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Introduction

The relationi of plants to elimiiatic coilditiolis constitutes anl extremiielv
intricate comiiplex of simultanieous variables anid, despite extenisive studiest
remainis onie of the most inaccurately documeented fields of plant scienice.
This is unfortunate, particularly in relating the results of laboratory
studies to the problemiis of the field. In this realm of plant sciencee, Avater
relations are perhaps most accurately knowin, mnany studies such as those of
BRIGGS anid SHANTZ (2, 3) havinig reporte(d acceptable quantitative (lata.
It is surprisinig that almost nio studies have been reported on the environ-
mental water relationi of seeds and their significance. Ecologists have ac-
cepted classification of plants as hydrophytes, mesophytes, aiid xerophytes,
but no onie has shown whether or niot seeds display comparable or related
characteristics.

Ill the establishmenit of planits in their habitat, germiiniationi is ani es-
selitial anid active phase which is escaped only by those species which (lepenld
partly or coompletely upoIn vegetative produetioni. It is obvious that hydro-
phytes, miesophytes, or xerophytes must produce seeds capable of ger-
mination in the habitat. Sinice the process of germiiniationl is of limited
durationi, the process may be accomplished durinig temiiporary periods of
favorable water supply, or may take place unider the less favorable coni-
ditionl average for the habitat. Such studies as have a bearing oil the water
relatioiis have beeni concernied with the permeability of the seed coats, the
gross absorptioni anld water conitenit, anid the power with which the water is
absorbed. Germination has beeni coonsidered largely ill relationi to seed
viability unider coniditions of favorable moisture all( oxygen suipply. While
activities suiil as respirationl anid food tranisformiiationi in seeds have been
related to water content, the ultimate criterion of activity, naiiely, crerimin-
ation, has niot been subject to quaintitative studies.

A studv was und(lertakeni by the writer ini 1941, anld coiitiniuie(d throuhl
1942 anid 1943, of the quantitative aspects of water absorption for geriiiina-
tion. Seeds of widely different types of plants were selected for study
to determinie wA-hether seeds actually differ ill the total amounit anid rapidity
of water initake for germiniationi and to note the part played by the various
anatomical structures in this process.

Seeds of sufficienit size to permit quick dissectioni were selecte(1 from
plaiits which represenited hydrophytes, mliesophytes, aiid xerophytes. These
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were exposed to various conditions of moisture and the water content de-
termined at 24-hour intervals.

Seed structure, though widely different in the various plant groups, has
not been correlated with behavior or ecesis. Yet the fact is obvious that the
success of a species may be critically dependent upon a successful germina-
tion under the conditions of the habitat. It is also apparent that differ-
ences in germination-water requirements, structure, and rate of water ab-
sorption may be of applied interest. In those seasons, and in those regions
characterized by dry spring conditions, the advantage of germination in
soil with limited water content might mean earlier crops, as well as better
and more regular stands. If strains could be found with low germination-
water requirements, crops might be possible in many parts of the South-
west where their production is not now practicable.
A study of the gross structure of seeds from plants of various ecological

types, and the relation of the structures and the whole to germination water
thus seemed important. This paper is devoted to the studies of water in-
take in relation to the germination behavior of corn and cotton seeds.

Water as a factor in germination
The necessity of water for the germination of seeds has long been taken

for granted; but the amount of water necessary for germination, and the
methods by which seeds absorb and distribute moisture have been given
comparatively little notice.

Very little literature is available on the total amount of water necessary
for germination. DETMER (8)- found that the quantity of water absorbed
by different kinds of seeds, when thoroughly soaked, was by no means the
same; therefore, the capacity for absorbing water is different for different
kinds of seeds. He found that the peas took up about 100% of their air
dry weight, and wheat only 40 to 60%o.

PETERS (9) worked on germination of seeds in a medium of low water
content. He attempted to answer the question as to whether seeds can ger-
minate when the amount of soil moisture is so low that plants growing in it
will wilt and die. He found that seeds of peas, soybeans, and grains of
corn and wheat germinated at or below the wilting coefficient of 1.31%
moisture in quartz sand of 0.1-mm. size. Thus, his work substantiated the
idea that seed can germinate in soil at or below the wilting coefficient of
plants growing in soil of the same moisture content.

