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I. INTRODUCTION

In many plant species, delayed germination of the seed

is caused by a dormant state of the embryo. Before growth can

occur, the seed must undergo a period wherein this dormancy is

broken. More information is undoubtedly needed concerning this

pre-germination period, about which there exists only hypotheses

integrating the known physical and chemical changes. In the

past few years, the role of plant hormones in controlling and

instigating growth has received marked attention, and increased

significance has been attached to the function of the hormone

in the growth process. It is the purpose of this investigation

to study the growth-hormone production and relations of some

embryo-dormant seeds during the period in which the dormancy is

lost.*

1. Seed Dormancy

There occur, especially in the nursery, problems which

evolve from the delayed germination df seeds from trees and

shrubs. Since the turn of the century, many workers have fixed

their attention on the study of seed dormancy and methods of

breaking it. These investigations have covered an extensive

range of species found under varied climatic and physiographic

conditions, and the literature upon the subject is voluminous.

In general, the seeds of cultivated plants have been

found to be less dormant than those of the wild species (19).
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According to Spaeth (29), the causes of dormancy are hereditary

characters, but the intensity with which some manifest themselves,

particularly such a character as impermeability of the seed coat,

may be modified by the climate in which the seed crop is produced.

For instance, cool temperatures, and the alternate freezing and

thawing that is found in some regions play an important part in

the overcoming of persistent embryo dormancy through their effect

on seed-coat permeability (ibid.).

Crocker (11) has classified the types of seed dormancy,

and his grouping has been followed by most recent workers. The

main causes of delayed germination are:

1. Rudimentary embryos that must mature before germin-
ation can begin

2. Inhibition of water absorbtion by an impermeable
seed coat

3. Mechanical resistance to the expansion of the embryo
and seed contents by enclosing structures

4. Incasing tissues interfering with oxygen absorbtion
by the embryo, and possibly its carbon-dioxide elim-
ination, resulting in the limitation of dependent
processes

5. A state of dormancy in the embryo itself, or some
organ of it, in consequence of which it is unable
to grow when naked and supplied with all germinative
conditions

6. Combinations of two or more of the above causes
7. The assumption of secondary dormancy

It is with members of the fifth class, seeds inherently embryo-

dormant, that this investigation is primarily concerned. Into

this category fall members of certain genera of particular in-

terest to forestry, notably Juniperus, Tsuga, Pinus, Taxus,

Hamamelis, Cornus, Liriodendron, Acer, Crataegus and other Ro-

saceae.
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The dormant embryo type of seed must undergo a period

of what is known as "afterripening" to terminate the dormancy

and instigate growth. Afterripening may be defined as the series

of chemical or physical changes, occurring within the plant or

plant part, which brings to a close the dormant period and makes

growth again possible (14). More specifically, afterripening

may be thought of as a series of physiological changes within

the kernel which are preliminary to germination. A broader use

of the term applies it to the causes of delayed germination other

than embryo-dormancy. Thus Crocker(10), Shull (26), Atwood (1),

Sifton (27) and others have discussed the afterripening of seeds

whose dormancy is due to gas exchange limitation, or in which

secondary dormancy has been induced. Crocker (10), considers

lowering of the breaking strength of the seed-coat colloids

(allowing free swelling of the kernel) to be afterripening.

Many treatments, of which chemical stimulation and

cold storage are the most effective, have been used in efforts

to shorten the time required for afterripening. Extensive work

at the Hull Botanical Laboratories, the National Seed Laborator-

ies and the Boyce Thompson Institute has established the fact

that moist storage at temperatures slightly above freezing, under

conditions of good aeration,- is the most effective means known

for bringing about the afterripening of most species, particular-

ly those where dormancy is inherent in the embryo; the fact that

some seeds afterripen best at alternating temperatures whereas

low even temperatures are best for others also is established

but not explained (9). An interesting characteristic of the pro-

cess is that it does not obey the Vatt Hoff temperature law
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for chemical reactions, but procedes faster at the lower temper-

atures.

Accompanying physical and chemical changes have been ex-

tensively studied in seeds, (a comprehensive bibliography may be

found in Spaeth (29) and Miller (19) ) but the mechanism whereby

the dormancy is broken has not been satisfactorily formulated.

Coville (9) and others have advanced the theory that afterripen-

ing serves to decrease the vital activity of the living cell mem-

branes. This would make them more permeable to diastatic en-

zymes whose activity in increasing sugar content would raise the

osmotic pressure and initiate growth. Some aspects of this theory

will be subsequently discussed.

2. Growth Hormones

A hormone may be defined as a substance which, being

produced in any one part of an organism, is transferred to anoth-

er part and there influences a specific physiological process (38).

Since the substances causing cell enlargement have been found to

comprise a separate heterogeneous group, the term "auxins", sug-

gested by Kdgl and Haagensmit in 1931 (16), will be used to in-

dicate those compounds which bring about the specific growth re-

action which is conveniently measured by bioassay, viz., Avena

coleoptile or Pisum stem curvatures.

There are three known chemically different auxins occur-

ring in plants whose physiological action is, except for quanti-

tative differences, the same. These are auxin a, auxin b, and
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heteroauxin. The first is a monocyclic, trihydroxy-carboxylic

acid with one double bond, with the empirical formula C 1H3205.

It is stable in acid, but not in alkali, has a molecular weight

of 328 and is heat and light stable. Auxin b, C18H3004 , is a

monocyclic hydroxy-leto-carboxylic acid with one double bond. It

is also heat and light stable, has a molecular weight of 310, and

is destroyed by both acids and alkalis. Heteroauxin, C10 Hg0 2N,

which has been found to be identical with 3-indole acetic acid,

is destroyed by acids but is stable in alkali and has a molecular

weight of 175. Though many workers consider all plant auxins to

be one of the above three, there is evidence that other substan-

ces found in the plant function as growth hormones (3). Until

more qualitative information is obtained, I believe one is not

justified in restricting the identity of all plant growth hormones

to the three hitherto isolated.

