STUDIES IN FRUIT GROWIH AND IN VERNALIZATION

Thesis by

Lzonard Leroy Jansen

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of FPhilosuphy

California Institute of Technology
Pasadena, California

1953



ACKNOWLEDGMERTS

The wriier wishes to take this opportunity to express his thanks
and gratitude to all who have helped make this work possible. To Dr.
James Bonner goes special thanks for initially stimulating interest in
the in vitro method and in the culture of fruits particularly. His
many constructive criticisms and suggestions have been invaluable
throughout the course of all of these investigations. The writer is
also deeply indebted to Dr. Anton Lang for expert guidance through
the course of the vernalization studies and also for his critical
reading of all parts of this thesis during their preparation.

Without the enlightening discussions of many phases of plant
growth and development held with Dr. F. W. Went, many significant
points might have been overlocked, particularly the significance of
spiral reversals. All work in the Phytotron has been greatly enhanced
through his help. Many others, also have aided greatly during other
phases of the investigations. Drs. G. Laties, A. V. Galston, R. Ban-
durski, R. McColloch, and B. Axelrod, in particular, have been ever
available for stimulating discussions,

Dr. Guy Ch, Camus, now returned to the Sorbomne, and Dr. J., H. I,
Henderson, of the Tuskegee Institute, offered many valuable suggestions
in comnection with the in vitro studies. Dr. Camus also was a source
of constant encouragement during the phases of the research when the
lack of results due to smog damage was becoming very downheartening.
Miss llary E. Durrell has also been extremely helpful in all matters per-
taining to tissue culture and has assisted in many ways in the technical

aspecis of the work.



There is no way adequate to express the most sincersly felt
thanks whicn are due_to all of those persons who have made the experi-
ments possible through the excellent care which has been given to the
pPlants used as the source of experimental material. Messrs, C. Newman,
and J. Kelleher at the Urlando greenhouse,; and P, Keyes, J., Cunningham,
P, Thompson, and others of the Phytotron staff are due special thanks
for their technical assistance and also for many friendly chats which
have "made life worth living."

The writer is also deeply indebted to Ur. and Mrs. Arthur McCallum,
wWho have maas possible the continuance of this work during two swamers
through the finaneial support received from the ieCallum Summer Fellowe
ships in Biology.

Deepest and most heartfelt gratitude must finally go to my wife,
Patricia Jansen, Her constant encouragement, prodding, and always
generous understanding, as well as her able assistance in typing this
thesis and her ever-willingness to assist wherever possible, have

greatly facilitated the completion of this work.,



ABSTRACT

Growth and development of flowers and fruits of red currant toma~

to (Lycopersicon nimpinellifolium) have been studied both on the intact

plant and with the excised flower cultivated in wvitro. A new interpre-
‘tation of development of the inflorescence has been vresented. Two
tyﬁes of growth response of ovaries of pollinated flowers have been
identified both on.the wlant and in enlture. In one tyme growth is
linear and in the other it i1s exponential. The latter tyve, on the
nlant, produces seeded fruits, and size of fruits is correlated with
number of seeds. Develcoment on the nlant is apparently optimal at a
night temmerature of 17° ¢. Smog is detrimental to development.

Grovth of the wollinated ovary in witro can be suvvorted on a
minimel medium of mineral salts and sucrose, The tmo response tynes
differ in carbohydrate requirements. A nollination-fertilization
factor is nostulated szg the primary difference between them. OGrowth
of the ovary in vitro can be influenced by temperature, auxin, qasein
hydrolysate, and concentration of sucrose. The temperature optimum
for development in culture differs from that for develooment on the
vlant. Mechanisms of the resnonses have been discussed.

The cold-remuiring procescses which promnte flower initiation in
Petkus winter rye have been analyzed more criticzlly for their oxygen
and sugar requirements by vernalizing the excised embryos under atmo-
snheres of air or nitrogen on media #ith or without sugar. The first
partial orocess of vernalization requires sugar but does not require
- oxygen, The second procese does not reauire sugar but is dependent

upon oxygen. Sevaration of the partial processes now becomes possible.
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INTRODUCTION

The forﬁation of flowers, fruits, and seeds is one of the most
important activities of the higher plant. For the continued exist-
_ence of the plant as a species and for the evolution of new species,

reproduction by sexual means is sll-important, Through its intiwate
relaiion to all phases of agriculture, it alsc obtains a position of
prominence in our own economic welfare.,

During the past [ifty years considerable progress has been mads
in the understanding of the physiclogy and bicchemisiry of the phe-
nomena of flower and fruit production., Cur kncwledgs, however, is
limibed to a relatively small mambsr of planits, and detailed infor-
mation is available for only a few of the wcre critical phases of the
reproductive processes., Even for these phases the mechsnisms are
incompletely elucidated. It is toward the complementation of our
present krniowledge of several of these matters, then, that thie work
is dedicated, In the experiments which follow, a number of the factors
which govern the grewth and development of the pollinated ovary into a
fruit have heen demonstrated by growing the excised flower in vitro.
Investligation ol normel [loral onlogeny on the inbact plant has also
led to a new morpholegical interpretation of the initiation of reproduc-
tive develcpment of one species, the red currant tomato, Finally,
certain flower-promoting proceases in the winter cereals have heen more
critically analyzed.

Before entering into the problems at hand, let us first examine in

a general vway the status of our kncwladge of this basic phenomencn,
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Strictly speaking, sexual reproduction in most plants is lisited
to the gametophytic generation, which bears the sexual organs and sex
cells proper. In the seed—producing plants, however, the gametophytes
are parasitic on the parent sporophyte and the structures which actu-
ally cafry oult sexual reproduction to completion are the seeds. In
'consequence, the gametophytic generation is considered separately only
in comparative morphological work; and when we speak of sexual repro=-
duetion in the flowering plants in physiology, our reference is 4o
those changes and processes in the plant which result in or accompany
the formation of sesds, in other words, to flower and fruit formation,

We must bear in mind, howewver, that the first physiological changes,
which result in the onset of reproductive development (flowering),
obviously teke place prior to the actual anpzarance of the reproductive
organs (flowers). Wie know that at least part of these changes take
place in vegetative parts of the plants (leaves and vegetative meri-
stems), Therefore, we must include the vegetative stage of the plant
in any consideration of its overall reproductive development., The
following major stages are distinguished which concern the reproduction
of the flowering plants:

1), The vegetative stage, which precedes the onset of

reproduction proper (the initiation of flowers);

2). The flowering stages, which constitute the growth

and development of the initiated flowers and which
result in the production of the ripe sexual organs; and

3). The ctages of fruit and seed development, which culmi-~

nate reproduction in the formaticn of ripz seeds and
fruits from the products and changes established through

pollination and fertilizaticr.



o= G

The purpose of physiology is to disclése those factors which
govern the initiation of the individual stages and which control their

progress.,

1. The Vegetative Stage.

The fact that a period of vegetative growth foreruns the forma-
tion of flowers was well establighed by the beginning of the nineteenth
century (L). Cver a hundred years elapsed, however, before its signifi-
cance in reproduction was appreciated by the German physiologist Georg
Klebs (2). Klebs came o the conclusion that before flowering is
possible the plant must attain a certain state of physiological maturity,
which he termed M"ripeness-to-flower! (Blliihreife). In his classical
experiments with the houseleek (Sempervivum) from 190L to 1918 he showed
tha% this condition of ripeness-to-flower can be reached only after a
period of exposure to low itemperature, that it is recognizable only
by the ability of the plant to flower on subsequent exposure to periods
of light longer than a certain minimum, and that it can be eithér pre=
served or destiroyed under certain other conditions of light and temper-
ature,

In general, moect of our knowledge conccrning the vegebtative stage
has been revealed through the control of flower initiation by light and
by low temperature. Garner and Allard (3) showed that flowering in mu~
merous plants depends on daylength and established the existence of two
major response types with respect to this factor: short-day plants and
long-day plants, which under natural conditions flower only when the
length of day is shorter or longer than a certain critical number of

hours, The critical daylength differs for various species. A4s to low
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temperaturs we also know two groups of plants which show a "cold require-
ment" with regard to flower formation. These are the winter annuals and
the biennials. Although Gassner in Germany and Maximov in Russia early
demonstrated the importance of low itemperature for the flowering of the
winter cereals, it is to Gregory and Purvis in England that we owe most
of the credit for elucidation of the physiélogy of vernalization == the
accelefation of flowering by low temperature.

In the compendial and critical reviews (L, 5, 6) of the evidence
which has accumulated in recent years on the physiology of photoperi-
odism and vernalization, it becomes increasingly apparent that the
importance of the wvegetative stage preceding actnal reproduction lies
in the generation of a floral stimulus. Application of the necessary
photoinductive treatment to a single leafl or portion of a leaf results
in flowering in parts of the plant kept under conditions not conducive
to flower initiation, nor does the exposure of the plan% to the neces-~
sary treatment have to be ccntinuous until the actual initiation of
flowers. Also, a plant which has received photoinductive itreatment can
produce flower initiation in non-induced plants by means of grafting.
In plants which are photoperiodically sensitive the generation of the
stimulus occurs in the leaves through a series of processes involving
high and low intensity light of differen® spectral qualities, carbohy=-
drate metabolism, cxidative mechanisms, and auxin relationships. The
floral stimulus, which is formed as the outcome of exposure of a plant
to appropriate photoperiods, has been called "florigen" (7)., In the
rlants vhich require vernalization a series of temperature dependent
processes have been distinguished which are concerned with the forma-
tion of apparently another substance, "vernalin" (8). Although both

florigsn and vernalin have been shown to have an initimate relationship
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to sach other, the nature of this relationzhip is not yet claar (4).
All attempts to isclate the flowering stimuli have thus faxr beesn
unsuccessful, but through use of interspecific grafts their identity

iﬁ different species of the same plant type has been made likely.

2. The Flowering Sla:zes.

The physiology of flower dsvelopment from the time of initiation,
under the influsnce of the flowering stimnlus, until attaimment of
maturity at anthesis haszs been but little investigated. Sinece growth
processes are involved, however, one may anticipate that factors which
influence either cell divisions or cell elongations will also affect
flower development. The growth scheme proposed by Went (9) may be
expected to apply. Thess meristematic and physiological stages «-
wransformation, initiation, determination, elongation, and maturation
-~ may all take place simultaneously but st different loci (10). Cne
must therefore distinguish between these stages for each of the different
parts of the flower, particularly for those structures more difectly
concerned with reproduction (the stamens and pistils). Some of these
stages, especially the meristematic, are difficult to influence by
external conditions. Therefore, in most cases, the flower, once initi-
ated, continues to develop uninterruptedly. General effects of tempera-
ture (11) and photoperiod (12) on the flowering stages have been found.
Specific influences of temperature and photoperiod on development of
the stamens and pistils have slso been shovm (13, 1l, 15, 1), Other
instances of envirommental control have been reviewed by Lang (6) and
Toetviing (1L}, Tn the later stages of flowering, growth correlations

with auxin contents have besn established (17, 18, 19, 20). We have no
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knoviledge of natural sex hormones, but if they exist, thsy are not trans-
mitted by grafting (21). In general, expsrimental evidence on flower
development is either lacking or is inconclusive. Critical information

is available for only isolated cases, many of which appear to be exceptions.

3. Stages of Fruit and Seed Development.

The production of mature flowers with ripe, fertile pollen and
ovaries does not necessarily mean that fruit and seed production will
automatically follow., Under natural conditions transfer of the pollen
to the stigma (pollination) is necessary to bring about both the initi-
ation of fruit development (fruit set) and the initiation of seed develop-
ment (fertilization). It is now well recognized that fruit set in some
plants depends upon an adequate suoply of auxin and that auxin is also
important in later stages. But other, though maybe not so specific,
factors may also be involved in all stages.

The necessity of the application of pollen to the stigma before
the development of fruit and seeds can occur was realized by
Camerarius arourd 1700 (22)., Thile this observation formed the basis
for the development of the concept of sexuality in the higher plants,
it was there that our knowledge of fruit development stood for nearly
150 years, Gaertner in 1849 reported the development of seedless
cucurbits after placing spores of Lycopodium on the stigmas of unpolli-
nated flowers (23). In 1934 Yasuda (24) investigated these seedless,
or parthenocarpic, fruits much more in detail and found that all that
was necessary for their formation was that the pollen tubes of pollen
from gither the same or another species penetrate deeply enough into

the style. The injection of water extracts of pollen into the ovary
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#o1ld accomplish the sare result. Hence, pollination without fertili-
zation is sufficient to bring about the growth and development of some
fruits and separates the stages of fruit development from those of
seed development.

In 1936 Gustafson (25) demonstrated that substances active in the
Avena test (26) were also effective in inducing parthenccarpy in tomato.
Since that time, most investigations of fruit physiology, at least of
the stage of initiation (fnit set), have centered around auwxin rela-
tionships., Since the presence of auxin in pollen was detected, it was
first thought that the explanation of the role of pollination in fruit
set had beern found. Lster, by calrulations, it was found that the amount
of auxin in the pollen required for a normal pollination could not
account for the amount detectable in the pollinated pistil, and we now
know that in at least one plant, tobacco, pollination results in the
establishment of an zuxin-producing mechanism which moves down the style
at approximately the rate of pollen tube extension (27, 28, 29), After
fertilization there ie a sharp increase in the amount of diffusible
auxin moving out of the cut pedicel of the tobacce flower. While a
known enzyme system, ths tryptophan-converting enzyme, has been identi-
fied in the pollen and pollinated ovary of tobacce (30), it is not
this system which is established through pollination, since this same
enzyme 1s élsu Tound in the unpollinated pistil in a form which does
not require activation. Whether or not pollination may activate
or supply some system for the production of tryptophan has not yet been
established (29).

The auxin relationships during later stages of fruit and ssed

development have also heen investigatzd., Gustafson (31) has found
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that developing seeds and adjacent placeatal tissues are apparently
centers of auxin production or at least of auxin content and that a
gredient exists to the pericarp. In the strawberry, removal of develop-
ing achenes causes a cessation of growbth of the subjacent parts of the
racsphaéle; The achenes have hesen found to contain suxin at all stagss
(32)., Spraying of pocrly pollirated tomatoes with synthetic growrth
cubstances increasges the final size (33). Investigation of the aurin
content of the endnsperm of developing cereal grains has revealed a
sequence of auxin conversicns (19, 3k, 35). Precursor, free, active-
complex, and inactive-complex forms have teen identified (35). Two
awrins, indole--3-acetic acid and its ethyl ester, have been isclated
from corn kernels (36, 37). The ester is much less active in the Avena
test bubt is mare effective in inducing parthenocarpy in tomatoes.
Evidence is gradually accumulabing that materisls other than auxin
are necessary for fruit initiation and may also be reguired during
later stages of fruit and seed development. Went (38) has observed
that fruit set in tomato may be almost completely abolished by exposure
of plants fc additional light under otherwise optimal growing conditions,
and recentiy Leopold and Scotht (39) have demonstratsd a relafionship
between the number of leaves per shoot and the ability of cross-
pollinated and auxin-sprayed self-sterile tcmato flowers to set fruit.
This effact is restricted to the mature leaves and is promoted by
light, With excised and sprayed flowers a wide varisty of organic
substances, and also inorganic nitrogen compcunds are capable of
achieving the same action, We may say, then, thet there are both
a) specific factors, pollination or auxin, and b) non-specific factors,

obteined from leaves, which are required for fruit set. The role of
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lizht in fruit set of tomatc requires critical investigation.

In addition to thasé comparatively simple substances we have 1o
take into account complex correlétive effects, particularly during
the later stages of fruit and seed development. The comblicatﬂ)n is
added through the simultaneous development of two diploid tissue species
'and a haploid and triploid as well. Morphological evidence exists which
demonstrates considerable interplay between these tissues during
development (40, L1, L2). Analysis of the growth curves of dsveloping
fruits has been used to correlate fruit development both with seed
development (1j3) and with the cell divisions and elongations which
determine the size and shape of fruits (Ll,l5). Relationships between

fruit size, leaf area, and food supply have also been shown (46, L7, L8).

In the final analysis, although our knowledge cf reproduction
is considerable, there are many gaps in its continuify. By various
and sometimes devious means, however, we have been able lto elucidate
a few of the more critical processes of a complex phenomenon and to
implicate others., In a few instances we have identified a stepwise
series of reactions. Room exists for exploratory investigations as
well as much critical experimentation.,

In PART NE of this thesis, we will discuss scme of the morpho=-

logical, physiological, and biochemical factors which govern the growth
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~of the pollinated ovary of the red currant tomato..
In PART TWIO we_will'separate certain partial processes which

take place during the vernalization of winter rye.
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PART ONE

STUDIES IN FRUIT CROWNTH

A. Purpose and Intrcductory Remarks.

© At the time of the initiation of these investigations, no defini-
tivelknowledge was available on the nutriticnal requirements for the
growth of fruits. During the past twenty years, however, through the
dzvelopment of the technique of culturing 1solated Tissues and organs
in vitro, many of the biochemical and physiological processes éf
growth and develorment in gensral have been elucidated. The purpose
of these investigations from the outset, thersfore, has heen to reveal
at lsast some of the growth factor rsquirements of the isolated ovary,
particularly of the pollinated and fertilized ovary.

After a number of unsuccessful atiempts to obtain growth of {the

isolated ovarises and flowers of several species of dicotyledons, the

excised pollinated flowers of red current tomato, Lycopersicon

pimpinellifoliue, responded very gratifyingly, and the ovaries grew and

ripened into fruits on a number of media. Development of these fruits
on completely synthetic media was preliminarily reported by Jansen and
Bonner in 1949 (L9) a short time after Nitsch (50, S1), also working
in these laboratories, reported similar success with excised polli-
nated flowers of the common tomato (é. esculentum). The experiments
vhich constitute the bulk of this section consequently represent the

more detailed follow-up investigations on the red currant tomato.
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B. Lileratures.

The tissue culture technique is now widely employed in growth
studies of the higher plants, Reviews of the subject have been
given repeatedly in the past, the latest being those of White (52)
and Gautheret (53). Both of these authors have also written manuals
pertaining to the techniques employed (5L, 55). Plant materials which
have been effectively studied in this manner have besn vegetative
organs (roots, stems, and leaves) of flowering planits, gymnosperms,
and ferns; excised, immature embryos; isolated pieces of cambial and
other meristematic (or potentially meristematic) tissues; and plant
tumors and other diseased tissues, Ilany of the various growth sub-
stances which have been shown necessary for the growth of these tissues
and organs have also been reviewed (56, 57, 58),

In actuality, growth and development of mature, seeded fruits
from pollinated ovaries of detached flowers is not a new discovery,
As early as 1577 Conrad Gessner found that the white lily (now known

as Lilium candidum) will easily form capsules and seeds if the flower-

ing stalk is cut off and placed in water. N&mec (59) has shown that
this plant is generally self-incompatible and that even the few indivi-
duals which are self-compatible do not produce seeds and fruits when
attached to the bulb, When detachel and placed in water, however, even
the former plants not only readily produce fruits when cross-pollinated
but alsc do sc when selfed, providing the stigma is first moistened
with 5% fructose solution. Gaertner also, in 18LlL, stated that many
other monocotyledons will form fruits when the inflorescence is
separated from the root. Dahl et al (60) have recently made use of

this phenomencn in saving valuable hand-pollinated Iris specimens which
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were accidently broken in the field., The seeds procured in this
nanner germinate well.

This ability of excised flowers to develop both seeds and fruits
in the absence of added organic substrates is not shared by any of the
dicotyledons yet investigated. La Rue (61) observed that ovaries
developed into small fruits without seeds in an investigation of the
rooting of excised flowers. An agar medium containing mineral salts,

2% sucrose, ana indoleacetic acid in a concentration of 1:100,000
was employed. Of the 92 species studied, 80 of which were dicotyledons,
growth of the ovaries of excised flowers was observed in only L species

-~ tomato, Kalanchol, Forsythia suspensa, and Caltha. No further

investigation of these observations has heen reported by La Rue.
Ovules, portions of ovules, and immature embryos have all been
successfully cultured (60, 62, 63, 6L, 65, 66). As a general Tule it
may be stated that these structures must have passed a certain stage
of development prior to excision before growth to maturity in vitro is
possible, Also, the younger the embryc the more complex are its
natrient requirements. Specific differences in growth requirements
have been found (6L4). Datura embryos (62) reguire only sugar and
mineral salts when nearly mature. At younger stages, however, they
must also be supplied B-vitamins and amino acids; and at a still
earlier stage, certain unidentified factors of coconut milk are necessary.
Proembryos do not grow normally even with coconut milk. Even during
the later stages of embryo development, for which further growth is
supported by only sucrose and salts, such factors as casein hydrolysate
~and mannitol can control differentiation, apparently through an osmotic

action (65). The interpretation of the latter findings is that these
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substances are substituting for the normal enviromment of the dzvelop-
ing =ubryo.

The bulk of our knowlzdge of fruit growth factors is to be found
in the continued investigations of Hitsch (20, 67). On a medium cone
taining.mineral salts, 2% sucrose, thiamine, cysteine, and 50% tomato
juice a five=fold increase in ovary diameter has been obtained after
szven weeks of culture. On a simpler medium, containing only sucrose
(5%) and mineral salts, pollinated ovaries have been found to give an
inerease in diameter of 133% after three weeks of culture. Unpollinated
ovaries increase no hore than 38% during the same period, unless they
are also supplied with an suxin in the medium. Unpollinated gherkin
ovaries, however, do not grow on this basal medium even when supplied
with auxin., Auxin application to the cut style is also ineffective.
Pollinated gherkin ovaries, on the other hand, not only grow on the
basal medium but produce a few viabls seeds as well. This shows quite
clearly that, at least for the unpollinated ovaries, growth is limited
by different factors in the different species. Since no seeds are
observed in fruits developed from the pollinated tomato ovaries, we
must also conclude either that the growth factor requirements for
seed development in tomato differ from those for gherkin or that there
are fundamental differences between the ovaries in their ability to
supply these factors.

Although the organ culture approach to the problem of the growbh
of fruits and seeds has provided us with valuable information concern-
ing the growth factors involved, tco few species have been studied to
permit drawing general conclusions, We must also demonstrate the

comparability of the results obtained in vitro with normal development
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of the attached organ. In the work which fbllawsﬁ which involves
studies in the growth and nutrition of the fruit of another species,

Lycopersicon pimpinellifolium, these compariscns will be made wherever

poussible,
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C. liaterials and Basic Techniques.

1. PFlant Materials.

The red currant tomato (Lycopersicon pimpinellifolium.%ill.) is
the plahm.used in these invéstigations. Seeds of this species, repre-
‘senting accession #2 of the source of spotted wilt resistance, were
kindly‘suppiied by'Dr. Paul G, Smith of the California Agricultural
Experiment Station, University of California, Davis, California.

Those plants used as a source of flowers for the prelﬁminary’
studies of fruit grdwth in vitro were grown from seeds sown in sand
flats in the Dolk Creenhouse on January 19 3 1949. After three wesks 3
the seedings were transplanted to scil in half-gallon crocks. All
plants were watered daily and supplemental nutrient (Hoagland's) was
applied once a week, Flowering commenced on April 19. On June 1, 1949,
all plants were transferred to the outdoors.

In all later work use has been made of the facilities of the
Earhart Flant Research Laboratories (68). Plants used as flower sources
have been grown at 200 C day temperature, 1L° C night temperature, under
natural daylength. These plants, which were sown on August 18, 19L9,
began flowering on October 21. They have continued to flower uninter-
ruptedly under these temperature conditions. Because of rapid growth
of the weak stems, plants require staking and periodic pruning about
every two months. No detrimental effects on subsequent flowering have

been observed évan when plants are reduced to stumps.
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2. Culture Media.

