent. 

RESULTS OF EXPERIMENTS 

More than thirty different species of plants were grown in these experi
ments. It was found impossible to get a complete set of data on the 
whole 30 species as regards chemical analysis and day-length effects. 
A few representative species of special interest were therefore selected for 
a .more detailed study. These have been grown with different day-lengths 
from five hours to 24 in the constant-light room and also with daylight 
supplemented by six to 12 hours each night with artificial light from the 
~antry crane. 

Plants in general were found to increase greatly the weight of tissue 
produced when given daylight plus six hours additional light each night. 
A still further increase was produced by increasing carbon dioxid concen-
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tration along with supplementary lighting. Many plants grew very 
rapidly in the constant-light room with artificial light only. Text figures 
3 and 4 show 17 days' growth under these conditions. The large lettuce 
plant shown in the foreground of figure 4 was produced in this time period 
from the small plant similarly located in figure 3 and illustrates the rapid 
growth under these conditions. When grown with artificial light the weight 
of tissue produced increases with day length up to approximately an r8 hour 
day while there is no corresponding increase when given a 24 hour day. 
Some species were found to grow as well with continuous 24 hour illumina
tion as on an 18 hour day, while others were found to be greatly injured 
by.a 24 hour day. The results of the chemical analyses of various species. 
as related to carbohydrate-nitrogen ratio, injury of long day, and specific 
effects of the various conditions on a number of plants will be discussed 
in the following pages. 

Carbohydrate-nitrogen Content as Related to Flowering and Length of Day 

C&nsiderable study has been made of the effect of various day lengths. 
on the carbohydrate-nitrogen relations of various plants grown in this 
series of e..xperiments. The study has been especially directed toward 
representative varieties of each type of plant as originally worked out by 
Garner and Allard (4), the short and long day and the everblooming types. 
Both radishes and lettuce are of the long day type and both grow well 
up to a 24 hour clay or continuous illumination. They were therefore 
selected as _suitable plants for growing on a number of day lengths from 
five to 24 hours. Similarly, salvia was selected as a typical short day 
plarit and buckwheat as an everblooming type. Salvia flowers well on day 
lengths of 15 hours or shorter while buckwheat flowers equally well on all 
day lengths from five hours to 24. In this series of experiments it was 
hoped to establish a possible relation between the percentage composition 
of carbohydrate and nitrogen constituents and the day length at which the 
plants would flower. Assuming that day length determines flowering in 
these species thtough a building up of a certain amount of carbohydrate 
with relation to the.total amount of nitrogen, one should be able to determine 
how .much of each fraction is necessary before flowering is initiated in the 

·Jong day pl;mt and what carbohydrate maximum just prevents flowering 
ill. th.e short day plant. This premise als.o assumes. tha~ the amount of .. 
photosynthetic material manufactured is in some simple proportion to the 
ddsage of light; that .is an intensity X. the time of exposure, within certain 

·.lindts. Where more carbohydrates are built up with greater .dosage of 
<.light it is rearoiiable to expect that translocation. and further synthesis will •. 
·~9,;~~~i;i,ct~asedat .the 1;ame rate,.c9nsequen,tlycarbohydrates will increa!3e··. 

. .ti;). a gieatet:: oi lesser: degt:~, w,h!l increasing day length, . if in tensity remains 
the same; · If the' ratio of total carbohydrate to total nitrogen is effe~tive 

deterrpining · flowering. it should be possible to regulate this .. process 

.. 



TEXT Frc. 5. Lettuce plants grown on 5, 7, 12, r7, 19, and 24 hour days in the constant-light room, showing the 
flowering on day lengths of 17, I9, and 24 hours. TEXT FIG. 6. Salvia plants flowering on short day lengths of s, 7, and 
I2 hours. Only an occasional terminal flower is produced on a I7 hour day. This plant flowers well on all day lengths 
from 5 to IS hours. TEXT FIG. 7. Buckwheat plants grown in constant-light room. This plant flowers on all day lengths 
from 5 to 24 hours. The height growth increases with day length up to 19 or 24 hours. The control plants were grown 
in the greenhouse. The plants are all 32 days old from seed. TEXT FIG. 8. Tomato plants from constant-light room 
grown on 5, 7, 12, 17, 19, and 24 hour days. The control plant was grown in a greenhouse. The photograph shows 
the extreme injury of continuous illumination on tomato plants. 
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through the increase or decrease of nitrate in the soil providing the plant 
has no regulatory mechanism which limits the absorption of this salt. 
It should also be possible to initiate or inhibit flowering by adjusting light 
intensity in combination with suitable day length and in this way regulate 
the ratio through an increase or decrease of carbohydrate, providing again 
that the plant has no regulatory mechanism for maintaining only a certain 
amount of carbohydrate reserve. In previous work it has been observed 
that certain plants such as corn are able to regulate the amount of nitrate 
taken in so that it is difficult to induce this plant to take up enough nitrate 
to increase the total percentage of nitrogen in the plant. The most promis
ing method of changing the carbohydrate-nitrogen balance therefore 
seemed to be an increase of light intensity in combination with suitable 
day lengths. Both the decrease and increase of nitrate in the soil as well 
as different light intensities in combination with various day lengths have 
been used in this study. The analytical data are reported·in tables 4 to 9. 

In the case of long and short day plants the tables are divided into 
two parts, those which either were flowering or had the flowering response, 
and those which were not flowering or had no flowering response. Flowering 
response is here used to mean the ability of a long day plant to flower after 
it has been kept for a time on a long day and then transferred to a short day 
where it will later flower. This is a common characteristic of both radishes 
and lettuce~ The opposite situation also exists; that of a short day plant 
flowering on a long day after it has been transferred, but this has not been 
studied carefully in the work reported herewith. 

The "dose" of light necessary to initiate flowering in long-day plants 
growing in greenhouses during the short days of winter involved mainly 
the length of day (photographs of long and short day and "everblooming" 
types are shown in text figs. 5, 6 and 7). Intensity was not a factor since 
the lowest intensity used (170 foot candles) was well above the minimum 
for initiating flowering. While this exact minimum has not been accurately 
determined it is known to be very low as compared with sunlight. Light 
diffusing from the gantry crane greenhouse in these experiments induced 
flowering in radish and lettuce in another greenhouse at an illumination 
value of about five foot candles. Intensities of this order produce little 
or no weight increase in plants, and are probably well below the minimum 
for survival. 

The total carbohydrate and total nitrogen in percent of dry weight for 
radish and lettuce together with the ratio of the two are listed in tables 4 
and 5. The great variation of these fractions in plants grown under various 
conditions is shown. Total carbohydrate in radish (table 4) varies from 
7.47 to 34'73 percent among the plants which were flowering or showed 
flowering response, while there was a similar range, 8.95 to 2r.23 percent, 
among those which did not flower. Total nitrogen varied from L5X to 
5.92 percent in the first case and from 2.77 to 7 .27 percent in the second. 
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TABLE 4. Ca.rbolzydrate-nitrogen Relation in Radish, a Long Day Plant. Plants Grown 
With Various Lengths of Day. Whole Aerial Port·ion 

Treatment of Plant, Age, and Number of Days 
in Growth Condition 

/ Total Carbo-1 Total Ni-

l hydrate, C)0 trogcn, c-;.;lo 
Dry Weight Dry Weight 

~---~-~--~--·------~-----

I Carbohydrate 
Nitrogen 

r. Plants flowering or showing flowering response when transferred to short day. 
1927 Series unless otherwise indicated 

Control greenhouse, sr days (r), F ........... . 
Greenhouse 2, 2r days, F.S.D ................ . 

" 2, 41 days, F .................... . 
IS hour day, s2 days, F ..................... . 
17 " " 4S days, F ..................... . 
r9 " " 20 days, F.S.D ................. . 
19 " 40 days, F ..................... . 
24 " 29 days, F.S.D ................. . 
24 " 3S days, F ..................... . 
24 " " 31 days, :f'. ..................... . 
24 24-hour mght, r4 days, F ........ . 
Greenhouse + 8 hours artificial light I 70 f.c. 

r 5 days, F.S.D. (2) ...................... . 
Greenhouse + 8 hours artificial light I 70 f.c. 

44 days, F. (2) .......................... . 
Greenhouse r, 46 days, r926 F.-grown in sand 
Greenhouse 2, 46 days, 1926 F.-grown in sand 

9.67 
13.14 
r9.94 
rs4r 
9.59 

2I .90 
2r.90 
25.47 
27.53 
r7.rs 
ro.19 

7.47 

7.87 
2744 
34.n 

4.9r 
S-7S 
3.77 
3.36 
2.4s 
4.67 
2.87 
4.68 
3-4S 
4.00 
5.63 

5.92 

s.72 
I.SI 
r.52 

2. Plants not flowering and having no flowering response 

Greenhouse control, 32 days (4) ............. . 
" " SI days ................. . 

7 hour day-40 days ...................... . 
7 ,, ,, 54 ,, ...................... . 

I2 20 ...................... . 
I2 6I " ...................... . 
rs 20 (3) ...... ' ............ . 
17 ,, zo (3) .. ................. . 
Greenhouse + 8 hours artificial light 170 f.c. 

7 days (age 3 I days) ..................... . 
Control greenhouse-31 days ................ . 
I.2 hour day-r2 hour night-14 days ........ . 
Greenhouse control + .3 percent C02-7 days 

(age 3r) ................................ . 
Greenhouse control+ .3 percent C02-IS clays 

(age 39) ................................ . 
Greenhouse control + .3 percent C02-20 days 

(age 44) ...................... , ......... . 
Greenhouse control grown in sand 46 days . 
. 1926 ............................... ' ... . 
Greenhouse control grown in soil 46 days. 

r926 ....................•...... · ......... . 

F. With flower stalks. 

12.69 
18.50 
ro.ss 
8.95 

r9.r4 
8.89 

r7.67 
2I.I2 

r2.34 
ro.70 
ro.r6 

14.43 

12.88 

II.43 

2r.23 

r3.93 

5.99 
7.27 
5.88 
6.33 
5.70 
5.23 
4.69 
4.84 

5.98 
5.72 
5.22 

5.35 

5.s8 

4.88 

2.0 
2.6 
5.3 
4.6 
4.1 
4.7 
7.6 
5-4 
8.o 
4.3 
r.9 

I.3 

r.4 
18. I 
22.8 

2.I 
2.6 
r.8 
r.4 
34 
I.7 
3.8 
44 

2.I 
I.9 
2.0 

7.7 

F.S.D. The same series flowered later when transferred to a short day. 
(r). These plants flowered in a house adjacent to gantry crane house due to the entrance 

of diffused light of about 5 f.c. 
(2). Some of these plants 'Yere sampled after 15 days and 3 out of 12 of this series 

flowered when returned to a short day. When sampled after 44 days flower stalks were 
appearing. 

(3). None of the plants of this series flowered when returned to a short day. 
(4). Sampled Feb. 28, 1927. 
Note: Greenhouse 2, r927 received daylight plus 12 hours of artificial light each night 

from the gantry crane. Carbon dioxid concentration about .3 percent. Temperature 
78° F. 7 to 24 hour day plants grown in constant-light room with C02 concentration and 
temperature same as greenhouse 2. Greenhouses r and 2 in 1926 received 6 hours of light 
each night from the gantry crane. C02 concentration increased in 2. Temperature 68° F. 



TABLE ¥, ·A,nalysis of Radish Tops, Showing the Relation of Carbohydrate and Nitrogen Fractions to Length of Day. Constant-light Room 

Nitrogen Percentage 
Acid Hy- Total Carbo-Sucrose Dextro.se 

"' drolyzahle Percentage Percentage hydrates 

Day Length Wet Weight Percentage Insoluble Soluble Total 
Percentage Percentage 

per Plant I\1oistun~ 

I I Dry \Vcight Dry \Veight \Vet I Dry Dry Weight Dry Weight Dry \Veight \Vet I~ Dry 
i ! I 

1925 

I 
.36 7.58 + 7-hour. , ....... ·I IO 92.9 2.87 2.23 5.II .00 .54 7.58 

I 2-hour ..... ; .... 20 92.7 2.21 I.79 .29 4.00 8.65 .00 4.37 .95 IJ.02 
17-hour .......... 81 90.7 r.35 .46 .IJ I.81 12.68 + 9.or 2.02 21.69 
19-hour .......... 30 90.7 r.88 r.50 .31 3.38 12.56 + 9.41 2.05 I 2r.97 
24-hour .......... 16 84.9 r.62 I.05 .40 2.67 14.16 + 6.85 3.18 2I.Ol 

1926 
I 

5-hour .......... 9.4 94.1 3.32 2.64 .36 5.96 8.56 .oo r.83 .62 10.39 
7chour .......... 8.7 9,3.7 2.86 2.20 .35 5.06 7.89 .69 3.71 .86 12.29 

12-hour .......... 23.0 92.l 2-42 .82 .26 3.24 9.28 .00 4.14 r.07 14.42 
17-hour .......... 33.0 90.6 2.06 .76 .26 2.82 12.97 .47 8.78 2.08 22.22 
19-hour .......... 32.0 86.9 1.38 .34 .23 I.72 19.00 I.96 8.29 3.82 29.25 
24-hour .......... 16.2 88.7 2.cq r.09 .36 3.16 13.15 I. l I 7.23 2-44 21.49 

I 

1927 

7-hour .......... 7.0 92.1 2.75 3.58 .50 6.33 J.48 .00 r.47 0.71 8.95 
9-hour .......... l,).O 92.7 2.49 2.21 .34 4.70 8.53 .oo 2.82 0.84 rr.35 

l 2-hour .......... 17.0 93.9 2.44 2.79 .32 5.23 8.30 .00 .59 .55 8.89 
15-hour .......... 28.0 9I.8 2.03 l.33 .28 3.36 lI.46 .oo 3.95 I.26 l5-4I 
17-hour, ......... 20.0 86.7 r.42 r.03 .33 2.45 + 2.57 
19-hour .......... 5.2 88.4 r.87 LOO .34 2.87 13.52 r.85 6.53 2.53 2r.90 
24-hour ..... , .... 8.o 90.8 2.28 l.72 .37 4.00 rr.26 r.28 4.61 r.57 17.15 

+ Only a trace present. 
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TABLE 5. Carbohydrate-nitrogen Re,'tation in Lettuce, a Long-day Plant, Grown With Various 
Lengths of Day. Analyses of Whole Aerial Portion 

Treatment of Plant, and Number of Days I Total Carbo- I Total Ni-
in Growth Condition hydrate, % trogen, % 

Dry Weight Dry Weight 

l. Plants flowering or with flowering response 

Greenhouse l-25 days-1925+ .......... . 
Greenhouse 2-25 days-1925+ .......... . 
17 hour day, 25 days-1925+ ............ . 
19 " " 25 " -1925+ ............ . 
24 " " 25 " -1925+ ............ . 
Greenhouse l-60 days-1926+ 

grown in sand ........................ . 
Greenhouse 1, 60 days-1926. Soil+ ..... . 
Greenhouse 2, 60 days-1926. Sand+ .... . 
Greenhouse 21 60 days-1926. Soil+ ..... . 
17 hour day, 60 days-1926+ ............ . 
19 hour day, 60 days-1926+ ............ . 
24 hour day, 60 days-1926+ ............ . 
rs hour day, 21 days-1927- ............ . 
rs hour day, 61 days-1927+ ............ . 
17 hour day, 20 days-1927- ............ . 
r7 hour day, 6r days-1927+ ............ . 
r9 hour day, 2I days-1927- ............ . 
r9 hour day, 61 days-r927+ ............ . 
24 hour day, 19 days-r927- ............ . 
24 hour day, 45 days-1927+ ............ . 

19.93 
27.35 
22.0I 
24.08 
26.32 

16.10 
19.88 
lS.26 
r7.ro 
19.44 
26.92 
28.54 
23.ro 
2!.22 
23.75 
20.84 
26.68 
18.12 
25.7s 
38.28 

4.21 
4.58 
3.86 
4.06 
3.78 

3.07 
4.48 
r.69 
2.50 
2.88 
3.61 
3.12 
5.,56 
3.24 
4.so 
2.37 
4.68 
2.39 
4.62 
4.85 

2. Plants not flowering and with no flowering response 

·Control greenhouse, 60 days-1925 ........ . 
5 hour day, 60 days-1925 .............. . 
7 hour day, 60 days-1925 .............. . 

12 hour day, 60 days-1925 .............. . 
Control greenhouse, 60 days-1926 ........ . 
7 hour day, 60 days-1926 .............. . 

12 hour day, 60 days-1926: ............. . 
Control greenhouse, 34 days-1927 ........ . 
S hour day, S9 days-1927 .............. . 
9 .hour day, 61 days-1927 .............. . 

12 hour day, 20 days-1927 .............. . 
12 hour day, 61 days-1927 .............. . 

+ Flower stalk visible. 
- No flower stalk visible, would flower later. 

18.57 
13-.53 
20.92 
2!.04 
22.II 
18.30 
1746 
22.86 
14.86 
18.05 
12.08 
r8.8o 

4.53 
4.73 
4.04 
4.59 
4.75 
4.89 
4.14 
4.95 
4.II 
s.09 
2.73 
4.21 

Carbohydrate 
Nitrogen 

4.7 
6.o 
5.7 
6.o 
7.0 

5.3 
4.4 
9.2 
6.8 
6.8 
7.4 
9.2 
4.2 
6.s 
S·3 
8.9 
5.7 
7.6 
5.6 
7.9 

4.1 
2.9 
5.2 
4.6 
4-7 
3,7 
4.2 
4.6 
'3.6 
13.6 
1
4.5 
4.5 

5-24 hour day grown in constant-light room with artificial light entirely an.cl with 
,glass-water filter. 1925 series temperature 78° F. and illumination about 970 f.c. 1926 
series temperature 68°.F. and illumination about 1200 f.c. 1927 series 78° F. and 1200 f.c. 
mumination. 

There is apparently no relation between percentage composition of carbo
hydrate and nitrogen and :flowering in the radish, since these can be varied 
.quite independently of the flowering. Flowering can be initiated by 
illuminating the radish for eight hours each night with 170 foot candles 
with no resultant accumulation of carbohydrates. Flowering can also be 
-initiated with a much higher intensity, 700 {oat candles (Greenhouse I, 
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1926), for six hours each night, with considerable accumulation of carbo
hydrates. \Vhen the plants were grown in sand (Greenhouse 2, I926) 
there was a further accumulation in total carbohydrates to the maximum 
for the series at 34.73 percent. Total nitrogen was reduced to I .52 percent. 
These plants flowered. Control plants grown in sand on short days did 
not flower but accumulated considerable carbohydrate, 2I.23 percent. 
Total nitrogen fell to 2.77 percent in this case. Of the plants grown in 
the constant-light room in 1927 on 7, I2, 15, 17, 19, and 24 hour days, 
the plants on the four longest day lengths flowered, while those of 12 hours 
and less did not flower. The effect of age of the plant at the time of sampling 
is shown in table 6. This is also discussed later. All radish plants listed 
in table 4 were grown from seed which was planted in each condition, 
except the 12 and 24 hour day, I2 and 24 hour night plants, and those 
grown with daylight plus eight hours of artificial light at 170 foot candles. 
These plants were grown in the control greenhouse and then transferred to 
the various conditions. It will be observed that the 24 hour day, 24 hour 
night and 12 hour day, 12 hour night plants in table 2 had practically the 
same percentage composition of carbohydrate and nitrogen. This might 
be expected since these plants were grown under the same conditions 
except for the duration of exposure to light. The set grown on the long 
day flowered while those on the 12 hour day did not flower. The soluble 
nitrogen in percentage of dry weight was 244 for the 12 hour and 2.82 
for the 24 hour day plants as compared with 2.78 and 2.80 for the respective 
insoluble fractions. There is therefore no significant difference in these 
fractions. Soluble nitrogen in general parallels closely the total nitrogen 
values. The listing of this fraction has been omitted from table 4 and 
several other tables to save space. 

It is of especial interest to note that the highest ratio of carbohydrate 
to nitrogen in radish is produced by an 18 hour day (Houses I and 2) 
where nitrate supply has been limited by growing the plant~ in sand. 
in this case large amounts of carbohydrate are produced, nitrogen supply 
is a limiting factor to further growth, and carbohydrates accumulate. 
This makes no difference with flowering since the plants flowered on the 
long day regardless of carbohydrate-nitrogen relations. \Vhen grown in 
sand .in the control greenhouse on the normal day length the carbohydrate
nitrogen ratio of radish plants was also very high (7.7). The value was 
about equal to the ratio obtained (7.6) by growing plants in soil on a 
19 hour day. The control plants did not flower while those grown on the 
19 hour day flowered. The values given in table 4 are averages of a large 
number of plants. Any number can be grown similarly which will give 
individuals with values in very close agreement. Flowering in radish is 
therefore believed to be quite independent of the carbohydrate-nitrogen 
relations and depends only upon day length. 

In table 4A are presented chemical data showing the trend of various . 
• 
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carbohydrate and nitrogen fractions in radish plants as day length increases. 
The long day plants represented in this table were flowering when sampled. 
The table shows the percentage composition of insoluble and soluble 
nitrogen and acid hydrolyzable, sucrose and dextrose, carbohydrate fractions 
on a dry weight basis. Percentage total nitrogen and total carbohydrate 
are given on both the green weight (wet) and dry weight basis. , Weight 
per plant and percentage moisture are also given. As pointed out above 
total carbohydrates and weight per plant increase with day length to 17 
or 19 hours while a corresponding increase is not maintained up to a 24 hour 
day. Weight per plant follows a similar curve. Total, soluble, and 
insoluble nitrogen on a dry weight basis decrease with increasing carbo
hydrates. The sucrose fraction is near zero on short day lengths but 
increases on 17, 19, and 24 hour days. This fraction decreases with age 
of plants. Only one other plant studied in these experiments contained as 
little sucrose. This was the coleus. Both the Golden B'edder and varie
gated varieties of this species gave no test for sucrose when grown on 
either long .or short days. 

The carbohydrate-nitrogen relation for lettuce grown under the different 
conditions is summarized ,in table 5. The analyses of plants listed in this 
table shows a considerable range of carbohydrate and nitrogen percentages 
both in the case of the plants which flowered or had the flowering response 
and in the plants which did not flower and had no flowering response. 
The data in this table are based on the analysis of only two to ten plants 
in each sample and are therefore much more variable than the data for 
radish presented in table 3 in which large numbers of individuals were 
used in each sample. There is no relation between the percentage carbo
hydrate or nitrogen and the tendency to flower in lettuce shown by these 
data. Carbohydrates, in general, increase with increasing length of day 
in both radish and lettuce. In contrast with radish, lettuce plants did 

. not show any increase in carbohydrate when grown in sand as compared 
to a good soil. 

In order to determine some of the effects of age of the plants at sampling 
time on carbohydrate and nitrogen fractions, a series of experiments was 
made. in 1927. Lettuce and radish plants were analyzed first when the 
plants were young and vigorously vegetative and later when they were 
flowering or beginnipg to flower on longer day lengths. The data from 
.this series of analyses are given in table 6. The weight per plant of lettuce 
increased with day length up to a 17 hour day while there was no pro
portional increase on 1.9 and :24 ·hour days. The aerial portion and roots of . 
radish follow a similar curve. The amount of water in the aerial portion 
in general decreases with age. The acid hydrolyzable fraction increases 
slightly in lettuce with age. In the aerial portion of radish there is a 
slight decrease, while the roots show a tendency to increase. Sucrose, 
dextrose and total carbohydrates in general decrease with age in both 



TABLE 6. Some Effects of Age an the Chemical Composition of Radish and Lettuce Plants. 1927 Series. Whale Aerial Portion 

Total Nitrogen I Acid Hydro- Sucrose Dextrose Total Carbohy-
\Vt. per % lyzable % 'lo Cl, drates ';~ 

No. of Days in Condition, and % 
;0 

Day Length Plant, Moisture Grams I I I l I Green Dry Green Dry Green Dry Green Dry Green Dry 
I 

· Lettuce, whole aerial portion 

Control greenhouse, 34 days ...... 6.3 9r.5 .42 4.95 .7r 8.3 .8r 9.5 .43 5.r r.95 22.4 
Control greenhouse, 51 days ...... I0.8 92.8 .33 4.64 .50 7.0 .42 5.9 .37 5.r r.29 18.0 

---------------------------
12 hour day, 20 days ............ 6.o 9r.8 .23 2.73 -46 5.5 .28 3-4 .26 3.2 LOO 12. I 
12 hour day, 61 days ............ 45.0 904 .24 2.52 .44 4.6 .35 3.7 .29 3.r I.08 I I.3 

----------------------------
15 hour day, 21 days ............ 13.0 93.7 .35 5.56 -42 6.8 .57 9.r .45 7.2 r.45 23.1 
15 hour day, 61 days ............ 64.0 90.4 .31 3·24 .91 94 .73 7.6 .4.0 4.2 2.04 2!.2 

----------------------------
17 hour day, 20 days ............ 20.0 92.8 .33 4-50 .49 6.8 .71 9.9 .51 7. I r.71 23.8 
17 hour day, 61 days ............ 135.0 88.8 .27 2.37 I.23 I0.9 .80 7.1 .32 2.8 2.35 20.8 

---· ------------------------
19 hour day, 21 days ............ 29.0 93.r .32 4.68 .56 8.I .74 10.7 .54 7.8 r.84 26.7 
19 hour day, 61 days ............ 53.0 86.6 .32 2.39 r.36 I0.2 .70 5.2 .37 2.8 243 18.I 

--------- ----------------
24 hour day, 19 days ............ 23.0 9!.9 .37 4.62 .78 9.6 .78 9.6 .53 6.5 2.09 25.8 
24 hour day, 45 days ............ 80.0 9!.7 40 4.85 1.31 15.8 I.18 14.3 .68 8.I 3.17 38.3 
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TABLE 6.-Continued 

Total Nitrogen Acid Hydro-
Wt. per % lyzable % No. of Days hi Condition, and % 

Day Length Plant, Moisture Grains 

I I Green Dry Green Dry 

Radish, whole aerial portion 

12 hour day, 20 days ............ 2.2 92.0 .46 5.70 l.04 13.0 
12 hour day, 53 days ............ 17.0 9r.o .32 3.49 I.02 lI.0 

---------
IS hour day, 20 days ............ 3.0 92.2 .37 4.69 I.00 12.8 
15 hour day, 52 days ............ 28.0 9I.8 .28 3.36 .94 II.5 

---------
17 hour day, 20 days ............ 4.3 91.6 .41 4.84 I.25 q.9 
17 hour day, 45 days ............ 20.0 86.7 .33 2.45 .90 6.7 

---------
19 hour day, 20 days ............ 4.4 90.9 .42 4.67 I.SI I6.6 
19 hour day, 40 days ............ 5.2 88.4 .34 2.87 r.56 13.5 

---------
24 hour day, 19 days ............ 3.7 89.1 .51 4.68 I.97 18.1 
24 hour day, 35 days ............ 8.o 90.8 .37 4.00 r.03 II.3 

Radish, roots only 

12 hour day, 20 days ............ I.O 92.2 .25 3.20 .68 8.7 
12 hour day, 53 days ............ 23.0 93.0 .I8 2.60 .65 9.3 

---------
I 5 hour day, 20 days ............ I.4 93.1 .20 2.91 .62 9.0 
15 hour day, 52 days ............ 17.0 93.5 .14 2.16 .78 I2.0 

---------
17 hour day, 20 days ............ 4.1 93.6 .19 2.96 .51 8.o 
17 hour day, 45 days ............ 6.4 93.8 .16 2.59 .57 9.2 

---·------
19 hour day, 20 days ............ 3.0 92.7 .2! 3.IO .68 9.3 
19 hour day, 40 days ............ 12.0 90.5 .19 2.00 I.49 15.7 

---------
24 hour day, 19 days ............ I.2 89.3 .33 3.07 I.IO I0.3 
24 hour day, 35 days ............ 5.9 89.7 .28 3.79 r.49 14.5 

Sucrose Dextrose 

°' ;O % 

Green I Dry Green I Dry 

.23 2.9 .27 3.3 
+ + .40 4.3 

------------
.25 3.2 .13 I.7 
+ + .32 4.0 

------------
.25 3.0 .27 3.2 
+ + .34 2.6 

------------
.13 I.47 .35 3.8 
.2I I.85 .76 6.5 

------------
.32 3.00 . -47 4.4 
.12 I.28 .42 4.6 

.20 2.57 r.88 24.1 

.19 2.72 I.72 24.6 
·------------

.IO I.46 I.79 26.1 

.06 .93 .59 9.1 
------------

.15 2.34 2.06 32.r 

.28 4.54 .18 2.9 
------------

.25 3.41 2.37 32.3 

.25 2.64 .91 9.6 
------------

.42 3.91 2.90 27.0 

.24 2.33 I.20 II.7 

Total Carbohy-
tlratcs ~'o 

Green I Dry 

I.54 I 19.I 
r.47 15.9 

------
r.38 17.7 
I.26 15.4 

------
J.77 2I.l 
I.28 9.6 

------
I.99 21.9 
2.53 2I.9 

-------
2.76 25.5 
I.57 17.2 

2.76 35.4 
2.56 36.7 

------
2.51 36.5 
I.43 22.l 

·------
2.72 42.4 
l.03 16.7 

------
3.30 45.0 
2.65 27.9 

------
4.42 41.2 
2.93 32.5 
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lettuce and radish. It is therefore important for purposes of comparison 
to choose plants of these two species which are approximately the same age. 

The analytical data for salvia, a short day plant, are presented in 
table 7. This plant flowers well up to and including day length of 15 hours, 
rarely on a 17 hour day. A photograph showing the flowering on short 
day lengths is included as text figure 6. The carbohydrate and nitrogen 
fractions show a very narrow range over all day lengths from five hours 
to 24. On the shortest day length, five hours, in 1926, carbohydrates 
were high at 22.87 percent as compared with 28.19 percent on the r9 hour 
day, while nitrogen showed a correspondingly small variation from 3.24 
percent to 2.04 percent on the same range of day lengths. The application 

·of large amounts of nitrate to the soil made practically no difference in the 
total nitrogen content, although the plants showed considerable foliar 
injury due to the toxicity of high concentrations of this salt. The seven 
hour day plant receiving extra nitrate had a total nitrogen percentage of 
3.35 as compared to the value 2.8 for the seven hour with no extra nitrate. 
The carbohydrate percentages were 14.08 and 2545, respectively. The 
slight increase in nitrogen may as well be attributed to the falling off of 
carbohydrate due to slight foliar injury as to the increase in nitrate supply 
in the soil. The 17 and 19 hour day plants receiving nitrate were also 
slightly higher in total nitrogen and slightly lower in total carbohydrate, 
but compared with plants growing on short day lengths total nitrogen 
in those plants receiving large quantities of nitrate is very low. Salvia is 
able to regulate closely the total percentage composition of nitrogen in 
the tissues when grown in a medium with high nitrogen suppiy. The 
numerical value of this percentage depends mainly upon length of day 
and intensity of light. This regulatory action apparently is not restricted 
to salvia since various workers have found a similar relation in other species. 
Waister (20) found that when barley was grown at a high temperature 
with a high nitrogen supply in a sand medium the plants were very weak 
and prostrate in growth habit, whereas when grown similarly except in a 
cool house the plants were erect and sturdy. He found no greater differences 
in total nitrogen percentages, however, than may be easily attributed to 
variations in sampling. Hooker and Bradford (7, 8) have analyzed both 
the bearing fruit spurs and bark of apple twigs which have been fertilized 
with nitrate, ammonium sulfate, and blood. As compared with the control 
plants with no fertilizer they found no appreciable differences in total 
nitrogen percentage. The interesting thing about these observations is 
that the effects of high nitrogen supply are brought about in these species 
with no corresponding increase in percentage total nitrogen in the plants. 
Woo (22) found that high nitrate content of soil produced no corresponding 
increase of nitrogen in amaranthus plants. Tincker (r9) found that the 
crude protein (N X 6.25) in the leaves of cocksfoot grass plants could be 
about doubled when the plq.nts were fed sodium nitrate at the rate of five 
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TABLE 7. Carbohydrate-nitrogen Relation in Salvia., a Short-day Plant. Ana./yses of Whole 
Aerial Portion Unless Otherwise Stated 

Treatment of Plant, Age and Number of Days 
in Growth Condition I Total Carbo- I 

hydrate, ~~ 
Dry Weight 

Total Ni
trogen,% 

Dry Weight 

I. Plants flowering or with flowering response 

Control greenhouse, 62 days-1926 ........ . 
5 hour day, 62 days-1926 .............. . 
7 hour day, 62 days-r926 .............. . 

12 hour day, 62 days-1926 .............. . 
7 hour day, NaNO,, 62 days, 1926 (I) .... . 

12 hour day, 35 days-1927 (2) ........... . 
17 hour day, 35 days-1927 (2) ........... . 
5 hour day, 6r days-1927 .............. . 
7 hour day, 61 days-1927 .............. . 
9 hour day, 61 days-1927 .............. . 

r2 hour day, 61 days-1927 .............. . 
15 hour day, 6r days-r927 .............. . 
17 hour day, 61 days-1927 .............. . 

r8.47 
22.87 
25.45 
27.63 
14.08 
3r.62 
33.56 
23.88 
23.86 
25.;)9 
30.59 
30.45 
30.74 

3.40 
3.24 
2.80 
3.16 
3.35 
3.84 
3.52 
4.39 
3.99 
3.71 
2-49 
2.47 
2.84 

2. Plants not flowering and with no flowering response 

G1·eenhouse 1-62 days-1926 ............ . 
Greenhouse 2-62 days-1926 ............ . 
17 hour day, 62 days-1926 .............. . 
19 hour day, 62 days-1926 ........... : .. . 
24 hour day, 62 days-1926 .............. . 
17 hour day, NaNOa, 62 days-1926 (r) ... . 
19 hour day, NaNOa, 62 days-1926 (I) ... . 
24 hour day, 35 days-1927 .............. . 
19 hour day, 61 days-1927 .............. . 
24 hour day, 61 days-1927 .............. . 
Greenhouse 2-61 days-1927 ............ . 
Greenhouse + 6 hours light each night, Jan. 

28-0ct. 4, 1927. Leaves only (3) ....... . 
Same except stems only (3) .............. . 
Same except from Jan. 28-Dec. r9, 1927. 

Leaves only (3). • ................ · . · · · · 
Greenhouse control sampled Oct. 4, 1927. 

Leaves only .......................... . 
Same except stems only .................. . 

14.48 
20.;,2 
25.41 
28.19 
26.r8 
23.62 
17.64 
37.95 
31.50 
35.14 
25.33 

22.!2 
2r.27 

22.18 

I6.8I 
21.66 

3.5r 
2.70 
r.93 
2.03 
2.26 
2.34 
2.80 
3.03 
2.56 
3.08 
2.97 

2.66 
.57 

2.53 

3.3r 
.79 

Carbohydrate 
Nitrogen 

5.5 
7.1 
9.1 
8.8 
+.2 
8? 
9.6 
5.5 
6.o 
6.8 

12.3 
12.3 
!0.8 

,p 
7.6 

13.2 
13.8 
II.6 
IO.I 
6.3 

12.4 
12.3 
rr.4 
8.5 

8.4 
37.3 

84 

5.r 
27.3 

(I). Given roo cc: of NaN03 solution containing 5 grams NaN03 at one or two week 
n te rvals in four separate doses. 

(2). Other 12 and 17 hour day plants of this series '\Vere flowering when sampled after 
62 days. The J7 hour day plants flowered only at the terminal while the 12 hour day 
plants flowered at both terminals and laterals. 

(3). Received 6 hours artificial light each night from one 1000-watt lamp. 
Note: 5 fo 24 hour day plants grown in constant-light room. In 1926 the temperature 

was 68° F. and illumination about 1200 f.c. In 1927 the temperature ·was 78° F. and 
illumination about 1200 f.c. Greenhouses I and 2 in 1926 received 6 hours of light each 
night from the gantry crane. C02 concentration was increased in 2. Temperature 68° F. 
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grams weekly. This was true of plants grown either on a ten hour day or 
on the normal day length of June. It is evident therefore that not all plants 
are capable of a close regulation of total nitrogen percentage. Nightingale 
(16) has compared the analysis of stems from salvia plants grown on a 
short day of seven hours in the greenhouse during February, March, and 
April with those similarly grown except with full daylight supplemented 
at night by six hours of low intensity artificial light. The total carbohydrate 
in the lower stems on a percentage dry weight basis was 244 for the long
day plants and 23.9 for the short-day plants. The upper stems contained 
19.3 and 20.0, respectively. Total nitrogen percentage of dry weight was 
.7 to I.I for the lower stems as compared with 2.0 to r.6 for the upper 
from the long and short day plants. The total nitrogen percentage for 
the whole plant was 2.7 to 2.7. There is, therefore, no significant differences 
in carbohydrate or total nitrogen percentages between the long and short
day type in plants reported by Nightingale. This is probably due to the 
fact that the long-day plants received additional light of such a low energy 
value that very little additional photosynthesis took place as compared 
with the seven-hour day series, while the day length effects in initiating 
flowering are produced at a very low intensity. Nightingale found that 
all forms of soluble nitrogen except nitrate were relatively low in short
day salvia plants. He concludes from this that salvia is limited by a 
seven-hour day in the assimilation of nitrate. Since one set of plants is 
flowering and the other is not it would be as reasonable to conclude that 
other forms of soluble nitrogen were being used up by the flowers in case 
of the short day plants. Consequently these forms should be lower in 
amount in the stems. The point of especial interest is that total nitrogen 
and carbohydrate remain practically the same regardless of :flowering. 

Returning again to table 7 it will be noted that even with the narrow 
range of carbohydrate there is a definite increase with day length. The 
ability to :flower is not associated with a decrease in carbohydrates since 
plants grown in Greenhouse I in 1926 with six hours of supplementary 
light did not flower with carbohydrate at a low value of 1448 percent. 
In the 1927 series plants in one of the control greenhouses near the gantry 
crane house did not :flower on account of diffuse light reaching these pots 
each night. The illumination value was less than ten· foot candles. The 
analyses of these plants appear in table 8. The total carbohydrate per
centage was 20.23. Similar plants in the control house farthest away 
from the crane received a much lower intensity of diffused light and did 
not :flower. Analyses of these plants are given in table 8. The total 
carbohydrate percentage was 17.93. The analyses of salvia plants grown 
in the greenhouse with six hours of additional light each night from January 
until October and December are of interest. These plants were prevented 
from flowering during this entire period, while control plants :flowered in 
the greenhouse in March, April, September and October. The carbohydrate 



TABLE 8. Some Effects of Day Length on the Chemical Composition of Salvia Plants. Analysis of Whole Aerial Portion 

Nitrogen% Carbohydrate % 

Wt. per <JO Acid 
Conditions of Growth Plant, Soluble Total Hydro- Sucrose Dextrose Total 

Grams ivloisture lyzable 

Dry Wet I Dry Wet I Dry Wet I Dry Wet I Dry Wet 
I 

Dry I 
1926 Series. 62 days in conditions 

Control greenhouse* ............... 135 86.I .74 .47 3.40 2.0l 14.41 .29 2.IO .27 I.96 2·57 18-47 
Green house l ..................... 70 85.7 .68 .51 3.51 I.68 lI.72 .24 r.70 .15 I.06 2.07 II.48 
Greenhouse 2 ..................... 185 85.7 .48 .39 2.70 2.39 16.70 .32 2.32 .21 I.SO 2.93 20.52 

- . ---------------------
5 hour day* ....... .............. 93 87.7 .80 -40 3.24 2.49 20.24 .12 -97 .20 I.66 2.81 22.87 
7 hour day* ...................... 126 84.6 .79 -43 2.80 3-43 22.24 .27 I.76 .22 r.45 3.92 25-45 

12 hour day* ... ................ ISI 8r.3 .47 .59 3.16 4.51 24.12 .. 18 r.96 .29 r.55 5.18 27.63 
17 hour day ........ '. ............. 18 92.5 .46 .34 r.93 4.15 23.65 I'> .68 .I9 I.08 446 25.41 
19 hour day ...................... 35 80.7 .40 .40 2.03 5.II 26.41 .17 .88 .17 .90 5.45 28.19 
24 hour day ....................... 20 79.2 .44 47 2.26 4.79 23.04 .38 r.86 .27 I.28 5.44 26.18 

1927 Series. 6r days in conditions 

(1) Control greenhouse ...... ...... 78 85.2 .90 .57 3.87 2.34 15.77 .50 3.39 .16 I.07 3.00 20.23 
Control greenhouse* ............... 100 87.0 r.18 .54 4.20 r.78 13.67 .29 2.23 .26 2.03 2.33 17.93 
Greenhouse 2 ..................... 341 87.0 .87 .38 2.97 2.78 2r.29 .36 2.80 .I6 r.24 3.30 25.33 

---- ------------------------·-----
5 hour day ............. ......... 43 89.6 I.54 ,+6 4.39 2.03 19.61 .33 3.21 ,I l r.03 247 23.85 
7 hour day* ..... . . . . . . . . . . . . . 132 89.4 I.47 -43 3.99 2.23 20.89 .22 2.02 .IO .95 2.5s 23.86 
9 hour day* ...... . . . . . . . .. 129 89.l r.25 41 3.71 2.44 22.31 .23 2.06 .II I.02 2.78 25.39 

12 hour dav* ............... 156 86.8 .83 .33 2.49 3.53 26.69 .38 2.88 .13 I.02 4.04 30.59 
rs hour day* ................ 151 84.2 .62 .39 2.47 3.89 24.68 .57 3.6r .34 2.16 4.80 30.45 
(2) 17 hour day* ................. 244 8].7 .SI .35 2.89 3.28 26.60 .33 2.61 .19 r.53 3.80 30.74 
19 hour day .......... ...... ' ... 346 86.2 .71 .36 2.56 3.80 27.53 .36 2.59 .19 r.38 4.35 3r.50 
24 hour day ....................... 179 84.r .94 .43 3.08 4.22 30.58 .45 3.23 .IS I.33 4.85 3;:;.r 4 

*Flowering. 
(r). Did not flower on account of diffused light of less than ro foot candles from gantry crane greenhouse. 
(2). Flowered on one terminal only. Greenhouses I and 2 in 1926 received 6 hours extra light each night from gantry crane. No. 2 also 

received extra C02 • Temperature 68° F. In 1927 2 received 12 hours each night from the crane making a 24 hour day, 12 hours of which 
was daylight. Temperature 78° F. All other day-length plants were grown in the constant-light room. 
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and nitrogen fractions sho•ved very little change at the end of this exposure, 
as is indicated in table 7. 

The variation of various fractions of carbohydrate and nitrogen con
stituents of salvia plants on different day lengths are shown in table 8. 
The 1926 series was grown at a temperature of 68° F. as compared with 
78° F. in the 1927 series. \Veight per plant is maximum on a 12 hour day 
in the low temperature series as compared with a 19 hour day in the high 
temperature series. Salvia grows better at the higher temperature. The 
data show an increase in the weight per plant, total carbohydrates, and 
nitrogen in those grown at the higher temperatures as compared with the 
low temperature series. The increase in nitrogen appears in both the 
soluble and total fractions. The increase in carbohydrate is mainly in the 
acid hydrolyzable and sucrose fractions. Total carbohydrate increases 
with day length and nitrogen decreases in both the 1926 and 1927 series. 
An especially noteworthy characteristic of this plant is the ability to 
maintain a high total carbohydrate value on a five and seven hour day, 
resulting in a comparatively narrow range in percentage carbohydrate 
between a five and a 19 hour day. 

The data from the analyses of buckwheat plants grown on various day 
lengths are especially interesting (table 9). This plant flowers on all day 
lengths from five to 24 hours (fig. 7). The height varies from about 18 
inches on a five hour day to 52 inches on a 19 hour day. Total carbo
hydrates increase and total nitrogen decreases from a five to a 24 hour 
day. Total nitrogen usually decreases to less than one percent of the dry 
weight on a 24 hour day. The weight per plant increases regularly with 
day length up to a 19 hour day. A corresponding increase is not maintained 
up to continuous 24 hour illumination. The leaves of the 24 hour day 
plants show considerable injury as compared with the 17 hour day plants, 
but buckwheat in contrast to tomato, is able to continue to grow and 
flower on a 24 hour day. The injury from continuous light consists in 
the slight dying back of the leaf margins for a short distance and as the 
inner region of the lamina continues to grow the margin has a tendency to 
turn upward producing a shallow cuplike appearance. This effect can be 
seen in text figure 7 on both the 19 and 24 hour day plants. 

Data have already been presented showing that the percentage compo
sition of total nitrogen and total carbohydrate has little effect on flowering 
in the species of long and short day plants studied or in the everblooming 
types. In general, the percentage of carbohydrates increases with length 
of day where light intensity is high accompanied by a decrease in nitrogen. 
Flowering is initiated by a long or short day depending upon the species 
or variety, and is independent of the percentage composition of total 
easily available carbohydrates. In other species, like buckwheat, flowering 
is not affected by either day length or carbohydrate composition. Garner 
and Allard (5) have shown that day length effects are localized in each 
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branch of the plant. Knott (II) has shown further that the effect in 
cosmos is probably restricted to a few cells at the growing point of each 
branch. The effect of light in initiating flowering may be directly upon 
the protoplasm of the cells at the growing point with no resulting change 

TABLE 9. Everbloonzing Plant. Carbohydrate-nitrogen Relation in Buckwheat which 
Flowered on All Lengths of Day. Whole A frial Portion 

Treatment of Plant and Number of Days Total Carbo- Total Ni- Carbohydrate \Veight per 
hydrate,% trogen, % Plant, in Growth Conditions Dry Weight Dry Weight Nitrogen Grams 

(r) 12 hour day, 23 days-1924 .... r7.56 2.61 6.7 I I.5 
(1) 17 hour day, 23 days-r924 .... 29.90 r.93 154 33.6 
(I) r9 hour day, 23 days-1924 .... 28.62 2.08 14.0 29.0 
(r) 24 hour day, 23 days-1924.. . 35.66 r.68 2L2 27.4 
(r) 17 hour day, 65 days-1924 .... 28.49 .So 35.5 q3.o 
(r) 24 hour day, 65 days-1924 .... 28.49 .46 62.0 104.0 

Control greenhouse, 40 days-1925. 17.99 3.72 4.8 16.I 
(4) Greenhouse l, 33 days-1925 ... 17.ro 3.16 5.5 47.3 
(5) Greenhouse 2, 33 days-1925 ... 32.36 .98 33.0 78.8 

(2) 5 hour day, 69 days-r925 .... r5.84 3-44 4.6 3.5 
(2) r2 hour day, 33 days-1925 .... 19.80 3.17 6.2 20.9 
(2) If hour day, 33 days-1925 .... 38.35 r.42 27.0 42.6 
(2) 19 hour day, .33 days-1925 .... 36.29 I.II 32.5 56.8 
(2) .24 hour day, 33 days-1925 .... 3941 I.!6 33.8 -

·-----
Control greenhouse, 58 days-1926. 23.r5 3.05 7.7 I I.5 
(..j.) Greenhouse 1, 58 days-r926 ... 27.62 2.25 12.3 32.7 
(5) Gr.eenhouse 2, 58 days-1926 ... 37.r9 r.08 34.5 47.2 

-----------
(3) 5 hour day, 58 days-1926 .... 25.44 3.39 7.5 ' ? -:i·-
(3) 7 hour day, 58 days-1926 .... 32.93 2.74 I2.0 4.7 
(3) 12 hour day, 58 days-1926 .... 32.ro 2.II 15.2 12.5 
(3) r 7 hour day, 58 days-1926 .... 3u5 I.OI ,3!.0 3r.6 
(3) 19 hour day, 58 days-1926 .... 33.26 r.15 28.8 48.5 
(3) 24 hour day, 58 days-1926 .... 36.93 .98 36.6 2.J..S 

Control greenhouse, 64 days-1927. 7.94 

I 
3.16 2.5 7.r 

(6) Greenhouse 2, 64 days-1927 ... 35.57 .84 42.5 45-4 

(I). Grown in constant-light room with artificial light entirely and with glass-water 
filter. Temperature 78° F. Average illumination about 450 f.c. on soil. 

(2). Grown same as (I) except average illumination about 800 f.c. on soil. 
(3), Grown same as (r) and (2) except temperature 68° F. and average illumination 

r200 f.c. 
(4). Greenhouse r daylight plus 6 hours from the gantry crane each night. Tempera

ture in 1925 experimen'ts 78° F. in 1926 68° F. 
(5). Greenhouse.2 same as. (4) except extra C02 concentration .3 percent. 
(6). Greenhouse 2. in 1927 received 12 hours artificial light, otherwise same as (5). 

in composition which may be detected by chemical analysis. Knott has 
shown that the change from the vegetative to flowering condition in spinach 
and cosmos is accompanied by a decrease in catalase at the terminals. 
\Vhether the decrease in catalase is a cause of flowering or is only associated 
with the beginning of flower production is still in doubt. It is believed, 
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however, that a study of enzyms or other substances present in very small 
amounts in the growing tips or elsewhere offers much more promise than 
gross carbohydrate and nitrogen fractions in various plant organs, in 
explaining the mechanism of light in initiating flowering and fruit production 
in the plant. Since some correlations have been found in a few species 
between tuberous root formation and the initiation of flowering, a search is 
in order for specific substances or stimuli accomplishing such correlation 
between root and tip of stem. 

Carbohydrate-Nitrogen Ratio in the Tomato 

Starting with the work of Kraus and Kraybill (13) considerable study 
has been made of the carbohydrate-nitrogen relation in the tomato plant. 
These authors conclude that plants grown with an abundant supply of 
available nitrogen and the opportunity for carbohydrate synthesis are 
unfruitful, high in moisture, total nitrogen, and nitrate nitrogen, and low 
in reducing substances, sucrose, and polysaccharids. Fruitfulness, they 
found, was associated neither with highest nitrates nor highest carbo
hydrates, but with a condition of balance between them. Plants grown 
with a low nitrogen supply were found to be unfruitful, low in moisture and 
total nitrogen, and high in carbohydrates. 

In the present study the same soil mixture was used in all studies with 
tomato plants, except where an attempt was made to induce recovery in 
tomatoes injured by exposures to continuous illumination. This will be 
discussed later. The soil mixture contained about one-fourth manure and 
the usual nitrate, potash, and phosphate salts which gardeners normally 
use to make up a good greenhouse soil. It is believed that the plants had 
all the nutrient salts which they could use during their growth period. 
All plants were grown in two-gallon glazed stoneware jars, except those 
on short tests of one to two weeks. This gave the roots ample space to 
produce full grown plants with many fruits. 

The effect of various lengths of day on the carbohydrate-nitrogen 
fraction of tomato plants is shown in table IO. Carbohydrates increase 
with day lengths up to a 17 hour day, show no further increase on a 19 hour 
day, and a decrease on the 24 hour day. The 24 hour day plant had in 
each case become almost completely defoliated before these samples . were 
taken. Total nitrogen decreases steadily with increasing day length up 
to a 17 hour day where it reaches a minimum of about one percent of the 
dry weight of the plant. The carbohydrate-nitrogen ratio increases with 
day length up to 17 or 19 hours. The plants set fruit on all day lengths 
from seven to 19 hours but d.id not fruit on either five or 24 hour day. 
In contrast to the observations of Kraus and Kraybill (13) it is seen that, 
under the above conditions, the ratio of carbohydrate to nitrogen has 
little to do with fruiting in the tomato. Fruiting is here taken to mean 
the setting and continued growth of three or four fruits per plant. High 
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TABLE 10. Carbohydrate-nitrogen Relation in Tomato Plants Grown With Various Lengths 
of Day. Analyses of Whole Plants Except Roots and Fruits 

Treatment of Plant and Number of Days Total Carbo- Total Ni- Carbohydrate Weight per 
in Growth Conditions hydrate, % trogen, 3 Nitrogen Plant, 

Dry Weight Dry Weight Grams 

Control greenhouse, 62 days-
1924 F ........................ 19.14 2.35 8.2 556 

5 hour day, 62 days-1924 ........ q.88 3.30 4.5 142 
7 hour day, 62 days-1924 F ...... 19.07 2.52 7.5 312 

12 hour day, 62 days-1924 F ...... 25-43 2.22 I r.4 528 
17 hour day, 62 days-1924 F ...... 3r.83 I.85 17.2 723 
19 hour day, 62 days-1924 F ...... 33.84 r.77 19.r 634 
24 hour day, 62 days-1924 ........ 20.45 2.82 7.3 139 

Control greenhouse, 40 days-
1925 F ........................ 20.53 2.46 8.3 645 

5 hour day, 70 days-1925 ........ 19.95 4.31 4.6 41 
7 hour day, 70 days-1925 F ... ... 14.ro 3-45 4.r 444 

12 hour day, 70 days-1925 F ...... 33.00 r.09 30.0 602 
17 hour day, 70 days-1925 F ...... 34-94 r.16 30.0 569 
19 hour day, 70 days-1925 F ...... 3r.94 I.45 22.0 487 
24 hour day, 70 days-1925 ........ r.24 3.74 - II 

Greenhouse r, 70 days-1925 F ..... 25.75 r.34 19.2 780 
Greenhouse 2, 70 days-1925 F ..... 34.02 r.35 25.r 1433 

Greenhouse 2, 34 days-1926 ...... 29.61 4.34 6.8 70 
Greenhouse r, 63 days-1926 F ..... 2!.82 I.88 I I.5 512 
Greenhouse 2, 63 days-1926 F ..... 37.23 .96 39.0 471 
12 hour day, 34 days-1c;26 ........ 29.84 3.56 84 86 
17 hour day, 34 days-1926 ........ 37.17 2.29 16.3 149 
19 hour day, 34 days-1926 ........ If.69 3.29 5.4 r47 

5 hour day, 63 days-1926 ........ 9.84 5.29 I.9 20 
7 hour day, 63 days-1926 ........ 17.15 3.83 4.5 43 

12 hour day, 63 <lays-1926 F ...... 25.45 I.27 20.0 261 
17 hour day, 63.days-1926 F ...... 43.64 .96 45.5 278 
19 hour day, 63 days-1926 F ...... 34.61 r.09 31.7 215 
24 hour day, 63 days-1926 ........ II.33 4.35 2.6 29 

F. Fruiting. 
5 to 24 hour day plants grown in constant-light room with artificial . light entirely 

and with glass-water filter. 1924 series temperature 78° F. and illumination about 450 f.c. 
1925 series same temperature but illumination about 800 f.c. 1926 series grown at 68° F. 
and illumination about 1200 f.c. 