Growth substances may be obtained from plants by dif-

fusion and by extraction. In the diffusion method, which is

based on the presence of a free moving form of the auxin, the

tissue containing the growth substance is smoothly cut, and the

cut end is placed on an aqueous gel into which the auxins diffuse;

generally agar is used. After the diffusion has progressed a

sufficient time, the agar is cut into cubical blocks of a stan-

dard size and then assayed.

In the extraction method, not only the free moving aux-

in is obtained, but also a form of active auxin bound in some

manner in the cell (15)(28). or this purpose, water, alcohol,
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ether, and chloroform have been used. Water as the solvent is

open to the objection that its use is accompanied by enzymic

oxidative inactivation (30); the organic solvents, when used,

must be freed of inactivating peroxides and chlorine (6). Fol-

lowing the extraction, growth substance is then taken up in agar

to be assayed.

There is strong evidence that the active auxin of a

plant is produced from a storage or precursor form, which serves

to supply auxin to the various organs or tissues undergoing phy-

siological activity (4)(15)(2). It has been suggested that the

precursor could be in the form of an ester; this is supported by

the work of Kdgl, Erxleben, and Haagensmit (15) who were able to

obtain considerable activity from Rrachis oil and some other veg-

table oils by hydrolyzing them with a lipase preparation or with

sodium ethylate.

Where the auxin is heteroauxin, the precursor may well

be in the form of an amine or amino acid which is either in the

free state or as part of a protein complex. Thus Skoog (28),

applying tryptamine to the Avena coleoptile, could obtain no

curvature at first. Six hours later, however, a strong response

set in; the transformation of the amine to indole acetic acid

was postulated. Went and Thimann (38) found tryptophane to be-

have the same way. It was discovered by Avery and. Sargent (3)

that compounds like tryptophane and tryptamine, when placed in

agar some time before applying the block, would produce an active

compound or compounds. The original substances were inactive

and the possibility of enzyme action in the agar was precluded.
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Bonner (4) and Thimann and Dolk (35) found that growth

substance production by Rhizopus growing on a peptone-dextros

culture medium is greatly increased by aeration. They, and Thi-

mann (31), explained this as an oxidation of tryptophane to hetero-

auxin. Thimann also showed that culture media containing trypto-

phane is superior to those that do not, since auxin is more read-

ily produced. The auxin was identified as indole acetic acid.

Aspergillus was found by Boysen-Jensen (6) to be able to convert

tryptophane and the 6-carbon-containing amino acids: lysine, leu-

cine, tyrosine and phenylalinine to growth hormone.

went and Thimann (38) have given a partially hypothetical

table of the various possible states of auxin in the plant. I be-

lieve its presentation will facilitate the understanding of some

aspects of the subsequent work.

Table I. States of Auxin in the Plant

inactive in Avena------(precursor, auxin-esters,
'test storage form in seeds, easily

transformed into auxin)

Auxin in plant'

free moving --- --- (transport form, can be col-
lected by diffusion method,
redistributed by light or

active in gravity) ("free auxin")
Avena test ,

inside cells auxin acid (active in pro-
can be ex- -- ducing growth)
tracted by
organic sol-
vents only auxin in salt form (not

("bound auxin") active~in growth, reserve
auxin in cells)
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The small quantities of growth substances in plants

make difficult the direct proof of their presence by chemical

means. It is generally satisfactory to obtain indirect eviden-

ce of their existence by their activity in certain measureable

growth reactions. As put by Boysen-Jensen (6), "growth substan-

ces, in common with other hormones and activators, produce in

the living organism responses out of all proportion to the size

of the stimulus". Although auxins have been extracted and pur-

ified from many plant sources, the usual method of detecting them

is by means of biological indicators.

There are a number of techniques used in the quantita-

tive bioassay: straight growth and curvatur response of the Avena

coleoptile, the "pea test", epinastic responses, callous formation,

and several others. However, the Avena coleoptile is more exten-

sively used than any other organism. For a full discussion of

these methods, the reader is referred to Boysen -Jensen (6) and

Went and Thimann (38).

The bioassay to be here used is known as the "Avena

coleoptile method", first reported by Went (38) and since then

technically modified; it is based on a determination of the de-

gree of curvature of a decapitated oat coleoptile on which has

been placed the substance being tested. Blocks of agar contain-

ing the growth substance are applied unilaterally on coleoptiles

and the resulting curvatures photographed after a constant time

interval. (For specific details of the modified Avena bioassay

used, cf. Appendix A). It was established by Thimann and Bonner
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(341, that the rate of curvature is proportional (within certain

limits) to the concentration of growth substance applied.

Various concentration units have been proposed for ex-

pressing the degree of curvature caused by the auxin, viz., Avena

Einheit, Plant-Unit, uchsstoff-Einheit. However, since it has

been shown that one of the auxins is 3-indole acetic acid, which

is readily available in pure form, the activity may be expressed

in comparison with the effect of an indole acetic acid control run

at the same time as the unknowns tested. The advantages of this

are multifold: diurnal and seasonal tariations in Avena coleoptile

sensitivity and constant variations in technique are automatically

compensated for, and the indole acetic acid equivalents are inde-

pendent of the test method and the test plant species. Van Over-

beek (20) has expressed the indole acetic acid equivalents of a

curvature in a convenient mathematical fbrm:

Ca . Io. V agar

W

Where C= auxin concentration in gamma indole acetic
acid equivalents per kilogram material un-
der investigation

- weight in grams of material

Ca= average curvature obtained from extracted
material in the Avena test

I o_ concentration of indole acetic acid in
1 gamma per liter required to give a curva-

ture of 1 degree upon the control coleoptiles

Vager._ volume of agar in cc. in which the residue
is taken up
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3. Auxins and Seed Dormancy

The presence of auxins in seeds has been noted by a

number of investigators. Kdgl, Erxleben, and Haagensmit, (15)

found small amounts of auxin in ungerminated barley seeds, the

quantity increasing as germination progressed. Samples of wheat

germ and its oil, corn meal and rice polishings were found by

Thimann (30) to contain considerable amounts of auxin, some up

to four milligrams per kilogram. The auxin content of corn and

Helianthus plants during their whole life cycle was studied by

Laibach and Meyer (17). In both species they found that acidi-

fied alcohol extracts of the seeds contained a substance that

stimulated the growth of the Avena coleoptile; it was present in

greatest concentration during the early stages of germination.

