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ABSTRACT

Xanthium perngylvanicun is induced to flover by exposure to & single un-

interrupted derl period equel to or exc@ediﬂg BOBIS anrg duration (ca. 9
houre). A cystem of stages of florel bud development is deseribed, whileh

gives a qu&ntitativ@ weagurenent of the degree of inductlon ceused by verd-
cué trestments. A nugber of factors which may affect the degree of iniuc-

tion are investigated,; end it s concluded thet age of the leef and

intensity before and after induction strongly influence the effects of & siven
ivductive dark period, while other factors sre less lmportant in this resiect.
Metnods in the use of ewddn are also described.

Auxin is shown o inhibit induction in the lesaf, but to promote florel

tud development after ilnduetion is cosplete. Apulied suxdn willl reglace & ra-

aquirement for the wresence of eetive buds after and just before induction.

The induced stete ls discussed, and it is oroposed that this condition cone-
gigts of e Jiven concentration of florigen in the plant wirdleh is maintelined at
the level brought sbout by the set of inducition.

Concentretion curves indicete that auxin acts In florvel ilnbibition much
as it does in other suxin-induced phenomene. Applied swcin hes little effect
upon the eriticel night length, but inhibits the rate of florigen gynthesis
whieh follows. Auxin ig wost effective when ayplied two to tarece houre afier
the beglnning of the dari: period, end its effectiveness decreesecs up wntil
trenslocation of flovigen out of the leaf is complete. Light indterruption of
the dark period is most effective efter 3 hwurs. Light interrupbion end
suxin ere additive in their inhibitory effect.

It is suppested thet the sct of induction consists of at loast dlwee
vheses: trensformetion of photo-receptor pigment, preperctory reaction, and
normone synthesis. A pessible mechanism of auxia sction throush destruction

of florigen ig discussed.
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INTRODUCTION AND STATEMENT OF PROBLEMS

The Physiology of Flowering

In the higher plant, as well as some other organisms,
Weilsmannt's concept of the continuity of germ-plasm does not
hold strictly true. There is no particular group of cells
gset aside after the first divislions of the zygote, which has
the single function of producing reproductive cells. Rather
the zygote produces primary meristems--groups of cells which
divide and grow and produce new cells which may differentiate
into either vegetative or reproductive tissues and organs,
Thus the meristematic tlssue in the growing point of the stem,
f'or a substantial portion of the 1life of the plant, produces
organs which are purely vegetative--the stem with its complex
vascular and supporting tissues, and leaves with theirlintri—
cate structure so well suited to effective photosynthesis.

At some time, however, this pattern of growth abruptly changes,
and these same meristematic.tissues produce cells which will
differentiate into the reproductive organs. In nearly every
instance this is an irreversible change, and the meristematic
cells themselves, after being spent in the production of re-
productive organs, are no longer able to reproduce and form
vegetative tissues. If all its apical meristems are sc uti-
.1ized, the plant dies (annuals, biennials); otherwise other

meristems must assume the job of vegetative development



(perennials).

The study of the physioiogy of flowering has been pri-
marily concerned with an investigation of this change in the
primary meristems from a vegetative to é reproductive condi-
tion, and with the forces internal and external to the plant
which may bring about thils change. Many other aspects of the
physiology of flowering might also be studied, such as the
differentiatlon of the individual flower parts, floral matu-
ration, anthesis, etc. The present study, however, is con-
cerned primarily with the problem of floral initiation.

Cne may envisage two possible situations in regard to the
initiation of floral primordia: (1) The plant responds to its
genetic constitution in such a way that it flowers at a cer-
taln age or stage (e.g. a certain number of nodes), independ-
ently of 1ts external environment. The so-called day-neutral
plants approach this condition. (2) The plant is genetlcally
80 constituted that 1t will flower in response to certéin
changes In the external environment. If these factors of the
environment can be recognized and controlled, flowering can be
controlled. The discovery that certain plants flower or re-
main vegetatlve depending upon the environmental conditions
to.whidh they are exposed, has opened many interesting avenues
of research into the physiology of flowering.

The followlng environmental factors are often correlated
with flowering in nature, and have been experimentally investi-

gated from the standpoint of their effect upon flowering:



1. Temperature

2. Moistufe: in the soll and the atmosphere.
3. Level of soil nutrients.

4, Light: intensity and duration.

It has been found that the growing points of bilennial, win-
ter annual, and some cother plants respond to low temperature
treatment by subsequently initiating floral primordia. The
process of exposing such plants to low temperatures to bring
about flower prodﬁction is known as vernalization, and has been
extensively studied (Reviewed by: Murneek and Whyte, 1948;
Melchers and Lang, 1948; Lang, 1952; Melchers, 1952.). Although
this thesis is not concerned directly with the problem of ver-
nalization, a number of the findings of workers in this field
will be presented here as background for future discussion.

