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Introduction

That plants require hormones, or correlation carriers,
was postulated years ago by Julius Sachs. However, it was not
until 1928 that the first plant hormone was clearly shown by
Went (109) to be a definite chemical substance. To avoid possi-
ble confusion with animal mechanisis, . the plant hormones were
later termed phytohormones. The realization that organisms in
other than the animal kingdom require vitamins for growth and
development came even more slowly. In 1901 Wildiers (115) clearly
recognized that yeast needs special growth factors which he col-~
lectively termed "bios". Linossier in 1919 (61) pointed out
that molds need vitamin like substances. Bottomley (20,21) de-
monstrated in 1914 that many plants appeared to need accessory
growth factors which he termed "auximones" and which he further
showed were organic in nature. The beginning of the twentieth
century was however strongly mechanistic, and these suggestions
seemed too vitalistic to be accepted by the workers of the time,
who spent considerable energy in attempts to show that bios and
auximone effects were due to inorganic substances. With the iso-
lation of the animal vitamins, and of the first phytohormone
(KBgl and Haagen-Smit, 1931)(49) impetus was given to the study
not only of growth factor requirements for microorganismsbut also
of the individual organs of higher plants, which has led within
the past five years to the realization that the auximones of
Bottomley rested upon a sounder basis than was originally thought.

FProm this study of the hormones and vitamins of bacteria, fungi
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and higher plants there has developed a gradusl recognition that
the chemical factor or factors limiting the growth not only of
different organisms, but of different organs within a single organ-
ism vary considerably. It is possible to recite at the present
time numerous chemical substances known to be the chemical factor
limiting the growth of one or more organisms. It, however, has
also become increasingly clear that this multitude of requirements
does not indicate variation in the chemical factors controlling
basic cellular processes, but rather variation in the ability of
the different organisms to synthesize these factors. There is
little evidence indicating differences in the basic cellular
processes between the various organs of a higher plant. Differences
in growth factor requirements between the various organs, may
therefore be construed as owing to differences in synthetic abil-
ity of the different organs.

Julius Sachs (90) nearly sixty years ago, brought forward
the first complete as well as modern theory of morphogenesis and
correlation based in essence upon differences in growth factor
requirements of different organs. Sach's starting point was the
fact that morphological differences between plant organs must be
due to differences in their chemical composition. These differ-
ences he reasoned must be present at the time of the organ's
initiation, even though the chemical methods available in the days
of Sachs were too crude to detect differences of such small magni-
tude. He clearly distinguished these morphogenetic substances
from ordinary foodstuffs, i.e. those substances present in much
greater abundance and out of which the bulk of the plant is made.
He also realized that these substances must be present at very

great dilutions, and their potency thus out of all proportion to
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taeir concentration. The identification of {these substances
postulated by Sachs has, however, proceeded but slowly.

The first of Sachs' substances to be recognized was
the factor concerned in stem elongation. The evidence for this
substance came mainly through work on phototropism, since as
shown by Charles Darwin (30) in 1880, the effects of light and
gravity are perceived by the tip of the plént, and the effects
of this perception are then transmitted to the lower regions
which in turn react. Boysen-Jensen (22-24) in the years 1910-
1913 showed that the effect of unilateral light illumination
could be transmitted across a2 wound gap, which finding was soon
confirmed by Padl (77). Padl was further able to demonstrate
that the tip must be the primary seat of a growth regulating
center, postulating that growth of the coleoptile is controlled
by the tip through the agency of a diffusible substance (79).
The demonstration of this diffusible substance as a definite
chemical entity that could be freed of the plant had, however,
to wait nearly ten years after the work of Padl (77,78). Went
(108,109) in 1928 was the first to successfully obtain the active
substance free of the plant, and show that this extract has the
same growth regulating properties as the original coleoptile tip.
Went through suitable application of the bending induced in Avena
plants by unsymmetrical application of this active substance to
the decapitated Avena coleoptile also devised a practicable guanti-
tative bio-assay for the substance in question, the Avena test.
With a quantitative assay for this substance, and with the know-

ledge that it could be obtained free from the plant, its isolation
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was possible, the pure crystalline form being first obtained in
1931 by K8gl and Haagen-Smit (U9), who suggested the name "auxin'
for this crystalline substance active in promoting stem elongation.
Following its isolation K8gl, Haagen-Smit and Erxleben (50-52)
soon elucidated its chemical structure. Recent work of Went (110)
has indicated that auxin is not the sole limiting factor for stem
growth. His experiments indicate that a second factor produced in
the roots, which acts in conjunction with auxin must be present
for stem elongation. The chemical nature of this root factor is
at present unknown, and Went (110) has tentatively termed it
"caulocaline". Biotin is known to occur in pea seeds (55), and it
has been shown to have a very marked promotive effect upon stem
growth in excised pea embryos (55). Biotin is also known to occur(55)
in roots, and has recently been shown to be synthesized in isolated
roots (10). That biotin and caulocaline are probably not identical,
however, may be seen in the fact that biotin is much more abundant
in the leaves than in the roots (55,10). Estroreis kmown to have
a marked promotive effect upon the growth of excised pea embryos
(55), and upon green plants (91,8). That this promotive effect of
estromwe is primarily upon stem growth is indicated in that estrone
is totally inactive in promoting growth of isolated roots (13), or
leaves (table 11). Stem growth factors might be summarized as
follows: auxin and caulocaline appear to be the primary factors
limiting stem growth, while secondary factors include biotin and
estrone.

It was clearly shown by K8gl and Hasgen-Smit (54) that a
different group of growth factors is required for root growth.
They showed that concentrations of auxin which promote stem elong-

ation strongly inhibit root elongation, indicating that auxin it-
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self was not concerned in root elongation. In order, however, that
the growth factor requirements of separate organs be successfully
established it is necessary as pointed out in 1902 by Haberlandt
(40) that the organs be grown entirely freed from the influences
of other organs. In the early 1920's Robbins (82,83) and Kotte
(59,60) were able to grow a number of different isolated root
meristems.. These workers noted that additions of yeast extract,
meat extract, or similar substances, to the medium of inorganic
salts, and sugar somewhat increased the growth of these isolated
roots. "Potentially unlimited" growth through many subcultures
was reported in 1934 by White (114) for tomato roots upon a medium
of sugar, inorganic salts, and small amount of yeast extract.
Thiamin, known to be present in yeast extract, was noted by Kégl
and Haagen-Smit (55) to considerably increase root growth of ex-
cised pea embryos. Bonner (9) and Robbins and Bartley (86) found
that thiamin could largely replace the effect of yeast extract on
the growth of isolated root meristems of pea and tomato and was in
fact essential for root growth. Thiamin. alone, however, could not
entirely replace yeast extract over a long period of time. Addicott
and Bonner (1) found nicotinic acid necessary in addition to thia-
min for continued optimum growth of pea roots, and Robbins and
Schaidt (87) found vitamin Bg a necessary second factor for growth
of tomato roots. Recent work of Bonner (10,13) has indicated that
thiamin requirement for root growth is quite general, and that
different roots if requiring secondary factors, require nicotinic
acid, or vitamin Bg, or even both. Root growth factor requirements
may be summarized as follows: thiamin appears to be needed by

most roots, while secondary individual requirements include such
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growth factors as nicotinic acid and vitamin Bg.

Meny other growth factor requirements of higher oplants
might be cited. Flower initiation is known to be controlled
through an unidentified diffusible chemical substance (92). Initi-
ation of root primordia is controlled by auxin in conjunction with
rhizocaline (98,112). There have been few investigations, however,
on the growth factor requirements of that important plant organ,
the leaves. That so few investigations have been carried out upon
this subject may be due to the tacit assumption that leaves con-
taining chlorophyll are able with the aid of sunlight to synthesize

all the factors they may need.



Cbject of the present work

The object of the present work is an attempt to establish
the general nature and mechanism of the growth factor requirements
of isolated leaves, with the relationship of such requirements to

the growth factor requirements of stems and roots.
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Chapter I
Aok

The study of leaf growth leading to the
evidence for a hormonal control.

Prior to 1935 few direct studies of the growth factor re-
quirements of isolated leaves were made. Of the earlier work, only
that of Vyvyan (102), and of Gregory (37) bears upon this problem.
Vyvyan using a photographic method with which he could measure
leaf growth directly without detaching the leaf from the plant
showed that the presence of the cotyledons affected the growth of

leaves of seedling Phaseolus vulgaris plants, and that the removal

of one of the two first foliage leaves considerably increased the
growth rate of the remaining leaf. He unfortunately worked with
plants grown in soil and in sunlight, thereby obscuring the import-
ance of the cotyledons for leaf development in seedling plants,
and was led to ascribe his effects as due to availability of
"food", making no distinction between carbohydrates, and accessory
"food", i.e. growth factors. Gregory using a photographic method
similar to that of Vyvysn studied the increase in leaf area of

Cucumis sativus under varying conditions. Measurement of the Q10

of leaf growth led him to suggest that there was formed in older
leaves under the influence of light a special factor or factors
necessary for the growth of younger leaves. He states, "the action
of light is not inconsistent with a hypothesis of a master photo-
chemical reaction independent of carbon assimilation leading to

the formation of a substance directly involved in leaf expansion."
He thus clearly differentiated between the effect of carbohydrates
on leaf growth, and of other special substances formed in the
light. A further interesting observation of Gregory is of a close

relationship existing between root and leaf growth in barley. He
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found the growth rate of the two organs closely similar, which he
ascribed as due to the roots deriving their carbohydrates from
carbohydrate synthesized in the leaves, and the leaves in turn de-
riving their nitrogen supply from the roots.

Impetus was given the problem in 1935 through the work
of Avery (3), Avery, working with leaves of Nicotiana correlated
growth of the midrib and probably of the larger lateral veins with
the auxin concentration of the leaf tissue. He found the highest
auxin concentration where greatest elongation occurred. 3By apply-
ing auxin in lanoline paste to the midrib of Nicotiana leaves,
Avery found the leaf bent away from the point of apolication, thus
exhibiting a typical auxin growth response. A similar aspplication
to the mesophyllwas without apparent effect. Went and Thimann
(113) corroborated these findings of Avery showing that auxin influ-
ences elongation of the cells of the midrib, and lateral veins with
no increase in mesophyll area. On the basis of these experiments
Went and Thimann (113) suggested that is is advantageous to dis-
tinguish between growth of the vein, which can be increased by
auxin application, and growth of the mesophyll which is independent
of auxin. The direct demonstration of a definite growth factor
controlling mesophyll growth was obtained by Went (110). The nature
of his evidence is as follows: A group of etiolated pea plants
about ten centimeters in length were divided into four sets. The
plants of the first group were left intact, the plants of the
second group had their root cut off just below the cotyledons, the
latter being left intact. In the third group the cotyledons were
cut off close to the stem, thus leaving the stem and roots intact,
while the fourth had both the root and cotyledons removed. Went

found that removal of the roots did not affect leaf growth, the
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mean leaf surface of such plants being exactly the same as that of
olants whose roots had been left intact. Removal of the cotyledons,
however, leaving the roots, exerted a very marked effect upon leaf
growth, the leaves in such treated plants having but half the area
of untreated plants. Removal of both cotyledons and roots had no
greater effect than removal of the cotyledons alone, which would
be expected since removal of the roots alone was without effect.
Went's conclusion from these observations was, that in the cotyle-
dons there is present a substance necessary for leaf growth of
etiolated pea seedlings. For the sake of convenience, Went termed
this substance, present in the cotyledons affecting mesophyll
growth, "phyllocaline" intending that this term be used only until
chemical names could be used to describe the substance or sub-
stances in question.