Wohl (23) showed a decrease in the growth of germinating Avena

when the seed coat and aleurone layer was removed or punctured

so as to allow the growth auxins to diffuse outward from the en-

dosperm into the water.

Cholodny (7) could find no auxin in the seeds of Avena

until water was absorbed. An interesting observation was that

the auxin production was in the endosperm and not in the embryo

which, in fact, appeared to absorb the growth substance produced.

He states that the hormone does not exist in the embryo, and the

germination of seeds is only possible in the case where the hor-

mone, called "Blastinin" by him, is transfered from the endo-

sperm to the embryo. The work of Shibuya (25) tends to corroborate
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Cholodnyts observations; the former succeeded in forcing the

germination of dormant strain of peanut by applying heteroauxin

to the radicle of the embryo, which was exposed by partially

chipping the seed coat.

On the other hand, Thimann (352) found that the applica-

tion of indole acetic acid to isolated oat embryos did not pro-

mote the out-growth of young roots, but only inhibits them. Apple

embryos, which, like the endosperm, contain much auxin, will not

germinate unless freed from the endosperm. Though Thimann (30)

found the embryo of Triticum to contain abundant growth substances,

the hypothesis of Cholodny is not necessarily negated: that is,

that the auxin is produced in the endosperm and transferred to

the embryo.

In the embryo dormant seed we have a definite organiza-

tion and differentiation of the embryo, yet there is a reluctance

to undergo the initial cell elongation which characterizes the

awakening of the primordial meristems. This enlargement takes

place largely through distension by water uptake, the amount (dry

weight) of protoplasm increasing little, if at all. In turn,the

absorbing power of the cell per se is dependent upon its turgor

and wall pressures; the increase of absorption necessitated by

growth can be attained by either a rise in osmotic tension or a

lowering of the wall pressure. There is doubt concerning the

direct relationship of osmotic pressure and growth (cf. Ursprung

and Blum (U); however, it can be seen that even with an in-

crease in osmotic force concurrent with initial growth, cell ex-

tension can be limited, within the bounds of cell bursting (plas-

moptysis), by the inflexibility of the cell wall.
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That auxin is utilized in growth has been shown by

Bonner and Thimann (5); that cell elongation is dependent upon

and controlled by the presence of auxin, and that without auxin

there is no growth has been shown (30)(38). However, the mech-

anics of the process whereby auxins function through increasing

the plasticity, intussusception and apposition, and perhaps perm-

eability of the cell wall is not definitley known. Therefore,

one can logically query as to the precise role auxins play in in-

itiating and maintaining growth in the afterripening of dormant

seeds, wherein the growth processes begin. Are auxins utilized

in this period? Is there a movement of auxin to or from the em-

bryo? The presence of large amounts of auxin has been shown (33)

to exert an inhibiting action on shoots and buds. Might this be

true also of seeds?

A knowledge of the auxin content of the endosperm and

embryo at various stages of the period wherein the dormancy is

broken would answer the above questions. From the literature

on seed dormancy, moist cold storage stratification is the most

facile means of afterripening inherently embryo-dormant seeds.

The basic experimental plan is therefore: To determine the active

and precursor auxin content of embryo-dormant seed endosperms

and embryos before, during, and after a period of afterripening

by stratification.



EPERIMENTAL

As can be seen from the preceding plan, the problem

entails a quantitative differentiation between the free auxins

and the inactive precursor. Since in the standard Methods of

auxin extraction from plant materials there is no way of quan-

titatively demarcating the source or amount of the Avena active

hormone, and no way whereby the amount of precursor can be con-

veniently estimated, the preliminary work has revolved about

the determination of a suitable technique.

The experiments performed can be broadly classified

into three groups:

A. Comparison of a number of extraction methods
B. The extraction of active auxin
C. The auxin precursor

A. Extraction Methods

Seeds of Cornus paniculata were used in the experiments

to be detailed, since the fruits of the 1939 crop were readily

obtained in quantity. The fleshy pericarp was removed by vig-

orous rubbing against a water immersed screen, and adhering bits

of the pulp were eliminated by a number of subsequent washings.

After they had dried, the endocarps were stored at room tempera-

ture.

In a recent paper, Avery, Creighton and Shalucha (2)

found that with maize endosperms, water extraction yielded the

most auxin while alcohol extractions gave the most consistent
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results. At the beginning of this investigation, extractions

were tried with water, alcohol, petroleum ether, and the lower

boiling-point fraction of redistilled. peri1oleum ether. All of

these solvents gave unsatisfactory results.

1. Extraction with chloroform

Method a. Approximately one-half of a gram of the fruit, without

the pericarp, was thoroughly ground in a mortar. The crushed

tissue was weighed, placed in the cellulose thimble of a Soxhlet

condenser and extracted with chloride and peroxide free chloro-

form as the solvent. (Chloroform of reagent grade was distilled,

several cc. of absolute ethanol added, and the liquid stored in

the dark at 0-50C. (6)). At intervals, the chloroform was re-

moved for assaying, and replaced by fresh solvent. When the ex-

traction period was terminated, the thimble was immersed in fresh

chloroform and stored in the dark at 1500. for about five days,

when Soxhlet extraction was repeated. The samples taken for assay

were reduced in volume and drop-pipetted to the bottom of vials

partially immersed in boiling water; thus the extract containing

the growth substance was left on the bottom of the vial. Where

the bioassay could not be run on the same day-as the extraction

was made, the vials were stored overnight at 0-50 . Agar of 1.5%

concentration was added and stirred with the extract by a glass

rod. The growth substance was allowed to diffuse into the agar

for at least two to three hours before being assayed.1

Mess this5i5 one, the extract will not be unirorm-
ly mixed with the agar. This was shown by an experiment in which
the agar was poured into the mold immediately after stirring in
the vial. The oils and extraneous materials which floated to
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The standard Avena assay then followed. Controls of 21.5

gamma indole acetic acid were run, and the concentration of auxin

calculated in terms of indole acetic acid activity by the formula

of van Overbeek on a basis of dry weight of seed. The values ob-

tained are listed in Table II. After 198 hours of Soxhlet ex-

traction, the chloroform was evaporated at room temperature from

the thimble containing the seed. When no odor of the solvent

could be detected, 0.5cc. of redistilled water was added to the

seed. Upon the elapse of three hours, the thimble was placed in

fresh chloroform and extraction continued.