Greenhouses r and 2 received 6 hours illumination each night from the gantry crane. 
Temperature for respective years same as 5 to 24 hour day plants. Greenhouse 2 also 
received extra. C02 at about .3 percent concentration. 

carbohydrate accumulation results in a rapid depletion of nitrogen fractions 
in tomato. This agrees with the observations of Kraus and Kraybill. 
High carbohydrate accumulation does not, however, result in a condition 
o( unfruitfulness where. soil nitrogen is available. No study has been 
made in these experiments of the ability of the tomato plant to absorb 
nitrate nitrogen. It is possible that this plant may absorb sufficient ~itrate 
to produce unfruitfulness under ordinary greenhouse conditions. It is also 
possible that when grown in sand with limited nitrate supply a condition 
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of unfruitfulness may be produced. This condition might also be produced 
by growing plants with a shortage of other mineral nutrients. The weight 
per plant increased with day length up to a 17 hour day in the case of 
those plants grown in the constant light room in the 1924 series. The 
weight of the 19 hour day plants decreased slightly. In the 1925 series 
with intensity almost twice as high the injury was greater on the long 
days of 17, 19 and 24 hours so that the greatest weight was produced on a 
12 hour day. As the intensity increases the length of day for maximum 
growth decreases in case of the tomato plant. At the low intensity of 
1924 even the 24 hour day plant produced considerable increase in weight 
before it had lost much of its leaf tissue. The weight per plant produced 
in the 1926 series is not comparable since this series was grown at a lower 
temperature (68° F.) which is not favorable to tomato. The weight of 
tissue produced at all day lengths at the low temperature is much lower 
than either the low intensity series of 1924 or the.high intensity series of 
1925. The 1926 series was also grown at a higher light intensity, 1200 
foot candles. This operates to cause a decrease in weight produced at all 
of the longer day lengths. The amount of injury therefore depends both 
upon intensity and day length. The greatest weight produced during 
these experiments was that in Greenhouse 2 in 1925 of 1433 grams per 
plant in 70 days. These plants were grown with daylight supplemented 
by six hours each night from the crane with about ten times the normal 
carbon dioxid concentration. This combination of light produced very 
little if any leaf injury. Each plant produced from six to ten large fruits 
some of which were ripening when sampled. The ratio of total carbohydrate 
percentage to total nitrogen percentage was 25.I. , 

In the first experiments at low light intensity in 1924 it was evident 
that tomato plants would not withstand continuous illumination. After 
the plants had been in the condition 20 days only a few small leaflets at 
the terminals remained alive. Those plants grown on a 19 hour day in 
this series retained practically all of the leaves produced, all remained 
green and presented a normal appearance although they grew tall due to 
the low intensity. With higher intensities in 1925 and 1926 the 24 hour 
day plants showed the first signs of injury in about five days and after 
four weeks not a green leaf was left on any of the plants. The 19 hour 
day plants developed the injury more slowly and managed to maintain 
several green leaves all during the experiment but the older leaf tissue was 
injured severely. The 17 hour day plants at the higher intensity also 
appeared to be slightly injured, and from the data on weight per plant in 
table 10 it is evident that both the 17 and 19 hour day plants were injured. 

Of the plants grown in these experiments the tomato is the most sern:;itive 
to high light intensity in combination with a long day. Many plants will 
withstand continuous illumination with little apparent injury, others are 
much more susceptible. These will be discussed later. 
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TEXT FIG. 9. A close-up photograph of a leaf from the tomato plant in FIG. 10, 

showing the necrotic areas developing along the veins. TEXT FIG. IO. A tomato plant 
kept under continuous illumination (24 hour day) in the constant-light room in 1927 for 
six days. The lower leaves are yellowing while the younger leaves around the terminal 
have a tendency to curl back toward the main stem. TEXT FIG. I I. Tomato plants grown 
in the constant-light room on 17 and 24 hour days, in the control greenhouse (House I) 
and i!l the gantry crane greenhouse on a combination of daylight supplemented by 12 hours 
artificial light each night. (House 2). Both the 24 hour day and House 2 plants have many 
yellowing leaves due to continuous illumination. In conditions 20 days.. TEXT Frn. 12. 

Cabbage plants grown io the constant-light room on 5, 7, and 17 hour days in 1925 showing 
the buckling and splitting of leaves on the long days when grown under a fixed light source. 
The S hour day leaves tend .to remain fiat. 
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Further Experiments on the Injury to the Tomato Plant of 
Continuous Illumination 

Further experiments were made in 1926, 1927, and 1928 to determine a 
possible mechanism of injury of long days on the tomato plant. It was 
found that the first signs of injury appeared in five to seven days under 
continuous illumination. The leaves usually became faintly mottled with 
necrotic areas developing along the veins. Text figure 9 illustrates such a 
leaf from a plant under continuous illumination for six days. The leaves 
turn downward and backward toward the stem and slowly die back until 
after two or three weeks of exposl.lre only a few small terminal leaves 
remain. Figure IO shows the characteristic appearance of a tomato plant 
after six days of continuous illumination. The leaf shown in figure 9 
was taken from this plant. New leaves appearing at the terminal become 
smaller and smaller until finally the whole plant dies if the intensity is 
kept sufficiently high. Since considerable amounts of carbohydrate 
accumulated on the long days of the 1924, J925, and 1926 experiments it 
was at first thought that they accurllulated in the leaves so much more 
rapidly than they could be translocated or used that this might account 
for the long day leaf injury. The chemical composition of whole plants 
grown for 63 days in continuous illumination in 1926 is given in table II, 

part .1. In part 2 of this same table is given an analysis of stems and 
leaves grown at the same time but sampled after only seven days of con
tinµous exposure, when the injury was just appearing. These plants were 
all young and vigorously vegetative. It will be observed that in part 1, 
percentage total carbohydrates increase with day length up to a 17 hour 
day and percentage nitrogen decreases in old plants that have been kept 
under artificial illumination for 63 days. In part 2 the leaves of 24 hour 
day plants are much higher in total carbohydrates and lower in total 
nitrogen than control plants grown in the greenhouse. Analyses of stems 
and petioles gave a similar increase in carbohydrate but less in magnitude. 
If the injury developed as a result of an accumulation of carbohydrates it 
should be feasible to choose a light intensity which would not permit of 
any accumulation and in this way protect the plants. Plants were therefore 
grown in the light room on different intensities, using two 1500-watt lamps 
without filters and placing the plants at various distances from the lamps. 
Analyses of plants so grown at various intensities are given in table II, 

part 2. All of the plants in this table showed the typical long day injury 
except the controls grown in the greenhouse with daylight only. It will 
be seen that at an iJlµmination of 150 foot candles. carbohydrates do not 
accumulate in the leaves and that the total carbohydrate is less than in 
those grown in the contra.I greenhouse during March, yet the injury develops, 
·although .:more slowly. At 400 and. 700 foot candles ·the injury develops at 
·the usual rate so that after about three week$' exposure the plan.tis almost 
completely defoliated. . Total carbohydrates at 400 foot candles ar~ at a 



TABLE II. Percentage Composition of Tomatoes as Affected by Day-length and Other Conditions 
I. After being kept under artificial light for 63 days. 1926. Entire plant except roots 

Nitrogen Carbohydrates, %.\Vet and Dry Weights 

Growth Conditions Moisture Soluble Total Acid Hydrolyzable Sucrose Dextrose 
% 

Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry 
----------------------------

5 hour day .............. 95.7 .14 3.2 .23 5.3 -43 9.8 + + + + 
7 hour day .............. 9I.4 .14 I.6 .33 3.8 I.24 14.3 .II I.2 .14 I.6 

12 hour day .............. 88.r .II .9 .27 I.3 2.44 20.4 .20 I.7 .40 3.3 
17 hour day .............. 86.8 .02 .2 .13 l.O 4.49 33.9 40 3.0 .89 6.7 
19 hour day .............. 86.I .02 .2 .15 I .l 4.0I 28.9 .22 I.6 .58 4.2 
24 hour day .............. 9I.8 .21 2.5 .36 4.4 .81 9.9 .O..J- .5 .08 I.O 

Total Carbohydrate 

Wet Dry 
------

-43 9.8 
I.49 17.2 
3.0..J- 25.5 
5.78 43.6 
4.81 34.6 
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TABLE II.-Continued 

2. Young tomato plants grown in greenhouses and then exposed to continuous illumination for 5 to 7 days. 
All of these plants showed typical long day injury except controls grown in greenhouse 

A. Analysis of leaves only 

Carbohydrates, % Wet and Dry Weights 

Nitrogen% 

\ 

Growth Conditions and Sampling Date of Wt. per % 
Dry Weight Acid Total 

Plant, Hydro- Sucrose Dextrose Carbohy-Control Plants 
Grams Moisture lyzable drate 

' 
Soluble Total Wet Dry Wet Dry Wet Dry Wet Dry 

-------·--------------------
Control 3/28/1928 .......................... 33 87.7 .38 3.73 2.23 18.16 .24 I.95 .44 3.57 2.91 23.68 
Control 4/16/1928 .......................... 21 86.2 .28 3.10 3.46 24.94 .I2 .83 .44 3.16 4.02 28.93 

---·------------------------

Control 5/5/1928 ........................... IS 86.3 .29 3.19 3.28 23.89 .20 I.49 .27 2.00 3.75 27.38 
Same, except sampled after l 7 hours in dark room r6 86.7 .30 3.58 2.32 17-45 _04 .26 .20 r.48 2.56 19.19 

--- ---------------------

24 hour day, 700 f.c. (1) ..................... 15 85.7 .29 2.78 4.00 27.95 .I6 I.II .32 2.25 4.48 31.31 
Same, but sampled after 40 hours in dark room 

(1) ..................................... 16 88.9 .58 3.85 I.06 9.49 0 0 .13 I.20 r.19 I0.69 
------------------------

24 hour day, 150 f.c. (r) ..................... 23 90.8 .76 4.10 .74 8.oo .01 .IO .II I.20 .86 9.30 
24 hour day, 400 f.c. (1) ..................... 27 89.5 .37 ,3.60 1.71 16.20 .08 .So .17 I.60 1.96 18.50 
24 hour day, 1200 f.c. (2) .................... 22 74.4 .22 2.IO lI.87 46.30 .13 .51 .89 3.50 12.89 50.30 
Same, except plants IO days old (2) ............ 46 75.2 .19 i.50 I I.37 45.90 .29 I.I7 1.38 5.60 13.04 52.60 

----------------------
Greenhouse 2-2/7/1927 
12 hrs. sunlight + 12 hrs. artificial ........... 18 75.5 .20 r.80 I 13.38 54.60 .24 I.00 .35 I.40 14.00 57 .oo 

B. Stems and petioles only 

Control 4/16/1928 .................... - ..... 23 91.4 - - r.19 13.85 .24 2.84 .54 6.24 1.97 22.9,) 
24 hour day, 150 f.c .... , .................... 37 92.7 1.34 2.45 0.79 10.78 .IO I.41 .31 4.24 I.20 J(i.43 
24 hour day, 700 f.c_ ........................ 34 91.7 0.7,3 r.71 0.92 I I.14 .16 I.99 .]I 8.64 I.79 2r.77 
24 hour day, 1300 f.c ........................ - 89.1 I .04 1.84 r.56 14.35 .20 r.83 I.06 9.76 2.82 25.94 

(1). Exposed in the constant-light room at various distances from 2 1500-watt lamps without glass-water filter. Humidity 90 percent. 
Temperature 80° F. 

(2). Grown in 1926 experiments in constant-light room with glass-water filter. 
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slightly lower level than in greenhouse plants, while at 700 foot candles 
(without a filter) the carbohydrates are at about the same level. The 
analysis of plants grown with daylight 12 hours supplemented by artificial 
light 12 hours from the gantry crane making a 24 hour day (Greenhouse 2, 

1927) are included in this table. These plants showed an injury very 
similar to those growing under continuous artificial illumination in the 
constant-light room although not as severe. Tomato plants will not 
withstand a 24 hour day, 12 of which is sunlight. The rate of development 
of the injury, however, is decreased considerably by 12 hours of daylight 
in the combination. This is shown in text figure 11. The 24 hour all 
artificial light plant is more severely injured than the plant from Green
house 2. Both have been illuminated continuously since January 28, 
but the plant marked "House 2" received 12 hours of sunlight each day. 
Both plants have yellow leaves. The picture was taken on February 19, 

after the plants had been in the conditions 22 days. In table IO it will 
be seen that total carbohydrates represent over 50 percent of the dry 
weight of leaves grown either on a combination of 12 hours daylight plus 
12 hours artificial light, or on a 24 hour day of artificial light only at about 
1300 foot candles. The total green weight of plant tissue at the end of 
seven days' exposure was as follows: Control greenhouse, 435 grams; 24 hour 
day, all artificial, 613 grams; 24 hour day, 12 of which was daylight, 497 
grams. Twelve plants were used in eaqh case. All plants grew approxi-· 
mately 4.5 inches in height during the experiment. It is evident, therefore, 
that the plants grow and increase in weight even in continuous illu.mination 
for short exposm;es. That they do not continue to do this is no doubt due 
to the breaking down of the mechanism of photosynthesis rather than to 
too great an accumulation of the products of this process. 

To date no records have been found on the growth of tomato plants 
with continuous sunlight in the arctic regions. It would be interesting to 
know whether similar injuries develop in tomato plants grown under such 
natural conditions. The energy value in the constant-light room calcu
lated at 0.3 gram calory per square centimeter per minute amounts to 
approximately 12,960 gram calories per month of 30 days. The total for 
the .month of solar and sky radiation as published by the New York Ob-
servatory for June 1929 was approximately 11,903 gram calories. The 
two energy values. ar.e similar but as already pointed out the spectral 
distribution is in no way comparable. The glass-water filter in the constant
light room a.bsorbs practically all radiation of wave length longer than 
1.400 mµ so that the .total energy value of 12,960 gram calories includes 
o~ly the visible region .a.~d the near infra-red of wave length shorter than 
1400 mµ. 

Work already mentioned (3) has shown that sunlight has a much higher 
percentage of the total energy value in .the visible region than the tungsten 
filament lamp. Since the plant uses only the energy in the visible region 
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and near ultra-violet for photosynthesis it is probable that the total available 
energy in the constant-light room per month is less than June sunlight. 
There is a considerable difference in the constancy of sunlight as compared 
to artificial light. Sunlight varies widely from minute to minute whereas 
the main variation in the artificial light source is brought about by the 
slight voltage changes of the current supply causing only insignificant 
fluctuations in light intensity. These differences in the two light sources 
can not be considered as causal agents of the injury produced by continu
ous artificial illumination on plant tissue since it is not known whether 
continuous sunlight of similar intensity will produce a similar injury. 

Guthrie (6) found that chlorophyll and carotinoids decreased in the 
leaves of tomato plants exposed to continuous illumination. The a to b 
chlorophyll ratios and the carotin to xanthophyll ratios were lowered. 
In the case of chlorophyll, a decreased faster than b. A brown pigment, 
associated with a state of disturbed metabolism within the plant, increased 
under these conditions. It is not known whether these facts are the cause 
of the breaking down of the plant or only associated with it. The fact 
that there is a shift in the a to b ratio is especially interesting since this is 
normally a constant under a great range of conditions. 

It is interesting to note that 12 hours of daylight in the total 24 hour 
light exposure per day (Greenhouse 2) decreases the severity of the injury 
to tomato plants but does not entirely eliminate it. During the 1927 
experiments an attempt was made in the constant-light room to produce 
an artificial light source comparable with sunlight in spectral distribution. 
Three 25-ampere white flame carbon arc lamps were used in one corner of 
the room with 22 1500-watt incandescent lamps uniformly distributed over 
the rest of the ceiling of the room. The glass-water filter was used to 
absorb the infra-red. Tomato plants were placed on the growing benches 
immediately under the arc lamps. .The injury developed a little more 
slowly in this case but the final result was the same as had been found where 
all incandescent filament lamps had been used. The plants died in about 
four weeks. White flame arc lamps furnish a better light source for growing 
plants on account of the quality of radiation produced, but owing to the 
difficulty of maintaining these lamps they are at present impractical. 
When the arc is not protected against rapid oxidation by a glass globe 
the lamp must be trimmed frequently; in the present experiments at two 
hour intervals. When the glass globe is used to increase the life of the 
carbons cerium fluorid and other metallic salts from the cores of the 
carbon deposit on the inner wall of the globe and produce a rapid decrease 
in the light output. Four mercury vapor arcs in glass tubes were also 
used in thisstudy along. with 25 1500-watt filament lamps to increase the 
.blue component in the light source. Probably on account of the low 
energy value of .the output from the mercury lamps no visible benefit 
was observed either on tomato plants or other plants grown in the room. 
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It should be noted that on account of the extreme ultra-violet radiation 
produced by some arc lamps these lamps should not be used for growing 
plants without a glass filter, unless the possibility of injury has been care
fully tested. The injury of the ultra-violet region beyond the limits of 
sunlight has been discussed in another paper (I). The intensity and wave 
length of the ultra-violet produced by open arc lamps depends upon the 
material mixed with the carbon or the material of the core in case of cored 
carbons, as well as upon amperage and other factors. 

Chemical Composition of Various Species of Plants Grown 
Under Different Conditions 

Chemical Composition of Cabbage 
Cabbage, variety Early Jersey Wakefield, was grown with various 

lengths of day in the 1924, 1925, and 1926 experiments. The chemical 
analysis of these plants is given in table 12. Where the plants were grown 
entirely with artificial light weight per plant increased with day length 
from five hours to 17 or 19 depending upon light intensity and temperature. 
Cabbage grew best at the higher temperature, 78° F., in 1925 on a medium 
light intensity, 970 foot candles. Plants growing on seven to 24 hour days 
produced heads. The best head was produced on a 17 hour day in the 
1925 series. Five, seven, and 17 hour day cabbage grown with artificial 
light entirely are illustrated in text figure 12. All plants grown on day
lengths greater than seven hours of artificial light in this series produced 
warped and wrinkled leaves which later split in many places as. they con
tinued to grow. The seven hour day plant in its later stages of growth 
had some tendency to do this. The leaves of the five hour day plant 
remained perfectly smooth and flat during the experiment. As light 
intensity decreased the tendency to warp moved up into the longer day
length (19 and 24 hours). In the 1924 experiments plants grown at 300 
foot candles without extra C02 produced smooth flat leaves on five, seven, 
12, and 17 hour days. The mechanism of the splitting is apparently the 
unequal growth in different regions of the leaf lamina. It did not occur 
in any of the experiments where sunlight was used as part of the source 
of illumination; This may be due to the effect of a fixed source of light. 
Since cabbage leaves are al:rnost perfectly rigid and are not able to orient 
themselves so as to vary the angle ofincidence the rays from a fixed light 
source always strike parts of the leaf in the same place. This may result 
in a more rapid growth in certain spots of the leaf lamina, due to growth 
where food is most abundant. It appears also that the translocation of 
food in this species is mainly. toward the midrib of the leaf and rarely from 
the center of the. leaf toward. the margin since otherwise the leaf margins 
would grow as rapidly as the rest of the leaf even if all photosynthesis 
tqok place in the center of the lamina. When illuminated with sunlight 

. the angle of incidence is always shifting as the angle of the sun changes 



TABLE r2. Chemical Composition of Cabbage Plants 

Nitrogen-dry Weight Carbohydrate-dry Weight I Percentage Percentage 
Wt. per Moisture 

Carbohy-
Treatment Plant, 

I \ \ \ 

drate 
Grams % Acid Nitrogen 

Soluble Total Hi•dro- Sucrose Dextrose Total 
lyzahle 

All artificial light, constant-light room. 1924. Sampled after 70 day:;. Temperature 78° F. Illumination 450 foot candles 

Control, greenhouse leaves only. . . 781 9r.4 - 2.64 12.68 r.85 13.95 28-48 rn.8 
5 hour day, leaves only. . . . . . . . . 94 90.4 - 3.33 14.95 .53 5.36 20.84 6.3 
7 hour day, " " . . . . . . . . . 130 88.9 - 3.14 17.02 1.35 9-40 27.77 8.8 

12 hour day, " " . . . . . . . . . 472 9r.4 - 2.71 18.75 r.31 rn.92 30.98 l r.3 
17 hour day, " " . . . . . . . . . 680 89.4 - 2.14 20.,59 2.39 17.34 40.32 18.8 
19 hour day, " " . . . . . . . . . 715 85.6 - r.22 4r.75 r.28 8.65 51.68 42.0 
24 hour day, " " . . . . . . . . . 490 86.2 - 3.09 29_.79 4.58 18.79 1 53.16 17.2 

I 

AU artificial light, except G.H. I and G.H. 2. 1925. Sampled after 57 days. Temperature 78° F. Illumination 900 foot candles (1) 

Control, greenhouse ............. 589 90.I .72 2.35 Hi.22 3.53 17.20 36.95 15.6 
5 hour day .................... 362 92.5 r.94 3.36 12.65 I.42 ll-46 25.53 7.5 
7 hour day .................... 379 92.8 I.71 2.57 rr.73 I.28 16-48 29.49 ro.4 

12 hour day .................... 476 92.8 r.26 2.52 ro.24 r.58 13.09 24.91 9.9 
17 hour day .................... 907 93.0 1.24 247 12.22 3.07 21.57 36.96 15.0 
19 hour day .................... 1032 92.0 r.13 2.44 9.30 2.50 25.09 36.89 15.0 
Greenhouse I ................... 768 86.9 .33 I.25 27-47 2.25 12.80 42.52 34.0 
Greenhouse 2 .......... ". ........ 893 85.1 .41 r.17 34.96 340 1341 5r.77 44.0 

All artificial light except G.H. l and G.H. 2. 1926. Sampled after 65 days. Temperature 68° F. Illumination 1200 foot candles (1) 

Control, greenhouse ............. 710 90.2 .70 2.03 15.36 2.53 21.21 39.ro 19.4 
5 hour day .................... 248 91.7 r.56 3.53 ro.41 - II.23 2r.64 6.1 
7 hour day .................... 485 91.2 r.25 3.01 12.86 - 19.09 3I.95 10.5 

12 hour day .................... 414 90.2 I.74 3.30 8.98 - I6.97 25.95 7.9 
17 hour day .................... 722 90.7 l.04 2.12 I4.IO 2.97 27.06 44.13 . 20.8 
19 hour day .................... 633 86.I .63 I.43 26.18 5.22 23.29 54.69 38.0 
24hour day .•.................. 654 89.7 .99 2.15 20.61 3.43 22.42 46.46 21.5 
Greenhouse r ......... , ......... 695 87.5 .71 r.92 15.06 3.56 20.80 39.42 20.6 
Greenhouse 2 ................... 772 87.6 .84 r.68 29.96 4. TI 21.05 55.12 33.0 

--~,~~--

Whole aerial portion analyzed. 
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resulting in different regions of the leaf lamina being illuminated more 
strongly at different times. 

The percentage total carbohydrate in cabbage plants increases, and 
percentage total nitrogen decreases with day length from a five to a 19 hour 
day as shown in table 12. Percentage carbohydrates usually decreases on 
continuous illumination. The plant grows well on continuous illumination 
but reaches maximum tissue production on a day length of about 19 hours 
As compared with control plants growing in the greenhouse with normal 
daylight during the period of the experiments both the carbohydrates and 
weight per plant are generally higher when normal light is supplemented 
by six hours of artificial light at night, making about an 18 hour day. 
There is a further increase in these two values in Greenhouse 2 which was 
given both additional light and carbon dioxid. The percentage composition 
of simple carbohydrates in cabbage was more than doubled on a 19 hour 
day as compared to a five hour day. The caloric value of such a food is 
greatly increased by growing it on a long day. This plant, normally 
considered as only a filler in an animal diet or at best a source of mineral 
salts and vitamins can be grown so that it has considerable fuel value 
as well. 

Red Clover 

Red clover grows exceptionally well on an r8 hour day in the gantry 
crane greenhouse, especially when the C02 concentration is increased. 
It was grown from seed to flower in the brief period of 38 days, in both the 
1925 and r926 series. Text figure 13 shows red clover plants flowering 
on April 9 in both Greenhouse I and 2 from seed planted February 28, 
1925. Text figure 14 shows the same series on May 8 when the plants 
were 69 days old. A remarkably good crop of dover hay was produced 
in Greenhouse 2 in this brief space of time. It would take two seasons' 
growth to produce this in ordinary agricultural practice. The control 
plants did not flower during the experiment. The plants grew much 
better in the 1925 series at 78°. The 1926 series with a lower temperature, 
68°, and a higher light intensity on the 24 hour day gave a much poorer 
growth. The control and Greenhouse 2 plants grown in 1927 were started 
a m.onth earlier (January 28) and on account of the lower solar intensity 
in February did not grow as rapidly. While clover grows well even with 
continuous illumination the 24 hour day plant is in general no better than 
an 18 hour day plant. Carbohydrates and weight per plant at favorable 
temperatures are both increased by supplementing daylight with six hours 
of artificial light from the gantry crane. The chemical analyses of plants 
grown in 1925; 1926, and i927 are given in table 13. Additional carbon 
dioxid (Greenhouse 2) produces a further increase in both weight and total 
carbohydrates. 



TEXT F1cr. 13. Red clover. The two pots of plants at the left were grown in the control greenhouse, the two 
center with 6 hours of artificial light supplementing .daylight and with about ten times the normal concentration of car
bon dioxid (gantry crane greenhouse). The two at right received the same illumination but no gas. Age from seed, 
40 days. TEXT FIG. 14. Three of the same pots of clover shown in FIG. lJ with the 24 hour day plant added. The 
latter was grown in the constant-light room with artificial light only. Age from seed, 69 days. TEXT FIG. 15. Cucum
ber. Two pots at left grown in control greenhouse. Two at center in gantry crane house with daylight plus 6 hours of 
artificial light each night plus ten times the normal carbon dioxid. Two at right same as center except no extra gas. 
Plants are one month old from seed. TEXT FIG. 16. Cucumber same as FIG. 15 except 9 days later. 

.j::. 
00 
00 

~ 
::;:: 
tIJ 
l;;:j 
0 
><! n 
tIJ 
..., 
i 
0 
~ 
'1:i 
(fJ 

0 z 
..... 
~ 
{fj 
l-0 
~ 
c: 
~ 
tIJ 

"1 
0 
:;o 

~ 
> 
~ 
;:j 
:ri 
~ 
;.::-; 
;... 
;.:; 
:i 
:::; 

.... 
~ 



TABLE 13. Chemical Composition of Red Clover. Whole Aeriat·Portion* 

Nitrogen-dry Weight 
Percentage 

Wt. per Moisture Treatment Plaut, 
% 

I 
Grams Acid 

Soluble Total HJ•dro-
lyzahle 

Red clover, 1925. Age 76 days 

Control ................................... l .I 76.6 .87 3.44 9.61 
Greenhouse l t ......... , ................. · · 6.o 78.2 .77 2.73 II.80 
Greenhouse 2t ............. , ............... 9.2 70.6 .38 I.96 16.36 
24 hour dayt ......... ' .................... 10.6 75:8 .56 2.44 12.90 

Red clover, 1926. Age 71 days 

Control ................................... 2.1 85.3 .46 3.18 12.25 
Greenhouse It ............................. 2.2 84.4 .47 2.88 ll.49 
Greenhouse 2 t ............................. 3.9 81.2 .27 r.76 19.14 
24 hour day t .............................. 2.2 77.1 .28 I.08 9.28 

Red clover, r927, Age 66 days 

Control ................................... o.6 8r.5 .62 2.90 4.92 
Greenhouse 2 1927t (t) ............. ·. · · · · · · 5.9 80.0 .39 2.13 15.53 
24 hour dayt .............................. 5.6 76.0 .66 2.12 14.34 
24 hour day-24-hour nightt ............... ; . 5.7 83.0 -42 2.48 13.15 

* Control plants grown in ordinary greenhouse. 
Greenhouse I, grown with daylight supplemented by 6 hours artificial light from crane. 
Greenhouse 2. Same as above except extra C02, about .3 percent. 
24 hour day, grown with artificial light only in light room with CO, at about .3 percent. 
t Flowering. 
i Grown with 12 hours daylight plus 12 hours of artificial light and with extra C02• 

Carbohydrates-dry Weight 
Percentage 

I 
Sucrose I Dextrose I 

2.28 I.86 
2.50 2.66 
2.99 2.70 
2.01 2.61 

2.04 3.52 
r.93 4.12 
2.30 5.84 

.84 2.37 

2.30 1.44 
4.86 4.58 
3.90 3.84 
4.14 2.90 

Total 

13.75 
16.96 
22.05 
17.52 

r7.81 
17.54 
27.28 
1249 

8.66 
24.97 
22.08 
20.19 

Carbohydrate 
Nitrogen 

4.00 
6.4 

II.2 
7.2 

5.6 
6.o 

15.6 
II.4 

3.0 
11.6 
104 
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TABLE 14. Chemical Composition of Soy Beans, I925. Age 40 Days. Whole Aerial Portion* 

Nitrogen% Dry 
Weight Carbohydrate 3 Dry Weight 

Treatn1ent 
Wt. per 
Plant, 
Grams 

Moisture I I Carbohydrate 

% Soluble I Tot."'ll El~~~o- \ Sucrose \ Dextrose I Total Nitrogen 
lyzable 

----~---------------! I I ---, 1---1-------

Mandarin,G.H.1t ......................... 35.8 80.7 
Mandar·i·1.1,. cont.rolt ................. · .. · · ·. ·1 7.8 1 83.o 

Mandarin, G.H. 2t. . . . . . . . . . . . . . . . . . . . . . . . . 32.1 77,9 

I.07 
.43 
.23 

3.71 
2.97 
I.SI 

19.22 
19.33 
26.12 

2.06 
2.00 
r.81 

Peking, controlt............................ 3.8 83.9 r.30 4.12 15.03 2.06 
Peking, G.H. I. . • . • . . . . . . . . . . . . . . . . . . . . . . . . 19.5 82.5 .75 3.32 15.97 2.10 
Peking, G.H. 2 ..................... : . . . . . . . 38.1 79.3 .35 2.19 19.54 2.35 

I.38 
2.69 
3.36 

.76 
r.38 
3.59 

22.7 
24.0 
31.3 

17.9 
19.s 
25.4 

6.l 
8.I 

17.2 

4-4 
5.9 

II.6 
·1----1----1----1----1,----

Tokio, controlt............................. II.6 84.3 I.08 3.73 13.63 1:66 
Tokio, G.H. l. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30.8 82.5 .70 3.79 15.22 2.37 
Tokio, G.H. 2.......... .. . .. .. . .. .. . . .. . .. . 52.1 8r.1 .33 2.57 16.7s 2.s7 

B. iloXI.·,.co.ntrolt ............................... , 14.2 I 82.4 I .93 \ 3.81 I 16.40 
Biloxi, G.H. I...... . . . . . . . . . . . . . . .. . . . . . . . . 52.8 80.5 .70 3.19 14.86 
Biloxi, G.H. 2t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50.8 75.0 .22 I .50 30.84 

*Grown in control or ordinary greenhouse at 78° C. Sampled 4/8/25. 
Greenhouse 1, greenhouse plus 6 hours artificial light from gantry crane. 
Greenhouse 21 same as above except extra C02. 
t Fruiting or flowering. 

r.72 
2.54 
r.82 

.SI 

.68 
17.1 
18.3 
23.2 

4.6 
4.9 
9.1 

~-l-,--.91 . 19.0 5.0 

2.28 I 34.9 23.0 
I.63 I 9.0 6.0 
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Soy Bean 
Four different. varieties of soy beans were grown in the control and 

gantry crane greenhouses in the 1925 series, Mandarin, Peking, Tokio and 
Biloxi. Garner and Allard (4) observed that these varieties flowered on 
the following dates when grown outdoors in Washington, D. C.: Mandarin 
on June 15; Peking on July 10; Tokio, August I; and Biloxi on September 1. 

In the present experiments Mandarin flowered and set fruit both in the 
control and in the greenhouses with supplementary light. Peking flowered 
and set fruit only in the control while Tokio did not set fruit under any of 
the conditions but flowered in the control greenhouse. Biloxi flowered and 
set a few fruit in the control and also in Greenhouse 2 with both extra 
light and carbon dioxid during the last few weeks of the experiment. The 
last observations were made on May 29, 1925, when the plants were 91 
days old. It is not known whether the other varieties would have flowered 
in other conditions if the experiment had been continued. Since only a 
few plants were grown and fruiting does not occur in all individuals, the 
data on day length at which these varieties will flower are not conclusive. 
Biloxi, Mandarin and Tokio varieties grew to a height of over 40 inches 
during this time. The data from the chemical analysis of the four varieties 
are presented in table 14. It will be observed that weight per plant and 
total carbohydrates in general increase on the longer day in Greenhouse 
1 and 2, and again in House 2 as compared with House 1. Total and 
soluble nitrogen and moisture decrease iµ the same direction. 

Cucttmber 
Cubumber plants were grown with additional light and carbon dioxid 

in the 1925, 1926, and 1927 experiments. This plant was greatly favored 
by the higher temperatures in the 1925 and 1927 experiments. As compared 
to the control plants it produced more than twice the amount of tissue 
with additional light and gas. The increased rate of growth with additional 
light and gas is shown in text figures 15 and 16. The first picture was 
taken when the plants were one month old and the second, nine days later. 
The plants growing in Greenhouse 2 in 1925 attained a height of 36 inches 
in 30 days fron:i the time the seed .was planted. Fruits were setting in 
35 days. In the last few weeks of the experiment the leaves yellowed 
considerably in Greenhouse 2. It was thought that this might be due to 
a shortage of nitrate nitrogen were carbohydrates were being built up too 
rapidly since .leaves of the control. plants remained dark green in color. 
In the 1926 and 1927 experiments some of the plants were given 2.5 to 
five grams of seidium n.itrate each week for four weeks. This was effective 
fo mal.nta.Ining a .dark green leaf color in all of the plants growing in the 
different conditions. Such high concentrations of nitrate stunted the 
growth of plants in the control as compared with Greenhouse 2 in which 
the plants were grown with extra light and carbon dioxid. The weight 



TABLE 15. Chemical Composition of Cucumber Plants. Whole Aerial Portion 

Nitrogen-Dcy 
Weight% 

Wt. per Moisture Treatment and Sampling Date Plant, % Grams 
Soluble Total 

Greenhouse control*-4/14/1925 .............. 134 904 I.II 3.95 
Greenhouse l*-4/14/1925 (3) ................ 244 9r.1 .50 2.64 
Greenhouse 2*-4/14/1925 (4) ................ 315 89.4 .25 2.0I 
Greenhouse control t-4/2 l/1926 .............. 62 9r.4 I.00 4.38 
Greenhouse l*-4/21/1926 (3) ................ 93 924 r.24 4.71 

Greenhouse 2*-4/21/1926 (4) ................ 210 88.s .27 1.82 
Greenhouse control* with NaNOs-4/21/26 (1) .. 60 87.8 I.35 3.93 
Greenhouse 2 with NaNOa-4/21/1926 (1) (3) .. 42 90.7 I.88 5.52 

Greenhouse control-3/31/1927 ............... so 90.7 r.50 s.35 
Greenhouse control with NaNOs-3/31/27 (2) ... 16 90.1 2.12 4.94 
Greenhouse 2-3/31/27-24-hour day (S) ...... 361 89.7 .48 2.32 
Same, with NaNOa (5) (2) ................... 213 90.7 I.SO 4.40 

t Flowers only. 
* Flowers and fruit. 
(1). Received extra nitrate at rate of S grams NaNOa per week for 4 weeks. 
(2). Received extra nitrate at rate of 2.s grams NaNOa per week for 4 weeks. 

Carbohydrate-Dry Weight% 

Acid 
Hydro- Sucrose Dextrose 
lyzable 

IS.5 2.45 .99 
IS.I I.94 2.54 
26.3 I.66 3.94 
15.1 2.04 I.59 
14.2 I.JO I.62 

25.5 4.33 4.89 
13.8 2.08 1.94 
l I.I r.Ss r.46 

13.4 2.57 I.SO 
9.1 2.82 .Sr 

27.7 r.65 4.6s 
14.2 2.68 2.36 

Carbohydrate 
Nitrogen 

Total 

18.94 4.8 
19.56 7.s 
3r.88 rs.8 
18.74 4.3 
17.IO 3.7 

34.74 19.0 
17.80 4.6 
1441 2.6 

r7.4s 3.3 
12.70 2.6 
29.02 12.6 
20.20 4.6 

(3). Grown with 12 hours sunlight plus 6 hours of artificial light from crane making an 18 hour day. Temperature 78° F. in 1925 and 
68° F. in 1926. 

(4). Same as (3) except with higher concentration of C02 about .3 percent. 
(5). Grown with 12 hours sunlight plus 12 hours of artificial light from crane making a 24 hour day. Temperature 78° F. 
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per plant as well as the chemical analysis of these plants is given in table 15. 
It will be observed that nitrate greatly reduced both the weight per plant 
and the total carbohydrate produced in most cases. 

In contrast to the results with salvia, cucumber was found to absorb 
nitrates rapidly enough to increase the total nitrogen content considerably. 
This was especially true in case of the plants growing with extra light and 
carbon dioxid where total nitrogen was low and carbohydrate high. The 
controls did not absorb nitrate appreciably, but they were already high in 
this fraction. The application of nitrate to the soil in the case of cucumber 
results in a definite increase in total nitrogen where the nitrogen reserve 
has been depleted due to accumulation of carbohydrate material. There 
was no outstanding effect on flowering and fruiting where plants were fed 
additional nitrate except where leaf injury developed due to the toxicity 
of high concentration of this salt. Hand pollination was used to induce 
setting of fruit. Too few plants were grown in these experiments to judge 
relative yields accurately but plants grown with additional light and C02 
produced larger fruit. Total carbohydrates and weight per plant increased 
with both additional light and with higher concentrations of carbon dioxid. 

Potato 
Potatoes of the Irish Cobbler variety were grown both in the gantry 

crane greenhouse and in the constant-light room in 1925, 1926, and 1927. 
The results of these experiments are of especial interest since the potato 
is. known to be a low temperature plant. The grains, barley and spring 
wheat, are also commonly considered to be low temperature plants. Grains 
in general were found to grow well and yield well in these experiments, 
even at a comparatively high temperature (78° F.) if additional light and 
carbon dioxid is supplied. In general, many species of plants will give 
higher yields at a higher temperature when additional light and carbon 
dioxid are supplied. Tuber production in the potato in contrast with this 
seems limited to a low temperature. High temperature produced weak
stemmed bushy plants and little or no tuberization, although weight 
produced of the aerial portion at high temperature was usually greater 
than at low temperature. Text figures 17 and 18 show potato plants 
grown with a high temperature of 78° F. in 1925 together with the respective 
yields. Tubers. marked + in text figure 18 are mother-tubers. Figures 19 
and 20 show potato plants grown at a low temperature of 68° F. in 1926 
and the respective yields. 

Various opinions have ·been recorded on the effect of both day length 
and temperature upon tuberization of the potato. Garner and Allard (4) 
have given a considerable discussion of the literature on the subject and 
have added their own observations. They found that McCormick potatoes 
growing in a greenhouse during the summer did not tuberize on a long day. 
The temperature was comparatively very high in these experiments. 
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TEXT FIG. 17. Irish Cobbler potato plants. Left to right, grown with daylight plus 6 
hours of artificial light each night from the gantry crane, the same except extra carbon dioxid, 
control on nonual greenhouse conditions, and 24 hour day or continuous artificial illumination 
in the constant-light room. Temperature 78° F. TEXT FIG. 18. Shows the yield of tubers 
from the plants in Fig. 17. The tubers marked·+ are all mother tubers. TEXT FIG. 19. Same 
series as FIG. I7 except grown at a lower temperature, 68° F. Arranged in different order 
from Fw. r7. Left to right, control, gantry crane + extra carbon dioxid (House 2), the same 
except no extra gas (House r), 24 hour day all artificial light and greenhouse plus. scrubbed flue 
gas as a source for carbon dioxid.. The plants with long days and extra gas flowered especially 
well. TEXT FIG. 20. Shows the· yield of tubers from plants grown at low temperature, FIG. 
19. Long days, including continuous illumination greatly favors high yield of tubers. at low 
temperature. TEXT F!G. zr. Barley grown at a high temperature, 78° F. The two pots of 
plants at left were grown in the. control greenhouse, two. at center in the gantry crane greenhouse 
with daylight plus 6 hours supplementary lighting plus a higher concentration of carbon dioxid., 
the two right same as center except no extra gas. TEXT FIG. 22. Barley grown at a low tern, 
perature, .. 68 ° F,, in the constant-light room . on 5, 7, Iz, I 7, • 19, and 24 hour days. The plants 
marked control at right were grown under ordinary greenhouse condit'ions at the same temperature. 
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When grown outdoors and exposed to different day lengths, tuberization 
of this variety increased with day length up to a I3 hour day but fell away 
slightly on full day length. They conclude from these experiments that 
a very long day tends to direct the activities of the plant toward vegetative 
development. With a somewhat shorter day the tendency is toward 
sexual reproduction and moderate tuber formation and with further 
shortening of the day seed development fails and there is a tendency toward 
tuber formation. McClelland (IS) found that weight of tops increased 
with day length in three varieties of potatoes. Tuberization varied with 
variety. Irish Cobbler produced a greater weight of tubers on a short 
day of ten hours as compared to a 15 hour day. Maximov (14) concluded, 
from his experiments, that all varieties of Russian potatoes increased 
tuberization with shortening of the days. Bushnell (2) found, along with 
many previous workers, that size of leaf and amount of tuberization de
creased with increasing temperature. This, he concluded, was due to the 
high respiration rate at higher temperatures which used up carbohydrates 
too rapidly to admit of any storage in tubers. 

The results of a chemical analysis of the whole aerial portions of potato 
plants grown in the r926 and 1927 experiments are given in table 16. 
Photographs of both plants and tubers produced in the 1925 and I926 
series are shown in figures 17, 18, 19, and 20. The weight per plant of the 
aerial portion was greater in the high temperature series grown in 1927 
(78° F.). Plants grown in the gantry crane Greenhouse 2 produced the 
greatest weight of top in 1927. This was an 18 hour day with additional 
carbon dioxid. Tuberization was very poor. The second highest in weight 
of tops was the 24 hour day grown in the constant-light room in 1927 at 
78° F. This plant produced only one tuber about one-half inch in diameter. 
The greatest yields of tubers were produced by the long day plants of the 
cool temperature series, Greenhouse 2 and 24 hour day plants. These 
plants produced medium to low weight of tops. Total nitrogen was low 
in the 1926 low temperature series as compared with the high temperature 
series while carbohydrates were slightly higher. The only conclusion 
which can be made from these data is that this variety of potato utilizes 
much of the carbohydrate produced at low temperature for tuber production 
and very little for growth of the aerial portion. With increasing day length 
and high light intensity more carbohydrates are formed and consequently 
more and larger tubers are built up. At higher temperatures much of 
the carbohydrate produced is diverted toward producing growth of the 
aerial portion and little is available for tuber building. Increasing light 
intensity and day length at high temperatures results only in producing 
more top. Ecologically this should mean that the largest yields of potato 
tubers are produced in northern latitudes where air temperature is cool, 
day length long, and light intensity high, assuming that soil and other 
factors remain the same. This is generally known to be the case, high 



TABLE r6. Chemical Composition of Potato Plants. lr-islz Cobbler Variety 
- ·---

Wt. of 
Nitrogen, 3 
Dry Weight Carbohydrate, % Dry ·weight 

Treatment and Date Sampled Tops per J\Ioisture 
Plant, % 
Grams 

Solnble 

Control greenhouse-4/22/r926-68° F ........ 271 89.2 .68 
Greenhouse l-4/22/1926-68° F. * ............. 495 89.7 .44 
Greenhouse 2-4/22/1926-68° F.* ............ 323 89.5 .27 
24 hour day-4/22/1926-68° F. * ............. 197 82.8 .17 
Control greenhouse-4/1/1927-78° F .......... 246 92.0 2.13 
Greenhouse 2-4/1/1927-78° F. * ............. 862 89.7 .88 
Greenhouse 1-4/1/1927-68° F ............... 307 90.8 I.75 
24 hour day-4/r/1927-78° F. * .............. 597 89.1 r.37 

*Flowering. 
Greenhouses I and 2 in 1926 received 6 hours artificial light from crane. 
Greenhouses I and 2 in 1927 received 12 hours artificial light from crane. 

Acid 
Total Hydro-

lyzable 

3.29 15 8 
2.76 16.I 
r.80 r4.2 

.89 9.0 
5.38 8.3 
3.41 13.r 
5.24 9.6 
3.75 I 2. I 

Greenhouse 2 received increased concentration of C02 (about .3 percent) in 1926 and 1927. 
24 hour day plant grown with artificial light entirely with increased C02• 

Sucrose Dextrose Total 

------
2.82 5.00 23.6 
3.13 5.84 25.1 

r.50 5.69 2r.4 
- 6.90 -

2.00 r.50 I I.8 
3.31 2.92 19.3 
3.38 1.31 14.1 
2.74 2.19 17.0 
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1atitudes producing much greater average yields of potatoes than equatorial, 
and higher altitudes greater yields than low altitudes. 

Small Grains 
Barley, wheat, and oats were grown in the control and gantry crane 

houses during most of the experiments. Barley was also grown on various 
day lengths in the constant-light room in the 1926 series. These grains 
were found to grow well even at a high temperature (78° F.) when both 
additional light and carbon dioxid were given. The grnin yields in grams 
per pot of oats, barley and spring wheat (blue stem variety), were as follows: . . 

Oats 

Control greenhouse .......................... . 
Greenhouse r ............................... . 
Greenhouse 2 ...............•................ 

Barley 

4.00 
3.r6 

20.50 

Wheat 

3.78 
4.42 
9.53 

A photograph of barley grown at a high temperature in the 1925 gantry 
·Crane series is reproduced in text figure 2!. Plants grown at a low temper
ature in the constant-light room and control greenhouse in 1926 are shown 
in figure 22. 

The work of Waister (20) has already been mentione(i. In brief he 
found that barley grown at a high temperature with high nitrate supply 
produced weak stems and a prostrate type of growth. The prostrate 
habit of barley grown at 20° C. in Walster's work was no doubt produced 
by the low light intensity and short day conditions under which he worked. 
In the present experiments barley grew well and produced sturdy stems 
with comparatively high yields when grown continuously at 25° C. on day 
lengths of 17 to 19 hours (1925 series, fig. 21). When grown in the constant
light room on short days of five to 12 hours at 20° C. with an abundant 
supply of nitrogen a prostrate growth was produced. This is shown in 
text figure 22, a photograph of the 1926 series. 

The results obtained from the chemical analysis of barley is tabulated 
in table 17 while similar data for oats and wheat are given in table 18. 
The weight per plant of barley increases with day length up to a 19 hour 
-day, Total carbohydrates increase in the same way up to a 24 hour day, 
while total nitrogen decreases with day length. Addition of nitrate to the 
·soil makes little or no difference in the total percentage of nitrogen in the 
barley plant. When total nitrogen percentage in the plant is brought to 
a low value by an increase in carbohydrates, due to long days and extra 
C02 concentration, the nitrogen fraction is changed very little, if any, 
by the addition of sodium nitrate to the soil of barley plants. This plant 
is apparently able to limit nitrogen intake independent of the concentration 

.of nitrate in the soil. 
In table r8 the analytical data for oats and spring wheat grown with 



TABLE r7. Chemical Composition of Barley. 30 Days Old, from Seed. Ig26. Aerial Portion 

Treatment 

Control greenhouse ........................ . 
5hourday (r) ............................ . 
7 hour day (I) ............................ . 

r2 hour day (I) ............................ . 
17 hour.day (1) ....................... , .... . 
19 hour day (r) ............................ . 
24 hour day (I)., .......................... . 
Greenhouse I (2), ........ , ................ . 
Greenhouse 2 . (3) .......................... . 

Nitrogen,% 
Dry Weight 

1 Wl. per I Moisture I 
Plant, % 
Grams 

I.2 
I.2 
r.9 
2.8 
4.5 
4.7 
2.9 
r.5 
4.3 

89.I 
9r.o 
90.7 
90.9 
86.7 
82.9 
84.2 
84.6 
83.5 

Soluble I Total 

r.62 
r.89 
r.84 
r.87 
.Sr 
44 
.77 

r.24 
.69 

5.05 
5.42 
5.10 
4.89 
2.93 
r.64 
2.70 
3.85 
2.69 

Carbohydrate, % Dry Weight 

Acid 
Dextrose I Hydro- Sucrose 

lyzable 

10.52 3.94 3.06 
- - -
8.06 3.57 3.13 

10.60 3.23 2.66 
16.57 5.58 7.40 
16.22 8.80 9.49 
17.71 8.55 10.32 
I6-4I 7.17 6.61 
15.95 4.87 8.50 

Total 

17.52 

14.76 
I6-49 
29.55 
34.51 
36.58 
30.r9 
29.32 

Barley with NaNOa added,* 5 grams per pot per week for 2 weeks. 30 days old, from seed. 1926. 

Control greenhouse ......................... r.7 88.6 r.86 2.95 9.98 4.29 2.89 17.16 
Greenhouse l (2) ........................... r.4 84.0 I.52 4.I4 14.96 6.19 5.07 26.22 
Greenhouse 2 (3) ........................... 3.4 8I.8 .93 3.21 18.47 10.54 5.35 34.36 

Barley with and without extra nitrate.* Forty clays old, from seed. 1927 

Control greenhouse ......................... I.2 83.2 I.25 3.57 13.67 6.oo 4.75 24.42 
Same--extra nitrate ........................ I.2 82.2 r.3-5 3.71 13.52 6.17 4.43 24.12 
Greenhouse 2 (3) ....... - ........... , ....... 3.5 79.3 .92 2.51 19.80 5.55 r.88 27.23 
Same--extra nitrate ........................ 4.0 78.2 .78 2.20 18.14 8.08 •. 2.16 28.38 

I 
Carbohydrate 

I Nitrogen 

3.4 
-
2.9 
3.4 

IO.I 
21.0 
13.6 

7.8 
10.9 

6.8 
6.5 

I0.8 
12.8 

* Received solution at the rate of five grams per pot of NaNOa each week for three weeks starting when plants were two weeks old in 1926 
series. In 1927 series each pot received 2.5 grams of NaNOa each week for three weeks starting when the plants were three weeks old. 

(1). Grown in constant-light room with artificial light only plus extra carbon dioxid. 
(2).· Grown in greenhouse with six hours supplementary light each night from crane. 
(3). Same.as (2) except with extra carbon dioxid in r926 experiments. In 1927 experiments greenhouse 2 received 12 hours supplementary 

li~ht each night from crap.e, 
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TABLE 18. Chemical Composition of Oats and Wheat. A crial Portion 

\Vt. 11er IVIoii~.ture Treatment Plant, 
~:{; Grau1s 

Pats, 1926, 51 days old 

Control greenhouse, ................................ . 
Greenhouse I ........................................ . 
Greenhouse 2 .. , ..................................... . 

3.5 
I.I 
9.0 

84.4 
77-7 
74.6 

Nitrogen, ~~h 
Dry Weight 

Soluble 

.39 

.59 

.12 

I 
1 

Total 

I .So 
r.96 
.64 

Wheat, variety blue stem1 1926, 48 days old 

Control greenhouse. No heads produced ................ 3.4 86.4 
Greenhouse I. Straw only ............................. 3.3 76.4 
Greenhouse 2. ·Straw only ............................. 6.3 68.2 
24 hour day. Straw only .............................. r.8 64.6 
Greenhouse r. Heads onlv ............................ .6 7I.3 
Greenhouse 2. Heads only .. , ......................... ::?.I 6+.7 
24 hour day. Heads only .............................. .5 6I.5 

Greenhouse r received six hours supplementary light each night from crane. 
Greenhouse 2 received same illumination and additional carbon dioxid. 
24 hour day plants grown in constant-light room, 

.93 3.42 
-47. 2.15 
.25 I.16 
.29 I.IS 
.60 2.18 
.51 2.1 I 
.26 I.26 

Carbohydrate, '.>~, Dry \Vcigilt 

Add 
Hydro-
lyzablc 

r6.13 
13.00 
13.24 

13.56 
15.46 
15.50 
r8.II 
25.43 
40.53 
30.01 

I 
I 
I 

Sucrose 

6.86 
8.74 

26.27 

2.73 
8.07 

20.29 
14.13 
28.07 
10.83 
14·14 

\ Dextro~e I 

3.53 
2.45 
4.00 

2.87 
3.26 
I.88 
2.93 
6.79 
3.12 
3.80 

Total 

26.52 
2 •. p9 
43.51 

r9.16 
26.79 
37.1z 
35.rz 
60.29 
54.48 
47.95 
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TABLE 19. Chemical Composition of Tobacco and Ra{!;Weed, I925. Aerial Portion 

Nitrogen, 3, Carbohydrate, % Dry Weight Dry Weight 

Treatment 
Wt. per Moisture Plant, 
Grams % 

Soluble 

Tobacco, under conditions 38 days 

Control greenhouse ..................................... 866 88.3 .20 
Greenhouse I *. , ...................................... 1230 86.6 .22 
Greenhouse 2* ........................................ 1295 84.2 .rs 
C:onstant-light room* .................................. 817 85.7 .21 

Ragweed, under conditions 60 days 

Control greenhouse* .................................. . 
Greenhouse r. ....................................... . 
Greenhouse 2 .•....................................... 

260 
333 
598 

81.I 
80.2 
72.5 

.73 
48 
.II 

I Total 

I.I2 
I.I4 
.51 

r.28 

3.27 
2 ·54 

.88 

Acid 
Hydro· 
lyzable 

2r.8 
24.8 
33.6 
29.0 

13.9 
15.l 
17.9 

*Flowering and fruiting. 
Greenhouse I received daylight plus six hours addi~ional light from gantry crane each night. 
Greenhouse 2 received same illumination as I but had about IO times the normal C02 concentration. 
Constant0light room received continuous artificial illumination plus additional C02 as in 2. 