The mineral nutrients employed in the present work are those
comnonly used by various workers for the culture of roots, calluses,
and embryos. Both Gautheret's (53) and Bonnerts (69) concentrations
were tried in preliminary experiments but no differences could be
detaqted in their ability to support gréwth éf ovaries. A slightly
modified Bonner's mineral salt solution, previcusly shown satisfactory
for the culture of excised tomato roots, has consequently been adopted
for the fruit work. = The concentrations of the major salts per liter

of nutrient are as follows:

Ca(N03)2 -LH,0 285 mg
KNO4 85 mg
XC1 ' 61 ng
MgSOh.7H20 21 ng
KHo PO}, 20 mg

Iron and trace elements are added separately as 1 ml of ferric tartrate
sclution (1.5 mg/ml) and 1 ml of a solution containing in 1 litér 4O mg
nS0),, 20 mg ZnSOh, 2 mg HBBOL’ 1 mg each of NiCl,, and Cu30),, and
0.75 mg KI. With the exception of the last salt, this is the trace
element solution recommended by.Gautheret (53) for the culture of stem
tissues. Only glass distilled wéter has been used, and all salts are
of reagent grade,

The ahove salt solution containing L% sucrose constitutes the
minimal medium referred to in the in vitro experiments. In other
supplemented media mixtures of amino acids are added as vitamin-free,
acid-hydrolyzed casein., Be~vitamins are supplied by a mixiture which is

currently employed in Neurospora research but is modified according to
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demonstrated requirenents for the growth of scme roots. The composi-

tion of this mixture (added as 1 ml/1 of nutrient) is

Thiamine—HUl 0.1 mg/ml
diboflavine 0.05
Pyridoxine 0.1

p-Amincbenzoic acid 0.05

Pantothenic acid 0.8
Nicotinie aeid 0.5
Inositol 0.5
Choline 0.1
Folic acid 0.1
Biotin 0.005.

“ther organic substances and mixtures are added in the concentrations
stated in the experiments.,

Adjustments of pH, when necessary, are made by addition of KCH
or iCl, Eoth iniversal indicator papers and a Beckman Model-G pH-meter

have been used for determining pH.
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3. aintenancs of Sterility.

A1l media, glaésware, and paper saterials are sterilized by auto=-
claving at 15 pounds pressuré for 15 minutes., Iiquid endosperm of
ripe coconuts (coconut milk) is obtained free of microorganisms by
carzful shaving and flaming of the "eye'-end of selected coconuts showe
ing no surface cracks. Two eyes are punctured with a flamed cork
borer and a sterilized piece of Pyrex tubing, previously bent to proper
siphon dimensions, is inserted in one hole, A short piece of glass
tubing, plugged with cotton and sterilized, is inserted in the air hole.
The milk is then collected in a suitable gterile conbtainer and stored
in the refrigerator. It is added to media by sterile pipette either
befcre or after autocleaving.

Yhile the common aseptic technigues employed by microbiologists
have been used throughout these investigations, danger of conbtaminations
during the longer handling of larger-sized material has been consider-
ably lessened through utilizabvion of an especially designed "sterile"
room. Provision has been made for reducing air currents to a ﬁinimum
and for preliminary sterilization of the air and all exposed working
surfaces by weak ultraviolet light., All-tile working swrfaces facili-
tete additional sterilization with suitable antiseptic and bacteriocidal
solutions. Instruments used for handling plant materials are dipped

in alcchol, flamed, and cooled between sterile paper towels.
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D. Experiments with Red Currant Tomato

The original intent of these experiments has already been stated
-- to reveal, through in vitro control, the growth factor requirements
of the developing ovary. It has also been pointed out that the value
-of information gained in this manner resides in the demonstration of
comparable development in situ. During the early course of the in
ZZEEQ investigations, however, considerable lack of uniformity in
cultural response of the excised flowers was encountered. Consequently,
before the originally intended investigations could be satisfactorily
gcarried out, it became necessary to either eliminate or isolaté the
sources of the variability through use of as uniform starting material
as possible and through standardization of the culture techniques.

The experiments reporied in this chapter have consequently been
separated into three sections. Section 1 deals with the studies on
the growth and development of the attached flowers and fruits. The
stages of floral ontogeny have heen delineated for purposes of supply-
ing wniform culture material and the growth of the fruits characterized
in order that comparisons may be made with cultured fruits. Section 2
involves the development of standard procedures and investigation of
possible influencing factors arising from the in vitro methods. Finally,
in Section 3 are given the experiments which deal with the growth factor
requirements of the developing ovary and characterization of in vitro

development.
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1. Characterization and Description of

Flower and Fruit Development in oitu.

The selection of urdform experimental material depends upon a
fairly accurate delineation of stages of development. While this infor-
mation is available for the tomato of commerce (E. esculentum Mill.),
a survey of the literature revealed little of comparable nature with
regard to the red eurrant tomato. A morphological description of the
ontogeny of the flower and inflorescence consequently seemed in order,
particularly to ascertain the comparability of the final stages of
floral development after anthesis commences.

A1l studies on the floral morphology of Lycopersicon pimpinel-

lifolium which have been previously carried out have been along genetic
or taxonomic lines. Murray (70) has investigated the anatomy of the
ovary with regard to other members of the Solanaceae. The species has
been included in monographs of the genus (71) and has also been utilized
in genetic studies because of the ease with which it can be crossed with
L. esculentum (72, 73, 7h). Hybrids exhibit intergrading floral charac-
teristics, Lindstrom (75) has demonstrated direct effects of genetical

constitution on the floral structure of L. pimpinellifolium through the

development of a tetraploid hybrid., The hybrid is self-fertile in
itself but cross-sterile with the parent diploid plant. The tetraploid
produces flowers, fruits, and seeds approximately twice the size of
those of the diploid, although the vegetative growth and number of seeds
per fruit are reduced. Gustafson (76) found that the stem tips of the
tetraploids contain only about 75% as much extractable auxin as do those

of the diploids. Cooper and Brink (77) have cbserved thét only two



thirds of the seeds of the tetraploid are sound; the rest are
shriveled. Anatomical ahalysis of various crosses has led Cooper and
Brink to assign a special function to the endosperm in embryo develop-
ment. Mention should also be made that one genetic strain of this
species; and the source of the material used in this work, has been
shovm by Smith (7L4) to be resistant to the spotted wilt disease, This
strain has subsequently proven of value in breeding programs for disease

resistance in L. esculentum.

Development ard Ontogenetic Nature of the Inflorescence.

The flowers of Lycopersicon pimpineilifolium are borne in an

inflorescence initiated from the terminal growing point of stems.

There is a variance of opinion, however, as to the nature of this
inflorescence in relation to the vegetative organs and to the manner of
development of the flowers in the inflorescence. Héyward (78, p. 55L)
says of the genus Lycopersicon, "“the inflorescence is usually a two-
rarked raceme or a branched racemose-cyme, bthe former type occurring only
in the currant tomato." Bailey (73, 79) also says that in L. pimpinel-
1ifolium the inflorescence is an elongating, distichous raceme. Most
of the older literature on the genus, however, assigns a sympodial type
of growth to the tomato. The normal inflorescence shown in Figure 1,
while appearing to be a raceme, could as easily be called a scorpioid
cyme, as depicted by Goebel (80, p. Lj08). Went (9) has explained all
of the inflorescence variations found in tomato (L. esculentum) by

such a sympodial scheme. Therefore each flower would be considered to
be terminal in position and the continuation of the floral axis beyond

as an axillary branch from a subtending (though often reduced or totally



absent) leaf or bract.

The growth of the végetative axis of the Dolanaceae in general
has also been described as Weing sympodial, the inilorescences repre-
senting the terminal differentiation of eacn of a succession of lateral
shoots, Caldwell (81) and ¥ient (%) have both deseribed true dichotomy
of the vegetative axis. Venning (82) is of the opinion that dichotomy
is the normal situation in formation of the inflorescence in L. sscu-
lentum. Certainly the anatomical evidence of vascularization in the
vegetative dichotomy cbserved by Caldwell and that used by Venning is
quite similar, consisting of a splitting of the entire vascular ring
of the axis, whereas lateral (axillary) shoots, as pointed out by
Caldwell, derive their vascular supply irom the traces of the subtending

leaf. A preliminary dissection of the stem of L. pimpinellifolium has

revealed a similar situation at the region of departure of the floral
axis., Below the branching a ring of vascular bundles exists. Near the
puint of divergence the ring flattens, the individual vascular bundles
branch, thereby increasing the totasl number. Two rings are thus formed,
one of which passes into the inflorescence and the other continues on
upward as the vegetative axig. No evidence for any extrastelar traces,
which would indicate leaves or bracts, could be found. Inasmuch as

true dichotomy occasionally occurs in the inflcrescence, Figure 2, it
is possible that the entire structure of the floral axis of L. pimpinel-
lifolium can be explained as dichotomous rather than either sympodial

or racemic. The presence of well developed axillary buds in the leaves
both above and below the inflorescence (Figure 3), even in the terminal
bud, would also indicate this to be true. The appearance of leafy

structures in the inflorescence is likewlse always in the fork and not
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Figufe 1. Normal inflorescence of Lycopersicon pimpinellifolium.

Figure 2, Dichotomy in the inflorescence of Lycopersicon pimpinelli-
folium. Arrows indicate points of unusual branching. Upper arrows:
twinning of flowers. Center arrow: a point of trichotomy —— two
flowers and also continuation of the inflorescence axis. Lower. arrow:
branching of the inflorescence axis,




'in a position such as to deznote sxial origin of either of the branches,
In L. esculentum the situation is less clear cut since the leaf above,
or frequently immediately opposife, the inflorescence generally lacks
an axillary bud except when gquite old and asually at times when extra-
axillary, adventitious buds appear on the petioles of other leaves,
Venning (82), however, states that nodal sections of the questionable
leaf reveal an axillary bud with comion bundle (leaf trace) connections,
even though the bud may be dormant.

The phyllotaxis generally ascribed to Lycopersicon is 2/5 or 3/5,
depending upon the direction of determinaticn. This, however, is true
only before the initiatiocn of the first inflorescence. Went (9) has
described occasional reversal of the spiral during this early period
of growth, which is strictly wvegetative, btut after the first inflores-

cence such reversals have been frequently noted. Tn L. pimpinellifolium

the latter reversals are of regular occurrence after each inflorescence
and, vwith but few excepiions, a new inflorescence is formed after every
third leaf,

These regular reversals in the leaf spiral offer additional evidence
to the theory of dichotomous branching., 7The following statement concern-
ing the leaf spiral has been made by Velenovsky (83, p. 573):

"The leaf-spiral proceeds in a course on the axis of

one and the same plant always in the same direction; on

the shoots however, which arise in bhe axils ol the leaves

of this axis, this spiral proceeds either also in the same

direction (homodrom) or in the opposite direction (antidrom).!

(in German).

With the exception of the observations of Went (9) on the common tomato,
no contradiction of this rule has been found in the literature. The

expected ratio for axillary reversals is 1:1. If, then, the axis of

tomato is monopodial and the inflorescence lateral as described by



Figure 3. TFlowering stem of Lycopersicon pimpinellifolium, showing
last mature growth cycle, The third leaf of this cycle, i.e. the
third above the lowest inflorescence, has been removed to show
develcpment of the awillary bud. Note, alse, axillary bud in the
axil of the first leaf of this cycle. X 1/2,
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Muller (71), there should be no discontinuity in the direction of the
spiral. On the other hand, if this is a sympodial type growth and the
continuity of the vegetative axis is maintained only through successive
development of axillary shoots, reversals are to be expected for’only

50% of the inter-inflorescence axes., The observations on L. pimpinel-
| lifolium, however, indicate that these reversals are invarizble. The
only alternative explanation, then, is that it possesses another type
of growth, viz, dichotomy.

In order to check the above hypothesis, a large number of stems
have been taken at random and the directions of the leaf spirals have
been determined in the following manner., The direction of the spiral
on the inter-~-inflorescence éxis is determined first. This; then, pro-
vides a basis of reference for the direction of the initial spiral in
the axillary buds of each of the leaves which compose the‘main axial
spiral and for the direction of the spiral on the distally adjacent
inter-inflorescence axis, The data for these determinations are given
in Table 1., The figures are quite conclusive, Regardless of the
number of leaves per spiral, reversal occurs in the next axis. How=
ever, it should be noted that in the usual state of affairs (3 leaves per
spiral) only the bud of the first leaf approaches the 1:1 ratio with
regard to reversal., There isva strong tendency for the bud of the
second leaf to be homodromic while that of the third leaf is invariably
aﬁtid.romic or reversed,

If one accepts the dichotomous theory of branching, it thus becomes

poésible to characterize the growth of L. pimpinellifolium as follows,

After the production of a certain minimal number of leaves (around 9-12

observed at various times) the first inflorescence is produced by
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TABLE 1., Relation of initial direction of leaf-spirals of axillary
shoots and of adjacent axes to direction of leaf-spiral of the inter-
inflorescence parent axis. (£), same direction; (=) reversed direc-
tion. Leaf number refers to position of the leaf in the parent
spiral , determined from base to tip.
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dichotomy of the terminal meristem. In subsesquent growth the vegeta-
tive axie goes through a oyolic patiern of develomment consisting of
three leaves, dichotomy, three leaves (in a reverse spiral), dichotomy,
three leaves, etc. (Figure 3). In addition, the axillary bud of the
third leaf of eazch cycle (the cne just below the inflorescence) develops
strongly, imiediately following the initiaticn of that leaf ian the
terminal bud. It is well developed with primordial buttresses by the
tine the third leaf is the second or third oldest structure cut off

by the meristem. The order of formation of organs from this new meristem
is typically three or four leaves (in a reversed spiral from the preced-
ing one which ircludes the subtending leaf), dichotiomy, three leaves,
dichotomy, etc.

Dissection of terminal buds and notaticn of the relative positions
of the various structures has made possible the formulstion of a growth
diagram (see Figure L). It appears, consequently, that the 2/5 phyllo-
taxy holds for the three leaves of each cycle when referred to an inter-
inflorescence moncpodial axis (4). Dichotomy at the inflorescence,
however, shifts the vegetative axis in a vertical plane approximately
120° from the vertical plane of the third leaf (3a) and to the side of
the first leaf (la), while the inflorescence (Infl.?) is formed in a
plane 120° removed from both of these., The first leaf of the new
vegetative axis (B) is then formed on the side farthest from the old
axis. This situation is maintained and is quite evident so long as
the various structures remain in the terminal bud, i.e. above the last
macroscopically discernibls internode.

As the internodes commence to elongate, the vegetative axes of

successive cycles become more or less superimposed, while the inflorescence



Figure L. zro:*rm pien of the sten CJ.}, of Lycopersicon pimpinel-
lifeidun., A, wegetatdve axis of last mature growth cycle; B, £, axd
Ty successive sidfts of vegetative ax:us Yty dichotomy; Infl., inflo=
TESCENCED I'ES ,.1 ting frenm d* chotomy; mumbers, order of leaf forwation;
cmall letters, parts of growth cycles corresponding o 4A; B, (, eis.
Axdillery buds (X} shown for leaves 3a and 3¢,




~j1-

axes assume & lateral position., This situation is represented in
Figure 5. Perhaps the most striking feature of thig diagram is the
occurrence of the inflorescences in a resiricted sector to one side of
the continuocus vegetative axis. Sectoral develogment of flowers in the
inflorescence is also evident. The reproductive meristem apparently
vundergoes bifurcation in a plane wnich pivots about the inflorescence axis
and alternates to either side of the wertical. The "adaxial fork of
gach bifurcation develops into a flower and the sbaxial continuess the
axis. So long as this plane of bifurcaticn continues to oscillate about
the inflorescence axis in such a way that one of the forks falls within
the sector F1 (in Figure 5), this fork will develop into a flower. Tt
would appear, however, that if the plane of bifurcation deviates to the
extent that neither fork falls within this sector both will resualt in
extensions of the axis. The branched inflorescence shown in Figure 2
may be explained in this way.

The position of the first leaf of each new vegetative axis offers
another point of interest. After elongation of the growth cycle to
which it belongs {Figure 5) the relationship of this leaf to those of
the previous cycle is more apparent, and one can discern that its posi-
tion is such as to continue the previous spiral., This finds logical
explanation in the Hofmeister rule whicn states that "new lateral
members have their origin above the cenber of the widest gaps on the
circumference of the growing point between the insertions of tne nearest
older members of the same kind" (8L, p. 177). The Hofmeister rule does
not hold for the poeition of the second leaf, however. 0O(ne must conse=
quently turn to the Sciwendener pressure hypothesis (85). In this

respect, then, the inflorescence alsc enters into the determination of
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Figure 5., Crovth dlagram of msture vegelative and reproductive cuvs
of lyvecoversicon pimpinellifoliuwm. YV, vegetative axis; I; inflores-
cence (axial view); nusbers,; order of leaf formation; =, b, ¢, suc=-
ceseive growth cycles; X, vegetative sxis of awillary bud; Fl, floral

secter of inflorescencs. Arrows indicate direction of phyllotaciic
spiral.
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the point of ieast resistance where the next latsral organ will bhe
formed., That it does not do so for the first leaf may be interpretsd
as further evidence of dichotomy and simultaneous origin of both the
inflorescence and the axial primerdia. In this matter, also, the

first flower primordium cn the inflorescence is determined by the two
previous leaves. As the first flower primordium commences growih,
however, it comes in contact with the axial meristem and in conjunc-
tion with the first leaf, it thereby defines the position of ths second
leaf and shifts the leaf spiral.

In summary, the initiation of a flower in L. pimpinellifolium

would seem to be governad by a complex of Vigpatial effects,! heredi-
tarily determined and residing in the apical meristem. Thus a flower
is not usually formed unless a certain amount of wegetative growth
has taken place (attairment of the ripeness-to-flower condition). The
number of leaves produced may then determine ithe position of a bifur-
cation of the gpical meristem. The relative positions of the preceding
leaves determine which of the two forks will be capable of producing
flowers and also the pogition of the first {lower.

The physiological explanations of this growth pattern remsin to
be elucidated. Auxin relationships have been implicated in L. esculentun
by de Waard and Roodenburg (86) and by Zimmerman and Hitchcock (87). 1In

Les pimpinellifolium, also, the writer has found that application of tri-

lodobenzoic acid to plants in early seedling stages, when no more than

four leaves are present, results in the initiation of flowers at an earlier
physiological age than untreated controls. The flowers initiated by this
treataent, hoviever, have not developed further. Accompanying vege-

tative malformations have made interpretation of results exceedingly
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difficualb,

Flower Development.

Under normal developmental conditions the ontogeny of the indivi-
~dual flower of red currant tomato doss not appear to differ from that

of the common tomato which has been described by Cooper (88) and
Hayward (78). It develops first of all as a clear, dome protiuberance

in the plane of bifurcation. The first sepal primordimm appears on

the side nearest the vegetative sector of the inflorescencs and the
others follow in succession, clockwise if on the right and counterclock-
wise if on the left of the inflorescence axis (both Cooper and Hayward
give "elockwise!! for L. esculentum). Further development of the sepals,
including dorsal acceleration of growth and connivance of the sepal tips
over the floral meristem, appears to be the same. So also does the
acropetal differentiation of petals (corolla), stamens, and pistil.

The only difference, which is minor, is one of number, L. pimpinel-
lifolium is invariably pentamerous and has a bicarpellate ovary.

L. esculentum is usunally described as being hexamerous with several
carpels and frequently shows fasciation of the first flower of each
inflorescence.,

Because of its indeterminate nature the growing inflorescence
usually bears a large number of flowers in various stages of develop-
menb. It appears that floral differentiation takes place at a fairly
uniform rate, at least until the anthesis of the first flower. The
latter phanomenon occurs when the growth cycle to which the inflor-
escence helongs approaches maturity, i.e. when the three lcaves below

have fully expancded and the internodes have completed the major part
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of their elongation, Thie is general 1y true, for the plants studied
in this investigatiqn, when this growth cycle is the fourth conplete
one helow the apical meristen. Az & typileel exerple @ terminal vege=
tative meristem exhibited two leaf princrdia, The inflorescence of
the first growth cycle below had at this time developed four flowerse
va floral dome (youngest), a dome with the first sepal primordium, one
with sepal primordis distinct but of unequal length, and one with
evident tip connivance, The next lower inflorescence possessed ten
flowers, the third fourteen, and the fourth twenty with the first formed
in a condition of full bloom, A much older inflorescence showed that
the first three flowers (in order of initiation) had abscissed; the
next 6 were in various stages of developing fruits; one abscissiong
one in the initial stages of anthssis; onz absecissed bud; one bud less
than 1 mm in length (underdeveloped); two buds (ca 3 and 2.5 mm in
length, respectively); and five buds less than 1.5 mm; total, 20
flowers. The axis primordimm was present as a browned and shriveled
mass. Checks of a number of other old inflorescences also revealed
19-22 flowers befcre collapse of the axis meristem, It appears, then,
that under these growing conditions reproductive organs are originated
and go through the various stages of development in approximately ths
same length of time as do vegetative structures, and that the inflo=-
rescence as a whole has a duration of activity corrcsponding approxi-
mately to the time necessary to reach vegetative maturity. Maturity
measured in morphological terms is attained after four growth cycles,

Flovers are formed at & rate of approximately five per eycle.
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Anthesis and Pollination,

The ultimate changes in the development of the flower which can be
determined by casual observation are the same whether the flower produces
a fruit or falls from the plant, These changes are those concerned
. chiefly with the corclla,

“Just prior to anthesis the corolla commences rapid growth at the
basé, the bud swells, and the corolla ti?s are pushed and elongate
upward forcing the calyx tips aparts. The corolla lobes themselves
finally separate forcefully (stage of beginning anthesis), Continued
growth of the corolla is of such a nature that the corolla tips become
s0 strongly reflexed that they eventually cross each othier velow Lhe
level of the receptacle (stage of reflexed corolla). The latter condi-
tion has been varicusly termed full flower, full bloom, and full anthesis
for L. esculentum. (The ternm "anthesis" has been variously used in the
literature to refer to the condition just described, to the initial
opening or splitting of the bud, and to the whole sequence of events
from initial opening to the fully reflexed condition. In the present
work "anthesis" will apply to the entire procéss of opening. )

The reflexed corolla continues to grow and expands in a plane
perpendicular to the floral axis (stage of revolute corolla). Eventu~
ally the corolla tips reconnive (stage of late corolla) and the whole
corolla rapidly withers and dries out. It then either dehisces with the
attached stamens or remains attached to the receptacle and the whole flower
abscisses (flower drop) at a preformed zone of the pedicel. At this
same zone, also, a marked bending of the floral axis occurs dur‘ing
anthesis and the subsequent stages of corolla development (senescence),

resulting in a pendulous habit of the flower, This series of changes
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and the stageékof "begimming anthesis," "reflexed corolla," "revcolute
corolla," and "late corolla" are shown in Figure 6.

~Roberts and Struckmeyer (89) have determined the time of polli=-
nation in relation to a similar delineation of stages in L. esculentum.
Tt normally occurs between the time of the half-cpened flower and the
stage corresponding here to "revolute." Their stage 8 (full flower),
which corresponds to the stage of reflexed corolla, is stated to be
best for pollination. dJudkins (90), however, has said that the stigma
is receptive to pollination two days prior to "anthesis" (not clearly
defined) and that the anthers dehisce when the petals first open.

Microscopic examinaticn of flowers of L. pimpinellifolium has revealed

that shortly after anthesis of the bud commences free pollen grains
can be found adhering to the stigma and style. However, firm attach-
ment of the pollen in large numbers through growth of the pollen tubes
is not evident until just prior or at the reflexed stage.

It may be said, then, that the development of the flower of

Lycopersicon pimpinellifclium, from initiation to maturity, is essenti-

ally the same as that of L. esculentum.



Figure 6. BStages of flower development in Lycopersicon pimpinel-
lifolium. Upper row, stages leading up to pollination; laft, a
group of developing buds; right, anthesis of the flower. The
first flower of the right hand group is "beginning anthesis" and
the last is "reflexed corolla." ILower row, left to right, flower
slightly after reflexed corclla, two stages of "revolute corolla",
two stages of "late corclla," and finally "flower drop" (top) and
dehisced corclla or first stage of cobvicus fruit developmerit
{bottom). X 3‘)'11.
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Development of Fruiis in situ.

Flowers have been cgllected at various stages of development for
use in the in vitro experiments. It is desirabls, therefore, to
characterize the developmenti of equivalent flowers on the plant and
to iscolate insofar as possible the factors affecting normal fruit
growth, The followlng tagged-flower experiments havs been carried out.

.The first two tagging experiments were conducted on plants which
were growing outside of the Dolk Greenhouse. On July 23, 1949, a
nuiber of flowers were tagged in both the revolute and late stages but
flower drop at the time was so heavy that the experiment was repsated
on July 30 with a larger number .of revolute flowers, After the ecstab-
lishment of new plants in the Earhart Laboratory under controlled
greenhouse conditions a much more extensive experiment involving flowers
at several sbages was started on May 19, 1950. The last experiment was
commenced on May 5, 1951, after an air-filtering system had been installed
for the Earhart Laboratory.