The shoot apex itself must receive the cold treatment,
while leaves, storage organs, etc. are insensitive to vernalil-
zation., Dormant plants cannot be vernalized. Seeds may often
by vernalized, but at least a small amount of water must have
previously been supplied. Seeds have been vernalized on the
parent plant by applying the cold before the seeds have become
mature., Usually vernalization exhibits a broad temperature
optimum--often from 1° to 70 C. The degree of vernalization
reaches an optimum with time, and after this optimum time,
extent of vernalization may decrease (over-vernallzation).
Vernalization may be reversed by high temperatures (deverna-
lization), but only within a few days after cold treatment.

Vernalization requires the presence of 02, but devernalization
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cén occur under anaerobic condifions. Although the excised
embryc can be vernalized, the presence of the endosperm pro-
mqtes the process. If a plant which has been vernalized is
grafted to a non—vernalized.plant near the growing point, the
non-vernalized plant will flower, indicating that vernaliza-
tion produces a substance which can be transmitted across a
graft union.

Many plants flower towards the end of the growing season
when both soll moisture and soill nutrients, especially nitro-
gen, are present in relatively small amdunts. It was long
thought that these factors were the cause of flowering.

Klebs (1896 and 1918) studied numerous plants over a twenty
year period and concluded that plant nutrients, especially
nitrogen, and total carbohydrate within the plant were of im-
portance in the control of flowering. The relation of light
intensity and CO2 content of the air to carbohydrate produc-
tion was also thought to be important. Fischer (1905 and

- 1916) from his studies concurred in these conclusionsg, and
proposed that a high carbon/nitrogen ratio resulted in flower-
ing, while plants remained végetative when this ratio was low.
Overwhelming evidence against this hypothesis has since ac-
cumulated. Kraus and Kraybill (1918) pointed out, however,
that carbon-nitrogen changes in plants are of considerable
importance in flower development, fruit set, and growth of
fruits and seeds.

| Studies have been made relating nutritional factors to

prhotoperiodism. In 1939 Neldle studied the effect of nitro-
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gen nutrition upon the-flowering of Xanthium, a short-day
plant which is cauSed to flower by dark periods longer than
ca. nine hours, ©She reported that response to photoperiodic
induction (see below) was somewhat promoted by high nitrogen
concentrations in the culture solutions. Von Denffer in

1940 studied a number of plants and concluded that the flower-
ing of shoft—day plants was promoted by a high nitrogen level,
while the flowering of long-day plants was promoted by a low
nitrogen level. Naylor (1941) found that nutritional condi-
tions affected the flowering response of Xanthium only to a
slight extent. At present nutriticnal factors are considered
to be at most, of secondary importance in flowering. Since
these factors may influence slightly the flowering responses
of photoperiodically sensitive plants, however, they should

not be allowed to become limiting in normal experimental work.

Photoperiodism

Historical. In 1920 Garner and Allard discovered that

the flowering of Maryland Mammoth tobacco and other plants
could be controlled by adjuéting the relative length of day
and night {the photoperiod) to which these plants were ex-
posed. Thus the daily photoperiod was recognized as being
an important factor in the initiation of floral primordia,
and that part of plant physiology dealing with the study of
photoperiodism came into being. Other workers before Garner
.and Allard had come close to the discovery of photoperlodism.

Henfrey in 1852 suggested the possiblility that the natural
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v'distribut;on of plants 1s at least partly tied to the dura-
tion of the light pericd during the growing season. In 1913
Klebs came very close to the discovery of photoperiodism with

his observation that SemperVivum (now recognized as a long-

day plant) could be caused to flower in winter if it was kept
under long photoperiods or continuous light. An attempt was
made to explain these results on the basis of nutritional fac-
tors (Klebs, 1918), which may explain the failure to recognize
the principles of photoperiodism.

Garner and Allard in their paper (1920) divided plants
into three groups according to the manner in which they re-

spond to photoperiod: (1) day-neutral plants which flower

when they reach a certain age or stage, more or less independ-
ently of environmental conditions; (2) short-day plants which
flower when kept on short photoperiods; (3) and long-day
plants which flower when kept on long photoperiods. It is
now known that short-day plants flower when exposed to a
period of uninterrupted darkness exceeding some minimum length
(the critical dark period). Long-day plants will flower if
kept on continuous light, but require photoperiods of shorter
duration than usual if the dark period is briefly interrupted
by light of low intensity. Thus the dark periocd appears to
be of critical importance to both types of plants.

A complete review of the work following that of Garner
and Allard is beyond the scope of this discussion, and a num-
ber of excellent reviews have been written in recent years

which cover all but the most recent work. These reviews will
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" be mentioned here, and in the short description of photo-
periodisﬁ which follows, only'oécasional reference will be
made to papers of particular interest, or which form a founda-
tion for the actual experimental phase of this thesis.