Method b. Before extraction, the seeds were pulverized with quartz

sand which was freed of impurities by acid-alkali washings (2).

Procedures were the same as in Method a, except that, in the re-

duction of solvent volume, the chloroform was reduced to dryness

on a bed of glass beads. The auxin was then taken up in 4 cc.

water that had been freshly redistilled over K~h04 (37). An

aliquot was mixed directly with an equal amount of three percent

agar, allowed to diffuse, and then assayed. The dilution factor

was incorporated into the formula of van Overbeek's. Table III.

shows the heteroauxin equivalents obtained from each extraction.

At 95 hours, 0.5 cc. water was added as in chloroform method a.

Method c. Since 4 cc. of water soon brought the concentration of

auxin in the aliquot below the threshold sensitivity of Avena, i.e.,

1. (cont.) the top were cut off and assayed.; they yielded about
eight percent more auxin than the agar below. Where diffusion
for three hours took place before pouring, the floating material
gave a curvature of about one and one-half percent over the low-
er agar.
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the minimu concentration of growth substance which will cause

measureable curvature of the coleoptile, the sa te procedure was

repeated using 1.5 cc. water instead. The auxin #alues are given

in Table IV.

2. Extraction with ether

According to van Overbeek (21), purification of the ether

from peroxides is very important. The fact that a sample of ether

gives a negative benzidine test, a test which is considered extrem-

ely sensitive for detecting peroxides, does not mean that it is

pure enough for use in extracting auxins; such a sample may com-

pletely destroy indole acetic acid in solution (ibid.). Before

being used for extraction, the ether was therefore freed of per-

oxide by distilling one liter of the commercial solvent over ca.

one and one-half grams FeSO4 and one-half gram Ca(OH)2 in about

twenty cc. of water (ibid.).

Method a. A repitition of chloroform method a, except that ethyl

ether replaced chloroform as the solvent. The results are shown

in Table V.

Method b. A sample of ground seed was oven dried to a constant

weight (8 hours, 9Q-1000C.) and immediately placed in a Soxhlet

thimble under ethyl-ether. After the forty-first Soxhlet hour,

0.5ce. water was added to the dry seed as in chloroform methods

a and b. Table VI lists the auxin #alues of the repeated extract-

ions.

A more ready picture and comparison of the auxin pro-

duction by the above methods can be obtained when the data are
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plotted in graph form (Figure 1). Chloroform extrats the auxin

more readily, or at first may facilitate precursor breakdown,

than does ether. It may perhaps be that a different solubility

fraction of growth substance exists between ether and chloroform.

However, the extraction rate of the latter levels off, while

a L.tined a t

ether, in the long run, gives a much larger yield..Aobtained where:_,hr eee

ChorfoArn etc7t

the extract was drop-pipetted into iials. Sae-n
'rfer Rs c/a red

/o f'ejye/

The dried Cornus seed yielded some auxin at first, but

the output of growth substance soon ceased (Ether method b); when

water was added to the dry seed, a continuous supply of auxin

could again be obtained. The freeing of the auxin from its bound

form may thus be a hydrolytic action, since water is necessary

for its consumation. When dry seeds were used, no growth sub-

stance could be obtained after the available auxin was extracted.

Upon the addition of water, the course of active auxin yield went

on at a rate of about the same magnitude as the normal sample un-

der ether (cf. ether curves, Fig. Z).

Additional evidence that the reaction is probably hydro-
lytic in nature can be adduced from Fig.l. Upon examining the

slopes of auxin production of the ether curves, it can be seen
that the slope trends are approximately linear. Therefore it
seems permissible to conclude that, under conditions which will
withdraw the auxin as it is liberated and prevent the attainment
of an equilibrium (conditions we have in the presence of an or-
ganic solvent, or a growing germinant), growth substance will be
produced from the storage form in seeds at a rate which can be
characterized by an equation of the first degree, y- mx-b. In
the physical chemistry of reactions, the rate of a reaction such
as

A+BtC ......--- yProducts

is given in its initial stage by

Rate - k CaCb-c.....
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i..e., the rate is proportional to the product of the concentra-
tios of the reacting substances at the time Considered (18). Let
us suppose that only'precursor and water are involved in the re-
action under consideration. The rate of the reaction should be
given by

Rate - k (C precurser)(C water)

In dilute solution (as we most certainly have here), the percent-
age change in the concentration of water as the reaction proceeds
is very small. In other words, the concentration of water remains
practically constant whereas that of the precursor varies, relativ-
ely, in the time of reaction. Hence the rate of the reaction is
proportional to the concentration of the precursor alone, i.e.,

Rate - k (C precursor)

The reaction must then be of the first order, viz.,

Precursor+Water ---- Auxin

which can be characterized by an equation of the first degree,
y - mxtb .

The same phenomenon was noted in the chloroform extrac-

tions. Evidently the cessation of auxin yield was due, at least

in part, to the unavailability of water, for when water was ad-

ded, an additional amount of growth substance could be obtained.

(Chloroform Method a, chloroform method b.)

These results tend to explain the findings of Cholodny

(7), who noted that auxin was absent from Avena seeds, but appear-

ed as soon as the seeds had taken up some water; and those of

Pratt and Albau4 (24), who observed that the auxin content of Sor-

ghum seeds increased during the pregerminative soaking.