Although removal of the roots did not affect mesophyll
growth (i.e. mean leaf surface) Went (110) found that it did affect
leaf length (i.e. vein growth) as well as petiole growth. This
effect was very similar to the effect upon stem growth produced
by removal of the roots, thus substantiating the earlier conclu-
sion that the growth factor requirements of vein and petiole growth
are closely similar to those for stem growth. In this connection
it is of interest to note Staufferts (97) conclusion that vein
growth and mesophyll growth are phenomena which are differentially

affected by genes. TFor the laciniate form of Chelidonium majus

it was concluded that this character apparently does not reflect a
morphogenetic gene but results merely in a decreased mesophyll

growth.
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Further evidence for the existence of phyllocaline was
obtained by Went through the use of transplantation experiments in
which the etiolated tops of various pea varieties were grafted
upon a variety of different root stocks (111). He found that the
results of such experiments are obscured to some extent by the
fact that not only are the responses dependent upon the cotyledon
bearing root stock, but also upon the specific reactivity of the
top. The pea varieties used as root stock affected leaf growth,
as well as petiole, stipule and stem growth; the growth of these
various organs being affected differentially. Differences in the
dry weight of the seeds of different varieties were found to be
small and since the bulk of the dry weight is due to stored car-
bohydrate, these differences, Went (111) concluded, must likely
be due to differences in stored amounts of specific growth factors,
as for example in amounts of stored phyllocaline.

The work that has been reviewed leads to the following
conclusions: Vein growth and mesophyll growth are controlled by
different sets of growth factors, vein growth being auxin depend-
ent, and mesophyll growth being auxin independent. In the cotyle-
dons of pea there is present a substance or group of substances
capable of increasing the growth rate of leaves in etiolated pea
seedlings. Under the influence of light older leaves are able to
synthesize a substance distinct from carbohydrates which is es-

sential for the growth of yocunger leaves.
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Chapter II
ek

Preliminary  experiments.

Since it was known that in etiolated pea seedlings, leaf
growth depends upon growth factors stored in the cotyledons, pea
cotyledons were chosen as a source of leaf growth factors. The
usual plant extract has the serious disadvantage that hydrolysis
of the active principal mey occur, and many toxic substances be
released. In view of this fact a "diffusate" similar to that used
by K8gl and Haagen-Smit (55) in the preparation of biotin from pes
seeds was used.in preparing a crude extract of leaf growth factors.
Since growth of the mesophyll under suitable conditions will be
reflected mainly in increase in surface area, experiments on growth
in leaf area may be used to analyze growth factors of the mesophyll.
It was found that a diffusate of pea seeds, as described above,
caused appreciable growth in detached growing leaf sections, and

hat this growth could be simulated, in part at least, by the use
of sugars and amino acids as the culture solutions.

Barly experiments and observations were carried out with

leaves of pea seedlings, and with the leaves of (Carica papaya.

To determine whether the factors diffusing from the cotyledons

were in any manner correlated with the effect of these same cotyle-
dons on leaf growth in the intact plant, diffusates of Daisy and
Alaska pea varieties were compared. Egual weights of peas were
diffused, and the diffusates concentrated to equal volumes. They
were then tested for effect on leaf growth of Little Marvel peas,
which had been found to show the greatest differences in leaf size
when grafted on various varieties in transplantation experiments

(111). Diffusate from Daisy was found far more effective than



-13-
that from Alaska. This is in agreement with the observations that
leaf growth is greater in shoots grafted on Daisy than in shoots

grafted on Alasks peas (111).

When leaf strips, cut from the leaves of Carica papaya
are floated on the solutions, it was observed that growth along
the edges of these strips was greater than that in the middle
portion of the strip. A more uniform response was obtainable by
perforating the leaves with a fine steel brush. Many cells are
killed and wounded by such treatment, but this allows easier pene-
tration of the solution to the intact cells in all parts of the
section, resulting in uniform growth instead of growth merely along
the cut edges of the section. This effect, however, is dependent
upon the kind of leaf, presumably upon the permeability of the
lower epidermis, and will be discussed later in chapter IV.

Another observation was made in comnection with the effect
of the solutions on the parenchymatous regions of the leaf. A
differential growth rate between parenchymatous and vascular tissue
would be expected to result in a characteristic bulging of the
tissue. When sections containing a large unstretchable vein are
floated on a pea diffusate medium they show marked bulging of the
intercostal regions, since the parenchyma is growing more rapidly
than the veins, yet the size of the section is determined by the
length of the vein. This is just the reverse of the effect ob-
tained by auxin treatment, when the veins bulge out between tautly
stretched mesophyll. If sections are used which have small veins,
however, these will be stretched by the growing mesophyll, and
since the size of the section is determined by the growth of the
parenchyma the leaf section will be plane

These observations may be summarized as follows:
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(1) A crude source of leaf growth factors may be obtained by col-
lecting the water in which pea seeds have been submerged.
(2) Leaf sections having small sﬁretchable veins can be used satis-
factorily in analyzing for mesophyll growth factors.
(3) There is a correlation between the factors diffusing from the
cotyledons. with the effect of these same cotyledons on leaf growth

in the intact plant.
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Chapter III
Bk

The leaf test.

In order that an object, a leaf in this case, be satis-
factory for useé in a quantitative bio-assay, (1) it must be
reactive to the substance in question, and (2) the average of
several leaves must be uniform from test to test. The following
list gives the rather wide variety of leaves satisfying the first
requirement, these being young rapidly growing leaves.

Brassica oleracea L.
Carica papaya L.
Lactuca sativae L., var. capitata L.
Lactuca sativa L., var. longifolia L.
Iudwigia L.
Nicotiana sylvestris Spegaz & Comes.
Nicotiana tabacum L.
Raphanus sativus L. (French Breakfast)
Phaseolus vulgaris L. (Kentucky wonder)

That rapidly enlarging tissue is more sensitive than

slowly growing tissue was further illustrated by determining the

sensitivity of different portions of a young leaf of Nicotiana syl-

vestris. As shown in table 1, the proximal portion is the most
sensitive, and Avery (3) has shown it to be the most rapidly en-
larging portion. Older leaves (6 cm. long) are found to be either
only slightly sensitive, or as a general rule totally insensitive.
In order to satisfy the second reguirement, it must be
possible to collect the leaves in such a way that the growth rate
of the leaves used for different tests, and therefore of leaves
collected at different times, is limited approximately to the same
extent by the leaf growth factors of some standard crude extract
containing leaf growth factors, as for example pea diffusate. It
was early noticed that by collecting young leaves from certain pea
varieties and from Nicotiana plants, some leaves would grow almost

as well in sugar as in the pea diffusate, showing that their growth
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rate was limited primarily by sugar. On the other hand, some leaves
of the same plant grew little in sugar but a great deal in pea
_diffusate, showing that their growth rate was limited by some addi-
tional factor. Such leaves obviously do not meet the second re-
guirement just mentioned. The first foliage.leaves from seedling
plants, however, might be expected to be much more uniform in their
sensitivity since they are dependent for their growth factors upon
themselves. and the cotyledons, and do not receive similar factors
from older leaves. This was found tole the case in Rephanus and
Wicotiana seedlings. The first folisge leaves of seedling radish
and tobacco plants have been the only such leaves worked with ex-
tensivgly, but from the number of plants (listed above) that re-
spond to the pea diffusate, it might be concluded that the effect
of the leaf growth substances of the pea diffusate is not species
specific.

It has been found that in order to obtain leaves that may
be worked with satisfactorily, the plants must be grown in the
light. Leaves from etiolated pea seedlings proved too small and
curled to work with, and in the case of radish there is no epicotyle-
donary development in plants grown in the dark. An attempt was
made to cause leaves to become more deficient in leaf growth fac-
tors by allowing the plants to remain in the dark a short period
before collecting the leaves, and thereby increase their sensiti-
vity. However, no further increase in sensitivity could be ob-
tained by allowing plants to remein in the dark for 24 to U8 hours
before collection. The length of the photoperiod under which the
plants were grown too was found quite without effect upon the sensi-

tivity of the leaves to crude pea diffusate.
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Ef?EEEEF plants were finally selected for the leaf test,
since large quantities of the seed were readily obtainable, and it
is possible to grow large numbers of plants in s short time.
Nicotiana can 5e used in the leaf test though less conveniently,
as has been shown in numerous experiments. The radish variety
"French Breakfast", obtained through the Ferry Morse Seed Company
of San Francisco, California, was used. The plants are grown in
the greenhouse under standard conditions of planting and nutrient.
When the first foliage leaves are about 50 sqg. mm. in surface area
they are cut from the plant, the time after germination being about
16-18 days under the conditions at this laboratory. It was found
necessary to adhere rigidly to these conditions, since with older
leaves, and with second foliage leaves the uniformity of reaction
is greatly diminished. Circular disks of approximately 19.5 sq.
mn. in area are cut from the leaves by punching them out with a
sharp cork borer. The variation in size from disk to disk is
negligible. The disks are carefully washed in distilled water,
and. shaken for five minutes on an electric shaker to ensure thorough
mixing of 21l of the sections. Fifteen to twenty sections per dish
are then placed in Syracuse dishes each containing 2 cc. per dish
of medium. This number of sections was found to be sufficient to
reduce the variation in sensitivity from dish to dish so that a
reproducibility within a single test of 2-3 per cent can generally
be obtained. The dishes are placed in an incubator =t 25° + 0.5 C.
for 30 hours. This length of time was found to give a maximum
difference in area of about thirty per cent between control sections
and sections grown in standard pea diffusate medium. Allowing the

test to run for longer than thirty hours was found undesirsble,
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since the difference in area was enhanced little and the medium
becomes badly contaminated.

Several types of direct measurements were attempted for
measurement of leaf growth. Leaf strips were used, their width
being measured under a binocular microscope with an eyepiece mic-
rometer. These measurements were abandoned, however, since owing
to the resistance to stretching of the larger veins the growth of
the sections was rather irregular. In order to gain sufficient
reproducibility for satisfactory quantitative work it was found
necessary to use a considerable number of sections, making direct
measurements of area increase very laborious.

Two equally reliable methods for measuring the increased
growth were therefore worked out and used: (1) determination of
the total wet weight of the sections from a single dish and (2)
measurement of the total surface area of the sections from a single
dish. The method of wet weight determination is the faster, and
was therefore used in routine testing, while the alternative method
may be used as a check. The method of obtaining the wet weight is
as follows:s all the sections from a single dish are placed upon
a piece of blotting paper, teking care that the sections are separ-
ated from one another. They are dried on this paper for about one
minute, and a2 definite number then transferred to a small beaker
of known weight, their weight then being determined to a tenth of a
milligram. These procedures are done in a uniform manner, and the
length of time for each weighing made constant so that the error
from varying degrees of dryness has been shown to be negligible.
For measuring the total surface area a photoelectric cell is used.
The cell is arranged in such a manner that a film may be passed

between it and a suitable light source directly above the cell,
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By such an arrangement, only light transmitted by clear areas in
the film is caught by the cell. The galvanometer deflection is
thén a measure of the amount of clear area on the film. Applica-
tion of this principle for measurement of leaf section areas is

as follows: the sections are first dried as before and arranged

on a piece of thin glass plate in sets of four, with lines of de-
marcation between the sections from different dishes. A shadow
photograph of the sections is then made on a strip of 32 mm.
positive film, using a very weak exposure and an alkaline hydro-
guinone developer to insure maximum contrast. Such a strip of film
is shown in figure 1. An entire experiment of 20-30 dishes may be
photographed on two strips of film, so that error from varying

film density is minimized. In addition two or three standard areas
(disks cut from 2 piece of steel rod) are photographed on each
strip of film, so that they may be used to calibrate the measure-
ments to the same zero point on the galvanometer for each individual
film. The film is then passed over the photo electric cell with a
direct light source above it. The cell catches only the light
transmitted through the clear spaces on the film, these clear areas
corresponding to the surface area of the original leaf sections.
The galvanometer deflection is noted, and the difference between
the readings is a measure of the difference in surface area of the
original leaf sections. By this method the measure of activity is
indicated by the increase in total surface area of twenty leaf
sections grown in the crude extract over that of suitable controls.
The correspondence between areas as measured in tihis mamner, and the
determination of areas by measuring the photograph under a micro-
scope with an eyepiece micrometer is very good as is shown in table

2. The agreement between the method of determination of the wet
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weight of the sections and of determination of their surface area is
shown in table 3.