Most of ﬁhe facts of photoperiodlsm presented here were
assembled from the following reviews, with further reference
to original papers. A review by Lang published in 1852 is
probably the most comprehensive of the recent reviews, and
contains extensive references to much of the older literature
as well as to receht papers., Melchers and Lang wrote an ex-
tensive and complete review in the German language in 1948.
This review covers most of the work on vernalization as well
as photoperiodism. In a series of lectures given at the
University of London in 1952 Melchers presents a very c¢lear
exposition of the status of photoperlodism at that time. Two
reviews by Naylor (1952 and 1953) have been referred to fre-
quently. A recent review by Bonner and Liverman (1953) out-
lines fthe partial processes concept which will be discussed
below, and reviews the work on auxin which is the principle
problem of this thesis. The actual foundation for this thesis
consists of work by Bonner and Thurlow (1949) on auxin inhibi-
tion of flowering in Xanthium and subsequent work by Liverman
contained in his thesis (1952) as well as in two publications
(Liverman and Bonner, 1953 a and b). Many of the basic photo-
periodlec properties of Xanthium were originally studied and
described by Hamner and Bonner (1938). A number of other re-

views have also been published, and these may be found by con-
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..sulting the papers listed above.

Before further discussion of the special properties of
long-day and short-day plants--the partial processes of photo-
periodic induction--a numbef of general points will be dis-

cussed.

- Sensitivity to Photoperiodic Induction. All plants must

attain a certain ripeness to flower before floral buds will
be initiated by photoperlodic treatment. Usually a minimum
number of leaves must be produced before ripeness to flower
is attailned. Xanthium, the plant studied exclusively in this
thesis, becomes ripe to flower at a very early age. Indeed,
1t is reported that the cotyledonary leaves will respond to
photoperiodic induction (Hamner and Bonner, 1938). Sensiti-
vity of these plants to photoperiod remains constant over a
long period of time (Chapter I). Xanthium maintained on long
days has remained vegetative for more than a year without any
sign of loss of sensitivity to photoperiod (Naylor, 1953).

It has been reported in the literature (Lang, 1952, p.
283; Naylor, 1953, p. 161; Hamner and Bonner, 1938) that in
Xanthium the leaf most sensitive to photoperiodic induction
is the first fully expanded one. Experiments to be presented
later indicate that this statement is in error (in Xanthium),
and that the most sensitive leaf i1s the one which is most
rapidly expanding (the half expanded leaf--page 36 ).

Experiments indicate (Lincoln, 1954, Carr, 1953) that
Xanthium, and other plants, will not become induced to flower

unless there are actively growing buds on the plant. This
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will also. be discussed later, in the light of experiments pre-
sented in this thesis (Chapter II).

The Flowering Hormone. A number of experiments indicate

that during‘photoperiodic induction certaln substances are
produced in the leaves, which are transported to the tip to
initiate floral differentiation. It has been shown that the
leaves are the only organs which perceive the photoperiodic
stimulus. In Xanthium a single leaf maintained on short day
will induce the entire plant to flower (Hamner and Bonner,
1938). A plant which has been photoperiodically induced will
cause flowering in a vegetative receptor to which 1t is grafted,
indicating that some substance or condition has been ftransmit-
ted across the graft union.* Such a transmission of the flower-
ing.stimulus will only take place through living tissue. The
stimulus wlll not go through a liquid filled tube, tissue dif-
fusion contact, etec.

The term hormone has been applied to any substance which
is produced in one place and translocated in small amounts to
another part of the organism where 1t has a controlling influ-
ence upon some phase of the.metabolism or growth of this organ-
ism. The experiments described above (as well as others--see

Lang, 1952, p. 287) indicate that the flowering stimulus fits

*A number of unsuccessful attempts have been made by the
author, to transmit the flowering stimulus across a graft
union (320 grafts). Although the unions appeared perfect,

- the receptors always remained vegetative. A number of
variations in amount of induction, number of leaves on the
plants, etec. were tried, all without success.
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‘such a definition, and hence the term flowering hormone has

been applied to this stimulus. This stimulus or hormone has

been called florigen by Cajlachjan (1936), anthocalin by Went

(1938), and anthesin by Cholodny (1939). The term florigen,
although considered by many to be poor terminology, has been
widely used. In this thesis the terms florigen or the flower-
ing hormone or stimulus wilill be used.

Attempts have been made to isolate and characterize the
flowering hormone since evidence for its existence was flrst
recognized. Bonner reports that in his laboratory alone, ap-
proximately two thousand different kinds of extracts of
flowering Xanthium plants have been made over a period of 12
years (Bonner and Liverman, 1953), and in no instance would
any of these extracts induce flowering in vegetative plants.
Many other workers have had the same experience. Some pub-
lished reports may be found in the literature of substances
extracted from plants which will induce flowering (Bonher
and Bonner, 1948; Roberts, 1951), but in no case have the re-
sults been repeatable, and in no instance does 1t appear that
florigen itself has been 1isolated.