Floral changes and fime of fertilization. —— In the 1950 ekperi—

ment, fiowers were tagged at the stages of begimming anthesis, revolute
corolla and late corclla (see Figurs 6) and were observed daily for
changes in stage of development. After dehiscence of the corolla the
diameters 6f the developing ovaries were measured weekly until the
onset of the changes in pigmentation which mark the attaimment of
maturity. A number of the flowers of each group abseissed and a few
failed to produce normal fruits. In determining the time sequence of
stages of floral development (Table 2), only those flowers which did

produce normal seeded fruits have heen considered.



TABLE 2. Time sequence of the stages of flower development. Groups
of twenty flowers initially tagged at stages of beginning anthesis,

fully revolute corolla, and late corolla.

Results reported for only

those flowers of each group which eventually produced mature fruits.
Figures represent number of days to pass successively from one stage

to the next.

days to dehiscence.

Standard errors of the means (S.E.) given for total

Tagged No, Mean number of days S.E.

at Fls.| Anth.- Refl.~ Revol.,- Late- | Tagging as %

Reflexed Revol, Late Dehisc.| ~Dehisc. S5.E.| Mean

%

Beginning 8 1.9 1.9 1.L 1, L 6. L2 6.6
Anthesis

Revclllte 9 - - 101 100 2.1 .11 5.2

Late 7 - - - 1.6 1.6 «37 | 23.1
Corolla

Overall 8 1.9 .23 | 12,1

Means

8 1.9 W32 | 16,8

17 1.2 A [ 11,7

24 | 1.3 .13 ] 10.0

#Values given are minimal values, since dehiscence of one half of the
corollas of this group had not cccurred by the Tth daye.
observation was made on the 1lLth day.

The next
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-The data-in Table 2 show that approx:izﬁately two days are required
for the op_éning bud to réach the fully reflexed stage and two more
to attain the stagebof revolute corolla. Slightly over two days later
the corolla will dehisce. Therei’ére, in a pericd of slightly over six
days ali parts of the deveioping flower attain physiological maturity,
the corol‘la. and stamens pass through the stages of senescence, and
fruit development is initiated in the ovary, Nitsch (67) has found
the same time intervals to prevail in L. esculentum.

When, however, does fertilization occur? It has previously been

stated (p. 37) that ?ollinations are not abundant until just prior to
the stage of reflexed corolla, Cooper and Brink (77), who probably
employed hand pollination, observed that some fertilizations were
accomplished within 2l hours in selfed diploid plants of L. pimpinel-
lifolium but found a slightly longer period was required in selfed
tetraploids or in diploid crosses involving pollen from _I_u- peruvianum.
At the time of tagging of the flowers mentioned above and reported in
Table 2, the corollas, stamens, and sityles were prematurely removed from
additional groups of twenty flowers each,which were at the stages of
revolute and late corolla. OSeeded fruits were obtained from three of
the flowers treated at the revolute stage and from four treated at the
late stage. Since removal of.the style should prevent further fertili-
zations, this demonstrated that fertilization had been accomplished in
at least 1/3 of the flowers which, on the basis of the number of fruits
obtained from untreated controls (Table 2), should have developed into
seeded fruits. The time of fertilization is consequently placed prior
- to the revolute stage but after the reflexed, probably by one day

Seirerél points which pertain to the in vitro investigations are to



—l2-

“be found in tﬁe above experiment, Fiowers'which are collected after
the stage of reflexed corolla can be considered as pollinated and at
least some of those at the revclﬁte and late stages are undoubtedly
fertilized. TFrom the standpoint of uniformity of subseéuent develop-
ment gg.gggg, flowers collected at the revolute stage represent the
most uniform material for culture. This is shown in Table 2 by the
much smallér standard error (S.E.) of the mean days to dehiscence for
flowers tagged at this stage.

Growth of the fertilized ovary. —— For comparing the dévelopment

of all fruits in the various tagging experiments, the diameters of the
ovaries, measured with a millimeter rule, have been tabulated in

Table 3 and plotted in Figure 7. All measurements have been referred

to the stage of revolute corolla. For flowers tagged before this stage,
time reference was started on the day of its attainment; those tagged
in the late stage were considered to be one day past the revolute stage,
as determined in Table 2. Values for the initial and one~day diameters
(marked with %) were separately determined by measurement of equivalent
revulute’and late ovaries under a dissecting microscope with an eye-
piece micrometer. Only one dimension has been used since Houghtaling
(L5) has shown that the growth of red currant tomato fruit is essentially
spherical throughout its development.

Ah examinabion of the data of Table 3 and of Figure 7 reveals that,
despite considerable variability, the character of the growth is quite
uniform throughout the entire period of development, whether determined
with flowers in different initial stages or at different times, sceasons,
vor years. The growth curve shows a slight sigmoid shape similar to that

of the common tomato (23, 90). For practical purposes, however, growth



(IT) 1°9 (6)1°9 (2)°L 12
(2) @'l (2)g°l 8T
() 6°9 (meé*9 It
(1) 8°9 (1)8°9 9T
(8) ©0°9 (L)o%g (1)g°s at

(9¢) 579 T (6,579 IS LoJt73 Tt
(L) a9 (€)o*L | (M9 €T
(€) 6°1 (€)6°1 AN
(2) o0°s (2)o°s TT
(L) 1°1 (e (E)T°s 0T
(M) g&°¢ (1)8°¢ (e)ne€ 6

(TT) ¢ (L)z€ (T)ec (€)E°1 8

(12 £°t | (6)0°% (6)8°%2 (g)s*2 L

9

(21) 6°¢ (21)6°2 g
(9) o'z (e)le1 (€)z e ki
() 11 (1)8°t (€)o°1 €

(z1) %1 (et 2

#(002) 21°1 T
#(NE) €0°1 0
Asﬂv SJ919WETP (UBaR . , BTTOJI0D
alnyoAad
Jenre sfeqg
(2CE)QT | (%6E)L  (4LM)é (%2M)g  |(Z09)2T | (%08)1  (%SL)€ (4)
suwom ‘ pedctenaq #
ce 02 02 . or 3 02 8 it pedde], #

TIBJ9AL

29NToASY 9187  OMNTOASY sTseyque |equioasy 8%%7  94nT0A8Y 2ut33eq
Butuutdeg qe a3eqg

1961 056T 66T SHET tquawt.redxy

G Key 61 Lep of Aup €z Atup Jo sqeq

‘PeqBTNOTED SEM UBOW SUj UOTUM WO S9TInJY Je Jaqunu oyg jussssdex seseyquaded ut seandtg

*adeqS OQUIOADI 83 JO4JB SSWI] SNOTJEA 9B POUTIIO}SD SJIOQOUWETD UEBSU &8 psjJtodat SeuTep  *BTTOJO0
916 pue ‘elT0J00 sqn{oasa ‘sTseyque Butuurdeq Jo sofeqs qe poSSe) SaemoTy *1G6T PUB ‘0461 ‘6T
Jo squswTJedxe yo sqTnsey cumToFTTIeuwtdutd uoorsasdoof] Fo quswdoysasp 3rTaay TRWION °f HT4VI




Lyl

(2)og

(€)én
(T)6M
(T)én
(T)6M
(2)én
(1)8n

(€)og

(1)og
(T)os

(T)sn
(2)9M°sh

(2)97° s
(€)snémmien

(9)9L

(€)ee (2)L€

(V)€

pex
P3I=* 10
adueao
*Toh=" 10
MOTIRL
*1oh~°a3
usaJd

E1[0X0D 99N 10ASL 4o1J€ SLEep

UOTRlULUSTI

(9) 901
(L) o°0otT

(L)oot

(9)9°0T

GL
05

e
O
=

8°0T

1°0T

D)
(0N

—
—l

— o~
U}C)U\
o

~

(6)8°0T

(2)1°01
(Ms*6

(T)o°1T
(T)s*ot

61

i

*

(€)oot
(€)9°6

-

(Lg's

(8)L*6

sl — — — a—
o~ oy M ~dwN

e S S S N e N N N e ®

—
~X o
]

f“' Ceaman
~
S Nt

H0QQOQ wor: Qo
QO IO ON OO O O

(

(6)5°6

(L)e'l

(€)9°8

sueaut

T1TeI2AD

eqn{osey

1661
S fep

(um) saageuwetp

29T  9inyfosey

0%6T
6T fem

STSaQUR
Butuutdeg

ues)

sjnoasy

66T
of Lmup

81ET  8qNToAdY

616T
€2 Atap

BT TOJ0D
anToABI
J91Je sheq

Sut88eq
18 a3e1g
areq

(Penutauod) € FIGVI



Diameter (mm) -

115
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¢ less than 5 o
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21 28 35 L2 50
Days after revolute corolla

Figure 7. Growth of fruite of Lycopersicon pimpinellifolium. (Data
of Table 3). Points represent overall means of fruit diameters
determined on the plant at various times after the stage of fully
revolute corolla.




-in diameter is essentially linear for the first 1, days after attain-
‘ment of the stage of revolute corolla. Houghtaling (L5) has analyzed
the growth of several tomatoes from the standpoint of cell enlargement
and cell divisions. She has found that during the period of most rapid

increase in size all varieties of L. esculentum examined grow by cell

enlargement but that L. pimpinellifolium evidently grows by cell divi-

sions as Wéll,_sinpe the relative increase in fruit size is greater
than that of the individual cells of the pericarp. While the overall
éharacter of fruit growth of the two species is the same, the processes
which constitute this growth are not.

Mention has been made that the corollas, stamens, and styles were
prematurely removed from some of the flowers tagged in 1950 and that
some of these treated flowers also produced fruits., The data for the
development of these fruits are given in Table L., If theée data are
compared with those for fruits from untreated flowers in Table 3, it can
‘be seen that thé fruits from the mutilated flowers are in every way
comparable to the untreated. No explanation can be given for the
variability in the ripening of fruits. Similar variation in final
pigmentation has been noted in the regular tomato (90, 91, 92); fruits
attached to the plant, although.of comparable age and tx'eatments;, do
not ripen uniformly.

Relationship of fruit development Lo seed development. -- Dissec~

tion of a number of small-sized ripe fruits, which were occasionally
observed on the plants, invariably revealed that these contain but few
seeds. The tagging experiment in 1951 was consequently designed in a
- manner that the number of developing seeds could be checked at the end

~of the linear period of growth. Fourteen~day old fruits ﬁere picked



TABLE L. Development of fruits from mutilated flowers. Corolla,

stamens, and styles removed prematurely., Experiment of May 19, 1950.

Gbndition
of flower
at time of

mubilation

Revolute

Mesns

TLate

Means

No. Treated

n
o

20

No. Developed

W

=
é’ Diameters (mm)
‘g - No. Days after Treatment
e 7 14y 21 28 L9
15% L0 To5 9.5 11.2 11.8
3.0 6.8 9.0 10.211.°
3.5 6.5 9.0 10.0 11,5
3.5 6.9 9.2 10.5 11.6
206 3.0 5.5 7.5 8.0 9.2
. 3.0 6.5 8,5 9.811.0
2,0 3.8 6.5 8.0 9,2
2.0 3.5 5.0 6.0 6.8
2.5 L.8 6.9 8.0 9.1

Final
Color

orange-red
orangea

yellow~green

orange

orange~yellow
yellow-green

greenish~white
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and measured ﬁnder a binocular dissecting microscope with a calibrated
eyepiece micrometer.» Each ovary was also dissected and the number of
developing ovules counted. The fesults, shown in Table 5, have been
anélyzed according to the methods of Snedecor (93) and the following
regression equation has been obtained:

| E = 5,33 - 8,19

in which E is the number of developing ovules (seeds) and X is the
ovary diameber in mm on the llth day after bthe stage of revolute
corolla., By calculation, a ll~-day old seedless fruit should have a
diameter of 1,5l mm; the one observed was 1.30 mm. The correlation
coefficient for these data, 0.97, is highly significant at the 1%
level, It would seem that the number of successful fertilizations is
one of the most important factors determining the size of the fruit
as it develcops on the plant.

Natural parthenocarpy. -— In each of the tagged flower experi-

ments three types of flower development were cbserved. The majority
of flowers either developed into mature fruits or abscissed. A few,
however, showed dehiscence of the corolla but subsequently failed to
develbp into large fruits. Approximately one half of the abnormal
ovaries failed completely to develop further. The remainder, on the
other hand, grew slowly, at least for a time., Two of these ovaries
obtained a maximum diameter of 2.0 mm, one by the 10th day and fhe
other by the 8th day after the stage of revolute corolla. Both were
dead by the 22nd daye.

In only one instance has one of these small fruits survived the
entire period of normal fruit development, This fruit developed from

“a flower tagged at beginning anthesis. Two days after tagging, the
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TARIE 5, Influence of seed development on fruit development in situ.
Analysis of 9 fruits developing on the plant 1k days after tagging of
flowers in fully revolute condition. Experiment of May 5, 1951.

X Y
diameter no, of
mm seeds

developing

8,00 31

6.h5 28

7.80 36

7,50 38 -

8.00 32

8.00 32

6.50 26

3,23 6

1.30 0

Y

Sums 56.78 229 169L.75
n=9 ]
Means 6.31 25,1
Squares

x2 16,88 y2 118.22 xy 250.01

Regregsion equation: E = 5.33X - 8,19

Correlation coefficient: 1 = 0.97.

Significance of r: highly significant; for significance
at 1% level, 7 df, t = 2,67, found 10,60,
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flower had aliostvreached the reflexea stage and two days later it was
fully revplute. Up to this point development seemed per?ectly’normal.
Dehiscence of the corolla, howevér, did not occur until the 10th day
after revolute corolla and at this time the ovary had a diameter of
1.0 mm. On the 17th day after the stage of révolute corolla the
Adiameter of the ovary was 1.8 mm. If growth from the 10th to the 17th
day was 1inéar, on the l4th day the diameter would have been about
1.45 mm, very close to the ‘theoretical seedless diameter of 1.5l mm.
During the renainder of the experiment growth of this ovary continued,
evidently at a uniform rate of about 0.2 mm/wk. On the L5th day, when
the experiment was stoppcd, the diamcter was 2.5 mmy, the color was still
green, and dissection revealed.no developed ovules., This was without

doubt a true case of natural parthenocarpy in L. pimpinellifolium.

Clendenning (94 ) has applied the term "laggard fruits" to similar slow-
growing parthenocarpic fruits of commercial greenhouse tomatoes, which

develop both naturally and from some auxin~treated flowers.

Influence of Envirommental Factors on Reproduction.

Light and temperature., == During the summer months of 1949 the

plants which were being grown_oﬁtside of the greenhouse under the normal
climatic conditions of Pasadena ﬁere obviously not responding well in
either vegetative or reproductive-de#elopment. When the facilities of
Lhe Earhart Laboratory’(Phytotron)‘became available, an experiment was
conducted to find the optimal growing conditions for the red currant
tomato, such as had been done for the common tomato by Went (38, 95, 96).
Plants were germinated and gromm as described previously. On

Jénuary 8, 1950, all plants had produced at least one mature inflo-
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rescence and the first flowers had opened; 'They were then trimmed to
one stem and one mature inflorescence » randomized into lots of six, and
placed undér the conaitions listed in Table 6. Stem lengths were
measured at the beginning of~the experiment and again 10 days later when
any shock effect from change of environment should be over. For the
first few weeks the plants were kept trimmed to one stem. However, it
waslobserved that removal of the axillary shoot which normally develops
in the axil of the third leaf of each growth cycle (see p. 29) apparently
releases the inhibition of the buds in the axils of the first and second
leaves. Mofe error was therefore introduced by this practice than was
prevented, even more so since removal of all buds led to rapid formation
of numerous adventitious buds in each axil. The pruning was consequently
~ discontinued. When the experiment was terminated on March 1 and 3, 1950,
all lateral shoots were removed and discarded, the main axes were
measured, and leaves of the main axes were pooled from each group.
Roots of each group were washed free of all gravel and also pooled.
Dry weights of roots and leaves were determined after drying in a 70°
forced=air oven. In addition, the number of inflorescences, flowers,
fruits s and buds were counted for each plant., The results afe given
in Tables 6 and 7 and the data are plotted in Figures 8 and 9.

Perhaps the most striking fact which the data of Table 6 reveal
is the genecrally better growth under the natural photoperiod with
| fluctuating temperatures, When a thermoperiodic differential of 6° is
employed, the condition of 23° day--17° night is optimal for dry weight
production in both leaves and roots .regardless of photoperiod; however,
stem elongation under these conditions in minimal. Under an eight hour

- photoperiod, stem length and number of inflorescences increase with an
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“TABLE 7. Flower and fruit development of Lycopersicon pimpinellifolium
under controlled conditicns. Number of reproductive parts still devel-
oping after Sk days of treatment. Flants and conditions as in Table 6.

Experimental Inflo-
Conditions rescences Individual parts
Temperature Light per 6 Opened
- Day Night  Thrs. plants Buds# Flowers Fruits Total
og |
26 20 N 63 0 1 N 5
| 26 8 59 o 0 0 0
20 8 55 | 0 1 0 1
23 17 N 59 22 17 55 ol
23 8 60‘ 0 0 0 0]
17 8 L9 0 1 12 13
20 1L N 5L 0 1 0 1
20 8 56 2 0 2 L
14 8 L1 2 1 2 5

#0nly healthy pre~anthesis buds larger than 1 mm in length have been
considered, Many yellowed buds in various stages of development were

present in all treatments.
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tures., Data of Table &. Circles, § hour photoperiod; crosses, natural
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Figure 9. Relationship of growth rate of stem tip to temperature
and age of plant. Circles, 8-hour photoperiod; crosses, natural

daylength., Broken lines, growth rate during first 10 days; solid
lines, growth rate during next Ll days. Data of Table 6.



-6

increasé in night temperature but are indepéndent of day temperature,
The ratio of total elongation to number of inflorescences (growth
cycles) rémains almést constant. As calculated from the data of
Table 6, these ratios, according to night temperatures during 8-hour

photoperiod groups, are as follows:

MNight ' Stem Length
Temperature Growth Cycle
mm
14° 13.7
17 12.8
20 12.6, 13.0
23 13.1
26 _ 13.8

Under natural photoperiod these ratiocs for the first three night
temperatures are 19.0, 16,5, and 18,0 mm, respectively.

It seems then that in Lycopersicon pimpinellifolium the overall

top growth rate (that is the number of growth cycles formed) is temper-
ature dependent. The dependency is chiefly on the night temperature,
and under an 8-hour photoperiod an increase in the night temperature
within the range of 14°-26° results in an incrsase in top growth. A
flat optimum is evident between 23-26°. Increasing the photoperiod
from 8 hours to the natural daylength (average 10.75 hours during the
course of the experiment) results in uniform increases in top growth
rate at all temperatures studied. The rate of reproductive development
{formation of inflorescences) is identical with the top growth rate.
Vegetative.development, however, is differentially affected by changes

in either temperature or photoperiod. A% low night temperatures, stem
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growth is preferentially increased by increase in photoperiod; the dry
weights of both leaves aﬁd roots are little affected at this tempera=
ture. Above 170; however, the néture of the relative increases effected
by lengthening the photoperiod is such as to suggest that stem growth
is in manner of a campetitive process with leaf and root growth.

The rate of stem elongation at different ages and its marked
depéndence én the temperature of the nyctoperiod under an eight-hour
photoperiod are very similar %o the findings of Went (38, 96) for

Iycopersicon esculentum. In L. pimpinellifolium, however, there is no

thermoperiodic stimulation of the stem growth rate, except in younger
plants. On the other hand L. esculentum shows practically no response
to photoperiod, whereas this.is one of the most prominent features of
this experiment., Another difference in the two species is found in the
influence of temperature on the rate of differentiation of new struc-
tures from the apical meristem. Went (96) observed only a slight effect
of night temperature on the number of stem nodes between inflorescences
or on total number of nodes. In this experiment the number of leaves
per growth cycle did not vary -~ three leaves per inflorescence --, but
the total number of growth cycles was increased with increase in night
temperature., This type of response (change in rate of meristematic
activity) has been found for a number of other plants, however, even
though it does not aﬁply to the common tomato (97).

| The data of Table 7 would indicate that for flower and fruit pro-
duction there is an optimal night temperature at 179 C and a photoperi-
odic response as well, However, it should be remembered that each inflo-~
. rescence produces about 20 flowers during its development., The group

‘with thé smallest total number of inflorescences should consequently
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TABLE 8. Flower and fruit development under different environmental
conditions. Summarized from tagged-flower experiments of 15L9, 1950,

Nate of Expt. July 23 July 30 May 19 May 5
1949 1949 1950 1951
Environment Outdoors  Outdoors  Phytotron  Phytotron
_ (filtered
air)
Numbers
Flowers tagged » 12 20 60 20
Tdentity lost 1 0 L 0
Considered 11 20 56 20
Seeded Fruits 7 11 2L 17
"Seedless" Fruits 2 3 2 1
Flower Abscissions 2 6 30 2
_Percentages
Abscissions 18% 30% L3% ' 10%
HSeedless! 18 15 L 5

Seeded Fruits 65 55 54 85
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have had a minimm of 800 flowers. Only 5 had developed. Very heavy
flower drop and necrosis of flower buds was observed. Apparently some
factor, nof yet under control, was influencing reproductive develop-
ment after initiation of the inflorescence.

Smog. =- At the time that the above experiment was being conducted,
‘some smog damage was occurring in the Phytotroﬁ to a number of plants
which are known to be smog-sensitive., Many of the symptoms of such
damage were quite evident on the red currant tomato, In the spring of
1951 an ajir-filtering system was installed for the Phytotron. The
improvement in growth and development of the plants of red currant
tomato waé spectacular. Within a week differences in vegetative growth
were noted. All new leaves were larger, greener and showed no evidence
of damage. The mild chlorosis of stem tips, which had been frequently
noted before, could no longer be found and in subsequent growth every
leaf which developed on a stem remained alive and healthy for long
periods of time, Fruit set which had seldom been greater than six to
eight fruits per inflorescence increased to as many as fifteen. .

A comparison of reproductive development under different environ-
mental conditions has been made in Table 8. Data of the various tagged
flower experiments have been reassembled and the types of flower develop~-
ment classified. There is little doubt that the overall improvement of
both vegetative and total reproductive development is due to the elimi-
- nation of smog. Since the 1951 ex?eriment was used to demonstrate the
~ effect of seeds on fruit size, however, the detrimental effects of smog
must be on some process prior to fertilization. Three explanations
immediately come to mind. First, smog may be lethal to pollen; second,

it may effect the growth rate of the pollen tube; or third, it may,
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through its recognized oxidizing character, perhaps cause destruction
of some essential gxfowth' factor(s). MNo evidence exists as to whether
or not any one of these is the correct interpretation; however, the
last seems most likely in view of the extensive killing of buds in all
stages of development, It apparently does not affect fruit growth,

except through its prevention of fruit initiation.
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24 Standardization of Culture Techniques

‘ and Elimination of Variables

In exploratory experiments to obtain fruit development in vitro
complex media were employed. Many of the various growth factor com~
- plexes, such as yeast extract, malt extract, casein hydrolysate,
vitamins, and plant hormones, which had been uséd in preliminary
investigations of other tissues and organs, were included in these

media in a number of different combinations. Initial success with

flowers of E. pimpinellifolium on cne of these consequently provided

a stepping stone for more critical examination of the growth factor
requirements. Before this could be conveniently undertaken, however,
it was necessary to establish standard conditions for cultivating
these fruits. Technical questions concerning the development of
fruits in vitro, such as, how best to measure growth, detrimental
factors arising from practices employed, selection of uniform material,
etc., all required investigation in an effort to eliminate the varia-
tion in growth responses initially obtained. These points will.be

taken up in this section after first describing the original conditions.

Original Medium and Conditions.

First success in culturing the flowers of red currant tomato was
achieved in the following manner. A number of inflorescences were
collected from the plants and each was dipped basally into petrolatum
imnediately after excision. . They were then brought to the ligboratory
in a covered dish lined with moist filter paper. Sterilization was

accomplished by immersing each inflorescence for five to ten minutes in
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1% NaOCl to which a. small amount of detergent (approximately 50 mg Dreft/
S0 ml solution) had been added. Flowers were excised individually above
the abscission zone of the pgdicél and were immediately planted in test
tubes containing sterile nuirient media. Flowers at thé stages of
beginning anthesis and revolute corolla and developing ovaries of flowers
‘from which the corolla had just dehisced were used in this initial plant-
ing.- The media consisted of solutions of either Bonner's or Gautheret's
inorganic salts, trace elements, L% sucrose, amino acids (casein nydro-
lysate) 100 mg/1, a mixture of B-vitamins (used in Neurospora research),
and indoleacetic acid (IAL) lolﬂg/l. One portion of each of the two
types of media was solidified with 0.75% agar and the rest was used in
liquid form with glass wool as a supporting substrate. The pH was ini-
tially adjusted to 5.5. All cultures were kept in a dark cabinet, except
when removed for examination. The room temperature was regulated at
approximately 25° C.