I Sucrose 

2.85 
3.65 
3.92 
3.62 

2.14 
3.24 

12.98 

I Dextrose I 

7.14 
7.67 
8.45 
6.47 

I.07 
I.73 
I.99 

Total 

3I.8 
36.2 
46.0 
39.1 

17 .13 
20.03 
32.89 
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TEXT FIG. 23. Clydesdale oats grown at 78° F. Two at-left grown in control greenhouse, two at center from gantry crane house with 
higher concentration of carbon dioxid, two at right same as center except normal carbon dioxid concentration. All plants 45 days old from seed. 
TEXT FIG. 24. A series of oats similar to FIG. 23 except grown at low temperature, 68 ° F. The plants at right marked "flue gas" were grown 
under normal greenhouse conditions except with carbon dioxid concentration about ten times normal. The gas was produced by scrubbing flue 
gases. All plants 34 days ol~ from seed: TEXT FIG. 2_5 .. Blue stem, spring wheat. Two pots at left grown in control green~o~se, two at cei;iter 
with 6 hours supplementary light plus lugher carbon d10x1d concentration, two at left same as center except normal carbon d1ox1d concentrat10n. 
Plants 47 days old from seed. Temperature 78° F. TEXT FIG. 26. Blue stem wheat similar to Fm. 25 except grown at 68° F. Plants 48 days 
old from seed. Left to right control, House 2 received 6 hours supplementary lighting plus higher concentration of carbon dioxid from steel cylin
ders House 1 the same except normal carbon dioxid concentration. Flue gas was grown in a greenhouse with higher concentration of carbon 
dioxid from scrubbed flue gases and 24 hour day was grown in constant-light room with continuous illumination. 
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and without additional light and carbon dioxid is listed. Those plants 
receiving both additional light and carbon dioxid weigh much more and 
have greater amounts of carbohydrates as compared to the control plants 
growing in the greenhouse. The oat plants in the control house were just 
coming into head wher.i sampled while those in Greenhouse I and 2 had 
been in head several days. The heads were discarded before sampling for 
analysis. The control wheat plants showed no sign of heading when 
sampled while those in Greenhouse r and 2 had been in head for some time. 

Text figure 23 illustrates oat plants (Clydesdale variety) grown at a 
high temperatilre in 1925 (78° F.). Figure 24 is a similar series grown at a 
low temperature in 1926 (68° F.). Those grown at the low temperature 
have stifJ: straw and small leaves while those grown at the high temperature 
have larger and more succulent leaves with a more flexible straw. Those 
grown with extra light only (gantry crane house 2) in 1926 were shorter 
and weaker than those grown in the same house in 1925. 

Two varieties of winter wheat were grown, Turkey Red and Hybrid 
128, also spring wheat of the Blue Stem variety. Wanser (21) reported 
that winter wheat required a critical photo-period for jointing and a different 
photo-period for heading. Schafer, Gaines and Barbee (18) state that 
Hybrid 128 does not head when planted later than March I I, while Turkey 
Red planted in April will joint in October while Hybrid 128 will not. 

In these experiments Hybrid 128 always produced a few heads on an 
18 hour day in the gantry crane house and on a 24 hour day with continuous 
artificial light. Turkey Red did not head under these conditions but 
formed dense mats of vegetative growth. Spring wheat was always favored 
by long days and ,was grown from seed to head in 31 days in both the 
gantry crane house 2 and constant-light room in the 1925 experiments. 
Photographs of these plants are shown in text figures 25, 26, 27, and 28. 

Other Plants Grown 

Several other species of plants were grown in the gantry crane hoJ.!ses 
with supplemented light. Of these only tobacco and ragweed (Ambrosia 
artemisiijolia) were analyzed. This data is presented in table 19, while 
photographs of these plants are reproduced in text figures 29 and 30. 
The ragweed is a short day plant. It flowered on April 21 after .54 days 
in the control greenhouse at a height of about 19 inches while it remained 
vegetative and did not flower in the gantry crane houses on an 18 hour 
day reaching a height of 40 inches and a weight more than twice as great 
as the control plants. The weight per plant and total carbohydrates 
increased with additional light and again with additional gas both with 
tobacco and ragweed plants. Total nitrogen decreased. This has been 
found to be true in general with most plants grown in these experiments. 

Several ornamental plants such .as roses, sweet peas, snapdragon, petunia 
and nasturtium grew and flowered remarkably well with additional light 



TEXT FIG. 27. \Vinter wheat, Hybrid 128, showing the tendency to head when grown with daylight plus 6 hours of artificial light 1~lus 
additional carbon dioxid (House 2) or in the constant-light room under continuous illumination. This variety did not head in the control green
house or in House I with 6 hours of artificial light and the normal carbon dioxid concentration. Plants 66 days old from seed. Tmcr 
FIG. 28. \Vinter wheat, Turkey Red variety, did not head under any of the conditions: TEXT FIG. 29. Ragweed (Ambrosia artemisi1folia) 
showing the flowering on the short days in the control greenhouse and tendency to remain vegetative in Houses I and 2 where the plants received 
6 hours additional illumination each night. Plants in House 2 receiving higher concentration of carbon dioxid grew more rapidly than those in 
House I with the normal gas concentration. TEXT FIG. 30. Havana tobacco. Left to right, 24 hour day, Greenhouse r, Greenhouse 2, and 
control greenhouse. Tobacco was injured considerably by continuous artificial illumination (24 hour day). 
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and carbon dioxid. Carnations did not respond to additional light and 
gas in the 1927 experiments. This may have been due to the comparatively 
high temperature (78° F.) since carnations are known to grow best at a 
low temperature. Hoosier Beauty, Premier, and roses of the rambler type 
all flowered profusely' with additional light and carbon dioxid. Hoosier 
Beauty and Premier sent up new canes from the root-stock which produced 
dusters of two or three flowers in less time than was required for flowers 
to develop from existing canes in the control plants at this season of the 
year. One of the common effects of these conditions was the production 
of two or three large blooms on a single cane at one time. This effect is 
shown in text :figure 31. In the control plants normally only one bud opens 
at a time on each cane. The rose flowers grown with additional light at 
68° F. in 1927 shown in figure 3r were of better keeping quality than those 
grown at 78° in .the same year but it required longer for them to develop. 
They still retained at the low temperature the characteristic of opening 
two or three flowers in a cluster at one time which was found to be true at 
the high temperature when grown with both additional light and carbon 
dioxid. 

Nasturtium flowered profusely in Greenhouse 2 with additional light 
and carbon dioxid. Additional light alone was little better than the control 
conditions in forcing flowers'. The great amount of flowering in House 2 

is shown in text figure 32. The plants are all 69 days old from seed. The 
first ·flowers appeared in House 2 when the plants were 38 days old and in 
both House I and the control at 52 days of age. In the final yield of 
flowers during the experiments House 2 was first, House r second, and the 
control lowest. Nasturtium plants grew more rapidly at the higher temper
ature in 1925 and flowered earlier. In the low temperature series of 1926 
House 2 plants flowered first at the age of 54 days and House I. and control 
plants one week later. 

Eggplants with additibnal light and gas (House 2) grew very rapidly 
and set several large fruits. Plants grown in House l were second in 
amount of fruit set. The controls did not fruit during the experiment. 
Text figure 33 shows the plants grown under the different conditions. 
The plants were in the conditions 67 days when the photograph was taken. 
All were small plants about three inches high when the experiments were 
started on· February 28. 

Tomato has been mentioned as an outstanding example of a plant 
·which does not withstand continuous artificial illumination. Geranium 
and .coleus also fall naturally into this group, the only difference being in 
the degree of injury. Photographs of t)lese two species are shown in 
text figures 33 and 34. The i~jury of continuous illumination is apparent 
in both cases. These two species always managed to .survive during the 

. period of th~ experiments but they were always reduced to a stem with 
. only.a few smallleaves rem~ining ~live. Geranium, in contrast to t9mato;. 

'. 
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TEXT. Fro. 3r. Premier and Hoosier Beauty roses grown in gantry crane house with 
additional light and carbon dioxid showing the effect in forcing clusters of three sturdy 
roses at one time. New canes with flowers were produced from the root-stock in about the 
same time required to produce a single flower bud from existing canes in the control plants. 
TEXT FIG. 32. Nasturtium plants 70 days old from seed. The one in the center receiving 
both additional light and gas is flowering profusely. The plants from Greenhouse r 
receiving additional light only are little better than the controls (at right) on the normal 
length of day.. TEXT FIG .. 33· Geranium showing the flowering with supplementary light 
in Greenhouses. I and :;i and the injury of continuous illumination (24 hour day). The 
control plant is at the right. TEXT FIG. 34. Variegated coleus, showing the ir:icreased 
growth with both additional light and gas (Greenhouse 2) as compared with additional 
light only (Greenhouse I) at left and control greenhouse at right. The 24 hour day plant 
·~hows considerable light injury. TEXT FIG. 35. Eggplant showing the additional growth 
and fruiting with additional light only (Greenhouse r) and with both light and gas (Green
house 2 center). The control at right did not fruit during the experiments. 
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grew well with continuous illumination in the gantry crane house in the 
1927 experiments with 12 hours of daylight in combination with 12 of 
artificial light. This may be due to the difference in quality of the light 
source, sunlight always being more favorable for plant growth than that 
of the filament lamp. It may also be .due to short periods of recovery at 
low intensities of daylight in the late afternoon or on cloudy days in February 
when the artificial light source was off, while those under continuous 
artificial illumination had practically no rest period or appreciable decrease 
in intensity during the entire period of the experiment. 

PRACTICAL APPLICATION 

These experiments were undertaken to determine some of the effects of 
environmental factors on plant growth rather than the possiblP. application 
of such information as might be obtained to the commercial growing of 
plants in greenhouses. However, it is believed that some items of cost 
should be included in this report for the information of those interested in 
reproducing conditions similar to those already outlined for growing plants. 
124 jars of the two gallon size were filled with soil and placed in the constant
light room for each experiment. One or more plants, depending upon 
size, were grown in each jar. Assuming that each jar contained only one 
plant 124 plants can be grown on a 24 hour day during each experiment 
with artificial light only. The cost for refrigeration, steam, and operation 
of four motors together with the attendants amounted to about $26.oo 
per 24 hour day. The cost for lighting current at four cents per kilowatt 
hour was $36.oo per day or about 29 cents per jar of plants. The total·· 
cost of operation therefore ·was $62.00 per day. The 1925 experiments 
were continued for 75 days making a total cost of $4650.00 or about $37.00 
per jar of plants. The total cost of lighting current alone was $zr.oo per 
jar. The additional item of carbon dioxid from tanks cost about $8.oo 
per day and is not included in these calculations. The calculations also 
do not include the original cost of machinery and equipment, or depreciation. 
Many plants were grown throughout their life history in less time than 
7S days. It has already been pointed out that many plants produce very 
little additional growth on a 24 hour day as compared to an 18 hour day, 
and also that some plants such as the tomato grow better at a lower light 
intensity. The cost calculations above could be reduced considerably 
therefore if a practical application were the aim. 

It is believed that some application will be found, however, in supple
menting daylight with artificial light for a period of three to six hours each 
night rather than in the use of artificial light entirely. In the case of the 
gantry crane the cost per day for six hours of supplementary lighting was 
$r 1.52. 130 jars of plants were grown at a cost of about nine cents .per 
day per jar or at a total cost of $6.75 for the entire 75 days. A number 
of plants could be brought into full production with the intensities used 
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in the gantry crane houses during these experiments in 40 days, and since 
electric power could be used during the early morning hours when there is 
a small load on the lines it could be obtained for at least half of the price 
per kilowatt indicated above. The estimated cost would then reduce to 
about $r .80 per jar for the entire growth period. This does not include 
the cost of lamps, equipment, or carbon dioxid. 

DISCUSSION AND SUMMARY 

This report is concerned with the growth of plants in artificial climates. 
Some of the plants were grown with artificial light only as a source of 
·energy for photosynthesis. Other plants were grown with daylight supple
mented with artificial light for six to 12 hours each night. An attempt was 
made to grow plants throughout their life history With photosynthesis at 
or near its ma.ximum rate by supplying a high light intensity and long day 
along with increased carbon dioxid concentration and a relatively high 
temperature. The effeet of length of day on certain species was also 
studied in various combinations of temperature and carbon dioxid supply. 

· ·Chemital analyses of many plants grown under the different conditions are 
:given, together with a discussion of the effect of various factors on the 
percentage carbohydrate and nitrogen in various tissues. 

There is a difference in the percentage carbohydrate in tomato leaves, 
<l.epending on the time of day at which they are sampled. When allowed 
to remain in darkness for I7 hours after exposure the total carbohydrate 
and especially the sucrose and dextrose fractions decrease considerably. 
After 40 hours in darkness these fractions decrease to approximately one
third of the original value. Depending upon when the plants are sampled, 
in relation to their light exposure period, various values for the carbohydrate
nitrogen ratio may be obtained. This variation is due to changes in 
.carbohydr<tte since total nitrogen remains practically the same. 

No relation was found between carbohydrate and nitrogen content and 
flowering in either long day plants such· as radish and lettuce, or in salvia, 
a short day plant, or buckwheat, an everblooming type. It was found that 
the percentages of carbohydrate and nitrogen in general could be changed 
by varying light intensity; length of day, or in some plants by changing the 
nutrient supply when the plants were grown in sand instead of soil. The 
range of variation of these fractions depends upon the plant species. For 
salvia the range of total carbohydrate on a dry weight basis is narrow, 
since even the .five hour day plants are able to maintain a high level of 
total carbohydrates. Total nitrogen also was restricted to a comparatively 
narrow range from 5 to 19 or 24 hour days. The application to the soil 
<1f large .quantities of nitrate made practically no difference in the total 

·· nitrQgen contept of the aerial portion of salvia plants although it resulted 
. :iri considerable foliar injury. This plant is apparently able to hold both 
· the carbohydrate and nitrogen fractions with.in a narrow range when grown 
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und~r conditions which greatly affect the range in lettuce, radish and 
buckwheat. Salvia plants were kept from flowering by illumination for 
six hours each night from January to December with very little change in 
either the carbohydrate or nitrogen fractions. 

The tomato was found to be the most light sensitive of any plant grown 
in these experiments. It will not withstand a 24 hour day at an intensity 
which causes little or no injury to other plants. The plants set fruit on 
all day lengths from seven to 19 hours but did not fruit on either five or 
24 hour days. Fruit production and weight per plant were maximum in 
rapidly growing high qrbohydrate, low nitrogen plants grown with daylight 
plus six hours of artificial light each night and with increased carbon dioxid 
supply. At higher intensities day lengths of 17 and 19 hours are injurious. 
When the plants are receiving I2 hours of artificial light at night more than 
six hours of sunlight is injurious. In general carbohydrates and weight 
per plant increase with day length up to the point where foliar injury begins to 
be effective in holding the plants back. At a low light intensity this increase 
holds up to a 17 or 19 hour day, while at higher light intensities the peak 
is reached on a 12 hour day. On long days total nitrogen was decreased 
to less than one percent of the dry weight. On a percentage of dry weight 
basis the ratio of total carbohydrate to total nitrogen closely parallels 
total carbohydrate. It is seen, therefore, that there is little relation 
between this ratio and the setting of fruit. 

It is thought that the long day injury to tomato plants is produced by 
a breaking down in the process of photosynthesis rather than by too great 
an accumulation of the products of the process, since the injury can be 
produced with a low light intensity ·which results in no accumulation of 
carbohydrates in the leaves as compared to greenhouse plants. 

Cabbage plants were found to increase in weight of tissue produced 
and in total carbohydrate with length of day up to 17 or 19 hours followed 
by a decrease on continuous illumination. The percentage total carbo
hydrate was usually doubled on a 19 hour day as compared to a five hour 
day. On long days this plant produced over 50 percent of the dry weight 
in easily available carbohydrates. Total nitrogen decreased with day 
length to 19 hours and increased slightly on a 24 hour day. 

Red clover grew and flowered especially well with daylight supplemented 
by six hours of artificial light from the gantry crane in the greenhouses 
where carbon dioxid concentration was increased. Plants were grown from 
seed to flower in 38 days during the month of March and the first week in 
April while the control plants did not flower during the experiments. 
Carbohydrates increased and nitrogen decreased with increasing day length 
and increased carbon dioxid supply. , 

Four varieties of soy beans, Mandarin, Peking, Tokio and Biloxi, 
which Garner and Allard had observed to flower in June, July, August, 
and September respectively, were found to flower in the control greenhouse. 
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Of these only Mandarin and Biloxi flowered with additional light and 
carbon dioxid. Carbohydrates and weight per plant increased and nitrogen 
decreased with additional light and carpon dioxid. 

Cucumber plants were found to absorb nitrate readily in contrast with 
salvia which absorbs little of this salt. This was especially true on the 
long days where a shortage of nitrogen had been produced due to an accumu
lation of carbohydrates. Total carbohydrates and weight per plant 
increased with additional light and higher concentrations of carbon dioxid. 

Tuber production in potatoes, variety Irish Cobbler, was found to be 
favored by low temperature in combination with high light intensity and 
long days. High temperature (78° F.) produced weak stems with little 
or no tuberization, although weight of the aerial portion produced at 
high temperature was usually greater than at low temperature (68° F.). 
This variety formed many large tubers when grown with continuous 
illumination. The failure of previous workers to ·get tuberization on a 
long day is believed to be due to the high temperature conditions which 
were associated with long days in their experiments. Since high light 
intensity, long days, and cool air temperature greatly favor tuber production 
it is thought that these factors account for the high yields of potato tubers 
in high latitudes and higher altitudes. 

Small grains such as barley and spring wheat, in contrast to potatoes, 
will grow well and yield well at a high temperature (78° F.) if given addi
tional light and carbon dioxid. The production of these grains is not 
favored by low temperature when day length is long and carbon dioxid 
supply is abundant. The weight per plant of barley increases with day 
length up to a 19 hour day. Total carbohydrates also increase and nitrogen 
decreases. The feeding of nitrate was found to make little or no difference 
in the total percentage of nitrogen in the barley plant, the percentage 
remaining high only when carbohydrate ·synthesis was restricted by short 
days. · 

Winter wheat of the Turkey Red variety, did not head in these experi
ments; while Hybrid 128, a second variety of winter wheat, produced 
several heads on 18 and 24 hour days. Spring wheat, variety Blue Stem, 
headed. especially well with additional light and carbon diexid. This 
variety was grown from seed to head in 31 days. 
· $everal ornament11l plants such as roses, sweet peas, snapdragons, 
'petunia1and nasturtium grew and flowered remarkably well with additional 
light and .carbon. dioxid.. Both geranh.tm and coleus were greatly injured, 
P,owever, by continuous l3,rtificial .illumination, the injury being similar 
to tomat:O but not. quite as severe. In contrast to tomato these plants 
could be grown with littl~. or no injury with continuous illumination if 
sunlight was .used as a \light source during the day and was supplemented 
with 12 hours of artificial light each night. Sunlight, in general, is a 
better light source for plant growth than the incandescent filament lamp. 
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A practical application of artificial light to the growing of plants will 
no doubt be found in supplementing daylight du.ring the. winter months 
with three to six hours of artificial Jight each night. The cost of growing 
plants with artificial light alone is prohibitive except for experimental or 
demonstrational purposes. In addition sunlight is a better source of energy 
for growing plants than artificial sources now available. 
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NAPHTHALENE FUMIGATION AT CONTROLLED 
CONCENTRATIONSi. 2 

By ALBERT HARTZELL and FRANK WILCOXON 

ABSTRACT 

A method of maintaining a constant concentration of naphthalene is described as 
an improvement on former methods of fumigation with this substance. A concen
tration of 0.008 lbs. of naphthalene per 1000 cu. ft. of air maintained for eight hours 
was found to kill red spider mite (Tetranychus telarius), cyclamen mite (Tarsonemus 
pallidus), the onion thrips (Thrips tabaci), and the black grain thrips (Heliothrips, 
femoralis) without injury to a number of plants that have proved intolerant to 
methods used previously. 

INTRODUCTION 

With the increased use of naphthalene as a greenhouse fumigant for 
the control of mites and thrips the question of a suitable method of 
volatilizing this material has arisen. Among the methods employed are 
broadcasting along the borders (9), volatilization with a lamp (4, 6), 
and finally the substitution of an electric hot plate (5). The importance 
of maintaining a slow uniform rate of volatilization has been stressed by 
all investigators. Volatilization by means of lamps or electric hot 
plates has proved satisfactory for the more tolerant species and varieties, 
but certain plants are injured (5) by naphthalene vapor when these 
methods are used. The use of any method involving heat suffers under 
the disadvantage that a rather high concentration of naphthalene vapor 
is produced in the immediate neighborhood of the apparatus. This 
concentration ·will exceed the saturation value in parts of the greenhouse 
removed from the point of volatilization, and will cause deposition of 
naphthalene on the plants with consequent injury to those which are 
sensitive. If the naphthalene vapor could be introduced without heat, 
such a deposition would not occur, and injury would be reduced to a 
minimum. It would be necessary, of course, to supply the naphthalene 
vapor at a rate sufficient to compensate for leakage and to maintain the 
desired concentration for as many hours as were found needful for control. 
By passing a current of air over naphthalene at the same temperature 
as the greenhouse it should be possible to maintain almost any desired 

1Contributions from the Boyce Thompson Institute for Plant Research, Inc., 
Yonkers, New York, published at the expense of the Institute out of the order de
termined by the date of receipt of the manuscript. 

2Herman Frasch Foundation for Research in Agricultural Chemistry Paper No. 4. 
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. concentration up to that corresponding to the sublimation pressure of 
naphthalene, which would be the maximum attainable. 

THE APPARATUS 

In order to meet the requirements as outlined above, a naphthalene 
saturator was constructed in the fonn of an air tight rectangular metal 
box, 47 in. long, 35 in. wide, and 3,5 in. high. This box (Fig. 59) was 
divided into four compartments by three vertical baffles, and each 
compartment contained eight horizontal shelves. Air was drawn in at 
one end of the box, and travelled through each compartment in suc
cession and was expelled through an opening in the top of the box at the 
opposite end from the point of entry. A motor-driven blower mounted 
on the top of the box served to draw the air through the saturator and 
expel it into the fumigation chamber. The air in passing over the 
shelves, which were each filled with a single layer of naphthalene balls, 
became partially saturated with naphthalene vapor. The final concen
tration of naphthalene in the air at a given temperature could be con
trolled either by varying the number of shelves filled with naphthalene 
balls, or by varying the speed of the blower. In these experiments 
the speed of the blower was constant, 1144 R. P. M., and the first 
mentioned method of control was used. With 24 shelves filled (which 
required 79 lbs. of naphthalene), and with an air velocity of 52 cu. ft. 
per minute, the time of contact of the air. with the naphthalene was 
approximately one minute and the area of contact was approximately 
12-1 /3 sq. ft., assuming the napl:ithalene balls to be spheres of uniform 
size. The number of pounds of naphthalene balls required to give satis
factory control of mites and thrips without injury to the host plants was 
determined by trial. In general, satisfactory results were obtained with 
79 lbs. When 64 lbs. were used the control of cyclamen mite was 
possible \\ith a 12-hour fumigation, but rather unsatisfactory results 
were obtained with red spider mite. With 93 lbs. considerable injury 
to the plants was experienced. 

A greenhouse compartment situated between two larger sections was 
used as a fumigation chamber (Plate 20, Fig. A). The capacity of this 
chamber was 850 cu. ft. The height and width of the compartment 
was the same as the adjacent greenhouse sections and differed only from 
them in being about one-seventh their length. As the compartment was 
a unit in the same greenhouse range, the conditions of temperature, 
humidity, and light intensity were comparable to those of the adjoining 
greenhouses. 
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The naphthalene saturator described above was installed in the 
chamber and naphthalene free air was drawn into the saturator from an 
adjacent greenhouse section by means of a duct. Upon completing its 
path the air ladened with naphthalene vapor was deflected upward 
from the exhaust of the blower into the fumigation chamber. Opposite 
the saturator was a shelf built the same height as the greenhouse benches 
on which potted plants to be fumigated were placed. In very cold 
weather it was sometimes found that a small amount of naphthalene 
condensed on the panes of glass that constituted the roof of the chamber. 
When this happened it was desirable to remove the deposit since con
densing moisture ladened with naphthalene dropped on the plants and 
caused injury. 

Fumigations were made both day and night. In this study special 
emphasis was laid on testing the tolerance of plants that previous 
investigation had shown to be sensitive to naphthalene vapor. These 
were carefully checked with plants of the same age that had not been 
fumigated in order to note any possible delayed effect that the fumi
gation might have on plant growth. Plants infested with mites and 
thrips were fumigated and the results compared with data on the 
natural mortality of these species. Daylight fumigations were begun at 
10 A. M. and continued until 4 P. J\:I., a period of six hours. If an eight
hour period was desired the fumigation was terminated at 6 P. M. 
Night fumigations were run for a period of 15 hours, beginning at 
5 P. M. and continuing until 9 A. JW. the following morning. The plants 
were watered before fumigation as previous experience had shown that 
plants fumigated under dry conditions were liable to be injured. 

ANALYSIS OF GREENHOUSE AIR FOR NAPHTHALENE 

In greenhouse fumigation experiments few attempts to determine the 
actual concentration of the active agent are on record. · Eddy and 
Geddings (1) give data on the determination of hydrogen cyanide in a 
fumigation chamber. It was considered desirable to attempt to de
termine the naphthalene concentration in the greenhouse air during a 
fumigation, although it was known that this was very small. The 
method adopted was that of Gair (3). Air was drawn by a water pump 
through an absorption train consisting of two gas washing bottles each 
containing 175 cc. of acetic acid of sp. g. 1.044, followed by a third bottle 
containing 150 cc. of saturated picric acid solution. The air was finally 
passed through a small laboratory flow meter. At the conclusion of a 
run, the naphthalene was precipitated as the picrate by the addition of 



I 

HARTZELL AND WILCOXON: NAPHT!IALENE FU~UGATION 515 

500 cc. of saturated picric acid solution as described by Gair. The 
naphthalene picrate was filtered through a weighed Gooch crucible, 
dried in a desiccator and weighed. From the weight obtained, and the 
volume of air measured by the flO\v meter, the concentration of naphtha
lene vapor in the greenhouse a;ir could be calculated. Owing to the small 
concentration, it was necessary to continue the run over several fumi
gation periods in order to obtain a weighable amount of naphthalene 

Fig. 59.-Naphthalenesaturator consisting of a galvanized iron box containing 32 
horizontal shelves separated by baffles. I. The naphthalene free air is drawn in at 
this point from an adjacent greenhouse section. E. The air ladened with naphthalene 
is expelled at this point from the motor-driven blower after its pa.sage over the 
shelves filled with a single layer of naphthalene balls. 

picrate. The result thus obtained is an average value, and required 
four or five days for a single determination. One such experiment 
gave a concentration of naphthalene of 0.0076 lbs. per 1000 cu. ft., 
and a subsequent determination gave 0.0085 lbs. per 1000 cu. ft. The 
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average temperatures during these experiments were 86°F. and 89°F. 
respectively. A determination in which the sample was taken at the 
point of exit from the saturator gave a concentration of 0.0128 lbs. per 
1000 cu. ft. Roark and Nelson (8) have published tables showing the 
amount of naphthalene vapor in saturated air at various temperatures. 
From the value for 86°F. which is given as 0.06 lbs. per 1000 cu. ft., it 
appears that in our experiments the air in the neighborhood of the 
plants was approximately 13% saturated with naphthalene vapor. This 
concentration if maintained for a sufficient length of time, gave satis
factory control of mites and thrips with less injury than previous 
methods had shown. · 

By weighing the charge of naphthalene before and after a series of 
fumigations it was found that the rate of loss per hour was 0.0884 lbs. 
This includes any loss that might take place between periods of fumi
gation. 

PLANT TOLERANCE 

It has been shown in previous publications (4, 5) that certain species 
and varieties of plants are injured by the lamp and hot plate methods of 
volatilization. This was found to be true even with fumigations made at 
night and with amounts not exceeding two ounces per 1000 cu. ft. of 
greenhouse space. Of 150 species and varieties tested by the above 
methods more or less foliage injury resulted to forty-two. A list of 
these intolerant plants follows: 

Capsicum annuum var. longum (pepper) Nicotiana suaveolens 
Fagopyrum esculentum (buckwheat) Nicotiana sylvestris 
Fuchsia speciosa Nicotiana tabacum 
Glycine max (soy bean) var. gigantia 
Linaria sp. var. purpurea 
Lycopersicum esculentum (tomato) Nicotiana trigonophylla 
Lythrum salicaria var. roseum Nycterinia capensis 
Magnolia sp. Oxalis sp. 
Martynia proboscidea Papaver sp. (poppy) 
Matricaria alba Papaya sp. 
Maurandia sp. Pelargonium sp. (geranium) 
Nemesia sp. Plantago major (broad leafed plantain) 
Nemophilia sp. Philadelphus sp. (mock orange) 
Nicotiana langsdorffi Physalis sp. 
Nicotiana longiflora Raphanus sativus (radish) 
Nicotiana nudicaulis Rose var. Button hole 
Nicotiana paniculata Ribes nigrum (black currant) 
Nicotiana plumbaginifolia Schizanthus wisetonensis 
Nicotiana quadrivalvis Trifolium pratense (red clover) 
Nicotiana repanda Tropaeolum majus (nasturtium) 
Nicotiana rustica Vitis vinifera (grape) 
Nicotiana sanderae 
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While it was not found feasible to test every species .md variety in the 
above list with fumigations at controlled concentrations, it was found 
possible to test the more common species grown in greenhouses and in 
addition a number of important plants not included in the above list. 
Reference to Table 1 will show that of a total of 32 species and varieties 
of plants fumigated, only three species were found to be intolerant, 
namely buckwheat (Fagopyruni esculentum), soy bean (Glycine max), 
and Tabasco pepper (Capsicum annuum var. conoides). The last named 
plant was only slightly injured, the very oldest leaves turning yellow and 
falling off. Other varieties of pepper were uninjured. Seedling buck
wheat plants were found to be by far the most sensitive of the three 
(Plate 21, Figs. AandB). A comparison of the above list of intolerant 
plants with Table 1 shows that of a dozen species and varieties which 
were found to be intolerant to naphthalene fumigation by the lamp and 
hot plate methods, only two were severely injured by our improved 
method. Included in these tests were such important greenhouse 
plants as pepper (Capsicum annuu111) (five varieties), tomato (Lycopersi
cum esculentum), Ocwlis sp., geranium (Pelargonium sp.), radish (Ra
phanus sativus), rose seedlings and nasturtium (Tropaeolum mafus), 
which could not be fumigated with safety by the older methods, 
but which were found to be tolerant when fumigated at a properly 
controlled concentration. Irish Cobbler, Green Mountain, and Bliss 
Triumph potatoes (Solanum tuberosum), egg-plant (Solanum melongena 
var. esculentum), turnip (Brassica rapa), Bryophyllum sp., Calendula 
officinalis, China aster (Callistephus chinensis), Centaurea imperialis, 
cucumber (Cucumis sativus), Datura stramonium, carrot (Daucus 
carota var. sativa), Sudan grass (Holcus sudanensis), Turkish tobacco 
(Nicotiana tabacum), bean (Phaseolus vulgaris), Seduin sp., white clover 
(Trifolium repens), and wheat (Tri'Hrnm aestivum) were also found to be 
tolerant. Even cyclamen plants in flower were not injured (Plate 20, 
Figs. B and C). It should be noted that all these plants were fumigated in 
daylight at temperatures ranging from 72° F. to 100°F., during both 
cloudy and sunny weather and that no injury resulted even with concen
trations slightly higher than that found necessary to kill mites and 
thrips. A careful comparison of fumigated plants with their cone
sponding check plants which were not fumigated, showed no evidence of 
stunting or of delayed injury. 

The writers' previous experience had been unfavorable with daylight 
fumigations in bright sunlight and with the higher range of temperatures. 
Apparently the slower uniform rate of volatilization of naphthalene by 
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this method results in a concentration considerably below the tolerance 
limit to foliage, which is in direct contrast to the uneven rate obtained 
by means of the hot plate and lamp methods with the resultant injury to 
foliage. The chief disadvantage of daylight fumigation is the difficulty 
of keeping the temperature from rising too high; this especially is true 
with plants such as cyclamen and potato which are normally grown at 
lower temperatures. It is interesting to note in this connection that a 
concentration which would injure young buckwheat plants but which 
would not injure six-inch tomato plants (var. Bonny Best) was found to 
be suitable for all species and varieties as shown in Table 1, with the 
exception of buckwheat, soy bean, and Tabasco pepper. 

TABLE 1. EFFECT OF NAPHTHALENE FUMIGATION AT CONTROLLED CONCENTRATION 
ON HOST PLANTS 

Name of Plant 
Brassica rapa (turnip) ................. . 
Bryophyllum sp ...................... . 
Calendula officinalis ................... . 
Callistephus chinensis (China aster) ..... . 
Capsicum annuum var. abbreviatus ..... . 

var. acuminatum ..... . 
var. cerasiforme (red 

Number. 
of 

Plants 
40 

5 
5 

24 
36 
36 

cherry pepper)...... 36 
var. conoides (Tabasco 

pepper)*........... 36 
var. fasciculatum (Red 

Japan cluster pepper) 36 
var. grossum (bell pepper) 36 

Centat!I'ea imperialis . . . . . . . . . . . . . . . . . . . 5 
Cucumis sativus (cucumber)............ 10 
Cyclamen indicum. . . . . . . . . . . . . . . . . . . . . 15 
Datura stramonium. . . . . . . . . . . . . . . . . . . . 30 
Daucus carota var. sativa (carrot). . . . . . . . 50 
Fagopyrum esculentum (buckwheat)*.... 200 
Fuchsia speciosa. . . . . . . . . . . . . . . . . . . . . . . 5 
Glycine max (soy bean)*... . . . . . . . . . . . . . 200 
Holcus sudanensis (Sudan grass)........ . 100 
Lycopersicum esculentum (tomato)...... 50 
Nicotiana tabacum. . . . . . . . . . . . . . . . . . . . . 24 
Oxalis sp.............................. 500 
Pelargonium sp. (geranium) . . . . . . . . . . . . . 5 
Phaseolus vulgaris (bean) . . . . . . . . . . . . . . . 10 
Physalis francheti. . . . . . . . . . . . . . . . . . . . . . 10 
Prunus persica (peach) . . . . . . . . . . . . . . . . . 10 
Raphanus sativus (radish) . . . . . . . . . . . . . . 50 
Rose seedlings. . . . . . . . . . . . . . . . . . . . . . . . . 20 
Sedum sp............................. 5 
Solanum melongena var. esculentum (egg-

plant).............................. 10 
Solanum tuberosum var. Irish Cobbler 

potato.............................. 12 

Height 
of 

Plants 
Inches 

4 
6 
6 
4 

12 
10 

8 

15 

12 
12 
6 
4 

10 
12 
3 

10 
15 
6 

12 
6 

12 

4 
24 
4 
6 
6 

Daylight Fumigation 
6 hours 

Tempera- Relative 
ture Humidity 
°F. Percent 

82-100 70 
82-100 70 
78-90 67 
68-98 68 
82-100 70 
82-100 70 

82-100 70 

82-100 70 

82-100 70 
82-100 70 
78-90 67 
86-100 48 
80-100 50 
80-100 78 
68-98 68 
82-100 70 
78-90 67 
80-100 78 
68-98 68 
76-86 68 
82-100 70 
82-100 70 
78-90 67 
72- 58 
82-100 70 
80-84 56 
82-100 70 
81-95 64 
76-96 50 

68-98 60 

78-100 56 
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TABLE I-Cont£nue·d 
Solanum tuberosum var. Bliss Triumph. . . 40 
Trifolium pratense (red clover).......... 200 8 
Trifolium repens (white clover).......... 200 4 
Triticum aestivum (wheat)... . . . . . . . . . . . 100 4 
Tropaeolum majus (nasturtium) . . . . . . . . . 50 8 

78-100 
82-100 
82-100 
80-100 
82-100 

56 
70 
70 
50 
70 
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Night fumigation 

Capsicum annuum var. abbreviatus. . . . . . 36 
var. acllminatum. . . . . 36 
var. cerasiforme (red 

cherry pepper). . . . . . 36 
var. conoides (Tabasco 

pepper)*........... 36 
var. fasciculaturn (Red 

Japan cluster pepper) 36 
var. grossum (bell pep-

per)............... 36 
Glycine max (soy bean)*... . . . . . . . . . . . . . 100 
Lycopersicum esculenturn (tomato). . . . . . . 24 
Nicotiana tabacurn (tobacco var. Turkish). 24 
Oxalis sp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 
Trifolium pratense (red clover). . . . . . . . . . 200 

*Foliage injured. 

() 

6 

6 

6 

6 

6 
4 

18 
3 

CONTROL OF GREENHOUSE PESTS 

Hi hours 
72-80 78 
72-80 78 

72-80 78 

72-80 78 

72-80 78 

72-80 78 
76-86 68 
72-80 78 
72-86 68 
72-80 78 
72-80 68 

It was found during the course of this investigation that naphthalene 
fumigation would control cyclamen mite (Tarsonemus pallidus) on 
various greenhouse plants such as cyclamen and pepper. The minimum 
period of exposure necessary to obtain satisfactory control was found to 
be six hours when 79 lbs. of naphthalene was used in the saturator. It 
has been shown elsewhere (3) that the red spider mite1 (Tetranychus 

TABLE 2. PERCENTAGE CONTROL OF GREENHOUSE PESTS TO NAPHTHALENE VAPOR 

Red Spider Cyclamen Thrips 
mite mite Th rips Heliothrips 

Expo- Temperature Num- Num- tabaci femoralis 
sure to Maxi- Mini- Rela- ber Per ber Per Num- Per Num- Per 

naphtha- mum mum tive of cent of cent ber of cent ber of cent 
lene humid- speci- control speci- control speci- control speci- control 

vapor itv mens mens mens mens 
Hours °F. °F. Percent 

6 84 80 56 
6 100 78 46 
8 100 80 50 
8 100 80 63 
8 100 78 70 
8 75 74 72 

171 
187 
267 
525 
393 

74 
94.l 
99 
97.3 
94 

500 
.500 
241 
500 

500 

100 
100 
100 
98.6 

99 

200 

.502 

100 500 

99 .500 

96.1 

99 

telarius), the onion thrips (Thrips tabaci) and the black grain thrips 
(Heliothrips femoralis) are controlled by naphthalene fumigation. As 
indicated in Table 2, it required a minimum of eight hours to obtain a 

1The term red spider mite is used in preference to the term red spider, following the 
suggestion of "the Committee on Nomenclature of the American Association of Eco
nomic Entomologists. 
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satisfactory control of thrips and of the red spider mite. Thus it follows 
that the three species could be controlled by eight-hour fumigations and 
if the plants were infested with the cyclamen mite alone, a six-hour 
fumigation was sufficient or the amount of naphthalene could be re
duced to 64 lbs. and the period lengthened to 12 hours. 

The question of the resistance of the various stages of the red spider 
mite to naphthalene vapor has arisen. Read (8) has shown by labora
tory experiments that it required at least eight hours' exposure of the 
eggs to a saturated atmosphere of naphthalene to prevent hatching; at 
60°F. they were not killed when exposed for a period of 30 hours. To 
determine the effect of this method of fumigation on hatching of eggs, 
leaves from plants fumigated for eight hours at an average temperature 
of 86°F. were placed in petri dishes and counts of larvae (first stage) 
made at various intervals of time. A similar series of leaves from un
fumigated plants served as a check. Table 3 shows the number of larvae 
on these leaves in the control and fumigated series. The temperature 
during this period was 71°F. It will be observed that fumigation by this 
method has had a considerable effect on the hatching of the eggs. In the 
control 21 % of the eggs had hatched after 120 hours while in the case 
of the fumigated series only about 3.5% had hatched in this time. 

TABLE 3. EFFECT OF NAPHTHALENE FUMIGATION ON HATCHING OF EGGS OF RED 

Hours After 
Fumigation 

24 
48 
72 

120 

Fumigated 
Number 
of eggs 

964 

SPIDER MITE 

Number of 
Larvae 

(First Stage) 
11 
20 
30 
34 

Control 
Number Number of 
of Eggs Larvae 

(First Stage) 
394 16 

20 
72 
84 

A study of the comparative resistance of the larva, protonymph, 
deutonymph, and the adult female to naphthalene vapor showed that 
there was a slight increase in resistance on passing from the larva to the 
adult and, furthermore, that the last two stages exhibit a significant 
difference in resistance when compared with the first two stages. When 
the X2 test for homogeneity (2) was applied to the data on the first and 
second stages grouped together as compared with the third and adult 
stages grouped similarly, the difference was found to be significant with 
odds greater than 100 to 1. The total number of individuals used in this 
comparison was 4204. 

The possibility of recovery of the red spider mite after fumigation was 
considered. To test this point leaves from fumigated plants were kept in 
petri dishes under observation for a period of 120 hours and counts of 
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living individuals exclusive of the eggs and first stages, were made. 
Out of a total of 380 individuals 15 were alive 24 hours after fumigation 
and 11, 120 hours after fumigation. It appears, therefore, that the 
percent recovery in the 120 hours following an eight-hour fumigation was 
very low, while the mortality in the check was less than two percent. 

DISCUSSION 

In the case of a toxic agent, where the concentration necessary to kill 
is not far removed from that which will injure the host plant, it is de
sirable to use the material at a constant concentration. If the concen
tration fluctuates widely during the experiment, injury may be ex
perienced, even though control is incomplete. Naphthalene as a fumi
gant seems to be a case of this kind. The method of fumigation de
scribed in this paper provides an almost automatic control of the actual 
concentration, and also permits an experimental determination of the 
best time and concentration to use for a given purpose. The fact that by 
this method it was possible to fumigate plants that had previously 
proved intolerant to naphthalene, suggests that a more careful study of 
compounds already in use may be as valuable as a search for new toxic 
agents hitherto untried. The writers' experience with naphthalene as a 
greenhouse fumigant as applied by the hot plate and lamp methods has 
not been entirely satisfactory with mixed plantings. The difficulty of 
removing intolerant plants prior to fumigation greatly limits its use. The 
method described above has not yet been tested for large scale use but 
the principle involved, i.e., the use of a constant concentration of 
naphthalene throughout the fumigation period appears to be a step in 
the right direction. 

S'CMMARY 

A method of fumigating with naphthalene is described which permits a 
constant concentration of naphthalene to be maintained in the fumi
gation chamber throughout the experiment. 

It has been established that a concentration of naphthalene 0.008 lbs. 
per 1000 cu. ft. if maintained for eight hours at an average temperature 
of 87°F. and an average relative humidity of 60% will give satisfactory 
control of the red spider mite, cyclamen mite, and thrips. 

No injury was observed in these experiments to any plant except 
buckwheat, soy bean, and one variety of pepper. Fumigation was 
carried out in the daytime as readily as at night by this method. 

A series of plants that had proved intolerant to naphthalene fumi
gation by previous methods was successfully fumigated by the method 
described. 
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Plate 20 

A. Fumigation chamber situated between two greenhouse sections with 
naphthalene saturator in place. Note the plants to the left to be fumigated. 

B. Cyclamen plants in flower that have been fumigated with naphthalene 
showing no injury to flowers or foliage. 

C. Cyclamen plants that were badly infested with cyclamen mite that have 
been fumigated with naphthalene with no foliage injury. 



Plate 21 

A. Buckwheat plants unfumigated. 
B. Buckwheat plants that have been fumigated with naphthalene showing 

foliage injury. Buckwheat is very intolerant to naphthalene fumigation and 
was found to be one of a few plants unsuitable for fumigation with naphthalene. 
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SHORTENING THE REST PERIOD OF GLADIOLUS BY 
TREATMENT WITH CHEMICALS 1• 2 

F. E. DENNY 

INTRODUCTION 

It is well known that freshly-harvested gladiolus corms, if again planted, 
do not germinate at 'once, even if the conditions that are ordinarily favorable 
for growth are present. The length of this rest period varies with different 
varieties but is usually two or three months. 

On account of the response of such dormant plants as potatoes, lilac, 
apple, etc. to vapors of ethylene chlorhydrin, as reported in previous papers 
(I, 6), it seemed of interest to determine whether the dormancy of gladiolus 
corms could be broken in like manner, and if so under what conditions this 
result could be obtained, and whether the subsequent growth of the plants 
would be favorable for an early development of blooms. 

Preliminary experiments indicated that the type of response 'resulting 
from the treatment depended upon the variety, and especially upon the 
stage of the rest period at which the treatment was applied. It was not 
until the late summer and autumn of 1929 that a supply of freshly-harvested 
bulbs of dependable quality, including several standard varieties, was 
available. This is a report of experiments in which ethylene chlorhydrin 
was u:sed mainly, but in which comparisons were made also with certain 
other methods that have been suggested for shortening the rest period of 
gladiolus. 

VARIETIES USED 

Corms of the no. I size .of Halley, Alice Tiplady, Souvenir, Maiden's 
Blush, Mrs. Francis King, and Remembrance were obtained from Mr. A. 
Ludecke of Ca.stle Hayne, North Carolina. Halley was harvested August 6 
and the others on August 26, r929. The corms were shipped to Yonkers 
by express, and the series of treatments began on August IO for Halley 

· and on Septetnber 2 for the other varieties. Tests of the different varieties 
were made a.t subsequent intervals in order to note the response at different 
stages of the rest period. 

The corms that were not treated remained dormant for about two 
months, .with the exception of Alice Tiplady, which after three months 
was still partly dormant and. responded to treatment, 

1 Contributions ftomJhe BoyceThompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Insti~ute out of the order determined by the 
date of receipt of the manuscript. 

2 HerIT\an Frasch Foundation for Research in Agricultural Chemistry, Paper no. 5. 
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METHODS OF TREATMENT 

Ethylene Chlorhydrin.-The bulbs were :first peeled and then placed in 
glass jars of a capacity of 3! liters, either museum jars with a clamp top, 
or battery jars with a saucer top which could be sealed tight with artists' 
molding clay. Before the jar was closed the required amount of 40 percent 
ethylene chlorhydrin was dropped from a pipette on a piece of cheese~ 
cloth which was then spread loosely at the top of the jar. During the 
period of treatment the ethylene chlorhydrin evaporated and produced 
within the container a vapor the concentration of which varied with the 
amount of chemical used. The amounts per liter of air space within the 
container were varied from about 4 cc. per liter for four days to I cc. per 
liter for one day. 

Ethylene.-The vessels for treating corms with ethylene were cans of 
either 17.5 or 35 liters capacity into which a measured amount of the gas 
was introduced. Molding clay was used for making a tight seal. The 
amount of ethylene used was one part ethylene per 1,000 parts of air within 
the container, and the length of exposure was usually six days, but in some 
cases three-day and twelve-day treatments were tried. Each second day 
the vessel was given a new charge of gas after thorough aeration. Harvey 
(2) used ethylene in the treatment of gladiolus at the rate of I : rooo and 
the period of treatment was six days. 

Ether.-The procedure with ethyl ether was the same as that for ethylene 
chlorhydrin. Only one concentration was tested, one cc. per liter, and the 
treatment lasted six days. Johannsen (3, p. 26) had previously used ether 
with bulbs without a satisfactory practical result, but Harvey (2) found 
the ether treatment to be successful with gladiolus. He used one-half 
teaspoonful of ether per roo cubic inches for six days. 

Warm Temperature Storage.-Some tests of this method of treatment 
were included because of the favorable results obtained by Loomis and 
Evans (4). Storage at 30° C. for three weeks was used in all of the tests, 
and in some of them additional procedures such as 30° for two weeks, 
30° for four weeks, and 38° for one week were included. In some of the 
tests the corms were held dry in cloth bags during the storage period, and 
in others they were packed loosely in moist sphagnum moss. 

PLANTING 

The lots contained 12 to 50 corms each, this being a sufficient number for 
a test when gladiolus corms are freshly harvested, since the dormancy is so 
pronounced that few, if any, of the untreated corms will sprout. Later in 
the season when they are coming out of the dormant period, larger numbers 
would be needed in order to take the variability of the sampleinto account. 
But the experimental work in this case was stopped when the untreated 
lots of a given variety showed even a. few sprouts on planting. 

After treatment the corms were planted in flats in moist soil and were 
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stored at room temperature until sprouting began. The flats were then 
placed in a greenhouse at a temperature of about 70° F. There were 12 to 
16 corms in each flat. 

RESULTS 

Since the effects of the treatments have depended so largely upon the 
stage of dormancy at which the treatments were applied, the results will be 
described first for the treatments applied at once after harvest, and then 
for the treatments applied at later stages. Also, because of the difference 
in the behavior of the various varieties it will be necessary to consider each 
variety separately. 

Treatments Applied at Once After Harvest 
Sou21enir.--Of all varieties tested Souvenir responded in the most satis

factory manner. The results with this variety when bulbs harvested 
August 26 were treated September 2 are shown in text figure I. The 
germination of the ethylene chlorhydrin lots was prompt, and the range of 
concentration giving good sprouting was from four cc. per liter for four 
days to two cc. per liter for two days. The germination was hastened even 
at one cc. per liter for one day, but some of the corms failed to respond. 

Of the other methods tested, ether and ethylene failed to induce germina
tion, and the warm-storage treatment, although having a detectable effect, 
was much behind even the poorest of the ethylene chlorhydrin lots. 

Alice Tiplady.-This variety was the most dormant of those tested in 
this experiment and yet it responded fairly well even at this early stage of 
dormancy to treatment with ethylene chlorhydrin. The concentrations, 
four cc. per liter for four days and three cc. per liter for three days, gave a 
definite hastening of development; but two cc. per liter for two days was 
much less effective and one cc. for one day failed completely. The ethylene, 
Ether, and warm-temperature storage treatments were not successful in 
forcing germination of this variety at this stage of dormancy. 

~vfaiden's Blush.-Concentrations ranging from four cc'. per liter for four 
days to one cc. per liter for one day gave successful forcing of bulbs of this 
variety at this stage. The growth of the plants, however, was not so 
vigorous as that for Souvenir and. Alice Tiplady. Sprouting, was not 
induced by the other treatments tested. 

Mrs. Francis King.-None of the treatments was successful with this 
variety at this stage. The ethylene chlorhydrin treatments were the only 
ones to induce sprouting, but the germination was poor on account of the 
large amount of rot which resulted. Even the untreated lot, however, 
showed considerable rot. Further experiments will be needed before a 
definite statement can be made regarding the application of the treatment 
to this variety; 

Remembrance.--Ofthe varieties tested, this one offered the most stubborn 
resistance to treatments. The sprouting was not measurably hastened at 
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this early stage by any treatment tried, and even at later stages the result 
was never good up to the time at which the corms had gone through their 
natural dormant period, and had begun to sprout of their own accord. 
It is hoped to continue the experiments with this variety to determine 
whether the same behavior will be exhibited by crops of other years. 

TEXT FIG. I. Results of treatment of corms of gladiolus, variety Souvenir. Corms 
harvested August 26, treated September 2, this photograph made. November r5. Top 
row,. left to right: ethylene chlorhydrin, four cc. per liter for four days; three cc. per liter 
f~r three days; two cc. per lite.r for two days. Middle row: ethylene chlorhydrin, one cc. 
per liter for one day; storage at 30" C. for three we~ks; ether, I teaspoon in 3.5 liter space 
for six days.. Bottom row: ethylene l : moo for six days; check in closed container with 
aidor four days; check in closed container with air for one day. 

Halley.-Bulbs of this variety harvested August 6 .and treated August 10 

with ethylene chlorhydrin using four cc. per liter for four days, three cc. 
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per liter for three days, and two cc. per liter for two days when examined 
August 28 showed many sprouts about one-half inch long. But only in 
the four cc. per liter lot did these sprouts appear above ground, and in this 
case only 22 out of 36 produced plants of full height. The rest of the bulbs 
merely formed secondary corms as shown in text figure 2. Apparently the 

TEXT FIG. 2. Top row left showing the formation of secondary corms as a result of 
treatment with vapors of ethylene ch!orhydrin. Bottom row left, check lot ~ot treated. 
At right, <eloser view showing secondary corms. Gladiolus, variety Halley. Harvested 
August 6, treated August 10, this photograph made November 7. 

sprouts went back into dormancy again and instead of forming a shoot 
formed a new corm. A few of these small corms sprouted subsequently but 
most of them remained in the flats for several weeks in a fully dormant con
dition. The ethylene chlorhydrin treatments, therefore, were not com
pletely effective when applied to Halley at this early stage. · The other 
treatments (ethylene I : 1000 for six days, ether. for six days, storage at 
38° C. for one week, storage at 30° C. for three weeks) were not effective in 
inducing sprouting, nor were secondary corms formed in these cases. 

Treatments Applied at Later Stages of the Rest Period 

.HaUey.-Although, as stated in the preceding paragraph, treating Hall~y 
corms as soon as harvested did not induce satisfactory sprouting, the 
situation was entirely different when the treatments were applied at a later 
peri9d. Thus, when corms harvested -:August 6 were .tre.ated September S 
the resuits shown in text figure 3 were obtained. Good forcing of growth 
~esulted froin various treatments with ethylene chlorhydrin, e.g., four cc. 
per liter for one day, two cc. per liter for four days; two .cc. for two days, 
oneiCC: for four. days, one· cc. for one day, . al though the last named was less 
effecti~ t®ti the others. . }\ co11centration of four cc. per liter for four days 

>was too stmng-~t this stage of the rest period and induced much rotting ~f 
cqrms; · A:m®g th:e .. bthet treatments tested it will be noted that only the 
~tfryle~~ ~elitrrteut,·.~·tiooo for 12 days, hastened sprouting. The warm

. ~w~~t~e stor~e at 30° for two, three, odour weeks failed to break the 
' d!:>~m~ncy of corms. of .this variety. at this stage . 

... ··. \,;\ Alite Tifilady.-The result of the October 1st test with this variety is 
>''.';·.: ~ $~\Vn in teJC.t figure 4• Ethylene c1'lorhydrin, three cc. for two days, one cc. 

·~i, '.\ 
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for six days, one cc. for two days, all forced germination much ahead of 
the check. Warm storage 30° for three weeks also gave much quicker 

TEXT Fro. 3. Results of treatment of gladiolus corms, variety Halley. Corms 
harvested Ai1gust 6, treated September 5, this photograph made November 12. Top row, 
left to right: ethylene chlorhydrin, four cc. per liter for one day; one cc. per liter for one day; 
one cc. per liter for four days. Middle row: storage at 30° C. for two weeks; storage at 
30° C. for three weeks; storage at 30° C. for four weeks. Bottom row: ethylene I : moo 
for 12 days; check in closed container with air for four days; check in closed container with 
air for one day. 

TEXT FIG. 4. Treatment of gladiolus variety Alice Tiplady .. Corms harvested 
August 26, treated October I, this photograph made November 30. Left to right: ethylene 
chlorhydrin, three cc. per liter for two days; one cc. per liter (or six days; storage at 30° C. 
for three weeks; check, not treated. 

germination .as shown in the third fiat from the left in text figure 4. Later 
m the rest period when the untreated bulbs could germinate fairly well 
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without any treatment, the gain due to treatment was still distinct as 
seen in text figure 5. Ethylene I : 1000 for six days and warm-temperature 

TEXT FIG. 5. Treatment of gladiolus variety Alice Tiplady. Corms harvested 
August 26, treated October 25, this photograph made December 30. Left to right; ethylene 
chlorhydrin, three cc. per liter for three days; storage at 30° C. for three weeks; ethylene 
r : rooo for six days; check, in closed container with air for six days. 

storage 30° for three weeks both showed good gains over the check lot, and 
were nearly as good as the ethylene chlorhydrin treatments. 