The difficulties encountered in extracting the hormone
and using it to induce flowers in vegetative plants might
arise from one or more of the following situations: (1) The
proper method of extraction and/br reapplication has not yet
been tried. (2) Florigen is translocated within the plant
bnly in the phloem (there is considerable evidence in support

of this idea), and extraction and reapplication so dilutes it
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with liguid from the other tissues of the plant, that its con-
centration within'the sieve tubes of the vegetative test plant
is tdo low to induce flowering. Another version of this gen-
eral idea is that florigen is destroyed by tissues other than
phloem, Neither version has been tested. (3) The hormone con-
sists of some highly complex molecule such as protein or nucleo-
protein. Attemptsto extract 1t may result in denaturation and
attempts to reintrqduce it would be expected to be futile. If
this is the case, its failure to pass through a liquid junc-
tion may be because it is so unstable that the liquld dena-
tures it, or that it is so large and complex that the tissue

on the recelving end of the Junction is unable to absorb it.
Certainly the failure to isolate florigen is not convincing
evidence that it does not exist.

Studies have been made of the translocation and graft
transmission properties of florigen (Lang, 1952; Naylor, 1953).
It will pass both up and down a stem and in chain fashion
through a series of two-branched plants which have been
grafted together. Almost all combinations of reciprocal
grafts have been made betweén long-day, short-day, and day-
neutral plants (Lang, 1952). Both short-day and long-day
plants, when induced, will cause graft partners of either Type
to flower., This is strong evidence that the flowering hor-
mone is at least physiologically identical in the different
types of plants.

Within some species there are varileties which respond

differently to photoperiod. Few genetic studies have been
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' made, however. Those that have been made indicate that dif-
ference 1n response to photoperiod may be due only to a
single gene pair (tobacco), or to a number of genes even on

different chromosomes (Solidago sempervirens, Milo grain sor-

ghum, etc.). In almost every instance modifier genes also
occur (Lang, 1952; Naylor, 1953).

Bonner and Liverman (1953) state that the ability of
florigen to pass through living tissues only, resist all
attempts at extracﬁion, and pass across a graft union from
plant to plant without any considerable dimunitlion of acti-
vity, suggest that the flowering stimulus, in Xanthium at
least, possesses certalin of the characteristics of a virus
disease. They suggest that florigen may be a "hormone en-
tirely different from those with which we have been acquainted
in the past; that it may be a more complex hormone, perhaps
of a protein nature rather than a small molecular organic
substance such as those which have heretofore been extracted
and characterized."

Induction. The term induction has already been used a
number of times. Although Chapter III is devoted to a dis-
cussion of the nature of induction, some definition of fthe
term 18 in order. In the strictest sense, the term induc-
tion refers to the ability of some photoperilodically sensi-
‘tive plants to continue the production and development of
flowers after being éxposed to the proper photoperiod, even
'though the actual development (or even initiation) of flowers

takes place under conditions which themselves would not cause
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| the 1nitiation of floral primordia. (This definition also
applies to plants capable of vernalization.) Thus Xanthium
plants grown on long-day remaln vegetative indefinitely, but
three to flve days after a single short day, developing
flower primordia may be detected, and these continue to de-
velop until ripe seeds are produced, even though the plants
remain on long-day. This induced condition, or ability to
produce flowers under an unfavorable photoperiod after being
exposed to the proper photoperlod, may be transmitted by
grafting through a number of generations. This could be
understood on the basis that florigen, once made, is continu-
ally reproduced in plants which are capable of being induced.
Some ambiguity arises in the use of the term induction.
The term is used in two ways: as an act and as a condition.
The act of induction refers to the transformation of the
plant from the non-induced to the induced condition. In our
present understanding of the processes of photoperiodism, the
act of induction--to induce a plant--refers to the processes
involved in hormone synthesis. The condition or state of in-
duction refers to the plant.after hormone synthesis has taken
place, providing the plant is one which is capable of the in-
duced state as described above. The condition of induction
is imperfectly understood, but may mean that the plant is
capable of maintaining a given concentration of hormone in its
tissues (Chapter III). Plants which cease development of flow-
ers when removed from the favorable photoperiod (e.g. Chrysan-

themums ), are not capable of attaining the induced state, and
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hence the. term should not be used in reference to these plants.

The Partial Pfocesses. A clearer understanding of photo-

periodism has been obtained_by dividing this complex of phe-
nomena into a number of partial processes (Bonner and Liverman,
1953). This has had the advantages associated with organiza-
tion and classification, and also has provided a basis for
theoretical considerations of the photoperiodic reactions,
These partial processes have been worked out for both long-day
and short-day plants, and 1n Figure 1 they are schematically
represented for both types of plants, but in this discussion
only short-day plants will be consldered. Bonner and Liver-
man (1953) divide the photoperiodic reactions into (1) a high
intensity light process, (2) a dark process, and (3) a low
intensity light process. They further mention hormone synthe-
sis, translocation, and differentiation as partial processes.
On the basis of further work completed since the above classi-
fication, and other special considerations, the following pro-
- posed revision of this classification is presented:
I. Hormone Synthesis

1. The High Iﬁtensity ILight Process

2. Reactions of the Dark Period

a. The Dark Process
b. The Low Intensity Light Process

3. The Second High Intensity Light Process
II. Translocation of the Flowering Stimulus
IIT. Differentiation of the Growing Point

IV. Development of the Flower and Fruit
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Only the variocus phases of hormone synthesis wiil be dis~
cussed here, although translocation, differentiation, and de-
velopment are important phases which have bearing upon the
work in this tnesis, and Wiil be mentioned later.