The rate of water absorption is so dependent upon temperature that the
two factors, water and temperature, cannot be separated. BROWN and
WORLEY (7) studied the effects of temperature upon the rate of water ab-
sorption by barley seeds, and claimed that the velocity of water absorption
was almost an exponential function of the temperature. SHULL (14) at-
tacked this same problem, using seeds of Xanthium and pea seed cotyledons,
but could not find support for the BROWN-WORLEY theory in his data. The
velocity of water intake at any given moment was found to be approximately
an inverse exponential function of the amount of water previously absorbed.
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A later study by SHULL and SHULL (15) on grains of corn, agreed satis-
factorily with the earlier work on Xanthium and pea cotyledons. The rate
of absorption at 550 was somewhat more than 8 times as great as at 50 C.,
whereas the chemical theory of water simplification by rising temperature
would call for a rate thirty-two times as great at 550 as at 5a. The results
with corn seeds were in complete agreement with the postulate that the rate
of water intake depends upon the previous absorption, as an inverse ex-
ponential function.

Since one function of the seed coat is to serve as a vehicle for the con-
veyance of water, its structure and permeability are of importance.
BROWN (5) reported semipermeability in barley (Hordetm vulgare var.
coerulescens), and traced the semipermeability to the spermoderm of the
grain, which resisted the action of 36%o sulphuric acid. SCHR6DER (10)
found similar conditions in wheat and TJEBBES (16) obtained evidence
of selective permeability in the seeds of sugar beets. SHULL (11) found
that seeds of Xanthium have coats that are selectively permeable. In this
case the middle and inner layers of the seed coat are mainly responsible for
the observed phenomena. ATKINS (1) failed to find selective permeability
in beans.

SHULL (12) made use of the almost perfect semipermeability of Xan-
thium seed coats toward the chlorides of sodium and lithium to measure the
internal forces of seeds. Seeds were placed in solutions of these salts of
varying concentrations and allowed to come to moisture equilibrium, which
was indicated by constancy in the weight of the seeds. The osmotic con-
centration of the external solutions was known in each case from the vapor
pressure of the solution. At equilibrium it was assumed that the internal
forces and the external forces were equal. While the forces thus measured
were by no means as large as those indicated for oven-dried material, still
they were of considerable magnitude. In saturated solutions of sodium
chloride, the seeds were able to crystallize salt out of solution by withdrawal
of pure water from its hydration compounds. Air-dry seeds (moisture 7%
above the absolute weight) had an initial imbibition pressure of little less
than a thousand atmospheres (965), or more than 14,000 pounds per square
inch. When the moisture content had been doubled (14% above absolute
weight), the internal pressures had fallen to a little less than 400 at-
mospheres. He measured these forces across the-entire range from air-dry
to complete saturation.

Using seeds which had been calibrated in this.manner SHULL (13) pro-
ceeded to measure the water-holding power of soils, and showed that air-dry
soils and air-dry seeds were in equilibrium, at about 1000 atmospheres each.
If the soil moisture were increased above air-dry, the seeds would absorb
moisture until in equilibrium with the soil. For instance, at 3.5%0 above
air-dry, the seeds and soil reached an equilibrium indicating about 375
atmospheres. When the soil moisture reached 6% above air-dry (Oswego
silt loam subsoil) the moisture was held on the soil particles with about
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130 atiliospheres pressure. At 11%, soil, moisture equilibriumi inidicated
22.4 atmospher'es; and at the wiltinig coefficient (13.3%v) the balanice was
equivalent to the action of 0.1 M sodium chloride solution, or about 4 at-
mospheres. Various soil types with differing wilting coefficienits all gave
similar results except the coarser sands. These studies have thrown mliuch
light upon the behavior of seeds with respect to the absorptioni of water,
and have clarified the dynamics of water intake.

Finally, there are hard seeded species whose seed coats are imlpervious
to water. Among these are certain legumes, clover, sweet clover, Keln-
tucky coffee beani, morning glory, asparagus, okra, rose mallows, etc. The
causes of hardness are still obscure, and most probably concern the celmeiiieal.
nature of certain cell layers withini the testa. In some cases the outer layer
of cells can be removed, notably in the rose mallows, and the seeds still re-
miiaini hard. Such seeds may lie in water for months without absorbingr
appreciable amounts of moisture.

Materials and methods
A quantitative study of the course of water absorptioni by see(ls duiringt

germiiniation was made in order to determine (1) whether seeds actually
differ in the total amount and rate of water intake; (2) to note the role
played by the various parts of the seed; (3) to determine whether there
exist seeds with "mesic," "hydric," or "xeric" germinationi modificationis;
anid (4) to determine whether there are varietal differences inl water absorp-
tion by seeds. Maniy types of seeds have been studied but, for the purposes
of this report, the data are given only for the seeds of corni and cottoll.
The varieties of corn used are: Yellow Dent, "Sure Cropper," and Gehu
Flint. Varieties of cotton used (Gossypium hirsutumn) are Rogers Acala,
1940; Rogers Acala, 1941; and Drought Resistant #293.