The test done in this manner is independent of pH from a
pH of 4.0 to a pH of 7.0, table 4. Below pH 4.0 the medium becomes
toxic, owing to the external pH changing the internal pH suffic-
iently to cause damage to the tissue. The test is light indepen-
dent, but is dependent on temperature, the sensitivity being less
at lower temperatures.

This chapter may be summarized as follows; A quantitative
bio-assay for factors controlling the growth of leaves is as follows:
circular disks ca. 19.5 mn? in area are cut from young first foliage
leaves of Raphanus. Twenty such discs are floated on the solutions
to be tested, and allowed_to grow on these solutions for 30 hours
at 25° C. The total wet weight of all 20 sections from a single
solution is then determined by direct weighing in a standard manner.
The total surface ares may be determined by suitable application of
a photoelectric cell.

The test is pH and light independent, but is temperature

dependent.
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Table 1
ok

The sensitivity of different areas from a
single leaf of Nicotiana Sylvestris

Growth in width above
identical sections grown

Section cut from in 1% sucrose solution.

Apex of Jeaf . v « « » 5 o w v » % v = & x 0 v ow s w ¢ x UeB Tl
Base of 1eaf + v « + v v 4 4 e 4 e e e e 4 0 e v v o« o 1.4 mm,
Edge of leaf . . . OJ4 mm,
Center of leaf, including mid-vein . . . 05 mm,
Avery young 1eaf. » « « » v o x % ® x & 2 & n 0 ¥ @ . 1.8 mm,
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Table 2
ek

A comparison of activities measured with a photoelectric

cell, and of direct measurement of the film under a microscope

with an eyepiece micrometer.

Sections from Nicotiana

leaves in Method
Photo Direct

Water 100 100
1% Sucrose 111 110
1% Sucrose + pea diffusate
mgs. dry wt./cc.

1 153 150

0.1 143 142



Comparison of activities determined by wet weight determ-

ination, and measuring surface area with photoelectric cell.

Sections from Raphanus
leaves in Method
Wet weight detn. Area detn.
mgs. /10 sections: Relative: Galvanometer:Relative
+ to water: deflection in:towater
¢+ controls: arbitrary units:controls

Water Yo.8 100 20.3 100
1% Sucrose 50.3 117 23.4 115

1% Sucrose + pea diffusate
mgs. dry wt./cc
1

63.5 149 30.8 151
0.5 62.2 145 30.4 149
0.2 61.5 14l 29.6 146

0.02 59.2 139 29.0 143
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Table U
o 3k 3¢

Effect of pH on the leaf test

Growth relative

Sections in pH of medium to sugar controls
1% Sucrose Unbuffered 100
" 4.0 100
1% Sucrose + pea diffusate
10 mg. dry wt./cc. Unbuffered 110
L 7.0 110
" : 6.0 111
" 5.0 110

" 4.0 109



Pigure 1

FPilm arrangement for determination of leaf section surface
area: a) sections of radish leaves grown 24 hours in water; D)

grovm in 1% sucrose; c¢) grown in pea diffusate medium plus 1% sucrose.
P P
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Chapter IV
ook

Additional methods of assay for leaf growth
factors

As a check against the leaf test it seemed desirable to
use some additional mode of assay for the growth factor reguire-
ments of leaves. The leaf test while coanvenient in that several
extracts may be simultaneously and rapidly tested, has certain
disadvantages. Partially mature, green leaf tissue is employed,
and such tissue might be expected to contain some of the factors
under investigation. The growth factor response and requirements
of young etiolated leaf tissue might, therefore, be different.
Tests of two general types were used to some extent in an investi-
gation of this point, (1) leaf growth in excised embryos, and (2)
growth of excised immature leaves.

Aseptic embryo cultures have been employed for many years.
Brown and Morris (25) in 1890 described the use of excised embryos
in the study of the seed-embryo relationship in barley, and other
early work includes that of Hannig (43) and Dietrich (31). The
usefulness of this technigue in biochemical investigations has been
often pointed out (81) or as has been shown by Tukey (S9) it can
be very successfully employed in the circumvention of embryo abor-
tion. The observation that in general the growth of excised em-
bryos upon medium containing the essential inorganic elements and
sugaer was far less than in the intact seedling, led Brunner (26)
to suggest that developing plants just as developing animals re-
quire "accessory growth factors". That excised embryos do reguire

growth factors can be seen in the investigation of K8gl and Haagen-
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Smit (55), who found that additions of biotin, thiamin or estrone
to the medium markedly increased the growth of embryos, biotin
affecting primarily stem growth and thiamin primarily root growth.
Similar observations were made by Bonner and Axtman (12), who
further observed pantothenic acid and ascorbic acid (14) to exert
a marked growth promotive effect upon excised embryos. Leaf develop-
ment, however, as noted by Bonner and Axtman (12) was markedly less
than that of the intact etiolated seedling, and was not greatly
influenced by any of the added accessory factors.

The technigue used in the present work is the same as that
used by other workers (12,14). Seed of the variety "Perfection'*
was used in all experiments. The seeds were sterilized by a brief
wash of two minutes in 95% alcohol, followed by a twenty minute
soaking in 0.1% HgCl,. The seeds following this treatment were al-
lowed to sosk in sterile water for six hours, which sufficiently
softens the seed to permit easy excision of the embryo. The embryos
following excision were transferred to 50 cc. Erlenmeyer flasks
containing 15 cc. of medium mede up in 1% agar.

The composition of the basic medium used is shown in table
5. This medium is the same as the basic medium used for isolated
root culture (11,13) which was found highly satisfactory for the
growth of embryos (12). The desired amount of extract to be tested
for leaf growth activity is added directly to this basic medium.

Four embryos per flask were found satisfactory. They were
allowed to grow in the dark at 25° C. for three weeks. After this
time the embryos were removed from the flasks, and the total wet

*Obtained thru the courtesy of Ferry Morse Seed Co., San Francisco,
California. ’
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weight of the roots, stems, and entire leaves (mesophyll plus
veins) determined for all of the embryos (as a rule 20) grown in
flasks of similar medium. Table 6 shows the marked effect upon
leaf growth of additions of pea diffusate to the medium. As

leaf growth appears to be a function of the pea diffusate concen-
tration, it is possible that this method may be used quantitatively,
though this was not carried to completion in the present work, As
will be discussed in a later section, however, the requirements for
leaf growth in embryos. appear to be similar to the requirements
found in the leaf test.

The following technicue was employed in the culture of
isolated immature leaves. Pea seeds of the variety "Perfection"
were sterilized as described for embryo culture. Intact seeds were
germinated and grown in test tubes upon sterile agar. Twelve days
after germination the apical leaves were cut off using sterile
technique, these etiolated lesves being then floated upon liguid
medium contained in 50 cc. Erlenmeyer flasks. The same inorganic
medium described in table 5 was used with the exception that a
solution 1% in sucrose was used rather than the 4% shown in tsble 5.
The desired extract was added directly to the medium. Pigure 2
shows a shadow photograph of such leaves after growing one month in
the dark at 25° C.

Similar results, table 7, have been obtained using young
radish leaves, from radish plants grown in a manner similar to
that just described for pea leaves, but left in the light, as no
epicotyledonary development takes place in the dark.

The usefulness of this latter method as a quantitative

bio~assay has not been fully investigated. It should be pointed
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out, however, that the response of isolated immature leaves to crude
leaf growth factor preparations and to crystalline active substances
is similar to the response of the leaf test, (see chapter X).

This chapter may be summari,ed as follows:
(1) Leaf growth (mesophyll and veins) of excised pea embryos is in-
creased by the addition of pea diffusate to the medium.
(2) Excised immature leaves of pea and radish cultured under aseptic
conditions respond with markedly increased growth to the addition of

pea diffusate to the culture medium.



Table 5
ki

Composition of nutrient medium used in culture of excised

pea embryos and isolated immature leaves.

Substance Concentration mg./liter
Ca (NO),° LLHEO 2h2
MgSOu'?Heo Lo
Ko g
3 5
XCl 61
KHQPO).I. 20
Fee(CuHuO6)3'HEO 1.5

Sucrose 40 grams
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Table 6
*oskeok

Effect of pea diffusate upon leaf growth of
excised pea embryos.

Mgs. wet weight Relative to
Treatment per leaf controls

Control (nutrient only) 19.0 100
Nutrient + pea diffusate
mg. dry wt./1
25.0 31.5 165
2.5 25.8 136

.25 19.4 102
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Table 7
sk ok

Growth of immature leaves excised from radish seedlings

grown sterilely in the light, cultured Y4 weeks.

Wet weight of

20 leaves
Treatment _ (in grems)
Control (water only) 0.210
Inorganic salt medium + 1% sucrose 0.835
Inorganic salt + 1% sucrose medium
plus pea diffusate, mg. dry wh./l1
40 Toxic

20 1.085
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Figure 2
Growth of leaves excised from etiolated pea seedlings, cultured
one month. Top row: in water; middle row: in inorganic salt
medium plus 1% sucrose; bottom row: in inorganic salt and 1%

sucrose medium, plus 1% standard pea diffusate solution.
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Chapter V
*ok

Nature of the growth response.

Histological studies under the guidance of Dr. H. E.

Hayward have been started on both Nicotiana tabacum and Rephanus

sativa leaves. Disks were grown in a manner similar to those
grown in regular leaf test, but were notched with regard to a
known orientation of the midvein. The sections were killed with
Navashin's solution under a slight vacuum to allow quick penetra-
tion of the fixative. They were then dehydrated in alcohol and
tertiary butyl alcohol, and finally imbedded in a beeswax paraffin
mixture. The sections were cut transversely and longitudinally at
a thickness of 15 .« and were stained with a modified Flemming's
triple stain.

Preliminary studies of both Nicotiana and Raphanus indi-
cate that a gross enlargement in area and in thickness of the sec-
tions has taken place. Before killing the sections, measurements
of area were made under a microscope with an eyepiece micrometer.
They showed a 20% increase in area of sections grown in pea diffus-
ate over sections grown in sucrose. Measurements of thickness
were made after mounting the sections. The thickness was uniférmly
greater (measured from epidermis to epidermis) in leaves grown in
pea diffusate than in sucrose. It is of interest also that in
radish and tobacco the increase in thickness was rather uniform
throughout the length of the sections. This would indicate that
the growth factors penetrated uniformly through the epidermis,
and that in these two cases lack of penetration was not a limiting

factor, as mentioned earlier for Carica Papaya.
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The structure and development of the leaf of Nicotiana

tabacum has been excellently studied by Avery (2). The general

structure of the mature lamina of the leaf of Nicotiana tabacum

is shown in figure 3. Avery found that cessation of both cell
division and cell elongation of the various tissues shown in figure
3 occurs independently and at different times. Cell divisions
cease in the epidermis first, and in the palisade last. Moreover,
cell division in the epidermal cells is generally complete by the
time the leaf is one fifth to one sixth its mature size. Increase
in surface area is then brought about entirely by cell elongation.
While cell divisiors cease first in the epidermal cells, elongation
continues in them until elongation has ceased in the other tissues,
elongation continuing after enlargement of the middle and lower
mesophyll has ceased. Since the two tissues ceased cell division
at nearly the same time, cell enlargement of the epidermis for a
period longer than that of the spongy parenchyma results in a
strain of the spongy.parenchyma cells. This strain produced upon
the cells of the spongy parenchyma eventually becomes sufficiently
great to pull the cells apart with the formetion of intercellular
- airspaces.