1. The High Intensity Light Process. Hamner (1940) was

able to demonstrate in an ingenious experiment, that Xanthium
requires high intensity light before the inductive dark period
in order for the latter to be effective. He subjected plants
to darkness interrﬁpted at three hour intervals by three min-
utes of light, and after a number of these cycles, allowed
the plants to remain in uninterrupted darkness for a period
long enough to normally insure flowering. When plants are so
treated they fail to become induced. If, however, at the end
of the three hour cycles of light interruption, the plants
are exposed to bright sunlight for one to three hours, and
then subjected to an inductive dark period, induction will oc-
cur. Thus the inductive dark period must be preceeded'by
light o high intensity, in the neighborhood of 3 x 104 foot~-
candle-minutes., Low intensity light, of the order of 100 to
200 foot-candles, for several hours before induction, will
also materially decrease the extent of flowering (Mann, 1940).
It appears at present from two lines of evidence that
the high intensity 1light process 1s a photosynthetic one.
This reaction will proceed only in the presence of COp, and
it has been demonstrated with Xanthium that the high inten-
Sity light process may be replaced by treatment of the leaves

with sugars or other energy producing compounds such as Krebs
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eycle acids (Liverman, 1953 a). It appears, then, that the
function of the high intensity light process is to produce,
by photosynthesis, precursors or an energy source for the
processes which are to follow.

2. Reactions of the Dark Period.

a. The Dark Process. In the short-day plants it has

been shown that a long, uninterrupted dark period 18 required
for inductilon. The minimum length of this dark period which
will result in flowering is known as the critical night length.
The dark process refers to the reaction or reactions which

take place during this dark period. It is felt by most work-
ers in the field that an understanding of the biochemistry

of the dark process would lead to an understanding of photo-
periodism, and perhaps many other light controlled biological
phenomena as well, yet to date very little is understood about
this process.

The dark process seems to be somewhat temperature.depend—
ent. Low temperatures tend to increase the critical night
length. Except for single inductive cycles, however, this
temperature dependence is not very great, and a change in
temperature of a number of degrees results in a change of only
a few percent in the critical night length.

It has recently been demonstrated that the critical night
length may be shortened to a certain extent by exposing Xan-
thium plants to far red radlation just before the inductive

dark period (Borthwick, Hendricks and Parker, 1952).
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Applied auxin inhibits the effects of the dark process
(Bonner and Liverman, 1953). Whether this inhibition is
directly upon the dark process itself or upon some later
phase of induction has been a principle problem of investiga-
tion in this thesis, and will be discussed later in that re-
spect.

b. The Low Intensity Light Process. Some implica-

tions about the nature of the dark process can be drawn from
data obtained in the study of the low intensity llght process.
If, in a short-day plant, the inductive dark period is inter-
rupted by a brief exposure to light of relatively low inten-
sity, induction will not occur. The reaction cor reactions
which take place within the plant in response to this expos-
ure to low intensity light, that is, the reactions resulting
in halting or reversing the dark process, are known collec-
tively as the low intensity light process. The quantity of
light required to bring about this reversal of the dark pro-
cess 1s very small, on the order of 200 foot-candle-minutes
or only about 1% that required 1n the high intensity light
process. The time of effectiveness of the light interrup-
tion has been studied, and it has been shown that light is
most effective near the middle of a dark period which is from
12 to 16 hours in length (Liverman, 1952). The exact rela-
tionship is shown in Figures 35 and 36.

The quality of light effective in reversal of the dark
.process has been studied extensively at the Plant Industry

Station, Beltsville, Maryland, where the equipment has been
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éssembled for such studies (Parker, Hendricks, Borthwick, and
Scully, 1941; Parker'and Borthwick, 1950). The inductive
dark period was interrupted near the middle by light of vari-
ous wavelengths, and the amount of light needed to bring
about inhibition of flowering was determined. Plotting this
amount of light against the wavelength, an action spectrum
could be obtained. The action spectrum should be a function
of the absorption spectrum of the pigment which absorbs the
light in the low intensity light process. The action spec-
trum shows a pronounced maximum effectiveness in the red
region, with a smaller maximum in the blue., Green is least
effective in the low intensity light process, The action
spectrum suggests that some pigment not greatly unlike chloro-
phyll in 1%ts absorption properties might be responsible for
the light inhibitlon. The workers at Beltsville point out
that the pigment is probably not chlorophyll, and suggest
that it may be an open-chain tetrapyrrcl. The action spec-
trum is much like that found for other light related pheno-
mena in plants, such as etiolation, leaf expansion, lettuce
seed germination, growth of the Avena coleoptile, etc. Re-
cent work indicates that the pigment may be a pheophorbide,
which has been isolated from light sensitive plants (Todd and
Galston, 1954).