For the experiments, seeds of each variety were selected for unliform
size and appearance. Preparatory to germinationi they were sterilize(l by
placing them in 0.01% HgCl2 solution for 3 to 5 miinutes and theni rinisinig
twice in sterile distilled water. Forty seeds of each variety were theni
placed oni filter paper in a sterilized Petri dish. Ten cc. of sterile distilled
water were added to each dish anid small quanitities thereafter as nieeded.
Practically no contamination occurred after this treatimelnt. The seeds
were allowed to germinate in the Petri dishes at room temperatures (250 to
300 C.). The cotton seeds were deliiited by placing them in concentrated
12504 for 3 minutes to increase permeability of the seed coats.

At 24-hour intervals (0, 24, 48, 72, 96 hours) of germination, seeds were
dissected into seed coats, cotyledons, "growing parts" of the embryo, and
endosperm. The axis is hereafter referrred to as the "growing parts" of
the embryo and as "embryo" in the tables and graphs because it is the part
of the seed that develops into the mature plant. The percentage of water
was determined on similar parts of 20 seeds of each kind and expressed oni
the absolute basis. The amount anid percentage of water absorbed by the
entire seed were determined by the same methods.
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STILES: GERMINATION OF CORN AND COTTON 205

At eachl iliterval of geimiinationi timiie a iiew set of 20 seeds was selected.
The am1ioinit of hlgioscopic water present in the parts of air-drY seeds was
determiiiied by dissecting the seeds inito their parts aiid determininig the
m11oistUIe coiiten1t. The percenitage of hygrroscopic water was calculated on
the absolute basis for each part anld for the seed as a whole.

The Dent corn was dissected dry but, because of the difficulty en-
counitered with it, the other varieties of corn and the cotton seeds were
soaked in water long enough to make dissection possible. After dissection,
the parts were air-dried to constant weight before the hygroscopic moisture
determiilationis were made. It required abouLt teln days of clear weather to
return to air-dry conidition after soaking and dissection. The period of
soaking, before (lesiccation, was only three hoturs.

Observations and results

CORN-
PERICARP AND INTEGUMENTS.-The protective coverilng of tlle graill of

conII. somiietililes called the hull, consists of the pericarp anid the testa. The
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FIG. 1. Absorption of water by the various organs of Zea m)zays, var. Yellow Dent
(1940), duiriing early pliases of germination.
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cells of the pericarp continue to divide and increase in sice and, as the
fruit nears maturity, these cells cease to divide and the walls thicken. The
subsequent increase in size of the pericarp is due to the stretching of tissues
already. formed. Its late development, at all stages, causes it to be in a
constant state of tension and gives it a tough fibrous texture in the mature
form. The translucent hull shows little or no starch but scattered traces
of reducing sugar.

During germination the hull transfers water to the interior of the grain,
2400
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FIG. 2. Absorption of water by the various organs of Zea mays, var. "Sure Cropper"
(1931), during early phases of germination.

and of course retains some water. Tables I and II give the weights and
percentage relations of water in the hull of germinating grains and figure 1
shows the percentage of water absorbed by this structure in comparison with
its own dry weight, as exemplified by Yellow Dent.

It will be seen that a water content of 155.56% is reached in 24 hours,
after which there is maintained a slightly lower but approximately stable
water content throughout the period of observation. Computed as per-
centage of water in the germinating seeds (table II, column c) the hull at-
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STILES: GERMINATION OF CORN AND COTTON 209

tained a maximum of 13.5%v. This percentage of total seed water in the
hull decreases after 24 to 48 hours, as hydrationi of the grain continues.
The above observations apply to all varieties of corn used (table II).

The varieties of corni used show different maximum water content at
saturationi. In order of decreasing water content at the saturation point
the varieties are Yellow Dent, "Sure Cropper," and Gehu Flint (table II,
and figs. 1, 2, anid 3). The dry weight of the pericarp decreased in the same
order; therefore the percentage of water content is comparatively constant.

TIME IN HOURS

FIG. 3. Absorptioni of water by the various organs of Zea mays, var. Gehu Flint
(1941), during early phases of germination.