Taking up of the extract by water and testing an aliquot

is unsatisfactory when there are small amounts of auxin. An

auxin concentration just sufficient to cause an Avena response

will, upon dilution, be lowered below the threshold reactivity
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of the coleojptile. Thus in all probability a measurable auxin

yield was obtained at 142 and 138 hours in the chloroform ex-

traction methods b and c respectively, but the dilution was

sufficient to cause zero coleoptile curvatures. Pulverization

of the seeds by sand, as compared to the ordinary grinding in a

mortar does not seem to appreciably hasten the rate of extrac-

tion.

It is evident that the seeds of Cornus paniculata have

a large amount of auxin tied in storage form. At cessation of

the above experiments there was still a steady output of auxin

into the ether. The storage form or precursor may perhaps occur

as an ester or as part of a protein complex. This remains to be

definitely determined. It is pertinent to note that the mere

combining of an auxin with a polyhydroxy compound would keep the

hormone from diffusing into a solvent like ether (8).

B. Extraction of Active Auxin

The preceding work shows the necessity of water for the

obtaining of maximum amount of auxin. The growth hormone prob-

ably obtained from a precursor through hydrolytic action. It

thus seems logical to conclude that, if the precursor is rendered

immobile by the removal of available water, and this dehydrated

state is maintained, extraction by an organic solvent will remove

all of the active auxin present at any given time. In this light,

a series of experiments were performed with the object of devel-

oping a suitable dehydration and extraction technique.
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To determine the length of time and temperature that

could be used for drying the seed material, tests with Crataegus

crus- alli and Pinus monticola were run. About half a gram of

the naked seeds were thoroughly ground in a mortar. Approximately

equal proportions were placed in three weighing vials for each

species and brought to constant weight by the following methods:

Vacuum oven, 400C. 85mm.; vacuum oven, 600C. 85 mm.; drying oven,

9000.. The samples were immediately transferred to Ehrlenmeyer

flasks containing 50 cc. freshly distilled ether and left for one

hour with occasional agitation. From each flask the ether was

decanted, reduced in volume, and drop-pipetted into vials, where

the extract was taken up in 1.5% agar. Standard Avena assay fol-

lowed. In Table VII the times required to reach constant weight

and the resulting auxin concentration in heteroauxin equivalents

are given for each manner of drying.

It may be concluded from the values that, of the three

methods tried, dehydrating in vacuo at 6000. is preferable. As

compared to the lower temperature, there seemed to be no auxin

destruction, and the least time is required to attain constant

weight. The samples dried at 900 showed a decrease in assayable

growth substance. This loss was more marked in the C. crus-galli

seed, which likewise showed a slight heat discoloration.

Ether was used for the extraction since it is separated

from plant material and water with greater ease than is chloroform,

and the low boiling point of the former enables a more facile
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Table VII. The efffect off three dehydrating methods on the auxin
content off the seeds off Crataegus crus- ga li and Pinus
monticola. Auxin concentrations are given in gamma
indole acetic acid equivalents per kilogram dry weight
off seed.

Method Hours required dry wt. gamma
to reach in gas. Curev° Vagar cc. equivalents
constant wt.

Crataegus
crus-galli

Vac. 4000. 14 01103 5.1 0.35 22.6

Vae. 6000. 12 0.110 5.8 0.35 24.0

Vac. 900C. 18 0.115 3.7 0.35 14.5

Pinus
toti cola

Vac. 400C. 18 0.156 4.6 0.40 15.3

Vac. 60. 16 0.155 4.4 0.40 14.8

drying
oven 90°C. 22 0.162 3.9 0.40 12.7

Sensitivity constant= 1.3
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concentration by distillation. However, ether contains free

water, ca. 7%. The question arises as to whether this water is

sufficiently available to permit precursor hydrolysis. At the

same time can be determined the length of time which the seed

tissues should be extracted to remove the available auxin. Dry

ether was obtained by placing anhydrous CaCl2 in about twice

its volume of freshly distilled ether and storing overnight in

a cold room. The small amount of water remaining was removed by

contact with metallic sodium.

Outer coats of Crataegus crus-galli and Pinus monticola

seeds were removed and the kernels ground in a mortar. Two ap-

proximately equal portions of each species were brought to con-

stant weight in vacuo at 550C.,7Omm.. They were then transferred

to Soxhlet thimbles and immediately subjected to ether extraction,

comparing anhydrous ether and freshly distilled ether as the sol-

vents for each species. Calcium chloride tubes were plugged in

the outlet vents of the condensers using anhydrous ether, separa-

ting the condensing vapor from air moisture. After 2,4,8, and 16

hour intervals, the solvent was removed to be reduced in volume

for assay, and the Soxhlets refilled with fresh ether of the same

character, i.e., either anhydrous or "mret" ether. In Table VIII

is recorded the auxin yields obtained by a standard Avena test of

each extraction.

It is evident from Table VIII that dehydrated ether should

be used, as the "wet" solvent had sufficient water to enable auxin

production, either by allowing water to be carried in the vapor-

phase to the material, or by Parrying down the precursor to the



U)

C+
o

C+

0

o
C+

C+

",

9-

0jD

CD C 0 C

IT0 P0C

0 0~
9 9 CD ~0

4 $ (D H

Ct

N
N

N
ti

11 o

fl

O

N

0 *A
A

NN

N 00 °

-4 cc) (

0Z 0 0 0

W

CD

H
H
H

CD H%*1 f C

0 i

i-s He D H
0 0 pd (D

W 0 ct D

f4 ci- Co)CtD
CDH HNJ

Co HO c+-

ED ct p+

co0

co PCD
0 C+ C+

F"3c!- O0H

F-'" C D

CD '10 D

(D ICO c+CD
y 1

Cti
fu

' "

3

,

1

.

i

4

I

t

1I I

0

w o o



(22)

Soxhlet flask where it was activated. Thus, with C. crus-alli,

the active auxin was removed by anhydrous ether in a total of

six hours of extraction; on the other hand, moist ether contin-

ued to remove auxin over a such longer period, probably due to

conversion of the inactive form. The seeds of P. monticola be-

haved in virtually the same fashion, except that a Soxhlet ex-

traction of only two hours with anhydrous ether served to remove

all of the active auxin. After extraction with anhydrous ether,

the samples were placed in flasks containing fresh dry solvent.