The workers at Beltsville have recently reported that
the effect of red light in the low Intensity light process
may be reversed by far red radiation (Borthwick, Hendricks,

and Parker, 1952). A number of plant growth phenomena gov-
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erned by light follow this pattern. Thus these workers pro-
pose a reversible photoreaction which controls the dark
process, and hence the induction of flowering in Xanthium.

3. The Second High Intensity Light Process. It has

recently been demonstrated by Lockhart and Hamner (1954)
using Xanthium that high intensity light is required follow-
ing the dark period as well as preceding it. If plants are
subjected to a light interruption during an inductive dark
period at some time after the critical night length, and then
revurned to darkness for a period of time, they will flower
to a lesser degree than controls which are returned to high
Intensity light at the time the test plants are returned to
darkness. The deduction has been made that a short dark
period (e.g. four hours), following an inductive dark period,
caused a destruction of flowering stimulus (or some precur-
sor) produced by the dark process, Total darkness is not
required to bring about this destruction., Mann (1940) re-
ports that Xanthlium is inhibited in its flowering if, after

a single inductive dark period, the plants are returned to
light of low intensity. This has been repeated by the author,
and will be discussed later (page 44 ).

One may conclude that high intensity light following an
inductive dark period promotes flowerlng, probably by stabiliz-
ing the products of the dark reaction. It should be mentioned,
however, that high intensity light is not absolutely required,
as plants will flower if left in total darkness as shown by

Leopold (1949), and by Lang. The author has also seen flower
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primordia on Xanthium plants left in total darkness two weeks.

The Effect of Applied Auxin on Short-Day Plants. The

background for the work on auxin described in the following
sections may be summed up by the following points (Lang,
1952; Bonner and Liverman, 1953; Liverman, 1952):

1. Auxin applied to short-day plants results in an in-
hibvition of flowering.

2. This inhibition has the kinetic characteristics of
a saturation phenomenon, approaching a maximum with increase
in concentration. This will be further discussed in Chapter
IV, but here 1t may be sald that a plot of the response for
floral inhibition against concentration of applied auxin
yields a curve very much like the curves obtained for growth
of Avena coleoptiles, and other auxin responses.

3. In the auxin inhibition of flowering in Xanthium,
auxin acts in its normal capacity as an auxin. Only auxins
are effective in this reaction, and antiauxins will ovércome
fhis auxin inhibition of flowering as they will reverse other
auxin responses,

4, The effect of auxin is specifically upon floral in-
duction and not upon growth of the plants. This has been
shown by studies of growth after auxin application, and is
confirmed by experiments reported here showing the effective
time of auxin application (Chapter IV).

5. The inhibitory effect is in the leaf and upon hormone
synthesis. This has been concluded from the results of earlier

work, and is confirmed in greater detail by the work in this
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thesis (Chapter II).

6. Under ceftéin conditions the concentrations of auxin
effective in the inhibition of flowering may be very low, ap-
proaching so called physlioiogical concentration. This is
also discussed later (Chapter I).

| 7. It has recently been shown that auxin applied in
very low concentrations, and at low temperatures, promotes
flowering in many plants (Leopold and Guernsey, 1953 a,b,c).
This will be discussed later and a possible explanation sug-

gested (Chapter II).

Statement of Problems

The principal problem of research in this investigation
has been to attempt to better understand the role of auxin
in flowering. Often however, the course of investigation has
deviated from this purpose, although the principal deviations
have been in the setting up of methods for efficient experi-
mentation with Xanthium. The principal approach to the prob-
lem has been through kinetic studles, and after some delibera-

tion it was concluded that only Xanthium pennsylvanicum* would

be used in these studies.
Kinetic studies may be defined as those which study the

dynamic aspects of a given process. In most of the experi-

Some confusion exists regarding the nomenclature of Xanthium.
Xanthium pen(n)sylvanicum Wallr. (cocklebur) 1s synonymous
with X. saccharatum, the term used by various other workers
in photoperiodism. Specimens of the type of plants used in
these studies have been filed at the U.C.L.A. Herbarium
(Lockhart and Hamner, 1954).
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ments reported here, the results may be illustrated graphically
by plotting the flbwering response against either the time or
treatment or the concentration of an applied chemical, given
at some particular time. The stage system described in the
first chapter is designed to measure the initial rate of de-
~ velopment of the floral bud, and as a first approximation this
initial rate of development will be considered an indlcation
of the concentration of florigen produced by a given inductive
treatment. Hence most of these experiments are designed to
study the change in final concentration of florigen produced
by a given induction when the plants are treated in various
ways at different times and with different concentrations of ;
chemicals. Such studies will be referred to as kinetic studies.
In a field as broad as flowering, it would seem logilcal
to investigate all possible aspects through the use of as many
different‘kinds of plants as possible. This has been done by
many workers for a number of years. Comparison of resﬁlts ob-
tained using different plants is, however, often misleading.
Furthermore, work with many speciles often leads to a mass of
descriptive facts, which are difficult or impossible to apply
to general theory. It would seem, that 1f the process of in-
duction could be completely elucidated for a single plant,
precedents in methods as well as the actual knowledge gained,
might open the way for elucidation of the process in other
plants, and finally, perhaps, in all plants. In view of these
considerations only Xanthlum was used in the experiments re-