Comparison of Different Methods of Treatment 
The ethylene chlorhydrin treatment gave better results in these tests 

than the other methods of treatment; but it must be remembered that the 
chlorhydrin method was tested over a wider range of concentration and 
period of treatment than any of the other methods. Hence, the results 
cannot be conclusive as a comparison of methods, since it is possible that 
the other methods could give equally good or better results if a more suitable 
combination of conditions could be found. 

The warm-temperature storage method although not successful on 
freshly-harvested corms gave progressively better results as the length of 
the rest period increased, until in the later stages the differences between it 
and the chlorhydrin treatment practically disappeared. In fact in one 
experiment storing at 30° C. for three weeks gave somewhat better results 
than an ethylene chlorhydrin treatment using one cc. per liter for four days. 
This is illustrated in text figure 6 in which the results by the two methods for 
Alice Tiplady, Maiden's Blush, and Souvenir are shown side by side. On 
the who.le the growth was more satisfactory with the warm-temperature 
storage treatment. 

It must be remembered, however, that the chlorhydrin-treated lots were 
placed at once in soil atroom temperature at the end of treatment, while the 
temperature-treated lots were kept at 30° C. for three weeks before being 
placed in soil at room temperature. If the buds could start to grow, the 30° 

temperature would hasten their growth; therefore, a part of the gain in 
growth resulted merely from the favorable effect of the higher temperature 



TEXT Fm. 6. Comparison of ethylene chlorhydrin treatment and storage at 30° C. for three weeks toward end of the rest period. Left 
pair of flats, Alice Tiplady; center pair, Maiden's Blush; right pair, Souvenir. Left to right for each pair: ethylene chlorhydrin, one cc. per liter 
for four days; storage at 30° C. for three weeks. 

TEXT FIG. 7. Effeet of combination of warm temperature storage and treatment with ethylene chlorhydrin toward end of rest period. 
Variety Maiden's Blush. Left to right; ethylene chlorhydrin, two cc. per liter for two days and then planted in soil; same treatment except 
stored for three weeks at 30° C. after treatment and then planted in soil; ethylene chlorhydrin, one cc. per liter one day then planted in soil; 
same treatment except stored for three weeks at 30° C. after treatment and then planted in soil; storage for three weeks at 30° C. anrl then 
planted in soil; check, not treated. 
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on the growth rate, and was not directly related to the breaking of dormancy. 
In order to make the test more comparable an experiment was carried out 
in which the chlorhydrin-treated lot was divided into two portions, one being 
planted at once in soil and the other being packed in moist moss and stored 
at 30° for three weeks before being planted in the soil at room temperature. 
In this latter case, therefore, the corms of the temperature-treated and 
chlorhydrin-treated lots were held at the same temperature throughout the 
test, the only difference being that one lot received chemical vapors and 
the other did not. The result of the experiment which was c<trried out with 
corms of the variety Maiden's Blush is shown in text figure 7. It is seen 
that a part of the favorable effect of storage at 30° C. has been due to the 
more favorable conditions for rapid growth, and that corms previously 
treated with ethylene chlorhydrin could respond by giving more rapid. 
forcing than was attained by the lots treated either with chemical alone or 
wlth warm-storage alone. 

It is believed that the effect of the warm-temperature storage treatment 
is two-fold: first, it aids in breaking the rest period and getting the buds into 
condition to grow; and second, it hastens the rate of growth of buds which 
can grow. With freshly-harvested corms of the varieties tested in these 
experiments, the temperature-storage treatment was unable to bring about 
the first of these effects, i.e., breaking of dormancy, and consequently the 
second of these could not make itself felt. But at later stages in the rest 
period the treatment was successful in breaking dormancy and then this 
secondary factor, the favorable effect of the higher temperature upon the · 
growth of buds, could become manifest. 

Treatments Inducing Multiple Sprouting 
When sprouting begins, untreated corms usually form one, two, or three 

sprouts per corm. There was a tendency for the ethylene chlorhydrin ' 
treatments to induce the development of a larger number of these buds. 
This was especially marked in the case of Alice Tiplady even in the earlier 
stages of the rest period, and in the case of Remembrance in the later stages. 
The multiple-sprouting response is shown in text figure 8. This effect 
would be unfavorable for the development of good blooms, but it might be 
of value if.it would induce extra sprouts on varieties that cannot be multi
plied rapidly because of the sparseness of bulblet formation. 

· Development of Blooms 

The earliest blooms were produced by Souvenir, the first blooms opening 
December 20. These were from the lots harvested August 26 and treated 
September 2. Blooming continued.until February I. Four cc. per liter for 
four days, three cc. per liter for three days, and two cc. for two days all 
induced early blooming and gave in all 19 blooms from 48 corms. The 
weakest treatment, one cc. per liter for one day, was less effective, giving 
three blooms from 15 corms. The flowers in all cases were of good quality. 
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The first bloom of Alice Tiplady variety opened on January 7 in the 
ethylene chlorhydrin treatment, four cc. per liter for four days, but only 
four other bulbs out of a total of rs produced blooms by February r. Of 
the other treatments three cc. per liter for three days produced one flower 
but the results were negative in all other cases. 

TEXT FIG. 8. Showing effect of ethylene chlorhydrin in inducing the development of 
a number of buds on the gladiolus corm, which usuallv produces one to three sprouts per 
corm. Variety, Alice Tiplady. 

With Maiden's Blush the ethylene chlorhydrin treatment, two cc. per 
liter for two days, bloomed first on January 7 and other blooms late in 
January and early in February. In all II blooms were obtained from 16 

bulbs. This lot received extra light by means of electric bulbs suspended 
above the bench. 

No blooms of any variety were obtained by February IO from any of 
the ether, ethylene, or warm-temperature storage lots. 

It will be noted that, even with the Souvenir and Maiden's Blush treat
ments giving the most favorable blooming response, less than 50 percent 
of the plants produced blooms. An examination • of the stems of the plants 
that did not bloom showed that, in nearly every case, a flower-stalk had 
formed and .had forced its way only partly up the stem; these blasted at 
different heights above the corm, some nearly reaching the top. This 
condition: is called "blindness" and, according to Pridham (5), is common 
with gladiolus forced in the greenhouse. Pridham obtained a similar 

3 For this information regarding the development of flower-stalks I am indebted to 
Dr. Norma E. Pfeiffer who will give a further report upon this phase of the subject. 
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response with gladiolus corms that had passed through their natural dormant 
period. Consequently the "blindness" of the plants in the present experi
ment is not thought to indicate a deficiency in the chemical treatment of 
the corms, but is regarded as a normal response of gladiolus to the con
ditions in the greenhouse during the winter months when the days are short 
and the light intensity is low. The light conditions during November, 
December, and January, during the present test were unfavorable for 
growth of plants, most of the days being cloudy or foggy. It is clear that, 
with gladiolus, a successful method for inducing early germination of the 
corms could solve only part of the problem of obtaining early blooming; 
the work would have to be supplemented by experiments on the most 
favorable conditions of light, temperature, and soil for inducing the pro
duction of blooms from the plants that had been induced to grow. 

SUMMARY 

I. Freshly-harvested gladiolus corms of several different varieties were 
treated with vapors of ethylene chlorhydrin in order to break the rest 
period. 

2. The results varied with the variety and with the stage of dormancy at 
which the treatment was applied. The varieties Souvenir, Maiden's Blush, 
and Alice Tiplady responded to treatments applied within about a week 
after harvest; corms of the Halley variety did not respond satisfactorily 
to treatments until about a month after harvest; with Remembrance the 
treatments were not successful at any stage of the rest period. 

3. Treating Halley corms at once after harvest induced sprouting but 
the sprouts did not continue to elongate; instead, they developed secondary 
corms which then went back into dormancy. 

· 4. Blooms of Souvenir were obtained in late December and early January 
from corms harvested on August 26 and treated on September 2. Alice 
Tiplady and Maiden's Blush bloomed about three weeks later than Souvenir. 
Halley did not produce blooms at all. 

5. Not more than about 50 percent of the plants that grew furnished 
blooms. In such cases the non-blooming plants formed flower-stalks, but 
these blasted within the plant before emergence. Reasons are given for 
believing that this "blindness" was not induGed by the chemical treatment 
but was caused by the unfavorable light conditions prevailing in the green
house during the winter months. 

6. Ethylene chlorhydrin treatments increased the number of sprouts 
· produced per corm, particularly of the variety Alice Tiplady. 

7. Of the other treatments tried, exposure to ethylene gas and warm
temperature storage were not effective in breaking the dormancy of freshly
harvested corms, but they showed a· favorable effect if applied at a later 
stage of the rest period. 
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THE USE OF CARBON DIOXID FOR PROLONGING THE LIFE OF 
CUT FLOWERS, WITH SPECIAL REFERENCE TO ROSES 1 

NORWOOD C. THORNTON 

For many years investigators have reported various treatments which 
were effective in increasing the life or preserving the color and appearance 
of cut flowers. These treatments have usually consisted in the addition 
of one or more chemicals to the water in which the flower stems were placed. 
Farrington (2), Fourton and Ducomet (3), Grinstead (4), and Laurie (7) 
reported chemical treatments that were favorable in prolonging the life of 
cut flowers. Knudson (6), however, in studying the effect of chemicals on 
flowers of relatively short duration of life, was unable to substantiate the 
results of the French workers. Hitchcock and Zimmerman (S) found no 
marked beneficial results from the use of fifty different chemical treatments 
many of which have been favorably reported on by other investigators. 
These authors as well as Perret (8) have shown, however, that low tempera
ture and relatively high humidity are effective in prolonging the life of 
cut flowers. 

So far as the writer was able to determine from the available literature 
no attempt has been made to prolong the life of cut flowers by altering the 
composition of the atmosphere about them. Investigating carbon dioxid 
storage of fruits, West (9) found that the life of apples was increased by 
one-third to one-half when held in 12-15 per.cent carbon dioxid. Brooks, 
Cooley, and Fisher (r.) found that IOO percent carbon dioxid for six days 
produced a very decided inhibition of the activities of the apple so that in· 
storage it developed color more slowly than the untreated apple. 

In some recent experiments the writer found that in carbon dioxid 
storage, fruits, vegetables, and flowers were affected in various ways, de· 
pending upon the concentration of gas, the temperature, and the variety 
of fruit, vegetable, or flower. Preliminary tests with flowers indicated 
that, in the case of the rose, carbon dioxid retarded bud opening and pro
longed the life of the flower. The. purpose of this paper is to report the 
results of experiments dealing with the effect of carbon dioxid on cut flowers, 
principally roses. Other gases such as hydrogen, nitrogen, etc. have not 
yet been studied. A preliminary test with oxygen indicated that this gas 
hastened the maturing processes in rose flowers. 

\ Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
N. Y., published at the expense of the Institute out of the order determined by the date 

. of receipt of the manuscript. 
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MATERIAL AND METHODS 

Rose buds of the varieties Mrs. F. R. Pierson, Briarcliff, Talisman, 
Double White Killarney, and Mme. Butterfly were procured from local 
florists. The roses were usually received the day that they were cut, 
though at no time were the flowers more than one day old at the beginning 
of the treatment. Rose buds were selected for freedom from injury and 
discolorations and only similar flowers were used. 

Roses were held in carbon dioxid for periods varying from twelve hours 
· to seven days in order to observe the effect of length of storage, temperature, 

moisture, and the concentration of carbon dioxid on the life of the flower. 
In a few tests the roses were held at temperatures ranging from 32° to 
60° F., but the majority of the tests were made at either 38° or 50° F., 
since it is within this temperature range that most of the commercial 
florists keep their flowers. Before placing in storage, the flower stems were 
wrapped in a moist paper towel around which wax paper was folded so as 
to prevent drying. After removal from the storage cans, the roses were 
held in an inside unheated room at 75° F. (with stems in water) in order to 
observe the opening of the buds and the time of petal fall. 

The concentrations of carbon dioxid used in all tests were between 5 and 
80 percent in steps of five up to 30 percent and in steps of ten from 30 to 80 
percent. The roses were sealed in 35-liter tin cans (size 12! X 18 inches) 
during treatment. The seams of the cans were closed with paraffin and 
the tops were sealed with plasteline clay. The desired concentration of 
carbon dioxid was obtained by placing a weighed amount of commercially 
manufactured "Dry Ice" (solid carbon dioxid) in a dish suspended inside 
of the can one inch from the top. The weight of "Dry Ice" used (3-5 gm. 
for 53, 6.5 gm. for ro3, and II gm. for 15%) was not sufficient to alter 
the temperature in the can for an appreciable length of time. Gas analyses 
for the determination of the carbon dioxid content of the atmosphere about 
the roses were made at the beginning and at the end of the test period. 
For periods longer than one day the first analysis was taken twenty-four 
hours after the roses were placed in storage and the last one made as the 
roses were removed. For shorter storage periods the analyses were made 
immediately before the flowers were removed from storage. 

In view of the possibility of a commercial application of the carbon dioxid 
treatment to roses or to other flowers, an attempt was made to duplicate 
some of the conditions to be dealt with. It was estimated that the average 
florist's case would be closed tightly for a period not exceeding sixteen hours 
each day and opened many times during the next eight hours. During 
the sixteen hour period enough carbon dioxid could be held in the case to 
aid in keeping the flowers, but during the eight hour period .it would be very 
difficult to maintain a desirable concentration. With these considerations 
in mind a test was made exposing the rose buds to various concentrations 
of carbon dioxid in sealed cans during the sixteen hour period, then removing 
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them from the can for the next eight hours. This alternated carbon dioxid
air treatment was carried on for fourteen days at a constant temperature 
of 42° F., which is a temperature desired by commercial florists. In this 
test the usual commercial handling was given the roses; the stems were cut 
each day and kept in water during the entire period, but no petals were 
removed. 

It was necessary to refer to the bud opening in terms of the degree of 
unfolding of the petals such as one-quarter, one-half, and completely open. 
A completely open flower that was either wilted or had dropped petals was 
considered a worthless flower. The higher concentrations of carbon dioxid 
caused injury to the petals by either browning the edges or discoloring the 
veins at the base. The discolored veins stood out very markedly against 
the normal flower color. Injury other than the killing effect was evident 
by a change in color whereby a pink rose (Briarcliff) became grey or nearly 
white and a red rose (Mrs. F. R. Pierson) turned either somewhat blue or 
pink. All observations on the opening of the treated buds were recorded 
with reference to the dropping of petals or to the wilting of the check 
flowers. 

RESULTS 

When the period of storage was longer than one day, roses were benefited 
by carbon dioxid treatment within the range of 5-15 percent. Higher 
concentrations caused injury to Briarcliff and Mrs. F. R. Pierson, varying 
from slight at 20·•25 percent to considerable at higher percentages. The 
Talisman rose buds were benefited by concentrations of carbon dioxid up to 
and including 30 percent, but were injured by 40 percent. Treated buds 
in all beneficial concentrations of carbon dioxid lasted from twelve hours 
to two days longer than the check flowers. Beneficial effects were most 
noticeable when the roses were held at 50° F. for seven days of storage. 
The check rose buds held at 50° F. for seven days usually opened one-half 
to three-quarters, then lost petals, while the treated ones remained nearly 
the same as they were at the beginning of the experiment. The lower the 
temperature, the less effective was the treatment during storage since at 
low temperatures the untreated buds were retarded in opening. However, 
upon removal to warm air the untreated buds opened and lost petals much 
more quickly than the treated ones. 

Continuous Carbon Dioxid Treatment 

Text figure I shows the effect of temperature and carbon dioxid on 
Briarcliff rose buds.. Untreated buds held for seven days at 38° F. opened 
very little as compared with those held at 50° F., and in addition the latter 
had lost many petals. The untreated buds sealed in cans during the storage 
period at 38° or 50° F. produced only I.5 percent carbon dioxid which was 
not sufficient to alter their opening. Five percent carbon dioxid was 
beneficial for the buds held at 50° F. during the storage period. The treated 
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buds had opened less than the checks and failed to lose petals even upon 
vigorous shaking, but at the end of one day in warm air (75° F.) petal fall 
was noticeable. The visible effectiveness of the carbon dioxid treatment as 
seen in text figure 1 was not evident during storage at 32° F., but when 
removed to warm air (75° F.) the treated buds opened slowly and remained 
in good condition from one to two days longer than the check buds. 

TEXT FIG. I. The effect of temperature and 5 percent carbon dioxid on Briarcliff 
rose buds held for seven days at 38° and 50° F. 

Seventeen-day Storage Period.-Storage of Briarcliff rose buds in carbon 
dioxid at 38° F. for seventeen days failed to give the beneficial results ob
tained with shorter periods of treatment. The check rose buds lost petals 
before the end of the storage period, while the buds treated with 3 to 8 
percent carbon dioxid opened approximately one-half. Although higher 
concentrations (13 percent) of carbon dioxid retarded the opening of the 
buds, bleaching and other types of injury resulted. Even though the treat
ment was effective in prolonging the life of the roses while in storage, this 
beneficial effect was lost because of the fact that the buds opened rapidly 
and lost petals within a few hours after ·removal to warm air (7 5° F.) · 
These results show that a shor.ter period of storage is necessary if the check 
roses are to remain in a fair condition upon removal to warm airat 75° F. 

Seven-day Storage Period.-Tests in which Briarcliff, Mrs. F: R. Pierson, 
and Talisman rose buds were held for seven.day periods gave similai;results 
for the. three varieties. . Briarcliff roses held in all con.centrations of carbon 
dioxid were retarded in opening as shown in part by table I" and Plate 

. X:X:XVI, figures I and 2. Buds treated with 5-'-I5 percent carbon dioxid 
inclusive were not injured, but those held in 20 percent carbon dioxid re-
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TABLE I. Ejf ect of Carbon Diox.£d on BriarcUjf Rose Buds Stored Seven Days 
at Different Temperatures 

Treatment 32° F. 38• F. ,:;:o° F. I 60° F. 

Check B B E I x 
5% co. A A B I x 

ro% C02 A A A I x 
15% C02 A A A \_x __ 
20% C02 D 

25% C02 p 

30% C02 p 

A, good buds not more than 1/4 open. 
B, good buds 1/2-3{4 open. 

D D I 
p D I 
p p I 

D, buds that have outer petals slightly injured or off color-easily removed. 
E, buds open, few petals falling. . 
P, buds greatly injured. 
X, buds wilted-impossible to revive. 

x 
x 
x 

ceived injury to the outermost petals. Increasing the concentration to 
25 percent caused browning of the petal edges and bleaching. Other types 
of injuries to the buds resulting from high concentrations of carbon dioxid 
were discoloration of the veins of the petals, extreme bleaching, and softening 
of the stems. Concentrations of .carbon dioxid bringing about beneficial or 
injurious effects to the rose bud$ at 38° F. gave similar results at 50° F. 
A given concentration .that was slightly injurious at 50° F. was greatly 
injurious at 32° F. At the other extreme of the temperature range (60° F.) 
there was practically no beneficial effect of the treatment. 

Like the Briarcliff, the Mrs. F. R. Pierson and Talisman rose buds held 
at 50° F. and the Mrs. F. R. Pierson at 38° F. were worthless at the end of 
the storage period, as shown in table 2. In contrast to these results the 
buds treated with 5-15 percent carbon dioxid were in good condition when 
removed from· storage and remained so for one to two days when held in 
warm air. The Mrs. F; R. Pierson rose buds were slightly injured by 20 
. peryent carbon dfoxid; the outer petals having blue spots. As the con
centratio11 wa$ increased. the injury became more conspicuous. Unlike the 
other varieties, Talisman· rose buds were benefited· by. 30 percent carbon 
dioxid wit.hout injµry as shown in table 2 and Plate XXXVI, figure 3. 
Increasing the c<)ncentration to 40 percent injured the edges of the petals 
a1ld the bµd~ would Mt open completely when held under favorable con
dicl.ons a:t 75°/ F. ·. The Talisman rose buds vary somewhat as is evident in 
figure 3 where a few .buds did not respond to the treatment. In general 
the buds were retarded from opening by concentrations of carbon dioxid 
greater than 5 percent.· 
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TABLE 2. Effect of Carbon Dioxid on Rose Buds Stored at Different Temperatures 

32° F. 38° F. 
Treat- Days in 
ment Storage 

Briar· Pier- Briar· 
cliff 8011 cliff 

3 B B 
Check 

7 B E B 
-----
s% C02 7 A c A 
----

3 A B 
103 C02 

7 A B A 

3 A A 
153 C02 

A A A 7 

3 D D 
203 C02 

7 D D D 

3 D D 
253 C02 

7 p p p 

3 D D 
30% C02 

p p 7 p 

403 C02 
3 p p 

7 

3 p . p 
503 C02 

A, good buds not more than 1/4 open. 
B, good buds 1/2-3/4 open. 
C, buds open, no petals falling. 

42° F. 50° F. 

Talis- Pier- Briar~ Tatis-
man son cliff man 

B c 
c 0 E 0 

B E B B 
--

A B 

B E A B 

A A 

A c A A 

A A 
--

A D D A 

A A 

A p D A 

A A 

A p p A 
--

A A 

p p 

D D 

D, buds that have outer petals slightly injured or off color-easily removed. 
E, buds open, few petals falling. 
0, worthless flowers, fully open petals falling or wilting. 
P, buds greatly injured. 
X, buds wilted-impossible to revive. 

60° F. 

Briar-
cliff 

----
x 

----
x 

----
x 

----

x 

x 
----

x 

x 

Three-day Storage Period,-Shortening the storage period to three days 
altered only slightly the beneficial effect .of carbon dioxid on the rose buds. 
The shorter period, however, changed the range of the injurious concen
tration of the gas to some .extent as shown in table 2. Twenty percent 
carbon dioxid slightly injured the Briarcliff rose buds while 30 percent 
hroug}it .··about a·· definite injury. to only the outermost petals. Higher · 
concentrations caused petal, bud, and stem injury as previously described. 

Plate XXXVU, figure 4 shows the effect of various concentrations of 
dioxid on Briarcliff rose buds held three days. at 38° F. These 
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roses were photographed three hours after they had bten removed from 
storage to warm air (75° F.). Figure 5 shows the same roses as in figure 4 
after they had been held in the warm air (75° F.) for one day. The check 
roses at this time were losing petals, while the treated ones were in good i 

condition at various stages of opening. The buds exposed to 15 percent 
or higher concentrations of carbon dioxid remained in good condition for 
two days after the check had begun to drop petals. · 
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TEXT FIG. 2. Maximum concentrations of carbon dioxid that prolonged the life of. 
the rose buds without causing injury during various periods of storage at 38° and 50° F • 

. Talisman roses held in storage at 42°-50° F. for three days were benefited 
by concentrations of carbon dioxid up t9 40 percent, but were injured with 
higher concentrations. Buds held in 10-15 percent opened fairly rapidly 
and lasted one day. longer than the checks, while those treated with con
centrations of 20-40 percent lasted from two to three days longer than 
the checks. 
. Twelve-hott.r to Two-:day'Storage }?eriods.-i\s shown in text figure 2 the· 
r~nge. of 'favorable concentrations of c.arbon dioxid on the three varieties .of 
'~e bl:lds held at 38~-50° r. rerpained the s.atne for storage periods of two 
to three days. For the. Bciardiff aod Mrs. F. R Pierson .IS percent gave 
favorable ,r~ults without caush:ig .. injury. · Higher percentages of car1Jon 
9.ioxj.d duri:og this period of storage caused injury to the rose buds, The 
T~lisJ'tl,~U r0$e J:~uds were bene!ited by 40 percent and injured by higher 

, · .. ; c'()~~qtr~fii~ 9f cat~µ <lipxi~~ .. Shortening the period of storage to thirty
six b,our$ oi- less allowed a very marked increase in ·the c:oncentration of 
¢rh¢n di~~d. that would. not cause iniury to the rose buds. The Briarcliff 
apd,~r&~,F~,,R~ Pierson roses were benefited by 60 and injured slightly by 

~:.: 1l')iC1~:,rX ;.,, 

i 
I 

'1 
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80 percent carbon dioxid during the first twelve hours of storage. The 
Talisman variety showed no injurious effects at any concentration during 
this period. For the various storage periods tested at temperatures of 38° 
and 50° F., text figure 2 shows that roses withstand a high concentration of 
carbon dioxid for only a short period, but a relatively low concentration for 
a long period gives more beneficial results. 

The opening of the rose buds stored for twelve hours was retarded by a 
range of 20-80 perc~nt carbon dioxid. These concentrations aided in the 
keeping of the roses approximately twelve hours longer than the check. 
The buds in lower concentrations than 20 percent opened and dropped 
petals in a similar manner to the checks. Increasing the storage period 
from twelve to twenty-four hours decreased the maximum concentration 
that was beneficial without injury. Favorable concentrations (20-30 
percent) for this period prolonged the life of the roses one day. For a 
thirty-six hour storage period the roses receiving a 20 percent carbon dioxid 
treatment lasted one and one-half days longer than the checks. Even the 
IO percent carbon dioxid treatment was effective in the thirty-six hour 
storage in which case the roses lasted approximately twelve hours longer 
than the checks. In the forty-eight hour storage period the treated roses 
lasted as much as two days longer than the checks. The lasting quality 
of the Talisman rose was usually difficult to judge due to its habit of opening 
without losing petals. Because of this characteristic the lasting qualities of 
the treated buds were based upon wilting tendency. 

Alternated Carbon Dioxid-Air Treatment 

Five varieties of rose buds were used for the alternated carbon dioxid-air 
treatment. This treatment consisted in keeping the flowers in various con
centrations of carbon dioxid for sixteen hours and in air for eight hours each 
day. Observations were made after three, eight, and fourteen periods of 
treatment. At the end of the third and fourteenth period of treatment a 
set of flowers was removed to warm air (75° F.) to observe bud opening. 
Check buds in air were held in sealed cans for the same periods as the 
treated buds. 

Three Periods of Treatment.-The effect of alternated carbon dioxid-air 
treatment on the roses observed at the end of the third period C:ompared 
favorably with the results of the two day continuous exposure test. The 
Mrs: F. R. Pierson rose buds held in 20 percent carbon dioxid developed a 
few blue spots on the outer petals. A concentration of 30 percent or more 
caused browning of the edges of the outer petals of the Double White 
Killarney and produced bleaching and bluing of the Briarcliff and Mrs. F. 
R, Pierson; . The Talisman and Mme. Butterfly. roses did not appear to 
be injured by any con'centration of carbon dioxid used. · 

After removal to warm air (75° F.) the check buds opened rapidly and 
lasted only one day. Buds treated with 5 percent carbon dioxid remained 
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in good condition for only a few hours longer than the checks, The roses 
which were held in concentrations of IO percent or higher remained in good 
condition for two days. The Talisman and Mme. Butterfly rose buds held in 
40 percent or higher concentrations of carbon dioxid opened slowly into 
nicely shaped and normal colored flowers by the end of the second day in 
warm air. At the beginning of the third day all rose buds had opened ::md 
in most cases petals were falling. 

Eight Periods of Treatment.-As had been observed in former tests the 
carbon dioxid injury to the rose buds became more definite as the period of 
treatment was lengthened. After eight periods of treatment all the roses 
held in 30 percent and higher concentrations were injured. Roses in the 
lower concentrations of carbon dioxid were greatly benefited by the treat
ment. At this time photographs were taken of all roses except the Mrs. 
F. R. Pierson and Double White Killarney which did not show such marked 
favorable effects. Plate XXXVIII, figures 6, 7, and 8 show the effect of 
the carbon dioxid treatment on the three varieties of roses, Briarcliff, Mme. 
Butterfly, and Talisman. In every treatment carbon dioxid retarded the 
opening of the buds. The Briarcliff rose buds shown in figure 6 were greatly 
benefited without injury by 5-17 percent, inclusive, and were only slightly 
injured on the outermost petals by 20-23 percent carbon dioxid. The Mme. 
Butterfly rose, shown in Plate XXXVIII, figure 7, was benefited by 20-23 
percent carbon dioxid without causing injury though the outer petals had 
a tendency to curl. Talisman roses shown in figure 8 were retarded from 
opening by 5-1 I percent concentrations of carbon dioxid, whereas the check 
buds had opened and had lost some petals (fallen petals ::iot shown in the 
photograph). 

Fourteen Periods of Treatment.-Fourteen periods of the alternated 
treatment using 20-23 percent carbon dioxid resulted in definite injury to 
the Briarcliff, Mrs. F. R. Pierson, and to the outer petals of the Double 
White Killarney. Lower concentrations caused no noticeable injury to 
the rose buds. The rose buds removed from the cans at the end of fourteen 
days were divided into two lots, one lot remaining at42° F. in air and the 
other lot being placed in air at 75° F. At this time the check buds had 
opened considerably, but in the course of two to three hours those held at 
75° F. lost many petals, whereas those held at 42° F. lasted two days. 
Roses treated with 9-23 percent carbon dioxid opened from one-quarter to 
three~quarters during treatment. When held in air at 42° F. they lasted 
from three to four days, whereas those removed to warm air (75° F.) lasted 
only twelve hours. The rapid maturing of rose buds appears to be charac
teristic of a sudden change to a high. temperature after a long period of 
storageat a low temperature; 

Carbon Dioxid Treatment of Other Flowers 
Flowers other than roses were held in storage for periods of four and five 

days with various concentrations of carbon dioxid. The gas trF>;:itmi>nt 



544 THE BOYCE THOMPSON 1:'.\STITCTE FOR PLANT RESEARCH, INC. 

proionged the life of the flowers that were in the bud stage, but appeared to 
have no beneficial effects on the open ones. Gladiolus (two varieties, color, 
salmon-pink and rose-pink) and buds of the snapdragon, A ntirrhinum 
majus Linn. (various colors), were retarded from opening by 15 percent 
carbon dioxid when held in storage four days at 38° and 50° F. When re
moved to warm air (75° F.) the treated flower buds opened much more slowly 

. without loss of color and lasted longer than the checks. Increasing the 
concentration of carbon dioxid (20 percent on the rose-pink and 25 percent 
on the salmon-pink gladiolus and the snapdragon) caused bleaching of the 
buds already open and injury to those dosed. When removed to warm 
air (75° F.) the injured buds opened about one-half with poor shape and in 
most cases with a wilted appearance. The bleaching effect did not extend 
to the closed buds except in very high concentrations of the gas which also 
darkened the buds and injured the spike. The cosmos held in 15 percent 
carbon dioxid four days at 50° F. did not lose petals as easily as the checks. 
At a higher concentration of 25 percent, both the stem and petals of the 
cosmos were injured. The Jersey's Beauty dahlias held four days at 
50° F. were not noticeably altered by IO percent, but they were bleached 
and injured by 15 percent and higher concentrations of carbon dioxid. 

Carnations and sweet peas (Lathyrus odoratus Linn.) were included in the 
alternated carbon dioxid-air treatments. The carnation, variety Matchless, 
was greatly benefited by 5-1 I percent and slightly benefited by 15-17 
percent carbon dioxid as compared with the check. Other varieties, 
Surprise and Betty Lou, showed some beneficial effects of the carbon dioxid 
treatment. Carnations treated with low concentrations of carbon dioxid 
usually did.not close or become ragged as quickly as the checks, while higher 
concentrations of carbon dioxid promoted the development of a ragged 
condition of the flowers during storage. Sweet peas, on the other hand, did 
not show any beneficial effects of the carbon dioxid treatment. 

Carbon Dioxid Treatment of " Ferns " 

Further variation in response to the carbon dioxid treatment was ob
served in the tests made on two varieties of ferns used by florists. The 
broad frond fern Aspidium spinulosum var. intermedium (0. F. Muller) Sw. 
was held seven days at 50° F. in 15 percent carbon dioxid without any 
apparent change, but was· killed by a concentration of 25 percent. 
"Asparagus fern," Asparagus plumosus Baker, was apparently not affected 
by any concentration of carbon dioxid used. None of the fern tests showed 
any beneficial effects of the treatment over that of the check ferns. 

DISCUSSION 

From a commercial standpoint the beneficial effects of a carbon dioxid 
treatment for prolonging the life of rose buds may become. of considerable 
value. Florists usually do not sell roses for home use that have been in the 
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refrigeration case more than three days. On the other hand rose buds 
subjected to carbon dioxid treatment remain in good condition for seven 
days. After a seven-day treatment these roses lasted fully as long a.t room 
temperature as the untreated ones that had been removed from normal i 

storage at the end of three days. From these results it is seen that roses · 
may be kept in carbon dioxid storage an additional four days. These 
beneficial results apply to roses held in 15 percent carbon dioxid at either 
38° or 50° F. 

Storage temperatures of 38° and 50° F. were selected as being the 
extremities of the range used by commercial florists. Roses held for any 
period of storage at 38° F. usually opened a little more slowly than those held 
at 50° F., but the effects of the carbon dioxid treatment were found to be 
·approximately the same at either temperature. This did not hold true for 
treatments at 32° F. in which case injuries for a given concentration were 
much more prbnounced. For example, 25 percent carbon dioxid at 38° or 
50° F. caused slight bleaching and browning of petals whereas at 32° F. 
the buds were greatly bleached, veins were discolored, and considerable 
browning was evident. 

Rose buds only slightly injured by carbon dioxid (20 percent for seven 
days and 20-25 percent for three days) could no doubt be used by the 
florist. After the outer three or four petals that were either browned, 
bleached .• or rolled had been removed, according to the present commercial 
practices, the buds opened slowly and lasted slightly longer than .those 
treated with 15 percent carbon dioxid. Rose buds greatly injured by carbon 
dioxid in any period of storage. were of no commercial value. Talisman 
rose buds when slightly injured by carbon dioxid did not open as well or 
last as long as the check buds. The individual ·variation in Talisman rose 
buds was much greater than in any of the other varieties used regardless of 
whether or not they had received carbon dioxid treatment. This varied 
response of different varieties of roses to carbon dioxid treatment is of 
sufficient interest to warrant further investigation if a commercial appli
cation is made of this work. 

The effectiveness of the carbon dioxid treatmE!nt in keeping the roses in 
the bud stag.e during storage was.somewhat altered by moisture.conditions. 

• Rose buds with stems .hE~ld in a moist condition (stems Wrapped in moist 
paper te>wel·. that· was cwered .with. wa::x paper) did not open as much as 
those held with stems in water .. In repeated tests where all conditions, 
except moisture, 'were the same, it appeared that hold,ing rose stems in a 
moist .. CQndition retarded. the op~ning. of ·the buds. However, it was not 
ne~ *<>- ~oldthesebudsin a high humidity to prevent wilting when 

. rfilnovecl:tf)lil':arcm·ffr~ftersev<::rirla~of storage. Rose buds held with stems 
ib ;W;ltei;durlng tcorage at 38° or 50° F. operied slightly, even when exposed 
· fifteen. per<;ent' .carbon dio:x:id. Although the carbon dioxid is .very 
pff•~.t-.tir~rP l~ holding the roses in the bud Stage regardless Of moisture COn-
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ditions, it is an additional advantage to have the stems wrapped in moist 
paper. It appears that the florist might hold the excess stock of rose buds 
with stems in a moist condition in carbon dioxid storagP. at 38° to 50° F. 
for three to seven days. At the end of the storage period the buds could 
be removed to the show case or could be sold direct to the trade. Although 
for these experiments rose buds were stored in small containers, it is apparent 
that in large storage boxes the air must be constantly stirred in order to 
maintain a uniform concentration of the gas. 

SUMMARY 

I. Carbon dioxid treatment was effective in prolonging the life of cut 
roses under the following conditions: 

a. When stored for three to seven days at 38° and 50° F. in a concen
tration of carbon dioxid between 5 and rs percent for Briarcliff and 
Mrs. F. R. Pierson, and between 5 and 30 percent for Talisman. 

b. When subjected to an alternated carbon dioxid-air treatment (16 
hours in 5-17 percent carbon dioxid and then eight hours in air 
at 42° F.) for three, eight, or fourteen days. 

2. Carbon dioxid storage of rose buds should not be greatly in excess of 
seven days which is approximately the limit for untreated roses to be held 
at 38° to 50° F. Roses in carbon dioxid storage for longer periods remained 
in the bud stage, but upon removal to warm air they lost petals very 
rapidly. 

3. Carbon dioxid retarded the opening of rose buds, this effect being 
more· pronounced as the concentration of carbon dioxid was increased. 
Treated ~oses lasted four days longer in storage and from twelve hours to 
two days longer after removal from storage than the untreated roses. 

4. Rose buds opened more slowly when their stems were wrapped with 
moist paper than when the stems were kept in water. 

5. Carbon dioxid treatment appeared to be more effective for flowers in 
the bud stage than for those which were already op<:n. 

6. Injuries due to high concentrations of carbon dioxid for storage 
periods exceeding two days were as follows: 

a. Outer three or four petals slightly bleached and discolored or curled. 
b. Many petals discolored such as bleaching, browning, or bluing. 
c. Failure of buds to open, discoloration of petal veins, and softening 

of stems. 
7. Roses subjected to excessive concentrations of carbon dioxid for too 

long a time suffer the injuries described under paragraph 6, Roses stored 
under the conditions recommended in paragraph I above showed no injuries. 
It is possible that the limits of concentration and time maybe somewhat 
extended· when injured outer petals are removed from. the buds. 

The writer i.s greatly indebted to the Dry Ice Corporation of America 
for furnishing funds and for making helpful suggestions toward the carrying 
on of this investigation. · 
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LOCAL LESIONS ON BEAN LEAVES INOCULATED WITH 
TOBACCO MOSAIC VIRUS 1 

W. C. PRICE 

INTRODUCTION 

Necrotic lesions appear at the points of inoculation when tobacco mosaic 
virus is rubbed over the surfaces of leaves of a number of species of Nicotiana. 
Holmes (I) studied the development of such lesions in five different Nicotiana 
species. Lesions occurring on N. glutinosa make their appearance the 
second day after inoculation and are well developed on the fourth or fifth 
day. Since their number is largely determined by the concentration of 
virus in the inoculum, the lesions have been made the basis of a method for 
the rapid determination of virus concentration. 

The purpose of this paper is to describe briefly similar necrotic lesions 
which occur on the leaves of certain varieties of the common garden bean, 
Phaseolus vulgaris, when they are inoculated with the virus of tobacco 
mosaic, and to suggest a possible use of these lesions in measuring virus 
concentration. 

In securing virus for use as inoculum, care was taken to obtain samples 
that contained no virus other than that of tobacco mosaic. Samples of 
virus obtained from several different sources were used. All these samples 
resulted in the production of similar lesions on inoculated leaves of sus
ceptible bean plants. The number of lesions produced on the leaves was 
roughly proportional to the concentration of virus used as inoculum. There 
was a multiplication of the virus in leaves on which local lesions developed. 
It is therefore believed that the disease described was caused by the virus 
of tobacco mosaic. 

METHOD 

The method of inoculation used in the experiments reported herein was 
similar to that used by Holmes in his work on N. glutinosa. A cheese
cloth pad, saturated with virus solution, was rubbed once over the entire 
upper surface of each bean leaf. The inoculated leaves were washed 
immediately with tap water in order to remove any excess virus. 

Plants were grown in pots for eight to twelve days before inoculation. 
Itl general, the first young compound leaves were just appearing at this 
time. 

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers. 
New York, published at the eli:pense of the Institute out of the order determined by the date 
of receipt of the manuscript. 
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Pea (navy) bean seed used in these experiments was obtained from a 
local grocery store. For this reason, the pea bean was treated separately 
and is not considered here as a distinct variety. Seed of the 77 varieties 
listed in table I was secured from four reliable seedsmen. 

DEVELOPMENT OF LOCAL LESIONS ON THE PEA (NAVY) BEAN 

The pea bean was used in the first attempt to inoculate leaves of bean 
plants with tobacco mosaic virus. Simple leaves of 14 pot-grown plants of 
the pea bean were inoculated soon after the first compound leaves made 
their appearance. The source of inoculum was a pure strain of the common 
field type of tobacco mosaic diluted I : 20 with water and kept frozen at 
- 6° to - 10° C. for four years. Two days after inoculation, 50 to 200 

necrotic lesions appeared on each of the inoculated leaves. These lesions 
were one-half millimeter in diameter or smaller and each consisted of a 
pale necrotic area surrounded by a ring of dark red tissue. They increased 
slightly in size but never became much larger than one-half to one millimeter 
in diameter. Six similar plants inoculated in the same manner but with 
water as inoculum did not develop lesions. Sixteen other bean plants 
inoculated with juice from healthy tobacco plants remained free of lesions. 
Similarly, four uninoculated plants remained free of lesions. To confirm 
this result, 12 plants were inoculated with an undiluted virus extracted from 
diseased N. tabacum plants. All developed lesions two days later. Eight 
plants inoculated with water and four plants uninoculated did not develop 
lesions. These experiments indicate that tobacco mosaic can be trans
mitted to the pea (navy) bean. Experiments on the transmission of the 
virus of tobacco mosaic from beans to tobacco are discussed in another 
part of this paper. 

VARIETAL SUSCEPTIBILITY 

Transmission of tobacco mosaic virus to pea beans immediately suggested 
the possibility of transmission to other varieties of beans. Consequently, 
77 commercial varieties of Phaseolus vulgaris were tested for susceptibility 
and resistance. Plants for this test were grown in four-inch pots until 
the first compound leaves had fully developed. The simple leaves, which 
are the first to develop above the cotyledons, were inoculated with an 
undiluted virus secured from mosaic N. tabacum plants that had become 
infected three weeks earlier from inoculation with a I : 100,000 dilution of 
tobacco mosaic virus. The results of this test are presented in table I, 

in which the number of plants of each variety inoculated, the number of 
plants on which lesions appeared, and the number of check plants are listed. 
These varieties are separated into three groups depending upon their sus
ceptibility. In the first group, every plant inoculated developed local 
necrotic lesions; in the second group, lesions appeared on. one or more 
plants of each variety inoculated; in the third group, none of the plants 
inoculated developed lesions and all were apparently healthy at the end of 
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six days. Plants in the third group were reinoculated on the sixth day in 
order to detect any extremely resistant variety not infected in the first 
attempt. Compound leaves were now inoculated with virus from the same 
source as that used in the first attempt. \Vith one exception, all the plants 
reinoculated remained healthy for as long as 14 days. This exception was 
one of 16 reinoculated plants of the variety Kentucky ·wonder which 
developed numerous necrotic lesions on the inoculated leaf. An explanation 
for this behavior has not been found but it is possible that seed of the variety 
was impure or not true to type. 

Part of the above experiment was repeated using tobacco mosaic virus 
from a different source and the 15 varieties found to be susceptible. Plants 
of each variety were inoculated with an undiluted virus which had been 
frozen at - 6° to - 10° C. for more than two weeks. The results of this 
experiment, presented in table 2, confirm those of the first test. 

In addition, plants of Vicia faba and Vigna sinensis were tested at the 

TEXT FrG. r. Typical lesions produced on leaves of Scocia bean following inoculation 
with tobacco mosaic virus. The leaf at the right was not inoculated. 

same time as plants listed in table I. No lesions were developed on plants 
of either of these species. 

Lesions on all susceptible varieties resembled in appearance those 
described on pea beans. The lesions varied slightly in size and considerably 
in number on the different varieties. In some varieties, only eight or ten 
lesions were produced on each inoculated leaf; in others, several hundred 
lesions developed on each leaf. Text figure r shows typical lesions produced 
on the variety Scotia .• 
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from diseased leaves developed symptoms of tobacco mosaic, while only 
three of the IS plants inoculated with juice from leaves on which no lesions 
occurred became infected, is significant and indicates that the virus had 
multiplied in the infected plants tested. 

DILUTION EXPERIMENTS 

If the number of lesions appearing on the leaves of inoculated plants can 
be correlated with the concentration of virus used as inoculum, it might be 
possible to use the number of lesions as a measure of virus concentration. 
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TEXT FIG. 3. Phaseolus vulgaris var. Early Golden Cluster as test plant. Figures 
3 and 4 show the effect of diluting tobacco mosaic virus samples. In each case, the number 
shown represents the average number of lesions appearing for each leaf when eight leaves 
are rubbed with the virus sample tested. 

TEXT FIG. 4. Phaseolus vulgaris var. Scotia as test plant. 

In tests to determine whether such a correlation exists, plants of the varieties 
Scotia and Early Golden Cluster were used because the lesions appearing 
on the leaves of these varieties are numerous and large enough to be easily 
counted. Juice was extracted from mosaic tobacco plants, immediately 
diluted with water, and kept frozen until used for inoculation. After the 
first compound leaves had appeared, eight plants of each of the varieties 

• 
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were inoculated by rubbing a given dilution of virus over the upper surfaces 
of the leaves. The dilutions of virus samples used in this test were, un
diluted, r : IO, I : mo, and I : moo. The result of the test is shown on 
leaves pictured in text figure 2. Lesions appeared on these plants the second 
day after inoculation but were not counted until the fifth day when they 
were somewhat larger. The number of lesions on each inoculated leaf is 
graphically shown in text figures 3 and 4. These figures show that the 
number of lesions decreases as the virus sample becomes more dilute. 
More extensive experiments are necessary to determine how well this 

TABLE r. Susceptibility of Bean Varieties to Tobacco 1t1osaic * 

Variety Inoculated 

Group I: 
I. Early Golden Cluster .................... . 
2. Ideal Market ........................... . 
3. Scotia ................................. . 
4. Cut Short or Corn Hill .................. . 
5. White Creaseback .............. . 
6. Stringless Refugee ....................... . 
7. Hodson Long Pod ....................... . 
8. Keeney's String less Refugee .............. . 
9. Refugee Green Pod ...................... . 

IO. New Navy Robust ...................... . 
Group 2: 

II. Unrivaled .............................. . 
r2. Improved Round Pod Valentine .......... . 
13. Great Northern ......................... . 
r4. Refugee Extra Early ..................... . 
15. Full l'vTeasurc ........................... . 

Group 3: 
16. Bountiful .............................. . 
17. Dwarf Horticultural. ................... . 
18. Early Reel Valentine ..................... . 
19. King of the Earlies ...................... . 
20. Longfellow ............................. . 
2r. Masterpiece ............................ . 
22. Tenclergreen ............................ . 
23. Henderson Stringless .................... . 
24. \i\lhite Marrow.: ........................ . 
25. White Kidney .......................... . 
26. Red Kidney ............................ . 
27. Giant Stringless ......................... . 
28. Tennessee Green Pod .................... . 
29. Sutton's Masterpiece .................... . 
30. Low's Champion or Red Cranberry ........ . 
31. Improved Black Wax .................... . 
32. Golden Age ............................. . 
33. Sure Crop Stringless ..................... . 
34. Wardell's Kidney ....................... . 
35. Burpee's New Kidney ................... . 
36. Monster Stringless ...................... . 
37. Round Pod Kidney ...................... . 
38. Prolific German Black Wax ............... . 
39. Violet Wax ............................. . 

No. of 
Plants In
oculated 

8 
8 
8 
8 
6 
7 
5 
7 
7 
I 

8 
8 
8 
7 
6 

i 
7 
8 
6 
7 
8 
7 
I 

7 
3 
8 
8 
3 
7 
7 
8 
7 
4 
+ 
I 

3 
12 

4 
I 

No. of 
Plants 

Infected 

All 
" 

7 
I 

4 
4 

0 
0 
0 

0 
0 

0 

0 

0 
0 
0 

0 

0 

0 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 
0 

No. of 
Plants In
oculated 

with 
Water 

+ 
2 

4 
+ 
4 

+ 

+ 
2 

3 

3 
+ 
2 
2 

4 

4 
4 
3 
3 
4 
4 

3 
3 
4 
I 

3 
3 
I 
2 

No. of 
Plants not 
Inoculated 

+ 
+ 
4 
+ 
4 
2 

+ 
+ 
3 

I 

+ 
4 
5 

3 

2 

+ 
4 
4 

3 
I 

+ 
2 

3 
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TABLE I .-Continued 

Variet~r Inoculated 

40. New White Stringless ................. . 
4r. Improved Golden. . . . . . . ......... . 
42. Pencil Pod ............................. . 
43. Davis Kidney ........................... . 
44. Webber Wax .......................... . 
45. Currie's Golden ............... . 
46. Currie's Rust Proof Black vVax. 
47. Davis White Wax ....................... . 
48. Dwarf Golden Carmine .................. . 
49. Improved Rust Proof Golden ........ . 
50. Horticultural ..................... . 
5 r. Horticultural Cran berry ....... . 
52. Lazy Wife .............................. . 
53. Scarlet Runner .......................... . 
54. Burger's Stringless ...................... . 
55. White Dutch Runner. . ........ . 
56. Kentucky Wonder. . .......... . 
57. Fordhook............. . ........ . 
58. Henderson's Bush Lima .................. . 
59. Henderson's Early Giant ................. . 
60. New Wonder ........................... . 

I No. of No. of l\' o. of Plants In- No. of 
Plante In- Plants oculati;d Plants not 
oculated Infected I with Inoculated 

1 
Water 

··---·- ·----·--- ----- --·---· 
4 0 i 
3 0 I 4 I 7 () 

I 4 + 
4 0 I 
4 0 I 

7 0 3 4 
6 0 2 

7 0 2 

4 0 3 
4 0 2 
8 0 4 
8 0 4 4 
4 0 2 
8 0 4 4 
5 0 2 2 

4 0 2 
16 () 6 5 
4 0 

5 0 3 
4 0 I 
2 0 

6r. Burpee's Improved ...................... . 
62. Early Leviathan ........................ . 
63. Large White Lima ....................... . 
64. Henderson's New Ideal .................. . 

2 0 

3 0 2 

3 () 

I () 

65. Large Lima ............................. . 
66. King of the Garden.......... . ....... . 
67. Extra Early Jersey ..................... . 
68. Ford's Mammoth ....................... . 
69. Carpinteria ............................. . 
70. Large Green Seeded Lima ................ . 
7r. Siebert's Early .......................... . 
72. Ideal Lima ............................. . 
73. Dreer's Improved Pole ................... . 
74. Early Jersey ............................ . 

I 0 

4 0 3 
4 0 2 

3 () 

7 () 2 
2 0 3 
6 () I 2 

3 () 

5 () 

I () I 
75. Sieva .................................. . 
76. Dreer's Bush ........................... . 
77. Dreer's \Vonder Bush .................... . 

3 () 2 

5 () 2 

7 () 

* This table shows the bean varieties on which local necrotic lesions are produced when 
the leaves are rubbed with virus of tobacco mosaic. All check plants shown in the last two 
columns remained free of lesions. 

correlation holds under various conditions. The tests indicate that it 
will be possible to work out a standard measure of virus concentration 
using plants of one or more of the susceptible bean varieties. 

DISCUSSION 

The fact that bean plants are easily and quickly grown from seed makes 
them desirable for use in measuring tobacco mosaic virus concentration. 
Two or three months are required to grow N. glutinosa plants to the stage 
at which they are suitable for inoculation. Bean plants, however, require 
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only eight or ten days to reach this stage. Obviously, the saving in time is 
considerable. 

Many varieties of beans have proven to be susceptible to the virus of 
bean mosaic. Plants affected with this mosaic have a distinct mottled 
appearance quite different from the appearance of plants on which necrotic 

TABLE 2. Yarietal Susceptibility * 

Variety Inoculated 

I. Early Golden Cluster .................... . 
2. Ideal Market ........................... . 
3. Scotia ................................. . 
4. Cut Short or Corn Hill ................... . 
5. White Creaseback ....................... . 
6. Stringless Refugee ....................... . 
7. Hodson Long Pod ....................... . 
8. Keeney's Stringless Refugee ........... . 
9. Refugee Green Pod ...................... . 

Io. New Navy Robust ...................... . 
r r. Unrivaled .............................. . 
12. Improved Round Pod Valentine ........... . 
13. Great Northern ......................... . 
14. Refugee Extra Early .................... . 
15. Full Measure ........................... . 

No. of I 
Plants In
oculated 

II 
I2 
12 
12 
8 
9 

I2 

7 
7 
7 
8 
9 

II 
8 

IO 

No. of 
Plants 

Infected 

All 
" 

None 
I 

All 
2 

3 

No. of 
Plants In
oculated 

with 
Water 

4 
4 
4 
4 
3 
3 
3 
3 
4 
I 

3 
4 
4 
4 
4 

No. of 
Plants 
Inocu .. 
lated 
with 

Healthy 
Juice 

4 
4 
4 
3 
2 

4 
3 
3 
3 
4 
3 
4 
I 

4 
4 

*The table confirms the results of groups I and 2 of table I. Check plants inoculated 
with water (column 3) and plants inoculated with juice from healthy tobacco (column 4) 
remained free from lesions. 

TABLE 3. Transfer of Tobacco 111osai:c Virus from Lesions on Bean 
Lexves Back to Toba.cco Plants* 

Variety Used as a Source of Inoculnm 

Many lesions following inoculation: 
r. Ideal Market ............................ . 
2. Extra Early Refugee ..................... . 
3. Great Northern ......................... . 
4. Scotia .................................. . 
5. Early Golden Cluster .................... . 

No lesions following inoculation: 
6. White Dutch Runner ..................... . 
7. Horticultural Cranberry .................. . 
8. Prolific German Black Wax ............... . 
9. Monster Stringless ....................... . 

10. Longfellow .............................. . 

No. of 
N. tabacum 
Plants In
oculated 

2 

I 

2 
2 
2 

2 
2 

No. of 
N. tabacum 
Plants In

fccte<.l 

2 

I 
I 

0 
2 
I 
0 
0 

No. Lesions 
onN. 

glutinosa 

I 
6 
7 

49 
35 

0 
0 
0 
0 
0 

*The table shows the number of N. tabacum plants infected and the number of !esion.s 
developed on single plants of N. glutinosa when their leaves are rubbed with juice from 
inoculated bean leaves. Varieties 1-5 are those on the leaves of which lesions were produced 
following inoculation with mosaic virus. Varieties 6-ro are those on the leaves of which no 
lesions occurred following inoculation. 
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lesions are produced as a result of inoculation \vith tobacco mosaic virus. 
Reddick and Stewart (2, 3) tested a large number of varieties for resistance 
to bean mosaic. It is interesting to note that there is no correlation between 
susceptibility to tobacco mosaic and susceptibility to bean mosaic. Some 
varieties, such as White Creaseback, susceptible to tobacco mosaic, are 
immune to bean mosaic. Other varieties, such as Red Kidney, which are 
immune to tobacco mosaic, are susceptible to bean mosaic. Still other 
varieties, such as White Marrow, are resistant to both. 

Local lesions caused by the virus of the ring spot disease of tobacco have 
been reported by Wingard (4) on kidney bean and on lima bean. Neither 
of these developed lesions when plants were inoculated with virus of tobacco 
mosaic. Plants of some of the varieties of beans susceptible to infection 
with tobacco mosaic virus have been inoculated with a sample of ring spot 
virus. The lesions produced by this virus are similar to but distinctly 
different from those caused by tobacco mosaic on the same varieties. 