Development of the excised flowers was obvious in all cultures
after several days. Host of the flowers initially in the stage of
beginning anthesis had opened up completely, those at the stage of
revolute corolla showed evidence of corolla dehiscence, and one from
which the corolla had already dehisced at the time of planting showed
significanﬁ enlargement of the ovary after the fifth day. The initial
diameter of this ovary was approximately 1 mm. Ten days after planting
it was 3 mm, and by the 56th day it was beginning tc turn yellow on one
side and the diameter was about 7 mm. On the 8Lth day it was uniformly
orange in color and its appearance was normal, except for the absence of
seeds., Both of the cultured fruits shown in Figures 10 and 11 developed

on liguid media, the larger (described above) developed on a medium
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Figure 10. Fruits of L. pimpinellifclium. A. Fruits grown in culture.
B. Fruits developed on the plant. Initial size of the ovary and stage
of flower development (late corolla) originally planted shown on left
in A and B, respectively.
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Figure 11. Same fruits as in Figure 10 A, B, cut open to show con-
tents. A. Fruits grown in vitro. B, Fruits developed on the plant.
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containing Gautheret's salts and the smaller, on Bonner's salts. In

the latter case the initial stage of the flower was revolute. A third
fruit of approximately the same size and red coloration developed on
Gautheret's liquid medium from a revolute flower, and two smaller

fruits, one from a revolute.flower and the other from an already develop-
ing ovary, grew to maturity on Bonner's agar medium. Pigmentation of

all of the smaller fruits was well advanced by the 56th day of culture.

Criteria for Measurement of Growth.

As soon ag it became evident that growth of the excised flower was
possible, a program for the systematic study of the cultural conditions
was initiated. Two criteria for the oohvenient measurement of develop—
ing ovaries were at hand. Since the diameter of the fruits increases
equally in all directions throughout their entire period of growth, a
single measurement of diameter should be representative of the fruit
volume at any given time. An alternative method was that of weight.
Because of the small initial size of the ovary, however, it was'necessary
to resort to an eyepiece micrometer for linear measurements and to use
an analytical balance for weight determinations. Zven with the ana-
lytical balance it was necessarj to employ groups of ovaries for accuracy.
In separate determinations of thfee groups of ten ovaries, excised from
' flowers at the revolute and late stages, weights of L.5, L.5, and 4.6
mg/group were obtained. However, Since not all ovarles grew in culture,
it seemed necessary to measure them individually. Thus the first stages
of ovary growth, starting from an initial weight of 0.5 mg/ovary, would
involve measurements which approach the limit of sensitivity of the

balance. The weight method did not seem promising.
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Dufing tﬁe first phaSe of experimentation, however, both diameter
and welght determinations were made in order to compare the two methods.
Results obtained are given in Table 9. The statistics revealed an
almost perfect linear correlation between weight and the cube of the
diameter. The methods were therefore equally representative but, for
| conveﬁieﬁce, the diameter was chosen for further work.

.»The résults of the experiments included in Table 9 disclosed a
number of fact§ which suggested changes in the design of further
experiments. First of all, it can be seen that growth increments
amounting to a 250-fold increase in volume or 90-fold increase in
weight were possible. Not all flowers developed, however. In fact
a total of 125 ovaries were included in these cultures, but even on
the medium containing all components many were dead by the third day.

By the seventh day, ovaries which survived could be separated into two
categories, one group which showed considerable increase in diameter
and another in which growbth was quite slow. Finally, there was a rather
wide range of fruit sizes obtained in the longer periods of culture.

Elimination of these variable responses seemed imperative.

Relationship of Ovary Diameter at Time of Planting to Subsequent

Develogment.

Since so few flowers actually grew in culture and since it was
found that the initial diameters of ovaries varied, it seemed entirely
posSible that the fruits which developed might represent only the
lafger of these ovaries. In'continuing the investigations it was
found poasible to obtain good growth from the ovaries of flowers from

which the corolla was prematurely removed at the time of planting. For
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“TABLE 9. Helation of growth in weight to growth in diameter of fruits
eultured on various media. Experiments of May 12, June 18, and June 22,
1919. Standard errors are given for group means of smaller ovaries.

Medium‘
1 (ol
e} 0 B .
28 5 N Lo 3 .
o 4; *‘é oo Number Diameter Diam. Weight
g g3 g "3 of (micro-
B odd < 2 prf Fruits metric
a SPA & A3 units) X Y XY
i mm3 mg
0 39 0.80%*,02 0.5 0.5
% X X X 3 8 1.20%.10 1.7 1.05
7 12 1,08x,0, 1.2 0.8
7 1 1.65 L5 2.4
7 1 1.88 6.9 3.75
L2 1 3.83 57.1 21,7
L2 1 3.83 57.1 22.8
8 X X X L2 1 2.93 22.5 9.9
LW X X L2 1 3.15 31.3 13.5
L2 1 2.93 22.5 11.2
L2 1 5.10 132.7 L6.8
L% X X L2 1 3.15 1.3 13.0
L2 1 2.25 11.4 5.3
L2 1 2.0 13,1 S
L2 1 3.30 35.9 1L.5
L2 1 3.5 L1.1 15.6
L% X X L2 1 2,10 9.3 Le3
L2 1 2,48 15.0 7.2
L2 1 3,90 59.3 17.5
Sums 75 £98.5 252,35 12,469.55

Sum of squares x° 29,551.5h
y2 3,833.58
xy 10.L55.80

Correlaticn coefficient: r = 0.982.
Significance of r: highly significant; at 1%

level, for 73 df, t = 2.6L5; found, 95.2l.
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Vreasons to be discﬁssed;later, it'ﬁas also found desirable to change
from liquid to agar media. By planting sﬁch.muiilated flowers on agar
in Petri dishes, the cultures could be easily maneuvered under a dis-
secting microscope and the growth of individual fruits followed by micro-
. metric measurements without affecting sterility.

In Table 10 are given the statistics of data obtaiﬁed in the above
manﬁer for individual ovaries on two different media. There is no
correlation between the initial diameters and the size attained in
fourteen days by the cultivated ‘ovax"ies s nor is there any statistical
difference between the initial diameters of those which develdp into
fruits and those which fail to develop. A comparison of the fruits '
grown in vitro with equivalent fruits which develop on the plants has
also been made in Table 10. The range of 1lh-day diameters of the fruits
cultured on the glutamic acid medium was from 1.58-3.38 mm and on the
tryptophan medium from 1,50-3,00 mm. All but the smallest of these,
then, are larger than the ll-day old natural parthenocarpic fruits
(1.54 mm). It is probébly quite significant that the variability of
the cultivated fruits is no greater than that of the natural seeded
fruits, among which variation in size has been correlated with the
number of effective fertilizations.

Inasmuch as no significant‘correlation can be shown between the
initial diameter and the size of the éultured fruit which developed,
it is felt that the variation in initial diameter shown in Table 11
is not important. Since the standard error is expected to decrease
with increase in the éize of the sample, the revolute stage represents

a much more uniform material with respect to the initiai diameter of
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TABLE 10. Analysis of rélationship of size of cultured fruits to
diameter at time of planting and tc equivalent fruiis on the plant.

(See Table 5).

Ixperiment No,

Medium: mineral
salts and L%
suerose plus

Ovaries which
failed to develop
Number

Mean initial
diameter

Qvaries which
developed
Number

Diameters
Initial (X)

1h-day (¥)

Correlation
wﬂhmmt&w)

Level of signi-
ficance of Txy

Standard error of
1lli~day diameter
as % of mean

¥n.s. = no significance at 50% level

VIIT=-9

Glutamic
‘acid
10 mg/1

10
1,091 .04

1.12 *,03
2.5 %,29

0.30

NeSe ¥

11.8%

VIII-10
Iryptophan

10 mg/1

10
1.07%.06

1.,03% ,02

1.99 t a18
0.L6

50%

8.8%

Normsl
Fruits
on
the
Plant

6.31&.81
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TABLE 1l. Natural variaticn in ovary diameters of flowers collected
for culture at various times. Figures in brackets represent the
number of replicates,

Floral Stage at ' Mean
Time of Collection Date Diameter

. o
Late June 22, 1949 0.80%.15 (39)
Late July 1k, 1949 1.10*.,02 (200)
Revolute-Late July 16, 1949 1.07%.01 (119)
late , August 6, 1949 1,00+.,01 (3kL)

Revolute January 16, 1951 1.0h % .01 (16)
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the ovary. This stage has also been previdusly shown to be a much
more accurate indicator of further development of the flower on the
plant than is the late stage. Revolute flowers have consequently
been employed in most of the later experiments., The initial diameter
of the 6varies of these fldwers, for all practical purposes, can be

said to be roughly 1.0 mm.

Sterilization gi Flowers and Fruits,

The five-minute sterilization of flowers which was effective in
the original experiment later proved tc be too short for the elimi-
nation of contaminations, particularly in flowers collected from the
outdoor plants. In an experiment commenced on June 2, 1949, longer
immersion times were employed in order to eliminate this difficulty.
Periods of ten, fifteen, and twenty-five minutes were all effective
against contamination but twenty-five minutes was apparently suffi-
ciently long to adversely affect development in culture (Table 12).
In subsequent experiments a ten-minute sterilization was employéd but
even this duration seemed to be somewhat detrimental. Out of one
group of 130 flowers, fruits developed from only three and one con-
tamination occurred. Of 127 planted on July 11, 1949, 92 were defi-
nitely necrotic by the seventh day of culture and most of those
remaining showed some brown necrosis of the stylar scar area., Use of
0.5% NaCCl-Dreft did not eliminate this stylar necrosis and was less
effective against contaminations.

Zephiran Chloride® was therefore tried. In early trials using

%*Zephiran Choride is a product of Winthrop-Stearns, Inc., New York.
The manufacturer's pamphlet describes the compound as a brand of benzal-



TARLE 12. Effect of duration of sterilization with 15 HaCUl-Dreft
on development of ovaries in culture., Pooled resulis of flowers
planted on several growlh-supporting media after each of the follow-
ing times of sterilization. Equal numbers of the varisucly trecated
flowers were planted on each medium. Experiment of June 2, 19L9.

Minutes of Sterilization: 10 15 25
Number of flowers planted 81 L1 30
Number of fruits developed 20 10 5

% Development 2L 7% 26.8% 16.7%
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this preparation in dilutions of 1:20,000,'1:10,000, and 1:5000 for

ten minuteé no stylar necroses were observed; however, only the

1:5000 dilution was effective against contaminants. In addition,

since this agent is a cationic detergent in itself, its ﬁse was much
prererréd to the hypochloritz~detergent mixture. In later experiments
the length of sterilization periods was gradually incrsased from 10
minutes to 25 minutes with no measurable effect on fruit development.
With flowers from plants grown under filtered-air conditions use of
Zephiran Chloride in a concentration of 1:5000 for 25 minutes, followed
by a sterile rinse, has given 95-100% sterility with regard to con-

taminations and from 80-100% of the ovarics have developed in culture.

Smog~temperature History of Flowers.

In the same manner as with the development of fruits on the plants
the influence of smog has been detected in growth responses of fruits
in vitro through the use of flowers from plants developing in an air-
filtered atmosphere. In most of the early experiments it had béen
possible to distinguish three types of development —— ovaries which
failed to grow almost completely, ovaries which developed for a short
time (7-1L days) but only very slovly thereafter, and those which
continued to increase for periods of 6-8 weeks. If, then, we designate

these developmental types as 0, I, and II, respectively, it becomes

konillm chloride, having the following structure:

HBC\_/CHB
OO0 N
c1r

R represents a mixture of the alkyls 68H17— to GIBHBT-’ ag in the fatty
acids of cocomut oil.
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possible ¢ make some comparisons between cultures at variocus times
and from materials of different history. By way of a more precise
definition, the Type I developmenis represented a sigaificant in-
crease in diameter; however, after 1l days of culture these fruits
seldor exceed 1.5 mm. In addition, the following distinections have
vbeen noted.

‘At the time of planting, ovaries of flowers in the revolute and
late stages have a 1rounded pentagonal ocutline and a dull-textured
surface which is discernible under the microscope, As the ovaries
comnence to grow, those which have been classified as Type II not only
do so at a more rapid rate bul also rapidly lose the pentagonal shape
and develop a lustrous appearance. The Type I ovaries undergo all of
these changes at a much slower rate. Developing fruits (ovaries) have
been assigned the Type I classification, in general, only when at
least two of these criteria =- slow rate of growth, small diauweter,
pentagonal shape, or dull-textured surface -~ are apparent at the end
of the first two weeks of culture,.

In Table 13 are assembled the growth response data for fruits
grown on the minimal medium (mineral salts and sucrose) at variocus
times during the course of these investigations. There is no doubt
about the effect of filtering the air, it resulted in almost complete
elimination of the growth failures (Iype O) in culture. Previous high
temperature exposure (hot summer weather), however, seems to have been
lesg important, if at all, since the flowers collected under natural
enviromnental conditions of rasadena did not differ materially from
those from the controlled, non-air-filtered conditions of the Phytotron.

Variations in the experimental technique alsc seem unimportant, elither



TABLE 13. Effects of previous smog-temperature history and variation
of experimental techniques on cultural development of fruits of red
currank tomatlo. Slerilizalions: 25 min. with 1:5000 Zephirem Chloride.
Minimal medium: (mwineral salts, sucrose). For explanation of growth
types see text. Abbreviations: (1), late flowers; (r), revolute
flowers; (n) natural enviromment of Pasadena; (c), controlled environ-
-ment, 20° C day temp., natural photoperiod, 1L° C night temp.

- Floral e 8
History & o w Growth Types
1 ko] W10 [42] [9] ﬁ} ()
o £ HH 40 uEd
fe EnPadE BRE
Date gm =< 0O & B ’gmﬁj
SE o0 p - S8 2 0 1 IT
Humber of ovaries
6 August 1949 n - 1 £ 37 2l 1 12
2 Febrnary 1950 e - 1 4 83 77 5 1
5 April 1950 e - 1 4 30 22 1 7
7 April 1950 c - r 4 50 20 L 26
17 January 1951 ¢ - - 80~100% 22-2 16 - L2
3 May 1951 c A T - 20 0 1 19%:
11 May 1951 c A or - 10 0 1 9
16 lay 1951 c £ v £ 10 0 0 10
L April 1952 e A r = 38 31 21

# At this time from LO-50 flowers were being planted in large Petri
dishes., after dehiscence of the corolla in culture, only those flowers
which were evidencing growith and which were not contaminated were transe
ferred to new media. The figures represent two such initial dishes.

#% Compare with corresponding tagged-flower experiment in Table 8.
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with regard to stage of flowers planted or to mutilation by premature

removal of the corolla,

Effects of Various Manipulations on Growth of Ovaries.

Use of.liqnid.media was abandoned early because of detrimental
effectaon growth of the ovaries in culture. Submersion of the flowers
during or after planting or accumulation of a capillary film of liquid
in the calyx around the base of the ovary resulted in almost complete
prevention of growth. Nitsch (67) has cbserved similar detrimental
effects of liquid films on caltiﬁated ovaries of L. esculentum.
Clendenning (91, 94) has shown that all gas exchange in the common
tomato takes place through a lenticular ring at the base of the fruit.,
Niéroscopic examination has shown that the epidermis of the fruits of

L. pimpinellifolium, like that of L. esculentum (78), is without

stomates, so that the explanation that prevention of gas exchange
prevents growth undoubtedly holds for this species as well, This may
also be the reason for repeated failure to obtain growth of ovaries
excised from flowers, since such ovaries must of necessity be seated
in the medium,

The sbowve obserwvations perﬁain tc sewveral points of te&hnique.
First, use of media solidified with ager reduces danger of ent?ylof
" free water into the calyx cup; 1%~agar has been found best. Second,
flowers mist be thoroughly drained after sterilization. On several
.ocgasions, however, it has been noted that small amounts of water do
not prevent later growth, prbviding eﬁaporation takes place within a
few daysg On one such occasion, inecrease in diametsr of a partially

flocded ovary was delayed until the second day, but from the second
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to the tﬁird day the growth rate (0.3 mm/day) of this delayed ovary
was greater than the initial rate (0.21 mm/day) of six other fruits
on the same medium. |

The following points regarding manipulation of the flowers have
not been found to influence development in vitro in any assessable
'measure: elimination of the petrolatum dip at time of collection,
collection of individual flowers rather than inflorescences, and
sterilizations.of the flowers with Zephiran Chloride before or after
removal of the corolla, stamens, and style (the mutilation practice).
The effect of mutilation itself, however, is shown in the following

paragraphs.

Effect of Mutilation of Flowers at Diiferent Stages on Growbh in

Culture,

The relationship of the stage of flower development on fruit
development in vitro was determined in the following experiment,
Flowers were collected at the stages of beginning anthesis, reflexed
corolla, revolute corolla, and late corolla, The flowers were muti-
lated after sterilization and planted on either minimal medium (if)
or minimal medium supplemented with B-vitamins and casein hydrolysate
(MVC)s The T=day diameters‘of ovaries which developed are given in
Table 1li. Those which grew furtler by the llith day are marked (i),
Thus the data starred represent Type II ovaries, the others Type I.
| Although the data of Table 1l show distinct differences in distri-
- bution of the growth responses due to stage of flower development and
to supplemental growth factors, they do not reveal effects of mutila=-

tion. The parallel experiment using non-mutilated flowers planted at
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TABLE 1L;. Growth of ovaries of excised flowers collected at various

stages and mutilated at time of planting.
minimal, Bevitaming, and casein hydrolysate.

M, minimal nediunj; MVC,
Diamsters measured after

seven days; fruits which developed further by 1hth day designated (#).

Experiment of April 18, 1950.

Floral stage Beginning Reflexed Revolute
anthesis corolla corolla
Medium A MVC M MVC M MVC
Grovrbth response:
Type O 12 11 13 10 9 8
Type I 1 2 0 0 1 3
Type II ¢ 0 0 3 3 2
Diameters (mm) 1.50 1.28 —= 1.68% 1.50 1.38
1.50 1,70%  1.75% 1.50
1,85%  1.90% 1,50
1«-93% 1483*
1. 90%

Late
corolla

)

1.68%

MVC

1.43

1.50

1.80
2,08
2,15
2.23%
2,30
2.50%
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the stage of beginhing anthesis (Table 15).shcu1d be considered in
conjunction with the data of Teble 1L in this regard. Tt appears that
the Type IT response is restricted to flowers which had reached at
least the reflexed stage when the flowers were mutilated at planting.,
Younger flowers, planted whole, from which the corolla was allowed

to dehisce naturally in culture, developed almost entirely as Type II
fruits, Since neither Type O or Type I ovaries were eliminated at any
stage nor in the non-mutilated treatment, the effect of mutilation
would appear bo be limited to the Type II fruits., Supplements in the
medium, while not obiigatory for growth of the Type II ovary, seem to
have a promotive effect which is particularly evident on the ovaries
of the late-stage mutilated flowers and on those of flowers planted
whole. In these cases the growth supplements not only bring about
absolute increases in growth of the Type II ovary but also a redistri-

bution of the varicus responses in favor of Type II.

Significance of the Growbth Response Types.

The following points have been established from ohservations and
from experiments with flowers attached to the plant: 1) pollination
occurs just prior to the stage §f reflexed corolla; 2) fertilization is
accomplished, at least in some ovaries, by the time of attairment of
the revolute stage; 3) mutilation results in a reduction in the number
of seeded fruits obtained from pollinated flowers; and l;) "elimination
éf smoé" brings about an increase in number of seeded fruits and a

decrease in both flower drop and number of "seedless!" fruits. Also, it
| has been shown that the diameter of the lli-day old seedless fruit is

approximately 1.5 mm.
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TABLE 15, Growth of ovaries from flowers planted at the stage
of begirming anthesis without removal of the corolla, stamens,
and style (non-mutilated). Diameters measured after 1l days in
cu%ture. Media same as in Table 1. Experiment of April 20,
1950.

Medium Minimal (i) Supplemented (MVC)
Numpber of flowers planted 18 20

Growth response:

Type O 6 3
Type I 3 0
Type II 9 17

Mean diameters (mm)

Type I 1,55 mm —

T'y'f)e II 2919 mm 2*66 mm
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How wellhdo the facts concerning the cultivated ovaries correspond
to those of development in situ?

First of all, in view of their almost complete elimination through
the use of flowers from plants grown under filtered-air conditions,
those ovaiies which fail to grow in culture, Type O, can be dispensed

’with iﬁ further discussions as "smog-damaged." It seems probable, how-
evgf, that they may be equivalent to those which absciss (flower drop)
but experimental maltreatment cannot be overlooked. On the other hand,
"elimination of smog" results in a sharp increase in the number of
Type II develcpments, and wutilation of flowers at time of planting
largely limits the Type II distribution to the revolute and late stages
of flower develépment. This evidence would indicate that Type II
ovaries are probably fertilized, The disgmeter of these fruits after
fourteen days of culture would also support this premise, since it
exceeds that of the ll-day old seedless fruit.

The criteria which are used to distinguish Type I from Type II
growth responses are actually those which would indicate lack of fruit
set, for which pollination is normally necessary (39). Since mutilation
of ficwers at the stage of beginning anthesis should prevent pollina-

“tion, it is to be expected that only Type I responses are obtained

in vitro frbm such flowers, If pollination and/or fertilization is a
limiting factor in ability of the ovary to grow at the increased rate,

- the predominance of Type II responses obtained from flowers planted

whole at beginning anthesis suggests that pollination and possibly
fertilization can also be accomplished in vitro. However, the fact

_‘that no seeds have developed in the frults grown from Type II ovaries,

 doss not permit us to say definitely thal these are fertilized. Also,
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Type I responses are given by ovaries of flowers collected at stages
where pollination is obserwved. In the experiments reported in the next
section the flowers have usually besn collected at stages latser than
pollinaticn. All ovaries are therefore considered pollinated and will
he dis_cussed specificslly according to typs of responss given, i.e. as

pollinated ovaries, Type I, and pollinated ovaries, Type II.

Standardized Technique.

The technique which was eventually developed and which has yielded
the most significant results in the study cf the growth factors govern-
ing development of pollinated ovaries is as follows:

a) Collection of material -- Flowers, usually at the stage

of revolute corolla, are collected by excision from the
inflorescence close to the inilorescence axis.

b) Sterilization -- As soon as possible, the coliected

flowers are immersed in Zephiran Chloride solution
(1:5000) in & beaker coverad with one half of a Petri
dish, The times interval necessary bto oring the flowers
from the greenhouse to the laboratory is therefore used
as a part of the‘sterilization period. The solution is
changed once or twice in the laboratory and the flowers
are subseguently rinsed with distilled water., The
changes can be made by pouring off the solution through
the lip of the beaker with the Petri dish in place.
Additions can be accomplished in a sterile manner by
lifting the edge of the Petri dish in standard aseptic

fashion.
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c) Planting -- After draining the sterilized flowers between

| sterile paper towels or filter papers, a fresh cut is
made above the pedicellar abscision zone of each flower
and it is immediately planted on previously prepared
media in Petri dishes. From twenty to forty flowers can
be planted per dish with a reasonable degree of safety.

d) Transplanting and transfer selections -- The corollas

will usually dehisce naturally by the following day.
Removal of the dehisced corollas and transfer of the
ovaries 1o new media has generally been delayed until the
fourth day. After a four day incubation most contamina~
tions are evident but,in the case of fungi, no spores have
been formed. It is thus possible to select ovaries which
are not contaminated for transfer to neW'dishes of the

same or different media. After four days it is also
possible to make a fairly accurate selection of the various
types of growbh.

Completely sterile cultures for detailed studies can thus be obtained.
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3. Growth of fhe Ovary Under Cuiture Conditions

Although fhe results of many of the eérly experiments demon-
strated qualitative differences in growth of pollinated ovaries on
various media, quantitative responses were not easily detected because
-of low surviwal of the flowers planted in culture. The value of the
early onk,'then, lay chiefly in the standardization of the technique
and recognition of the growth response types. In the course of the
investigations, however, a simple medium (minimal medium) was found
which would support growth of the pollinated ovary. Fruit development
on this medium under a given set‘of enviromental conditions was arbi-
trarily adopted to serve as a standard control.