The hull absorbs water imbibitionally to maxinmum hydration in 24
hours. After that, it permits the passage of water to the rest of the grain.
SHULLS'S measurements of the rate of water absorption (14) were probably
made while the seed coat was becoming hydrated. His curves (fig. 1) indi-
cate that Xanthium seeds reached the relatively stable stage after 12-18
hours. That the Gramineae behave in ani essentially different manner as
suggested by SHULL (11) in referenice to the work of BROWN (6) is not
borne out by the writer's results; however, his statemelnt bears out the re-
port of BROWN for the one variety coerilesce)zs, of Hordeiumi tv,udgare.
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The three varieties of corn used show very similar behavior of the hull
in relation to water, the chief difference being that "Sure Cropper" and
Gehu Flint reached the maximum water content at lower percentages than
Yellow Dent.

It may be noted in table II that the stable water content of the hull of
Yellow Dent tended to decrease after the 24-hour maximum, while that of
"Sure Cropper" and Gehu Flint tended to increase slightly throughout the
period of observation.

ENDOSPERM AND SCUTELLUM.-Tables I and II present data on water re-

lations of the endosperm and scutellum during germination and figures 1,
2, and 3 show the hydration curves of the two structures.

From the data it is obvious that moderately rapid hydration of en-
dosperm occurs in the first 24 hours, which is followed by continuous slow
increase in water absorption throughout the period of observation. Maxi-
mum amount and percentage of water content were reached at the final
96-hour period for all varieties of corn. The maximum percentage of
moisture was about the same as that occurring in the hull, the comparative
percentages being 57, 51, and 50 for Yellow Dent, "Sure Cropper," and
Gehu Flint, respectively.

The percentage of water based on the total water absorbed by the grains
of corn decreased after 24 hours, owing to the absorption of the "growing
parts" of the embryo.

Different varieties of corn showed different maximum percentages of
water content in the endosperm at the final 96-hour period (table II, column
b, and figs. 1, 2, 3). Of the three varieties tested, Yellow Dent absorbed
the highest percentage of water with Gehu Flint second and "Sure Crop-
per" the lowest (table II, column b); but the percentage of water to the
total water absorbed by the seed (table II, column c) was highest in "Sure
Cropper," second in Gehu Flint, and lowest in Yellow Dent. The en-
dosperm is a non-active mass of food materials and contains 85% or more
of the total seed water in the air-dry state. This percentage decreased
throughout the period of observation to 26 to 34% with the growth of the
embryo. Since column a, table II, shows a slow increase in the actual
amount of water present in grams in the endosperm, this decreasing rela-
tive percentage resulted from the much greater absorptive activity of the
growing embryo and scutellum.

The amount of water in Gehu Flint was the lowest observed (table II,
column a), and the total percentage of germination water was least in the
endosperm of Yellow Dent, because of the high values of the embryo, in-
cluding the scutellum. The Flint differed from the varieties of Dent
studied by its lower percentage of water in the hull and endosperm.

In order to determine the storage functions of the cotyledons as com-
pared to that of the endosperm, the data were tabulated in table IV, which
shows the percentage proportions of the dry weights of the endosperm and
cotyledons. The dry weights of the seed coats remained approximately
constant; those of the embryos increased with growth (table IV).
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STILES: GERMINATION OF CORN A-ND COTTON 21:3

The enidosperimi decreased in dry weight durinig the observationi period;
28%7c in Yellow Dent and 4%S0 in Gehii Flinit. No reduction was found in
"'Sure Cropper,'" probably because the loss in weight was small and
obscured by variation due to the method used.

In summary, the results obtailned in. these experimenits show that the
eildosperm of "Sure Cropper" anid Gehu Flint exhibit a small decrease in
(Iry weight during the period of observation, Yellow Denit showinig the
greater decrease. In comparisoni to this, the decrease in dry weight of the
.setitellumii appears low; it is obviously onlyl a seconidary storage organi. No
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FIG. 4. Absorption of water by the various organs of the seed of Gossypivm
li-setiItu var. Rogers Acala (1940), during the early phases of germination.

varietal differeinees in the corn used are obvious, other than that to be
expected from the greater rate of activity of the embryo of Yellow Dent.

The large endosperm acts not only as a food supply but also as a reser-
voir for absorbed water; the scutellum also containis a conisiderable amouniit
of water, approximating that found in other parts of the embryo.

THE EMBRYO.-For the study of the "growiing parts" of the embryo be-
havior in relation to germinationi water, the same varieties of corn ancd
cottoni were used as for the study of seed and fruit coats, and " food storage "
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organs. The results are recorded in tables I, II, and III, and in the curves
of figures 1 to 6. Tables I and II give the weights and percentage relations
of water in the "growing parts" of the embryo of germinating kernels of
corn, and the curve in figure 1 shows the percentage of germination water
absorbed by this structure, as exemplified by the variety Yellow Dent.