SUMMARY 

I. Certain vanet1es of the common garden bean, Plzaseolus vulgaris, 
develop local necrotic lesions when juice containing virus of the ordinary 
field type of tobacco mosaic is rubbed onto the upper surfaces of the leaves. 

2. More virus was recovered from bean leaves on which lesions occurred 
than from similarly inoculated leaves of immune varieties on which no lesions 
occurred. This indicates that multiplication of virus took place in leaves 
of susceptible varieties. 

3. Fewer lesions appear on leaves inoculated with dilute samples of virus 
than on leaves inoculated with concentrated samples. Curves are presented 
which indicate the possibility of using the number of lesions on susceptible 
varieties of beans as a measure of virus concentration. 
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AN IODIMETRIC METHOD FOR DETERMINING OXIDASE 
ACTIVITY* 

]OHN D. GUTHRIE 1 

The usual methods for estimating oxidase activity depend on either the 
production of a colored substance,2 or the measurement of the volume of 
oxygen absorbed.3 Recently an electrometric method has been suggested.4 
Colorimetric methods are often inapplicable on account of pigments or 
turbidity in the extracts to be tested. Methods measuring the oxygen up
take require special apparatus. The method to be described here requires 
no unusual equipment, is easy to use and reasonably accurate. \Vith it as 
many as sixteen determinations have been made at the same time. 

In a previous paper,5 it was noted that potato juice contains a substance 
or substances that may be titrated with iodine in acid solution (trichloro
acetic acid) and that this titration decreases on exposure to air. Ordinarily 
five cc. of juice reduces about 0.5 cc. of N/roo iodine. However, juice from 
one lot of potatoes was found to reduce 2.0 cc. of N/roo iodine. It was 
thought that this might be due to a low content of oxidase, the substance 
responsible for the iodine reaction not being oxidized in the process of extrac
tion for this reason. In order to test this point, juice of this lot of potatoes 
was boiled and filtered. It still reduced 2.0 cc. of N/roo iodine. To 50-cc. 
portions of this boiled, filtered juice, I cc. of fresh juice from the same lot of 
potatoes and also I cc. from a lot giving the usual iodine titration were added. 
On exposing these mixtures to air in a thin layer, the iodine titration of the 
one containing the juice suspected of being low in oxidase had decreased 
o.8 cc. after forty-five minutes, while the titration of the one containing 
juice of the other lot had decreased I.4 cc. A water blank decreased 0.2 cc. 

These results suggested that if a substance could be found that would 
reduce iodine in acid solution and which would also be oxidized by the air 
in the presence of potato juice, a convenient method would be available 
for determining oxidase. Cysteine was first tried. Its oxidation is cat
alyzed by potato juice, but the reaction proved to be autocatalytic and 
therefore unsuitable for the purpose. The autocatalytic nature of the 
oxidation of cysteine has been previously noted.6 

*Herman Frasch Foundation for Research in Agricultural Chemistry, Paper '.'Jo. 6. 
1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 

New York. 
2 J. A. Dye, Proc. Soc. Exptl. Biol. Med., 24, 640-642 (r927). 
3 H. H. Bunzel, THIS JOURNAL, 34, ,303-316 (19r2). 
4 A. E. Stearn and A. A. Day, J. Biol. Chem., 85, 29cr306 (1929). 
• F. E. Denny, L. P. Miller and J. D. Guthrie, Am. J. Botany, 17, 483-509 (1930). 
6 M. Dixon and H. E. Tunnicliffe, Proc. Roy. Soc. (London), 94B, 266-297 (r923). 
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Szent-Gyorgyi 7 has noted the iodine reaction of plant juices and has 
isolated a substance that reduces iodine in acid solution from the adrenal 
cortex, orange and cabbage. He finds it to be a hexuronic acid. For 
this reason glucose that had been warmed with dilute sodium hvdroxide 
was tried, since this product is known to contain a great variety ~f carbo
hydrate derivatives and it was thought that some of these might reduce 
iodine in acid solution. It was found that the iodine titration was quite 
large. Tests showed that it decreased on exposure to air and that this 
oxidation was catalyzed by potato juice. 

Preliminary Work.-During the first part of the work, the reaction >vas 
carried out in liter beakers, 25 cc. of the reacting mixture being exposed 
in a thin layer in the bottom. At intervals, s-cc. aliquots were drawn, 
ro cc. of rn3 trichloro-acetic acid was added and titrated with N/rno 
iodine, using starch as an indicator. The first difficulty encountered was 
a high blank, but it was found that clearing the substrate with decolorizing 
charcoal obviated this. It was also found that the conditions for aeration 
were unsatisfactory, since the rate of oxidation ceased to be directly pro
portional to the concentration of enzyme when more than I cc. of potato 
juice was used. Carrying out the reaction in aeration tubes corrected this 
difficulty. This improvement necessitated the use of a foam breaker. 
Capryl alcohol was tried, but all samples available interfered with the end
point, probably due to some impurity. It also had a slight retarding effect. 
Amyl alcohol, while not affecting the end-point, was decidedly injurious to the 
enzyme. Paraffin oil, although not so efficient a foam breaker as the higher 
alcohols, was finally chosen. In order to test the effect of foaming, the ad
dition of digitonin was tried. It greatly increased foaming but did not affect 
the results. As an additional improvement it was found that more accurate 
results could be obtained by adding a known quantity of iodine, allowing to 
stand and then titrating the excess with thiosulfate. 

Preparation of Substrate.-Dissolve 40 g. of glucose in 400 cc. of N sodium hydrox
ide, place it in a 500-cc. Florence flask and immerse in a water-bctth at 80° for fifteen 
minutes. Remove and neutralize at once by adding IO cc. of 85%, phosphoric acid. Add 
25 g. of decolorizing charcoal (Norit A was used) and allow to stand overnight. Filter and 
add 25 g. of decolorizing charcoal to the filtrate. Allow to stand for fiiteen minutes and 
filter. Dilute a small portion of the filtrate about one to five and determine the PH value. 
If it is not close to PH 6.5, adjust to this PH with N sodium hydroxide or N hydrochloric 
acid. The addition of 2 cc. of either to roo cc. of the filtrate shifts the acidity about o.r PH. 
The iodine value for 25 cc. should be equal to about 60 cc. of Nf 50. Before using, dilute 
the filtrate with an equal volume of water. 

The Metb.od.-Pipet 25-cc. portions of the diluted substrate into Van Slyke-Cullen 8 

aeration tubes. Add 2 cc. of the juice or extract containing the enzyme. For each determi
nation run a blank, using 2 cc. of the boiled, filtered juice or extract. Add five drops 
of paraffin oil to each tube and aerate for one hour. \¥ash into 300-cc. Erlenmeyer flasks 
containing 25 cc. of 10% trichloro-acetic acid, adding in all about 50 cc. of water. Add 

7 Szent-Gyorgyi, Biocheni. J., 22, 1387-1409 (1928). 
s D. D. Van Slyke and G. E. Cullen, J. Biol. Chem., 19, 2rr-2r8 (1914). 
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50 cc. of N/50 iodine in N/ro potassium iodide and allow to stand for thirty minutes. Ti
trate with N/roo sodium thiosulfate, using I cc. of I 3 starch paste as an indicator. Titrate 
the blank first and the determination immediately afterward. The difference between 
these titrations is a measure of the oxidase activity of the sample. 

Accuracy of the Method.-ln order to test how ne:!rly results could be duplicated, 
twelve determinations were made on the same Jot of potato juice. The average value was 
6.15 cc. with an average error of ± 0.15 cc. To see how nearly the substrate could be 
duplicated, four batches were prepared and used with the same potato juice. The average 
value was 6.50 cc. with an average error of ± 0.2 cc. This was repeated with four other 
batches of substrate and other potato juice. The average value was 6.8 cc. with an average 
error of ± 0.15 cc. 

Choice of PH Value.-Acidity of the reacting medium greatly affects the activity of 
enzymes. Therefore, a series of determinations was made at various PH values. These 
were obtained by the addition of N sodium hydroxide or N hydrochloric acid to the sub
strate. The quinhydrone electrode was used. Some difficulty was experienced, probably 
due to the interference of reducing substances. On the concentrated substrate values that 
were too alkaline were obtained. More acid values, which are believed to represent nearly 
the true PH, were obtained by diluting with about five volumes of water and using a large 
amount of quinhydrone. This effect is probably brought about by diluting the interfering 
substances and thereby minimizing their effect. Several experiments were made to deter
mine the effect of the PH value of the substrate. A curve showing one of these, which is 
typical of the others, is shown in Fig. r. Between PH 6.o and PH 7.0 the oxidase activity 

8 70 
0---o-o-O--L.o-o-o--o 

0---0---
~ 0 

~ 6 

0 4 

2 

5.5 6.o 6.5 7.5 
PH. 

FIG. I. Showing the effect of hydrogen-ion concentration on the oxidase activity of potato 
juice. Aerated for one hour; two cc. of juice used. 

is not greatly affected. Therefore, PH 6.5 was chosen as the best for carrying out the 
determinations. Bunzel 9 has investigated the effect of hydrogen-ion concentration on 
oxidase activity and recommends approximate neutrality for making the determinations. 
His data, however, are insufficient to show the exact form of the PH-oxidase curve, espe
cially between PH 6.o and 7.0. 

Effect of Concentration of Enzyme and Time of Aeration.-In order to 
test the effect of the concentration of enzyme and decide on the time of 
aeration, experiments were made using one, two, three and four cc; of potato 
juice and aerating for different periods. In the first experiments which were 

9 H. H. Bunzel, ibid., 281 315-333 (1916). 
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aerated for two hours the oxidase activity was not linear with the concen
tration, but curved upward. This tendency was negligible when the aera
tion was only for one hour. It was found that the reason for this ·was the 
protective action of the juice, the enzyme in the tubes containing the larger 
amounts of juice being better protected. This protective action is present 
in the boiled, filtered juice. Therefore, an experiment was made in which 
the tube with I cc. of fresh juice contained also 3 cc. of boiled juice, the 
tube with 2 cc. of fresh juice, 2 cc. of boiled juice, and so on. Thus each 
tube contained 4 cc. of juice, but different amounts of enzyme in each. 
The results are shown in Fig. 2. It will be seen that the oxidase activity 

5 

AR 
I/I ~~ 
0 ~e--

/V r-T 

~(/1~ ?-----r 
0 

4 3 

Fresh juice, cc. 
Boiled juice, cc. 

3 

R, r20 minutes; S, 60 minutes; T, 30 minutes. 

4 
() 

FIG. 2. Showing the effect of enzyme concentration and time of aeration. Circles deter
mined with usual substrate concentration, crosses with half this concentration. 

is almost linear with the concentration of enzyme even with two hours' 
aerating. Up to one hour the reaction is linear with time. In the second 
hour the reaction goes more slowly, showing that some enzyme is being 
destroyed. Therefore, one hour has been chosen for the time of aeration. 
Points are also given for the one-hour aeration curve in which half the usual 
concentration of substrate was used. Very little difference is noted, showing 
that in this range substrate concentration is not an important factor. 

Results with Other Plants.-In order to see if the methods could be 
used on other materials besides potato juice, several other plant juices were 
tried. The results are shown in Table I. Qualitative tests were also made 
with the indophenol reagent. 10 The quantitative results correlate well with 
the qualitative. 

10 H. M. Vernon, J. Physiol., 42, 402-432 (r9rr). 
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TABLE I 

APPLICATION OF METHOD TO VARIOUS PLANTS. Two cc. OF JUlCE lTSED U:-i"LESS 

OTHERWISE NOTED 

Plant 

Onion (bulb) 
Turnip (root) 
Beet (root) 
Beet (leaves) 
Carrot (root) 
Apple (fruit) 

Iodimetric oxidase 

Tomato (leaves) 0.5 cc. 
Tomato (stems) 0.5 cc. 
Tobacco (healthy leaves) 0.5 cc. 
Tobacco (mosaic leaves) 0.5 cc. 

o.6 
0.3 
7.7 
7.6 
2.3 
2.6 

I I.8 
l.3 

+-4 
12.8 

Summary 

0.4 
0.3 
8.3 
7.7 
2.5 
2.2 

Indophenol oxidase 

++ 
++ 
+ 
++ 
+++++ 
++ 
+++ 
+++++ 

An iodimetric method is given for the estimation of oxidase activity. 
Oxidase activity as measured by the method is a linear function of the 
enzyme concentration. The effect of hydrogen-ion concentration on potato 
oxidase has been studied. The method is applicable to a variety of plants. 

YONKERS, NEW YORK 
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LOCAL AND SYSTEMIC INCREASE OF TOBACCO 
MOSAIC VIRUS 1 

FRANCIS 0. Bourns 

INTRODUCTION 

A number of investigators have studied the increase and spread of 
viruses in plants. Miss Purdy (7) described the production of mosaic 
virus in full-grown detached leaves of Nicot·iana tabacum. Severin (8) 
determined the time required for a minimum amount of curly top virus to 
leave the inoculated area and pass a given distance in the sugar beet. 
McCubbin and Smith (5, 6) and Boning (r) made similar observations for 
mosaic virus in tomato and tobacco. Storey (9) made measurements of 
the same sort for streak virus in maize. Holmes (2) showed the time 
required for the production of mosaic virus in various concentrations in 
N. tabacum. 

The development of a method of measuring virus concentration (3), 
by means of which large numbers of measurements may be made with 
comparative ease, has made it possible to secure further information in the 
case of tobacco mosaic disease. The purpose of this paper is to record the 
time required for the appearance of measurable amounts of tobacco mosaic 
virus at different distances from the site of inoculation in the inoculated 
leaf, in other leaves, in root and top, and in the stem of the plant; and to 
compare the subsequent increase of virus concentration in these parts with 
the increase at the site of inoculation. 

METHOD 

Plants of Nicotiana tabacum var. Turkish were inoculated with tobacco 
mosaic virus on restricted areas, as on single quarters of large leaves, to 
allow a study of the time elapsing before the appearance of measurable 
concentrations of virus at points distant from the site of inoculation, and of 
the rate of increase in concentration of virus at these points and at the site 
of inoculation. Samples of parts of these plants were collected at intervals, 
wrapped separately in small squares of cheesecloth, and pounded to express 
their juices. The juices were tested by a method described briefly in an 
earlier publication (3). This method takes advantage of the fact that 
Nicotiana glutinosa reacts to inoculation with tobacco mosaic virus by 
forming necrotic spots at the site of inoculation. Large numbers of these 

i Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 
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necrotic local lesions appear on the leaves of the N. glutinosa plants when 
they are inoculated with undiluted juice samples containing virus, and 
small numbers when the juice containing the virus has been diluted. To 
produce these lesions for use in estimating the relative concentrations of 
virus samples the following procedure has been uniformly used. 

Plants of N. glutinosa were grown in four-inch pots until blossom buds 
began to form. The plants were trimmed by removing their growing tips 
and small upper leaves, as well as some old leaves near the base, leaving on 
each plant five large green leaves on a sturdy stem. Virus samples were 
prepared by pounding the pieces of tissue wrapped in cheesecloth. The 
moist cheesecloth was rubbed uniformly over the entire upper surfaces of 
the five leaves of the plant of N. glutinosa. The inoculated plant was then 
washed with water. It has been found that washing the plant with water 
after the inoculation never decreases the number of successful inoculations, 
and may increase the number, especially if the fluid sample containing the 
virus to be measured also contains some substances harmful to the tissues 
of the inoculated plant. 

The lesions resulting from the inoculation appear after varying intervals 
of time. At 24 ° C. the inoculated leaves still appear green and normal 
after thirty hours; yet six hours later, only one and a half days after the 
inoculation, the first lesions are to be seen. At the end of forty-eight 
hours one half of the total number of lesions are visible, and after four 
days nearly all have appeared. Final results may be recorded on the fifth 
day at this temperature. 

The purpose of this research was to determine the time of appearance 
of quantities of virus large enough to be easily measured at given points in 
inoculated tobacco and tomato plants. The technique employed was not 
suitable for showing whether or not very small traces of virus might have 
been present at these locations earlier, and hence did not result in a determi
nation of the rate of spread in any location. The cutting experiments of 
McCubbin and Smith (5, 6) and of Boning (r) bear more directly on this 
phase of the question of the distribution of virus. These investigators cut 
away the inoculated portions and some inches of healthy stern at intervals 
to test whether or not virus had passed definite distances. The experiments 
reported in this paper show the presence of virus only after it has begun to 
increase in concentration in a given location. Successive measurements in 
each location tend to confirm each other and to indicate whether an increase 
in concentration occurs in each portion studied. 

COMPARATIVE SUSCEPTIBILITIES OF N. GLUTINOSA AND N. TABACUM 

In spite of the fact that only relatively large and increasing amounts of 
virus have been considered significant in the experiments reported in this 
paper, some criticism of the method of measurement might well be made if 
it were not first shown that the plant used for the measurements is reasonably 
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sensitive to inoculation. Since N. tabacum has been most commonly used 
for such measurements, the practical question is whether N. glutinosa is 
sufficiently susceptible to become infected by the rubbing method used in 
these experiments when the sample is so highly diluted that the presence of 
virus in it can be detected only with difficulty by means of N. tabacurn 
with the same or other methods of inoculation. 

An experiment was conducted to show the relations between the method 
used in these experiments and other methods. An estimate was made of 
the amount of water required to bring a frozen sample of virus to a strength 
sufficient to give an average of approximately ten lesions for each hundred 
leaves of N. glutinosa inoculated by rubbing. This dilution was one part 
of undiluted extract in one hundred and twenty-five thousand parts of 
water. Such a dilution was used to inoculate one set of N. glutinosa by 
rubbing, and four sets of N. tabacurn var. Turkish by rubbing and by 
introducing fluid containing the virus into wounds made by scratching, 
crushing, and stabbing the leaves as described below. Thirty plants were 
used in each set. In the N. glutinosa set, which was inoculated by rubbing, 
twelve plants remained healthy, thirteen plants showed one lesion each, 
and five plants showed two lesions each. These two lesions were on different 
leaves of the plants in four of the five cases. Thus in this set eighteen 
plants in all produced one or more lesions. In the N. tabacum set, with 
plants of the same size rubbed with the same number of strokes with the 
same dilute virus sample, nineteen plants became diseased, and eleven 
plants remained healthy. Of the thirty N. tabacum plants scratched through 
the same sample of virus with twenty-five scratches each, only one plant 
became diseased. The virus used was so dilute (r : !25,000) that with 
the small wounded area supplied by the scratches thi:o result is not surprising. 
Similar results have been described previously (4) in comparing rubbing 
and scratching as methods of inoculation in N. rustica. Of the thirty 
N. tabacurn plants inoculated by wetting the young leaves at the top of the 
plant and crushing these leaves with the fingers, seven became diseased 
and twenty-three remained healthy. Of the thirty N. tabacum plants 
punctured twenty-four times each in stem and petiole through a small wad 
of absorbent cotton wet with the same dilute virus, one plant became 
diseased and twenty-nine remained healthy. One hundred and fifty control 
plants, not inoculated but placed between the rows of the inoculated plants, 
all remained healthy during the course of the e,xperiment. These tests 
indicate that rubbing is far more effective for inoculating N. tabacum than 
scratching, stabbing, or crushing, and that the difference of susceptibility 
of N. tabacum and N. glutinosa to rubbing inoculations with highly diluted 
virus samples is very slight. The N. glutinosa plants offer the advantages 
of distinguishing between single and multiple infections, of giving meas
urements over the wide range from undiluted extracts to dilutions of 
I : 1,000,000 without change of technique, arid of reducing the probabil-
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ity of accidental transmission in the greenhouse, by reason of the very 
low virus content of N. glutinosa when infected. 

SPREAD OF VIRUS \VrrnIN THE INOCULATED LEAF 

The use of N. glutinosa for measuring the concentration of tobacco 
mosaic virus, with the method described above, made it possible to detect 
virus quantitatively even in small samples of tissue, and to repeat measure
ments frequently. It seemed possible, therefore, to attack the problem of 
the movement of virus from the inoculated portion of a leaf to other parts 
of the leaf, and to other parts of the plant. Quantitative measurements 
have not been reported previously to indicate whether or not virus spreads 
at once throughout the tissues of an inoculated leaf, nor has it been shown 
whether a large increase of virus occurs near the site of inoculation before 
it multiplies at the top of the plant where mottling appears. 

TEXT FrG. r. Leaf of N. tabacum, var. Turkish. Dotted lines show division into 
quarters, numbered as used in experiments on development of virus within the inoculated 
leaf, described in text and summarized in tables I and 2. 

A number of plants of N. tabacum var. Turkish were studied in the 
following way to detect increase and spread of virus within the inoculated 
leaf if it should occur. Leaves not more than eight inches from the bases 
of stems of fifteen-inch plants were inoculated by rubbing extract of mosaic 
plants on one quarter of each leaf, the other quarters of the leaf being 
untouched. Two series of such leaves were studied, the inoculation being 
in a basal quarter in one series, and in an apical quarter in the other. 
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In the first series the leaves were inoculated in a basal quarter, indicated 
by number 3 in text figure I. Care was taken not to inoculate the quarters 
represented by numbers I, 2, and 4 in the diagram. Samples ·were examined 
at intervals to determine the concentration of virus in each quarter, similar 
quarters from three leaves being grouped to secure a large quantity for 
convenient testing. The midvein was discarded in all cases. The results 
of this experiment are shown in the first four columns of table r. Virus 

TABLE I. }vfeasurements of Virus in Portions of Inoculated Leaf and in Distant Tissues of 
Tobacco Plants. Tests }!Jade at Intervals After Inoculation of Leaf in Basal 

Quarter, Corresponding to Quarter Number 3 in Fi'.gure 1 

- Qllarters of Inoculated Leaf -===c..~=r-~is~= Pa;:~~;-Plant 
Interval 

After 
Inoculation 

·-------!----
No. I, No. 2, I No. 3, No. 4, nf J:toot 

Quarter I Quarter \ Quarter 1

1 

~lmrter Leaves I Complete 

Apical Apical Inoculat{'d I Basal T()p I' System 

I day ........ ---I--i---0-----0-- ----0-- -----C.)--11 
3 days. . . . . . . o o q.2 o 1 