ported in this thesis.
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There 1s also considerable advantage to the usé of a
particular test piant in the study of a given physiological
phenomenon. The Avena is a well known example. It would
appear that Xanthium is also a well suited test plant, in
this instance for the study of the physiology of flowering
in Short—day plants. Since Xanthium will respond to a single
inductive dark period, eXperiments may be performed in which
the time of application of a particular chemical (or time of
any treatment) may be studied in relation to the dark_period,
etc. With continuous inductive cycles, a given treatment at
the end of the dark period might influence the process of in-
duction which takes place in the following dark perilod. An
attempt has been made in this thesis (Chapter I) to charac-
terize the variables in the environment which effect the
response of Xanthium to photoperiodic induction, and describe
them so that the results of experiments done under different
environmental conditions may be compared on the same Easis.
Although this has perhaps been only partially successful, a
sufficient start has been made to Justify further study along
these lines. This attempt to refine the techniques of ex-
perimentation with Xanthium Was required to allow the use of
a quantitative measurement of the degree of induction caused
by a given treatment. Unfortunately this refinement came
only gradually throughout the course of other experiments,
rather than at the beginning as background for these experi-
ments.,

The refinement in technigues, in turn, required a suit-
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able measurement of the degree of induction; one whibh had
quantitative meaning in the study of the physiology of flower-
Ing. It 1s believed that the system of floral stages pre-
éented in Chapter I meets these requirements.

Thus the aims of this investigation have become at least
two fold: first, to study the environmental factors and ex-
perimental techniques which will make Xanthium an effective
test plant in the quantitative study of the physiology of
flowering of short-day plants; and second, to study the role
of auxin in the flowering of this plant. It is further hoped,
that through a study of the role of auxin, insight might be
gained into the processes which occur during the inductilve
dark period, and hence insight into the actual nature of the

act of photoperiodic induction.
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Chapter T

METHODS OF EXPERIMENTATION WITH XANTHIUM
AND OTHER SPECIAL INVESTIGATIONS

Method of Growing Plants

The plants (Xanthium pennsylvanicum - see page 22)

were grown essentially in the manner described by Liverman
(1952) and by Bonner and Thurlow (1948). The strain used
was originally derived from burs collected in nature in the
Chicago area, but all plants used in the experiments re-
ported in this thesis were grown from seed produced at the
California Institute of Technology. The burs were planted,
after soaking overnight in water, in washed river sand. For
the first year of the two years spent on the experiments,

the ends were clipped from the burs in an attempt to increase
the degree and uniformity of germination (Bonner and Thurlow,
1949), It was found, however, that with burs older than one
vear, unclipped burs germinated tc as great an extent and
with as much uniformity as those which had been clipped. The
vounger burs also germinated fairly well without clipping,
and the clipping process was therefore discontinued completely.
Ten to twenty days after planting (depending on the size) the
plants were transplanted into four inch clay pots or plastic

2

containers (4 in“ by 6 3/4 inches high) filled with a mixture
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lof equal parts of sand, loam and leaf-mold. Nitrogen, added
occasionally in the form of (NHy )80y, aided by producing
greener, more thrifty plants, and probably also by increasing
somewhat the sensitivity to photoperiodic induction (Neidle,
1939). The plants were used in the experiments reported be-
low four to ten weeks after planting of the seed.

The plants were grown in a greenhouse maintained at a
minimum of 20° C., and were kept in a vegetative condition
until time of treatment by supplementary light from incandes-
cent filament lamps arranged to achieve a light intensity of
at least 100 foot-candles at the leaf surface and a total
prhotoperiod of 20 hours. At the time of photoperiocdic induc-
tion the plants were moved into dark rooms in which the tem-
perature was controlled within one or two degrees of 230 C.
In most experliments the plants were prepared and transported
into dark rooms, etc. with the ald of trucks which hold 16
of the clay pots or 25 of the plastic containers. In éome
instances the plants were carried in flats to basement dark-
rooms, which could be entered through a darkened hallway,
permitting treatments during the dark period (flash of light,
auxin application, etc.). After one or more inductive cycles,

plants were returned to long-day on the greenhouse benches.

The Stage System

Most of the previous results of experiments with Xanthium
have heen reported on the basis of the percent of plants

within a given treatment which produce flower primordia (re-
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ferred to here as percent flowering). This method gives

gqualitative results which separate the act of induction and
the processes of development taking place after induction.