It will be seen that a high percentage of water is absorbed in the first 24
hours, after which there is maintained a continuous high rate of absorption
throughout the period of observation (table I, column b, and fig. 1). This
percentage of moisture content is higher than that of any other part of the
kernel. The percentage of total seed water in the "growing parts" of the
embryo increases throughout germination, until a maximum is reached at
the final reading (table II, column c). The amount of water in the grains
also increases throughout germination (table II, column a).

The dry weight of the embryo is less than 2% of the total dry weight of
the seed. This increased during germination.

The observations here recorded are true for all varieties of corn tested
(table II).

The varieties of corn do differ, however, in their capacity for early ab-
sorption of water. This is shown by the fact that " Sure Cropper" absorbed
the highest percentage, Gehu Flint second, and Yellow Dent the lowest in
the first 24 hours (table II, column b, and figs. 1, 2, 3). The final reading
shows less difference in the maximum percentage of water content for the
three varieties; all three are very high.

The rate of absorption and percentage of total seed water in the "grow-
ing parts" of the embryo were different for the different varieties (table II,
column c), the maximum being reached at the final reading. Of the three
varieties tested, Yellow Dent absorbed the highest pe'rcentage of the total-
germination water, Gehu Flint second highest, and " Sure Cropper" least.

The "growing parts" of the embryo is of course the growing part of the
grain. This is evidenced by the consistent increase in the dry weight of
the embryo during germination, and the increase in size and rapid in-
crease in amount and percentage of water in proportion to other parts of
the seed. Although the growth of the embryo is partly due to an increase
of absorbed materials at the expense of stored food, much of the increase in
size is due to hydration, as shown by the data (tables I and II, columns a,
b, c).

The growing part of the embryos of all varieties reached similar water
content at the final 96-hour reading. In the air-dry grains, this organ of
all varieties contained a very small proportion of the seed moisture (1%0 or
less), compared to that of the endosperm (85% or more), as shown in table
II, column c.

Varietal differences appear in the air-dry water content, which was high
(10.52%) in Yellow Dent, and low (5.67%o) in Gehu Flint. In rate of
water absorption, the "growing parts" of the embryo of Gehu Flint reached
a water content of 374.4%' in 24 hours, while in Yellow Dent the water con-
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tent was 187.12'/%c. "Sure Cropper" White Dent showed intermediate
values.

While the "growing parts" of the embryo reached a finial water con-
tent which was similar in all varieties tested, that of Gehu Flint may be
considered to show a comparative adaptation to germination in dry land
conditions. This was shown by its rapid initial absorption of water.

COTTON
SEED COAT.-Tables I and III give weights and percentage relations of

water in the seed coats of cotton anid figure 4 shows the typical hydration
curves as found in the seed coats of Rogers Acala cotton seeds.

These data show that, as in corn, maximum hydration occurs in 24 hours
and approximate stability is thereafter retained. It is striking that com-
plete hydration is reached in the seed coats of cotton at about 80% water
conitenit, compared with 155% in corni. Column c, tables I and III, shows
that the percentage of the total seed water contained in the seed coats is
greater in the air-dry condition than at any succeeding period in germina-
tion. This was not true in corn. The seed coats of cotton are obviously
more hygroscopic than the hull of corn, or than any organ in either corn or
cotton except the food supplv. Air-dry seeds of cotton thus contain a con-
siderable portion of their water content in the seed coat. Progressive de-
crease in percentage of germination water in the seed coat in the course of
the hydration of the inner seed, appears as in corn.

All varieties used behaved similarly (table III), but small varietal differ-
enees appear in Drought Resistant #293, in which the seed coat reached
its maximum hydration only at 96 hours, and thus mainitained a higher
percentage of germination-water (table III, column c, and fig. 6). The
seed coats in this variety are obviously more hygroscopic thaii is the case
in Rogers Acala.

A year of storage under laboratory conditions showed mainly the
progressive drying of the "growing parts" of the embryo. The higher
proportional percentage of water in seed coats of air-dry seeds of the 1940
cotton (table I, column c and curves of fig. 4), obviously resulted from
this slight drying out of the endosperm and of the "growing parts" of the
embryo during storage and from the marked desiccation of the cotyledons
as compared to the constant water content exhibited by the seed coats.
Thus, table I shows that during a year's storage the endosperm and "grow-
ing parts" of the embryo decrease in water content 1% or less, while the
cotyledons decreased from 15.62 to 6.29%o

COTYLEDONS AND ENDOSPERM.-Tables I and III give the data onl the be-
havior of the food storage tissues of cotton seeds and figure 5 shows the
curves for percentage of water content for variety Rogers Acala, 1941.
This food is stored in the cotyledons and small portions of the endosperm.
The plotted data for Rogers Acala and Drought Resistant #293 are shown
in figures 5 and 6.
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The amount of water absorbed, expressed as percentage of water con-
tent, (table III, column b) was large the first 24 hours in both cotyledons
and endosperm, and in both cases continued to increase rapidly throughout
the period of observation.