With their tops sealed by paraffin, these flasks were stored in

the dark at 150 G. An assay performed one week later showed no aux-

in in the ether extract.

Based on the above experiments, the following procedure

was finally adopted to determine active auxin in the embryo and

endosperm of seeds. The kernels were separated from their integ-

uments after an initial cracking in a hand-vise, and the embryos

were then excised from the endosperm under a dissecting microscope.

Fifteen seeds of the Pinus and twenty seeds of the Crataegus are

sufficient to secure adequate Avena curvature. The tissues were

ground, weighed, dried in a vacuum oven at 60 00.-85mm. for 16

hours, and weighed again to give dry weight and percentage of

moisture. Extraction with anhydrous ether for 6 hours followed

the transference of the samples to Soxhlet thimbles. The ether

was then reduced in volume, drop-pipetted into vials, and assay-

ed by the standard Avena technique.

The method adopted for dehydrating ether is as follows:
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ether, freshly distilled over Ca(OH)2-FgSO4, was shaken with

half its volume of silica gel (dried at 50000. for four hours)

and allowed to remain in the cold room overnight. The ether

was decanted and shaken with anhydrous CaCl2 and again left over-

night. Removed from the chloride, the solvent was completely

dried over metallic sodium which, being a strong reducing agent,

would also serve to inhibit the formation of peroxides. Before

use, the ether was re-distilled, with the first few cc. of dis-

tillate discarded. This re-distillation was found to be necessary,

as the suspension of NaOK formed in the ether over sodium made the

ether useless as an extraction solvent.

C. Extraction of the Precursor Auxin

When seeds or vegative tissues are placed in an organic

solvent, or periodically extracted by Soxhlet tubes, auxin con-

tinues to be extracted over a long period of time. This auxin is

undoubtedly derived from the activation of a precursor. Any at-

tempt to determine a metnod whereby the amount of precursor could

be measured quantitatively is complicated by a lack of knowledge

concerning the identity of the precursor. A step may be moved

in this direction by ascertaining, for the seeds in question, which

of the native plant hormones are present. For instance, if hetero-

auxin is found to be the growth substance, the precursor may be

either tryptophane, tryptamine, or tyrosine.

The first method used was based upon the differential

acid-alkali destruction test of K3gl, Haagen Smit and Erxleben (22).

One gram of Cornus paniculata seed was ground, placed in purified
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ether, and kept at 150C. for about twenty four hours. The de-

canted solvent was divided into four equal parts. One part was

drop-pipetted into a vial for assay in order to determine the

original amount of auxin. The other three portions were placed

in Ehrlenneyer flasks and the ether removed by distillation. To

one sample was added 3cc. of 5% HCl, to the second sample, 3 cc.

of 0.5 N NaOH, and to the third sample 3 cc. of redistilled water.

The liquids were then refluxed for 15 minutes, cooled, neutralized

and extracted with ether. These ether samples were transferred

to the bottom of vials and assayed by the standard technique. The

destruction test was also performed on the seeds of p. monticola,

and later on those of C. crus-gall. In these species, the auxin

was obtained by Soxhlet extraction with ether for two hours. Other-

wise the procedure was the same. The results of the above exper-

iments are summarized in Tables IX, X, and XI.

The differential destruction test is based on the fact

that heteroauxin is heat stable in alkali but is destroyed by acid,

that auxin a is stable in acid but is destroyed by alkali, and that

auxin b is unstable in both acid and alkali. From the data tabled,

it can be seen that some of the auxin was stable in alkali, and

that some was stable in acid. Assuming that the auxin in the seeds

tested was one of the aforementioned three, we may conclude that

in all of the species both auxin a and heteroauxin are present.

It is not likely that auxin b occurs since the auxin obtained by

refluxing with water was less in all cases than the surmi of the acid

and alkali values. Conclusions as to comparative amounts of the

two auxins present cannot be drawn, since Od analyses show the

avetage curvatures obtained from the acid and alkali refluxes are

not significantly different.
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Tables, IX., X., XI. The differential acid.-alkali destruction teston the seeds ofCornus pa . ata, Crataegs.
erus -galli and Pines monticola.. Auxin values
are given in gaimma indole acetice ac id equiv-
alents per- kilogram dry weight.

Refluxed with. weight Cure.0  ens. Vgrc. gamma
gramsequivalents

I- l 0.25 2.8 1.5 0. 30 5.1
NaQE0.25 2.2 1.5 0.30 3.9

IE20. (redistilled.) 0.25 3.4 1.5 0.30 6.1

not refluxed 0.25 4.11.5 0.409.8

Hci 00.25 2.4 1.9 0.50 10.7

ISaQE 0.25 2.0 1.900.60 8.9

H2  (redistilled) 0.25 3.5 1.9 00.60 15.8

not refluxed 0.25 4.4 1.9 0080 25.4

H C1 0.25 1.8 2.0 0.030 4.3

NaOHEO.25 3,5 200 0.40 11. 2

H12 (redistilled) 0.25 3.3 2.0 0.40 10.5

not refluzed0.25 4.2 2.0 0.60 20.0
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I believe that the differential acid-alkali destruc-

tion test is open to at least one major criticism as an absolute

method of differentiating growth hormones. That is, its efficacy

is unquestionable if we can conceive that all plant hormones are

either auxin a, auxin b, or heteroauxin. But many other compounds

occurring in plant tissues, aside from the delayed response of

substances like tryptophane, tryptamine and tyrosine, give growth

stimulating responses. Avery and Sargent (3), utilizing straight

growth of Avena as the test, found stimulatory action with as-

parigine, glycollic acid, lactic, malic, and mucic acids, hypoxan-

thine and xanthine, phenyl&lanine, adenine and others. The iden-

tification of the auxin would thus seem to be complicated, and

Went and Thimann's generalization that "There is nothing against

the view that the same auxin occurs throughout all the higher

plants" (38) is open to question.