5 days . . . . . . . o o 434 o 7 I 
7days ....... I o o 1254 o ro I 

28 days. . . . . . . I 138 750 746 412 769 

0 
0 
2 

42 
243 
IIO 
317 

n69 

~~~~;~::::::: ~ ~ I~~~ 4~ ~n I 
21 days ...... ·1 355 31 1741 433 527 

·--'-----
Measurements expressed in terms of number of lesions resulting from inoculation of 

Nicotiana glu.tinosa plants with extracts of tissues to be tested. 

appeared in quantity in the inoculated quarter first. After two weeks 
measurable amounts of virus appeared in the opposite basal quarter, and 
subsequently in the two apical quarters of the leaf. The results of this 
experiment furnished evidence that virus may reach a high concentration 
near the site of inoculation before measurable quantities occur in distant 
portions of the leaf, but that distant parts of the leaf eventually contain 
VlfUS. 

In the second series the leaves were inoculated in one of the apical 
quarters of each leaf, indicated by number I in text figure r. The quarters 
numbered 2, 3, and 4 in the diagram remained uninoculated in this case. 
The results are shown in the first four columns of table 2. In this case 
also the virus in the inoculated quarter soon reached a high concentration. 
After two weeks virus appeared in the opposite apical quarter of the leaf, 
which was the nearest of the three uninoculated quarters, and later in the 
two more remote basal quarters of the leaf. This confirmed the results 
of the first series, indicating a quick development of virus locally in the 
inoculated quarter of the leaf, and later slow passage to the uninoculated 

quarters.· 
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TABLE 2. Measurements of Virus in Portions of Inoculated Leaf and in Distant Tissues of 
Tobacco Plants. Tests Made at Intervals After Inoculation of Leaf in Apical 

Quarter, Corresponding to Quarter Number I in Figure I 

Quarters of Inoculated Leaf Distant Parts of Plant 

Interval 
After Quarter Quarter Quarter Quarter Leaves 

I 
Complete Inoculation No. I, No. 2, No. 3, No. 4, of Root 

Inoculated Apical Basal Basal Top System 

I day ........ 0 0 0 0 0 I 

3 days ....... 129 0 0 0 0 0 
5 days ....... 304 0 0 0 0 0 
7 days ....... 639 0 I 0 0 0 

IO days ....... 677 I 0 0 349 179 
14 days ....... u68 25 3 0 805 414 
21 days ....... 3848 207 188 375 1581 1337 

APPE,ARANCE OF MEASURABLE CONCENTRATIONS OF VIRUS 

IN ADJACENT LEAVES 

Quantitative measurements were made of the increase of virus in leaves 
adjacent to the inoculated leaf. Forty plants fifteen inches in height were 
inoculated with undiluted juice freshly extracted from mosaic plants. 
The inoculum was introduced into a single leaf about seven inches above 
the base of each plant by rubbing the leaf with cloth moistened with the 
extract. The potency of the inoculum was such that each leaf would 
receive much more virus than would be necessary to insure infection. 
At intervals a plant was examined by taking samples from the following 
parts: (1) its growing top, including all leaves less than an inch and a half 
in length, (2) the third leaf above the one inoculated, (3) the second leaf 
above the one inoculated, (4) the first leaf above the one inoculated, (5) 
the originally inoculated leaf, (6) the first leaf below the one inoculated, 
(7) the second leaf below the one inoculated, (8) the third leaf below the 
one inoculated, and (9) the lowest living leaf of the plant. At the beginning 
of the experiment these samples constituted practically the whole foliage 
of the plants. Later growth introduced numbers of leaves between the 
growing tip and the third leaf above the one originally inoculated. 

The results of this experiment are summarized in table 3. A number of 
small observations, mainly to the number of ten or less, occurred in the 
early part of the experiment. These lesions may have been caused by 
virus from other sources necessarily handled during the experiment, or by 
virus left on the inoculated leaf after washing, and on other leaves of the 
plant from contact with water used to remove the excess of the inoculum. 
If the original mosaic extract in an experiment is dilute, such residues are 
very small and may not be detected. In the case under consideration the 
inoculum was concentrated, and large increases in the number of lesions 
in tests from a given location were necessary to ensure a significant determi
nation of an increase of virus within the tissues of a sample. 
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TABLE 3· ,~fea.surements of Virus in Inoculated Leaf, a.nd in Leaves Abot•e and Below Point 
of Infection in Tobacco Plants; Tests }.fade at Intervals After Inocula11·on 

- . 
Third Second 

I 
First I First Sc Leaves Leaf Leaf Leaf 

I 
Inocu~ Leaf 

Time at Top Above Above Above lated Below B of Plant lnocu- InocuR Inocuw Leaf I.nocu- It lat ion lat ion lation la ti on la 

cond Third j 
Leaf Leaf 1 Lo\\.'est 
elow Bf'lmv i Leaf 
rnr::u.. Inocn~ I of Plant 
tion lation l ----------____ i ____ -

o days ..... 0 0 I 4 85 0 
I day ..... 0 0 0 0 217 0 
2 days ..... 2 0 2 0 557 I 
3 days ..... !9 0 0 0 802 0 
4 days ..... 0 3 3 2 944 0 s clays ..... 0 2 0 I 936 9 
7 days ..... I 0 0 I 771 0 I 8 clays ..... 306 0 7 5 1408 0 
9 days ..... 2 6 0 l 1660 0 

IO days ..... I 125 I 0 0 ro69 0 
!2 days ..... 742 0 3 0 !530 I 
14 days ..... !920 156 0 I 2496 6 
16days ..... 13II 0 42 3 !205 .5 
I8 days ..... 2086 0 0 4 2340 63 
21 days ..... 763 I84 7.3 20 1374 543 I 
24 days ..... 943 264 426 262 -* 

I 

-
28days .... ·1 I4II 1563 667 653 - -
35 days ..... IIOO 278 - - I - -

··: 1-n-r 
0 0 0 
0 0 0 
0 2 
0 0 0 
2 0 6 
0 0 3 
0 I 0 85 

I 3 r62 
12 I 274 13.3 
45 I"'- 164 I~ 

69 261 58 
47 5.53 123 

*Dashes in table indicate that measurements were not made because of death of 
lower leaves. 

As is shown by the table, significant increases of virus occurred in the 
inoculated leaf before virus appeared in measurable quantities in other 
portions of the plant. This furnished evidence, in addition to that given 
by the experiments on tissues within the inoculated leaf, that in the systemic 
mosaic disease of N. tabacum the first development of virus is at or near the 
site of inoculation, with no immediate detectable diffusion of virus to other 
parts of the plant. Later samples showed that virus appeared in the 
developing leaves at the tops of the plants about the eighth clay, when 
symptoms were becoming visible there. Virus was still absent from the 
other leaves of the plants at this time, except in the case of the leaf originally 
inoculated. Subsequent samples showed an increase of virus in the lowest 
leaf on the tenth day, and eventually in all the leaves of the plants. The 
experiment was discontinued when the lower leaves had died off at the end 
of five weeks from the time of the original inoculation. 

SPREAD oF VIRUS TO RooT AND ToP OF PLANT 

It was known from inoculation experiments that the roots of mosaic 
plants contained virus in quantities sufficient to allow transfer to healthy 
plants. It was not known whether this virus was concentrated or not. 
It was also of interest to know whether virus would appear in the tops of 
the plants before appearing in the roots, or whether the reverse would be 
true. Tests were therefore made of tops and roots of plants in which the 
movement of virus within the inoculated leaves was being studied. 
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The numbers of lesions resulting from the inoculation of test plants with 
juices from tops and roots are recorded in the fifth and sixth columns of 
tables I and 2, accompanying the results of inoculation of juices from 
portions of the inoculated leaves of the same plants. The samples from the 
tops contained the growing point and all upper leaves less than one and a 
half inches in length, together with the short portion of stem supporting 
these leaves. The root samples were cut free of stem material and washed 
thoroughly before being tested. 

Both tables show that there was a large increase in virus concentration 
in the inoculated leaf before measurable quantities of virus were detected 
in tops or roots. Both tops and roots began to show virus at about the 
same time and the virus content increased at about the same rate in both 
locations. It has been believed generally that mosaic virus passes to the 
tops of plants before it goes to other parts. This belief was probably based 
on the early development of mottling in the top leaves. Although not 
accompanied by visible symptoms, movement of virus down the stem to 
the roots seemed to occur as early in these experiments as movement 
upwards. Further experiments on the spread of virus to roots and tops of 
inoculated plants are described in a later section. 

CoNCENTRATIOKs OF Vrni;s IN PETIOLE AXD STEM 

The distribution of virus in parts already mentioned was studied in 
relation to distribution in petioles and portions of stem. The results 
shown in table 4 confirmed earlier observations, and in addition showed 
that appearance of measurable quantities of virus in the petiole of the 
inoculated leaf and in the stem was much delayed in some cases. 

The experiment was carried out on plants which \Vere about ten inches 
high when inoculated. Virus was introduced into one quarter of a leaf 
about half way up the plant. Each day a representative plant 1vas divided 
into seventeen portions: (r) all top leaves one and a half inches in length 
or shorter, and the stem supporting them, (2) the second leaf above the 
one inoculated, (3) the first leaf above the one inoculated, (-J-) the first lf'<f 
below the one inoculated, (5) the second leaf below the one inoculated, 
(6) all leaves below these, (7) one basal quarter of the inoculated leaf, 
(8) the other basal quarter of the inoculated leaf, (9) one apical quarter of 
the inoculated leaf, (ro) the other apical quarter of the inoculated leaf, 
including the whole inoculated area, ( r 1) the petiole of this inocula tee! 
leaf, through which the virus must pass to reach the stem, (12) one inch of 
stem nearest to the petiole of the inoculated leaf, (r3) two inches of stem 
just above this, (14) a second two inches of stem above, (15) two inches 
of stem just below the one-inch portion, (r6) a second two inches of stem 
below, and (!7) the roots washed free of dirt and carefully separated from 
the stem. 

Virus appeared first at the site of inoculation, as it did in the experiments 



TABLE 4. Meas-urements of Virus in Leaves, Stem, and Root of Tobacco Plants at Various Intervals After First Introduction of Virns 

ii 
Days after Inoculation 0 I 2 3 4 5 7 8 9 IO II I2 14 IS 16 17 

- - ----------------------------
All leaves at top of plant ...................... 0 0 0 0 0 0 0 672 2478 594 0 0 0 1007 352 715 
Second leaf above inoculation .................. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 26 
First leaf above inoculation .................... 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
First leaf below inoculation .................... I 0 0 0 0 I 0 0 0 0 0 0 0 I 0 19 
Second leaf below inoculation .................. 0 0 0 0 0 0 0 0 0 0 0 0 0 I 2 18 
All leaves below this .......................... 0 0 0 0 0 0 0 0 0 0 I 0 0 21 8 32 
Left basal quarter of inoculated leaf ............. 0 I 0 0 0 0 0 0 2 I l I 0 0 3 2 
Right basal quarter of inoculated leaf ........... 0 0 0 0 0 0 0 0 I 0 0 0 0 42 l 4 
Left apical quarter of inoculated leaf ............ 2 5 I 0 0 0 0 0 I 0 2 5 450 425 9 45 
Inoculated quarter of inoculated leaf ............ 28 47 II4 142 784 728 2398 2089 2840 2789 2500 1462 1836 1213 1318 Il99 
Petiole of inoculated leaf ....................... 0 0 0 0 l 0 0 452 220 181 0 0 0 248 !03 107 
One inch of stem nearest inoculation ............ 0 0 0 0 0 0 0 220 363 481 0 0 0 337 260 336 
Two inches of stem above this .................. 0 0 0 0 0 0 0 478 608 416 0 0 0 182 96 345 
Second two inches above ....................... 0 0 0 0 0 0 546 772 323 0 2 0 310 299 369 
Two inches of stem below one-inch sample ....... 0 0 0 0 0 0 0 456 640 401 l 0 0 241 289 251 
Second two inches of stem below ................ 0 0 0 0 0 0 0 280 7II 296 0 0 0 326 192 218 
Roots ........................... ·.· ......... 0 0 0 0 0 0 0 219 471 647 0 0 l 381 481 499 
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on spread of virus within inoculated leaves. At this point, as may be seen 
in table 4, a significant increase in virus concentration was reached by the 
second day, the first day reading being too small to distinguish from a 
chance variation from the amount used locally to inoculate the leaf. A 
very high concentration was reached in the inoculated quarter before any 
virus appeared in the three uninoculated quarters. Text figure 2 shows the 

TEXT FIG. 2. Twenty leaves of the test plant, N. glutinosa, used to measure the 
concentration of virus in a leaf of N. tabarnm eight days after its inoculation in an apical 
quarter. Top row: five leaves of the test plant, showing more than two thousand lesions 
resulting from inoculation with juice expressed from the originally inoculated quarter of 
the leaf of N. tabacu.m. Other three rows: leaves of three similar plants of 1\r. glutinosa, 
showing no lesions as a result of inoculation with juice from the three uninoculated quarters 
of the N. tabacum leaf. See table 4, sample for eighth day. 

tests of virus concentration on the eighth day, the top row of five leaves 
representing the test of the inoculated apical quarter, the row next below 
representing the opposite and uninoculated quarter, the next row one of the 
basal quarters, and the lowest row the other basal quarter. As may be 
seen by reference to table 4, the inoculated quarter had produced virus, 
giving more than two thousand lesions on the five leaves of the test plant, 
whereas the other three quarters showed no evidence of containing virus on 
this day. 

Subsequently virus was found in increasing concentrations in the 
locations in which it had been found in earlier experiments. The second 
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quarter of the inoculated leaf to show a significant increase was the opposite 
apical quarter about the fourteenth day. Increases of virus were found 
later in the two basal quarters of the leaf. Before virus had been found 
in other quarters of the inoculated leaf than the inoculated quarter, the 
tops of some plants showed symptoms, consisting of rolling and vein clearing 
of the developing leaves about the eighth day, and subsequent mottling. 
On the eighth day, when several plants had produced such symptoms, one 
of them was taken as a representative sample, although a number of plants 
had not yet shown any symptoms. The plant with symptoms in the top 
leaves showed the first observed virus in that location. It also showed 
virus in the petiole of the inoculated leaf, in the five stem portions, and in 
the roots. On the ninth and tenth days plants with similar symptoms 
were used as representative samples with the same type of results. At this 
time some of the plants still showed no symptoms. On the eleventh, 
twelfth, and fourteenth days these green plants were used as samples. 
It was found that virus was present in them in high concentration at the 
site of the inoculation, and in the case of the fourteen-day sample it was 
found that the virus had spread across the midvein of the leaf to the opposite 
apical quarter, but no virus appeared in the petiole of the leaf inoculated, 
in the five stem portions, in the root, or in the top of any one of these plants. 
Subsequent samples were taken from the mottled plants which soon pre
dominated in the set. These finally showed virus in the old leaves of the 
plant, both above and below the inoculated leaf, as may be seen upon 
examination of the results recorded in table 4. 

This experiment furnished information not given by former tests. Its 
measurements showed that virus was always present at the top of the 
plant when symptoms were in evidence there. 'When virus was present in 
the top leaves it was also present in quantity in the whole stem and in the 
petiole of the leaf inoculated. The appearance of measurable concentrations 
of virus in tissues of the inoculated leaf not more than an inch or an inch 
and a half from the site of inoculation required approximately as long a 
time as the appearance of virus at the extremities of the plant. This 
suggests that the movement of virus in midvein, petiole, and stem is far 
more rapid than movement of virus within the leaf blade. For example, 
on the eighth day after inoculation virus had passed into all portions of 
stem and into the roots, but was not found in any quarter of the inoculated 
leaf except the originally .inoculated quarter. . 

The regularity of increase in the inoculated area shown in this experiment 
was in marked contrast to the irregularity in time of appearance in measur
able concentrations in the stem of the plant. This regular increase of 
virus near the point of inoculation may be useful in the study of the influence 
of external factors on the virus in the plant. 

It seemed possible that although no gradient of virus concentration was 
found in this case, one might be found if the length of stem were greater. 
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The rate of increase in concentration in any one portion of stem is rapid 
as soon as measurable concentrations of virus appear there. If the move
ment of virus along the stem were relatively slow, a gradient of virus 
concentrations would be expected. The following experiment was con
ducted to furnish a better test of whether such a gradient could be found. 

Ten tall specimens of Bonny Best tomato, each fifty-nine inches high, 
were inoculated in leaves about twenty-seven inches from the base. A 
section of stem six inches long near this point was discarded from each 
specimen, and frequent tests were made of eight six-inch sections, four 
above and four below this. The results of the experiment are shown in 
table 5. It does not seem possible to detect a significant gradient of virus 

TABLE 5. 111easurements of Virus in Stem of Tomato Plants at Various Distmzces From 
Point of Inoculation 

concentration in the data. The initiation of the systemic infection in the 
individual plants was probably irregular, the eighth and eleventh day 
samples being less advanced than earlier ones, but the failure of any one 
portion of the stem to contain large amounts of virus earlier than others is 
the significant result of the experiment. This is well shown by the totals 
at the bottom of the table, since the presence of virus over a much longer 
period in one section of a stem than in another would have caused an 
increase in the total of the observations for that location. Apparently 
when virus reached the stem it was distributed so quickly that measurements 
made as in this experiment were not sufficient to show whether it became 
concentrated in one part before appearing in all others. The increase of 
the virus in all portions of stem seemed to be approximately simultaneous, 
so far as the data of this experiment show. 

For comparison it was considered a matter of interest to knmv how 
rapidly virus would reach a measurable concentration in a stem not receiving 
virus from attached leaves. Internodal portions of tomato stem were 
removed from stems of Bonny Best tomato, inoculated with undiluted 
virus by means of thirty pin pricks made with No. oo insect pins, and held 
each in a sterilized test tube at 25° C. Four pieces of stem were crushed 
each day and the juices tested on N. gfot,inosa plants. The increase of 
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virus in the stems is sho•vn by the results recorded in table 6. It will be 
seen that the small amount of virus introduced by the five pin pricks 
multiplied rapidly enough to produce a significantly larger number of 
lesions by the third day. The stems then produced virus at a rate com
parable to that previously shown in leaves. Since the virus increased in 

TABLE 6. J11easurernents of Vims ·in Detached Tomato Stems at Intermls After Inoculation. 
The Stems JVere Inoculated After Removal From Plants . 

Titue of 
Four Comparable Series of Specimc:ns 

Average of Four Test 1.fe:isu.rcment~ 
Series r Series 2 Series 3 Series 4 

I day .. ......... I 7 I 0 2 
2 days. .. . ''. 25 85 34 41 46 
3 days. . . . .... 465 280 II5 87 237 
4 days. . . ' ... 430 418 381 386 404 
5 days. .. . . . . . 490 433 565 3.p 458 
7 days. .. . . . . . 852 855 II83 590 I 870 

IO days. ... ..., 852 667 642 92! I 770 
!2 days. .... . " .. 1498 1762 2026 rn37 i 1581 
14 days. .. 1322 

I 
1038 775 IIO/ 

l 
1060 

16 days .... . . . . I 1597 1215 10,36 1548 1349 
20 days .. ... . . . . 574 ro37 1240 1070 980 

concentration in these detached stems at about the same rate as shovm in 
table 5 for the stems of plants with attached leaves containing virus, it 
seems probable that movement of virus in large quantities from these leaves 
to the stem need not be assumed in order to explain the increasing amounts 
of virus in the stem portions, although of course small quantities must 
escape to the stem to start the infection there. 

FuRTHER ExPERIMENTs 1nTH RooTs AKD Tops OF PLANTS 

In the experiment on the measurement of virus in tops and roots of 
plants inoculated in leaves about half way up the stems, and in the experi
ment on the measurement of virus in the stem after inoculation in leaves 
similarly situated, the evidence favored the view that the movement of 
virus was so rapid up and down the stem, that virus did not become notice
ably concentrated in the portions of the stem near the point of inoculation 
before the time when the extremities of the plant also contained virus. 

Another experiment with Nicotiana tabacum was made to determine 
whether the introduction of virus in an upper leaf would result in the 
appearance of virus in tops before roots; and to determine whether the 
introduction of virus in a lower leaf would result in the appearance of virus 
in roots before tops. 

Plants were grown to a height of fifteen inches. In one series virus was 
introduced into a leaf not yet fully developed, about two inches below the 
top of each plant. The inoculated leaf, its petiole, the top one inch of the 
stem with its attached leaves, and the washed roots of plants were tested 

.. 
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at intervals, as indicated in table 7. Significantly increased amounts of 
virus appeared in the inoculated leaf on the second or third day. In this 
set of plants inoculated in a young leaf, virus appeared in the petiole of the 
inoculated leaf,. in the top, and in the root on the fourth day. Symptoms 
of the systemic disease appeared on these plants on the sixth day. 

TABLE 7. Nleasurements of Virus in Different Parts of Tobacco Plants at Intervals After 
Inoculation in Young Leai1es 

Time Leaf Petiole Top of Roots of 
Inoculated of Leaf Plant Plant 

I day .......... 0 0 0 0 
2 days ......... 23 0 0 0 
3 days ......... 89 0 I 0 
4 days ......... 770 42 56 I 

23 
S days ......... r270 355 r232 r50 
6 days ......... r414 I08 575 227 
7 days ......... rr62 8r2 625 r59 

In the second series virus was introduced into an old leaf about two 
inches above the base of each plant. The two series were carried out 
simultaneously and on comparable plants. Samples vvere taken of the 
inoculated leaf, its petiole, the top one inch of the stem with its attached 
leaves, and the washed roots of plants. Results are recorded in table 8. 
Significantly increased concentrations of virus appeared in the inoculated 
leaf on the third day, but not in the petiole of the inoculated leaf, the tops, 
or the roots during the first twelve days after inoculation. The rate of 
increase of virus in these old leaves seemed to be approximately as great 
as that in the young leaves of the other series, but movement from the old 
leaf to other portions of the plant was delayed. On the sixteenth day two 
cases of the systemic disease appeared among the five remaining plants of 
this series. On the next day one more case appeared clearly, and of the 
remaining two plants one showed the very faintest detectable flecks of 
yellow in its new leaves. This doubtful case was examined by inoculating 
juices from its tissues as before. It showed virus in all the parts tested, 
thus giving evidence that even in this early stage of spread of virus from 
an old leaf located near the bottom of the plant, virus was in evidence in 
the distant top as well as in the nearby roots. 

The roots showed an unusually high result in this case, which might 
have led to the conclusion that the inoculation of a leaf near the base of the 
plant allowed virus to reach the roots before reaching the top, but a more 
critical e.xperiment showed that this was not true in general. The experi
ment was arranged to obtain adequate numbers of records at the critical 
moment, when for the first time virus was present in parts at a distance 
from the inoculated leaf. A set of plants like those used previously was 
inoculated as before in an old leaf about one inch from the base of each 
plant. Instead of testing the plants daily as in the previous experiment, 
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the plants were left in a greenhouse for ten days, when symptoms were 
visible in the tops of one-fourth of the plants. The plants with symptoms 
were discarded. Former experience indicated that most of the remainder 
of the set would have shown symptoms within a day or two if allowed to 
remain. Ten representative plants were tested at once in the hope of 
finding all of the early stages of spread of virus in them. The results are 
shown in table 9. Two plants gave no evidence of the presence of virus 

TABLE 8. Measurements of Virus in Different Parts of Tobacco Plants at Intervals After 
Inoculation in Old Leaves. Compare Witlt Table 7 

Time Leaf Petiole Top of Roots of 
Inoculated of Leaf Plant Plant 

I day ........ I 0 0 0 
. 2 days ....... 6 0 0 0 

3 days ....... 344 0 0 0 
4 days ....... 431 0 0 I 
5 days ....... 482 0 I 0 
6 days ....... r439 0 6 0 
7 days ....... 904 0 5 I 
8 days ....... ro50 0 0 0 
9 days ....... r3ro 0 0 0 

ro days ....... ro67 0 0 0 
r2 days ....... (Leaf dead, 474) 0 0 0 
17days ....... (Leaf dead, 578) 359 517 806 

TABLE 9. Measurements of Virus in Different Parts of Tobacco Plants Ten Days After 
Inoculation in Old Leaves. None of tlte Plants Sltowed Symptoms Wlten Tested 

Plant Leaf Petiole Top of Roots of 
Inoculated of Leaf Plant Plant 

No. I r407 0 0 0 
2 ro35 0 0 0 
3 887 I 0 7 
4 I296 7 4 3 
5 1305 46 92 4 
6 648 42 81 70 
7 583 r55 50 8 
8 II23 Sr 307 107 
9 II44 r77 976 26 

IO 794 522 697 700 

except in their inoculated leaves, a third showed none in the top but such 
small concentrations in roots and petiole that the single negative result in 
the top did not constitute significant evidence against the presence of an 
equal amount there, and seven showed virus in all parts tested. This 
series of measurements gives more data than are given in table 8 on plants 
studied at the time of the first appearance of measurable amounts of virus 
at the extremities of the plant. When the results are considered as a 
whole they seem to furnish no evidence of appreciably earlier or later arrival 
of virus in roots than in tops . 

... 
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A striking result of this set of experiments was the evidence that virus 
developing at approximately equal rates in young and old leaves, and 
coming to equally high concentrations in both, might spread from the 
young leaves to distant parts of the plants many days earlier than from 
the old leaves. 

DISCUSSION 

Lesions resulting from the inoculation of plants of N. glutinosa increase 
in number as the concentrations of virus in the inoculated extracts increase, 
but the ratio between the number of lesions and the concentration of virus 
is a variable which decreases as both of these increase. That is, the number 
of lesions does not bear a constant relation to the concentration of the vi,.us; 
just as the number of colonies produced upon pouring plates from a series 
of bacterial suspensions does not bear a constant relation to the number of 
bacteria in the original series of suspensions. Since it is customary to 
think of the number of bacteria in terms of the number of colonies produced 
on pouring plates, it may be permissible to record increases in mosaic 
virus concentration in various parts of the host plant in terms of the increase 
in the number of lesions produced upon the inoculation of extracts of samples 
of tissues. 

It is possible to interpret the results of measurements of virus concen
tration expressed in terms of local lesions by means of previously established 
dilution tables, which show the relation between known water dilutions of 
virus and the number of lesions produced in N. glittinosa. A graph giving 
this information has been presented in an earlier paper (3). The samples 
measured in the work described in this paper \Vere whole juice samples, 
and their interpretation by means of the results of inoculation with water 
dilutions may be open to criticism. Therefore, the number of lesions is 
presented in the tables of this paper without conversion into terms of 
relative virus concentration; but in such cases as this, in which the inoculated 
juices are not known to be seriously harmful to the cells of the test plant, 
such a conversion of the data might perhaps be made with propriety if it 
were desired to represent the relative concentrations of virus in different 
parts of host plants. 

SUMl\fARY 

By means of measurements made with Nicotiana glutinosa, the concen
trations of virus in portions of inoculated plants of N. tabacum var. Turkish 
were studied, and it was found that: 

I. Mosaic virus developed to a high concentration near the site of 
inoculation in a leaf of N. tabacum before reaching measurable concentrations 
in other portions of the inoculated leaf or in other parts of the plant. 

2. A slow spread of virus through the tissues of the inoculated leaf 
accompanied the increase in concentration near the site of inoculation, and 
appeared to be independent of the rapid spread which carried virus to 
distant parts of the plant. This local increase and slow spread of the virus 
constitu~e a local or primary phase of the disease. " 
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3. The systemic or secondary phase of the disease \ms marked by the 
nearly simultaneous appearance of increasing quantities of virus in the 
petiole of the inoculated leaf, in all portions of the stem, in the developing 
top leaves of the plant, and in the root, \Vith later invasion of old leaves. 

4. In a series of plants all successfully inoculated in similar leaves at 
the same time, the local increase of virus within the tissues of the inoculated 
leaf blade occurred simultaneously in all plants; but systemic spread of 
virus, \vith its attendant mottling of developing leaves, occurred early m 
some individual plants and late in others. 

REFERENCES TO LITERATURE 

I. Boning, K. Beitrage zum Stu<lium der Infektionsvorg~inge pllanzlicher Viruskrnnk
heiten. Zeitschr. Parasitenkun<le I: 198-230. 1928. 

2. Holmes, F. 0. Accuracy in quantitative work with tobacco mosaic Yirus. Bot. Gaz. 
86: 66-8!. 1928. 

3. ---. Local lesions in tobacco mosaic. Bot. Gaz. 87: ,19--55. 1929. 
+ Inoculating methods in tobacco mosaic studies. Bot.. Gaz. 87: ,56-63. 1929. 
5. McCubbin, W. A., and F. F. Smith. Rate of virus ,;pread in tomato plants. Science 

66: 486-487. 1927. 
6. --. Spread of mosaic virus in tomato plants. Phytopathol. 20: r;q. 1930. 
7. Purdy, Helen A. Multiplication of the virus of tobacco mosaic in detached leaves. 

Amer. Jour. Bot. 15: 94--g9. 1928. 
8. Severin, H. H. P. Curly leaf transmission experiments. Phytopatho!. 14: 80·-<)3. 

r924. 
9. Storey, H. H. Transmission studies of maize streak disease. Annals Appl. Biol. 15: 

I-25. r928. 



Reprinted from the AMERICAN JouRN,\L OF BOTANY, XVII: 806-817, October, 1930 

SUCROSE AND STARCH CHANGES IN POTATOES TREATED 
WITH CHEMICALS THAT BREAK THE REST PERIOD 1 • 2 

F. E. DENNY 

According to previous experiments (2) the treatment of dormant potato 
tubers (Solanum tuberosum L.) with chemicals such as ethylene chlorhydrin 
and sodium thiocyanate greatly increased the sucrose content of the tissue. 
However, the comparisons were made merely between untreated potatoes 
and those treated with concentrations of chemical which were approximately 
optimum for inducing sprouting. No intermediate concentrations were 
tested. Consequently-, it seemed that a study of the effect of suboptimal 
amounts of chemical would give more conclusive evidence regarding the 
reality of the sucrose increase, and, furthermore, would be of interest in 
showing the general relation between the concentration of chemical and 
the amount of the gain in sucrose. 

In i929 press-juices were obtained from potatoes that had been treated 
with amounts of chemicals increasing by steps from zero up to approximately 
the optimum. Ethylene chlorhydrin, sodium thiocyanate, and thiourea 
were included in the tests and the enzym activities of the juices were 
measured and reported upon in a previous paper (3). Samples for sugar 
analysis were also taken and the results here reported show that the rehtion 
between the concentration of chemical and the amount of sucrose found in 
the juice was very close, the sucrose increasing with the increase in chemical 
and giving in nearly all cases a series of sucrose readings corresponding to 
the concentrations of chemical used in treating the potatoes. 

In the previous report (2) it was shown that sucrose increases were 
observed in lots that had been sampled only 48 hours after treatment, and 
it was stated that sampling would need to be started at an earlier period 
in order to learn the time of the initiation of the sucrose change. The 
experiments here reported upon show that the time at which increases in 
sucrose were observed varied with different experiments, and was as early 
as 24 hours and as late as 72 hours. 

Finally, in the previous report it was shown (2, p. 332) that the starch 
content was found to have been decreased by the treatments, provided the 
tissue for the analysis was taken at the eyes of the tuber, but that if the 
balance of the tissue (seed-piece minus eye-tissue) was sampled the question 

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 

2 Herman Frasch Foundation for Research in Agricultural Chemistry Paper No. IO. 
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of a difference between treated and check was somewhat in doubt. Small 
decreases in the treated tissue were observed but the differences were not 
consistent. In the present experiment samples of dried tissue from several 
of the series of treatments were available for analysis and attention was 
paid only to the not-at-eye tissue. The results were consistent in showing 
lower starch values in the treated tissues, but the differences were small. 
Furthermore, although the optimum concentration of chemical showed the 
largest decreases in starch, the relation between the concentration of 
chemical and the decrease in starch was not such as to give clear gradations 
of values such as were obtained with the sucrose tests. 

EXPERIMENTAL 

Exper·imental tubers. -These were for the most part the same as those 
reported upon in the preceding article (3). In order to show the source of 
seed, time of harvesting, time of treatment, etc., table I has heen prepared. 
These data apply to all of the lot numbers in the other tables in this paper. 

TABLE I. Data on Tubers Used in Experiments 
-

I Lot No. Variet~/ Source of Tubers Date Date 

I 
Date 

Harvestcfl Treated Sampled 
---·-· i ·--

137-141 Cobbler Maryland * July ? • I July 31 -j 

152·-155 " " * A~.g. 
I ! 

Aug. 5 
r.s7-r60 " " * 3 " 7 
162-164 Bliss Yonkers, 1\epperhan Gardens .A~.f''· 6 " 8 II !2 

I 167-171 " " " " 6 I " 
I~ I 

" Lj. 
177-181 " " " " " 6 " " 17 
182-185 " " " " " 6 " 16 " 20 
187-190 " II " " " 6 " 19 see table 3 

Cobbler " " " " 6 " 26 Aug. 31 207-210 
" " " " " 6 " 26 sec table .3 2Il-2I2 

Bliss " " " " 6 " 26 " " " 213-214 
" II " " 6 Se.J.1t. " " " 221~-223 Cobbler .3 

224-227 Bliss " Country Club Gardens S~pt. .3 II 

I 
Sept. 17 

228-231 Cobbler " " .. " :i " I I " r6 
Bliss " " " " " 3 " 14 I " 19 232-235 

236-239 Cobbler " " " " 
I 

" 3 " !41 " 19 
" " " " " " " 20 240-243 Bliss 3 12 

Cobbler " " " " " " r8 " ?" 252-255 I 3 I -._') 

I 

*About the middle of July, exact date not known. 

Chemical treatments.-Three different chemicals were used: ethylene 
chlorhydrin (CJCH2CH20H), sodium thiocyanate (.l\aSCN), and thiourea 
(NH2CSNH2). Two different methods of treating with ethylene chlor~ 
hydrin were used: (r) \Vhole tubers were exposed for 24 hours to vapors ot 
ethylene chlorhydrin in a closed container; the amounts of chlorhydrin 
(40 percent solution) used per liter of air space inside the container (without 
allowance for the volume of the tubers) ranged from LO to 0.008 cc. (2) 

Seed-pieces obtained by cutting whole tubers into pieces about 25 gran:s 
each in weight were dipped into a dilute solution of ethylene chlorhydrm 



582 THE BOYCE THOMPSON INSTITUTE FOR PLANT RESEARCH, INC. 

and the dipped pieces were then placed in a container with a tight seal for 
a definite period, usually 24 hours, in some cases 16 hours, or even 8 hours; 
the concentration of the dipping solution ranged from 45 cc. to 5 cc. per 
liter of water. 

The treatments with both sodium thiocyanate and thiourea consisted 
in soaking the cut tubers (not whole tubers) in the chemical solution for one 
hour and then planting without rinsing off the adhering chemical. The 
strength of the solution was varied from about one or two percent (10-20 

grams per liter of water) to about one-fourth or one-eighth percent or even 
less. The exact amounts of chemicals used in each series are shown in 
column 2 of table 2. 

In each series of concentrations used in each experiment the highest 
concentration is that which previous experience had shown to be approxi
mately the optimum for these varieties and for this stage of dormancy. 
For the whole-tuber vapor treatments, one cc. per liter of air space for 
24 hours is probably too high if the potatoes are to be cut and planted at 
once after treatment, but in the present experiments the treated tubers 
were not cut and planted at once after treatment but were allowed first to 
stand in air for five to seven days under which conditions this amount of 
chemical is not too high. For the thiourea treatments two percent is 
probably less effective than one percent for inducing good growth of sprouts 
after germination has started. Furthermore two percent thiourea induces 
the sprouting of too many sprouts per eye. 

Sampling.-The methods of sampling the treated and check lots, and of 
squeezing the tissue to obtain press-juices are described in the previous 
article (2). 

The time of sampling after treatment, as shown in the previous report 
(3), varied from four to seven days, and was chosen so as to allow the early 
stages in the initiation of germination to begin, but to avoid sampling 
when sprouting had taken place to any marked extent. In all cases, there
fore, the samples were taken either before any sprouts were visible, or, in 
certain exceptional cases, when only a few of the seed-pieces in the treated 
lots showed evidence of the beginning of bud development. 

Chemical metlzods.-For the sugar analyses a sample of the press-juice 
was dropped from a pipette into boiling 95 percent alcohol of sufficient 
volume to give a final concentration of 70 percent alcohol. \Vhen the 
analysis was started it was made up to volume in a flask and filtered. 
Aliquots of the alcoholic extract were placed in evaporating dishes, the 
alcohol removed by evaporation on a steam-bath and replaced gradually 
by water. The aqueous solution was made up to volume and aliquots 
taken for copper reduction before and after inversion. The inversion was 
carried out by acid in the cold (see I, p. 95). 

For the starch determinations samples of fresh tissue chopped to small 
pieces in a wooden bowl were dropped into boiling 95 percent alcohol and 
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allowed to boil for a few minutes. The dish was then placed on a steam
bath until nearly all of the alcohol was removed. The tissue was then 
placed before an electric fan and when it had become dry it was ground in 
a food-grinder and finally reduced to a fine powder in a power-driven grinder 
operating on the mortar-and-pestle principle. This powder was dried in 
an electric oven at 99° C. and portions weighed out for starch analysis. 
The acid-hydrolysis method (see I, p. 95) was used, and the starch data, 
therefore, represent total acid-hydrolyzable substances calculated as starch. 
Some determinations were made with the Walton and Coe method (9) 
which eliminates the non-starch polysaccharids and thus gives a better 
figure for starch. But duplicate determinations on several samples of 
potato powder by the two methods showed that the Walton and Coe 
method gave a value uniformly about 0.9 of the acid-hydrolysis method 
indicating that non-starch polysaccharids formed only about one-tenth of 
the total formed by the acid-hydrolysis method. Because of the greater 
convenience of the acid method it was used exclusively in the rest of the tests. 

Sprouting response.-The percentage sprouting for most of the lots is 
given in the preceding paper (3), p. 505. The percentages varied with 
different experiments, but a general statement is as follows: favorable 
concentrations of chemical induced 75 to 100 percent sprouting, the next 
lower concentration (which was about one-half to one-third of the optimum) 
induced 50 to 75 percent sprouting, while the values for the lower amounts 
of chemical were zo to 50 percent; the check lots ranged from o to zo percent. 
The important consideration is that the sprouting response formed a series 
corresponding to the concentrations of chemicals used in treating the 
potatoes. 

RESULTS 

Relation of Concentration of Chemical to the Development of Sucrose in 
the Press-juice of Potatoes 

The sucrose contents of the juices obtained from the various lots which 
had been treated with different concentrations of chemicals are shown in 
table z. In columns z, 5, and 8 will be found the series of concentrations 
used in each test, the strength of the chemical being reduced step-wise, 
each lower concentration being some fraction, e.g., one-half, one-fourth, 
one-third, etc., of the preceding value. In columns 3, 6, and 9 are shown 
the sucrose values in milligrams per five cc. of juice. It is seen that a 
gradation of sucrose values was obtained corresponding closely to the 
graded concentrations of chemicals used in treating the potatoes. Thus the 
favorable concentrations of ethylene chlorhydrin approximately doubled 
the sucrose content as compared with the check lot; the NaSCN-treated 
lots were about three times and the thiourea-treated lots were about 2.5 
times as high in sucrose as the corresponding checks. When the concen
tration of chlorhydrin was reduced to one-third of the optimum value the 
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sucrose in the treated was then found to be about r.5 times that of the 
check, and reducing the concentrations of NaSCN and thiourea to one-half 
strength caused the sucrose value to become about twice that of the check. 
Still further reductions in concentrations resulted in smaller differences 
between treated and checks, but even when the concentration was one
fourth or one-fifth the optimum gains of treated over checks were observed. 

TABLE 2. Effect of Chemical Treatment of Potatoes Upon the Sucrose in the Press-juice 

Ethylene Chlorhydrin 
Treatments* 

Sodium Thiocyanate 
Treatments 

Thiourea 
Treatments 

L Cone. of Sucrose Lot Cone. of Sucrose L t I' Cone. of Sucrose 

_N_r
0
_0t_· _, ___ c_h_cr_n_. --l--~-}-~c_i·t-l _N_o_._

1
, __ c_·11_e_m_. __ 

1 
__ n_~-g~-~-~- N~. ___ c_1i_e1_n_. --l--n~_gc_·~---n-

r37 r.oo cc. 54.0 r57 2.00% 3r.2 r52 2.003 39.8 
r38 0.20 " 35.r r58 0.673 35.6 r53 0.67% 

1 

29.4 
139 0.04 " 26.2 I59 0.223 224 r54 0.223 I 224 
140 0.008 " 26.0 r6o check r6.3 r55 check r6.6 
r4r check 2 r.3 i 

_2_4_0 __ --0-.5-0-cc-.--i·-5-6-.2- __ 1_6_7_ 11--I-._o_o_o_o/_~--i--5-5-. 7-1~/ 2 .oo3 5;;-
24r 0.17 " 54.8 r68 0.500% 37.5 1 r63 I r.00% 43.5 
242 0.06 " 424 r69 0.250'/o 27.4 I r65 0.503 40.1 
243 check 38.2 r70 0.1253 r+-I I r66 1 0.25% 34.6 

207 
208 
209 
2IO 

45 cc. 
IS " 
5 " 

check 

r71 check 12.r 1~1_____.:21eck. -~~-
23.s 182 r.00% 60.0 I 177 r.000% 57.9 
16.5 184 0.50% 25.4 ' 1/8 o.4oot;;, 46.9 
lr.9 186 0.25% 25.2 179 I o.16oc;, 1 42.8 
13.3 183 check 19.5 180 o.064l,-0 I 37.r 

___ ., ______ , ____ , __ r_8_5_
1 
__ c_·h_e_c_k ____ 

1 
r8.6 ~1_____.:2:~:k __ I 22.9 

255 45 cc. 25.9 235 l .00% II /I.I 224 I r.00% 43.7 
254 rs " 17.7 234 0.50';'(, 54.0 225 I 0.50% I 42.6. 
252 5 " r7.7 233 0.25% I 4r.r 226 ! 0.25% 39.0 
253 check 13.3 232 check 17.7 

1 
227 1 check 234 

______ 2_3_9-i·--r-.0-0-?'-/o--1 58.5 -,---i 1---
238 o.sos;o 1 37 . ..J. I : 

231 0.253 I 38.1 , , 
236 check r7.5 1· I 

I , i 

*Lots 137-r4r and 240-243 treated by the whole tuber method and column 2 shows 
the number of cubic centimeters of 40 percent ethylene chlorhydrin u~ed per liter of air 
space inside the container. Time of exposure to vapors, 24 hrs. Lots 207-210 and 252-255 
treated by the cut-tuber dip-method and column 2 shows the number of cubic centimeters 
of 40 percent ethylene chlorhydrin added to one liter of water in preparing the solution 
into which the cut-tubers were dipped before storing in a closed container for 24 hrs. 

NOTE: For varieties, source, dates of harvest, etc., corresponding to the \·arious lot 
numbers, see table r. 

Time Relation in the Sucrose Increase After Treatment 
In this experiment samples of treated and check potatoes were removed 

at intervals of 24, 48, 72, 96, and 144 hours after treatment and the press
juices were analyzed for sugar. The results are shown in table 3, the time 



,, 

Titne After End 
of Treatn1ent 

Start_ ........ . 
24 hrs._ ..... . 
48 (( 
72 
96 

144 

TABLE 3. Time Relation of Gain in Sucrose 

Sucro~e. l\Iilligrams per s cc. of Press-juice 

Lot Nos. 221, 222, an<l 22.~ Ethylene Chlorhydrin I Ethylene Chlorhydrin I Ethylene Ch1orhydrin I Sodium Thiocyanate 
Treatment Lots. 211-212 *Treatment Lots. 21~{-214 * Treatnwnt Lots. 187·-188 t Treatrnent. Lots. I89-190 !-----~------

Sodiu111 I Thi ll . ,, ThiocyanatP (. IH'.t Check 
I- Treated 1-Check l-2reatc<l \ __ ::_heck I Treated 1-~•cck_ Tre~ted Check Treat<•d _ Trc«~~---'---~---

19.8 26.3 29.6 13.6 I I .6 

6.9 
16.6 
27.8 
484 

17.7 
lI.O 

7.8 
10.5 
17.7 

17.7 
27.2 
27.2 
35.3 

32.1 
19.6 
r6.o 
16.o 
16.8 

24.0 
15.7 
r6.8 
28.3 
25.2 
52.9 

lost 3r.2 14.5 18.3 
J4.l 34·4 17.4 21 .2 
18.2 52.r 13.0 49.3 
15.9 54.r r3.6 lost 
22.4 50.0 16.9 38.5 

I4-4 
7.2 

19.1 
45.r 
44.0 
38.5 

6.4 
13.0 
17.4 
I<).7 

I<>.7 

*Dip method, dipping solution 60 cc. per I., storage period 16 hours. (Check lots dipped in I-I"O.) 
t Dip method, dipping solution 30 cc. per !., storage period 24 hours. (Check lots dipped in J.hO.) 
NOTE: Check lots 190 and 223 soaked in water instead of sodium thiocyanate or thiourea solution. 
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(after the end of the treatment) at which the samples were removed being 
shown in column I, and the sucrose values of treated and check juices at 
each sampling period being shown side by side in paired columns under the 
appropriate heading for the type of treatment applied. Increases in sucrose 
of the treated over the check were observed with the sodium thiocyanate 
treatments at the end of the 24 hour period. In general, however, it was not 
until the 48th hour that the increase became pronounced and in the case 
of the chlorhydrin lot Nos. 187-188 the increase did not occur until some
time between the 48th and 72d hour. It will be noted that the check lots 
usually lost sucrose during the first 24 hour period as a result perhaps of the 
high rate of respiration induced by cutting the tuber into pieces. With 
the thiocyanate treated lots, however, this loss in sucrose was not noted, 
the early and rapid production of sucrose probably more than compensating 
for the excessive loss by respiration. It is likely that the increased respira
tion accounts for the low values at the 24 hour period in the chlorhydrin
treated lots, since as shown by Smith (7) the chlorhydrin treatment promptly 
induces a high rate of respiration. 

The maximum increase was reached by the NaSCN and thiourea lots 
at about the 72d or 96th hour at which times the sucrose of the treated 
lots was about three times as great as in the corresponding checks. The 
chlorhydrin treatments did not reach their maximum difference until about 
the 96th or 144th hour, and showed at that time sucrose values about twice 
those of the checks. 

Effect Upon the Reducing Sugars 
Although in all cases shown in tables 2 and 3 the amount of reducing 

sugar was determined it seemed unnecessary to present the reducing sugar 
data in full for the reason that no relation was observed between the treat
ment that was applied and the amount of reducing sugar obtained. A 
few of the results which are characteristic of the whole are shown in table 4. 
The values for the check lots show that the amounts of reducing sugar 
were quite different in different lots of potatoes, there being in some cases 
15 times as much reducing sugar as in others; consequently, so far as the 
relation of composition to dormancy is concerned, the reducing sugar may 
be either high or low in two lots and both lots may be dormant. But the 
important question in these experiments is what effect the treatments have 
had upon the amount of reducing sugar that is present, irrespective of 
whether this is high or low at the beginning of the treatment. By comparing 
the values in table 4 it is seen that in no case was a series of values obtained 
corresponding to the series of concentrations of chemicals used in treating 
the potatoes. In this respect, therefore, the behavior of the reducing sugar 
was in contrast to that of the cane sugar. This is in agreement with 
measurements reported in the previous paper (2) m which there was no 
evidence of a consistent effect of the treatments in either increasing or 
decreasing the amount of reducing sugar. 
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TABLE 4. Effect of Chemical Treatment of Potatoes Upon Reducing Sugar in Press-jttice 

Ethylene Chlorhydrin Sodium Thiocyanate Thiourca Treatments Treatments Treatments 

Lot Reducing Sugar Lot Reducing Sugar Lot I Reducing Sugar No. in 5 cc. mg. No. in 5 cc. mg. No. i~ s cc. mg. 

207 LS 157 18.6 152 18.6 
208 I.8 158 30.6 153 17.4 
209 2.1 159 30.0 154 14.8 
2IO I.2* 160 23.1* 155 17.4* 

255 r.4 235 17.7 224 15.1 
254 r.5 234 18.3 225 7.2 
252 2.3 233 18.4 226 13.8 
253 1.5* 232 19.5* 227 3.9* 

*Check lot. 
NoTE: For variety, source of tuber, time of digging corresponding to lot numbers, 

see table I; and for concentrations of chemicals corresponding to lot numbers, see table 2. 

Starch Changes 
The starch changes are shown in table 5. The lot numbers are the same 

as those for the sucrose data but the starch determinations were made upon 
dried and powdered whole tissue and not upon the press-juices. The 
percentages of starch are shown in columns 3, 4, 8, 9, 13, and 14 in table 5, 
columns 3, 8, and r3 showing the duplicate determinations and columns 4, 
9, and r4 showing the averages of the two duplicates in each case. Columns 
5, ro, and IS in table S show the percentage change of treated with respect 
to the corresponding check lot in each series. Thus lot 137 was 4.8 percent 
lower than the check lot 141, this value being calculated, not as percent of 
starch in the tissue, but as percent of the check value in each experiment. 

It will be observed that the highest concentration of chemical in each 
experimental series showed the lowest percentages of starch; this is true for 
all three chemicals. The starch in the treated when calculated with respect 
to the corresponding check showed losses varying in different experiments 
from 3.0 percent in lot 207 to ro.6 percent in lot 228. Lower concentrations 
of chemical showed smaller differences between treated and check, the 
differences in some cases being small and probably negligible, e.g., lot 
Nos. 208, 209, 170, 238, 237, 180, and 230; in fact, two of the treated lots 
in which low concentrations of chemical were used, lot Nos. 139 and 140, 
showed higher starch values than the check lot No. r4r. 

Since the differences in starch values were small the values for the 
duplicate determinations are given in each case in order to take into account 
the question whether the differences between treated and check lots are in 
excess of the error of the determination itself. There are available 27 pairs 
of duplicate determinations, each pair of measurements having been made 
with a different lot of potato-powder. Fleisch (4) has proposed a method 
for estimating the analytical error in such cases. and, applying his method 



TABLE 5. Effect of Chemical Treatment of Potatoes Upon the Starch Content of Tissue 

Ethylene Chlorhydrin Treatments Sodium Thiocyanate Treatments Thiourea Treatments 

Starch* Starch* Starch* 

Lot Cone. of 3 Dry Wt. 
Gain(+) Lot Cone. of % Dry Wt. Gain(+) Lot Cone. of % Dry Wt. Gain(+) No. Chem. No. Chern. No. Chern. or Loss(-) or Loss(-) or Loss(-) 

Dupl. as% of the Dnpl. as% of the Dupl. as% of the 
Det'ns Ave. Check Value Det'ns Ave. Check Value Det'ns Ave. Check Value 

137 l.Oo cc. 73-7 ]3.8 -4.8 167 1.0003 72.0 70.8 -7.1 177 1.0003 70·.7 70.8 - 5.6 

" 
73.9 6g.6 7i.o 

.138 0.20 74-4 74.4 -4.0 168 0.5003 71.8 70.8 -7.1 178 0.4003 73.7 72.8 - 2.9 

.. 74-4 69.7 71.9 
139 0.04 79.6 79.5 +2.6 169 0.2503 7i.4 72.1 -5.4 179 0.1603 73.3 72.8 - 2.9 

78.5 72.8 72.4 
140 0.008 .. 76.6 77-6 +o.r 170 0.1253 74.1 74.3 -2.4 180 0.0643 73.3 73.8 - J.6 

78.6 74.5 74-4 
141 check n.6 77-5 171 check 76.7 76.2 181 check 74.0 75.0 

77-5 75.6 76.0. 
·------ ·-·--------------- -------------

207 45 cc. 75.4 75.0 -3.0 239 1.003 68.7 68.5 -3.8 228 1.003 62.5 63.2 -rn.6 

' 
74.7 68.3 63.9 

208 15 " 75.9 75.6 -2.2 238 0.503 69.6 70.0 -I.7 229 0.503 65.5 66.1 - 6.5 
75.3 70.3 65.7 

209 5 " 76.0 76.3 -1.3 237 0.25% 69.3 70.0 -1.7 230 0.253 69.2 69.7 - 1.4 

210 check 
76.6 
77.r 77.3 236 check 

70.7 70.1 
71.9 7r.2 231 check 7I.l 70.7 

]7.6 70.6 70.3 

*By acid-hydrolysis method, gain in reducing substances calculated as starch. 
NOTE: For description of lot numbers, see table r. For description of treatments for lots 137-141 and 207-210, see table 2 . 

. 
llii@!i:Wn '----&f%0 > 

(J( 
00 
a:J 

~ 
trl 

fjj 
0 

rl 
t::1 

J-l 
tI: 
0 ..... .,.. 
"ti 
Ul 
0 
z 
z 
Ul 
J-l ..... 
J-l c:: 
J-l 
trl 

'Tl 
0 
l:<1 

"ti 
t""' 
:>
'.7. 
J-l 

lAJ 
trl 
1.f; 

lTl :.. 
~ 
p:: 

..... 
z 
() 



!JESSY - REST PERIOD 

to the present case, it is found that the difference bet\\·een two pairs of 
duplicates should be about two percent (£.e. two percent of the amount of 
starch found) to be considered significant. All of the differences shown 
by the highest concentrations of chemical are found to be greater than this 
value, and also some of those shown by lower concentrations. 

\Ve may consider the matter in another way, namely, by comparing the 
differences between check and treated lots of tissue with the average differ· 
ence between two duplicate determinations of a single lot of tissue. \Ye 
find that the average deviation of a single starch n;easurement from the 
mean of the two duplicates is about 0.7 percent of the average starch rnlue 
of the two; on this basis the starch differences shown by the highest concen
trations of chemical and the corresponding checks are at least four times 
and as much as 15 times the average deviation of duplicates: for the next 
lower concentration the treated lots range from two to ten times the average 
error; but for the next lower concentration three of the six lots do not show 
ratios greater than twice the error. 

My conclusion is that the higher concentrations nf chemical have 
caused decreases in the starch content as compared with the check lots, 
but that when the concentration was reduced to about one-third of the 
optimum concentration the differences between treated and checks become 
of doubtful significance. And although a general relation was found 
between the concentration of chemical and starch content, in that the 
higher concentrations have given low starch values, and i•ice 1·ersa, the 
gradations have not been such as to give a series of values corresponding 
closely to the series of concentrations of chemical used in the treatments, 
as was the case for the sucrose. 

Drscussro~ 

It is interesting that the relation of the sucrose to the chemical treat
ments is such as to give a series of values corresponding so closely to the 
concentrations of chemicals used in the treatments. Tests made on press
juice from potatoes which had been soaked one hour in one percent sodium 
thiocyanate indicated an absorption of sufficient sodium thiocyanate to 

give only about o.or gram NaSCN per IOO cc. of press-juice: the amount 
of ethylene chlorhydrin vapor taken up by the tissue in the treatments 
has not been determined, but even in the cases of the highest concentrations 
used it must have been relatively small as compared with the ~aSCX 
values. These facts show how responsive the cells of the tuber are to 
comparatively small changes in concentration of chemicals. 

The gradations that have been observed may be related to gradations 
in dormancy of different eyes in the same lot. That is, perhaps the lower 
concentrations were strong enough to start the activity of only the least 
dormant eyes, while the stronger concentrations could break the rest period 
of those in the most deeply dormant condition. 

The difference in the behavior of the reducing sugar and the sucrose 
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should be emphasized. There is a tendency in the literature to class these 
two groups together as "sugar," and yet in these experiments there has 
been a qualitative difference between the response of the two, sucrose 
showing increases in a perfectly definite manner and the reducing sugar 
showing an irregular behavior. 

It is not suggested that the breaking of dormancy is caused by the 
sucrose accumulation, and that growth starts when the sucrose content 
increases to a sufficient value. Soaking potatoes in a sucrose solution, or 
injecting it into the tissue even near the eye of the potato, does not induce 
growth of buds in dormant tubers. It seems more likely that the sucrose 
increase is mainly a result and not a cause. At present we can regard the 
sucrose increase only as evidence that the chemical treatments have become 
effective in the tissues of the tuber, and that subsequently sprouting of the 
buds will become evident. 

These results which indicate an increase in sucrose following a decrease 
in starch, are of special interest in connection with the views of certain 
authors that there is some sort of a direct connection between starch and 
sucrose. This would not be expected in view of the fact that when starch 
is broken down by enzyms which can be· separated from plant·. tissue 
maltose, not sucrose, is obtained. But there are several suggestions in the 
literature that a starch-sucrose equilibrium exists, and that sucrose is an 
intermediate product between starch and dextrose. The reader is referred 
to papers by Kayser (5), Ripperton (6), de Wolff (Io), and Tollenaar (S) 
for further information on this point. It has often been found that as 
starch decreases sucrose increases; but it is merely an assumption to say 
that the connection is direct; it is better to say that we do not know what 
the steps are by which we may connect the disappearance of starch with the 
appearance of sucrose. 

Although both the previous and present reports show that, in the 
treated lots as compared with the checks, starch decreased and sucrose 
increased, it should not be inferred that the changes in absolute amounts 
of these substances in the tissue were large. The actual changes were, in 
fact, relatively small. Thus, in the present experiments, assuming the 
moisture content of the tissue as So percent, and assuming that So cc. of 
press-juice are equivalent to mo grams of fresh tissue, the excess loss of 
starch from a 25 gram treated seed-piece as compared with a check seed
piece was about o.I to 0.4 gram, and the gain in sucrose was about 0.05 to 
0.2 gram. We may also recalculate the changes shown by the data from 
the previous report (2, table 2, p. 331) from which we find that the starch 
loss per 25 gram seed-piece was about 0.2 gram and the sucrose increase 
about 0.1 gram greater in the treated than in the check. These are relatively 
small absolute changes in material. Furthermore, these are the changes 
induced by favorable concentrations of chemical, and the data show that 
much lower concentrations have an observable effect not only upor.. the 

.. 
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sucrose and starch changes, but also upon the sprouting response. These 
facts show that the transition from dormancy to growth can take place 
without involving any extensive change in the total amounts of materials 
present in the tissue. 

SUMMARY 

I. Freshly harvested potatoes (Solanum tuberosum L.) were treated v.rith 
ethylene chlorhydrin, sodium thiocyanate, and thiourea, the concentrations 
of the chemicals being decreased from the optimum by steps to form a 
graded series. Press-juices from the treated potatoes obtained from the 
various lots at a subsequent interval, usually four to seven days before 
sprouting became visible, were compared with juices from the checks with 
reference to sugar content. 

2. Sucrose was found to be higher in the treated than in the check lots, 
and, furthermore, to form a graded series of values corresponding to the 
series of concentrations of chemicals used in treating the potatoes. 

3. The reducing sugar values did not form such a series, and no consistent 
effect of the treatments in either increasing or decreasing the reducing 
sugar content was found. 

4. vVhen samples were taken at intervals of 24, 48, 72, etc., hours after 
treatment it was found that the time after treatment at which the sucrose 
content of the treated lots became higher than that of the checks differed in 
different experiments, being as early as 24 hours and as late as 72 hours. 

5. Samples of entire tissue which had been dried, powdered, and analyzed 
for starch showed that concentrations of chemical favorable for breaking 
the dormancy of the sprouts caused decreases in the starch; with low 
concentrations of chemical, however, the differences were small and of 
doubtful significance. 
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THE T\VIN-LEAF METHOD OF STUDYI~G CHANGES 
IN LEAVES 1 

F. E. DENNY 

INTRODUCTION 

\Vhen measuring the changes which take place in leaves at intervals 
during a day by removing a sample of leaves at the beginning of the experi
mental period, and taking a second sample at the end of the period for 
comparison with the first one, it is important that the two samples be 
strictly comparable. If the differences between the two lots are to be taken 
as a measure of the change during the interval, we must be certain, first of 
.all, that they were equal at the start. 

So great is the variation in leaves upon a plant that to obtain two 
samples containing leaves of the same age, weight, and chemical composition 
by making a general collection requires a large number of leaves in order 
that these individual variations may be equalized. For many types of 
experiments this requirement can not be fulfilled because of the limitations 
set by space, by the numbers of plants available, by the details of technique 
involved in setting up the experiment, etc. If it is necessary to use rela
tively small numbers of plants, how shall we arrange to obtain the required 