As in the endosperm of corn, the final amount (column a) and per-
centage value (column b) was highest at the final 96-hour reading; although
the absolute amount of water per seed was considerably less than that ob-
served in the endosperm of corn, the percentage was very much greater
(column b).

24 48
TIME IN HOURS

-+- -+ +_+ 76.37 % SEED COAT

72 96-

FIG. 5. Absorption of water by the various organis of the seed of G. hirsutum var.

Rogers Acala (1941), during the early phases of germination.

The proportion of total-germination water held in the cotyledons of
cotton was similar to that held in the endosperm of corn, but less variable.
The proportion of the total germination water, as in other parts not
aetively growing, reached a maximum at the 24-hour period, and decreased
slightly thereafter. The data show that in Rogers Acala the stored food
supply in the cotyledons absorbed a larger quantity and a greater per-

centage of their own dry weight, and of the total amount of germination-
water, than in variety Drought Resistant #293.
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The stored food in cottonl seeds, although containied chiefly in the coty-
ledons inistead of in the endospermii as in corni, behaved similarly in showing
conltiniuous hydratioln in 96 hours. These coty-ledonis differ from the eni(lo-
sperm of corn in absorbing larger anmounts of water. Tables I and( III,
and figures 4, 5, and 6 show that the enidosperm of cottoni absorbs w-ater
very rapidly in the first 24 hours, 300 anid 257% respectively, for Rogers
Acala, and Drought Resistant #293, as compared to corni 48, 199, anid
209% in Yellow Dent, "Sure Cropper," and Gehu Fliint, respectively. It
continues to absorb water slowly throughout the observatioll period, reaclh-
ing a maximum of 308% in Rogers Acala and 302%/c in Drought Resistant
#293 at the final reading.

The percentage proportions of water in the seed iniereased at first and
then decreased (columii c), due to growth of the embryo. The dry- weight
of endosperm of cottoni is about 5% of the total dry weight of the seed, while
that of corn is about 80%/o (table IV). In spite of its smiiall size in com-
parison to corni, this substanee is initially miiore rapid in its absorption of
water than is the endosperm of corni. The dry weight of the endosperm
decreases very slightly throughout germinationi because of the rapid initial
and slow continuous water absorption of the endosperm. In spite of its
very small mass in comparison with other seeds used, it is obvious that cottoni
endosperm is an effective water absorbinig and distributinig agencey; cheiimieal
tests anld slight decrease in the weight of this structure durinig germiniation
indicate that it serves only secondarily as a food storage organi.

From the results obtained it is obvious that the cotyledons of cotton are
primarily foo(d storage organs, anid the scanit endospermii is primaril]- a
water absorbinig substance.

THE EMBRYO.-Data on the "growinig parts of the emibryo of cotton
in relationi to germination water are tabulated in tables I anid III, anid the
percentage of water content absorbed is shownl in figure 5 for Rogers Acala,
1941.

It is obvious that a high percentage of water is absorbed in the first 24-
hour period of germination, after which there is a conitiniuous high rate of
absorption throughout germiniation (table I, column b). The pereentage
water contenlt of the embryo was higher than that of any other part of the
seed.

The percentage of total seed water absorbed by the "growing parts" of
the embryo increased throughout germiniation until a maximiiulmi was reached
at the final 96-hour period of observation (table I, column c). The amount
of water in grams also inereased throughout the period of observation
(column a).

The dry weight of the "growinig parts" of the embryo was between 3
and 5% of the total dry weight of the seed, that of the corni being less than
than 2%. The dry weight of this growing part of the cottoni seed increased
during germination.

These observations hold for both varieties of cottoni tested (Rogers Acala,
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and Drought Resistant #293), as shown in table I and III, columns a, b,
and c, and figures 4, 5, and 6.

The two varieties, however, showed different capacities for absorption of
water during the first 24 hours (table III), the percentage of water con-
tent being more comparable to that of Yellow Dent corn than to the other
varieties of corn tested. Rogers Acala absorbed a higher percentage than
Drought Resistant (table III, column b). The final observation showed a
great difference in the maximum percentage of water content for the two
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FIG. 6. Absorption of water by the various organs of the seed of G. hirsutum var.
Drought Resistant #293 (1941), during the early phases of germination.

varieties, but both reached a high level in proportion to other parts of the
seed. This high percentage of water content absorbed by Rogers Acala is
similar to that of all varieties of corn.