The palisade which is the last tissue to cease dividing
is loosened, or may be pulled apart by continued enlargement of
the epidermis. The points of particular interest in connection
with the present work are that cell divisions are normally complete
when the leaf is approximately but one fifth of its mature sige,
and that cessation of both cell division and cell enlargement occur
at different times for the epidermal, palisade, and spongy paren-
chyma cells. This differential growth of the various tissues of

the lamina is of particular interest in that it might indicate
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differences in growth factor requirements for these three tiscues.

Histological studies indicate a general trend towards a
greater degree of cell enlargement in sections of both Nicotiana,
and Raphanus grown in the pea diffusate than in sucrose, figure U.

In many sections examined this enlargement was very pronounced in
the cells of the epidermis. No evidence of cell divisions was ob-
tained which, in view of the findings of Avery discussed earlier,
is not surprising. The leaves selected for the test had probably
completed or nearly completed their cell divisions, and would be
induced to further divisions only under abnormal conditions as for
example high light intensity (32), or high salt concentration (L).
Good evidence for a marked increase of intercellular air spaces in
the spongy parenchyme is found in sections grown in crude pea dif-
fusate. In the sections exemined, however, evidence for a loosening
of the cells in the palisade was inconclusive.

The formation of intercellular air spaces in the spongy
parenchyma, as described earlier, is controlled by cell enlargement
continuing for a longer period of time in the epidermal cells than in
cells of the spongy parenchyma. Finding a marked intercellular air
space formation in sections grown in pea diffusate is, therefore, sug-
gestive that cell enlargement of the epidermis and probably of the
palisade is more strongly affected than of the spongy parenchyma.
Strictly speaking, therefore, the factors present in pea diffusate
are not complete leaf growth factors. They do not affect vein growth,
nor do they anparently markedly influence laminal spongy parenchyma.
They do, however, increase cell enlargemént of the laminal epidermal
cells, and probably of the palisade cells. It must be emphasized
that the present evidence is not conclusive, and that only tentative

conclusions as to the tissue specificity of the factors present in
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pea diffusate can be drawn at present.
This section may be summarized as follows:

(1) Leaf sections from leaves of Nicotisna tabacum and Raphenus

sativa grown in pea diffusate show a gross enlargement in area and
thickness over sections grown in medium containing sugar alone.
(2) The increase in thickness of sections grown in pea diffusate
is wniform throughout the length of the section indicating that
lack of growth factor penetration is not a limiting factor.

(3) Histological studies indicate a general trend towards a
greater degree of cell enlargement with the formation of inter-
cellular air spaces in leaf sections grown in pea diffusate than
in the control sections.

(4) The formation of intercellular air spaces in leaf sections
grown in pea diffusate might indicate that the effect is primairly
upon cell enlargement of the epidermis and palisade, rather than

upon cell enlargement in the spongy parenchyma.
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Figure U

Photomicrographs of the lamina of
Nicotiana tabacum leaf sections

cultured for 30 hours in differ-
ent solutions

a~ water
e
b-1% sucrose
.‘.‘/ ]
c-1% sucrose plus pea diffusate



Figure U-a

Transverse section of a tobacco leaf
section cultured 30 hours in water
X 200



Figure U4-b

Transverse section of a tobacco leaf section cul-
tured- 30 hours in 1% sucrose
X 200



.

Figure Y—c

Transverse section of a tobacco leaf section
cultured 30 hours in 1% sucrose plus
pea diffusate
X 200
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Chepter VI
ok ok

Units and Standards.

In order that different extracts or pure substances be
compared as to activity in promoting leaf growth, it was necessary
to devise an arbitrary measure of activity. Sugars, as mentioned
earlier, proved to be active in the leaf test. TFigure 5 shows the
activity concentration curve obtained for sucrose. The particular
type of sugar used plays an important role. Both sucrose and glucose
have the effect shown in figure 5. Mannose and galactose on the
other hand give no appreciable effect, which indicates that the
effect of sugars is not merely an osmotic one. The diffusate by
itself has a high activity, as shown in figure 6. To remove the
possibility of a sugar being the limiting factor in the growth re-
action, a medium containing sugar was added to all extracts tested
and the growth compared with that of sections grown on sugar alone.
The sugar selected was sucrose, it giving a good reaction, figure 5,
and as seen from table 9 pea diffusate contains UO% sucrose cal-
culated as percentage dry weight. Two per cent by weight of sucrose
gives optimum growth when sucrose is used by itself. By trying
several dilutions it was found that in the presence of pea diffusate
optimum growth was obtained with a solution one per cent by weight
in sucrose, figure 7. All extracts were tested in a medium consist-
ing of l% sucrose, and activity was measured in terms of the added
growth beyond that of sections grown in the basic medium. In order
that activities be compared from day to day it is necessary to have
a solution of "standard activity". It was found convenient to de-
fine such a solution as one containing 10 mg. dry weight of pea
diffusate per cubic centimeter of one per cent sucrose solution.

This solution is tested in a stendard dilution series, consisting
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of four dilutions from 50 to 2 per cent, figure 8. It has been
found that if the diffusate is concentrated to a syrup and stored
in the cold, standard solution preparations from this concentrated
diffusate give a relatively constant activity over a period of 2-3
nmonths. The standard solution itself, however, must be made up
fresh every other day from the concentrated diffusate, since after
that time its activity becomes varisgble. That such a solution may
be used as a standard is due to the fact that standard solution
preparations made from concentrated diffusates which were prepared
at widely different times but from the same variety of pea have
nearly the same activity.

In calculating activities of extracts it is necessary to
select an arbitrary unit. One leaf unit (L U.) was defined as the
activity of a solution containing one tenth of a cubic centimeter
of the standard solution; that is, one milligram dry weight of pea
diffusate per cubic centimeter of one per cent sucrose solution.

The leaf unit concentration of an extract is determined by plotting
the percentage increased growth (growth above that of the sugar
controls) against concentration in mg./cc. The concentration of the
extract which shows the same activity as the standard solution at

a concentration of one mg. dry weight of pea diffusate per cc. of

1% sucrose solution is determined graphically. This concentration
then gives the milligrems dry weight of extract per leaf unit.

This chapter may be summarized as follows:

(1) The basic medium used in the leaf test is a solution l% in sucrose.
(2) A solution of "standard activity" is defined as one containing

10 mgs. dry weight of pea diffusate per cubic ceﬁtimeter of one per
cent sucrose solution.

(3) One leaf unit (L.U.) is defined as the activity of a solution

containing 0.1 cc. of the standard solution.
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Growth of leaves in pea diffusate with different concen-
trations of sucrose. Growth expressed as growth above
growth of sections grown in approoriate sucrose concen-

tration.
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Standard dilution series. Growth expressed as growth
above growth of sections grown in 1% sucrose solution.
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Chapter VII
ek

The activity of various extracts and natural
products in the leaf test.

A wide variety of different extracts and natural products
have been tested for activity in promoting leaf growth, as measured
by the leaf test. The extracts and natural products may be classi-
fied as follows: (1) seed diffusates, (2) urines, (3) leaf extracts,
and (4) miscellaneous.
The method used in obtaining a seed diffusate is as
follows:
a) Sterilization of the seed:
1. Wash the dried seeds 10-12 times in tap water.
2. Wash 6-8 times in distilled water.
3. Place in a container from which the diffusate
is to be collected (a large separatory funnel has
been found excellent for this purpose).
4. Soak 2 minutes in 95% alcohol.
5. Rinse 5-6 times with sterile (boiled) distilled
water.
6. Soak 30 minutes in 0.1% mercuric chloride.
7. Rinse 6 times with sterile distilled water.
b) Obtaining the diffusate:
After the above treatment the seeds are covered with
sterile water and left 12 hours. The water is then
drained off and replaced by fresh sterile water. The
water that has been drained off is concentrated in
vacuo at 30° C.

Pea seeds treated in this manner remain sterile indefinitely,

and the leaf growth hormones (as biotin 55) continue to be given
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off at a constant rate for a very long time. ZEven after a month of
diffusing leaf growth hormones are given off at nearly the same
rate as when the diffusion was first started. Diffusates active in
the leaf test have been obtained in a fashion similar to that just
described from corn, radish, and pea seeds. A comparison of their
activities in leaf units (L.U.) per milligram dry weight is shown
in table &. Of these three diffusates, pea diffusate was the most
active. This might be expected from the fact that the seed coat
of corn allows little diffusion, and radish probably stores very
little leaf growth factor, the first foliage leaves appearing only
in the light. It should be noted, however, that the diffusates
from these three widely different plants are all active in czusing
an increased growth rate in the radish leaf. This lends additional
support to the view that the active principle, or principles in each
of the three diffusates is probably the same, and that common growth
factors govern leaf growth in a wide variety of plants.

Cow, mare, and human urine have all been tested for activity
in the leaf test. Their activities in comparison to pea diffusate
are shown in table 8. Cow urine was found to be highly active in leaf
growth, as measured by the leaf test, being approximately one hundred
times more active then the standard pea diffusate preparation. Human
urine, while less active than cow urine still possesses considerably
greater activity than pea diffusate. Mare urine was the least active
of any of the urines tested, though still ten times more active than
pea diffusate.

No active extract has been obtained by water extraction of
fresh ground-up leaf tissue. However, by placing the leaves intact
in sterile water and allowing them to remain in it at a low temper-

ature (to keep down infection) it is possible to obtain a leaf
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diffusate that is active in the leaf test. An extract of greater
activity can generally be obtained by allowing the leaves first to
soak in ether for 1-2 days, thereby inactivating destructive en-
zymes. A water extract of these ether killed leaves is then made.

From young palm leaves (Washigg}pnia filifera) an exceedingly

potent extract may be prepared by allowing the etiolated immature
leaves to soak in sterile water for a week, draining the water off,
and. concentrating this diffusate in vacuo. This diffusate was the
only highly active leaf extract obtained. Many other leaf extracts
have been prepared, viz;radish, tobacco, bean, cocklebur, etc.
table &. While they all nossessed activity, their activities were
considerebly lower than the activity of pea diffusate.

Yeast extract and "Acme! beer were both found active in
the leaf test, and both had activity greater than pea diffusate,
table 8. A water extract of egg yolk was inactive, while a similar
extract of egg white had low but definite activity in the leaf test.
Fruit juices as a rule were found to have either very low activity,
or to be totally inactive.

Pea diffusate was selected from among these possible crude
sources for the fractionation and isolation of constituents active
in leaf growth. While it is true that pea diffusate is considerably
less active than cow urine, pea diffusate is of particular interest
due to the fact that it is prepared from pea cotyledons, known to

be rich in the naturally occurring leaf growth factors.
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This chapter may be summarized as follows:

a) Seed diffusates obtained from pea, radish, and corn
were found active in the leaf test.

b) Cow, mare, and human urine were found highly active
in the leaf test.

c) The water extract of young etiolated palm leaves was
found highly active in the leaf test. Other leaf extracts, though
active, possessed low activity.

d) Yeast extract, "Acme" beer, and egg white were found

active in the leaf test.
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Table &
sk
Activity of various extracts and natural products in the
leaf test, expressed as leaf units (L.U.) per milligram dry weight

of substance.

Substance tested L.U./mg. dry weight
Pea diffusate 1.0
Corn diffusate 0.2
Radish diffusate 0.5
kK
Cow urine 100.0
Human urine 20.0
Mare urine 10.0
sokok
Washingtonia filifera leaves 80.0
Radish) "
Wicotiana) :
Xanthium) " 0.1
Phaseolus) "
Daucus) "
Lactuca) -
etk
Yeast extract 40.0
Beer (Acme) 15.0

Egg white 0.1
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Chapter VIII
%k

Chemical fractionation of pea diffusate.

A fractionation of pea diffusate has been carried out
which has led to the recognition of several distinct classes of
substances contributing to the activity of the crude material. All
of the active constituents have not as yet been recognized however,
due in part to the lack of specificity exhibited by the leaf test,
and in part to the multiple nature .of leaf growth factor require-
ments.