The minimal growth requirements were not definitely established
until the quality of the flowers collected for culture was improved by
growing the parent planis under filtered-air conditions. Therefore,
in the following pages, growth of the pollinated ovaries on the‘minimal
medium wiil first be characterized. The factors influencing develop-
ment in the cultures have»been investigated a) under different éondi—
tions of light and temperature, and b) by changiﬁg certain conditions
of the medium, namely, pH and sucrose concentration. The growth of
the two types of pollinated ovaries on other media has then been taken
up to determine more precisely the growth factor requirements of these
'ovaries, However, since only a few Type I ovaries occur in the better
experimental material, the experiments are largely limited to studies

of the Type iI response.
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Establishment of the Minimal Medium for Growth.

No one of the three organic, non-carbohydrate constituents of the
original medium (IAA, B-vitamins , or casein hydrolysate) was found to
be obligatory for growth over an extended period of time (see Table 9),
‘since fruits grew and ripened in the absence of each. Since sucrose
and n_xineral' salts were the only constituents common to the various
media, it appeared that one or both of these were all that were re-
quired. To see if this were so, the following experiment was carried
out., Flowers were collected at‘the stage of late corolla and were
planted on 0.5% agar media to which the following components of the
original medium had been added:

a) none,

b) mineral salts only,

¢) L% sucrose only,

d) mineral salts and L% sucrose,

e) same as d) but with other supplements.
Since the flowers were mutilated before being planted, growth of the
ovaries was followed from the start of the experiment, The diameters
measured at various times after the day of planting, July 9, 1949,
are given in Table 16, The disﬁ containing ovaries growing on d)‘ was
accidentally broken near the begimning of the experiment; consequently,
data obtaiﬁed in an equivalent mineral salts=sucrose treatment from an
experiment started on July 1l have ‘been substituted for d) in the table.
‘The increments in diameter obtained for these treatments have been

plotted in Figure 12,

It is clear from these results that both mineral salts and sucrose

must be present for sustained growth of the ovary of red currant tomato.
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TABLE 16, Growth and development of pollinated ovaries of red
currant tomato on various components of the original medium.
Figures in parentheses are mean diasmeters of ovaries which were
dead on 1lhth day. Experiments of July 9 and 1k, 1949,

Addenda 1o g Number
0.5% agar = growing
« after Mean diameters
- e
'-c; 3’, B s-.g
338&% g 2 1l Day of culture
[SEFS I S S o gﬁi
@ 43 = >
H o O =0 Days Days 0 2 L 1L
— NONe == i1 I 0 1.17 1.28  1.33 (1.33)
X 11 5 0 1.08 1,16 1,22 (1.38)
X 11 7 1 1.1h  1.56  1.69  (1.67)
2.00
X X X 10 7 7 1.23 1.68 2,01 2.75
X X 22 —-— 6 1.10 — — 2.39

#*Qther addenda consisted of thiamine 25.0 mg/l, pyridoxine 12,5
mg/1, nicobtinic acid 50 mg/l, and glutamic acid 50 mg/1.
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The ovaries mﬁst contain a certain amount of endogenous subsirate,
however, since in the fifst four days the diameter increased approxi-
mately 10% on agar alone. On sucfose alone the diameter increased
considerably during this same period (by more than 50%),‘but also after
four days some other factor'apparently became 1im1ting, both for
>continued growth and for the survival of the ovary. Ifineral salts,
however, which‘alone were no better than plain agar, permitted growth
Lo counbinue for periodsylonger than 1l days when they were combined
with sucrose. The supplemented medium (e) apparently did not increase

the initial growth rate but merely delayed its falling off.

Growth g£ Pollinated Ovaries on Minimal Medium under Standard Conditions.

Characterization of the growth curve. -~ Following the demonstra-

tion that mineral salts and sucrose (minimal medium) would support con-
tinued growth of the pollinated ovary, this medium was included as one
of the controls in every set of experimental treatments. The standard
conditions for growing these control cultures consisted of placing them
in a 259 C constant-temperature incubator in darkness. In most of the
early experiments so few fruits grew that a characterization of the
growth on this medium was possible only by observetion of the individual
fruit or by pooling the results from the various controls., This éitu—
ation was strikingly improved, however, when flowers from plants grown
under filtered-szir conditions were planted in eulture.

In the first control which involved use of the better experimental
material, sixteen non-contaminated, Type II ovaries developed from a
lot of twenty flowers initially planted. These flowers were collected

at the stage of revolute corolla and planted whole (non-mutilated).
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On the 3hth déy of culture only four were sﬁill white (non-pigmented);
two were in stages of yellowing; one was yellow-orange; six, orange;
and three, reddish=~orange. ?he diameters of these fruits, determined
at weekly intervals, are given in Table 17. The data are found to fit
the curve |

By = 4000055t3 = .0055t2 +.217t+1.0L
in ﬁhich E is the estimated diameter in millimeters at time t in days.
In figure 13 the cumulative increments in diameter (Ey - 1.0L4) have
been plotted along with corresponding values for the development of
fruits attached to the plant. Comparison of fruit development in vitro
and in situ thus shows that the Type II ovary grows at a rate which is
intermediate between that of a large, seeded fruit on the plant and
that of the parthenocarpic fruit. The growth curve of the cultivated
fruits, thus obtained, also constitutes a standard curve of reference
for growth of ovaries under other conditions of culture. It should be
stated, however, that the results for this group of fruits are the
best yet obtained for growth of the Type II pollinated ovary on this
medium. Equivalent flowers, both mutilated and non-mutilated, which
were‘collected and planted at later dates, show a significantly smaller

diameter after 1l days of culture (Table 18).

Influence of Environmental Factors on Growth of Pollinated Ovaries on

Minimal Medium.

Effect of light., —- Early attempts to determine the effect of
light on development in culture gave egquivocal results because of low
survival of the flowers planted, When flowers from plants grown under

filtered~air conditions became available, the following experiment was



TABLE 17. Growth of Type II pollinated ovaries on minimal medium.
Data for sixteen ovaries of flowers ccllected at stage of revolute
corolla and planted whole. Initial diameters (%) determined in
corresponding group of 16 flowers.

Days after Mean
planting diameter
mm
0 1.0L% ,01%
7 2.33t ,05
14 3.14h% .11
21 3.66%.10

3L LasE11
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TABLE 18. Growth of Type II pollinated ovaries on minimal medium in
-relation to distribution of growth response types and to mutilation
at time of planting. Flowers collected at stage of revolute corolla
and planted whole or after removal of corolla, stamens, and styles
{mutilation).

Growth Diameter of
Response % Type II ovaries
futi=- Number Type after 1l days
Date lated planted O I IT 1T of culture
May 3, 1951 no 18 0 2 16 88.8 3.22%,11
May 11, 1951 no 0 0 1 9  90.0 2.60%.18
Hay 16, 1951 yes 10 0o 2 8 90.0 2.54%,09

April 10, 1952  no 38 3 1 21 55,3 2.i3=%.09
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carried out. Non—mutilated flowers, collected at the stage of revoluie
corolla, wefe plante@ an ﬁinimal medium and incubated under standard
conditions for five days. Oyaries exhibiting Type IT response were

hen transferred at random to a new minimal medimm, ten ovaries per
plate, Féur plates were then randomized and two were placed at room
rtem§erature (approximately 25 ) under continuous srtifical illumina-
tion from a bank of flucrescent lights. The other two plates were
placed back under the standard conditions. Diameters of the fruibs,
measured on the fourteenth day of culture are given in Table 19.

It is quite evident that #hese light conditions have no effect

on growth of the fruit in diameter. A1l of the light-exposed ovaries,
however, had developed chlorophyll, whereas the dark controls were
completely non-pigmented. Dissection of the fruits showed no seed
development, except in the largest of the light-grown ovaries (3.83 mm).
In this fruit a mumber of cup-shaped ovules with necrotic centers were
observed, The largest of these malformed ovules was 0.23 mm in length.
The presence of the photosynthetic machinery in the pericarp, then, is
ineffective either in increasing the fruit size by supplying additional

substrate or growth factors or in supporting embryo development.

Effect of temperature. -- For the study of the growth of the

cultlvated fruits ab different temperatures, use was made of the same
témperature conditions bf the Phytotron under which the growth of the
plants had been previously studied. Aside from its relationship te the
sxperimenbal method, such a study should alsc show whsther temperature
controls thé growbh of thé attached fruit directly or indirectly through

the plant.



TABLE 19. Effect of light on growth of Type II pollinated ovaries.

Treatment

5 days dark -~ 9 days continuous light

Dark controls

Number Diameter
of ovaries after
1L days of culture

20 2.70*.10

20 2,69 % ,08



“95m

In the firsi experiment in the'investigation of temperature, one-~
day old growing ovaries 6f flowers planted at the stage of revolute
corclla were transplanted at random to new dishes of minimal medium,

18 ovaries/dish, without regard to growbh response. All dishes were
'wrappedlin heavy paper and fandomized before being placed under the
various témperamre conditions. After two additional weeks of culture
the dishes were removed for measurement., Unfortunately Petri dishes
proved to be unsuitable containers to use for such an investigation.
The air in the Phytotron is under constant and rapid circulation.
Thus, a considerable.marginal contamination of the cullures by both
fungi and bacteria resulted, despite additional protection provided
by wrapping the dishes in paper. Although minimal medium does not
support extensive growth of most microorganisms, their presence intro-
duces an undesirable element. In a few instances, alsoc, some fungi
overgrew the ovaries, These ovaries have not been considered in the
data.

In view of this contaminatlion another experiment was carrled out
in which four-day old ovaries of flowers which had been collected from
plants growing under the smog-free conditions were transplanted to
media in flasks which were then plugged with cotion. In this case,
however, the temperature expoéure was reduced to ten days. The results
of both of these experiments are given in Table 20,

| The data of the 1951 experiment show that there are no differences
in the growth of Type II pollinated ovaries at fluctuating temperatures.
Differences significant at the 1% level are however found for those
growing under constant teméeratufe regimes. The optimum appears to

be sbove 26° C. In the second experiment only constant temperatures
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were used and the range was extended in an éttempt to establish the
optimum temi)erature. - The data, plotted in Figure 1, show a flat
optimum between 20° and 269, .The suggested optimum at 23° is not
significant; however, the Type II ovaries grown at both the 20° and
230 temperatures are sigrxificant.ly different at the 5% level from
those at 179, Thus the temperature which had been arbitrarily
selected for the standard conditions was at or near the optimum temper-
ature.

The investigations on the growth of the plant showed that both
root and leaf dry weight fm‘oduction, and perhaps growth and develop=-
‘ment of flowers and fruaits also, were optimal at a night temperature
at 17° C. They were apparently independent of the higher day tempera-
ture (p. 50ff). This seems to indicate that the effect of temperature
on growth of the atbached reproductive organs is exerted through control
of vegetative processes. Optimal temperatures for translocation have
been shown for other species (99), and since we have seen that sugar
is one of the most important factors in the growth of fruits in wvitro,
it may be that translocation of sugar is one of the limiting factors in

the development of attached fruits of L. pimpinellifolium. This remains

to be investigated.

Growth of Pollinated Qvaries in Response to Changes in Conditions of

Mimimal Medium.

Influence of pH. - Minimal medium, mixed as usual and containing
the trace element solution previously described, has been found to have
‘a pH value close t0 5.3. In the early experiments all media were

adjusted to ‘pH S5.4~5.6 by the addition of KOH before autoclaving. When
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‘Berthelot's trace element solution (55) waé used, the pH before adjust-
ing was foﬁnd to be about 3.5. In an experiment designed to check the
effect of pH on growth, minimal medium was prepared with Berthelot's
tface elements. Sufficient M/3 KgHPOh was added to briﬁg the pH of
aliquots of the unadjusted medium to L.0, 4.5, 5.0, 5.5, and 6.0, In

order to offset the effect of phosphate on availability of iron, extra

ferric tartrate solution was added. Fifteen growing ovaries from 3-

day old cultures of revolute flowers were transferred at random to each

of these media. After 12 additional days of culture the fruits were
measured (Table 21); The growbth was identical over the whole pH range

Yested, This indicates that the earlier procedure of adjusting the

pH initially was unnecessary. Gautheret (98) has shown that changes

in pH of the medium between pH L.0~-9.0 have no effect on growth of

carrot tissue in vitro. In subsequent experiments with fruits, careful
control of the pH was abandoned. Only for those media which fell out-

side of the range 5.0-6.0 was the pH adjusted.

Sucrose concentration. = Since it has been shown that absence of

sucrose in the medium resulted in death of the ovaries in from four to
seven days, media were prepared containing inorganic constituents and
also casein hydrolysate at a coﬁcentration of 500 mg/l. This latter
component was added to provide abpossible source of energy to sustain
life of the ovaries which were to receive no sucrose., Sucrose was
added in concentrations of O, 2, L, and G%. Flowers were planted ab
the stage of revolute corolla and the diameters were measured after
seven and fourteen days of growth (Table 22 and Figure 15)., Ovaries of
all flowers planted on the sucrose—free medium were dead by the seventh

day. Howe?er, some growth occurred before death took place, since the
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TABLE 21, Effect of pH on growth of Type II pollinated ovaries.

Initial pH. Nurber of Diameter
| Type II ovaries after 15 days of culture
L
L0 ' 10 2,36 £,10
4.5 12 2,28 +.,08
5.0 11 2022 % ,09
5.5 12 2427 1,09

£.0 13 2.0 £,09
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TABLE 22. Effect of sucrose concentration on growth of pollinated
ovaries in vitra. Flowers planted at stage of revolute corolla on
mineral salts-agar media containing casein hydrolysate (500 mg/1)
and various concentrations of sucrose. Figures in parentheses are
number of Type II pollinated ovaries, except for those on sucrose-~
free medium., All of latter were dead by the 7th day. Initial
diameter, approximately 1.0 mm. '

Days in culture 7 days 1L days
Sucrose ’
concentration Diameter Differences Diameter Differences
% mm mom
0 1.50 £,04(20) —
dead
2 2.08 £.10(10) 2.85 £,17(10)
31,12 .30% ,19
s ns
N 2.,39%.,07(10) ' 3,15 2,09(10)
.20k .12 2L+ .13
ns ns

6 2.19 £.09(16) 2,91 %,12(8)

s, significant at 5% level
ns, not significant
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diameters had‘increased approximately 50%. Ovaries on sucrose-~contain-
ing media more than doubled their diameter during the first week and
grew almost as much during the sécond, No significant differences in
diameters of ovaries on the different concemtrations were‘obtained,
except between the 2% and L% treatmenﬁs at 7 days. Ovaries on L%
‘sucrose increased ébqut 30% more in diameter than those on 2%. Although
the relativé differences remain more or less constant on the different
media, the significance is 1ost by the 1lhth day. Tt seems, therefore,
that the effect of sucrose at these different concentrations must be

on the initial rate of growth.

Two facts, then, are revealed in thié experiment. First, and most
obvious, sucrose at a concentration of L% or greater is apparently best
for growth of the ovaries. It is fortunate that this concentration had
been arbitrarily selected for all of the earlier work for it thereby
increases the value of the results.

The second fact requires consideration of a previous experiment.
In the investigation in whieh the minimal requirements were established
(p. 85), growth in the absence of sucrose was very slight (10% increase
in diameter) and death of the ovaries occurred after four days. It was
suggested that this small increase in diameter resulted from expendi~
ture of some endogenous substrate. When sucrose alone was added, death
also cccurred after about four days, but the amount of growth was
considerably greater, amounting‘td‘a 50% increase in diameter., In the
experiment reported here (Table 22) we égain see that on sucrose~frae
medium death occurs early (prior to the seventh day) but a 50% increase
is obtained; Two possible explanations come to mind: 1) caséin hydro-
lysate can substitute for sucrose in the minimal medium but is limiting

for growth at this concentration (500 mg/1); or 2) in the first experi-
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nent the type.of ovary was different. In other words, according to

the second explanation, the first experiment may have involved pre-
dominantly Type I ovaries whereaé in this experiment the ovaries were

-almost entirely of Type II (four Type I responses were obtained out of
20 flowérs'planted in the 6% sucrose treatment). Therefore, the follow-

‘ing experiment was set up to clarify the situation,

‘Flowers collected at the stage of revolute corolla were planted
whole on plain agar medium (no mineral salts or sucrose) and were al-
Jlowed to develop for two days to use up endogenous subsirate. The
corollas dehisced naiurally and were removed on the second day. The
diameters of a random sample of 26 ovaries were measured and found to
be 1.07 .03 mm. Assuming an initial diameter of 1.0 mm, this repre-
sents a growth rate of only 0.035 mm/day. The corresponding rate for
the Type II ovary, calculated from the standard curve (Figure 13), is
0.22 mn/day.

After this preliminary starvation, the ovaries were transferred at
random to either minimal or supplemented media and were allowed to grow
for an additional fourteen days. The results obtained are given in
Table 23 along with the data from a parallel group of non-starved ovaries
grown on minimal medium for fourteen days only.

The results are striking; The Type II growth response is com—
pletely abolished among the prestarved ovaries. Two days of starvation,
hbwever, does not prevent the ovaries from continuing to grow. When the
treated flowers were transferred to a medium containing sucrose and
~mineral salts, they did not attain the growth rate of non-prestarved
ovaries groﬁn on this medium but continued to grow at the same rate as

during the starvation period (0.035 mm/day). Thus one can calculate
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TABLE 23, Effect of two days of prestarvation on subsequent growth of
Diameters after 1l days of growth on minimal and
supplemented media. Figures in parentheses are number of replicates.

- pollinated ovaries.

- Medium

Ovaries prestarved,
Minimal
Minimal plus

Minimal plus
plus
Minimal plus

plus
plus

2 days

Bwvitamins

caséein hydrolysate

Bevitamins
casein hydrolysate

B~vitamins
casein hydrolysate
ascorbic acid

(20 mg/1)

Ovaries not prestarved (control)

Minimal (35)

Type 1 ovaries

Type II ovaries

Mean
Diameter
after 1l days of culture

mm

145 *,05 (9)
1.51+ .15 (12)
1.5 *,10 (8)

1.52t,07 (2L)

1.47* .04 (A7)

1.48 *.,03 (A4)

2.43 *.09 (21)
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that on the 16£h day they should have reached a diameter of 1.56 mn
and in faéb ﬁone of the gfoups differed significantly from this figure.
Tn considering the results of all three experiments in which
sugar-free media or prestarvation treatments have heen used, one can
conclude that the Type 1 ovéry contains a cerﬁain amount of some
-endagenous materials which will support growth for four days, but after
this time an external supply of substrate, which can be supplied by
minimal medium, is required. It appears that the difference between
the Type II and Type I ovaries is that the Type II contains scme addi-
tional factor(s) which is concerned with the greater initial growth
rate of the ovary in the presence of organic substrates, when the
minimal requirements for proionged growth are not met. Also, this
factor must be involved in the characteristic, continued increase in
diameter given by the Type II ovary on minimal medium. This growth can
be fitted to an equation which is third order with respect to time,
The Type I growth is linear. This factor(s) is either inactivated or
ineffectively expended by the starvation treaiment and cannot be
replaced by B-vitamins, a mixture of amino acids (casein hydrolysate),
‘or ascorbic acid, used individually or in combination. It seems highly
probable that this factor is contribuled or established by either polli-
nation or fertilization, and supports the evidence presented in the
previous section that the Type II ovary has been pollinated and probably
fértilized. In this case the grow{h response given by the Type I ovary

is common to all ovaries--fertilized, pollinated and non-pollinated.
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Growth of the Pollinated Ovary on Other Media.

Utilization of other carbohydrates. —— Since sucrose has been

shown to be one of the most important constituents of the minimal
medium required for growth of pollinated ovaries, it is of interest to
know*whethef other carbohydrates can substitute for this requirement.

: Media cbntaining each of the following were preparedé 2% glucose,
2% frﬁctose, 2% galactose, and 2 and 4% sucrose. These media were
planted with flowers collected at the stage of revolute corolla. After
four days of incubation, non—contaminated, growing ovaries were trans-
planted to new plates of the samé media. The diameters were meésured
after 1 days of culture.

The results (Table 2) indicate even more clearly than those given
in the preceding discussion (p. 106) that we are dealing with two differ-
ent types of growth response and that the mechanisms for these responses
differ in two respects. Growth of the Type I ovary is not affected by
changes in sucrose concentration but can be supported by several carbo-
hydrate sources, including galactose. The mean lh-~day diameter of
Type I ovaries on all of these media falls just short of the 1.5 mm
diameter used to characterize this type of response., Type II ovaries,
on the other hand, show a dependénce on sucrose concentration and cannoct
utilize galactose, The diameter 6f ovaries on L% sucrose is greater
than those on 2% by 2,5#,10 mm. This difference is significant at the
5% level. On gaiactose > Type II ovaries apparently revert to Type I.
Either 2% fructose or 2% glucose, however, can substitute with'equal
effectivénéss for L% sﬁcrose'in supporting the growth of the Type II

:ovary. .The growth resulting on these media amounts to an increase in

diameter of 130~140% in fourteen days. Since the molarities of these
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TABLE 24. Growth of pollinated ovaries on various carbohydrate
substrates. All media contain mineral salts. Diameters measured
after 1L days of culture. Figures in parentheses are the number
of ovaries of each growth type.

Number Diameter (mm)
Substrate | * ovzfies Type II ' Type 1
Sucrose, L% 35 2.L3 #,08 (21) 1.48% .03 (1h)
Sucrose, 2% 33 2.18 2,06 (2h4) 1.b5* .04 (9).
Glucose, 2% 38 2,32 +,05 (34) 147%.07 (L)
Fructose, 2% 33 2.34 £.06 (32) 1.38 R¢Y

Galactose, 2% 33 — 1.40 £.02 (33)
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three sugars are almost equal at the concentrations mentioned and since
2% sucrose, with half of this molar concentration, results in an increase
of only 118% after'IL days, the evidence again points to an effect on
the initial growth rate. Galactose is not effective in eétablishing
rapid gfoﬁth; therefore, the sugar requirement of the Type II ovary
‘appearé to be specific towards sucrose or its constituent monosaccha-

rides.

Effects of mixtures of B-vitamins and amino acids. —— Several of

the early experiments had suggested that B-~vitamins and casein hydroly=-
sate supplements in minimal medium could bring about an inereased
growth in diameter over that which could be obtained on minimal medium
alone, After it was possible to grow plants under the filtered-air
conditions of the Phytotron, this point was immediately reinvestigated.
Flowers, collected at the stage of revelute corolla from these

plants, were grown on the following media:

a) Minimal (control),

b) Minimal plus B-vitamins, and

¢) Minimal plus B-vitamins and casein hydrolysate (500 mg/1).
The cultures were incubated under the standard conditions and the
diameters of the ovaries were measured at weekly intervals after plant-
ing. The results, glven in the first part of Table 25, show that addi-
tion of casein hydrolysate anﬁ B—vitamins indeed promoted the growth
of these fruits as compared with minimal medium. The diameter of fruits
grown on medium (¢) surpassed that of fruits on minimal by approximately
0.15 mm throughout the entire period of growth; on the 1lhth day of

culture ‘this amounted to about 10% of the total increase obtained on
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~ TABLE 25. Effect of B=vitamins and casein hydrolysate on growth of
pollinated ovaries. Figures in parentheses are the number of Type II
ovaries. ' :

Experiment 503, 1951

Days of : :

culture: 7 1L 21 , 3L

Sugp_iemen‘bs | Mean diameter (mm)

a) None =—{minimal 2.33+t,05 3.1h%*.11 3.66%.11  L.a5%.11
control) (16) (16) (16)  (16)

b) B~vitamins ' 2.26 +,08 2.94+.09 3.56*,09 contami-

(19) (19) (17) nated
¢) Bwvitamins

casein hydrolysate 2.8 *+.,06 3.37t.09 3.831%.10 L.30%.11
(500 mg/1) (17) an (17) (17)

Experiment 512, 1951

Days of

culture: ' 7 1L

Supplements Mean diameter (mm)

a) None =—(minimal 2.05%,13 (9) 2,60*.18 (9)
control)

b) B-vitamins 1.97 .10 (17) 2.61% .23 (9)

¢) B-vitamins, casein

hydrolysate (500 mg/1) 2.14 *,09 (16) 2.88%,09 (10)

Casein hydrolysate

d) 100 mg/1 2.2 .05 (18) 3.09+.13 (10)
e) 300 mg/l 2,16%,08 (19) 2,75%.17 (10)
£) 500 mg/1 2.39 £,07 (10) 3.15%.09 (10)

) 1000 mg/1 | 2.32+ .05 (20) 3.15£.13 (10)
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. minimal medium‘alone¢ This difference is significant at the 5% level

for only Lh_é first week of growbhi. Since the difference in diameters
remains constant throughout the eﬁtire period of culture, growth in
volﬁme‘must be decreasing relatively more rapidly on the medium con-
taining the vitamins and amino acids. In other words, as the diameters
increase,.the relative differences in volume become less. Thus the
additional constituents of medium (c) must be affecting the initial rate
of growth., The diameters of fruits which developed on the B-vitamin
medium did not differ significantly from those on minimal medium at any
time of the growth pefiod. But it is not possibie to say from this
experiment whether the promotion given by the more complex mixture (¢)
was due entirely to casein hydrolysate or whether the latter was effec-
tive only in combination with the B-vitamins.