The rate and percentage of total seed water in the "growing parts" of
the embryo were different for the two varieties used (table III, column c),
their highest values being reached at the final reading. Rogers Acala ab-
sorbed the higher percentage of total germination water, this final high
percentage being more like that of the varieties of corn studied.

The "growing parts" of the embryo of cotton seed, like that of corn;
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are the growing portion of the seed. This is evidenced by the consistent
increase in the dry weight during germinationi, as well as by the increase
in size and rapid increase in amount and percentage of water as compared
with other parts of the seed. Also, like that of corn, the growth of the
"growing parts" of the embryo is partly an increase in materials at the ex-
pense of the stored food, even though much of the increase in size is due to
hydration, as shown by data in tables I and III, columns a, b, and c. The
"growinig parts" of the embryo of both varieties of cottoni increased in
size noticeably through hydration.

Even though the "growing parts" of the embryo of both varieties
reached a high percentage of water conitent at the final readinog in propor-
tion to that of other parts of the seed, that of Rogers Acala absorbed more
thani twice as much as did that of Drought Resistant #293. This high maxi-
mum was preceded by a higher rate of water absorption in Rogers Acala
than in Drought Resistalnt. In the air-dry seed, the "growing parts" of the
embryo of both varieties contained a small proportion of the seed moisture
(less than 4%) which was similar to that of the endosperm. The cotyledons
and seed coats contained a much higher percentage in both the varieties.
The percentage of moisture in the air-dry embryo of corn is less than 1%O
(table II, column c).

The percentage of water content in the embryos of the air-dry seed is
almost the same for the two verieties of cotton (table II, column b) and most
comparable to that of "Sure Cropper" corn. In Rogers Acala, the "grow-
ing parts" of the embryo reached 203.03% water content in the first 24
hours, compared to 174.83% for the same tissues of Drought Resistant.
These values are most similar to that of the "growing parts" of the embryo
of Yellow Dent corn (table II, column b).

While the growing embryo has reached a final percentage of water con-
tent which was different in the two varieties, Rogers Acala shows adaptation
to dry land conditions by absorbing water rapidly the first 24 hours, and bv
continuing this rapid rate of absorption during germination; and Drought
Resistant #293 shows adaptation by not requiring as great a quantity of
w-ater for germination. The comparatively low percentage of initial water
absorption by Drought Resistant #293 may be due to a low capacity for
absorbing water; the comparatively low maximum percentage of water con-
tent reached at the final reading may be due either to low absorbing power,
or to-a slow rate of absorption which causes the embryo to fail to reach its
maximum equilibrium value at the final reading.

Summary and conclusions

This is a report on the germination water relations of three varieties of
corn (Yellow Dent, Sure Cropper White Dent, and Gehu Flint),
and two varieties of cotton, Gossypium hirsuttum var. Rogers Acala, for 1940
and 1941; and var. Drought Resistant #293. The conclusions reached are

as follows:

219



PLANT PHYSIOLOGY

1. The seeds tested differ in percenitage of initial 24-lhour water initake
and in percentage of final 96-hour water absorption. Rogers Acala cottoln,
1940, absorbed 119.87% in the first 24 hours; same var., 1941, 115.90%;
and var. Drought Resistant #293, 108.98%; Sure Cropper corn, 75.857o;
GehuLFlilnt corn, 71.21%; and Yellow Dent corn, 64.36%o. They are listed
in a descending order of absorption rate, for the first 24 hours.

The total water absorption at the final 96-hour period of observationi is
for Rogers Acala cotton, 1941, 320.53%; same var., 1940, 301.14%; Yellow
Dent corn, 228.577o; Gehu Flint corn, 178%; Drought Resistaiit #293
cotton, 169.04%; and Sure Cropper corn, 153.54%o. It is obvious from
these figures that liot all seeds require the same percentage of water for
germination.

2. Each part of the seed plays one or more roles in seed germiiination:
(a) The seed coats of all seeds behave similarly in that they absorb

water quickly until an approximate saturation level is reached, and this
saturation level is approximately maintained thereafter. The percentage of
total seed moisture in these organs decreases after the saturation level is
reached to the final 96-hour period of observation. This indicates that the
seed coats serve as transporting agents for water from the external water
supply to the internal parts of the seed. The seed coats absorb water
passively by hygroscopic and imbibitional processes. Seed coats of differ-
ent seeds have different hygroscopic and imbibitional absorptionl capacities
throug,hout germination. These capacities are partly due to morphological
differences of the seed coats, and partly to the activity of internal seed parts
in rate and percentage of water absorption.