Table 9 shows a general analysis of the pea diffusate.

The bulk of the diffusate is accounted for by carbohydrates and ash,
both of which are éctive in leaf growth. The activity of the car-
bohydrate fraction can be duplicated and its effect obviated through
the use of sucrose in the medium. The activity of the ash on the
other hand contributes to the activity of the crude material. The
megnitude of this contribution will be discussed later in this
chapter.

Several different methods of fractionation have been used.
It would be of little value to discuss those yielding inconclusive
information concerning the nature of the growth factors. Rather
the two yielding the most fruitful results will be described, using
a typical fractionation as example. The fractionation schemes are
shown diagrammetically in figures 9 and 10.

I. Bengene and petrol ether extraction:

95 grams of pea diffusate concentrated to a syrup was ex-
tracted in a continuous extractor for 24 hours with benzene, fol-
lowed by 24 hours extraction with petrol ether (boiling point 30-40).

Initial analysis showed 9,000 L.U. present in the total sample. One
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gram of material proved soluble, with the entire activity remaining
in the water fraction.
Total dry weight of water soluble fraction - 95 grams
Total number of leaf units - - - - - - - - - 9,000
L.U,/mg. 0.1

II. Alkaline ether extraction:

The extract was made alkaline with barium hydroxide and
extracted with peroxide free ether on a continuous extractor for
48 nours. 200 milligrams of inactive ether soluble material was
obtained. The barium was removed through precipitation as barium
sulfate by adding an equivalent amount of sulfuric acid. This
precipitation carried with it 10 grams of inactive material, and
gave an increase in the total number of leaf units present.

Total dry weight of water soluble fraction -- 86 grams

Leaf vnits = = - - = = = = - - = - - - = 30,000

Enrichment - 2.8 X.

III. Acid ether extraction.

The active water extract was made acid with sulfuric acid,
and extracted with peroxide free ether in a continuous extractor.
After extraction was complete the sulfuric acid was removed as
barium sulfate by addition of barium acetate. The acetic acid formed

in this treatment was then removed by continued extraction with ether.

Water soluble Ether soluble
Total dry weight - - - - - 85 grams Total dry weight - - - 1 gram.
Leaf units = = - - - - 50,000 Leaf units - - - - 6,600

Enrichment 6X
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IV. Mercuric aceta@gwggggigéigfgon

The water soluble fraction from the preceeding step was
fractionated with mercuric acetate according to the method of Klein
(7). The extract was maintained slightly alkaline at all times
during the precipitation by adding a 10% sodium carbonate solution.
Mercuric acetate solution (25%) was added giving rise to 2 fine
white precipitate. It was added until precipitation was complete
as indicated by the formation of 2 bright red mercury complex. The
precipitate was filtered off, suspended in water and decomposed with
hydrogen sulfide gas. The mercuric sulfide formed was filtered off,
and the extract concentrated in vacuo. The excess mercuric acetate
present in the mother ligquor was removed in a similar fashion, and
the acetic acid formed during the original precipitation was removed

by ether extraction.

Precipitate Mother liquor
Total dry weight - - - - - - 26.5 grams. Inactive.
Leaf units = = = = - - - 30,000

Enrichment - 11X

The water extract obtained from the above precipitate was
allowed to remain in the ice box for several days. A fine vwhite
precipitate formed which was filtered off, and was recrystallized
from alcohol-water as the potassium salt. This substance was found
to have a low activity in the leaf test, giving a maximum increase

in wet weight of 10%. Elementary analysis gave: *

*¥Microanalysis by G. A. Swinehart.



%C ol SN %0(by difference)
Found 55.19 5.36 7.28 32.17
Calculated for
09H100MN 55.20 5.12 7.15 32.13

The free acid showed a decomposition point of 250° C., and
corresponds in meny respects with 3,4 dioxy phenylalanine (decomposi-
tion point 279° C.). The definite identity of the two has not yet
been further established, however, since the substance has low acti-
vity (5 L.U./mg.), and accounts for a negligible fraction of the
total activity of the pea diffusate.

V. Fractionation with silver acetate:

Saturated silver acetate solution was added to the above
water extract until no further precipitate was formed after stand-
ing U8 hours in the cold room, (2° C.). The precipitate was filtered off
and decomposed after suspension in water with hydrogen sulfide gas.
The silver sulfide formed by this treatment was filtered off, and the
resulting water solution concentrated in vacuo. The mother liguor
was treated in similar manner, with the excention that the acetic

acid formed from the silver acetate was removed by ether extraction.

Precipitate Mother liguor
Total dry weight - - - - - = 4.5 grams Total dry weight - - 22.5 grams
Leaf units - - - - - - - 20,000 Leaf units - - - - 10,000
Inrichment - UKX ‘ Enrichment 18X

VI. Picric acid fractionation:

Ixcess of a saturated water solution of picric acid was
added at 2° C. to the water extract obtained from the insoluble
fraction of step V. A fine yellow precipitate formed which was

filtered off, and recrystallized from water. The picrate was
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hydrolysed with dilute sulfuric acid, and the picric acid removed
by ether extraction. The sulfuric acid was removed as barium sul-
fate, and the resulting acetic acid removed by a second ether ex-
traction. The final extract gave no crystalline material but had
an activity of 40,000 L.U./gram, representing a 400 times enrich-
ment.

Elementary analysis of the picrate showed no ash, and gave

the following compositions: *

%C GH BN %0(by difference)
FPound = - = = = = = = 36.80 2.31 27.62 33.27
Calculated for ’
011H7N7o8 ------ 36.19 1.99 26.84 35.08

The nitrogen value might indicate, that the substance in
guestion is a purine picrate, and its elementary analysis as well
as 1ts physical properties correspond closely to those of the
hypoxanthine picrate, C11H7N7OS' Adenine and hypoxanthine are the
only two purines giving insoluble picrates. The elementary analysis

of hypoxanthine picrate corresponds more closely to the substance in

question than does adenine picrate as shown by the following compari-

sons:

Hypoxanthine Found Adenine
% carbon 36.2 36.8 36.2
% hydrogen 1.9 2.3 2.2
% nitrogen 26.8 27.6 30.8
% oxygen 35.1 33.3 30.8

Agenine and hypoxanthine picrates may be distinguished by
difference in their physical properties. Adenine picrate forms
only in HCLl solution. It is highly insoluble in both hot and cold

water, decomposes when heated to 2790 C. Hypoxanthine picrate on

*Microanalysis by G. A. Swinehart
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the other hand forms in either neutral or acid solution. It is guite
insoluble in cold water, more soluble in hot. It discolorizes at
200° C. with decomposition. The picrate obtained from the pea dif-
fusate is formed from neutral solution, very insoluble in cold water,
very much more soluble in hot water. It showed strong discoloration
at 195° C., and decomposed upon heating to higher temperatures.

One active substance obtained from the pea diffusate on
these grounds is, therefore, hypoxanthine. Crystalline hypoxanthine
was found active in the leaf test, table 12,with an activity equal
to that found for the substance obtained by hydrolysis of the picrate
(i.e. 40,000 L.U./gram). The lowest active concentration of either
substance is 0.05 mg. per one cc. of 1% sucrose solution. This con-
centration represents a dosage of 2.5 v per leaf section, thus having

activity comparsble to other known growth factors.

VII. Fractionation of the mother liguor from the silver

acetate precipitation:

The factors responsible for activity in this fraction are
as yet undetermined. Lead acetate precipitation, charcoal adsorption,
HCl—CHEOH precipifations, and many other methods have been employed

with little enrichment of activity.

VIII. Fractionation of the organic acid fraction:

The ether soluble fraction, obtained in procedure III, was
dried over anhydrous sodium sulfate. The ether was then removed and
the residue taken up in fresh alconol-free ether. The acids were
esterified with diazomethane (CH2N2). This reagent was prepared
from nitroso methyl urea in strongly alkaline water solution (73),
the gas being caught in ether cooled at 5° C. This ether solution

of diazomethane was then dried over KOH so that the extract and all
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reagents were dry. ZEsterification was carried out at 5° C. by slow
addition of the diazomethane to the ether extract of the organic
acids. Completion of esterification was indicated by no further
evolution of gas. After esterification was complete, the ether was
removed, and the residue transferred to the distilling flask. The
type of micro distilling flask-used was similar to that used in the
isolation of auxin (50). Distillation was carried out at a pres-
sure of 20 microns, obtained by the use of a "high vacuum" oil pump.
The following fractions were collected from the side arm of the
distilling flask:

1-60-80° C.

1I-80-120° C.

II1-120-180° C.

IV-180-2100 C.

These four fractions were hydrolyzed by refluxing two hours
in a saturated alcoholic potassium hydroxide solution. The alcohol
was removed by vacuum distillation, and the residue taken up in
dilute sulfuric acid. The acids were then removed by ether extrac-
tion. These acids were tested as the potassium salts, it making no
difference in activity whether tested as the sodium or potassium
salts as was shown by tests carried out with succinic and glutaric
acids, table 15. Fractions I and II proved to have little activity,
the bulk of the activity being found in fractions III, and IV. The

residue was inactive.

Frection I 53 mgs. 1.3 L,U./mg. 69 L.U,
Fraction II 50 mgs. 2.0 L.U./mg. 100 L.U.
_Fraction III U8 mgs. 10 L.U./mg. 480 L.U.
Fraction IV 50 mgs. 40 L.U./mg. 2,000 L.U.

Fractions III and IV give crystalline material from water
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solution under suitable conditions. The structure of the active
acid, however, has not yet been estsblished.

The ash of pea diffusate was shown to be active in the
leaf test with an activity of 6.6 L.U./mg. Qualitative analysis,
using a hydrogen sulfide scheme, showed the presence of either
potassium or sodium ions, as well as mercuric ion. The presence
of mercuric ion is undoubtedly an artifact, being a contaminant
from the use of mercuric chloride in the sterilization of the seeds.
Potassium nitrate was found extremely active in promoting leaf
growth, table 16. The effect of potassium nitrate was not, however,
additive to that of the crude diffusate. Such an addition was found
to increase the activity of the pes diffusate, but by only 50% of the
activity shown by an equivalent concentration of potassium nitrate
when tested alone.

The following separations were made, in an attempt to
establish the contribution of the inorganic salts present in the
diffusate to the total activity. Fifteen and three tenths grams
of crude diffusate, shown by anzlysis to contain 12.2% ash, and
15,300 L.U. were teken up in methyl alcohol to a final concentration
of 95%. It was then placed for 12 hours at =-20° C. The precipitate
that had formed was centrifuged off, the mother liquor concentrated
and again teken up in methyl alcohol to a concentration of nearly
100%. It was again allowed to stand at -20° C. for 12 hours, and
the precipitate which formed centrifuged off. A similar treatment
for a third time gave no further precipitation. The following dis-

tribution of dry weight, ash and activity was found:

Totel dry wt. Milligrams L.U. of L.U. of
Fraction in grams of ash extract ash
lst pp't 5.3 960 10,650 6,400
2nd pp't 2.5 254 3,560 1,690
soluble 746 805 4,740 - 5,360
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In the methyl alcohol soluble fraction, therefore, the number
of leaf units of ash are grester than the total number of leaf units
found in the extract. An acid ether extraction of this fraction gave
300 mgs. of extract having a total activity of 2,000 L.U. Assuming
that the activity of the ash is diminished by 50% in the presence of
the extract, of the 4,740 L.U. present in thé extract, 2,780 are
accounted for by the activity of inorganic salts, and 2,000 by the
activity of the organic acids, thereby accounting for the total acti-
vity found in this fraction.