The experiment was therefore repéated, using casein hydrolysate
and B-vitamins, both alone and in combination. Also, the number of
treatments were extended Lo include several concenbrations of casein
hydrolysate. The results are given in the second part of Table 25.

The second experiment demonstrates again the lack of effect of
Bmvitémins by themselves but shows very slight promotion due to the
combination of vitamins and amino acids (medium c); only the comstancy
of the differences in diameters seem significant. On the 7th and 1llth
days of culture, the relstive increases in diameter of ovaries on {(c)
wérevonly 9% and 6%, respectively, éf the total increases obtained on
minimal alone by each.of these days. The data also show this effect
to be due entirely to the casein hydrolysate. It even seems that addi-~

tion of B-vitamins decreases the benefits derived frém the amino acid

‘mixture by itself. Equal concentrations (500 mg/l) are about two to

four times more effective in increasing the actual amount of growth
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.. (volume) when uéed alone than when used in combination with the mixture
of B-vitamins. The promotion (increaée in diameter) effected in ovaries
grown on the higher'concentra@ionsbof casein hydrolysate (500 and

1000 mg/1) amounts to 35% of the total increment in diameter attained
on minimalvmedium alone after 1l days of cultufe. These promotions are
éignificant at the 1% level. Lower concentrations of casein hydrolysate
are less promotive, Treatments (a) and (c) of the first experiment and
(a) and (f) of the second (in either case, minimal medium and one con-
taining casein hydrolysate at a concentration of 500 mg/1) have been
plotted in Figure 16. A comparison of identical or similar treatments
of the two experiments shows that on neither the minimal medium nor
casein hydrolysate medium of ﬁhe second experiment did the fruits attain

the amount of growth reached on the corresponding media of the first

the casein hydrolysate are greater in the second case.

The nature of the casein hydrolysate promotions of growth. —— It

has already been suggested in the above experiments that casein hydroly-
sate aéts on the growth of these fruits by increasing the initial growth
rate. However, if we review a number df experiments in which either the
initial growth rate has been affected or casein hydrolysate has been
employed in the media, it seems probable that this sapplement is playing
-iwé roles in the growth of the Type.II ovary.
a) TWhen éxcised flowers were planted on a medium contain~
ing sucrose alone (without mineral salts), the amount
of growth of the ovaries which occurred during the

first two days was not different from that made by



Growth = Increase in Diameter (mm)

Days of culture

Figure 16, Promotion of growth of Type II pollinated ovaries by ad~
dition of casein hydrolysate (500 mg/l) to minimal wedium. Results
of twoe experiments, designated with circles and crosces. Broken
lines, supplemented medium; solid lines, minimal mediur. ILetters
refer to data of Table 25, Initial diameter, 1.0 mu.
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ovaries on media containing sucrose and mineral
salts; bﬁt growth stopped abruptly after about four
days. The diameﬁer at this time represented an
increase of about 50%. (Table 16).

‘b)‘ Approximateiy this same amount of growth (50% increase
in diameter) was obtained by ovaries grown on a
sucrose-free medium containing casein hydrolysate and
mineral salts. This increase all occurred prior to
the seventh day and all ovaries died unless sucrose
also was present. (Table 22).

c) In lhe absence of l.mth sucrose and casein hydroly-
sate, ovaries increased in diameter only 7% in two
days and continued to increase at the same rate (that
of the Type I ovary) even when afterwards‘supplied
with both of the organic constituents. (Table 23).

It has alsc been shown that sucrose, glucose or fructose are
specifically required for the growth of the Type II ovary. We must
conclude, then, that casein hydrolysate can substitute for the sucrose
requirement of the Type II ovary under conditions in which the minimal
requirements for continued growth are not met, i.e. sucrose and mineral
salts. Continued growth in both cases must be limited by other materials
contained in the ovaries. For ovaries on sucrose alone the limiting
féctors would appear to be some essential mineral requirement. For
those on casein hydrolysate, howevef, it is the amount of substrate
avallable for growbh. Since the sucrose requirement is specific, it
also seems probable that establishment of this characteristic growth

of the Type II ovary requires some essential organic substance or the
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energy obtainéd from a particular mechanism, From what we know of
general meﬁabolic reactidns, it seems possible that phosphate and
Krebs cycle acids are involved iﬁ these two cases,

The above factors, however, are not sufficient in themselves for
gruwth of the Type II ovary. DPrestarvation of the ovaries reéults in
-complete obliteration of this type of growth, but the ovaries can
continue to grow as Type I. Pollination or fertilization is the
apparent difference in the two types. Hence, both sucrose and casein
hydrolysate must exert their action in establishment of the Type II
growth rate through some factor originating from one of these physi-
ological processes. This, then, is the pollination-fertilization
factor. The differences in the relative amounts of growth obtained in
different experiments using identical media and lengths of culture
sugzest that the amount of this factor varies and that it is actually
the prime determiner of Type II growth. The addition of casein
hydrolysate to minimal medium in some way supplements this factor in
determining the initial rate,

The probable manner in which the supplementary action of casein
hydrdlysate is obtained is perhaps best revealed in the experimentsg
with mutilated flowers given in Section 2 (Tables 1L and 15). When
flowers were mutilated at the stage of beginning anthesis (unpollinated
flowers), only Type I ovaries were obtained. This is to be expected,
éince removal of the style would prevent pollination and fertilization.
_Similar flowers planied without mutilation produced predominantly Type II
ovaries on both minimal and casein hydrolysate-~supplemented media, OCn

vthe 1atter,‘h0wever, both the number of Type IT fruits and also their

diameters were increased over those which grew on minimal. This suggests
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that caséin hydrolySate is capable of bringiﬁg about a greater amount
of'pollinatioﬁ and fgrtilization, thereby increasing the amount of the
pollination-fertilization fac;or.. Its effect may be only indirect,
however, mediated through either better pollen growth or ihrough a

promobive acbion on fertilization.

Effect of auxins. -— In the early experiments indoleacetic acid

(IAA) was included in media in concentrations ranging up to 100 ”g/l.
No measurable effect on growth was observed. Some ovaries always grew,
even in cqmplete absence of auxin. A number of auxins, however, are
known to be very effective in the production of parthenocarpic fruits,‘
and since it is well known that certain of the auxins are definitely
polar in their movement, it might easily be that the auxin originally
added was not able to reach a site where its action could be exerted.

To check this possibility, an experiment was run in which auxin
was supplied to the apices of the ovaries. Flowers, collected at the
stage of revolute corolla, were planted on minimal medium and were
allowed to develop for sii days. After this preliminary culture period,
the dehisced corollas were removed and the styles were broken off at
their point of attaclment to the ovary. Sterile agar blocks, contain-
ing indoleacetic acid (IAA) or naphthaleneacetic acid (NAA) in con-
centrations of 0, 0.1, 0.3, 1.0, 3.0, 10.0, and 30.0 /‘g/l, were then
- seated firmly against the stylar sﬁrface of the ovaries and the cultures
were replaced in the incubator for an addibtional period of eight days.
The ll~day diameters are given in Table 26,

Both TAA or NAA affect the growth of the Type II ovary. The

optimal concentraticn for growth promotion by both auwxins appears to be
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TABLE 26, Effect of auxins on growth of Type II pollinated ovaries
in vitro.. Naphthaleneacetic acid (WAA) and indoleacetic acid (IAA)
applied in agar block" to the stylar region of six-day old fruits
Number of replicates shown in parentheses
Initial dlcmr-*-te“ anprox imately 1.0 mm,

cualtivated in VA

Auvin
concentration

o o
oun 0@

daf sguares

71 10.48
7 3.93

ZE Ly

Dontrnl

{nc agar tlocks) Ia4

Mean lli-day diameters {mm)

2.72 2,00 2) 2.
2,50 ,10
2.52% 1k
2.73 E,1k
2,91 2,16
2,56 % .15
2,51 2,12
Anzlysis of variance
(124 and controls)
Variance

.)6“ . F e 5,49
- significant at 1

14 lavel

NAL

()
contaminated
2.48%,12 (9)
contaminated
2,93 %.,20 (9)
2.9 %12 (10;

2.60%,05 (10)
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343/@713 higher concentrations are inhibitory. The amcunt of growth
(increase in diamete:) brought about by the optimal concentrations is
20-L0% greater than that obtgined.by the lower concentrations or controls.
These differences are significant at the 5% level; those at other concen~
trations are not. Growth of the pollinated ovary in vitro, while
'apparently not completely limited by an external source of auxin, can

be increased to a dight extent by the application of physiological
concentrations of IAA or NAA, Similar auxin-induced increases in

growth of poorly pollinated and self-pollinated fruits, developing on
intact plants, have been demonstrated by Howlett (33) in commercial

greenhiouse tomatc varieties.

Effects of other supplements. - Investigation of the effects of

a number of other factors and growth metabolites failed to reveal any
growth promotions in the early experiments. Trans-cinnamic acid, an
antiauxin, failed to prevent growth of fertilized ovaries. TFruits
cultivated on yeast extract, malt extract, juice of green and of ripe
tomatces, and non-autcclaved coconut milk were not markedly different
in size from the controls. Ixtracts of lyophilized leaves of red
currant tomato, made with ether or aqueous alecohol, proved toxic to
the growth of fertilized ovaries; the residue from such extractions
was without effect (at seven days 16 ovaries on minimal medium were

2.33%,05 mm in diameter; 18 on minimal plus leaf residue, 2.2, ¥ .05 mm).

Pigmentation. - At the time of the dehiscence of the corolla from

flowers of Lycopersicon pimpinellifolium developing on the plant, the

ovary is more or less non-pigmented., During the normal course of
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development, hdwever 5 it rapidly becomes green through the development
of chloroplasts in the pericarp. At maturity the green color is
intensified through the loss of a whitish opaqueness of the surface
layers of cells. Finally, the color of the fruits changesthrough stages
of greenish yellow, yellow—drange, and red-orange to bright red. The
.orange and red pigments occur in rod-shaped chromoplasts, which are
particularly concentrated in the inner cell layers of the pericarp and
in the gelatinous placental tlssue which swrrounds the seeds.

Fruits, planted in vitro and grown in dark for five days, remain
colorless but will develop chlorophyll if transferred to continuous
artificial illumination after 5 days. However, if the dark period is
prolonged for two weeks, the ability of the ovary to develop chlorophyll
is lost. Older cultures never become green even when left exposed to
light for weeks. Daily illumination of young cultures for shart periods
is also ineffective in causing visible greening.

The earliest development of the pigments of maturity which has thus
far been observed in fruits grown in vitro is 3L days, approximately the
same length of time in which the earliest pigmentation has been observed
on the plant (36 days). Periods of total darkness up to two weeks have
not prevented the development of orange and yellow pigments in some
fruits older than 21 days at the time of exclusion of light. In addition
some fruits have been observed to remain alive for prolonged periods
without becoming pigmented even when exposed o light., The longest
period recorded is 1l days. There appears to be no correlation between
fruit size and ability %o form pigments, nor between nutrients and either

- degree or quélity of pigmentation. In some of the early cultures yellow

fruits only developed. These were on minimal medium supplemented with
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 biotin 5 4g/1 and IAA 10 ug/l. Similar fruits were later observed on
minimal only and minimal plus other supplements. The yellow cclor in
these cases has been found to be restricted to the epidermal cell walls.
Fruits with other pigments have alsc been found to have the yellow
epidermis but the color 1s masked by the more intense red and orange
pigments,

The development of pigments in fruits either on the plant or in
culture does not mean the end of growth in size., Increase in diameter
nmay continue for much longer periods, but the rate is always slow.

Both seeded fruits attached to the plant and fruits developed from

Type II pollinated ovaries in culture have shown rupture of the epidermis
after extended periods of timé. The attached fruits, though, soon become
overripe and begin to rot. In culture, the splitting continues completely
through the pericarp and may take place in several directions. Subse-
quently the inner cell layers of the pericarp tissues continue to grow,
and in so deing produce a curling back of the strips of tissue. Thus

the fruit is literally turned inside out. It would seem then that one

of the limiting factors in ultimate fruit size is the extent of growth
of the epidermis. Hayward (78) states that the number of cells in the
epidermis of the tomato fruit is the same as in the ovary, indicating

that the epidermis grows only by cell enlargement.

Root and callus formation. — In contrast to the excised flowers

of Iycopersicon esculentum, which were used by Nitsch (20, 67) and

which develop roots when cultured in the dark on a medium containing

-thiamin, those of L. pimpinellifolium do not form roots on minimal

media supplemented with thiamin alone or with most of the other supple-
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ments employed in these ihvestigations. In fact roots have been observed
on only four media =~ minimal supplemented with thiamin (0.1 mg/l), and
adenine, guanine, cytosine and uracil (1 mg/1 each); minimal with ade-
nylic acid (0.1 mg/l); minimal plus non-autoclaved cocomut milk (10%);
and minimal plus trans-cimmamic acid (1 mg/1). In none of these media
did rooting occur on all flowers or even on all with growing ovaries.

The presence of roots has not been observed to have any appreciable
effect on the growth and development of the fruits, although a slight
delay in development of pigments at maturity is suggested.

Callus formatioh, which was observed by Nitsch (20) on media con-
taining either synthetic auxins or autoclaved coconut milk, has been
obtained on the pedicels of the red currant tomato only on the coconut
milk medium and on a medium containing trans-cinnamic acid. In the
first instance small calluses are produced on all flowers which grow.
This type of development on the trans—cinnamic medium is less extensive
and much less uniform. No correlation seems to exist between rooting

and callus formation.
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E. Discussion.

Iﬁ the preliminary discussions of this work, it was peointed out
that the value of in vitro studies depends upon demonstration that the
results obtained by this means compare favorably with the situation in
situ. These studies have concerned growth, Hence, the best criteria
for comparison are probably the growth rates. In the invéstigations on
the gfowth of fruits attached to the plant it was found that two types
of growth response can be cbtained from the ovaries of presumably polli-
nated flowers. The apparent difference between these two types is |
whether or not they contzin seeds. In all of the seedless fruiﬁs Ob=
served, the diameter on the fourteenth day after the stage of revolute
corolla has been found to be of the order of 1.5 mm. This represents
an increase in the initial diameter of 50%. In one instance, growth of
one of these fruits continued for longer periods of time at a rate of
approximately 0.2 mm/vwk. (ps. 50), Within the limits of accuracy with
which these measurements could be made, both values represent a growth
rate of 0,03 mm/day, which is linear throughout the period of growth.,

" The sigmoid nature of the growth curve of the seeded fruits (Figure T7),
however, indicates that increase in diameter of the seeded fruit is
exponential., Since the size of the fruits which contain seeds can be
correlated with the number of sceds developing on the 1llth day‘(Téble 5),
the number of seeds must be a function of the growth rate and the mean
growth rate of the fruits during the period of most rapid increase in
size would be of the crder cf"O,hO mm/day s

| None of the fruits grown in culture show development of seeds.,
: However? it-has been possible in several ways to distinguish two types

.of growth response in these fruits, too. Those ovaries which have heen



designated Tyﬁe I grOW*at‘a linear rate of 0,035 mn/day, Type II
ovaries, oﬁ the other hand, increase exponentlally, with initial rates
ranging up to 0.22 mm/day. This.grcwth rate gradually decreases. The
variability in the sizes of these fruits growm in vitro is the same as
that in seeded fruits growm on the plants (Table 10).

| It is quite apparent from the growth rates, from the types of
growth, andifrom the variability that the two types of cultivated ovaries
represent the development in 21322 of the two types wﬁich can be distin-
guished among fruits growing on the plant, This interpretation is
further substantiateﬁ by the experiments with mutilated flowers and by
the correlation existing between the stage of flower dewvelopment and the
types of growth response obtéined. Mutilation of flowers after the time
of pollination does not prevent the development of seeded fruits on the
plant nor of Type II ovaries in culture. Mutilation before pollination,
haﬁever, eliminates Type II ovaries in culture, but equivalent flowers,
planted without mntiiation, develop as Type II fruits and also the
number of such fruits is increased over those of groups which were muti-
lated. It therefore seems evident that the Type II cultivated fruit is
equi#alent to the attached seeded fruit and ihat it is probably ferti-
lized, whereas the Type I development represents that of either a non-
pollinated or at least non-fertilized ovary.,

What, then; have the in vitro studies told us about the growth
réquirements of thesg ovaries? In the first place, it seems that both
types have obligate requiremeﬂts for both mineral salts and a source of
carbohydrate, if growth is to be continued for any length of time. In

- the absence of either of these requirements, some growth will take

’place for a short time, presumably at the expense of endogenous materialsg, .
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~ but death will.occur-after'abaut four dayss' In the case of the Type I
ovary, the éarbohydrate réqnirement for continued increase in diameter
can be satisfied by several sggaré, including galactose. The amocunt

. of growth is nct increased by raising the sucrose concentration above
2%. In thé Type IT ovary, on the other hand, the diameter can be
éignificantly‘increased during the initial stages of growth by increas-
ing the mnlai concentrations of sucrose up to M/10 and by the addition
of casein hydrolysate tc the medium. Another effect of casein hydroly-
sate will be discussed later,

Thus it seems that the growbth in size of the Type II ovary is
actually a composite growth resulting from two different processes, one
superimposed on the other, and that the observed increase in diameter
(or volume) which characterizes the Type II response can be separated
into two parts -~ one part due to a basal growth process (I), which
is common to non=pollinated or non-fertilized ovaries and to those
pollinated or feriilized; and another part which resulis from the
establishment of an additional process (II) through pollinétion or
fertilization., The fruits growmn in culture do not attain the size of
thoce ‘dcveloped on the plant; therefore, it seems that we must add still
a third component in the growth of the normal attached fruit, namely,
one attribuiable to a seed facior.

Since the basic difference between the Type I and Type II ovary
sééms to be that the latter possesses the pollination~-fertilization
factor (FFF), one migﬁt at first conclude that this factor and process
II are the same. This does not appear to be the case, however, for two

‘reasons: a) the pollination-fertilization factor seems to function in

a quantitative fashion which is reflected in the magnitude of the



-125=

initial growth rate; and b) it also seems to function by means of an
intermedia_rjr substance. The evidence which concerns (a) is that indivie
dual ovaries of any lot and group‘s of ovaries collected at different
times have different capacities for responding under identical treate
ments. On the plant we know that a similar variation is associated
vm’."bh the humber of seeds which develop., The facts which pertain to
(b) are that in the absence of either sucrose or casein hydrolysaté
in media which only partially sabisfy the minimal requirements of
growth of the Type II ovary (mineral salts and sucrose) no Type IT
growth response can be obtained. If either of these organic materials
are present, however, the Type II growth rate is established and ean
be maintained until the suppiy of endogenous materials in the ovary
is expended. Thus, sucrose or casein hydrolysate can bring abocut this
conversion of FFF to an activé form, whereas galactocse cannot. Fructose
and glucose can substitute for sucrose, both for this conversion cf FFF
and for continued growth afierwards,

All of this evidence can be incorporated into the following scheme

for growth of the cultivated ovary:
| FFF

|

Mineral limiting substance S Growth

Type 1 + salts - + = Type II
ovary ’ and ' Type I response
Sucrose I 3= Tesponse

The various factors which have been shown to influence the growth of

the cultivated fruits may now be classified into four iypes:

a) Qualitative factors -- such as, stage of i’lower develop=

ment,; mutilation practices, starvation treatment, and
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Smog - all of which affect the nature of the avary
by determining presence or absence of the pollinationw
fertilization factor. Smog is generally detrimental
40 both types of ovaries.

t) Substrate factors —- Mineral salts, carbohydrates,

endogenous materials in the ovary, etc. All materials

which may be used for growth in either process.

¢) Conversion factors -~ Specific substances needed for
changing FFF to the limiting substance: casein hydroly-
satej'sucrase, glucose, or fructose.

d) Promotive factors -- Temperature, carbohydrate concen-

tration, auxihs, casein hydrolysate.

In connection with the quslitative factors, it has already been
mentioned that Type II growth respcnses are largely restricted to
stages of flower development after pollination and fertilization when
flowers were mutilaled at planting. The number of such responses is
greatly increased when flowers are not mutilated, particularly the
number from flowers planted at beginning anthesis., Elimination of smog
resulté in almost complete elimination of growth failuree and redigtri-
bution of growth responses in favor of Type II, Starvation of the
ovaries, hgwév%r, apparently results in complete destruction of FFF,
since no Type 11 responses can be obbtained on subsequent transfer to
»ﬁedia favorable for development, but starvation does not affect con-
tinued growth as Type I ovaries. All of these factors, then, exert
their influence through determining in a qualitative fashion whether or
net the limiting substance can be formed under otherwise favorable condi-

tlons.
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In.generél, substances used as substrate for growth also function
as conversion factors far the formation of the limiting substance. In
a few insiéncea, however, it has been possible to separate these two
funetions. Galactose, for instance can be used for growbth of the Type
IT ovary (containing PFF) but only by Preocess I; thus only Type I

'responses are obtained. Casein hydrolysate, on the cther hand, can bring
aboﬁt the fbrmation of the limiting substance when growth substrate is
limited to that c§n‘ba3’ned in the ondogenous materials of the ovary, dbut
it apparently cannot function as a growth substrate itself, at lesast

not to any great extént, since the ovaries die after four dayé‘just‘

as they do when sucrose is supplied in the absence of mineral salts,

In both of these cases, the ﬁypical Type II growth takes place during
the first two days. |

Then the minimal conditions are satisfied for obtaining Type II
response, the degree of response (amount of increase in diameter) can
be increased by several meanss increasing the carbchydrate concentra-
tion up to /10, addition of casein hydrolysate in concentrations of
500 mg/l or greater, application of either IAA or NAA at 3 g/l to the
apex bf the ovary, or raising or lowering temperature to the optimum
range of 20—260 C. Since all of these changes are reflected in changes
in the rate‘of growbh of the Type IT ovary, they probably are all acting
through the limiting substance. The concentration of carbohydrate and

casein hydrolysates seem definitely to do so, since growth of ovaries
which exhibit Type I response is not increased by changes in carbohy-
drate concentration and is nob supported Ly casein hydrclysate alone,
- One possible‘explanatian for the action of these two factors is that

they promote pollen tube growth in the ovary and perhaps méke conditions
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more favorable for fertilization, thersby iﬁcreasiﬂg the amount of FFF
which in tgra provides for more of the limiting substancebthrough which
the rate is increased. In vitro étudies on pollen germination and
growth have shown that certain growth factors are necessary, including
both sugars end amino acids for scme pollen (2;;)j and it is a well known
>fact that pcllen tubes will burst in hypotonic solutions. The increased
size of thevape IT fruits obtained from non-mutilated flowers planted
at the stage of beginning anthesis and cultured on 2 medium eontaining
casein hydrolysate indeed suggeststhat this may be the correct inter-
pretaiion. |

The temperature relations in growth of fruits in witro and for
those on the plant are divergent, In vitro an optimum of 20-26° C is
apparent while on the plant this seems to be about 17° C, Since temper-
ature can affect so many different processes independently it seems
probable that the processes affected in the cultivated fruit may be
those leading up to the formation of the limiting substance, perhaps
pollen growth or the conversion reaction. In the case of the attached
fruits scme other process, perhaps dealing with formation of substrate
in the leaves or its transport to the fruit, is limiting.