The remaining precursor experiments had one object in

view---that of hastening the breakdown of the precursor to the

active auxin form. To this end were tried alkali hydrolysis,

enzymic hydrolysis by lipase, and oxidative deamination with per-

mangenate; all were performed on the seeds of Cornus paniculata.

In each determination, a one gram sanple of the crushed seed

was dried and the active auxin extracted using the previously de-

tailed anhydrous ether technique (cf. Pg2). Thus dried seed

tissue was obtained with no active auxin; any auxin which was

then evolved can be considered as arising from the storage form.

The dry ether which remained in the tissue after the active auxin
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extraction was removed over a water bath. The seed material was

utilized immediately for the experiment.

Alkali hydrolysis

Four seed samples were taken. To one was added 15cc. of

buffer (Sorensonts sodium borate-sodium hydroxide mixture) of pH

11.08; to another was added 15 cc. of redistilled water. The

first three were refluxed for two hours, while the fourth was al-

lowed to remain at reom temperature for the same length of time,

with an occasional agitation. The alkali was neutralized with

HCl and all four solutions were thoroughly shaken with purified

ether as a partition agent. Centrifuging cleared the ether which

was then decanted, and the remaining water washed twice with fresh

ether. The ether was reduced in volume, drop-pipetted into vials,

and the extract taken up in 0.6 cc. of l%1 agar for Avena assay.

Two serial dilutions of the agar were run for each treatment.

Table XII gives the results of the assays in indole acetic acid.eqg

uivalents.

It can be seen that the alsali refluxes were effective

enough to yield some auxin, though relatively very little when it

is considered that by proper treatment, at least five hundred gam-

ma equivalents of auxin are obtained from the seeds of C. anicu-

lata (cf. Table V.).

Refluxing with the alkali inhibited the further formation

of auxin, perhaps through the destruction of the enzymes. The

ground tissue remaining in the flask which was buffered at a pH

of 11.08 was washed with distilled water and stored in the cold
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Table XII. the result ofC alkali treatments of the seeds of

usrnuns o ataffrom which the active auxin had

been removed. Auxin yields are given in gamma in-
dole acetic acid equivalents per kilogram dry weight.

Dry weight gamma

Refluxed with: 3in grams Vagar co. urvt. 0Sens., equivalents
0.60 4.1 4.7

Buffer pH 9.97 1.10 1. 20 1.9 2.1 4.3

2. 40 - "

0 * 06 o eBu ffter p 11l .0 5 1.18 1. 20 3.2 2.1 6 1.8
__ _ _ _ _ _ _ _2.40 a-.

0.60 4M
10 0.96 1.20 --

2.40 - 2.1-

Not ref luxed 0.60 (0.09) (2.0)*
but 1.,12

H1 0 added 1.20 - 2.1w

*values questionable due to
low curvature response
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room under purified ether. An assay made of this ether at the end

of two weeks gave negative results.

Lipase

A lipase preparation was obtained from germinated Ricinus

seeds. The seeds were hulled, the kernels frozen by dry ice and

then ground in a mortar. This ground material was then extract-

ed with ether in a Soxhlet tube for about 20 hours, dried, re-

ground, and stored in a dessicator. A test of its enzyme activ-

ity by the method of Haley and Lyman (13) showed a fat hydrolyz-

ing power of 14%.

About one gram of the previously extracted Cornus seed

was mixed with one-tenth of a gram of the lipase powder. Five cc.

of 0.023% HCl was gradually added in the mixing. With a few drops

0
of toluol the mixture was placed in a 35 C. incubator for 24 hours.

After incubation, the flasks were shaken with several changes of

purified ether (each being cleared by centrifuging), the ether

reduced in bolume, drop-pipetted into vials and then assayed. Two

controls were run: one-tenth of a gram of the lipase powder in

five cc. of the HC, and one gram of the extracted Cornus seed in

five cc. of H01. The results of the assays are as follows:

seed alone incubated with the acidified water yielded 2.3 gamma

indole acetic acid equivalents, probably through natural hydrolysis.

The lipase alone gave 4.9 gamma equivalents, while the lipase-

seed mixture resulted in 5.5 gamma equivalents. It gnn therefore

be concluded that the lipase had no effect.

Considering the initial experiments, it is difficult to

see how oils or fatty substances can be the chief precursor bases
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in the seeds experimented upon. It is true that K8gl, Erxleben,

and Haagen Smit (15) obtained considerable auxin by hydrolyzing

oils from seeds. Yet in ether Method a, to cite one instance, we

have seeds from which presumably all of the fatty materials have

been extracted---the seeds having been Soxhleted with ether for

over 500 hours, excluding the time spent in ether between Soxhlet

extractions (cf. Table V)---but still large amounts of auxin were

produced. It seems more likely that the precursor is, or is a

portion of, a protein complex. It is probably then produced by

enzymic hydrolysis, either into its active state or into an amino

acid or amide which is then changed to the active state. This

may perhaps be the explanation of yield obtained by alkali hydrol-

ysis, since ortner (12) states that the strong alkali brings

about a rapid and complete hydrolysis of proteins frequently ac-

companied by the deamination of amino acids.

After the completion of this investigation, a prelim-

inary paper appeared by Thim.ann and Skoog (36) in which a greatly

increased auxin yield was obtained from Lemma by subjecting it to

the action of a proteolytic enzyme, chymotrypsin. The authors

conclude that the auxin in Lemma is bound to a protein from which

it is liberated by hydrolysis. This further substantiates the

above view.