The combined precipitates give 8,000 L.U. of ash, and a total
of 14,200 L.U. found in the extracts. Again assuming o 50% reduction
in activity of the ash, 4,000 units would be accounted for by the
activity of the inorganic salts. Acid ether extraction of these
fractions gave no appreciable extract, so that 10,000 L.U. are left
unexplained. The purines would be found in this fraction, they
being very insoluble in alcohol. On the basis of the previous
frectionation, hypoxanthine would account for at least 3,500 of the
10,000 leaf units leaving undetermined 6,500 presumsbly due to the
fraction discussed in procedure VII. It is possible on this basis
to make a rough estimate of the distribution of activity of pea dif-

fusate, which is shown disgramatically in figure 10:

Ash 6,800 36.1%
Hypoxanthine 3,500 18.6%
Organic acids 2,000 10.8%
Undetermined 6,500 34.5%

At best this can be but a rough estimate. The activity of
the ash as determined after ashing in air is largely due to chlorides
and carbonates, known to have low activity in the leaf test, table

16. Pea seedlings, and cotyledons are known (19) to contain some
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nitrate nitrogen which might increase the relative activity of the
inorganic consituents of the pea diffusate, potassium nitrate being
highly active in the leaf test. A portion, at least, of the inorg-
anic salts exist as the salts of the organic acids, which would
eonsiderably alter their relative activities. Possible synergistic
effects between the various active fractions, and effects with
possible inactive cofactors would also change the relative activi-
ties, though no such effects have been found as yet. This distri-
bution of activity must, therefore, be considered as purely tenta-
tive. Interactions between the various growth factors will be dis-
cussed more fully in the next chapter, together with a discussion
of the increase in total number of L.U. during the course of frac-
tionation.

This chepter may be summarized as follows:

(1) Two different methods employed in the fractionation
of pea diffusate are described.

(2) A crystalline compound of low activity was isolated
and its empiric formula established zs C9H100MN' It is thought
possible that this substance is identical with 3,4 dioxy phenyl
alanine. |

(3) A crystalline picrate was isolated. This picrate was
found upon hydrolysis to give a substance with an activity of
40,000 L.U./gram. This picrate was shown to be identical with the
picrate of the purine, hypoxanthine (011H7N708).

(4) The organic acid fraction from pea diffusate was found
to be active. Esterification and high vacuum distillation gave a
fraction of high activity distilling between the temperatures of
180-210° C. at 20 microns pressure.

(5) The inorganic salts present in the pea diffusate were

saown to be active.



_53_

(6) A tentative estimate of the distribution

in the pea diffusate is given as follows:

Ash 36.1%
Hypoxanthine 18.6%
Organic acids 10.8%

Undetermined 3. 5%

of activity
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Table 9*
3¢ 3 o4

General analysis of pea diffusate.

Fraction determined Percentage dry wt.
Total nitrogen (micro-dumas) L.36
Total nitrogen (micro-Kjeldahl) 3.2
Protein nitrogen 0.0
Non-protein nitrogen 3.2
Ammonia nitrogen 0.3
Amino nitrogen 1.9
Amide nitrogen 0.05
Polypeptide nitrogen 0.02
Reducing sugars 5.6
Sucrose 40.5
Non-carbohydrate reducing substances 10.5
Ascorbic acid 0.0
Ash 12,2

*¥The author is indebted to Prof. H. Borsook and Mr.

W. McRary for the nitrogen fraction determinations.



Pea diffusate

95 grams
9,000 L.U.

Bengene and petrol ether extraction

95 gms.| Alkaline ether extraction

1 gram 9,000 L.U.

Barium sulfate precipitation

Acid ether extrac-
tion

86 gms.
10 gms. 30,000 L.U.

0 L.U. X2.8
soluble
85 gms Mercuric
1 gme. 50 000 L.U. acetate
6,600 L.U. X6 precipita-
tion
diazomethane
distill
1= soluble
26 gms.| Ice box thiil
30,000 IL.U. Inactive
X11
180-210° C, 20 mm. p!
40 L.U. /me.
| Silver acetate
CoH. 0N 26 gms |precipitation
7107k 30,000 L.U.
(5 L.U./mg.)
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20,000 L.U. ,
{ - 22.5 gus.
40,000 L.U.
Picric X1g
acid pp't
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Figure 9.

Practionation of pea diffusate.



crude pea diffusate
15.3 grams
12.2% ash
ca. 15, 300 L.U.

100% methyl alcohol
-20° ¢C.

precipitate 5oluble
7.8 grams - 14,410 L.U. 7.6 grams - 4,740 L.U,
1.234 grams,ash - $,090 L.U. 805 mgs. ash - 5,360 L.U.
Ash Hypoxanthine Undetermined Ash Orgenic acids
4,000 L.U. 3,500 L.U. - 6,500 L.U. 2,780 L.U. 2,000 LU.
——‘; 7
- 7’
/
-
-
/
-~ il
Y Lot - ; v :
Ash Fypoxanthine Organic acids Undetermined
36% 19% 11% 3%
Figure 10.

Distribution of activity in pea diffusate.
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Chapter IX
5ok sk

Activity of pure substances in leaf growth.

A second method for investigation of the general nature
of leaf growth factors has been extensively employed. This method
has been the testing of pure compounds of known chemical constitu-
tion for activity in the leaf test. The study of such compounds
has shown that activity in the leaf test is found in four general
classes of compounds, (1) amino acids, (2) purines, (3) dicarboxylic
acids and (4) inorgenic salts.

Table 10 lists a variety of substances found to be active
in different biological phenomena which have been tested in the
leaf test. 1In every instance they have been found to be totally
inactive with the exceptions of nicotinic acid amide, and urea, both
of which showed slight activity at rather high concentrations. The
amino acids that have been tested in the leaf test are listed in
table 11. When radish leaves are used as test objects asparagin
and proline proved the most active. However, in the case of the
amino acids it seems likely that the species of plant from which
the leaf is taken determines the amino acid requirements; thus

when Nicotiana sylvestris is used as the test object arginine

proved to be the most active, while with Raphanus leaves arginine
was totally inactive. The growth obtained by the use of amino

acids is, however, never as great as that obtained for the S.S5.A.
(solution of standard activity), nor are the amino acids active

by themselves at high dilution. Yeast nucleic acid was found to
possess very definite activity. Upon testing of various crystalline
purines adenine proved to be active at the highest dilution (20y

per liter) Hypoxanthine had activity at a somewhat higher concen-



56—

tration, while xanthine, uric acid, guanine and caffeine had slight
activity, or were totally inactive, table 12. That adenine, hypo-
xanthine, or a related purine is the only factor concerned in meso-
phyll growth seems unlikely not only from the chemical studies of
the pea diffusate already discussed, but also from the fact that

in only one or two instances was the amount of growth obtainable
from leaf sections in adenine plus 1% sucrose as great as that ob-
tainable from the S.S.A. This means as shown in table 13, that

the amount of growth at the optimum concentration of adenine was
not as great as that obtainable at the optimum concentration of the
5.5.A.

In view of the activity of the acid ether soluble fraction,
various organic acids have been tested for activity in leaf growth.
The fatty acids were without activity. The dicarboxylic acids on
the other hand have good activity, as shown in table 14. Of the
acids tested malonic acid was the least active, the activity of
succinic agid being somewhat greater. The acids from glutaric to
sebacic had the highest activities, their individual activities
being nearly ecual. Acids longer than sebacic acid, as decane di-
carboxylic acid, showed & decided decrease in activity. This opti-
mum activity appears in the dicarboxylic acids from 05- to ClO‘

The amount of growth obtainable from leaf sections in écids of the
glutaric acid group, in contradistinction to adenine, was greater
than that obtainable from sections grown in pea diffusate. It is
of interest that the presence of a single double bond made no

apparent change in activity. Fumaric acid proved to have the same
activity as succinic and decene dicarboxylic acid to have the same

activity as decane dicarboxylic acid. Due to the low pH of the
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solutions, the free acids proved toxic at the higher concentrations.
Their salts were, therefore, always used in testing, the potassium
salts being generally employed. As shown in table 15, no apparent
difference in activity could be found between acids tested as the
potassium or as the sodium salts, which should be expected if the
acid is active only inside the cell. The pE of the cell sap would
then determine the form of acid present within the cell. In this
respect, the dicarboxylic acids resemble auxin, which has been
shown to be equally active in the Avena test when tested as the
free acid, the potassium salt or the sodium salt (D. Bonner 7).
The most surprising group of compounds found active in
the ledf test is the inorganic salts. Table 16 gives the activi-
ties of those tested. Few inorganic salts, of those tested, have
marked activity, these being potassium, sodium, and calcium
nitrate, and potassium and sodium chloride. Potassium nitrate
is by far the most active, being non-toxic at high concentrations
and retaining activity to comparatively low concentrations. The
lowest active concentration is 0.1 mg. per cc. of 1% sucrose
solution. This corresponds to a concentration of 50 mg. per liter
which is high in comparison to the activities of hormones or
accessory growth factors in general. On the other hand it corres-
ponds to a dosage of 2.5y per leaf section, which is within hor-
monal concentration. Concentrations as high as 10 mg. per cc.
are without toxicity, while the other active salts tested at simi-
lar concentrations were found to be either inhibitory, or toxic.
The effects produced by potassium nitrate are often considerable
giving increases in area and wet weight of 100% in 40 hours, i.e.

an increase far greater than has been observed for any other active
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substance. What the effect is, or its importance is still not
clear. That an impurity is responsible for this activity seems
unlikely. Samples obtained from three different manufacturing
chemical concerns showed unaporecisble differences in activity,
table 17. Whether the effect is produced by the potassium-ion,
or nitrate ion, or both is not certain since both other potas-
sium end other nitrate salts have activity. That it is entirely
a permeability phenomenon seems unlikely in that calcium nitrate
and potassium nitrate are more nearly additive in their effects
than antagonistic as shown in table 18.

Sensitivity of leaf sections to potassium nitrate can
be influenced by the previous treatment of the leaves from which
the sections are taken. Leaves allowed to grow over night in a
1% sucrose and 1% potassium nitrate solution were found very
much less sensitive to potassium nitrate as well as nearly in-
sensitive to pea diffusate when used in the regular leaf test,
then leaves that had been 24 hours in 1% sucrose alone, table 19.
The sensitivity to pea diffusate as well as to potassium nitrate,
of radish leaf sections, was found to be influenced by the pre-
vious nutrition of the plants from which the leaves were taken.
Leaves of the same age but collected from flats that had been
given a) no nutrient, b) Shive's nutrient (see chapter 11) twice
a week, and c¢) Shive's nutrient every day from germination of
the seed were tested for sknsitivity to both pea diffusate and
potassium nitrate, table 20. Shive's nutrient every day almost
abolishes sensitivity in the leaf test. This experiment is of
course open to the objection that the leaves from the flat given

nutrient every day were much larger, and so more mature than the
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control leaves. The response to pea diffusate might, therefore,
naturally be diminished.

Possible interactions between these various groups of
active substances have been investigated. No clear evidence of
synergistic effects have been found using the various possible com-
binations at many different concentrations.  The effects at low
concentrations are as a rule nearly additive. At higher con-
centrations the interaction proved inhibitory, i.e. the sum of the
individual activities are greater than the observed activity in
the combination. It was further observed that the activity of the
combination tends to approach that of the compound present at the
highest concentration. Whether this means that each group stim-
ulates a particula; tissue of the mesophyll, or whether they are
all capable of causing growth in a single tissue cannot be settled
without further data. It is an interesting correlation, however,
that the lamina consists of three main tissues, epidermis, pali-
sade and spongy parenchyma, and that three main classes of active
substances are found; purines, organic acids and inorganic salts.
During the course of the fractionation described in chapter VIII
the total number of leaf units present in the combined extracts
increased from 9,000 to 66,000. During the first two extractions
with benzene and petrol ether the total number of units remained
constant. The total number of leaf units after the next step,
however, increased. In that step inorganic reagents were employed,
and possibly some of the reagents remained in the extract, thereby
increasing the total activity. A more likely explanation, however,

is that in this step an inhibiting fraction was removed, giving

an apparent increase in total activity of the fraction. A second
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factor influencing this increase, is the separation of the active
fractions. As mentioned above, the activity of these.substances
when tested together is not additive, but rather the activity of
the combination tends toward that of the factor present at the
highest concentration. As these different active fractions are
separated and tested independently the sum of the individual acti-
vities will give a total activity higher than that originally found.