The manner in which auxin promotes the growth of the Type II ovary
is not yet élear. An externallsupply is certainly not necessary for the
bulk of the growth made. Auxin may perhaps actually be the limiting
substance and PFF may be a mechanism producing it. Pollination and
fertilization have been shown to establish an auxin-producing mechanism
in tobaceco (27, 28, 29). At least some of the auxin thus produced

-moves down the pedicel of the flower. Some of the observations on

‘root and callus formation in the present investigation would suggesd
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that thié is aiso the case for red currant tomato, Both roots and
calluses are known tq reqéire auwcin for their initiabion and to be
inhibited asbove a ceritain concentration. Since these phenomena occurred
on a medium containing an anti-auxin, trans-cinnamic acid, this suggests
that the éoncentration of endogencus auxin waé too high initially to
'permit these phenaména to cccur and that the inhibitory action was
counteracted by anti-auxin. On the other hand, these phenomena also
took place on media containing unautoelaved coconut milk, whieh has
been shown to be a good source of ether extractable auxin (100). The
evidence, then, is somewhat contradictory and in any respect is actually
not relevant to the awrin relations in fruit growth, except perhaps as

a side process, The very sméll mumber of Type I fruits encountered
throughout these investigations on the growth of the pollinated ovaries
has not permitted a direct stﬁdy of their auxin requirements separately
under optimal growing conditions, i.e. on minimal medium, Some of the
work of Nitsch, however, seems applicable to the situation,

Nitsch (20, 67) reported that pollinated ovaries of Lycopersgicon

esculentum (corresponding to those of flowers at the stages of revolute
and late corolla used in thess investigations) would increase in diameter
about 1337 in three weeks when grown on a mineral salts-sucrose medium
and that unéellinated ovaries (fram flowers at beginning anthesis)
‘increased no more than LO-50% during the same length of time. In several
other experiments with flowers presumably pollinated (planted at the

stage which cariesponds to late corolla for L. pimpinellifolium), Nitsch

found that the ovaries also increased no more than 50% during a three
week period of culture on the same mineral salts-sucrose medium and media

supplemented with tryptophan (20, appendix III)., On unautoclaved cocomut



=130

milk the‘increéSe amounted to 114% of the initial diasmeter. These
resulis seem to indicate that Nitsch also was working with the Type I
and Type II growbh responses in péllinated ovaries, and that the Type I
can be conwefted into Type II with scme factor contained in cocnut milk.
We know thét coconut milk contains auxin. Furthermore, Nitsch found

_ fhat non~pollinated ovaries could be made to develop like the better=
grcwing pollinated ovaries by addition of the auxins, 2,4~D and naph-
thoxyacetic acid, to the medium. It would therefore seem, as suggested
by Nitsch, that pollination in some mammer results in auxin formation
or liberation. The growth substrate requirements of the two types of
ovaries of L. esculentum appear to be the same as those of the equiva=

lent ovaries of L. pi@g;nellifoliﬁm. In addition, the maximum size of

the pollinated ovaries of L. esculentum cultivated in vitro is only
about half of that of thg attached fruit., They likewise coniain no
seeds, which suggests that a seed factor is also involved in develop=-
ment of the atiached fruit of the common tomato, It therefore seems
probable that the mechanisms for fruit development in both species are
identical and that the results obtained with either species are inter-
changéable.

The growth requirements of gherkin ovaries, also investigated by
Nitsch (20, 67), are slightly different from those of tomato. Nonpole~
linated ovaries do not grow on the basal (mineral salbs-sucrose) medium
e#én when supplied with auxin, Pollinated ovaries, however, not only
grow well without auxin but will also produce seeds if excision of the
flowers is delayed until three or more days after pollination. Both
-callus produdﬁion and increase in diameter are roughly correlated with

‘the duraticn_of this delay up to four days. After this time both of
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these regponsés and also number of seeds become maximm. This evidence
seems to emphasize quite'clearly that the limiting substance for growth
is derived from fertilization and that an auxin-producing mechanism is
established but is not itself wholly limiting, This mechanism might be
either this fertilization factor (PFF in the tentative scheme) or a seed
vfactor. The case of gherkin also brings out another point which concerns
this scheme. If process I exists, the factors which govern its opera=
tion in gherkin are more complex than in either of the tomatoes. In
addition, the embryo growth factors are either very‘simple‘anchan be
satisfied by a commoh growih substrate or else they may be synthesized
by mechanisms contained in the ovary itself, /

Through these inﬂestigaiioné of fruit development in vitro, certain
basic mechanisms seem evident in the three species studied. Specific
differences, however, also ocecur and much more theorough investigation
of éach is necessary before the identity of the mechanisms proposed can
be confirmed. In addition, it seems necessary to ask how, and if, these
influencing factors revealed for the culitivated fruits opefate on the
plant. Certain factors have already been demonsitrated to operate in
both cases with the fruits of red currant tomato. These ars the detri-
mental effects of smog but divergent effects of temperature., It is of
interest to know now where the natural growth substrate originates, to
determine whether this is the factor influenced by temperature or whether
some particular growth process is involved, Problems in the formation
of the Mimiting substance", identification of the auxin steps, iscla-

tion of the casein hydrolyéabe factors remain to be investigated.
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PART TWO
STUDIES IN VERNALIZATION

A, Introduction.

The concept of vernalization has been defined earlier (pp. 3=L)
and it has been stated that we distinguish two types of short=lived
plants in which flowering is dependent on exposure to a period of low
temperature., These types are the winter annuals and the true biennials.
The principal difference between them is that the former, e.g. winter
cereals, will eventually come into flower without previous cold-treat-
ment , whereas the biennials havefan obligate requirement for low tempera-
tares, It is still dublous, however, as to which of the two groups
certain plants should be ascribed and it may be that we must eventually
astablish still other groups of "cold—requiring" plants. Unequivocal
representatives of the winter anmual plants are the winter cereals; of
the biennial plants, many varieties of sugar beets, turnips, and carrotis
and the biennial varieties of Hybscyamus niger, which differ by cne gene
from annual forms of the same species (101)., Another difference between
the two plant types seems to be in the stage of development at which
they become responsive to low ﬁemperaturesa Winter annuals can be
‘ vernalized in the earliest stages of development, after the embryo has
déveloped for more than five days in the fruiting ear of the parent
plant, that is, long before the embryo is mature. Treatment of mature
grain is effective, providing only that a slight amount of germi-
’natimn has taken place, Similar attempts to treat germinating seeds of

biennials has produced little, if any, effect in this respéct, but the
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‘mumber of unequivocal biennial plants studied,is vet too small to say
that this,difference in time of respensiveness is a distinguishing
characteristic.

Physiological studies in vernalization which have been carried
' out in.the last ten to twelve years have shown that the cold requlre-—
ment can be undersitood as the result of the interacition of several
temperature dependent processes, some promctive to flowering and some
antagonistic. They apparently differ in such a way that abl low bempera-
tures the promotive processes can proceed at a more rapid rate than the
antagonistic. It has also been shown that the vernalization of the
winter cereals is effective only in the presence of oxygen and thab
the excised embryos can be as effectively treated as whole grain but
that they require an external source of suitable energy substrate,
which can best be supplied by sucrcse. The interrelations betwoen
these last two requirements, however, have not been definitely estab~
lished, and it was with this aim in mind that the present investiga=-

tion was undertaken.
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1. The Partial Processes of Vernalization.

The separation of vernalization intc several partial processes has
been achieved primarily Ulhrough bhe study of bhe iotimabe temperaburs
relations of these processes, particularly through the high-temperature
reversal of the cold action (devernalization). This was first discovered
by Gregory and Purvis (103) in attempts to dry out vernalized grain at
various temperatures, Periods of high temperature, given immediately
after the cold treatment, either abolished or greatly diminished the
vernalizing effectivensss achieved at low temperatures. The phenomenon
has since been more critically studied by Purvis and Gregory (102, 104),
using winter rye, by Stout (105), with sugar beet, and by Lang and
Melchers (106), with biennial Hyoscyamus.

A quantitative effect is achieved during the cold period-—as the
time of low temperature exposure is extended, the time to flowering is
decreased until a minimal time to flowering is attained. Further
extension of the cold period is without effect. In Petkus winter rye,
increasing the length of treatmént (L° ¢) from four days to twelve weeks
results in a gradual decrease in time to flowering (anthesis) from more
than 150 days to 50 days (107); longer periods are without additional
effect and, in fact, the second six weeks period gives but a fraction
of the promotive effect achieved during the first six weeks period. In
biennial Hyoscyamus the flowering time decreases as the cold treatment
is extended to 105 days, depending on the temperature {(108). If the
time of treatment is sufficiently long, almost any temperatures which
are effective for vernalization seem to give the optimum level of effect
(107, 108). These facts indicate that a vernalized condition gradually

builds up in the cold-treatment plants.



The effect of devernalization is alsc a guantitive one, increasing
with temperature and time (10L, 106). However, the relative effective~
ness of heat treatment decreases as the duration of the cold treatment
is increased, Eventually, a point is reached beyond which no devernali-
zation is possible (10L, 110)s, This relationship between the length of
cold treatment and the effectiveness of devernalization suggeslts that
vernalization proceeds in twe steps, one resulting in an unstable condi-
tion and the other in an irreversible condition, High temperatures are
capable of destroying the first, bul not the second; of these condi-
tions. This conclusion is supported by the observation, made first in
Hyoscyamus (106) and later also in rye (10h), that short periods at an
intermediate temperature rapidly abolish the possibility of devernalie-
zation. Thus in Hyoscyamus four to five days at room temperature
almost completely reduce the possibility of reversing the effect of
cold by five days at 329 C (106). Four days at 15% C prevenis subse-
quent devernalization in winter rye (10L). In both cases the lower
temperature is apparently high encugh Yo permit rapid establishment of
the irreversible condition, but not high enough for the destruction of
the reversible condition.

All of the preceding evidence can be fitted into the working

hypothesis proposed by Lang and Melchers (5) and Lang (6),

II C ~ Plowering

D (heat destruction)
We are therefore dealing with three processes (I, IT, and III). Two
of them (I and II) are involved in the formation of some condition
necessary for flowering; the third is antagonistic by counteracting the

activity of I, None of these processes require low temperature as such,
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but I and IT either have lower temperature coefficients or perhaps also
lower temperature optima than IIT. The first two, then become effective
only at low temperature,

As to the nature of the three processes, previous studies have
supplied only indirect and rather general bypes of evidenvee Sbout (105)
found in sugar beet that 17 days at 19.3° C are as effective as 36 days
at 13,29 in reducing the effectiveness of vernalization, This corresponds
to a Qg of 3.3, In winter cereals revernalization of devernalized grain
is possible. Purvis and Gregory (10L) found, working with moisture-
limited rye seeds and with threshold temperatures for devernalization,
that two weeks of additional cold at 1.8° were necessary to overcome the
effect of four days at 17° C. From these data they calculate a Qlo of
2,3 on the assumption thalt the sscond process is an achual reversal of
the first., These btemperature coefficients are characteristic of chemical
processes, The implication, then, is that the processes underlying
vernalization are biochemical (enzymatic). The "conditions" in which
they result are perhaps definite chemical substances. Lang (6) stresses
the point, however, that A, B, and C are not necessarily directly related
in a straight-line series of chemical reactions. Frocess III (B-»D) may
consist in a sidetracking of the intermediary product B or in its oule
right destruction. Purvis and Gregory {10l4) consider it a reversal of
I, since the winter cereals can be revernalized,

The nature of the substances which are produced in the course of
the vernalization processes is stlill entirely obscure. Although the
effect of the cold action is localized in the meristematic tissues where
initiation of flowers occurs, either in the epicotyls of the cereal
embrycs or the growing points of the biemnials (111, 112), graft experi-

ments between cold-treated and nen~cold-treated individuals of biennial
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and photopericdically sensitive plants (8) have shown that the ulti-

mate outcome of the cold treatment is apparently the formation of a

transmiessible flowering substance. This substance is nod idenbical

ecessary for the generation of the

rs has called this substance "vernglin®

vernalin, as well as that of florigen, is a

o

S
®
ot

W2

uite unknown, and we alsoc do not know how vernalin formation is
eraved to the processes of vernali ion proper. Howesve e do

related to the p { vernalization proper., However, we do

have some information of the chemical factors which enter into the

process of vernalization,
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2. Biochemical Requirements of Vernalization.

Our information about the biochemical reguirements of vernalizae
blon 1s based dlmost entirely on the work of Gregory and Purvis with
Petkus winter rye (102, 103, 104, 107, 109, 113, 11 ). This work has
revealed two facts: first, vernalization is effective only if the
tissues, in which the actual vernalization processes bake place (ths
embryos ), are provided with a suitable substrate., The function of this
substrate is to permit the embryo to negotiate the first specific step
of vernalization; second, vernalization is effsctive only if c¢old-
treated seeds are supplied with oxygen.

The substrate requirement has been demonsirated through the use
of excised embryos. As previously mentioned, the excised embryo can
be vernalized as effectively as whole grains (11l ) but they show two
striking differences in their response, Whereas in whole grains as
few as lj days of cold treatment produce a measurable acceleration of
flowering, this is achieved in the excised embryo only after two to
four weeks of low temperature, The second difference is that the
embryos have to be provided with a suitable sugar (112 ) in order that
rapid flowering after cold treatment will occur, That these two
features are furthermore causally related is revealed from the fact
that the sugar supply is essential only during that part of the cold
period which is ineffective in promoting flowering (107). Once the
cold trealment has extended beyond this lag period, the embryos can be
treated in the absence of sugar, It appears from these facts that the
embryo is supplied with some "ready-made" material from the endosperm
of the whole grain which is necessary for vernalization., The embryo

itself must contain the mechanism necessary for the production of this
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substance, but its production requires time,

The question then is this, does this substance serve as a precursor
(substrate) of the actual vermalization processes, or is it directly
involved in vernalization at all? If the férmer is true, one might
expect two things: first, the lag period should be abolished by grow-
ing the embryos for a few days on a sugar-containing medium at higher
temperatures; and second, it should be abolished by leaving the embryos
attached to their endosperms for the same periods of time and under the
same temperature conditions. Experiments of Purvis (11L) show that
neither of these postulates is mebt: neither growing the embryos up to
four days on sugar at 20° nor leaving them attached to the endosperms
of imbibed grain one or two days at 20° had any marked effect on the
lag period. DBut the lag period was completely abolished by leaving
them attached to the endosperm for one week at 1° c. Therefore, the
substance in question must persist in the embryos only at low tempera=-
tures. It is apparently identical with the first, or unstasble "condi-
tion" reached in vernalization, (B) in the above scheme of Lang and
Melchers—-its non-stability at higher temperatures being based on the
antagenistic process of vernalization (III). Sugar, then, must be
required for the production of B. Once B is present, the subsequent
steps of vernalization can take place without further sugar supply.

The secoﬁd requirement of vernalization was demonstrated by the
use of nitrogen atmospheres. Both continuous cold treatment under N-
atmosphere and the interruption of vernalizing periods by periods of
N-atmosphere at 20° completely suppressed the effect of low Lempera-
ture (102). Alternate periods of N-atmosphere and air, both at low
temperature, were effective towards vernalization only in proportion to

the time spent under air. Theee findings show that the second promotive
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process of vernalization (II) goes on only in the presence of O, while
the antagonistic process (III) becomes fully effective even in the
abssnce of oxygen. Thus, process II =- the further conversion of B ==
involves some obligavory oxidative steps: process III - the loss of
B = doss notb.

But the oxygen requirement of the first promotive partidl process
(I) remains unsettled, The N-aimosphere experiments of Gregory and
Purvis (102) were done with whole grains, in which the substance repre—
senting B is supplied by the endosperm. They do not, therefore, permit
one to decide whether process I is also strictly aerobic or not,

The present experiments were undertaken to settle this important
point, Before entering indo their description, however, one further
point must be discussed, This is the interrelation of growbh and
vernalization. Cold treatment of grains of winter cereals is effective
only if the grains have started germination, This is not surprising,
since most bilochemical processes camnot be carried oubt unless the cells
are in an active sialte, DBubt there is also a rather close correlation
between the amount of growth made by the embryos being kept in the cold
and the progress of vernalization, Uevernalization of vernalized winter
rye at ordinary temperatures, 20°, is apparently possible only if growbh
is in some way inhibited. This can be accomplished with anaercbic condi-
tions, which also prevent process II from occurring (102), or under
aerobic conditions when the moisture supply to whole grains of winter
rye is limiting for growbth (10L)., Thus the possibility of some csusal
interaction between growth and vernalization cannot be overlooked., This

mestion will be taken up later.
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B, Experimental

1. The Experimental Design.

Since the oxygen requirement of the first partial process of
vernalization cannot be setbled using whole gralos, Lhe experimenbs
were done with excised embryos. A cold period of six weeks was
chosen, since this period is sufficient to produce a high degree of
vernalization. The period was broksn into two periocds of thres
weeks, and the embryos were maintained either under the same condi-
tion of sugar and oxygen supply bthroughout boith sube-periocds, or were
trangferred bo 4ifferent condibions after three weecks,

The work of Purvis (107) shows that three weeks are sufficient for
the first process of vernalization to become effective, bul not suffi-
cisent for any considerable degres of vernalization to be attained.

Several other points, also established by Purvis and Gregory, are
pertinent to the design of this investigation and were conseguently
taken into account,

a) The optimal sugar concentration is 2% sucrose; this
concentration was used in all sugar-conbaining media.

b) The response bo sugar-supply becomes more clear-cut and
the individual variability is reduced if the embryos
are depleted of stored energy sources by growing them,
prior to the cold treatment, on a sugar-fres medium at
room temperature. Therefore, one series of the treat-
ments was run vsing freshly excised embryos, and another
with embryos which had been prestarved for four days.

¢) Treabments are comparable only when the day of planting
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or day of removal from the cold is the same for &ll
treatmenis. Excisions were therefore scheduled so

that all treatments could be removed from the cold on
the same day,

Fully vernalized winber cereals behave as long-day
plants, bul incompletely vernalized and non-vernalized
vlants may be promobted by shori~day conditions. To
avoid this complicabting factor, the plants were main-
ained on photoperiods of at least 18 hours after trans-
planting to greenhouse condibtions. In addition von
Denffer (116) has shown that flowering in winter oats
and barley is delayed under regimes of high mineral
nutrition, particularly high nitrogen. Therefore, the
mineral nutrition was kept at a low level, no plant re-
celved more than one liter of Hoagland's nutrient solu-
tion up to the end of the experiment, Provision was
also made for measuring the growth which had occurred

during the cold period,
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2, Maberial and Methods.

Flant Material.

The grains used in thig investigation were inbred lines of Petkus
summer rye H-620l and Petkus normal-siraw winter rye H=620L which were
cbtained from F. von Lochow-Petkus Gemeb.H., Bergen (Kreis Celle),

Germany.

Zmbryo Cultures,

Yedia. -- The basal medium employed by Purvis (113 ) was used with
the following minor wmodifications: subsititution of ferric tarirate
(Le8 mg/1l) for ferrous sulfate (0,51 mg/l), increase of the agar concen—
tration from 0.7 to 1,0%, and addition of the trace elements described
in Part I, Sugar medium was prepared by adding 20 g of sucrose to a
liter of basal salt solution. The pH of &1l media was adjusited to
neutrality with KOH and HCl, After autoclaving at 15 1lbs. pressure for
15 minutes, media are cooled to approximately 15° C and dispensed in

30 ml oliguots into ¢ em Peiri dishes.

Sterilization and excision. —- After selection for uniformity and

sound appearance, the grains were divided into lots of 100 and sach lob
was sterilized separately immediately prior to excision, For this pur~
pose, the grains were pult into 30 ml beakers and first covered with
Zephiran Chloride, diluted 1:5000, and swirled for 30 seconds to moisten
the surface. The detergent solution was then replaced with 25 ml of a
calecium hypochlorite solubicon ({ supernatant from adding 2.5 g Ca(GCl}E

to 100 ml water)). After 1 hour of sterilization the grains were washed
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once wilh sterile distilled water and drained bubt were 2llowed io

.

regmaln In the beaker. Bolth during and after sterilization the beaker
was kept covered with half of a small Petri dish. For excisions, five
to ten grains were removed at a time and blotited between sterile paper
vowels. Embryos were excised on sterile glass slides and freed [froum
all vieible traces of endosperm which might remain on the embryos.
These operations were done with the aid of specially ground nichrome
wire knives. After excision the embryos were transforred to the dishesn
of media. Sterility of all instruments and slides was obtained by
dipping in alecohol, flaming, and cocling between sterile paper towels.
With some experience, one complete lot of grains conld be excised
while the next was sterilizing, so that 2 continuous schedule of
excisions was maintained. Twenty-five embryos were planted in each
dish and three dishes were used for esach freatment.

A11 dishes of embrycs which were to receive identical treatment
during the cold period were placed in separate large vacuum desiccators.
Hach desiccabor had been previously surface sterilized by swabbing with
70% alcohol and equipped so that all gas exchange required would iske
place through fiiters of sterile cotton. This was accomplished by plac-
ing a plug of cotton inside the cupola~like top of desiccators with top
valves and securing it in place by means of a one-holed rubber stopper.
4 plece of glass tublng, of sufficient length to extend through the
perforated porcelain plate and just clear the bottom of the desiccator,

was inserted intc the stopper (see Figure 17). All evacuation and

o
ok
o

replacement of the atmosphere was thus reguired to take place lrom

l

bottom compariment. More even dispersal of the incoming gas could

o
(6]
£y

be expected in its passage through the perforated plate. In order to



Flgure 17. Deglecator eguipped
exeised embrycs under di
ile cotion in top of des
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celain plate; p. w, layver of distilled water.
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provide for a saturated alposphere a layer of sterile water was placed

in the bottom of esach desicealor before finsl replacement of the 1id.

Establishment of Nitrogen Atmospheres.

Each desiccator was separately evacuated to a pressure of approxi-
mately 12 mm of mercury. Moist nitrogen, obtained by bubbling the gas
through a 15 cm column of distilled water, was allowed to slowly fill
the desiccator until abmospheric pressure was reached. This evacuation
and refilling was repeated twice. The third filling with nitrogen was
allowed to proceed until a very slight positive pressure was built up

inside the desicecator,

Tenperature control.

No special attempt was made to control temperature conditions
exactly but use was made of existing facilities, and temperature checks
were made throughout the periods of embryo culture. A1l cultures which
were to receive residual growth (prestarvation) treatment were placed
for four days in a room kept at a constant temperature of 18° ¢, After
subsequent transfer of the embryos to appropriate media, they were
placed in desiccators, as described, along with an identical series of
freshly excised embryos, and air or nitrogen atmospheres were established,
Low temperatures were given by placing the desiccators in a refriger-
ated work and storage room. During the first five weeks of cold the
air bemperature of the room varied between 3 and L® C. At the sbtart of
the experiment one desiccator had been equipped with a thermometer,

inserted through a rubber stopper closing a side arm. Temperatures



-147-

inside this desiccator also fluctuated between 3 and L° but were fre-
guently faund to be about 0.2° lower than the room temperature. During
the last week of the cold pericd the temperature was lowered to 1-2° C,
At no time during the cold period did the temperatures exceed 5° C, the
upper 1imit of most effective vernalization temperatures reported by
Purvis (11L).

Transfer to new media or changes of atmosphere after three weeks,
which were required for all itreaiments to receive siz weeks of tobal
cold, were done at rcom temperature. These changes did not take more

than 2 to L hours,

Post-cold treatments.—-The procedure followed by Purvis (107)

was Lo remove plants first to room conditions to aveoid damage by sun-—
light and to permit an inerease in size before planting. Roots of
enbryos from no-sugar regimes were also flooded with sucrose solutbion

a

to improve the root system and to re-establish growth. Essentially the
same methods were followed in this investigation.

A1l cultures were removed from both cold and anaercbic conditions
on Gotober 5, 1951, and were placed in an insulated room in which the
temperature remained between 22-»2340 C for the entire period during
which it was in use. In view of the most recent work of Purvis and
Gregory (104), however, both this temperature exposure and the one
given at the time of the three-weeks transfers were probably sufficient
for some devernalization te cccur in those groups in which the degree
ol vernalization was low and 1little growth was taking place.

In order to make a record of the growth during the low tempera-

ture period, embryos from each treatment were laid out on sterile glass
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plates and shadowgraphed on Velcur Black A-3 photographic paper.