number of comparable samples so that a series of samples over a considerable 
period of time may be obtained? 

Sachs (9) offered a solution of this problem by proposing the use of 
what has now come to be known as the "half-leaf" method. He cut the 
leaf in two, lengthwise along the midrib, taking the first half as a sample 
to represent the condition at the beginning, and leaving the other half 
upon the plant for removal at the end of the desired period. Fsually the 
entire half leaf was not used but a measured area was cut out using a 
template, and the results of the determination were expressed on the leaf 
area basis. 

In later years this method was subjected to criticisms; first, that the 
opposite halves of the leaf were in fact not symmetrical, and further, that 
on account of fluctuations in area due to shrinkage when water i.vas lost 
and to distention when water was gained, the computations on the leaf 
area basis were erroneous. Thoday (12) made these criticisms the object 
of a special investigation and found that both sources of error were important 

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the expense of the Institute out of the order determined by the 
date of receipt of the manuscript. 
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factors, that the asymmetry error was inherent in the method and could 
not be avoided, and that only the shrinkage error could be overcome. 
He suggested (13) an improvement which consisted in marking out at the 
beginning with a rubber stamp the area that was to be taken at the end of 
the period, thus nullifying the effect of any change in area that might occur 
during the experimental period. 

Recently two more objections to the Sachs method have been made, 
these referring to errors arising from mutilation of the leaf in cutting away 
the half leaf or portion of it. Combes (4) claims that the wounding of the 
leaf in cutting increases the rapidity of translocation from the portion that 
remains, the effect being so great that he could distinguish between different 
degrees of wounding by the effect on translocation; and von Guttenberg 
(7) reports that removing a half leaf induces even qualitative changes in 
the composition of the remaining half; that, for example, in Ilex the wound
ing causes the appearance of saccharose in the other half leaf at a time when 
this sugar does not normally exist in it, and that a similar condition prevails 
as to glucosides in Hedera. He speaks of the method as leading to patho
logical conditions in the leaf. 

There seems to be a need, therefore, for an alternative method that can 
avoid some of these difficulties of the half-leaf method. The present 
experiments were started for the purpose of testing the possibility of using 
the paired leaves of plants with opposite leaves or of leaflets of compound 
leaves, the plan in general being to take one leaf of the pair at the beginning 
of the experimental period, and the opposite one at the end. These opposite 
leaves are of exactly the same age, and, in some species at least, are so 
nearly the same in shape, size, and composition that we may regard them 
as twins. For this reason it is suggested that the method be called the 
"twin-leaf" method to distinguish it from the "half-leaf" method. And 
if it should be found from later more extensive tests that leaf pairs in general 
are not sufficiently alike to justify the word'' twin'' then the term ''opposite
leaf" could be used. 

Chibnall (3) used the opposite leaflets of Phaseolus in his study of the 
diurnal changes in nitrogen distribution, and Curtis (S) applied this 
method in measuring the effect of the cooling of petioles upon the rate of 
translocation from leaf blades. But both Chibnall and Curtis were inter
ested in the use of the method for the purposes of their particular problems 
and not in the method itself; consequently they do not show in detail 
what the variation is between opposite leaves or leaflets, or make any effort 
to extend the application of the method to species other than the ones 
they used. It has been the purpose of the present experiments to explore 
the field in this direction, to measure the amount of variation likely to be 
encountered in paired leaves, to note by means of chemical analysis to 
what extent opposite leaves have the same composition, and finally to 
apply the method to the problem of determining the changes in leaves at 
intervals during a 24 hour period. • 

... 
' ' 
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AMOUNT OF VARIATION IN OPPOSITE LEAVES 

In order to determine the variation in weight of opposite leaves of 
various species, samples of paired leaves of the species shown in table I 

were taken. In obtaining the samples the two leaves of each pair were 

TABLE r. Va.ria.tions in Fresh Weights of Opposite Lea.ves or Lea.flets 

Species 

Coleus Blumei Benth. (yellow) .......................... . 
Coleus Btumei Benth. (varieg.). 
Glycine }!lax Merr ............. . 
Glycine Ma.x Merr. . . . . . . . . . . . . ....... . 
Rosa rugosa Thunh .. 
Rosa rugosa Thunb.. . ... 
Ailanthus altiss1:ma Swingl.: .. 
A ila.nthus altissima Swingle. 
Gardenia jasminoides Ellis .... 
Bryophyllum cafycinum Sd:s!J .. 
Syring'! vulgaris L. .......... . 
Helianthus debi!is Nutt.* ............ . 
Lonie era. Standis /z.ii Carr 
Melilotus a.Zba Desr. .... 
Meli!otus a.lba. Desr .. 
Deutz-ia. gracitis Sieb. <en<l Zucc .. 
Ligitstrmn ovalif olium Hassle . 
Ligustru.rn ova.lijolium Hassk .. 

Fresh \Veights of 
Opposite Leaves,t 

Grams 

a 
------

I 3.9 I;) 14.341 
7424 7.374 
8.078 8.023 
8.or 3 8.052 
5.132 5.117 
4.944 4.923 
5496 5.554 
7.678 8.013 

I I .660 I I .209 
39.857 40.482 

5.120 5.274 
29.504 29.355 

4.059 4.213 
r.422 r.453 
I.2..J.5 I.225 
5.524 5.305 
4.784 4.738 
+043 4.088 

~;,~ 
Total 
Dev. 

---
3.r 
0.7 
0.7 
0.5 
0.3 
04 
I.I 
4.2 
3.9 
r.8 
3.0 
0.5 
3.8 
2.2 
r.6 
4.0 
r.o 
I.I 

* Cultivated form of sunflower, listed in the see<l catalog as belonging to the cucumeri
folius type. This form has opposite leaves only in the early stages of growth. 

t In all cases both samples collected at the same time. 
NOTE: 25 pairs of leaves or leaflets in each case except for ?>Ielilotus in which case 50 

pairs of leaflets were used. 

picked simultaneously, and were put in separate \Veighing bottles; this was 
repeated until 25 pairs of leaves were collected; these were then weighed 
and in table I, the second column (under a) shows the total fresh weight of 
25 leaves or leaflets, and the third column (under b) shows the total 
weight of the opposite organs. In column 4 will be found the percentage 
total deviation between the two samples, i.e., the percent error that results 
from the assumption that the opposite leaves of a composite sample of 
25 pairs of leaves are identical in weight. This value ranges in the experi
ment from 0.3 percent with Rosa rugosa to 4.2 percent with Ailant!zu.s 
jasminoides. \i\'e can obtain an estimate of the amount of the error that 
would likely result if composite samples of 16, 9, or 4 leaves instead of 25 
were taken by making use of the general relation that the error isinversely 
proportional to the square root of the number. The error for 16 leaves 
would then be about five-fourths, of nine leaves about five-thirds, etc., of 
the values shown in column 4 in table I. 
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TABLE 2. Variation in Weights of Opposite Leaves of Pairs 

Sal·l'ia splendens Ker. I Ligustrurn oval-1------------------------------------------------- ifolium Hassk. Helianlltu.s 
dtbilis Nutt. 

Leaves Tip Leaves Pair of Leaves Below Tip Third Pair 

of Pair 1 1 /-------------------------
' I 

Fresh ~'lo Dry C,~~ Fresh C)O l Dry ~;~_; I Fresh I ~'.{-, Dry ~'.~ Fresh '5~ Fresh I S'.~ 
___ . ___ Wt. g. dev.* \Vt. g. elev.* \Vt. g. dev.* ~~· g._ dcv~ __ Wt.:--- dev~ ~-=--::___ dev~ ~t. g. _ dev.* \Vt. g. _dev.* 

a I 0.126 4.8 0.019 o.o 0.353 8.o 0.044 4.5 j 0.65 1 i.5 0.094 r.o 0.196 2.0 0.943 J r.6 
b 0.132 0.019 0.325 0.042 o.6~2-___j__ 0.095 0.192 0.928 

a 
b 

a 
b 

0.144 
0.157 

0.197 
0.206 

9.1 

4.6 

0.021 
0.023 

0.023 
0.026 

9.5 

13.0 

0.361 
0.348 

0.318 
0.341 

4.1 

7.2 

0.051 
0.049 

0.045 
0.046 

3.9 

2.2 

0.557 
0.501 

0.551 
0.575 

10.0 0.080 
0.073 

8.8 

9.1 

0.253 
0.257 

0.179 
0. l 85 

r.6 

3.3 

r.356 
1408 

0.784 
0.768 

3.8 

2.l 

a 
b 

0.165 
0.163 

I.2 0.026 
0.024 

7.7 0.338 
c.330 

24 

4-31 0.066 
0.072 

3.71 0.077-1· 5.21'-~;--,1 6.911-~.803 -19.3-
0.081 0.215 0.728 

0.047 ' 

0.045 -- 1-----1- -----1---1-- --!----1------;----

0.520 
0.539 

+2 

0.137 
0.134 

I 1--1----1 I __ I l--1------1-- 0.063 
a 2.2 0.021 

0.021 
o.o 0445 

0444 
0.2 3.1 

b 0.065 
0.593 
0.591 

0.3 0.069 
0.072 

4.3 0.179 
0.179 

0.0 0.919 
0.93,3 

I.5 

a I 0.162 4.3 0.026 3.8, 0.306 I l.O I 0.047 8.5 1 0.848 4.4 j 0.117 4.3 I 0.204 I r.o I 0.898 I 14 
b 0.169 0.027 o.,)t\3 I 0.043 0.81 l o.r 12 0.206 , I 0.910 i - --1 --·--,----:-------------·1---1----1---------,-=---
a 0.146 2.0 0.025 o.o 0.278 17·5 I 0.038 / .9 o.6.f7 4.6 0.104 1 .o 0.232. I 9.9 I 1.074 I (>.<) 

Ave. % tlev. 4.1 

b 0.1 43 0.025 , 0.299 0.041 0.677 0.103 0.255 I 1 r.qc 

l---1------------1-------- ----- - -1------ ---- --- --
a 0.230 1 3.9 0.029 3.41 0.408 2.5 0.055 I 1.8 t>.724 I 1.7 J 0.09,3 13.2 I o.It;o /13.() J ti.924 
b 0.22l I 0.028 I 0.418 0.054 I 0.712 I 0.090 O.J74 i I 0.800 

a ~.17-z---;;-1~~~1~;·1--~PS-- 2.; ~~;-1-;;,-1--0~~8--1~:- ~.~1;-r -1---;~~1-~~~-- 1·1; .. ~-ll 1.071 
b 0.178 I 0.027 0427 I 0.060 o.52ti I I o.o;o j I 0.177 0.968 

--a-- 0.147 ~ -1-~~1 5.31·-~.35-;- -8~- - o.o~;-1, 8.5 ·11 --r~-;- 3.9 1~.~~---r;-.8-1 ___ (;;;5 -i-8.~ -11- -;,~8~;,-- - --;:;--
b 0.159 ~ ____ l_l_·383 1 ___ ~<~_1_1 __ -j-_<_1_:5?_J __ --1__'.>~~()9 -:---~~~--! _ -i---~~8_44 ___ _ 

+3 \ \ H 4.6 I I 3.8 · 4.G i : 5.9; +·5 

7.0 

9.6 

* Percent deviation is difference between a and b expressed as percent of a. 
NOTES: In eaeh case a refers to one leaf and b to the opposite leaf of this pair, the leaves being taken simultaneously. 
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The comparison was carried out in greater detail with leaves of Salvia, 
Ligustrum, and Helianthus as shown in table 2, in which will be found the 
weights of individual leaves. Thus, the two leaves at the tip of Salvia 
were weighed separately as shown in column 2 opposite a and b, respectively; 
then follow in column 4 the dry weights. The data for ten pairs of leaves 
from the tips of Salvia plants are thus shown in columns 2, 3, 4, and 5; 
and in columns 6, 7, 8, and 9 are shown the results of similar measurements 
for the paired leavesbelow the tip, etc. Also in the right hand columns of 
table 2 are shown the measurements with Ligustrmn and Helianthus. 

The percentage deviations of one leaf from the opposite leaf are shown 
in columns 3, 5, 7, 9, II, 13, 15, and 17, table 2. These values are similar 
for the different types of leaves and are about four to six percent. This is 
the variation per single pair of leaves. If the sample was taken by com
bining 9, 16, or 25 pairs of such leaves the error would be reduced to approxi
mately one-third, one-fourth, and one-fifth these values, respectively. 

\Ye may compare these values (which are errors due to lack of symmetry 
between opposite leaves) with the values obtained for asymmetry between 
opposite halves of the same leaf. Thoday (12) made measurements of the 
deviation of the weight of one half leaf from that of the other half, and 
found results which varied with different species but was commonly about 
r.5 to 3.0 percent and sometimes more than +o percent. Gouwentak (6) 
in a recent report on a study of diurnal changes in the nitrogen contents 
of Hehnnthus leaves gives (6, p. 44) the dry weights of opposite halves of 
leaves. There were eight leaves in the comparison, and while Gouwentak 
expresses the data on the grams-per-square-decimeter basis, we may calcu
late the values in the manner that was done for the opposite leaves of 
Sa!ZJZ:a, "i.e., by expressing the total deviation between the two halves as a 
percentage of the value for the leaf half marked rt in Gouwentak's list. 
This gives the average percentage deviation between leaf halves as 3.2 
percent. The values found by Thoday and by Gouwentak for the half-leaf 
method are, therefore, somewhat lower than the asymmetry errors of the 
twin-leaf method, as shown by tables I and 2 above, but the difference is 
not large, and considering the small numbers involved it can not be asserted 
that even this difference is significant. The twin-leaf method gives suffi
ciently low error values to warrant its consideration as a method of getting 
comparable samples of leaves. 

YARL\TIOX IX CHEJ\!ICAL CO!llPOSlTIOX OF SAt.IPLES OF 

OPPOSITE LEAVES 

Table 3 shows the differences in chemical composition of samples of 
opposite leaves, the differences in these cases representing not only errors 
in the sampling but also errors in the analyses. The A series was carried 
out in 1929 with composite samples of 30 leaves and the B series in 1930 
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TABLE 3. Chemical Composi#on of Samples of Opposite Leiives of Salioia. Series A in April I929 

Experiment.No. I Experiment No. 2 Experiment No. 3 l Experiment No. 4 \ Experiment No. 5 

1-------·--1 
Total in 30 Sf. of tl:_e Total in 30 % of the Total in ao l ?~ of tl~e 1 Total _in 30 ~ of the Total in 30- % of the 

Leaves (grams) Fresh Wt. Leaves (grams) Fresh Wt. Leaves (grams) Fresh \Vt. \ Leaves (grams) I l'resh Wt. I LC'aves (grams) I Fresh \Vt. 

a b a \ b a b a \ b a b - a \ b I a I /, a ! b 1-,-;--b-ll_a -, -b-
- 1-. ---------------------------------- ----~--. --. - ·---- --1 

Fresh\:\~~_~\ r8432 rS.266 r2.006 r2.058 I r2.428 r2.299 I I · I ro.249 I 10.583 .. . 1-- 1~~779 rq49 ,---1---
Dry Wt~~1 2433 2413 -.r3.2 ~-I.65r ---;G_;-113.8··1~ f.706 ~5 -~;- 13~1--;_54~1-·;.-o~~ 15.0 -;;~-!-. l.602 -~.ooo r3.6 13.6 -

--------.-------i·------·----------1---------------' 
\Vate5.~·-··\1. r5.999 15.853 ~~ 10.355 ~419 80.2 -1864 1~722 _ro.604 80.:>___~6.2 _ _1'!091__'~:?72+8,5-f._> _84·1l__I H0!-;i ro.149 -~~~~R6.~-
Insol.Solids.1 r.604 r.602 8.6 __ ~.1 r.380 I.367 lI.5 -1~1 i.446 r.428 ~1 lr.6 --~=-57 !_1.~~~I r2.:>__ 1 _r2.8_[_~_'~~-2__i__I_·J2I ~~-=----~~~ 
Sol. Solids.J 0.829 ~~~~ 0.272 2.6 I 2.3_1' 0.260 0.267 2.2 _\ 2.2-,-~~~-_l __ o:_;)?~J-=~--1~~--l--~),=_C)_(}_i~-279 -·· 2.5 L~·-4 
Starch._ .... J. 0.560 1 · 0.541 3.04 ~1 0.555 0.56. 4 +62 I 4.65 ~644 0.652 5.18 j s.Jf~!-__:>_· 0 r~.1--(),~33 _

1

! _!'·~1~~j _ __r~·_()3_1_'.__.J.~.-1-~J~>:_~~ .. --~·=.=-!---~~~-
. _ 1 o.ro8 o.rr2 0.59 l 0.62 j 0.061 0.058 I 0.51 I 0.481 0.052 I 0.054 I 0.42 I 044 I 0.0-1-3 I o.04h l>.421 <LJ--1- i 0.04,'i I 0.048 [ o.,w I 041 

Series B in .Afa.y I930 

·' ' 

Experiment 6 j Experiment 7 \ Experiment 8 I Experiment 9 I Experiment ro ) ·-::=.=c 
Tip Leaves Leaves Below Tip \ Third Pair of Leaves ! Tip Lean~s ! LeaVC8 Below Tip ! 

I I . 1----------------------)---------·---·--·-·-
Toral in I,5 % of the Total in ro \ % of the ! Total h1 IO I 0 1a of the Total 111 IS I r1 ; nf the 1 Total in JO ! r / nf the 1 T1)t<tl in 10 I r' of the 

jLeaves(grams) Fresh \Vt. Leaves(grams) \ Fresh \Vt. ILeaves(gran~I Fresh Wt. Leave-~rnm>) 
1
_ l'n"l

0

1 ~\~ :Lt·~~~'(gr~1~1~)!- ~r~=h ~"t~ t ~e«Yc '(":'.Ulb) I_ F;t•sh \Yt~ _ 

-----1-a--~--a _ _}1__ __ a_\_b _ _"_ __ ~-1-"-1-b -1-~-l-b -_a_\_ ~ J_ -~-- \ __ i~ _ _l _~--i-- b _[ -·~-i -~J __ ''-i-~-J-~-1--~---
Fresh \\'~~631 2.6q ____ ~ro ~639 __ --I 6.0':1:_1_\ 6.129

1 
____ ' __ 1 __1_:6.Wl__I_:~~l __ __I ___ I ~'-~'01_J:6r~!-- --!-- _ -! Ci.175i!'·I~llj ___ , ___ _ 

Dry Wt. .... 0.384 0.3831 I4·2 ~ ~z2l~~2 ~~ ~~\~~221~~391 13~ -=.:'_:?_\~2361~~40\ ~4:~ __ 1 _1_:~4 -! <~4~=, <~·45-1-1 _17~5 ! 17.:i_l~~~:'il(~~~l!.:'·S -11:'_:!. 

Starch._ .... 0 ,025 0 _027 \ 0.95 1 .03 ~~34 0.035 _'.).92 ~96\ ~.0521~os1\_'.1·86 0.831~023!-~:<~=~\ ___ 1:~~ \_! :~~1 ~>~o.i11 (~~142_\ _r .. ~1- _r .16\ (~<l!J\'· <~~·76\ __ 1~1~1_-~_:24 __ 

lted. Sugai~~.:__ 6.3 * o.23 _'.l.24 ~.:__ 6.3_:_ 0.17 ~l-1:1.7.:__. 9.5*_ -~q ~r6 _:_:2._'_1'~0 :.-1_'.l~~~:. _o.-.-~. 81-. ~<>:.~ I sy ;.! ~),~~\-.-.. ~.~t~'_"-_ JL_.2*_! __ ~::.:?: _''.·1. 2_ 

Sucrose ..... I.8* I.3* 0.07 ~05 5.8* _:~ o.r61~-~[~~.:__j s.:i.:___o.r6 -~·09 2.~.:__l~:~~--~:~~1--l>.2~!~~~:___ 1 2.~~+~'·()~l __'.>~~~l-~1_:_L~~:J __ (>~<~!1-~J.<><J 
Jnsol. N .... _,-;;:-;;~,~G~ o.6r

1 
0.021 o.02r 0.57 0.5710.0,31\ 0.029 0.52 1 0.47 o.orol 0.010\ o.6r 1 0.60\ 0.020\ o.019i 0 .• )4.\ 0.52\ 0.031\ o.03o\ o.5ol 0~~~; 

NOTE: Leaves in experiments 9, IO, and II dried in an electric oven at 99° C. 
NOTE: In each experiment both samples collected at the same time. * Milligrams instead or gramo. 

NoTE: Starch determined by acid-hydrolysis method (seer, p. 95). 
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with composites of 10 to 15 leaves. It is seen that good agreement was 
obtained with constituents which represented fairly large weights of material 
per sample such as fresh weight, dry weight, and starch, but that with 
sugars the percentage error was large, due to the small amounts of these 
substances in the tissue. 

METHODS OF ANALYSIS 

For the e."Xperiments in April, 1929, the leaves (with petioles removed), 
after being weighed, were cut into pieces and dropped into boiling alcohol 
of sufficient volume to give a final concentration of 80 percent alcohol. 
When the process of extraction was started the liquid was decanted through 
a tared Soxhlet extraction thimble and finally all particles of tissue were 
transferred to it; the tissue was then extracted with alcohol in the Soxhlet 
apparatus and the extracts made up to volume. The residue in the thimble 
was dried in an oven at 99° C.; the difference in weight in comparison with 
the tared thimble gave the weight of insoluble solids; an aliquot of the 
extract was taken for the determination of the soluble solids; the sum of 
the insoluble solids and the soluble solids gave the dry weight, and the 
dry weight and fresh weight difference gave the water content. Samples 
from the residue which was insoluble under the conditions of the extraction 
were taken for insoluble nitrogen by the Kjeldahl method (I, p. 7), and 
also for the starch determination. This was carried out by the acid
hydrolysis method (1, p. 95) except in one case in which the Walton and 
Coe method (14) was used. 

In the May, 1930, experiments the samples after being dropped into 
boiling alcohol were put into a weighed porcelain dish on a steam bath 
until the alcohol was evaporated; they were then dried in a vacuum oven 
at 70° C. The difference in weight gave dry weight for the leaves repre
senting the second pair below the tip, but this value could not be obtained 
for the tip leaves and for the leaves representing the first pair below the tip 
in this experiment, since calcium carbonate had been added to the alcohol 
at the time the leaves were dropped into it. The dried residue was then 
transferred first to a mortar and ground up with 70 percent alcohol, and 
then to pyrex centrifuge tubes. After the liquid had been brought to 
boiling in the 70 percent alcohol and then allowed to cool, it was centrifuged 
and the extract was decanted; another quantity of 70 percent alcohol was 
added and a second e."\'.traction was made; in this way six extractions were 
carried out. The extracts were combined and aliquots were used for the 
sugar and for soluble nitrogen determinations. The entire residue was 
used for both starch (or more accurately acid-hydrolyzable polysaccharids) 
and insoluble nitrogen in the following manner: After the period of acid
hydrolysis the liquid was removed by successively centrifuging and de
canting; the liquids were collected, neutralized, made up to volume, and 
five cc. samples taken for the Somogyi (u) modification of the Shaffer and 
Hartman micromethod (10); the residue and the liquid portion were digested 
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separately in Kjeldahl flasks; the digest-liquid from the residue was made 
up to volume and an aliquot of this exactly equal to the aliquot of the 
liquid portion was taken; these two digests were then recombined and 
represented a given aliquot of the original material; a Kjeldahl distillation 
then gave the amount of nitrogen in the insoluble portion of the sample 
of leaves. 

DIURNAL CHANGES IN LEAVES 

General Procedure 
Salvia splendens Ker. was chosen for this experiment in which the 

object was to make use of the twin-leaf method for studying the changes 
in leaves at intervals of 2.5 to 4.0 hours throughout a 24 hour period. 
The plants were grown from seed, were about six to eight inches high, and 
had produced several pairs of leaves. When the plants are young the 
opposite leaves of Salvia are very uniform, but when they get older and 
when branching begins the leaves become coarser and less symmetrical. 

Three types of leaves were sampled, the young tip leaves, the leaves of 
the pair below the tip, and the third pair of leaves; these represent the 
very young, the partly grown, and nearly full grown stages of leaves. 
The samples of the three types were kept separate, and one of the interesting 
results of the experiment has been to note the difference in the behavior 
of the three types. 

The first experiment for diurnal changes was begun on April 3, 1929, 
samples being taken at 5 :30, 8 :oo, 10:30 A.M., r :oo, 3 :30, 7 :oo, II :oo P.M. 
and 4:00 A.M. April 3 was a bright and sunny day. Thirty leaves were 
taken for each sample and the procedure in getting a series of comparable 
leaves throughout the day was as follows: at 5:30 A.M. one leaf of each of 
30 pairs of opposite leaves was taken and the other 30 leaves were left 
until 8 :oo A.M., at which time this second sample was collected; but at the 
same time another sample of 30 leaves from 30 other plants was taken, 
these representing the first sample for the period 8:00 A.M. to 10:30 A.M., 
the opposite leaves being left on for the sample at the end of the period. 
In this way samples at the beginning and end of each period were available 
from twin-leaves, and the change during each period could be deduced 
from the differences in these pairs, and expressed in absolute amounts of 
material, i.e., grams of water, dry weight, starch, sugar, etc., or as the 
percentage of the fresh weight if this was considered advisable, since the 
data for this computation were available. In collecting each sample of 
leaves an effort was made to obtain leaves with varying positions toward 
the sun in order to equalize variations in this respect. 

Another test was made May 12, 1930, sampling starting at 6:00 A.M. 
and continuing until 5 :oo A.M., May 13. The method of sampling was 
the same as described for April 1929 except that a smaller number of leaves 
per sample was used, 20 of the tip-leaves and of the pair below the tip, 

., 
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and I5 of the third pair of leaves. May 12 was entirely clear throughout 
the day. 

Results of the April r929 Experiment 

The data for the April 1929 test are given in tables 4, 5, and 6 which 
show the total number of grams of material in each sample, the percentage 
change of each constituent, and the total amount at any period calculated 
with reference to the amount present at the start in the early morning. 
Table 4 shows the data for the tip-leaves, table 5 for the leaves just below 
the tip, and table 6 for the third pair of leaves (second below the tip). 

TABLE 4. Diurnal Changes in Composition of Salvz'.a Leaves. 
April I929 Experiment 

Tip Leaves. 

-
Total Amount in Percent Gain ( +) or Loss I Relative Amonnt Present. 

30 Leaves ( - ) During the Period * 1 A1nount at 5;30 A.~L as roo 

T11ne I r-1~re::;h 
Dry I Water Fresh DrY \\"a ter Fresh [ Dry Wt. \Yt. gramt':i Wt. Wt. Wt. Wt. Water 

grains grams --1------ ------
{ 5:30 A.M. p64 0.898 6.266 

8:00 A.M. 7.346 0.952 6.,)94 + 2.5 + 6.o + 2.0 ro3 ro6 I02 
--------

ro5-I~ ( 8:00 A.M. 6.963 0.947 6.016 
(10:30 A.M. 7.161 I.055 6.106 + 2.8 +ri.4 + l.5 ro4 
----- ------ ---1---f10:30 A.M. 6.702 I.062 5.640 
\ I :oo P.M. 7.179 r.159 6.020 + 7.1 + 9.1 + 6.8 I!.) I29 III 

-------------------------
{ I :OO P.M. 6425 r.075 5.350 

3:30 P.M. 7.130 r.185 5.945 +rr.o +ro.2 +1 r.3 I 125 f42 I'"'" -,> ------------------------------------

{ 3:30 P.M. 7.893 I.336 6.557 
7:00 P.M. 8.134 r.308 6.826 + 3.1 - 2.I + +r r29 139 128 

---------------
{ 7:00 P.M. 8.593 r.387 7.206 

l I :oo P.M. 8.996 r.374 I 7.622 + +7 - r.o + 5.8 134 I 138 130 
---------

+ o. 7 1--:-1-:-{11:00 P.M. 9.718 I .460 8.258 
4:00 A.M. 9.718 r.4or 8.317 j o - 4.0 129 

*Percent change in each interval calculated on the amount present at the beginning of 
that period. 

NoTE: Brackets indicate twin-leaves. 

The columns in tables 4, 5, and 6 which show the total weights in 
30 leaves are self-explanatory. In the central columns in each table the 
percentage gain or loss in the amount of the constituent is based upon the 
amount present at the beginning of that period; thus, in table 5, column 9, 
the dry weight changed from 2.125 g. at 5:30 A.M. to 2.198 g. at 8:00 A.M.; 
the difference is 0.073 g. which is 3.4 percent of 2.125. In this way the 
changes during each period may be plotted as has been done, for example, 
in text figure ,3; such a graph is a rate-curve and shows when the rate of 
change is the highest, and when it reverses in sign, if at all, etc. 
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TABLE 5. Diurnal Changes in the Composition of Salvia Leaves. Leaves Below Tip. April i929 Experiment 

Total Amount in 30 Leaves Percent Gain ( +l or Loss 
( - ) During the Interval * 

Time 
Fresh D1y Water Starch Sol. Insol. Fresh Dry Wate1 Starch Wt.g. Wt.g. g. g. Solids g, N.mg. Wt. Wt. 

---------
{ 5:30A.M ........ 17.467 2.125 15.342 0.339 0.800 102 

8:ooA.M ........ 17.377 2.198 15.179 0.383 0.817 99 -0 .. 5 + 3-4 -I.I +13.0 
------ ------------

{ 8:ooA.M ........ 15.349 l.961 13.388 0.339 0.709 95 
10:30 A.M ........ 15.305 2.157 13.148 0.491 0.790 93 -0.3 +10.0 -r.8 +45·0 

---- ------------
{ro:30A.M ........ 15.570 2.281 I3.289 0.514 0.813 98 

l:oo P.M ........ 16.437 2.630 13.807 0.715 0.877 n6 +5.6 +15.3 +J.9 +,39.2 
-------------------------------

{ l:oo P.M ........ 15.893 2491 13402 0.756 0.883 IOI 

3:30 P.M ........ 16.552 2.630 13.922 0.766 0.907 106 +4.2 + 5.6 +3-9 + r.4 
-----------

{ 3:30 P.M ........ 17441 2.802 14.639 0.902 0.924 !08 
7:00 P.M ........ 18.217 2.749 15468 0.835 0.812 II5 +4-5 - 1.9 +5·7 - 7.5 

--- ---------------
{ 7:00 P.M ........ 17.461 2.738 14.723 0.856 0.876 II2 

rr:oo P.M ........ 17.902 2.612 15.290 0.647 0.856 107 +2.5 - 4.6 +3.9 -24.0 
------------

{II:OO P.M ........ 19.202 2.715 16.487 o.8II o.868 II2 
4:00A.M ........ 19.004 2.559 16.445 0.631 0.821 III -1.0 - 5.7 -0.3 -22.0 

*Percent change in each interval calculated on the amount present at the beginning of that period. 
NOTE: Brackets indicate twin-leaves. 

Relative Amount at End of Interval, 
Amount at 5:30 A.M. as 100 

Fresh Dry Water Starch Sol. 
Wt. Wt. Solids 

---------------
99 rn3 99 II3 102 

---------------
99 II3 97 164 1I3 

---------------
105 130 102 228 122 

---------------

109 138 106 231 125 
---------------

II3 135 II2 214 IIO 
--------------

II6 129 IJ6 163 107 
---------------

II5 122 II6 127 102 
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TABLE 6. Diurnal Changes in the Composition of Salz.ia Leaiies. Third Pair (Second Pair of Leaves Below Tip). April I929 Experiment 

I Percent Gain ( +) or Loss H.elativeAmount at End of Inter-Tot..1.l An1ount in 30 Leaves ( - ) During the Interval * val, Amount at 5:30 A.:Lvl. as 100 

Time 

Fresh · Dry \Vater Starch Sol. Sol. I Insol. Fresh D1y 
Water I Starch 1~W.h Wt. g. Wt. g. g. g.t Solids g. N. mg. N. mg. Wt. Wt. 

----------------------
---1-{ 5:30 A.iW ........ 22.307 2.609 19.698 0.149 0.962 144 121 

8:00 A.J\I ........ 22.IOI 2.694 19.407 0.156 I.DOI 14.7 123 -I.2 + 3.2 -r.s + 4.7 99 
-------------- ---------

{ 8:00 A.M ........ 19.792 2.395 17.397 0.152 0.817 12.5 rr3 
10:30 A.M ........ 19.017 2.792 16.225 0.290 0.883 13.6 rr7 -3.9 +15.9 -6.7 +9!.01 95 

------- ---------
{10:30 A.M ........ 19.564 2.778 16.786 0.290 0.963 12.8 120 

r:oo P.M ........ 20438 3.045 17.373 0434 0.985 15.5 137 +4-5 + 9.1 +3.6 +49·7 99 
-------------- ------------------

{ 1:00 P.M ........ 20.425 3.064 17.361 0.473 r.016 14.8 125 
3:30 P.1\L ...... 2r.272 3.220 18.052 0.542 r.046 I5.7 119 +4.l + 5.1 +4.0 +14.6 ro3 

------- ·-------· ----·----- ------

{ 3:30 P.M ........ 22.220 3409 I l8.8JI 0.567 I .071 I 18.8 133 
+4.21- 6.~ 7:00 P.M ........ 23.021 3.416 19.605 0.530 l.024 16.6 136 +3.6 + 0.2 IO/ 

-----· ----------
{ 7:00 P.M ........ 2I.l28 3.126 18.002 0.491 0.966 15.9 

I i 

+s.5 l-194 
123 

,II :oo P.1\I. ....... 2I.537 2.999 19.538 0.394 0.971 15.9 122 +r.9 - 4.r 109 
- ---------------------------__ ! ___ 

{11:00 P.M ........ 2r.647 3.065 18.582 I 0.397 1.009 15.5 123 
-r.51-24.9 4.ooA.M ........ 2!.120 2.821 18.299 0.299 0.910 14.2 125 -24 - 7.9 I06 

* Percent change in each interval calculated on the amount present at the beginning of that period. 
t By Walton and Coe (r4) method. 
N'OTE: Brackets indicate twin-leaves. 

Dry I St l Sol. Wt. arc 1 Solids 
---------

!03 ms 104 
---------

120 201 II2 
---------

131 300 II4 
---------

137 344 II/ 
---------

I 

138 322 II2 
------

132 259 II3 
------

12I 195 103 
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The right hand columns in tables 4, 5, and 6 show the percentage at 
the end of any given period when the amount at the start of the experiment 
is placed at IOO; thus, in table 4, column 9, the dry weight at s:30 A.M. 
is mo, and since the gain from 5 :30 to 8 :oo was 6.o percent (see column 6), 
the amount at 8 :oo is 106; and since the gain from 8 :oo to ro :30 was r Lj. 

percent of the amount at 8:00 the percentage at rn:30 \Vith reference to the 
start was I06 + ( o. I LJ. X 106) = I I 8. In this way the values showing 
the relations between the amount at any time and the amount at the start 
of the day were obtained (see text figs. r and 2). 

There is a danger in this method of procedure, in that it tends to pyramid 
values, and to propagate throughout the daily record any erroneous reading 
that may have been taken. But the occurrence of any large error can be 
detected by calculating the fresh weight percentage for the constituent at 
each sampling period. Thus, with the exception of the first and last samples, 
there are available always two simultaneous samples at each period, and, 
although these two were obtained by taking leaves from different plants, 
the fresh weight percentages should be reasonably nearly the same; in this 
way the occurrence of any large error can be detected, and its propagation 
throughout the day can be avoided. Although these calculated values do 
not have the dependability of the original data they show the general 
change throughout the day, and permit the construction of curves such as 
text figures I and 2, which have been built up into a continuous curve from 
the step-wise measurements of the individual periods. 

Another method of collecting samples so as to avoid this propagation 
of errors would be to pick at the beginning one leaf from each of all the 
pairs to be used during the experiment, keeping them in as many groups 
as there are subsequent sampling periods, and then to pick the corresponding 
pairs at intervals thereafter. The differences for different periods will then 
be the total difference over the entire period, and there will be no propagation 
of error. This has the disadvantage that no samples except the first will 
be simultaneous, and consequently no opportunity is had to check against 
accidental errors by computing the fresh weight percentages of the simul
taneous samples of non-twin leaves. 

Changes in Fresh Weight, Dry Weight, and Water Content 
Tables 4, 5, 6 and text figure I show an interesting difference in the 

behavior of the three types of leaves with reference to fresh weight, dry 
weight, and water content. The tip leaves did not decrease in fresh weight 
or water content at any time during the day but gained continually; the 
pair below the tip and the third pair lost water early in the mornin5 up to 
about 10:30, at which time they began to gain in water, but the pair below 
the tip did not recover the water previously lost until about I :oo P.M., 
and the third pair not until about 5 :oo P.M. The fresh weight change 
reflected the moisture change, being lowered somewhat in the early forenoon 
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and nsmg again during the night. Although the three types of leaves 
differed with respect to fresh weight and moisture changes, the dry weight 
changes were very similar (see table 4, column 6; table 5, column 9; table 6, 
column ro, and text fig. r). Even though the leaf weights of the types 
were quite different, the percentage increases during the first few periods 

IJJ 
:c 
I-

DRY WEIGHT 
140 

120 

100 

140 

FRESH WEIGHT 

120 

100 

80 

WATER CONTENT 
140 

120 

80 

s:ao s:oo ro:ao 1:00 
A.M A.M A.M P.M 

3;30 
P.M 

TIME OF DAY 

OT!P LEAVES 

6)PA!R BELGW TrP 
i.DTHIRD P/·.IR 

1:00 
P.M 

TIP LEAVES 

PAIR BELOW TIP 

THIRD PAIR 

TIP LEAVES 

PAIR BELOW TIP 

THIRD PAIR 

11:00 
P.M 

4:00 
A.M 

TEXT FIG. r. Amount present at the end of each interval with reference to the amount 
present at the start. Notice differences in the behavior of tip leaves, leaves below the tip, 
and the third pair of leaves, i.e., second pair below the tip. Salvia. splendens Ker. 

were similar numerically; during the night, however, the fall in dry weight 
was not so fast in the tip leaves as in the other types (see text fig. I). All 
three types had higher dry weights in the early morning of the second 
day than they had at the start of the experiment, whether the calculation 
is made on the twin leaf basis or on the percentage of the fresh weight basis. 
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Starch 

Although the term starch is applied throughout this paper, the method 
mainly used was that of acid-hydrolysis (see r, p. 95), and consequently 
the determination includes not only true starch but also all other compounds 
that hydrolyze with dilute acid to give copper reducing substances. In 
the present experiments the purpose was to test the use of the twin-leaf 
method for studying the changes of substances, and emphasis was not put 
on the nature of the substances themselves; consequently this grouping of 
substances will not seriously disturb the general conclusions. The \iValton 
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260 LEAVES BELOW TIP 

STARCH 
240 

(ACID HYDROLYSIS METHOD) 

220 

200 

180 

160 

140 

120 

IOO-f'""""~.,-~~-,-~--r~~~r-~~,-~~~""'T~~~T"'"~~,.....__. 
s:ao 
A.M 

a:oo 
A.M 

ll:OO l:OO 
A.M ~M 

4:00 
P.M 

r:oo 
P.M 

TIME OF DAY 

11:00 
P.M 

2:00 
A.M 

5:00 
A.M 

TEXT Frc. 2. Starch by acid-hydrolysis method in leaves below the tip with reference 
to the amount present at the start. Notice that time of attainment of the maximum and 
of the beginning of rapid translocation was early in the r929 experiment and late in the 1930 
experiment. Salvia splendens Ker. 

and Coe (14) method, which eliminates interfering polysaccharids, was used 
in one test (third pair of leaves in the 1929 experiment), but there was 
doubt as to whether the enzym was bringing about complete hydrolysis 
of the starch. Subsequent determinations showed about 25 percent lower 
values by the Walton and Coe procedure than by the acid-hydrolysis 
method. No doubt a study of changes in the non-starch acid-hydrolyzable 
polysaccharids would give interesting results, and it appears likely that the 
twin-leaf method would be well suited for this purpose. 

" 
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The quantity of starch (or the acid-hydrolyzable substances) found in 
each sample is shown in table 5, column 5, and table 6, column 5. The 
percentage increases during each experimental period are shown in column 
II, table 5, and in column 12, table 6. The greatest percentage increases 
occurred in the period from about 8:00 to 10:30 A.M., but the maximum 
amount of starch in the tissue was not reached until later in the day, about 
I :oo to 3:30 P.M. 

In text figure 2 will be found the relative amounts of starch present in 
the leaves at the various intervals during the day with reference to the 
amount present in the early morning. 

The data in tables 5, 6, and 7B show increases during a 2.5 hour period 
of 30 to 90 percent of the amount of acid-hydrolyzable substances present 
at the beginning of the period; this indicates that it would be possible to 
measure this increase over a much shorter period, possibly during a 30 
minute interval. 

Soluble Solids 

The weights of material soluble under the conditions of extraction used 
in these experiments are shown in table 5, column 6, and table 6, column 6; 
they are of interest in showing that the soluble solids made a complete 
excursion during the 24 hour period, increasing in amount up to about 
2:00 P.M., and then decreasing so that the amount present the next morning 
was about the same as that at the beginning of the experiment. 

Insoluble N1:trogen 

The changes in the amounts of nitrogen in the insoluble fraction were 
so small that it can not be definitely stated whether any change at ail 
occurred. As shown in table 5, column 7, and in table 6, column 8, the 
absolute amounts in 30 leaves underwent small changes during each experi
mental period but it seems unlikely that these differences are significant. 
Furthermore, when these amounts are calculated on the percentage of fresh 
weight basis, it is found that the range of values including both types of 
leaves and at all sampling periods throughout the day was only from 
0.54 percent to 0.71 percent of the fresh weight. There was a tendency for 
slightly higher values at about noon and lower values in the early morning. 
But it would require larger samples with the resulting smaller experimental 
errors to obtain dependable values for showing the change in insoluble 
nitrogen. 

Results of the May 1930 Experiment 
The results of the May 1930 experiment are shown in tables 7A and 7B. 

Table 7A gives the total amounts of substances found in the entire sample 
at each experimental period, and table 7B shows the percentage change 
during each period, and the relation of the value at any ti.me to that at the 
beginning of the experiment. 

,.. 

' . 
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TABLE 7 A. Changes in Salvia Leaves During a Day and Night. Jfay 1930 E.c.:perimelii 

Tip 
Leaves Below Tip Third Pair (Second Pair Belovr Tip) Leaves 

Total 
Time in 20 

Leaves 
Total in 20 Leaves Total in r5 Lcavi.::s 

--
Fresh I Starch Insol. 

1 

Fresh I Dr!: Water Starch ] Sol. I Jnsol. Fresh 
Wt. g. 

~~:·7: I o.:~8 N~:ig. :\::;: :'::·4~ ~~~- o.:·70 I :.:=+ ~~~ng. { 6:00 A.l\I. ....... 4.235 
8:30 A.M ........ 3.985 ~>.925 0.166 54 7.631 r.083 6.,H8 0.188 4.2 I 39 

----·----------__ I _____ [ ___ 
{ 8 :30 A. !\I. ..... 4.085 9.860 0.160 60 9.2531 r.26r 7.992 J o.r96, 4.3 I 47 

I I :oo A.l\I.. ...... 4.135 9.948 _0.207 I~ 9.177 r.353 7.824 I 0.28.:i I 5.0 I 49 

{II :oo A. !\I . . .... 3.716 8.945 0.178 57 - 7.978 r.r6:;-6.8;/ 0.2001- 5.s 1- 43 
I :30 P.l\I. ...... 3.859 9.324 0.232 60 8.064 r.28216.782 0.260 I 5.2 I 45 

{ r:,w P.M ........ 3.632 
---------------1-----l---1---
9.3r5 o.2r8 58 8-4/I r.36617.ro510.289 1 5.0 .+6 

4:00 P.l\I.. ...... 3.865 9.723 0.264 lost 8.742 r.49r 7.25r ! 0.307 lost 48 
----------[------·--

{ 4:00 P.M ........ 3.213 8.562 0.238 56 ~·347 I.4~91 ~.938 o.~96 4.6 4~ 
7:00 P.lVI. ....... 3.340 8.862 0.257 56 8.6r9 r.4,9 J / .qo 0 .• 96 4.9 4::i -----,------------

{ 7:00 P.M ........ 3.515 7.902 0.227 49 7.8r4 I r.265 6.549 0.273 I 4.2 4r 
10:30 P.M ........ 3.659 8.rro 0.227 49 7.676 r.234 6.442 0.273 I 4.0 40 

----------------'----
{10:30 P.M ........ 3.669 8.562 0.196 lost 7 .896 r.255 6.641 0.2821 4.5 4I 

2:00 A.M ........ 3.654 8453 0.180 53 7.649 r.r31 6.518 0.208 4.r +r 
----------1----

{ 2:00 A.M ........ 3.784 9.r37 0.212 s6 8.637 r.333 7.304 J 0.242 I 34 I 46 
5 :oo A.l\I. ....... 3.952 9.247 o.r5r 52 8.697 r.241 7.456 o.r97 4.4 1 H 

I i 

NO'rn: Brackets indicate twin-leaves. 

Fresh Weight 

Columns 2, 3, and 6 in table 7A, and columns 2, 3, and 5 in table 7B 
show that the fresh weight behavior was similar in most respects to that 
noted in the r929 experiment. The fresh weight losses in the early morning 
hours were greater in the 1930 experiment than in that of 1929, and the 
gain during the night was not as great. The percentage changes during 
the different periods are shown for the third pair of leaves in text figure 3. 

Dry Weight 

The dry weight values for the third pair of leaves are shown in table 7A, 
column 7, and in table 7B, columns 6 and r3. They are of special interest 
in comparison with the results from the 1929 experiment in showing maxi
mum dry weight values much later in the day. Thus, in r929 this maximum 
was reached by midcafternoon but in r930 it did not occur until about 
7:00 P.M. The percentage changes in dry weight during different intervals 
are shown for the third pair of leaves in text figure 3. 



TABLE 7 B. Percentage Changes and Relative Amounts Present at Intervals, as Calculated from Data in Ta.ble 7 A 

Percent Gain ( +) or Loss ( -) During Each Interval* Relative Amount Present at End of Period, 
Amount at 6:00 A.J\'I. as 100 

Time Interval Tip 
Leaves Below Tip Third Pair Tip Leaves Below Third Pair Leaves Leaves Tip 

---
Fresh Fresh Starch Fresh Dry \.Yater Starch Fresh Fresh Starch Fresh Dry Starch Wt. Wt. Wt. Wt. Wt. Wt. Wt. Wt. 

------------- ---------------
6:00 to 8:30 A.M ............. -6.o -6.8 +12.2 -I0.2 + 3.3 -12.I +rr.8 94 93 II2 90 103 Il2 
8:30 to II :oo A.M ............ +r.2 +0.9 +29.4 - 8.2 + 7.3 - 2.I +4+4 95 94 145 83 III 161 
II :oo A.M. to 1 :30 P.M ....... +3.8 +4.2 +30.4 +rn.8 +10.2 - 0.5 +30.0 99 98 189 92 122 210 
I :30 to 4:00 P.M ............. +6.4 +4·4 +2I.O + 3.2 + 9.1 + 2.1 + 6.2 !05 102 229 94 133 223 
4:00 to 7:00 P.M ............. +3·9 +3·5 + 8.o + 3.3 + 5.0 + 2.9 0 109 106 247 98 140 223 
7:00 to 10:30 P.M ............ +4.1 +2.6 + 2.7 - I.8 - 2.4 - 1.6 0 Il3 109 247 96 131 223 
10:30 to 2:00 A.M ............ -0.4 -r.3 - 8.2 - 3.1 - 9.9 - r.9 -26.0 II3 107 233 93 118 217 
2:00 to 5:00 A.M ............. +4-4 +r.2 -28.8 + 0.7 - 6.9 + 2.I -r8.6 II8 109 r66 93 109 177 

) ! 

*Percent change during each interval calculated on the amount present at the beginning of that period. 
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vVater Content 

This was obtained in the 1930 experiment only for the third pair of 
leaves (second pair below tip, see table 7A, column 8, and table 7B, column 
7). Losses of water were high until II :oo A.M., at which time the water 
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., DRY WEIGHT 

1:30 
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4:00 
P.M 

1:00 

P.M 

TIME OF DAY 

10:30 

P.M 

RATE CURVE 

THIRD PAIR OF LEAVES 

MAY 1930 l:YPERIMENT 

2:00 
A.M 

s:oo 
A.M 

TEXT FIG. 3. Rate curve; gain or loss during each period expressed as the percent of 
the amount present at the beginning of the period, and plotted at the middle of each period. 
All three curves for the third pair of leaves, i.e., second pair below tip. .Salvia splendens Ker. 

content began to gain; but these leaves did not recover their original water 
content during the night as was the case in the r929 experiment. 

Starch (Acid-hydrolyzable Polysacchari'.ds) 

The data for the pair of leaves below the tip and for the third pair of 
leaves are shown in table 7.A, columns 4 and 9, and in table 7B, columns 4, 
8, II, and 14. The percentage gains during each 2.5 hour period were 
again large in the forenoon, the gains being 30 to 44 per cent of the amount 
present at the beginning of each period. The results of the 1930 experiment 
differed from those of 1929 in the time during the night at which the losses 
began to take place. In the 1929 series this reduction in the amount of 
starch started in mid-afternoon (see text fig. 2), but in the 1930 series 
losses in starch did not begin until about midnight (see text fig. 2); the 
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starch values remained nearly constant from about 4:00 P.M. until about 
10:30 P.M. 

Insoluble Nitrogen 
In the 1930 as in the r929 experiments the data show very little change 

m the amount of nitrogen in the insoluble portion. The absolute amounts 
in the samples at the beginning and at the end of each period fail to show 
any clear gains or losses that can not be accounted for as experimental 
errors, and the percentage of the fresh weight showed nearly the same 
values throughout the day. Here again the values tend to be slightly 
higher during the middle of the day but the difference is not great enough 
to be conclusive. 

Sugar 
The preliminary experiments in 1929 indicated that Salvia leaves were 

Yery low in sugar, this constituent being about o.r to 0.3 percent of the 
fresh weight. In the 1930 experiments an attempt was made to measure 
the sugar change during the day by means of the Somogyi (I I) modification 
of the Shaffer and Hartman (ro) method. This is applicable to amounts 
of sugar varying from zero to t\vo milligrams in a five cc. sample. The 
sugar values obtained in the 1930 experiments for the various samples 
throughout the day are shown in table 8 \vhich gives not only the absolute 

TABLE 8. Diurnal Yariation of Sugar in Leaves of Sa.lvfo },fay 1930 Experiment 

Tip Leaves Tliird Pair 

Reducing Sugar Sucrose* Reducing Sugar Sucrose* 
Time of Day 

I 
Total in ~10 of Total in ~;~ of Total in I ~7b of Total in ~-;:i of 

mg. \Veiglit mg. Weight mg. \V-eight mg. \Veigl1t 
20 Leaves Fresh 20 Leave~ Fresh r 5 Lea.\·esl Fresh 15 Leaves Fresh 

---------- -------------------------
7.2 0.17 4.3 o.ro 8.6 o.II 7.8 0.09 
8.5 0.2I 6.3 0.!6 9.6 0.13 IO.O o.r3 

6:00 A . .:-.I.. ........ . 
8 :30 A.l\I. ... . 
------------- --------------------------

8:,30 A.l\I ......... . 
II :oo A.:c\1.. .. ....... . 

9.9 0.24 7.5 o.r5 12.5 o.q. I I.I O.I2 
10.3 0.25 9.0 0.22 r6.r o.r8 r3.8 o.r5 

-------------------
9.9 0.27 8.r 0.22 13.4 0.17 13.2 o.r7 
8.6 0.23 7.8 0.20 12.5 0.14 9.6 O.I2 

u :oo A.M .............. . 
I :30 P.~v!. ............. . 

----------------------
8.8 0.24 7.r 0.20 13.7 o.r6 13.2 o.r6 
8.5 0.24 9.2 0.24 12.I 0.14 14.2 o.r6 

I :30 P.l\·1. ............. . 
4:00 P.lVI. ............. . 

-------------------
7.0 0.22 94 0.29 12.6 0.15 13.6 o.r6 
6.9 0.2I ro.6 0.32 12.6 0.15 15.5 o.r8 

4:00 P.M .............. . 
7:00 P.M ... _ .......... . 

--------------------
7.4 0.2I 9.9 0.28 8.2 O.I2 14.0 O.IS 

7.3 0.20 74 0.20 IO.I 0.14 r3.o O.I7 
7:00 P.M .............. . 

10:30 P.M .............. . 
-----· -----------------

10:30 P.M ............. _ . 
2:00 A.M .............. . 

6.5 o.r8 
6.o o.r6 

9.7 0.26 
6.5 O.I8 

8.3 O.I I 
74 O.IO 

14-4 0.18 
9.1 O.I2 

------------------------------------
2:00 A.M .............. . 
5:00A.M .............. . 

6.7 o.r8 
7 .I o.r8 

6.3 
4.3 

*By acid inversion in the cold, see I, p. 95 • 

0.17 
O.II 

O.I I 
O.II 

r3.8 
7.8 

O.I6 
0.09 
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amounts in the entire sample but also the fresh weight percentages. It is 
seen that only small changes occurred. The reducing sugar values gave 
increases up to about I I :oo A.M. and then fell off tmvard the next morning. 
The sucrose values are subject to greater error since they are arrived at by 
means of the difference of two measurements; but, as a whole, low values 
were obtained in the early morning samples, with higher values about 
-1-:00 P.1\1. 

It may be questioned \v·hether these observed differences are real, in 
view of the small amounts present and the large percentage error involved 
in their determination. The percentage of the fresh weight varied only 
between the limits of o.r I percent and 0.27 percent for the reducing sugar, 
and between 0.09 percent and 0.32 percent for the sucrose. Compared, 
therefore, with the changes that \vere observed in fresh weight, dry \Veight, 
starch, etc., the sugars have shown very little fluctuations during the clay. 

It should be stated that these sugar determinations were made with 
uncleared solutions and represent, therefore, not merely sugar but all other 
substances that reduce copper under these conditions. It was not found 
feasible to clear with lead acetate, since the volume of liquid available for 
the test was small and the losses in amounts of liquid resulting from the 
procedures in leading and deleading were large. Preliminary tests indicated 
that leading and deleading decreased the apparent sugar content by about 
one-fifth or one-fourth. 

Dry Weight 1ncreases per Square Meter of Leaf Surface per Hour 
Time was not available for taking the leaf areas of all the samples in 

these series of measurements. But, to permit a comparison of these 
measurements with previous work on diurnal changes in which the results 
were always expressed on the leaf area basis, the general relation between 
the leaf weight and area was established. Thus, in table 9 are shown the 

TABLE 9. Relation Between Fresh !Feight and Area of Salvia Leai•es 

Fre"ll v,,· eight Area in 

11 

Fresh \Veight Area in 
of Leaf, grams sq. cm. of Leaf, grams sq. cm. 

o.86 19.8 0.30 8.2 
0.60 r3.7 0.08 2.7 
0.38 9-9 o.r3 3.9 
0.27 8.2 0.30 7.8 
0.!6 5-7 0.27 84 
o.r7 5-3 048 r2.6 
0.52 r3.o 0.37 ro.7 
043 I I.4 o.r6 5.;3 
0.52 13.7 0.22 6.9 
o.68 19.0 0.46 12.0 

Non:: The weights and areas of leaves were recorded in the above table in the order in 
which the measurements were made. From this table a graph (not shown in this paper) 
was prepared, giving the relation between weight and area. From this graph the average 
areas of the leaves of the various samples were calculated for use in table IO. Small leaves 
have a greater leaf area per fresh weight than large leaves, e.g., leaves that were o.I gram in 
weight gave areas of about 3.1 sq. cm. while those with weights of 0.3 g. and 0.5 g. gave 
areas of about 8.3 and'13.o sq. cm., respectively . 

.. 
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fresh weights and leaf areas of 20 Salvia leaves of various sizes. From these 
measurements a graph (not shown) was prepared from which the average 
leaf weights in the various samples were translated into average leaf areas, 
at least with fair accuracy. The corresponding gain in dry weight per leaf 
area during each interval was calculated for the leaves below the tip in 
the 1929 experiment, and for the third pair of leaves in both years. The 
results are shown in table IO which shows the gain in grams per square 

TABLE IO. Dry Weight Increase per Square Meter per Hour 

April 1929 Experiment 

Time Interval 

5:30 to 8:00 A.M ....... . 
8:00 to 10:30 A.M ....... . 

10:30 to r :oo P.M ....... . 
r :oo to 3:30 P.M ........ . 
3:30 to 7:00 P.M ........ . 

Average ............. . 

Leaves 
Below Tip 
g. per sq. 
n1. per hr. 

0.50 
r.r6 
2.68 
r.09 
0.39 

r.r6 

Third 
Pair 

g. per sq. 
tll. per hr. 

May r930 Experiment 

Time Interval 

0.33 6:00 to 8:30 A.M ........ . 
2.78 8:3otorr:ooA.M ........ . 
r.94 r r :oo to r :30 P.M... . .. . . 
r.oo I :30 to 4:00 P.M ........ . 
0.30 I 4:ooto 7:00P.M ....... . 

~7-, Average ............. . 

Third 
Pair 

g. per sq. 
m. per hr. 

o.66 
I.58 
2.r7 
2.28 
r.05 

r.54 

meter of leaf area per hour during each interval in which gains in dry 
weight were made. It is seen that a series of values was obtained showing 
how the rate changed from one period to another. Thus, in the 1929 

experiment, with the leaves below the tip, the successive gains were 0.5 
gram per square meter per hour during the period from 5 :30 to 8 :oo A.M., 
I.I6 from 8:00 to ro:oo A.M., 2.68 from 10:30 A.M. to r :oo P.M., 1.09 

from 1:00 to 3:30 P.M., and 0.39 from 3:30 to 7:00 P.M. Thereafter the 
dry weight decreased. It is interesting to compare the results in the two 
different years, the maximum rate of gain occurring later in the day in 
the 1930 than in the 1929 experiments; e.g., for the third pair of leaves the 
highest rate was between 8:00 and I0:30 A.M. in 1929, and between I :30 

and 4 :oo in the 1930 experiments. 
vVe may compare these values with previous measurements of dry 

weight increase. Kostytschew (8, p. 177) gives the amounts per square 
meter per hour for different species, and in his list the values range from 
LOO to 2.37. The bottom line in table IO shows that the average values 
in the present experiments (r.r6 to r.54 g. per sq. m. per hr.) come within 
the range of the Kostytschew values. 

The gains in dry weight per leaf area are usually given as average 
values over a considerable period of time, often for a ten hour period, but 
the details in table IO are of much greater interest, since they show not 
only the average over a considerable period but also show the values for 
each interval. It is seen that the rate over a short interval may be more 
than twice the average rate over a long period; and probably if suitable 

.. 
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conditions as to starch depletion before the start of the experiment were 
provided, even larger differences between gains during short exposures and 
average gains over a long period would be found. 

DISCUSSION 

It is likely that Sachs tested the opposite leaf possibility in connection 
with the early experiments on this subject, since he speaks (9, .p. 7) of the 
use in some cases of opposite leaflets of compound leaves, but no detailed 
data on the point have yet come to the writer's notice; also Broocks (2) 
when dealing with plants "mit gefiederten Blattern (Bohne, Kartoffel)," 
used opposite leaflets, but there is no evidence that he regarded this as an 
improvement. Perhaps this method was tested and discarded by them 
for the reason that the symmetry error was found to be higher with opposite 
leaves than with opposite halves. They could not foresee, of course, that 
in later years there would ·be brought forward objections which would 
suggest the need of sacrificing accuracy in the sample weight in order to 
attain an advantage in another direction. 

Even though it may be shown in the future that there is greater uni
formity in opposite halves than in opposite leaves, we should not merely 
on that account condemn the twin-leaf method. It has an important 
advantage in that the errors arising from mutilation of the leaf are much 
reduced. We can not say at present that the cutting of the petiole has 
no effect at all upon the opposite leaf, but we can reasonably expect that 
the effect is small because of the small amount of tissue involved in cutting 
through the petiole, and because of the distance to the opposite leaf blade 
whose metabolism must be affected to. bring about an error in the method. 

The suggestion that the opposite halves of a leaf are more nearly in 
the same physiological condition than any two leaves upon the plant, 
does not appear to represent the situation correctly. This may be true 
when the leaf is intact, but when one half is cut away the physiological 
condition of the other half is so seriously disturbed that the previous 
advantage in this respect is no longer present. 

There is a restriction in the number of kinds of plants with which the 
twin-leaf method can be used. Only those with opposite leaves or leaflets 
are available, and, of these, only those showing a sufficient uniformity in 
size and chemical composition for the purposes of the experiment. But it 
is believed that there are many such, and since in certain types of experi
ments the species to be used can be deliberately chosen, it is possible that 
the method can find a good field of usefulness. 

SUMMARY 

r. Because of the objections that have been made against Sachs' half
leaf method of measuring changes in leaves during a definite time interval, 
attention was turned to the possibility of using the pair of leaves of species 

.. 
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having opposite leaves or leaflets, the plan being to take one leaf of the 
pair at the beginning of the period and the other one at the end. It is 
suggested that this be called the "twin-leaf" method to distinguish it from 
the half-leaf method. An alternative name is the "opposite-leaf" method. 

2. In order to determine the extent of the variation in opposite leaves, 
samples of single pairs and of composite samples including several leaves 
were taken, fresh and dry weights were obtained, and in some cases chemical 
analyses for various constituents were made. 

3. Tests of different species showed favorable results with several, the 
error involved in the assumption that the weights of the opposite leaves 
were equal amounting in Salvia splendens to about five percent, which 
would represent an error of about one percent on a composite sample of 
25 leaves and of about two percent on a sample of nine. 

4. The method was then applied to the determination of diurnal changes 
in the leaf blades of Salvia. Samples were taken on April 3, 1929, at 5 :30, 

8:00, 10:30 A.M., l:oo, 3:30, 7:00, II:oo P.M., and 4:00 A.M.; 30 leaves 
were taken at the beginning of each period and the opposite leaves in each 
pair at the end. Another series was carried through the 24 hour period 
on May 12, 1930, samples being taken at 6:00, 8 :30, l I :oo A.M., r :30, 

4:00, 7:00, 10:30 P.M., 2:00 and 5:00 A.M., 15 to 20 leaves being taken 
at each period and all samples being made comparable by the use of opposite 
(twin) leaves. In both series leaves of three types were collected: tip 
leaves, leaves below the tip, and the third pair (i.e., second pair of leaves 
below the tip). The three types of leaves were collected and analyzed 
separately. 

5. The analytical data for the various samples at each period included 
fresh weight, dry weight, water content, starch, soluble solids, insoluble 
nitrogen, etc. The tables and graphs show the absolute amounts of material 
present in each sample, the percentage gain or loss during each period, 
and the relative amount of each constituent at any time with respect to 
the amount present in the first sample taken in the early morning. 
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OXYGEN REQUIREMENTS FOR ROOT GROWTH OF 
CUTTINGS IN \iVATER 1 

P. V\l. ZIMMERMAN 

INTRODUCTION 

Those who attempt to review the literature on aeration as affecting 
plant growth find it varied and voluminous. Many reports are conflicting 
as might be expected in so large a field. Some phases of the subject, such 
as oxygen requirement for growth in liquid media, have not been extensively 
investigated. The present paper shows some of the effects of known 
amounts of dissolved oxygen on growth of roots from cuttings. 

Livingston and Free (ro), using sealed soil containers which could be 
auto-irrigated and aerated, concluded that plants vary in their requirements 
for oxygen, willow being a low and coleus a high oxygen type. Complete 
deprivation of oxygen caused sensitive species like coleus and heliotrope 
to wilt. The roots failed to take up water and the plants soon died. 
Cannon (3) in 1915 noted a relationship between moisture, aeration, and 
temperature as environmental factors which control the distribution of 
plants. 

Free (8) found that buckwheat in culture solutions was not improved 
by aeration with air, oxygen, or nitrogen. It was not injured by nitrogen 
but was killed when aerated with carbon dioxid. Cannon (4) in r925 
showed that the requirements of cotton for oxygen varied with the tempera
ture. Growth was normal at 21° C. when the air surrounding the roots 
had only 2.6 percent oxygen, while the plants in this same amount of oxygen 
but at 28° C. gave approximately one-fourth of normal growth. Corn at 
18° C. or higher required more than ro percent oxygen in the air surrounding 
the roots. \iVhen the growth rate of plants was normal for a given concen
tration of oxygen, the addition of more of this gas did not further increase 
growth. Emerson (7) found the subterranean systems of plants growing 
on floating bog mats to be very superficial and nearly all above the water. 
He thought that some of this superficial development might have been due 
to toxic materials in bog water, but that oxygen doubtless played a part. 
Bergman (r) observed that roots of land plants do not live under prolonged 
submergence. The roots soon die and new ones are developed from the 

1 Contributions from the Boyce Thompson Institute for Plant Research, Inc., Yonkers, 
New York, published at the exp~nse of the Institute out of the order determined by the date 
of receipt of the manuscript. 
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stem near the surface of the water. \Vhen, however, the water was aerated 
the roots were able to endure submergence, though some retardation was 
noted. In nature the oxygen content of swamp water decreased from the 
Carex stage to the Clzamaedaphne-Andronzeda stage. Ecesis, he concludes, 
can occur only when the oxygen requirements are satisfied. Bergman (2) 
noted that the oxygen content of water where cranberry plants were 
submerged varied on cloudy and clear days. Shaded tubs containing 
submerged plants had less oxygen than controls in direct sunlight. 

In 1921 Clements (5) published a monograph in which he summarized 
approximately 700 papers dealing with aeration and air content. \\'ith this 
publication at hand there is little need in this paper for further references 
to literature. The data reported l:erewith are primarily to show the effect 
of various concentrations of oxygen on the production of roots by cuttings. 

METHODS 

Cuttings were placed in water of different depths. The containers used 
were glass cylinders 9 inches in height by I~ inches in diameter or large 

TEXT FrG. r. Apparatus used for micro-determination of oxygen in water. 

test tubes 16 inches by 2 inches. A complete experiment usually consisted 
of aerated and not aerated cuttings in shallow, medium deep, and deep 
water. Aeration was accomplished by bubbling air or oxygen from cylinders ·"""' 

• 
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through the water. Five cc. samples of water were withdrawn from various 
depths and analyzed for oxygen. 

The analyses 2 were made with a specially designed apparatus described 
by Thompson and Miller (12). A picture of this apparatus may be seen 
in text figure I. 

In a few cases oxidizing compounds such as potassium permanganate 
and hydrogen peroxid were added in different amounts to tap water in 
which the cuttings were grown. Additional amounts of these chemicals 
were added at regular intervals. 

Tap water was used in most cases. \Vhen it was necessary to start 
with water that was low in oxygen the tap water was first boiled. In some 
cases, paraffin oil was placed over the surface of the water to decrease 
absorption of oxygen from the air. 

Where light appeared to be a factor in controlling root development or 
oxygen content the tubes were either wrapped with black paper or placed 
in a dark room. 

Any variations in the methods are described in connection with the 
report of results. 

MATERIAL 

Salix pendula (willow), Forsythia intermedia, rose (Dorothy Perkins), 
Salvia splendens, Coleus Blumei, Hedera 'helix (English ivy), Lycopersicum 
esctdent2tm (Bonny Best tomato), Digustrum ovaUfolium (privet), Phila
delphits sp., Chrysanthemum sp., Pr-unus tomentosa, Portulaca oleracea 
constituted the main types that were tested. Long cuttings were used so 
that they could be placed in deep or shallow water. Both leafy shoots and 
dormant leafless stems were tested in the course of a year. 

RESULTS 

Four long Salvia sftendens cuttings were placed in each of 12 cylinders 
so that the basal ends rested on the bottom and the leaves extended above 
the glass. The cylinders were then divided into four lots of three each for 
various treatments as shown by the following plan: 

2 The method of procedure up to the point of titration was well described by Thompson 
and Miller (12) and for that reason is omitted from this paper. The iodine liberated was 