The study of pure substances shows the same general classes
of active substances as found by fractionation of the pea diffusate.
Fractionation of pea diffusate showed inorganic salts, organic acids,
the purine, hypoxanthine, and some as yet undetermined fraction all
contributing to the activity. Four general types of compounds were
found active by study of pure substances, inorganic salts, dicarboxy-
lic acids, purines, and amino acids. Went's "phyllocaline" would
appear,therefore, to be multiple in nature.

This chapter may be summarized as follows:

(1) A large number of different substances found to be active
in different bioclogical phenomena were found inactive in the leaf test.

(2) The activity of amino acids wzs found to be species spec-
ific. Amino acids were found to have low activities in the leaf test,
if active at all.

(3) Purines were found active in the leaf test. Adenine
was found most active, minimum dosage 0.00Wy per leaf section. The
maximum growth of leaf sections in adenine was not so great as for
pea diffusate.

(4) Dicarboxylic acids were found active in the leaf test.

Highest activity was found for the acids from glutaric (05) to

sebacic (Glo)' The maximum growth of leaf sections in these acids



was greater than for pea diffusate.

(5) Inorganic salts were found active in the leaf test.
Potassium nitrate was found to be the most active inorganic salt
tested. Minimum dosage 2.5y per leaf section. The meximum growth
obtgined by use of potassium nitrate was far greater (ca.100X)
than that obtained from pea diffusate.

(6) The interaction between these various active substances
was found to not be synergistic. At low concentrations the effects
were additive. At higher concentrations the interaction proved
inhibitory, the activity of the combination tending to be that of
the compound present at the highest concentration.

(7) The factors involved in the observed increase in total
nuwnber of leaf units during the course of fractionation of pea dif-
fusate were given as, a) removal of an inhibiting substance, and b)

separation of the active fractions.
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Substances tested between the concentrations of 0.5 -
0.005 mg. per cc. of 1% sucrose solution, and found to be in-

active in the leaf test using Raphanus leaves as test objects.

Barbituric acid Pantothenic acid
Biotin Vitamin Bga

Estrone Vitamin Bo

Indole (3) acetic acid Vitamin Bg

Nicotinic acid Vitamin B

Nicotinic acid amide Vitamin K

2-methyl, b-amino pyrimidine Inositol
2-methyl,b-hydroxy pyrimidine Uracil

6-amino pyrimidine Thiazole of vitamin B

Urea
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Activity of amino acids in the leaf test using Rephanus

leaves as test objects.

solution is equal to 100,

Activity on basis of growth in l% sucrose

Active amino acids

Concentration expressed as mg. per cc.

of 1% sucrose solution

Proline
Asparagine
Threonine
d-Valine
Glutamic acid
Alanine

Leucine

0.5 0.1 0.02 0.005
124 114 107 105
116 112 103 101
115 110 103 100
112 105 103 100
Toxic 108 102 100
110 100 100 100
110 100 100 100

Amino acids tested between the concentrations of 0.5-0.005

mg. per one cc. of 1% sucrose solution and found to be inactive:

Histidine, Glycine, Aspartic acid Arginine, Citrulline,

Serine, Phenyl-alanine, Cystine, and beta-Alanine.
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Table 12
4k ok

Activities of purines in the leaf test using Rephanus

leaves as test objects.

solution equal to 100.

Activity on basis of growth in 1% sucrose

Purine tested

Concentration expressed as mg. per cc. of
1% sucrose solution

Adenine
Hypoxanthine
Xanthine
Caffeine
Uric acid

Guanine

0.5 0.1 0.05 0.01  0.005
" - 118 117 113
- 109 116 104 100
- 115 107 100 100
102 112 108 100 100
118 108 100 100 100
100 100 100 100 100
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Table 13
*okek

Comparison of the activities of adenine and pea diffusate
in the leaf test using Rephanus leaves as test objects, with com-
parison on several different days.

Yol s . 57 . .
Activity on basis of growth in 1% sucrose solution is equal

to 100.
tActivity at optimum concen-:Activity at optimum con-

Date of test stration of pea diffusate  :centration of adenine
November 5, 1938 125 118

November 9, 1938 135 125

November 12,1938 1153 100

November 14,1938 130 110

December 1, 1938 118 107

January 13, 1939 118 108
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Table 14
346 ke of¢

Activities of dicarboxylic acids in the leaf test using
Raphanus leaves as test objects. Activity on basis of growth in

1% sucrose solution equal to 100.

Concentration expressed as mg. per cc.

Acid tested of 1% sucrose solution

:_0.5 0.2 0.06 0.02 0.01
Malonic 110 105 100 - -
Sucecinic:
Fumaric 115 110 105 100 -
Glutaric :
Adipic
Pimelic : 125 122 116 109 104
Azulaic

Sebacic ¢

Decene dicarboxylics
Decane dicarboxylic: 116 108 100 100 -
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Table 15
ook

Activities of the potassium and sodium salts of dicarboxy-
lic acids in the leaf test using Raphanus leaves as test object.

Activity on basis of growth in 1% sucrose solution egqual to 100.

Concentration expressed as mg. per cc.

Acid tested Salt of 1% sucrose solution
s 1.0 0.5 0.1
Succinic K 114 113 107
Na 115 113 107
Glutaric K 120 119 110

Na 120 118 112
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Teble 16
ke

Activities of inorganic salts in the leaf test using
Raphanus leaves =s test object. Activity on basis of growth

in 1% sucrose solution equal to 100.

Concentration expressed as mg. per cc. of

Inorganic salts 1% sucrose solution

: 5.0 2.5 1.0 0.3 0.1 0.05
KIi05 175 160 140 125 110 100
Nall05 130 130 120 110 100 100
Ca(N03)2 110 120 110 105 100 100
KC1 130 110 100 - - -
NaCl 120 105 100 - - -
K2003 124 110 100 - ” -
Ne,,C0- 115 110 100 - - -

Inactive inorgsnic salts (NHA)QSOM, E,S0), Mg(N03)2’

(WHy,) 5002, (W) A0+,
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Table 17
o ok sk

Activity of three different brands of potassium nitrate
in the leaf test using Raphanus leaves as test object. Activities

on basis of growth in 1% sucrose solution equal 100.

Brand

Concentration

mg./cc. "Merck" "Kahlbaum" "Baker"
5.0 150 147 1l49
2.5 140 141 140
1.0 130 132 128
0.3 118 120 118
0.1 106 104 107

0.05 100 100 100



Table 18
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Interaction of potassium nitrate and calcium nitrate in
the leaf test, using Raphanus leaves as test object. Activities
on basis of growth in 1% sucrose solution equal to 100. Concen-

5 . o g
trations expressed in mgs. per cc. of 1% sucrose solution.

Calcium nitrate Conc. 3.0 0.3 Ol
Activity 124 110 100
Potassium nitrate : (Interaction)
Conc. Activity
1.0 135 : 151 142 132
0.3 120 : 132 128 124
0.1 108 1 123 120 110
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Table 19
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Sensitivity of leaf sections to potassium nitrate as in-
fluenced by previous treatment of the leaves from which the sections
were taken. Raphanus leaves as test object. Activity as growth

. . A .
above sections in 1% sucrose solution equal 100,

Concentration of Leaves 24 hours in 1%
potassium nitrate Leaves 24 hours sucrose and 1% potas-
mg./cc. of 1% suc- in 1% sucrose sium nitrate
rose solution solution solution

5.0 155 119

1.0 148 108

0.1 109 100
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Table 20
ok
Sensitivity in the leaf test as influenced by the previous
nutrition of the plants from which the leaves were taken. Raphanus
leaves as test object. Activity of sections in 1% sucrose expressed
as growth above sections in water alone ecual 100. Activity of
sections in pea diffusate and potassium nitrate expressed as growth

in 1% sucrose solution equal 100.

Sections from leaves of plants having re-

Treatment ceived Shive's nutrient solution
Control Twice Every
:(no nutrient) weekly day
Water 100 100 100
1% sucrose 132 134 140
(100) (100) (100)

1% sucrose plus pea
diffusate mg. dry

weight/cc.
B+0 111 110 102
2.0 112 11k 105
0.2 109 108 100

1% sucrose vlus potas—
sium nitrate mg./cc.
5.0 142 150 128

1.0 126 118 103
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Chepter X
*ook

The response of excised pea embryos, and excised immature

leaves to known leaf growth factors.

Additional assay methods for leaf growth factors were dis-
cussed in chapter IV. The two methods described were the culture
of excised pea embryos, and young immature leaves. A few prelimin-
ary tests have been made on the response of these two tests to known
leaf growth factors.

Combinations of different amino acids, either alone or in
conjunction with thiamin chloride (for good root growth) were found
to have little effect upon leaf development in excised pea embryos.
Dicarboxylic acids are also without effect upon leaf growth in
excised pea embryos (10). The potassium nitrate concentration in
the medium, however, markedly influenced leaf growth as shown in
table 21. ZEmbryos grown in medium containing optimum potassium
nitrate concentration showed increased leaf growth, however, when
small supplements of pea diffusate were added, teble 21. This
effect of pea diffusate was found to be largely replaceable by
additions of adenine to the medium at a concentration of 0.1 milli-
gram per liter. Higher concentrations of adenine were found to be
inhibitory, teble 21. Whether adenine entirely replaces the effect
of pea diffusate for pea embryos has not been definitely proved,
since the experiments reported here are few, and were not carried
for a period of time longer than four weeks. In certain tests,
however, and for this length of time, adenine at a suitable con-
centration completely replaced the effect of pea diffusate. The

present data suggest that the beneficial effect of pea diffusate
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upon leaf growth of excised pea embryos is mainly through the effect
upon leaf growth of inorganic salts and adenine.

A similar situation was found in the culture of excised
etiolated pea seedling leaves. When these were grown upon inorgsnic
salts, sucrose, and adenine (0.l mg./l.) the growth wes found to be
approximately as great as that of leaves grown in a medium contain-
ing inorganic salts, sucrose, and pea diffusate. The culture of
immature first foliage leaves of radish, from plants grown sterilely
in the greenhouse, showed that the growth effect of adenine (in
conjunction with inorganic salts and sucrose), was as great after
a period of five weeks as the growth effect of pea diffusate, table
22. These experiments are again open to criticism in that they
are few in number, and that they were maintained only for a2 short
period of time (four weeks). They do, however, indicate that the
promotive effect of pea diffusate upon growth of entire excised
leaves, as for excised embryos, can be replaced for a period of
four weeks by the use of suitable concentrations of potassium nitrate
and adenine.

The results from these two tests differ from the results
of the leaf test in so far as they tend to place much greater em-
phasis upon the importance of adenine for leaf growth, and might
indicate that the factor most strongly limiting leaf growth is a
purine, hypoxanthine or asdenine. The importance of the purine frac-
tion is further substantiated and strengthened by a study of adenine
as a possible phytchormone discussed in the next chapter.

This section may be summarized as follows:

(1) Leaf growth in excised etiolated pea embryos is promoted

through the presence in the medium of potassium nitrate and adenine.
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The optimum concentration of adenine was found to be not greater
than 0.1 milligram per liter.

(2) Growth of excised etiolated immature pea seedling
leaves, as well as of excised immature first foliage leaves of
radish seedlings, is promoted by the presence of adenine in the
medium.

(3) In 211 of these cases the promotive effect of pea
diffusate appears to be largely replaceable by adenine and in-

organic salts.
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Table 21
Aok

Leaf growth of excised pea embryos in response

to leaf growth factors.