(b) The endosperm of the seeds of the three varieties of corni serves as
a reservoir of primary importance for both food and water. The enidosperm
of the seeds of Gossypium hirsutum serves primarily as a water reservoir
and only secondarily for food storage, the great power of absorptioni anid
storage of water in these seeds being due to the hydrophilic colloidal
iiature of the endosperm in comparison to that of other seeds.

(c) Not all cotyledons perform the same function. The scutellum
(cotyledon) of the three varieties of corn digests starch into sugar and
transports it anid water from the endosperm to the "growing parts" of
the embryo. The cotyledons of the seeds of Gossypiumn hirsittunt Xvar.
Rogers Acala (both 1940 and 1941 crops), and of G. hirsutum var. Drought
Resistant, are reservoirs of primary importance for both soluble food and
water, and they transport both to the "growing parts " of the embryo to be
used in growth.

(d) The axis of all seed used is the "growing parts" of the seed. This
is evidenced by the consistent increase in the dry weight of the growing
portion of the embryo, the amount of water absorbed, and the increase in
total percentage of seed moisture throughout germination. It is further
evidenced by the fact that the embryos of all seeds tested attained the highest
maximum percentage of any seed organi at the final 96-hour period of ob-
servation.
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3. Apparently seeds exist with miiesic, hydric, or xeric germiniation
a(laptations or teiidencies thereto.

Seeds of Rogers Acala cottoni (both 1940 anid 1941 crops), of Yellow
l)eit aiid'"Sure Cropper" corni are adjusted to germiniationi in mesic
lhabitat.

See(ds of Irought Resistant eottoni are adapted to germiiniationi in very
dry- laild, or xerie habitat of temporary water after a raini.

Seeds of Gehu Flint corn are adapted to germinatioln ill dry-land coln-
ditions, tendinlig toward xeric conditions.

4. SuLch adaptations of seeds for germination in mesic, hydrie, or xeric
conlditions are ev-idenit in germiniationi in the water requiremiienits of the
"(growing parts" of the embryo, ald ill the imbibitionial capacity of the
cotyledonis anid enidosperm to absorb and store water for use by the "grow-
icg parts"' of the embryo as nieeded.

5. V'arietal differeniees appear iln the germiinationi-water requiremiienets
of seeds of the three varieties of Zea mays anid the two varieties of
(JossypimIIl itrsutturni.

(a) The chief varietal differeniee in kernels of Zea wnays lies in the differ-
eait capacities of the embryos for early absorptioni of water. The embryo
of Gehl Flinit corn absorbs the highest percentage (374.03), that of "Sure
Cropper'" the secoll(l highest (318.5-7), anid that of Yellow Delnt the lowest
(187.12) (hiirilig the initial 24-hour period of germiniationi. The final per-
cenitage of gerininiation-water shows less differeniee.

(b) The elief varietal differenices in the two varieties of cottonl seed
uised appareiftly lie in the germiniationi-water requirement of the eimibryo,
the capacity rate of water absorptioli by the endosperm, the hygroscopicity
of the see(d coats, anid the percentage of finial germination-water absorbed by-
tile see(1s.

Tile embr o anid seed of Drought Resistanit cottoln requlire abotut half the
percentage of water required by Rogers Acala, 1941. Thus, a low per-
cenitagre of water in the embryo of Drought Resistant cottoni, the rapid iniitial
aild extenided absorption of water, and the high percentage of water ini the
ei(lospeirin of this variety of cottoil adapt this seed to germiniation ini dry-
landcl cond(litionis; the seed of Rogers Acala, requiring twice as muclh water,
is acdapted to germination under more miesic conditionis.

Tllis investigation further inidicates that various seeds do differ in the
total aimiouniit of water absorption ancd the rate of its absorptioni; that differ-
eit orgains of the seed play differenit roles ini the process of grerminiation;
that seeds apparently possess degrees of mesic, hydric, and xeric adapta-
tions in oeriminiation; and that varietal differences appear in water absorb-
inga capacity of seeds of the several varieties of coril and cottoni tested.

The auitlhor is iii(lebte(d to DR. G. WV. GOLDSMITH (deeeased), DR. FRED-
ERICK AMCALLISTER, anid DR. C. A. SHULL for assistancee anid (guidanee ill
this study\.

HARRiS TEACHERS COLLEGE
ST. Louis 4, MIISSOITRI
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