Embryos which had received no sugar or which had been under nitrogen
during the second three weeks of the cold period were transferred to
sugar media, Weak incandescent light from a 60 Watt bulb was given

to all plants 12 hours daily, until the majority of those of each treat-
ment had turned green and were of sufficient size for transplanting

under greenhouse conditions.

Greenhouse conditions.

As soon as plants had reached an appropriate size under the condi-
tions previously described, Lhey were bransplanted to a mixture consisie
ing of egual parts of unwashed river sand and vermiculite in plastic
quart containers, In general, only four plants were placed in each
container and no more than fourteen pots were uced per trecatment. In
those groups in which more than 56 plants had survived, five plants
were used per polt. After transplanting, each group was watered with
Hoagland's nutrient and was then placed in a lath house to beconme
established. OSupplementary light from batieries of incandescent bulbs
was given from 1600 to 0300 daily. By October 25 all plants were well
established and could be transferred to the heated glasshouse.
Supplementary light was continued throughout the entire culture period.
During the first six weeks after removal from the cold and subseguent
to transplanting, watering was done with nutrient only as often as
the pots showed evidence of drying. This occurred about every 10th day
in the lath house and once a week in the greenhouse, Afterwards

nutrient was withheld unless plants showed deficiencies; however tap water
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was given by hose as often as reguired. MNo pots received more than

one liter of nutrient during the cowse of the expsriment,

Criteria for Measuring Effectivensss of Treatments.

Certain technical difficulties confreont any study on the physi=-
clogy of flowering, particularly those on the physiology of flower
initiation (5, 6). Absence of visible flowers, for instance, does not
necessarily mean ineffactiveness of a given treatument. Some of the
early work of Uregory and Purvis showed this to be the case with both
vernalized and non-vernalized winter rye and spring rye: under con
tinuous shori-day treatment no ear emergence took place although spikelet
initials had been formed {(102). In view of this, at the termination
of this experiment, all "non-flowering" plants were dissected to determine
the presence or absence of spikelebs at the growing points and all doubte
ful cases were checked by microscopic examination,

Vernalization is, by definition, an acceleration of flowering
resulting from exposure to periods of low bemperature. Acceleration,
however, camnot always be measured on a time basis. With most plants
which respond to vernalizing treatments, increasing the duration of
cold treatment within limits results in a gradual shortening of the
vegetative phase which precedes the initiation of flowers. But environ-
mental and nutritional factors which influence vegetative growth can
greatly affect the duration of this vegebtative phase, as measursd by
time. On the other hand; Gregory and Purvis have demonstrated that the
number of leaves formed before the initiation of the ear can be a much
more objective measure for differences in flower formstion. Within

limits, then, the leaf number is an accurate measure of vernalization.
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There seems to be a maximum number of leaves which can be produced,
nowever., After this number the plants eventually flower, although not
at the same rate with respect to time.

izl

Yo have a

W
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many good criteria as possible for recording the resulis

vl wll groups bhe [ollowlng progedure was adopled. In Lhe flrsb place,
the time of ear emergence (appearance of visible flowering) was recorded.
Furthermore, each plant was removed from the container st this time and
the length of the main axis was measurad to the base of the blade of

the flag leaf {the last leaf formed before the inflorescence). Also,

the number of leaves were counted on the mein axis, since the terminal
meristen of this axis was invariably the site of initiation of the

first inflorescence, except when the main axis was killed or injured

at an early age.

By the L9th day after removal of the plants from the cold, flower-
ing (ear emergence) had cccurred in all but one of the spring rye treat-
ments and in several of the winter rye treatments, including those
which had been supplied with sugar and air for the enbtire period of
cold. All of these are trealments which are expected to flower early
on the basis of the results of Gregory and Purvis. First visidle
flowering in both of the winter rye treatments which received no low
temperature exposure had occurred by the 169th day. Since these groups
cannot exhibit any effects of the low temperature treatment, the 169th
day was defined as the limit of the period during whic% greatest effec-
tiveness of cold Treatment on flowering had been atbained.

During a certain periocd of the experiment -- from the 75th to the
115th days after removal of the plants from the cold ~=. almost no

flowering (ear emergence) occurred from the main axis. Many of the
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plants, however, had unfolded the flag leaf, which normally precedes
the appearance of the spike, Dissection showed that the ears had
stopped growing at varicus stages of development prior to emergsnce

and had eventually died, The reason for this phenomenon is not known;
low light intensity, smog, leakage of gas fumes from the heating system
in the basement of the greenhouse, and an aphis infestation, all may
have been contributing factors. The killing was apparently limited to
those plants in which flower formation had started; plants, which had
remained strictly vegetative until the 115th day, subsequently flowered
normally from the main axis. The affected plants, on the other hand,
all flowered from tillers, either of the first, second, or third order.
In the latter cases the parent shoots in each instance also showed
partially developed, dead inflorescences. Regardless of the nature of
flowering, that is, whether it was from the main axis or from a tiller,
The date of flowering recorded for each plant was the date that ear

emergence actually occurred.

No significant differences in the leaf numbers of plants flowering
by the 169th day were found in groups in which little or no vernalization
had been achieved. The leaf numbers in these groups were almost identi-
cal regardless of differences in flowering time. Since so few plants
had flowered at the 169th day, the experiment was continued until at
least 50% flowering had occurred in all groups and was terminated on
the 203rd day after the end of the cold treatment. The actual extent
of flowering which had occurred in these plants by the last day was
determined by dissection as mentioned previously.

The results of the various treatments have been reported in the

®

following ways. Since the tiller~f1 rering upsed tne measure of accelep-
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ation by time, the rate of flowering (% flowering) during this period
has besn substituted. Many plants in groups which were effected by the
inflorescence killing did not reach sar emergence until after the L
day. However, the leafl number on the main axis remained low. The
greatest vernalizing effectiveness is therefore determined by low leaf
numbers during the first 169 days. Those groups which were but poorly
vernalized or not at all vernalized were but little affected by tiller-
flowering but could not be distinguished by leaf momber. At the termi-
nation of the experiment the extent of flowering (%) coupled with the
days toc mean ear emergence conseguently reflects the rate of {lower-

ing for these groups during the enbtire period. Those with low percent—

ages of flowering and high mumber of days to ear emergence are the less
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3. Results.

The results obtained on the forty different treatments are pre-
sented in Tavtle 27. The leaf numbers and extent of flowering (%) by
the 169th day are alsc plotted in the diagrams of Figure 18,

In this figure, those treatments in which maximum, slight, and no
vernalizing effectiveness are to be expected from the data of Gregory
and Porvis have besen marked with specisl symbols.

Une fact becomes particularly obviouws from the diagrams. Several
¢f the treatmenis are sharply separated from all others and are clustered
arcund the points for spring rye and for winter rye vernalized, which
are the treatments in which rapid flowering is to be expected. Thess
other itrestments, bthen, have resulted in an acceleration which is egual,
or almost equal, to the maximum vernalizing effect that can be obitained
under the conditions of this experiment. The aceeleration is evident
both in the high percentage of flowering (above €0%) and the low leaf
number (below 13-1l leaves).

In the case of the prestarved trealments either criterion gives
an egually clear-cul pilcture; in the non-sitarved, the differences on
both counts are less distinet. Many treaiments are scattered betwsen
the expected vernalized and non-vernalized treatments. This emphasizes,
though, the adecquacy of the two measures, since a straight line correla=-
tion apparently exists. The inclusion of no=-sugar treaiments, which
should largely prevent a perception of cold by the embryos, is expected
bo be reflected chiefly in embryos which were prestarved. Purvis (107)

has shown that the non-starved embrycs contain materials which can be

entirely for growth at high temperatures. Therefore, this material has
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been largely eliminated in the prestarved embryos, whereas its presence
in nen—starved embryos is probably the cause of the greater effective-
ness towards flower promobion and the intermediate groups seen in
Figure 18. This will be taken into account in the discussions which
follow,

One may ask how far are these effects specific? If either the
lack of sugar during the first period, or the lack éf air, is generally
devrimental , then we might expsct that flowering would be delayed bul
alsc that vegetative growth would be similarly slowed down. Such does
not seem to be the case from the begimning. Even the prestarved freat-
ments, which should perhaps be more affected by detrimental factors,
show definitely that the vegetative growth must proceed uniformly with
time. In other words, the longer the time before the plants were
collected (low percentage of flowering), the greater the mmber of leaves.

Any effect of treatment, then, must be upon the flowering response.

Effects of Experimental Treatments on Flowering of Spring Rye.

Spring rye is not expected to be affected by cold treatment:; it
flowers as rapidly without cold as when given the same treatment as
winter rye (109). On the other hand, Cregory and Purvis have not
utilized spring rye controls in excised embryo studies. Since they have
shown that a slight "devernalization" (by one leaf) can be accomplished
in spring rye through subjection to anaerobic conditions at high tem-
peratures (102), the spring rye treatments used here stand in the way
of controls for the measure of detrimental effects of treatments used.
From bhe data in Table 27 for both starved and non-starved treatments,

and for those subjected to anaerobic conditions, it is quite evident
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that no detrimental effects were felt., The very low leaf numbers and
low heights of the flag leaves are strikingly constant. The apparent
differences in rate of flowering (%) by the 169th day cannot be con-
sidered significant because of the high percentage (50 to 80%) of tiller
flowering which occurred in these groups. It is quite safe, then, to

conclude that all treatment effects for winter rye groups must be upon

the flowering response.

Conditions Necessary for Effective Vernalization.

If now we select out the winter rye groups in which flowering was

equivalent to the spring rye groups, using high rate of flowering by

the 169th day and low leaf numbers as our criteria for selection, the
followd reatments qualify as being almost maximally vernalized:
Prestarved Hon=sgtarved
sa/sa sa/sa
sl/sa sN/sa
sa/-a sa/-a
/- /-2

What then are the requirements for vernalization?
First, and perhaps foremost, all of these treatments involve six

weeks of cold treatment, Noreover, non-starved {sa/aa) ig in every way
comparable to the spring rye treaimenis —— only 8.l leaves to flowering,
97% flowering by the 169th day, 100% by the end of the experiment, fewer
than 100 days to ear emergence, and less than 30 cm height at flowering.
The others are nearly as effective., With regard to the first periocd

of cold, it is easily seen that only sugar is necessary and that anaercbic

conditions have no effect, except perhaps in the non-starved enbryos
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where [lowering had been definitely promoted but scmewhat less effeg-
tively than in the other groups listed. Any changes which occurred
during the second period however, were apparently compleiely independ=
ent of the presence of sugar, but it is quite obviocus thalt alr must

be present. No treaiments gqualified for vernalizing effectiveness in
which anaercbic conditions obtained during the second periocd, These

results, then, definitely permit us to say that effective vernalization

of excised embryos of winter rye can be achieved during a sufficiently

lon 1) sugar during the
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first few weeks and 2) asrobic conditions during the vemainder of the

low temperature exposure., Also, the beneficial effects of sugar

application can be achieved under anaercbic conditions. The obliga~

Yory requirements may therefore be symbolized as (s/a).
Armed with this informaftion concerning the requirements for
vernalization «- sugar during the first and alr during the sscond

period of low temperature -~—~, it is now appropriate to inguire:

e

on both of these factors affect the

[}

o

ey

how does the withholding of
flowering response? HMay we expect no vernalization at all, or is some
promotion s€ill achieved? First, however, we should detormine the
limits of vernalization under the conditions of this experiment, Since

cold is one of the prime factors in vernalization, how were the sffects

of experimental conditions perceived under limited perinds of eold?

Effect of Various Treatmenis During Limited Periods of Cold,

Gregory and Purvis have variously reported values for the non-—

vernalized flowering response of winter rye as follows: days to

H
;,.J;
3
o
or

anthesis »150; days to mean anthesis »150; and leaf numbers to f1

»;

(“)

wering

21

('

A

23.0, 23.3, and 21.0, The "no cold" treatments listed in Table 27

9
-
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are entirely comparable to the results obtained by Gregory and Purvise
Inasmuch as thsse contrels arc comparasble, we may actually make

some predictions concerning the other treatments of the experiment,

Purvis {107) has found thaﬁ continuous application of sugar during the

o

Tirst two weeks of cold treatment of prestarved, excised embryos has no
measurable effect on subsequent flowering and may or may not exert a
flower-promoting influence from the second to the fourth week of cold.
On the other hand, these same embryos grown in the absence of sugar for
long periods of time (up to twelve weeks) eventually attain a degree

ol vernalization almost equal to that of embryos supplied with sugar.

Two points are thus revealed which pertain to our understanding of the

G

vernalization processes, The first is that we camnmot expect these proc
esses to proceed in a marked stepwise fashion. If conditions are favora-
ble for the occurrence of vernalization, any amount of substance B, which
is formed by process I, should immediately enter into a succeeding reac-
tien. B may perhaps accumulatc to a cerbain extent, if the rates of its

formation and utilization differ, but given a sufficiently long period

-J-

of time the stabilized condition can be atiained even at low tempera-

('J

tures. This has been shown by the inability to devernalize cold-treated

1

plants after prolonged periods of low temperatures (10L)., The second
point to be made is this: the plant, or other organism, under even the

most adverse conditions, may still derive enerzy for vital achivities

at least

Iy

from endogenous sources or a time., Hence, we must not neces-

rily expeclt a complete "all-or-none' effect of the critical conditions
{sugar, oxygen), What do the results show?
It is apparent that only in those embryos which received both of

the requisite conditions for vernalization slmultaneously during a

three-weeks period of cold was any measurable acceleration of flowering
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achieved over that of the non~vernalized embryos. In both of the

{sa) treatments this promotion is reflected chiefly in the relative
increases in the rate of flowering which were maintained both during
the period of most effective flowering and during the remainder of the
growing period. This increased rate amounbts to a 10 to 20% greater
extent of flowering which had occurred by the two different days and a
shortening of the time to ear emergence by approximately 10 days. In
addition, it can be seen that the non-starved embryos were more effec—

tively promoted to the extent of approximately one week than were those

3

prestarved, Although these promotions are not statistically significant
in themselves, the constancy of the difference between eguivalent treat-
ments would seem to be,

For purposes of making further comparisons, the three-weeks treast-
ment (sa) of prestarved embryos may be considered as representative of
the minimal degree of vernalization. The limits beyond which no pro-
motions of flowering occur may be arbitrarily defined as follows: less
than 20% flowering by the 169th day or less than 80% by the last day;

more than 183 days to ear emergence; flag heights greater than 6L cm;

and leaf numbers greater than 21,

Effect of Treatments During Two Three-week Periods of Cold.

o

In order to continue our discussion, all of the various treatment
g”ounn have been reassembled in Table 28 and values for relative effec-
tiveness have been assigned. These values have been determined by com-

paring data for each group with the arbitrarily defined levels of no

)

effectiveness (0) given above and with the corresponding data for the
effectively vernalized lots (5). Non-starved groups have been further

1 s

compared with the corresponding prestarved treatments and additional
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TABLE 28, Relative effectiveness of various combinations of sugar and
air on vernalization of Pethus winter rye embryoz. Treatments as de-
scribed in Table 27. [Relative values: complete vernalization (5); no
vernalization (0).

Conditions Prestarved Non-starved
satisfied Treatmentd enbryos enbryos
sa/sa 5 5
Both sa/-a > 5
si/sa 5 5.
sN/-a 5 Gas
Both, but ~a] sa 2 k
reverssd «a/&N 0 1
sa/sN 2 24
sa/=H 2 1
Sugar sN/sN 2 2
only ~1/sa 3 34
sa 1 1A
sN 0 Of
Air -af—a 0 24
only g 0 Of
Neither =N/ =N 0 o4
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promotions have been designated (£). In addition the treatments have
have been grouped in accordance with the manner in which they satisfy
the requirements for complete vernalization.

Several facts are revealed in Table 28, the most obvious of which
are Lo be expected. FPartleularly in the prestarved series, partial
vernalization depends primarily upon the dual application of both sugar
and aercbic conditions. However, in all six-weeks treaimenis whic
contained one such period flowering was accelerated to a greater extent
than during the single pericd (sa) alone. This then implies that in
such cases, even the non-effective period, with regard to the require-
ments of complete vernalization, also has a promotive effect on
flowering. These treatments, however, all involve either a subsequent
period of anaerobic conditions or a preliminary period of no-sugar treat-
ment, both of which may be det 1 to growth, This will be discussed
in the next section. Neither satisfaction of the aercbic requirement
alone nor application of sugar under nitrogen during the last three weeks
resulbted in any degree of vernalization. In gensral, then, il seems that
the degree of vernalizaltion attained when only part of the conditions
for vernzlization are satisfied is proportional to the time spent simul=~
taneously on sugar and under an abtmosphere of oxygen. Two ireatments,
however, have special significance which will be discussed later. These
are the treatments (si/sl) and (=N/sa) in which a much greater effec—
tiveness on flower promotion was obtained than one might anticipate,

With regard to non-gtarved embryos, the situation appears 4o be es-
sentially the same except for a slight positive acceleration in nearly
all treatments and a lesser dependence on sugar during the first period.

OUne fact stands out in this respect,
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be explained by materials contained in the embryo which can be used
for vernalization, as has been found by Purvis (107). We see here,

7

though, that this mabterial is

;,‘35

neapable of acting in a single three

weeks period of cold, air, and no sugar; treatment (-a) has an effec-

tiveness of Of and treatment (-a/sN), 1. If the duration of the aercbic

cold period is extended to six weeks, however, (-a/~a), the promotion

of flowering is of the second order (2). It would seem, then, that

this materisal, like sugsr, canncobt be used directly in vernalization

but must also reguire a lag period.
Before discussing the significance of thass findings it is neces~

sary that we also examine the relationship of the various treatments to

the growth of the eabryo during the cold periocd,

Effect of Various Treain

d Pericds.

In general, it may be stated that both growth of the embryo during
the vernalizing period and the prog

promotion of flowering proceed in a parallel Tashion, In a few instances
has been possible to separate the two phenomens. Purvis (113) obtained
differential responses through use of various carbohydrate subsitrates

in the vernalizaticn of excised embryos of Petkus winter rye. Ribo

articularly, was found to be much more effective for vermalization of

*Kiﬁ

excised embryos than for their growth, but it was not as effective as
sucrose for the former process. Chouard and Poignant (117), on the other

hand, were able to prevent vernalization almost completely without af-

by

ecting growbh through application of sodium arsenate at a concentration

of 100 ppm. Sodium fluoride also caused preferential reduction of ver-

ot
o
fod
e
&~
je)
ot
e
O
=
o7
)
o
:}'.»
o
o

not prevent it entirely.
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In the present study shadowgraphs of the embryos were made at the
termination of the experimental period, Comparisons of the wvarlous
treatments with regard to both growth and flower promotion showed that
a rough correlation between the two phenomena was maintained. 4 few
treatments, however, resulted in differential responses. These were
the treabments, discussed in the preceding section, in which greater
acceleration of flowering was achieved than was to be expecied. The
lengths of the epicotyls and the relative flower promotions among the
various prestarved embryos have been compared in Table 29.

Separation of the two processes = growih and vernalization - is
particularly obvious in treatment (-N/sa). Although the amount of
growth which took place is significant at the 1% level from that of
starved, non-cold=-treated controls, it was certainly not great and is
entirely out of proportion with the relative effectiveness in vernali-
zation achieved in other treatments. Treatment (-a/sa) also largely
prevenbed growbh. IbL would seem Lhal when the firsb period of cold
treatment is sugarless, growbh is alwost completely abolished for the
prestarved embryo. It is not resumed as might be expected on subsequent
transfer of the embryocs to sugar medium and asrobic conditions,

Anaerobic conditions during the cold period did not prevent growbh.
Treatment (sN/sN) demonstrates this. However, there is a considerable
reduction in length which must be due to these conditions. The com=
pletely vernalized treatment (sN/=-a) grew much more even in the absence
of added substrate during the second period, Thus, as in vernalization,
the effect of sugar applicaltion under nitrogen also has an after effect
in growth. For prestarved embryos, then, it appears that growth during
the period of low temperature is almost completely dependent upon immedi-

ate application of sugar, either under aerobic or anserobic conditions.



TABLE 29,

Belationship of growth made during the cold period to

subseguent flowering of exciped embryos of Petkus winter rye. Treat-
menbs and relative effectiveness on flowering as in Tables 27 and 28,

treatment

e s

of epicotyl

mm

8.11 *,27
15,19

9.49 %£,35
1099
1Le72
29,07

2,00

jow}

Ly
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If the sugar supply is delayed until the second period, growbth is not
regsumed abt low bLemperatures. In this manner, then, the procvesses in-
volved in acceleration of flewering can be preferentially affected by
treatment during the second period. Furthermore, this suggests that

growth and vernalization may be compeiitive processes under adverss

conditions,.



The resulis chtained in this inv
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stigation now permii us fo say
that the first partial process in the vernalization of excised embryos
iz mediated through more or less specific non-oxidative mechsnisms

which in some way require sugar. The second process, however, is oxida-
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It is perhaps easiest 4o visualize these findings in the scheme
of Lang and Melchers (€}, On the basis of the present evidence this

scheme now beComes

II L ————>TFlowering
I 0y
A B
no O, 0
sugar IIT D

The overall process of vernalization, then, involves three processes
having separate reguirements for oxygen and temperasture for their
effective cperation, In the case of the excised embryo an additional
requirement for sugar is exhibited. Process I, for the prestarved
embryo, can occur under either air or nitrogen and B will be formed,
providing only that sugar is present. Afler this, Process II will take
place, either during cold or at somewhat higher temperatures, if oxygen
is present., An additional three weeks of cold is sufficient to elicit
maximum promotion of flowering. Process III is independent of oxygen
but requires much higher temperatures than does I,

By selective use of the sugar-no sugar and nitrogen—air treatments,

R

v oany one of the

14

>

however, it should now be possible to effectively stu

three processes separately. Thus supply of sugar under nitrogen permits

-

process I to occur bub blocks II., In addition, through the use of suf-



ficiently low temperatures, process 111 is also prevented from oceurring.
In this way we may anllicipale a gradusl accunulslbion of B durlug pro-
longed pericds of low bemperature. Through proper control of oxygen and
temperature it may be selectively channslled intoe either II or III. It
seemg evident from the resulis of some of the trestments used in this
investigaticn that this indeed occurs, and it can perhaps explain some
of the unexpected promotions which occurred,

Three weeks of cold is the probable length of time necessary Lo
reach 3 threshold level of B at the temperatures used. Treatment (sa)
would indicate that the lag period had been passed, but barely so.

The promotion of flowering caused by (sa), which indicates the extent
of activity that has taken place through Process II, was very slight.
Un the other hand (sN) gave no acceleration as a single period, but was
completely effective in eliciting the flowering response in (sl/-a).
Hence, we might assume that transfer of the embrycs to room temperature
at the end of the cold permibtied what 1little B was present in the
embryos of (sN) to be dissipated by Process III. Longer extension of
the sugar-nitrogen period, however, resulted in considerable accelera-
tion of flower e (sﬁ/sﬁ}, relative effectiveness 2. Therefore B
may probably have accumulated to the extent that Process III was sabu=-
rated and excess B was channelled inte IL. The acceleration of flower-~

ing by (sN/sN) may not necessarily have been achieved during the cold

Another possibility for explaining the response in (slN/sN) also
comes to mind. It may be the II does not have an obligatery require-
ment for oxygen. Anaerobic respiration may alsc be able to supply the
necessary energy for its function. As we have seen, such a system must

undoubtedly function for growth which occurred in treatment (sl/sN).
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Firally, the effect of growth during the c¢old must also be con-
sidered in vernalization. During a detrimental period (particularly
no sugar) growth was largely inhibited and subseguent transfer to

better conditions failed to elicit renswed growbth under low tempera-
tures, This might mean that some essentizl growth process had been
temporarily inactivated, If, then, growth and vernalizastion should
normally compete for some common substrate, perhaps B, at low tempera-
tures, the preveniion of growth would scem to sclectively channel all
of this substrate into vernalization. In this manner, then, the in-
creased effectiveness of treatments such as (=l/sa) and (-z/sa) might

be explained:; 211 of the effectiveness wonld be restricted 4o the

ties of now studying in a more critical fashion each

;...h

he possibil

3

of the vernalization processes individually and the separation of
growth and vernalization should make possible considerable advance in
our knowledge of this process and the changes which occur. Deitermina—
tions of temperature coefficients, for cone thing, can perhaps now be
more direct. Investigation of many more of the biochemical require-

menbs of vernallzation should also be undertaken, particularly of the

role of sugar,

3
0,
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