Aversge wet weight

Concentration per leaf relative
Treatment mg. /1. to control
Inorganic medium:
potassium nitrate g5 (control) 100
32U 114
&850 120

Inorganic mediums
(KWo; conc. 850 mg./l.)
plus pea diffusate
mg. dry weight/1. 50 Toxic

5.0 14y

Inorganic mediums
(K05 conc. 850 mg./1.)
plus” adenine 0.5 130

0.1 150
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Table 22
sk

Response of isolated immature leaves excised from radish

seedlings grown sterilely in the light and cultured 4 weeks.

Average wet weight
per leaf of twenty

Treatment leaves. Weight in mgs.
Water 10.5
Inorganic salt medium plus 41.7

1% sucrose

Inorganic salt and 1% sucrose
mediun plus pea diffusate mg.
dry weight/1.
o) Toxic

20 52.2

Inorgenic salt and 1% sucrose
medium plus adenine mg./l.

0.5 46.6

0.1 52.2
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Chepter XI
The influence of kmown leaf growth factors on the growth

of green plents.

Bonner and Greene (17,18) have shown that certain plants
grown in nutrient sand culture respond with markedly increased
growth to small additions of thiamin in the nutrient solution. The
effect of such additions was shown to be not only upon the root
growth, but upon the growth of the shoots as well. Thiamin has
no direct effect upon shoot growth (12,55), but as Went (110) has
shown there is a factor present in the roots necessary for the
growth of stems. Increased root growth would bring gbout an in-
creased production of this factor, waich in turn would cause more
vigorous shoot growth. It may well be that a similar case exists
in the growth of leaves. It is known that older leaves produce a
factor required for the growth of immature leaves (37). If their
requirements for this factor are not fulfilled, its addition to
the nutrient solution should increase the growth rate of these
younger leaves. This in turn would .increase the total photosyn-
thetic area of the plant increasing the centers of thiamin and
auxin production. The end result should, therefore, be a more
vigorous growth of the plant as a whole. To test this view the
following experiments were done.

Plants were grown in washed gquartz sand contained in
2-gallon glazed crocks supplied with drainage. The crocks were
supplied on alternate days with Shive's RpSp nutrient solution
containing the minor elements Fe, Mn, Cu, Zn, Mo, and B. On the
intervening days the crocks were flushed with water. Additions

of growtin substances were made directly to the nutrient solution.
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In a few experiments plants were grown in an open garden soil con-
tained in 6 or 8-inch pots. In these cases the growth factor addi-
tions were made to the water with which the plants were supnlied.

Photoperiodically sensitive plants were maintained under
controlled photoperiod. "Long photoperiod" below refers to a
daily photoperiod of 18-20 hours, the natural day being supple-
mented by light from Mazda lamps. "Short photoperiod" refers to
a daily photoperiod of 9 hours. In all the experiments described
below Cosmos plants were maintained under conditions of long
photoperiod, while mustard plants were maintained under conditions
of short photoperiod.

Dry weight determinations were made at the end of each
experiment, that is, unless otherwise noted, apprroximately 30 days
after the beginning of treatment. For these determinations the
plants were separated into roots and shoot, shoot in this case
signifying the entire aerial portion of the plant. In a few cases
thiamin assays were made upon the dry material (8) by the Phycomy-
ces method.

That adenine can increase leaf growth of Cosmos is easily
seen in figure 11. This figure shows a comparison between control
plants and plants treated with adenine at a concentration of 0.1
mg./l. five weeks after germination. In one experiment which is
outlined in table 23, seeds of a late flowering variety of Cosmos
sulphureus were planted in 20 crocks. When the seedlings were two
weeks old they were thinnecd to 15 per crock, and the crocks were
divided into four lots of 5 each. One lot, a control, contimed to

receive standard nutrient solution. The second lot was supplied

with nutrient solution containing adenine at a concentration of
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0.1 mg. per liter (one part in ten million), the third lot contain-
ing adenine 0.0l mg. per liter, and the fourth lot with nutrient
solution containing 0.001 mg. of adenine per liter. The plants re-
mained in the greenhouse under conditions of long photoperiod.
After five weeks of treatment the plants were harvested, and dry
weights of roots and shoots determined. Table 23 shows that the
increase of shoot dry weight brought about by addition of adenine
to the nutrient solution is of a different order of magnitude from
the variations in shoot dry weights produced by individual crocks.
It is also clear that adenine at concentrationsbelow 1y per liter
of nutrient solution suffices to increase the production of dry
weight of Cosmos plants under the present conditions by approximately
threefold. The promotive effect of adenine on the growth of Cosmos
has been confirmed in ten separate experiments involving 1300 plants.
Similar marked promotive effects of adenine on the growth of mus-

tard (Brassica alba) and of cotton have also been observed in sand

culture experiments. Adenine has also been found to promote the
growth of Cosmos in soil.

Uric acid, which is structurally related to adenine, pos-
sesses but slight activity in the leaf test, see table.12. Uric
acid, however, is capable of promoting the growth of Cosmos and
mustard as is shown disgramnatically in figure 12. In sand culture
experiments uric acid anpears to influence the growth of leaves
very materially just as does adenine, and it seems, therefore,
possible that uric acid is converted in the intact plant to an ac-
tive leaf growth substance - adenine or hypoxanthine. This view

is somewhat strengthened by the fact that the growth promoting

effect brought about by uric acid is of aporoximately the same
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magnitude as that elicited by adenine. The fact that combinations
of the two substances give & growth promoting effect approximately
the same as that attributable to either substance alone, table EM,
might also support the above view were it not for the fact that
combinations of thiamin and adenine also are no more promotive of
growth than either substance alone, see below.

Growth promoting effects of uric acid have been observed

with pine seedlings (Pinus ramorata) grown in soil out of doors.

It might be expected that a2 combination of the growth pro-
motive effects of thiamin, s root growth factor, and adenine, a leaf
growth factor, should be possible. Such, however, is not the case,
as is shown in table 25 for mustard and in table 26 for Cosmos .
With musterd the plants which received both growth factors actually
possessed a somewhat smaller dry weight than did the plants treated
with either substance alone. A possible explanation of the non-
additive effects of thiamin and adenine may be found in the fact
that plants treated with adenine contain much more thiamin than
plants not treated with adenine, table 27, and in fact, both Q3§§2§'
and mustard when treated with adenine contain nearly as much thia-
min as similar plants treated with thiamin (8). It is kmnown from
investigations of the thiamin contents of different spnecies of
plants (18) that those species which contain relatively abundant
thiamin (e.g. tomato) are little affected in their growth by addi-
tions of thiamin. Those species on the other hand which were found
to respond to added thiamin were those with relatively small amounts
of thiamin.

It is possible then that Cosmos or mustard plants treated

with adenine produce so much thiamin that they are not limited in
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their growth by the available amount of this substance. A similar
case of.the jnteraction of growth factors has been noted
by Bomner and Bomner (14) in the case of isolated pea embryos. In
this case pea embryos supplied with thiamin were found to symth-
esize much more ascorbic acid than pea embryos not supplied with
thiamin. Although the interaction of growth factors has not been
studied in detail it has been found that combinations of thiamin,
nicotinic acid, adenine, estrone; and thiamin, nicotinic acid,
adenine, vitamin Bg exert no larger effect on the growth either of
Cosmos or of mustard than does one only of the above substances (8).
At the same time that the above adenine and uric acid
experiments were carried out similar experiments using the root
growth factors, thiamin, nicotinic acid and vitamin Bg were carried
out (8). It is of interest to note that at least in some experi-
ments the root growth factors just mentioned influenced the growth
of the roots relatively more than that of the shoots, while adenine
and uric acid on the other hand, influenced root growth relatively
less than did the root growth factors. Thus the mean shoot/root
ratio (as derived from dry weights) of the control plants from three

in the same experiments the shoot/root ratio of Cosmos plants treated
with leaf growth substances was 10, and that of Cosmos plants treated
with root growth substances 4. A similar relation obtains for num-
erous of the experiments with mustard. ZExceptions to this generali-
zation, however, were found as the experiment of table 23.

That adenine actually functions in these experiments pri-

marily as a leaf growth factor is indicated by the fact that with
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leaf area even before a general increase in the vigor of the treated
plant has become marked. Figure 13 shows five representative leaves
(the youngest fully mature leaf from each of five separate plants)
from three series of plants, taken two weeks after growth factor ap-
plication has been started. It may be seen that although the leaves
from the thiamin treated plants are somewhat larger than those of
the control, those of the adenine treated plants are considerably
larger still. That the primary function of adenine in these experi-
ments is as a leaf growth factor is also indicated by the fact that
adenine has no activity as a root growth factor (13).

The marked promotive effects of the root growth factors
thiamin, nicotinic acid, and vitamin 36, of estrone, and of the
leaf growth factors adenine and uric acid on the growth of plants
might lead to the impression that the chemical specificity of the
growth effects is small. Such, however, has been shown to not be
the case (8). Experiments with Cosmos indicate that additions of
numerous organic compounds to the nutrient medium are without sub-
stantial growth promoting influence, at least when the substances
are applied in concentrations comparable to those in which the
plant growth factors exert their influence. Among such substances
inactive on the growth of Qg§gg§, but each active in one or more
other vhysiological processes, were found urea, glutamic acid, and
decane dicarboxylic acid (&).

Tomato was found not to respond to additions of adenine
or uric acid. It is also known that it does not respond to addi-
tions of the factors necessary for the luxuriant growth of isolated
tomato roots, thiamin, nicotinic acid, and vitamin 36. Thismin

has been shown tc be produced in great abundance by tomato,
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and it would seem reasonable to suppose, therefore, that these other
factors are produced by the tomato plant in amounts sufficiently
large not to limit growth in the normal plant. Wheat also failed
to respond in sand culture to any of the zbove mentioned growth
factors (8). It would seem that these two much selected crop plants
may themselves produce sbundant supplies of the growth factors at
present known.

This chapter may be summarized as follows:

(1) The growth of Cosmos and mustard plants in sand culture
is shown to be promoted by additions of known leaf growth factors,
adenine and uric acid.

(2) Adenine 2nd uric acid appear to influence primarily
leaf size. However, they both exert marked effects on the general
vegetative growth of plants. These effects may be secondary to
the influence on leaf growth.

(3) The effects of thiamin and adenine on growth of gggggg
and mistard in sand culture are not additive. It is suggested that
this non-additive effect is due to the fact that plants treated
with adenine contain nearly as much thiamin as plants treated with

thiamin alone.
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Table 23
ek ok

Effect of adenine on the dry weight accumulation of Cosmos
plants. Experiment started two weeks after planting of seed and
harvested after a further five weeks. Fifteen plants per crock.

Means of five crocks.

Dry weight of shoots: Dry weight of roots:

gms. per crock gms. per crock
Treatment (15 plants) (15 nlants)
Control (nutrient only) 0.93 + 0.07 0.106
Adenine 0.1 mg. per
liter in nutrient 2.95 + 0.23 0.437
Adenine 0.0l mg. per
liter in nutrient 2.75 + 0.15 0.4o4

Adenine 0.001 mg. per
liter in nutrient 2.78 + 0.12 0.346
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Table 24
3 3

Effects of adenine and uric acid alone and in combin-
ation on the growth of Cosmos and mustard plants. Appracimately
U5 plants with each treatment. Treatment started two weeks after

planting and experiment harvested after a further four weeks.

Total dry weight in gms. per plant

Treatment Cosmos Mustard
Control (nutrient alone) 0.161 0.079
Adenine 0.0l mg./liter 0.226 0.169
Uric acid 0.0l mg./liter 0.198 0.169
Adenine 0.005 mg./liter + 0.226 0.1561

uric acid 0.005 mg./liter
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Table 25
okok

Effects of vitamin B; and adenine alone and in combination
on the growth of mustard plants. One of two experiments yielding
similar results. Treatment started two weeks after planting and

plants harvested after a further four weeks. Fifty plants per

series.,

Treatment Total dry weight per plant; g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>