titrated with N/500 sodium thiosulphate. According to Scott (rr) r cc. of N/40 sodium 
thiosulphate is equivalent to 0.2 milligram oxygen by weight or 0.1395 cc. oxygen by 
volume under standard conditions. Then 1 cc. of N/500 sodium thiosulphate would be the 
equivalent of .000016 g. of oxygen. On a 5 cc. sample, which represents the volume analyzed 
with our apparatus, r cc. of N/500 sodium thiosulphate = .000016 X 100/5 or .00032 
percent of oxygen or 3.2 p.p.m. To calculate the parts per million of oxygen in the 5 cc. 
sample multiply the number of cc. of sodium thiosulphate used in titration by the factor 3.2. 

. . 

.. 

. . 
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Lot 

Lot A, cylinder I ...... . 
Lot A, cylinder 2 .. 
Lot A, cylinder 3 .. 

Lot B, cylinder I ...... . 
Lot B, cylinder 2 ........ . 

Lot B, cylinder 3 ........ . 

I} 
.:j.} 
7 

1 Tap water not aerated 

! Tap water affated with oxygen 

--------------1---·---·~·-·-~-------·~·---·--·---·---
Lot C, cylinder I ........... . 
Lot C, cylinder 2 ........... . 
Lot C, cylinder 3 .... . 

Lot D, cylinder I ......... . 
Lot D, cylinder 2 ........... . 
Lot D, cylinder 3 .......... . 

Water was boiled then oiled with 
paraffin oil to prevent oxygen 
absorption from the air · c 

\\"ater was boiled then oiled with 
paraffin oil and aerated with oxygen 

The water used in two lots was boiled so as to luwer its oxygen content 
at the beginning of the experiment. In two lots the water was aerated with 
oxygen from a tank through glass tubes extending· to the bottom of the water 
column. Also in two lots paraffin oil was placed on the surface of the water 
to decrease the absorption of oxygen from the air. The water levels were 
kept constant by means of siphons from reservoirs. The results of the ex
periment are shown in text figures 2 and 3. Rooting occurred in lot A at 
the base of the cutting in shallow tap water, but in the deeper water roots 
appeared some distance above the base near the surface of the water. 
Cuttings in the deepest water did not root. Lot B which was the same 
except that the water was aerated showed rooting at the base of all the cut
tings even in the deepest water. Lot C in water which had been boiled and 
oiled produced no roots, but Lot D which had water that had been boiled, 
oiled, and then aerated produced roots at the base in all depths of water. 
\Vhere aeration was maintained salvia cuttings rooted regularly at the base, 
whereas rooting occurred above the base in four inches of non-aerated water. 
At the time this experiment was in progress equipment for determining small 
quantities of oxygen in water was not available, but there was strong evi
dence that oxygen was the limiting factor. Accordingly, in later experi
ments a method was worked out whereby 5 cc. samples of water could be 
drawn out of the cylinders and analyzed quantitatively for oxygen. The 
method used was a modification of the \\'inkler (13) method with an appar
ratus described by Thompson and Miller (r2). With this method it was 
possible to withdraw and analyze a sample from any point along the stem 
with very little mixing of the water. 

In order to get quantitative measurements of minimum oxygen require
ments for root growth, some cuttings were selected from plant types like 
willow which have the capacity to root at various places along the stem. 
These cuttings were grown in r6" glass tubes as shown in text figure 4. 
The response was somewhat similar to that of salvia in that there was a 

• . . 
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'.~. TEXT Fw. 2. Salvia cuttings in water from August 2, 1929 to August 24, 1929. A, 
cuttings in tap water not aerated;. B, cuttings in tap water aerated with oxygen. 

' 

I 
r 
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TEXT FIG. 3. Salvia cuttings in water from August 2, 1929 to August 24, 1929. C, 
cuttings in water that .was boiled to remove the oxygen and then oiled with paraffin oil to 
decrease oxygen absorpwon; D, cuttings in water that was boiled, then oiled a1'.d aerated. 
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tendency for roots to form near the surface of non-aerated deep water and 
at the base of the aerated cuttings. This peculiar response in non-aerated 
tubes furnished an opportunity to determine the amount of oxygen where 
roots grew well, or poorly, or not at all. The results of analyses are reported 
in table I. Text figure 4 shows the root response in different depths of 

TEXT FIG. 4. Willow cuttings started Ocfober 24, r929 and photographed ::'\ovember 
r6, r929. The glass tubes were r6" long by 2" in dbmeter. The water depths were 2", 
8", and 15". 

Left, three tubes not aerated; right, three tubes aerated with oxygen from a commercial 
cylinder of the gas. 

aerated and non-aerated water. Roots grew near the surface of the water in 
the non-aerated tubes. At the time the experiment was started tap water 
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had approximately eight parts of oxygen per one million parts of water, 
but eight days later when roots were starting the oxygen in the non-aerated 
shallow water had been reduced to 3.2 p.p.m. At the bottom of an 8" 
column of water the reading was o.6 p.p.m. and at the bottom of a I 511 col
umn no oxygen was detected and no roots had grmvn. The aerated series 
showed at the same time rooting and approximately 18 parts of oxygen per 
million of water at all points in the tubes. 

TABLE l. Response of Salix pendula (willow) cuttings approximately .r8" long taken Oct. 
24, .r929 and placed in lest tubes (.r6 11 X 2") containing three dzfferenl depths nf 

water to determine the oxygen requirements for root growlh 

Treatment and Date 
of Analyses 

Depth of \Natc·r 
Column, in 

Inc he~ 

Point Below Surface Ox~·gc~n 
from \Vl1ich Sample p.p.rn. 

\Vas Drawn, in Inches 

Length of 
Roots in 
[nches 

----·--------·-------·----·'--·-·-··---·-1·-·--1-·----
Series A 
Not aerated 
Analyses made rr /2 

Tube I .................... . 
Tube 2 .............. . 
Tube 3 ............. . 

2 

8 
15 

2 
8 

15 

3 .2 Starting 
0.64 () 
o.oo 0 

----------------------·----------~------- ------
Series B 
Aerated with Oxygen 
Analyses made r r /2 

Tuber .................... . 
Tube 2 .................... . 
Tube 3 .................... . 

2 
8 

15 
===========!============= 

Series A 
Not aerated 
Analyses made r 1/6 

Tube I .................... . 

Tube 2 .................... . 
Tube 2 •.................... 
Tube 3 .................... . 
Tube 3 .................... . 
Tube 3 ............. . 

2 
8 
8 

15 
rs 
15 

2 
8 

I 
I 
8 

7 
rs 

---------------1--------· --------
Series B * 
Aerated with Oxygen 

18.7 Starting 
19.2 Starting 
18.7 Starting 

::=:.:::.=:::::...:.=:::::::=: 

6.6 2 
0.5 i 
O.I 0 
o.6 .l 

4 

0.3 () 

0.2. 0 

About 2 in 
all depths 

*Analyses were not made throughout on the aerated series because they always showed 
much more oxygen (approximately 20 p.p.m.) than is required for root growth. 

Thirteen days after the experiment had been started, roots were growing 
near the surface of the water in all the non-aerated tubes. In the shallow 
water, however, the roots were two inches long with the oxygen at 6.6 p.p.m. 

'as contrasted with one-fourth inch roots in the deep water, where the oxygen 
had been reduced to o.6 p.p.m. (see table I). In the aerated series the roots 
were approximately two inches in length and the oxygen content was 
approximately 18 p.p.m. throughout the tubes. Though the. roots grew 
throughout the deep aerated water there was a tendency for the cuttings to 
exhibit some polarity by having the largest roots near the base. Polarity 
was disturbed in the deep water, non-aerated series, due to the very low oxy
gen supply at the base of the cuttings. 

"' 

-
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TABLE 2. Variation of oxygen supply in water of aerated and non-aerated lots of Salix pendula 
(willow) cuttings. Experiment started II /22/29 

Treatment and Date 
of Analyses 

Depth of Water 
Column, in 

Inches 

Point Below Sur- i 
face from \Vhid1 

Sample \Vas Taken, 
in Inche8 

Oxygen 
p.p.m. 

Length of Roots. 
in Inches 

------------- ·-·----·-- ------·-·--------- -------·-
Series C 
Not aerated 
Analyzed n/26/29 

Tube 2. . . . . . . . . . . . . . 8 8 r.34 
Tube3 .............. 15 15 0.64 

0 

0 
0 

Tube r . . . . . . . . . . . . . . 3 3 I .J.4 

---------·-- --------1----·-·--·1---------------
Series D I 
Aerated with oxygen 

11 Analyzed rr/26/29 
Tube r ...... , ...... . 
Tube 2 . . , .......... . 

3 

I 

c1 

8 8 
Tube 3 ............. . 

Series C 
Not aerated 
Analyzed 12/6/29 

Tuber ............. . 
Tube 2 ....... , ..... . 
Tube 2 ........ , .... . 
Tube 3 ............. . 

15 

3 
8 
8 

15 

15 
1·-

3 
l 
8 

15 

18.5 
18.o 
15.0 

4.8 
(>.96 
0.64 
0.3 

0 
0 
0 

:l 

" 0 
() 

0 
------------1----------- ------------ ------------ -------
Series D 
Aerated with oxygen 
Analyzed 12/6/29 

Tube 1 ............. . 3 3 19.6 I I!; 
Tube 2 ..... , ....... . 
Tube 3 .. , .......... . 

8 8 18.o 
_ j 

I 

IS rs 18.5 I 

Series C 
Not aerated 
Analyzed 12/11/29 

Tube I. . . . . . . . . . . . . . 3 3 5.08 
Tu be 2 . . . . . . . . . . . . . . 8 4 l .44 ~ 
Tube2.............. 8 8 I 0.64 0 

0 
0 Tube 3. . . . . . . . . . . . . . 15 15 0.2 

Tube 3. . . . . . . . . . . . . . 15 z o.r6 I 
----------- . ------- ---------!------- ---------
Series D * I All aerated Roots in all 
Aerated with oxygen tubes were high 1 tubes were 2 to 

in oxygen there- 3 
fore they were 
not alwavs test-
ed , 

=============-:.f: =====:~cc=======!=======-='-=""·-===== 
Series C 
Not aerated 
Analyzed 12/16to 12/19/29 

Tube 1 ............•. 
Tube 2 ............. . 
Tube 2 ............. . 
Tube 3 ............. . 
Tube3 ............. . 
Tube,) ............. . 

" 8 
8 

15 
IS 
IS 

" I 
8 
I 

7 
15 

r.79 
I.IS 
r.05 
0.89 
o.8 
0.416 

I 
I ~+ 
/ Roots1 starting 

Roots starting I Roots starting 

-·------------ -------·1---------· ----------- - ,_, _________ , __ 
i 3 to 4 

I 
Series D * 
Aerated with oxygen 

*Series D omitted because oxygen was high throughout and roots were large (see text 
fig. 4.) 
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In another series .of experiments with Salix pendula, the cuttings in non
aerated water failed to deplete the oxygen supply and as a result roots grew 
more or less uniformly along the stems from the surface of the water to the 
base of the cuttings. The oxygen supply varied more than could be ac
counted for, first running low and then high toward the end of the experiment 
(see table 2). The tubes not having been wrapped with black paper, there is 
a possibility that the green stems in light caused an increase of oxygen 
through photosynthesis. Also, green algae developed in some of the tubes 
and might have been responsible for keeping the oxygen high. 

The aerated lot of this series showed two striking differences from the 
non-aerated. The roots in aerated water were produced near the base of the 
cuttings and there was very little development of excrescences from the lenti
cels (text fig. 5). Hahn, Hartley, and Rhodes (9) stated that hypertrophied 
lenticels were produced on conifer roots in various types of soil in the presence 
of excessive moisture. Contrary to previous views that such hypertrophies 
are due to increased sap pressure, these authors believe that such excres
cences may also be due to oxygen deficiency. There is a close relationship 
between the available oxygen supply and the development of hypertrophied 
lenticels on willow stems. The greatest development yet found was at a 
place where the supply was approximately one part of oxygen to one million 
parts of water. The development of these excrescences then diminished 
toward the base of the cuttings where the oxygen was nearly exhausted 
(text fig. 5). Aerated willow cuttings produced roots without at the same 
time producing hypertrophied lenticels, but when the aeration was stopped 
for a few days excrescences developed rapidly. 

Running water through tubes had essentially the same effect on root 
growth as aerating the water. This result might be expected since the oxy
gen in tap water was usually eight to ten parts per million of water which is 
more than has been found necessary for growth of willow roots. 

Oxygen requirement varied with the species. Hedera helt:x (English ivy) 
was grown in aerated and non-aerated water. Table 3 shows the results of 

TABLE 3. Hedera helix (English ivy) in aerated a.nd non-aerated water. The experiments 
started Nov. I2, I929 and the analyses were made Dec. 9, I929. See text figure 6 

Treatment 
Point Below Surface Oxygen Approximate Root at Which Sample Was p.p.m. Length in Inches Taken, in Inches 

Not aerated 
Tube I ....................... . I~ 4.5 2 
Tube 2 ....................... . 4 4.0 I 

7 I.8 1 
8 Tube 3 ....................... . 

Aerated with oxygen 
Tuber ....................... . I~ 22.0 2 to 3 
Tube 2 ....................... . 4 22.4 2 to 3} 
Tube 3 ....................... . 7 20.I 2 to 4 

.. 



626 THE BOYCE THO~fPS0'.\1" INSTITUTE FOR PLANT RESEARCH, INC. 

TEXT FIG. 5. Willow cutting in non-aerated water. Note the hypertrophied lenticels 
near the surface of the .water and how they decrease in size to the ba!,l.e of the cutting where 
the oxygen supply was low (0.1 to 0.3 parts per million of water). ' , 
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water analyses 30 days after the exp0riment was started, and text figure 6 
shows the appearance of the roots. The stems of the cuttings were green 
and it i~ likely that through the photosynthetic proce,;s the oxygen content 

TEXT Frc. 6. Aerated and non-aerated English ivy cuttings in three depths of water. 
The white line across the stems indicates the height of the water column. The shallow 
cuttings were in one and one-half inches of water, the medium four inches, and the deep seven 
inches. The experiment started November 12, 1929 and the photograph was made De
cember 13, 1929, a total of 32 days. Left, not aerated; right, aerated. 

was kept higher in the non-aerated tubes than would have been true for 
darkened cylinders. But even though the oxygen was as high as four parts 
per million in the non-aerated four-inch column of water the roots were 
much inferior to those of similar cuttings in aerated water. The specimens 
in seven inches of non-aerated water produced roots only one-eighth of an 
inch in length though the oxygen was I .8 parts per million, which would be 
sufficient for good root growth of willow cuttings. The results of this experi
ment indicate that the rate of growth of ivy roots varies within limits ac
cording to the oxygen supply. With r.8 p.p.m. of oxygen they made one
eighth of an inch of growth in contrast to three to four inches of growth in 
aerated water where the oxygen was 20 p.p.m. It is not likely that ivy 
would be benefited from supplying more than ten parts of oxygen per million 
of water where other factors are not limiting. The difference between the 
root growth of the two shallow groups is only slight while the oxygen content 
ranges from 4.5 p.p.m. in the non-aerated to 20.r p.p.m. in the aerated. 

-

-
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The oxygen supply in non-aerated water in which Lycopersicum esculen
tum (tomato) cuttings were kept varied with the depth of the water and also 
with exposure to light. Since the oxygen was never depleted in the deep 
water tubes, it is likely that the green tissue gave off oxygen through photo
synthesis, thus aerating the water. Table 4 shows that several sets of 
tomato cuttings which had black paper wrapped around the containers 
nearly exhausted the oxygen supply whereas those that were not wrapped 
had four to six parts of oxygen per million of \rnter throughout the time the 
experiment continued. The stems of tomato cuttings in deep water dis
integrated readily when the container was wrapped and not aerated (text 
fig. 7). 

TEXT FrG. 7. Tomato cuttings in 8 inches of water to find combined effect light and 
aeration vs. dark and aeration. Left to right (r) control in light, (2) aerated with oxygen in 
light, (3) control where the cylinder was wrapped with black paper, (4) cylinder wrapped 
with black paper and then aerated. 

Note that no. r though rooting near the surface of the water instead of at the base, is in 
good condition while no. 3 treated like no. r except that cylinder was wrapped with black 
paper, is in bad condition. The cause of deterioration was due to a deficiency in oxygen. 

Table 5 gives further proof that the green stems in light have an aerating 
effect on the water. When the water \vas oiled to decrease oxygen absorption 
from the air and wrapped to shut out the light, the final analysis showed the 
oxygen to be·only 048 p.p.m., as compared to 6.7 p.p.m. for the check. The 
table further shows that oil decreased the oxygen absorption from the 
air. The oiled water in light contained 3.2 p.p.m. as contrasted with 6.7 
p.p.m. for the check where the water had not been oiled. 

Callus formation varied with depth of the tissue under water. Dorothy 
'°" . Perkins rose cuttings formed both roots and callus in three inches of water 
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In 

ZIMMERMAN - ROOT GRO\YTH 

TABLE 4. The results of analyses to show the amount of oxygen in water in which tomato 
cuttings were grown. The purpose of the experiment was to determine whether 

light had any effect on the oxygen content of the water hi which the green 
stems were immersed. Each set contained three lama.to 

cuttings in a large glass tube filled with water 

Point Below Sur-
Treatment Set Date Date face at Which Ox)'gen Root Length, 

No. Started Analyzed Sample \Vas p.p.m. in Inches 
Taken, in Inches --------

direct light in I rr-22 r1-25 14 4.28 0 
the greenhouse -

2 Il-22 II-25 8 6.2 starting ---
I rr-22 II-26 14 5.5 starting ------
2 rr-22 rr-26 8 64 .1 

8 ------
I II-22 lI-27 r4 5.r2 -'-2 ---
2 rr-22 11-27 8 6.2 ! ---
I II-22 r1-29 r4 6.56 l to 2* 

2 II-22 II-29 8 4.32 l to l! -------
5 rr-29 !2-2 9 4.35t 0 

5 II-29 r2-3 9 6.78 i: ---
5 II-29 12-4 9 6.72 a 

4 

7 12-4 12-9 2 4.r2 I 

8 r2-4 12-9 2 5-44 r! 

Tubes covered with 3 II-22 II-25 r4 r.4r 0 
black paper 

4 II-22 lr-25 8 3.84 starting 

3 II-22 rr-26 r4 r.47 0 

r1-26 8 4.8 1 
4 II-22 ii 

3 rr-22 II-27 r4 0.57 0 

4 II-22 r1-27 8 2.36 ! ---
3 II-22 II-29 14 0.7 0 

4 II-22 11-29 8 2.04 l to 2* 
------

6 II-29 r2-2 9 I.2 0 
---

6 II-29 12-3 9 2.84 0 

---
6 II-29 12-4 9 3.2 roots starting 

-------
8 12-4 12-9 2 r.7 l! 

9 12-4 12-9 2 2.6 r! 

* Roots in aerated water were 311 to 411 in length . 
t Cloudy day. ., 
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TABLE 5. Oxygen content of water in which tomato cuttings were growing. The purpose 
of the experiment was to determine the effect of light on the oxygen supply of the 

water in which green stems were kept. The method was the same as 
described for Table 4, except that in some cases paraffin oil was 

placed on the szerf ace of the water to decrease oxygen 
absorption from the air. The water samples 

analyzed were taken from approxi-
mately 9 11 below the surf ace 

·-

Treatment Set Date Date Ox;•gen 
No. Started Analyzed p.p.m. 

Check in light .................................. I ll-29 I2-2 ·4.35* 
l II-29 r2-3 6.78 
I rr-29 r2-4 6.72 
-----------

Oiled but in light ............................... 2 ll-29 12-2 4.03 
2 II-29 12-3 4.8 
2 rr-29 12-4 3.2 

-----------
Tubes wrapped with black paper ................. 3 II-29 I2-2 I.2 

3 rr-29 12-3 2.8 

3 rr-29 12-4 3.2 
-----------

Oiled and wrapped with black paper .............. 4 rr-29 12-2 0.9 
4 ll-29 12-3 0.38 
4 II-29 12-4 0.48 

------
Oiled and aerated with oxygen ................... 5 II-29 12-2 23.0 

5 II-29 12-3 24.0 
5 u-29 12-4 20.0 

*Cloudy day 

but not in 8 inches of water. No analyses were made but it seems fair to 
assume that there were about 4 or S p.p.m. of oxygen in the shallow water 
and much less in the deep water. 

Of the oxidizing agents, hydrogen peroxid and potassium permanganate 
have been most effective. Text f gure 8 shows the effect on production of 
roots of different concentrations of hydrogen peroxid in tap water. Evi
dently the upper limits had not been reached with three cubic centimeters of 
hydrogen peroxid per week. The analysis indicated as high as 17 parts of 
oxygen per million of water where three cubic centimeters per week had been 
used, but the supply varied from the time the new supply was added, becom
ing low by the end of the week. As shown by the photograph (text fig. 8) 
the place where roots grew differed greatly from that of aerated cuttings 
(text fig. 4). In aerated water, the roots grew best at the base but in water 
containing hydrogen peroxid the best roots grew near the surface of the 
water. This response was probably due to the low supply of oxygen main
tained by the hydrogen peroxid toward the end of the period. Analyses of 
the water shortly after the hydrogen peroxid was added indicated oxygen as 
high as 50 p.p.m., but after six days the supply was about that of the control 
tubes. 

• 
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TEXT FIG. 8. Three sets of willow cuttings showing the effects of three different 
concentrations of hydrogen peroxid in tap water. The experiment was started December 21 
1929, and the results photographed on January r, r930. 

Left, tube given one cc. of hydrogen peroxid each week. 
Middle, tube given two cc. of hydrogen peroxid each week. 
Right, tube given three cc. of hydrogen peroxid each week. 
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Roots from willow cuttings were produced along the entire length of 
stems which were immersed in weak solutions of potassium permanganate. 
Cuttings so treated differed from those in water aerated with oxygen in that 
those aerated produced most roots at the basal end of the stems, al1d a de
creasing number toward the surface of the water. Polarity was not so much 
in evidence where permanganate was substituted for aeration. Quantita
tive measurements for free oxygen in the permanganate solution were not 
made because the permanganate interferes with the operation of one of the 
reagents (manganese sulfate) of the \Vin kier method. It is not clear just 
how an oxidizing agent like permanganate can substitute for the oxygen 
requirements of cuttings in water. Curtis, (6, p. 97) states that it is gener
ally well known that when potassium permanganate comes in contact with 
organic matter, manganese dioxid is precipitated and oxygen is liberated. 
There is some doubt as to whether free molecular oxygen is actually liberated 
in the water, but however that may be, permanganate in some way partially 
substitutes for aeration. In the case of hydrogen peroxid probably free 
oxygen is actually liberated in the water. 

DrsscusION 

Several striking responses have occurred in the course of these experi
ments. Salvia cuttings commonly show strong polarity and have no tend
ency to root up along the stem if they are properly aerated, but if the oxygen 
content of the water is lower than the minimum required for this species 
then roots tend to grow near the surface of the water. The oxygen content 
decreases from the surface down to the bottom of the water column thus 
accounting for poor root growth at the base of the stems. If a l<J<ge number 
of cuttings are placed in a small volume of deep water, they so6n deplete it 
of oxygen and then show signs of wilting. Livingston and Free (10) found 
that coleus and heliotrope growing in soil would wilt readily if completely 
deprived of oxygen. Salvia cuttings wilted even though the stems were 
immersed in 15 inches of water. Aerated cuttings in deep water remained in 
good condition and formed roots at the basal end of the stems. Long to
mato cuttings in deep water responded like salvia, and when in darkness the 
non-aerated stems disintegrated very readily. Even wrapping of the 
cylinders with black paper caused the cutting to wilt and the stems to de
compose. A thin layer of paraffin oil on the water decreased the absorption 
of oxygen from the air and hastened the destruction of cuttings in wrapped 
cylinders. The ~rreen stems partially substituted for aeration when the 
light intensity was great enough. This was accomplished, presumably, 
through photosythesis by the green stems under water. Bergman (2) noted 
that the oxygen content of water containing submerged cranberry plants was 
greater on clear than on cloudy days. 

Aerated cuttings produced their_ best roots near the basal end of the 
1. stems while the roots of non-aerated cuttings were best near the surface of the 

J. 
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water. Even willow stems, which have the capacity to ro~Jt along the stem, 
showed strong polarity if placed in aerated \vater. When the basal end of a 
stem had an inadequate oxygen supply, the functioning region moved up 
near th~ surface of the water where the oxygen content was highest. The 
basal end remained alive and resumed normal gTowth when properly aerated. 
This suggests that to maintain a correlation influence the cells must not only 
be alive but also have the conditions which permit of gm;vth. 

Hypertrophied lenticels were in some way associated with aeration. 
They were largest in willow stems that were submerged in non-aerated water 
Aerated water inhibited development of these excrescences. In non-aerated 
water they were largest where the roots were best and decreased in size 
together with the roots down toward the base of the stem where the oxygen 
content was nearly depleted. Like the roots in non-aerated \Vater, hyper
trophied lenticels grew well when the oxygen was I to 2 p.p.m., hut unlike 
the roots they did not grow well in aerated water where the oxygen was 20 

p.p.m. This suggests that tissues within a stem may not all be equally 
affected by a given oxygen supply. Hahn, Hartley, and Rhodes (9) noted 
that hypertrophied lenticels of conifer roots were produced in the presence 
of excessive moisture but suspected that they might be related to a deficiency 
of oxygen. Since cuttings immersed in water high in oxygen do not produce 
hypertrophied lenticels, water alone is not the factor which induces this 
growth. \Vater with a low oxygen content (r to 2 p.p.m.), however, stimu
lates the cells which produce hypertrophies. Two sets of tissues within a 
single stem have, therefore, two different oxygen requirements for growth. 

The cuttings from different species tested show different oxygen require
ments as reported by various authors for growth of seedlings in soil. To
mato, salvia, and ivy have a high oxygen requirement while willow roots 
can grow when the oxygen is only I p.p.m. \Vhen enough oxygen is avail
able to permit of normal growth, the supplying of more oxygen does not 
cause increased growth. 

SUMMARY 

r. Salvia cuttings formed roots at the base of the stems that were placed 
in two inches of water. Similar cuttings in five-inch depths of water had a 
tendency to root along the stems toward the surface of the water. Salvia 
cuttings in water seven inches deep were either slow to respond or did not 
root at all. 

2. Salvia cuttings aerated with oxygen produced basal roots in shallow 
and deep water alike. 

3. A thin film of paraffin oil on the surface of the water prevents rooting 
by interfering with absorption of oxygen from the air. 

4. Salvia cuttings in water covered with a thin film of paraffin oil formed 
roots readily when the water was aerated with oxygen. 

5. Salix pendula cuttings formed roots at the base of the stems when in 
shallow water, but when placed in deep water (eight inches or more) roots 
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formed on the stems near the surface of the water. Cuttings in aerated 
water formed roots at the base of the stems and practically none at the sur
face of the water. A deficiency of oxygen at the bottom of a deep water 
column disturbed the natural polarity of willow cuttings. " 

6. Analyses indicate that willow cuttings will form roots in water if the 
oxygen is I p.p.m. or more, this being the amount frequently found at the 
surface of a deep water column where roots were growing. Practically no 
oxygen ~ould be found at the bottom of a 15 inch column of water in which 
ten cuttings were growing. Analyses of aerated water showed 20 to 30 
p.p.m. at all depths. 

7. Hypertrophied lenticels were produced more abundantly in non
aerated water than in aerated water. As with roots, excrescences varied 
from the surface of the water, becoming less and less toward the bottom of 
the column where the oxygen was practically depleted. 

8. Running water was in effect equal to aeration due to the fact that the 
normal oxygen content of tap water was higher than the optimum amount 
required by the different species used. 

9. English ivy required a higher oxygen supply for root growth than 
willow. Where the oxygen was 4 p.p.m. the root growth was less than where 
the supply was 20 p.p.m. 

IO. The oxygen supply in non-aerated water surrounding tomato cuttings 
varied with the depth of the water column and also with exposure to light. 
Cuttings in cylinders wrapped with black paper soon depleted the water of 
oxygen while those in cylinders exposed to light aerated the water through 
photosynthesis. 

I I. Tomato cuttings in deep water disintegrate readily if the cylinders 
containing the water are wrapped with black paper or the whole lot is kept 
in a dark room. 

12. Callus forms on Dorothy Perkins rose cuttings in shallow water but 
not in deep water. 

13. Oxidizing agents such as hydrogen peroxid and potassium per
manganate increased the amount of rooting but they were not so effective 
as aeration. 
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. Abies arz'.s;onica: germination of seeds, 317, 
327, 333, 337 

Acctaldehyde: effect of chemicals on for-
mation in potatoes, 437 

Acidity: See Hydrogen-ion concentration 
Adventitious roots: See Roots 
Aeration : effect on callusing of apple cut

tings and grafts. 374, 385 
Aeration: Oxygen requirements for root 

growth of cuttings in water, 6I6 
After-ripening: Primary dormancy, after

ripening, and development of secondary 
d<>rmancy in emhryns of Ambrosia tri
fidlz. 285 

After-ripening: birch seeds, 47; Xanthium 
seeds, 304 

Age nf plants : effect on chemical com
position, 467 

Alternating temperature effects: on cal
lusing of apple cuttings and grafts, 351; 
on germination of Ambrosia trifida, 292, 
birch, 47, parsnip, I r5 

Ambrosict artemisiifolia: effect of light 
duration, 502 

Ambrosia trifida.: Primary dormancy, af
ter-ripening, and development of sec
ondary dormancy ii1 embryos of Ambro
sia lrifida, 285 

,·/mpkicarpa nionoica: effect of light, I70 
Amylase of potatoes: effect of acidity on, 

435, chemicals on, 435 
/I ntirrlzimm1: effect of aspirin on flowers, 

197; effect of carbon dioxi<l, light, 502 
A utirrhinum majus: effect of carbon di-

oxid. on flowers, 544 
Apple: See Pyrns 
Arbor vitae.: See Thuya 
Arthur, John M., Guthrie, John D., and 

Newell, John M. Some effects of arti~ 
ficial climates on the growth and chemi
cal comf}Osition of plants, 445 

Arthur, Jo1::m M., and Newell, John M. 

Asparagus plumosus: effect of carbon di 
oxi<l storage, 544 , 

Aspidium spindulnsum: effect of carbon 
dioxid storage, 544 

Aspirin: effect on flowers, 197 
Aster: effect of chemicals on flowers, ~97 
Aster, China: See Callistephus chinensis 
Aster yellows: examination of Cicadula 

se.'rnotata for virus, 343 
.·foena: effect of carbo11 dioxid, light, 497 
A vens : See Gc11m canadense 

Barley: See Hordeum 
Barton, Lela V. Hastening the germina

tion of some coniferous seeds, 315 
Bean: See Plzaseolus 
Bean mosaic: comparison with tobacco 

mosaic on bean varieties, 556 
Betula lrmta, lutea, papyrif era, populifolia: 

Germination and vitality of birch seeds, 
47 

Birch: See Betula 
Black grain thrips: Se~ H eliothrips femo

ral is 
Blindness: Gladiolus, 532 
Bo fry tis: effect of pentathionic acid, sul

furic add, and hydrogen sulfide on ger~ 
mination of spores, 389 . 

Brassica oleracea: effect of carbon dioxi<l, 
light, 485 

Brassica rapa: fumigation with naphtha
lene, 518 

Bryophyllum: fumigation with naphtha· 
lcne, 518 

Buckwheat: See Fagopyntm esculenh4m 

Cabbage: See Brassica oleracea 
Ca/endula officinolis: fumigation with 

naphthalene, 518 
C allistcphus chinensis: fumigation with 

naphthalene, SI$ 
The killing of plant tissue and the in
acti.vation of tobacco mosaic virus by 
ultra-violet radiation, 143 

Callus : effect of oxygen on formation on 
cuttings; 616; on apple cuttings and 
grafts, 351 

637 
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Ca/,sirnm annuum: fumigation with naph
thalene, 518 

Carbohydrates: effect of artificial climate:; 
on plant composition, 445; effect of seed 
composition on growth of seedlings, r. 
251, 274; in holly cuttings, 212 

Carbohydrate-nitrogen ratio: effect of ar
tificial climates on plant composition, 
445 ; effect of seed composition on 
growth of seedlings, r, 251 

Carbon clioxid effects : on callusing of ap
ple cuttings and grafts, 378, 385; on 
chloroplast pigments, 228; on germina
tion of birch seeds, 69; on growth of 
seedlings, r, 251, 274; on plant growth, 
445 ; on prolonging life of cut flo\\'ers, 
535 

Carlson, Margery C. Origin of adventi
tious roots in Co lcus cuttings, 39 

Carnation: See Dianthus carophyllus 
Carotin : effect of cnvfronment on, 220; 

preparation, 226 
Carrot: See D1mcus carota 
Catalase: in Ambrosia trifida embryos, 

291, 298; of potatoes, effect of chemicals 
on, 420, 427; in Xantliium seeds, 310 

Cedar, incense: See Libocedrus deciwrens 
C cntaurea imperialis: fumigation with 

naphthalene, 518 
Chemical changes induced in potato tubers 

by treatments that break the rest period. 
F. E. Denny, 131 

Chemicals: Shortening rest period of 
Gladiolus by treatment with chemicals, 
523 

Chemicals, effects : on enzym activities in 
potatoes, 4r7; on flowers, r97 

Chlorophenol mercury : effect on birch 
seeds, 52 

Chlorophyll: determination of chlorophyll 
a and b, 222; effect of environment on, 

-220; effect of light on concentration, r84, 
189 

Chloroplast pigments: determinations, 224; 
effect of environment on, 220; effect of 
tomato mosaic on, 244 

Chr:ysanthemum: effect of aspfrin on flow
ers, 197; effect of oxygen supply on 
rooting of cuttings, 6r6 

Cicadula sexnotata: examination for aster
yellows virus, 343 

Climates : effect on plants, 445 

CiO\·er, red: Sec Trif olium pratrmse 
Clover, white : See Trifoliiim rcpens 
Cocklebur: See Xamthium 
Coleus: effect of carbon dioxici, light, 504 
Coleus blzmzei: Origin of adventitious roots 

in Coleus C\lttings, 39 
Cc!eus b/11111ei: effect of oxygen supply on 

rooting of cuttings, 6r6 
Conifers: germination of seeds, 315 
Coreopsis flowers-: effect of chemicals, r97, 

temperat\lrc, 200 

Corms, Gladiolus: effect of chemicals on 
formation, 527 

Corn: See Zea 
Cosmos flowers: effect of aspirin, r97, car

bon dioxid, 544, hllmiclity, 200, tempera~ 
ture, 200 

Cotyledon growth : effect of light, seed 
composition, 270 

Cow pea: See Vigna sinensis 
Cucumber : See Cu.cmnis satiz,us 
Cncumis mclo growth: effect of light, r, 

255, seed composition, 255 
Cucumis sativus: effect of carbon dioxid, 

light, 491 ; fumigation with naphthalene, 
518 

Curnrbita 11iaci:ima: effect of light on 
growth in relation to available nitrogen 
and carbon, I 

Cupn:ssus macrocarpa: germination of 
seeds, 3I7, 327, 333, 337 

Cut flowers : See Flowers 
Cuttings: Oxygen requirements for root 

growth in water, 6r6 
Cuttings, apple: effect of environment on 

callusing', 35r 
Cuttings, C olcus: origin of adventitious 

roots, 39 
Cuttings, ho!!y: 205 
Cyclame1z iudicum: fumigation with naph-

thalene, srs 
Cycfa111cn mite: See Tarsonemus pallidus 
Cypres·s: See C11pressus 
Cypress, bald: See Taxodium distichum 
Cysteinc: effect of potato juice on oxida-

tion, 558 

Dalzlia flowers ; effect of aspirin, 197, car
bon dioxid, 544 

Datura stramoniwm: fumigation with naph
thalene, 5r8 
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Daucus carota: fumigation with naphtha
lene, 5r8 

Davis, \V. E. The development of dor
mancy •in seeds of cocklebur (Xan
thiunz), 304; Primary dormancy, after
ripening, and the development of sec-
0!1dary d"ormancy. in embryos of A mbro
sia trifida, 285 

Day length : See Photoperiodism 
Delphinium: effect of chemicals on flowers, 

I97 
Denny, F. E. Chemical changes induced 

in potato tubers by treatments that break 
the rest period, 131; Role of mother tu
ber in growth of potato plant, 77; Short
ening the rest period of Gladiolus by 
treatment with chemicals, 523; Sucrose 
and starch changes in potatoes treated 
with chemicals that break the rest pe
riod, 580; The twin-leaf method oi 
studying changes in leaves, 592 

Denny, F. E., Miller, Lawrence P., and 
Guthrie, John D. Enzym activities of 
juices from potatoes treated with chemi
cals that break the rest period, 417 

Development of dormancy in seeds of 
cocklebur (Xanthium), W. E. Davis, 
304 

Dialysis: effect on potato juice, 424 
Dianthus carophyllus flowers: effect of 

carbon dioxid, 544, humidity, 200, tem
perature, 200 

Dobroscky, Irene D. ls the aster-yellows 
virus detectable in its insect vector? 343 

Dormancy:· Chemical changes induced in 
11otato tubers by treatments that break 
rest period, 131 ; Development of dor
mancy in seeds of cocklebur (Xan
thiu.m), 304; Enzym activities of juices 
from potatoes treated with chemicals 
that break rest period, 417; Primary 
dormancy, after-·ripening, and develop
ment of· secondary dormancy in embryos 
of Ambros1~1 trifida, 285; Shortening 
rest period of GJadiolits by treatment 
with chemicals, 523 ; Sucrose and starch 
changes in potatoes treated with chemi
cals that break rest period, 580 . 

Dormancy : · causes, 300; in birch seeds, 47 
" Dry ice ": See Carbon dioxid 
Duplicate determinations : calculation of 

probable error from, 226 

• 
• 

.. 

Ecological significance of light intensity. 
191 

Effect of chemicals, temperature, and hu
midity on the lasting qualities of cut 
flowers, A. E. Hitchcock and P. \V. 
Zimmerman, 196 

Effect of environmental conditions on the 
chloroplast pigments, John D. Guthrie, 
220 

Effect of variations in the amounts of 
available carbon and nitrogen on the 

_ growth of wheat seedlings, liary E. 
Reid, 274 

Egg plant: See Solammi 111c'longe1ia 
Embryo : See Seeds 
Enzym activities of juices from pl)tatoes 

treated with chemicals that break the 
rest period, F. E. Denny, L P .. Miller, 
and John D. Guthrie, 417 

Enzyms: See Amylase; Invertase; Per
oxidase ; Reducing enzyms 

Ethylene: effect on rest period of Gladi
o!its, 523 

Ethylene chlorhydrin effects : on enzym 
activities in potatoes, 417; on potato tu
bers, 131; on rest period of Gladiolus, 
523; on starch content of potatoes, 581 ; 
on sucrose content of potatoes, 581 

Ether: effect on rest period of Glad.io/11s, 
523 

Fagopyrum esculent11111: effect of light. 
170, 460; fumigation with naphthalene, 
518 

Ferns, asparagus: See Asparagus plimzo
sus 

Ferns, broad frond: See A.spidi11111 sPindu
losmn 

Fir: See Abics 
Flowering: effect of carbohydrate"nitro

gen ratio, 466, chemical composition of 
plants, 475, light duration, 466, 478, light 
intensity, r85 

Flowers, GladiolHs: effect of chemicals on 
production, 531 

Flowers, lasting qualities: effect of carbon 
dioxid, 535, chemicals, humidity, tem
perature, 196 

Forsythia i11termcdia: effect of oxygen 
supply on rooting of cuttings, 6r6 

• 
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Frasch foundation: See Herm;n Frasch 
foundation for. research in agricultural 
chemistry 

Fruiting: effect of light intensity, 185, of 
ultra-violet on tomatoes, 157 

h1chsia spcciosa: fumigation with naph
thalene, 518 

Fumigation: with naphthalene, 5r2 
Fungicidal action of sulfur: I. The alleged 

role of pentathionic acid, Frank \Vil
coxon and S. E. A. l\IcCallan, 389 

Gali11soga parvz"fiora: effect of light, 170 
Gcra11i111n: effect of carbon dioxid, light, 
. 504; See also Pelargo11i11111 sp. 
Germination and keeping quality of pars-

nip seeds under various conditions, Hilda 
C. Joseph, rr5 

Germination and yitality of birch seeds, 
Hilda C. Joseph, 47 

Germination : Chemical changes induced in 
potato tubers by treatments that break 
rest period, 131; Hastening germination 
of some coniferous seeds, 3r5; Shorten
ing rest period of Gladiolus by treatment 
with chemicals, 523 

Germination: Anzbrosi1i trifid11 embryos, 
285; spores treated with hydrogen sul
fide, pentathionic acid, sulfuric acid, 
389; Xa11tlzi111n seeds, 304 

Gc·um canadcnsc: effect of light, 170 

Gladiolus: shortening rest period by chem
ical treatments, 523 

(;ladioTus flowers: effect of carbon dioxid, 
544, chemicals, r97, humidity, 200, tem
perature, 200 

Glycine soja: chloroplast pigments, 228; 
effect of carbon dioxid, 49r, light, I, 

255, 49r, seed composition, 255; fumiga
i'ion with naphthalene, 518 

Grafts, apple: effect of environment on 
callusing, 35I 

Creenness of leaves: relation to conditions 
of growth, 28r 

Growth of seedlings in light and in dark
ness . in relation to available nitrogen 
and carbon, Mary E. Reid, r 

Growth: Effect of variations· in amounts 
of available carbon .and nitrogen on 
growth of wheat seedlings, 274; Influ
ence of light intensity and light quality 
upon growth of plants, r59; Relation of 

composition of seed and effects of light 
on growth of seedlings, 25r ; Role of 
mother tuber in growth of potato plant. 
77; Some effects of artificial tlimates on 
growth and chemical composition of 
plants, 445 ; Vegetative propagation of 
holly, 2IJ . 

Growth: effect of chemical treatment on 
potatoes, 13r, ultra-violet on tomatoes, 
I57 

Guthrie, John D. Effect of environmental 
conditions on the chloroplast pigments, 
220 ; An iodimetric method for determin
ing oxiclase activity, 558 ; See also Ar
tlmr. John M., Guthrie, John D., and 
Newell, John M.; Denny, F. E., Guthrie, 
John D., and Miller, Lawrence P. 

Hartzell, Albert, and \Vilcoxon, Frank. 
Naphthalene fumigation at controlled 
concentrations, 512 

Hastening the germination oi some co
niferous seeds, Lela V. Barton, 315 

Hedcra lzeli:i:: effect of oxygen supply on 
rooting of cuttings, 616 

l!clia11t !ms cuc11mcrif oli11s: chloroplast 
pigments, 228; effect of light on gro\\·th, 
r, 170, 255 ; effect of seed composition, 
255 

l!eliotltrips fcmoralis: fumigation with 
naphthalene, 519 · 

Herman Frasch foundation for research in' 
agricultural chemistry, Paper: no. 2, 

389; no. 3, 417; no. 4, 512; no. 5, 523; 
no. 6, 558; no. IO, 58o 

Hitchcock, A. E., and Zimmerman, P. \V. 
Effect of chemicals, temperature, and 
humidity on the lasting qualities of cut 
flowers, 196; See also Zimmerman, P. 
W., and Hitchcock, A. E. 

lfog peanut; See Amphicarpa monoica 
H olcw.- sudanensis: fumigation with naph

thalene, 518 
Holly: See I/ex 
Holmes, Francis 0. Local and systemic 

increase of tobacco mosaic virus, 563 
fl ordcum: effect of carbon dioxid, light, 

407 
1-Iordcmn sati·iJum: 

growth in relation 
and carbon, I 

effect of light on 
to available nitrogen 

H umiclity : Inexpensive and quickly made 
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instrument for testing relative humidity, 
72 Lact11ca. satirn: effect of light duratiC>n on 

carbohydrate-nitrogen ratio, 460 Humidity .effects: on lasting qualities of 
cut flowers, 200; See also \Vater effects 

Hydrogen-ion concentration: of Ambrosia 
trijida embryos, 29r; effect of chemicals 
on potatoes, 4r7;. effect on amylase in 
potatoes, 435. on callusing of apple cut
tings and grafts, 35r, on germination of 
birch seeds, 50, on holly propagation, 
205, on invertase in potatoes. 435, on po
tato oxidase, 560 

L1: tlz_vrns odoratus: effect of carbon di
oxid. light. 502; effect of carbon dioxid 
on flowers, 544 

Leafhopper; See Cicad11!a sc.n10tata 
Leaves: Twin-leaf method of studying 

changes in leaves, 592 

Hydrogen peroxid : effect on root growth 
of cuttings in water, 6r6 

I:l.yclrogen sulfide : role in fungicidal ac
tion of sulfur, 389 ; toxicity, 398 

}Jypocotyl growth; effect of light, seed 
composition, 270 

Leaves: effect of available carbon and ni
trogen on growth of seedlings, I, 25 r, 
274; effect of light, 184, 187, 188, 270, 
of seed composition. 270; effect on holly 
propagation, 210, 215 

Length of day : See Photoperiodism 
Lentiecls: effect of oxygen on develop

ment, 625 

flex: vegetative propagation, 205 

Indophenol reduction, of potatoes: effect 
of chemicals on, 43r 

Inexpensive and quickly made instrument 
for testing relative humidity, 'William B. 
Shippy, 72 

Influence of environment on the callusing 
of apple cuttings and grafts; William B. 
Shippy, 35I 

Influence of light intensity and light qual
ity upo1i the growth of plants, Hardy L. 
Shirley, r59 

Invertase, of potatoes: effect of chemicals 
011, 435 

Iodimetric method for determining oxidase 
activity, John D. Guthrie, 558 

Iodine reduction, by potato juice; effect 
of chemicals on, 432 

Is the aster-yellows virus detectable in its 
insect vector? Irene D. Dobroscky, 343 

hy. English: See H cdera helfa· 

] oseph, Hilda C. Genninatio11 and keep
ing quality of parsnip seeds nuder varic 
ous conditions, rr5; Germination and vi
tality of birch seeds, 47 

Killing of plant tissue; and the inactivation 
of tobacco mosaic virus by ultra-violet 
radiation, John M, Arthur and John M. 
Newell, r43 

• • 

Lettuce: See l.act11ca sath•a 
1-iboccdrus dernrreus: germination of 

seeds, 317, 327, 333. 337 
Light: Growth of seedlings in light and in 

darkness in. relation to available nitrogen 
and carbon, I; Influence of light inten
sity and light quality upon growth of 
plants, r 59; Relation of composition of 
seed and effects of light to growth of 
seedlings, 25r 

Light: long day plants, 46z; short clay 
plants, 462 

Light duration : effect on plants, 445 
Light effects; on chloroplast pigments, 

220; on germination of birch seeds, 52; 

on holly propagation, 2ro; on oxygen 
content of water in which green cuttings 
were rooting, 629 

Light injury: Co!c11s, 504; Geranium, 504; 
tomato, 480 

Light intensity: ecological significance. 
r9r; effect on plants, 159, 445 

Light .quality : effect on plant growth, 159 
Light transmission: through glass filters, 

167 
Light, artificial: use to supplement day

light, 446 
Lig11stmm ovalif olium: effect of oxygen 

supply on rooting of cuttings, 616 
Li!iuin rubrmn: effect of aspirin on flow

ers, 197 
Local and systemic increase of tobacco 

mosaic virus, Francis 0. Holmes-, 563 
Local lesions on bean leaves inoculated 

with tobacco mosaic virus, W. C. Price, 
549 

• 
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L:ycopcrsicwn esculentimi: chloroplast pig
ments. 228; effect of carbon dioxid, 476, 
light, r. 170. 455, 476, oxygen supply on 
rooting· oi cuttings, 6r6, ultra-violet, 143; 
fumigation with naphthalene, 518; move
ment of tobacco mosaic virus in stem, 

574 

Macrosporium sarcinaeforme: effect of 
pentathionic acid, sulfuric acid, and hy

. drogen sulfide on germination o.f spores, 

389 
McCallan, S. E. A. See Wilcoxon, Frank, 

and McCallan, S. E. A. 
Ivfembranes : effect on Am./Jrosi<1 trifida, 

285 
1vlethylene blue reduction, by potato juice: 

effect of chemicals on, 430 
:Miller, Lawrence P. See Denny, F. E., 

}filler, Lawrence P.,. aml Guthrie, John 
D. 

Moisture: See \Vater 
.Mosaic diseases : See Bean mosaic; To

bacco mosaic; Tomato mosaic 
Multiple sprouts: See Sprouts 
Muskmelon: See Cucumis nielo 

Naphthalene fumigation at controlled con
centrations, Albert Hartzell and Frank 
'Wilcoxon, 512 

Nasturtium: See Tropaeolum 
Newell, John M. See Arthur, John M ... 

Guthrie, John D., and Newell, John M.; 
also .f>.rthur, John M,, and Newell, John 
M. 

Nicotiaiia.: Local and systemic increase oi 
tobacco mosaic virus, 563 

1V1cotimza.: comparison of tabacum and 
gluti1Josa as to susceptibility to tobacco 
mosaic, 565; transfer of tobacco mosaic 
virus from bean to tobacco, 552 

Nicotiana tabacmn: effect of carbon di
oxid, 504, . light, 170, 504; fumigation 
with naphthalene, 518; inactivation of 
tobacc;o mosaic virus by !lltra-violet, 155 

Nitrates, effects : on chemical composition 
of plants, 470, 497; on. chloroplast pig
ments, 241; on growth of seedlings, r, 
251, 274 

Nitrogen: effect on callusing of apple cut
tings and grafts, 374, 385 

Nitrogen compotuHls: effect of artificial 

climates on plant compos1tlon, 445; ef
fect of seed composition on growth of 
seedlings, I .• 251, 274; in potato tubers, 
131; utilization by potato spr~uts, 97 . 

Oats: See Avena 
Onion thrips : See Thrips tabaci 
Origin of aclventiti9us roots in Coleus 

cuttings, Margery C. Carlson, 39 
Oxalis: fumigation with naphthalene, 518 
Oxidase activity: effect of enzyme con

centration, 56o; iodimetric method for 
determining, 558 

Oxidizing agents : See Hydrogen peroxid; 
Potassfom permanganate 

Oxygen requirements for root growth of 
cuttings in water, P. \V. Zimmerman, 
616 

Oxygen : micro-determination in water, 
617 

Oxygen, effects: on Ambrosia trifida em
bryos, 290, 298; on callusing of apple 
cuttings and grafts, 35r; on dormancy 
of Xanthi11m seeds, 3II; on germination 
of birch seeds. 50; on parsnip seeds, r24; 
on roses, 535 

Parsnip: See Pastiuaca sativa 
Pastinaca sati·va: Germination and keeping 

quality of parsnip seeds under various 
conditions, II5 

Pea: See Pisum 
Peach: See Primus persica 
Peat moss effects : on callusing of apple 

cuttings and grafts, 351 ; on germination 
of birch seeds, 50; on holly propagation, 
205 

Pc!argonium: fumigation with naphtha
lene, 518 

Pentathionates: preparation, 395; toxicity, 
407 

Pentathionic acid : role in fungicidal action 
of sulfur, 389; toxicity, 394 

Pepper, red: See ·Capsicum 
Peroxidase, of potatoes: effect of chemi

cals on, 426 
P etunm: effect of carbon dioxid, light, 502 
Phaseolus: effect of light, l, soil moisture, 

170 . 
Phaseolus vulgaris: fumigation with naph

thalene, 518; inoculation with tobacco 
mosaic virus, 549 ; use in determination 

-'d.I 
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of tobacco mosaic Yin.1s concentration, 
549; rnrit:tics susceptible to tobacco mo
saic, 550 

ply on routing- of rnttings. 6!6 
Potassium: effect on ch!:<n1pla;;t pigmuits. 

241 
P!iiladclpfius: effect of oxygen supp'y on 

rooting of cuttings, 616 
Ph!a:i·: effect of chemicals nn flowers, 197 
Phosphates : C'ffcct on chloroplast pig

ments. 241 

Phosphotungstic reagent reduction, in po
tatoes : effect of chemicals on .• 433 

. Photoperioclism: effect nn plant growth. 
445 

Photosynthesis: Twin-leaf method of 
studying changes in lea\·es, 592 

Plz:,•sa/is fraiichcti: fumigation with naph
thalene, 518 

Picca, germination of seeds: ca11adcnsis, 
3r7, 328, 333. 337; cxcel.1·a. 317, 328, 333, 
337; onzorika, 317, 328, 333, 337;. Pun
gcns. 317, 328, 333, 337; sitchcnsis, 317, 
328, 333, 338 

Pigment: effect of chemicals on potato 
juice, 431 

Pigment, brown, soluble in dilute acetone: 
determination, 224 

Pigment, chloroplast: effect of environ-
ment, 220; tomato mosaic, 244 

Pine: See Pi1111s 
Pine, loblolly; See Pin.us tacda 
Pinus, germination of seeds: austriaca, 

316, 317, 333, 338; banksiana, 317, 318, 
333, 338; ce1nbra, 317, 318; contorta, 317, 
3r8, 319, 334, 338; coultcri, 317, 319, 334, 
339; densiflora, 317, 319, 334, 339; e.v
celsa, 317, 320.. 334, 339; Jlc.vilis, 317, 
321, 334, 339; insignis, 317, 321, 335, 
340; koraiensis, 317, 321, 335, 340; lam
bertiana, 317, 322, 335, 340; laricio, 317, 
323, 335, 340; monticofa,. 317, 323, 335, 
341; pandcrosa, 317, 324, 335, 341; resi
nosa, 317, 324, 336, 341; i·igida, 317, 325, 

336, 341; strobus, 317, 325, 336, 342; 
tliunbcrgii, 317, 327, 336, 342 

Pimcs taeda: effect of light, 170 
Pisum sativum: effect of light on growth 

in relation to available nitrogen and car
bon, 1 

Plant composition: effect of artificial cli
mates, 445 

Potassium permanganate: effe\'t on ruot 
growth of cuttings in \\'atcr, 6r6 

Potato: See Solam1w l11baos11111 

Price, \V. C. Local lesions on bean leaves 
inocula!e<l with tohaccn mo,aic virus, 
549 

Primary dormancy, aiter-ripening, and the 
development of secondary dormancy in 
embryos uf A mbrasi11 trifid,z, \V. E. 
Davis, 285 

Privet: See Ugustrmn o;:•a/ifnlium 
Probable error: calculation from duplicate 

determinations, 226 

Propagation: of holly, 205 

Protein: effect of seed composition on 
growth of seedlings, I, 251., 274 

Pr111111s persicr1: fumigation with naphtha
lene, 518 

l'rmms to111c11taso: effect of oxygen sup
ply on rooting of cuttings, 616 

Pyrus: Influence of environment on callus
ing of apple cuttings and grafts. :isr 

Radiation, 
growth, 
violet 

solar: required for plant 
179; See also Light ; Ultra-

Radish : See Raplwnus 
Ragweed: See Ambrosia 
Rapliam1s: effect of light duration on car

bohydrate-nitrogen ratio, 460 
Raphanus sa.tivus: fumigation with naph

thalene, 518 
Red spider mite: See. Tetranychus te!ai-ius 
Reducing enzyms, of potatoes: effect of 

chemicals on, 435 
Redwood, California: See. Scq1wia sem

pervirens 

Reid, Mary E: Effect of variations in the 
amounts of available carbon and. nitro
gen on the growth of wheat seedlings, 
274; Growth of seedlings in light and 
in darkness in relation to available ni
trogen and carbon, r ; Relation of com
position of seed and the effects oi light 

. to growth of seedlings, 251 
Polarity: effect ,on callusing of apple cut

tings and graft~, 357, 378, 385 
Portulaca oleracea: effect of qxygen sup-

Relation of composition of seed and the 
effects of light to growth of S"edlings, 
Mary E. Reid, 251 

• • • 
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Relative humidity: Inexpensive and quickly 
made instrument for testing relative hu
midity, 72; See also \Vatcr 

in relation to available nitrogen and 
carbon, I 

S cd,um: fumigation with naphthalene, 5r8 
Seed coats : effect on clurmanc' in .Xan

thinm, 304; See also .Membranes 
Respiration; Ambrosi".a tn'.f1da embryos, 

296; Xa11tlii11111 seeds, 3ro 
Rest period: Sec Dormancy 
Ring-spot of tobacco; comparison with 

tobacco mosaic in bean varieties, 557 
H.ipeness effects: on germination of birch 

seeds, . 47 ; on parsnip seeds, r l 9 

Seedling growth: effect of available car
bon and nitrogen, I, 251, 274, carbon di
oxid, r, 251, 274, light, l .• 25r, seed com
position, r .. 25r, 274 

Seeds : Development of dormancy in seeds 
of cocklebur (Xai1thium), 304; Effect 
of variations in amounts· of available 
carbon and nitrogen on growth of wheat 
seedlings, 274; Germination and keeping 

Role of mother tuber in growth of potato 
plant, F. E. Denny, 77 

Rooting : effect of oxygen on cuttings in 
water, 616 

Roots: Growth of seedlings iu light and in 
darkness in relation to available nitro
gen and carbon, r ; Origin of adventi
~ious roots in Coleus cuttings, 39; Vege
tative propagation of holly, 205 

Roots: effect of available c~rbon and ni
trogen, 274, light, 182, 251, seed com
position, 251 

Rosa: effect of carbon dioxid, light, 502; 
fumigation with naphthalene, 518 

Rosa Dorothy Perkins: effect of uxygen 
supply on rooting of cuttings, 616 

Rosa flowers : effect of carbon dioxid, 535, 
humidity, 200, temperature, 200 

Rose: See Rosa 
Rye: See Si•ca/c 

Sa!i.r pmdula: effect of oxygrn snpply on 
rooting of cuttings, 616 

·Salvia: Twin-leaf method of studying 
changes in leaves, 592 

Sabia: effect of day length on carbohy
drate-nitrogen ratio, 460 

Solvfo sp!ende11s: effect of oxygen supply 
on rooting of cuttings, 6r6 

Sampling of plants: errors, 455 

Sand, effects: on callusing of apple cut
tings and grafts, 35r; on holly propaga
tion, 205 

Sciadopit:ss Z!erticillata: germination 0£ 
seeds, 3r7, 328, 336, 342 · 

·Sclcrotinia arnericana: effect of pentathi
onic acid, sulfuric acid, and hydrogen 
sulfide on germination of spores, 389 

Seasonal effects: on germination of birch 
seeds, 47; .011 holly propagation, 207 

quality of parsnip seeds under various 
conditions, II5; Hastening germination 
of some coniferous seeds, 315; Primary 
dormancy, after-ripening, and develop
ment of secondary dormancy in embryos 
of A111brosia. trifida, 285; Relation oi 
composition of seeds and effects of light 
to growth of seedlings, 25r 

S cquoia sempcrvirens: effect of light, r70: 
germination of seeds, 3 r 7, 329 

Shade: See Light intensity 
Shippy, \Villiam B. An inexpensive and 

quickly made instrument for testing rel
ative humidity, 72: Influence of environ
ment on the callusing of apple cuttings 
and grafts, 35r 

Shirley, Hardy L. The influence of light 
intensity and light quality upon the 
growth of plants, r59 

Shoots : Growth of seedlings in light and 
in darkness in relation to available nitro
gen and carbon, r 

Shoots: effect of available carbon and ni· 
trogen. I, 251, 274, light, I, 182, 25r, 
seed composition, r, 251, 274 

Shortening the rest period of G/adio!iis .::iy 
treatment with chemicals; · F. E. Denny, 
523 

Slag: effect on holly propagation, 205 
Snapdragon: See Autirrltimtin 
Sodium thiocyanate effects : 011 enzvm ac

tivities irr potatoes, 4r7; on pot;to tu
bers, 131 ; on starch content of potatoes, 
581 ; on .sucrose content of potatoes, 581 

Solaimm melongthta: effect of carbon di
oxid, light, 504; fumigation with naph-
.thalene, 5rS , 

Sec ale. ccri~alc: eff<>ct of l.ight . on growth 
~ S9/an111n tubcrosum: Ch;mical changes in-

r 
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dnced in potato tubers by treatments that 
break rest period, r3 r ·; Enzym activities 
of juices from potatoes treated with 
chemical! that break rest period, 417; 
Role of mother tuber in growth of po
tato plant, 77; Sucrose and· starch 
changes in potatoes treated with chemi
cals that break rest period, 580 

Solanum tuberosum: chemical analysis of 
mother tuber, 94; effect of amputation 
of mother tuber, 77, light duration, 493, 
temperature, 493; fumigation with naph
thalene, 518; iodimetric method for de
termm1ng oxic!ase act1v1ty in potato 
juice, 558; relation of sprouting to en
zym activity, 439 

Sugar: in potato tubers, 131; utilization by 
potato sprout, 97 

Sulfur: role of pentathionic acid, sulfuric 
acid, and hydrogen sulfide in fungicicbl 

· action, 389 

Sulfur toxicity: 392; as influenced by par
ticle size, 4ro; of \\'ater extracts, 409 

Sulfuric acid: n}le in fungicidal action of 
sulfur, 389; toxicity, 398 

Sunflower: See Hdiantlius cucztml!rifofius 
Sunlight: effect of ultra-violet in sunlight 

on tomatoes, 143 
Sweet pea: .See Latfzyrus odoratus 

S olam1m fl1berosum, eye tissue in tuber: 
chemical changes in, r31 ; in relation to 
enzym activity, 437, 442 

Some effects of artificial climates· on the 
growth and chemical composition oi 
plants, John M. Arthur, John D. Guth
rie, and John M. Newell, 445 

Tarsoncmus pa11idus: fumigation with 
naphthalene, 5r9 

Ta.'l:odium distichum: germination of. 
seeds, 3 r7, 330, 336, 342 

Temperature effects: on Ambrosia trificfa 
embryos, 285; on callusing of apple cut
tings and grafts, 351; on chloroplast 
pigments, 228; on dormancy in Xau
thhmz .seeds, 304; on germination of 
hirch seeds, 47, coniferous .>ceds, 315; 
on holly propagation, 2rr; on lasting 
quaJ itics· of cut flo1vers. 200. 535 ; on 
parsnip seeds, 1 r5; on plant growth, 
445; on rest period of Gladiolus. 523 

Soybean: See Glycine sofa 
Spore gt'rmination: ·effect of hydrogen sul

fide, pentathionic acid, sulfuric acid, 389; 
laboratory method for toxicity tests, 390 

Sprouts: Gladiolus treated with chemicals, 
531 

Spruce: See Picc(i 
Squash, Hubbard; See Curnrbita maxima 
Starch : Sucrose and starch changes in 

potatoes treated with chemicals that 
break rest period, 580 

Starch content: effect on calJusing of ap
ple cuttings and grafts, 381; in potato 
tubers, r31; utilization· by potato sprout, 
97 

Stems: effect of light, 184, r88 
Ste'!'ilization: .effect on birch seeds, 52 
Storage effects; on Ambrosia trifida. em-

bryos, 288; on birch seeds, 47; on seeds, 
II5 . 

Stratification effects on gei·mination: of 
birch seeds, 47; of coniferc\us seeds, 315 

Sucrose .and starch changes in potatoes 
treated with chemicals that break the 
rest period, F;. E. Denny, 580 · · 

Sucrose, in potato tubers: effect of chemi
cal treatments on, r3r 

Tetran:ychus tclarius: fumigation with 
naphthalene, 519 

Thiourea effects: on enzym activities in 
potatoes, 417; on starch contcn.t of po
tatoes, 581; on sucrose content of po
tatoes, 58r 

Thornton, Norwood C. Use of carbon di
oxid for prolonging the life of cut flow
ers, with special reference to roses, 535 

1 hrips tabaci: fumigation with naphtha
lene, 519 

Tliu:ya gigantca, occidmtalis., orientalis: 
germination of seeds, 317, 331, 336, 342 

Tissues: Killing of plant tissue and in
activation of tobacco mosaic virus by . 
ultra-violet radiation, 143 

Tobacco: See Nicotlmza tabac;unz 
Tobacco mosaic: Local and systemic in

crease of tobaq:o mosaic virus, 563 ; lo
cal lesions on · b~an leaves ii1oculated 
with tobacco 1uosaic vims, 549 

Tobacco mosaic: inactivation by ultra-
violet, I 55 · 

Sudan grass: $ee II ofcus sudane11ris 

t "" .. 
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Tomato mosaic: effect on chloroplast pig
ments, 244 

Tradescantia flimifoensis: effect of light, 
170 

Translocation: TiYin-loof method of study
ing changes in leaves, 592 

Trifolium pratensc: effect of carbon di
oxid, light, temperature, 487; fumiga
tion with naphthalene, 519 

Trifoliitni rcpcns: fumigation with naph
thalene, 519 

Triticmn. aestii1um: effect of available car
bon, r,' 274, carbon dioxid, r, 497, light, 
I, 497; fumigation with naphthalene, 519 

Tropacolum: effect of carbon dioxid, light. 
502 

Tropacolum maj11s: fumigation with naph
thalene, 5r9 

Tuber: Role of mother tuber in gro\vth of 
potato plant, 77 

Turnip: See Brassica raf'a · 
Twin-leaf method of studying changes m 

lea\·es, F. E. Denny, 592 

Ultra-violet ; effect on tobacco mosaic vi
rus, 143, on tomatoes, 143; filters for 
transmission, r46 

Umbrella-pine: See Sciad,opitys ·:xrticil
laia 

Uromyccs carophyllini1s: effect of penta
thionic acid, sulfuric acid, and hydrogen 
sulfide on germination of spores, 389 

Use of carbon dioxid for prolonging the 
life of cut flowers, with special refer~ 
ence to roses,. N orwoo<l C. Thornton, 535 

U.vsulun: effect on germination of birch 
seeds; 52 

Varietal differences : in respect to callusing 
of apple cuttings and grafts, 357, 382, 
385 . 

Vegetative propagation of holly, P .. Vv. 
Zimim.rmat1 ·and ·A. E.: I:Iitchcock. 205 

Vicia f aba: inoculation with tobacco mo~ 
saic virus, 5.5I 

Vig11<0 sin'fflds: · effect of' !itht .on· ~rowfu, 
1, 255; ·effect of se;ed ~mptisititiln on 

gro\vth, 255; inoculation with tobacco 
mosaic virus, 55I 

Virus diseases: See Aster yellows; Bean 
mosaic; Ring-spot of tobacc<1; Tobacco 
mosaic; Tomato mosaic 

Vitality: Germination and keeping quality 
of parsnip seeds under various condi
tions, II S; Germination and vitality of 
birch seeds, 47 

\Vandering jew, green: See Tradescantia 
fl 11111 in en sis 

·vVandering jcw, purple: See Zebriiw Pen
dula 

\Vater : in mother tuber of potato plant. <j7 

\Vater effects: on Ambrosia trifida em
bryos, 289; on callusing of apple cut
tings and grafts. 351 ; on cut roses. 545; 
on dormancy of Xa11thi11m seeds, 304; 
on germination of birch seeds, 47; on 
parsnip seeds, I r9 

\i\'heat: See Triticum 
\Vilcoxon, Frank, and Hartzell, Albert: 

See Hartzell. Albert, and vVilcoxon, 
Frank 

Wilcoxon, Frank, and McCallan, S. E. A. 
Fungicidal action of sulphur: L The al· 
leged role of pentathionic acid, 389 

Willow: See Sali.'l: pmdida 

Xanthimn: Development of dormancy in 
seeds <Jf cocklebur (Xanthium), 304 

Xanthophyll : effect of environment, 220 

Yellows disease: See Aster yellows 

Ze(i mays growth: effect of light, r, 255, 
of .seed composition, :z55 

Zebrina pendula: effect of light, 170 """· ; 

Zimmerman, P. \V. Oxygen i:eqairementsr 
for root growth of cuttings in water, 
616 

Zirrunerman, P. vV~, and Hitchcock, A. E. 
, · Vegetative propagation r;f iiolly, 205; 

·See also Hitchcock, A. E,, and Ziminer~ 
ma11, P. W. 
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