As previously mentioned (page 7), the amino acid and amine,

tryptophane and tryptamine, have been considered as models of the

auxin precursor by Thimann and Dolk (35); they explained their

further increased auxin yields in Rhizopus cultures, which was
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found. to be proportional to the extent of aeration, by the ox-

idative deamination of tryptophane to heteroauxin by way of the

keto-acid. Tryptamine would behave in almost the same fashion,

being converted by oxidation to a deaminized alcohol. Further ox-

idation would yield heteroauxin by way of the acetaldehyde. An

experiment was therefore performed endeavoring to oxidize the

breakdown products of the protein from seeds by potassium perman-

ganate.

Oxidation by IK1nO4

To hydrolyze the proteins of the seed to amino acids, al-

kali hydrolysis was used, since, according to Gortner (12), the

amino acids like tryptophane and tyrosine are destroyed by acid

hydrolysis but are relatively stable to the alkali. A hundred mg.

of dry Cornus seed, free of active auxin, was placed in a Pyrex

test tube and 2 cc. of 20Q NaOH added. The tube was then reflux-

ed over a water bath for 15 hours, cooled, brought to about 10 cc.

in volume with water, end neutralized with s01 till the pink of

phenophthalein disappeared. Approximately one-eighth gram of

permanganate was added, the mixture shaken and allowed to stand

till the permangenate became slightly brown. The solution was

then partitioned with several changes of purified ether, each

change being decanted after centrifuging. Following reduction in

volume, the ether was drop-pipetted to a vial and then assayed.

No Avena activity could be obtained from the extract.

It is possible that potassium permangonate is not a sufficiently

strong oxidant to carry the amino acid to the alcohol or alpha-

hydroxy acid. This suggests the use of nitrous acid (Van Slyke

reaction) as the firdt step, which could then be followed by
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either permangdnate or lead tetra-acetate.

D. The Auxin in Seeds During the Period of Afterripenin

It can be recalled that this investigation purposed

to determine the active and precursor auxin content of embryo-

dormant seed endosperms and embryos before, during, and after

a period of afterripening by stratification. The preliminary

research on methods only succeeded in developing a procedure

for the quantitative estimate of active auxin. Since the time

alloted for this problem was drawing to a close, a tentative

series of experiments were run on the effect of stratification

on the active auxin content of Pinus monticola seeds.

Small packets of cheesecloth containing about twenty

seeds were immersed for a few minutes in a l0 calcium hypo-

chlorite solution, washed in running water, and then stratified

in moist, sterile sand. The container yas kept in a dark cold-

room at ca. 0-50C.. At one and three weeks a packet was removed,

the integuments cracked from the seeds, and the embryos excised

from the endosperms under a dissecting microscope. The deter-

mination of the active auxin followed the technique detailed on

page 22. Table XIII gives the active auxin content in gamma

indole acetic acid equivalents obtained from the embryos and

endosperms. It can be seen that the embryo content stayed about

the same, while the endosperm tissues showed a rise in the third

week. However, no conclusions can be drawn from these limited

data on the effects of cold storage upon the auxin content.
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SURYART

1. Seed dormancy, auxins, and a possible corretation between

auxins and dormancy have been discussed.

2. Utilizing Soxhlet extractors over extended periods of time,

a number of extraction methods were compared using the seeds

of Cornus paniculata. In the main, various modifications in

the use of chloroform and ether as solvents were tried. Pre-

liminary experiments showed alcohol, water, and petroleum

ether to be not as efficient as the former two solvents, eith-

er in ease of handling or in amount of auxin obtained.

3. It was discovered that water is necessary for the production

of auxin from the storage form. A dehydrated state of the

seed tissue precludes the formation of auxin. As long as

water is present, the precursor will provide active auxin

over extended periods of time. An enzymie hydrolysis is

postulated as the mechanism of auxin formation.

4. A method was developed whereby the total active auxin in

seeds could be quantitatively determined. The seeds are

ground and dried in a vacuum oven at 60 00.-85mm. pressure

for 16 hours. Thereupon the active auxin is extracted by

Soxhletting for 6 hours with anhydrous ether. The method

is critical insofar as great care must be taken to insure

complete dehydration throughout the extraction.

5. Based on the differential acid-alkali destruction test,
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auxin a and heteroauxin were identified in Cornus paniculata;

Crataegus crus- lli, and Pinus monticola.

6. In an effort to hasten the precursor breakdown in C. paniculata,

experiments were carried out on alkali hydrolysis, enzymatic

hydrolysis by lipase, and oxidative deamination by potassium

permanganate. The first seemed of some effect, while the lat-

ter two yielded negative results.

7. A tentative series of determinations of active auxin content

during a three week afterripening period was made of the en-

dosperms and embryos of Pinus monticola. Endosperm tissues

showed a rise in active auxin at the third week. However,

no conclusions can be drawn from the limited data.



Appendix

The Standard Avena Coleoptile Method

Oats of the pure line "Siegeshafer" are dehusked, soaked

in water for two hours, and laid out on wet filter paper in a Petri

dish. This is placed in a dark room which is kept at 25 C., 85%

humidity, and free from any phototropically active light. The fol-

lowing day the seeds are planted in individual glass holders and

placed with the roots in water, twelve plants in a tray. Two days

later when the coleoptiles are about three centimeters long, they

are ready to be used for tests. The plants are decapitated, about

2 mm of the tips being removed. Approximately 21 hours later, a

second decapitation is made of about 2 mm. The primary leaves are

then pulled loose from the base but left within the coleoptile

sheath. About 30 minutes are allowed to elapse, so that the upper

portions of the coleoptiles become largely free from hormone, and

so that any individual plants that might show curvatures due to

handling or natural tension can be detected and removed. At this

time small agar blocks of standard size containing the hormone

solution to be tested are applied to the cut surface on one side

of the eoleoptiles. The foliage leaf helps to support the agar

block and maintain it in a vertical plane. After 90 minutes of ap-

plication, the plants are photographed as shadow pictures on bromide

paper. The curvatures produced by the unilateral application of the

hormone can then be measured by a goniometer from the pictures. For

a single test the mean value of the curvatures of one row of 12 test

plants is used. The standard error of the mean ranges from 0.8 to

1.2 degrees curvature.
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