A clear distinction is drawn between treatments which are
able to bring about flowering and those which are not. Semi-
quantitative results have also been obtalined with this sys-
tem (e.g. éurves o percent inhibition with varying auxin
concentrations--Liverman, 1952).

If, however, it is desired to study the guantitative
aspects of flowering {(as in the kinetics of flowering), the
percent flowering 1s unsatisfactory for the following reasons.

(1) The system assumes variapility in the plant material.
If there were no variability, all plants within a treatment
would respond alike, either flowering or remalining vegetative.
Thus the variability within each treatment must represent the
variabillty of all the plants within The eXperiment.

(2) Error is often introduced into percentage data by
border-line plants--that 1s, those plants whose growing points
show a degree of differentiation so slight that the worker can-
not be positive whether they are in a flowerling or a vegeta-
tive condition. On a percentage basis, thelr weight is egual
to plants which are clearly in one condition or the other. To
omit them completely from the final calculation seems hardly
satisfactory, although this is often done.

(2) The percent flowering system fails to measure visible
differences between treatments which flower one hundred percent.

This is probably the most serious drawback of percent flowering
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against quantitative studies on the physiology of flowering.
Treatments must pe confined near the threshold range of
flowering to obtain even semi-quantitative results expressed
this way.

The use of the degree of development of the floral bud
as a measure of floral induction has been utilized by varl-
ous workers in various ways (e.g. Leopold and Guernsey,

1953; Carr, 1953; Lockhart and Hamner, 1954 ; Khudairi and
Hamner, 1954). Such a system, assigning numerical wlues to
various stages of floral bud development, gives a measure-
ment of flowering which may be used in quantitative studles.
Variablility within treatments is not required to obtain gquan-
titative data with the stage system; very 1little welght is
given to border-line plants; and differences between treat-
ments may be measured even when all plants within a treatment
flower.

A system of stages of floral development has been'de—
signed by the present author, which possesses the above ad-
vantages. It is easy to use, well defined, and eXperimental
data resulting from its use lend credence to the system as
a valid technique in studying quantitative aspects of the
physiology of flowering. As will be shown below, the system,
althoégh arbitrarily defined, has been found to possess some
interesting physiological corollaries.

The objection has been raised (e.g. Parker, et al., 1939)
that a stage system introduces the problem of environmental

conditions during development, into the interpretation of ex-
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'perimental results. This objection is minimized by maintain-
ingfﬂmﬁﬂconditions'for all treatments from the time of induc-
tion until dissection of the growing points. Only the experi-
mental_treatment during induction is varied. In addition,
studles of the effects of the environment upon development
have been made by the present author (see below), and others
(e.g. Roberts, 1951). It should alsc be noted that percent
flowerling can always be obtained from stage data, if one
wishes to consider only the qualitative aspects of flowering.

Figure 2 shows in a series of drawings the stages of
fleral bud development. The drawings are made to scale,
but size is of secéndary importance in classifying the stages.
Often axillary buds will be at the same stage as the primary
bud (Table L), although they may be méch smaller. VWeak plants
in a particular treatment may have buds smaller than those of
the other plants, but in the same floral stage of development.
Figure 3 shows photographs of some of these stages. Aithough
the various details may be discerned in the photographs, the
drawings show clearly the criteria used in classifying buds
into particular stage groups. Table 1 1lists the anatomical
criteria used in the classification, and it may be seen that
these criteria are simple and easy to apply.

The stages as defined are related numerically in a linear
fashion to the rate of development of the floral bud. Filgure
4 shows the degree of development (as stage) of the bud plotted
against time after induction. It may be seen that, beginning

about 2% days after induction, the rate of development in
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Figure 2, Stages of development of the staminate inflores-
cence primordium of Xanthium (See Table I). The
degree of pubescence of the bud varles somewhat,
depending upon the experimental treatment,
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Table 1

CRITERIA USED IN CLASSIFYING BUDS ACCORDING TO FLORAL STAGE

Stage O. Vegetative. Growing point relatively flat and
small, as shown in Figures 2 and 3.
*
Stage 1. First clearly visible swelling of the growing

point--hemispherical shape.

*
Stage 2. Inflorescence primordium at least as high as
broad, out not yet constricted at the base.

Stage 3. Inflorescence primordium constricted at the
base, but no flower primordia yet visible (often
some leaf primordia at the base).

Stage 4. First visible flower primordia, covering no more
than the lower one gquarter of the inflorescence
primordlium.

Stage 5H. Flower primordia covering from one to three
guarters of the inflorescence primordium.

Stage 6. Flower primordia covering all but the upper tip
of the inflorescence primordium.

Stage 7. Inflorescence primordium completely covered by
flower primordia. Slightly to moderately pubes-
cent. '

Stage 8. Very pubescent and usually larger than stage 7

(diameter equal to or greater than 1 mm.)

*Stages 1 and 2 have been observed to revert to stage O under
some conditions. Hence they are ignored or referred to as
intermediates by some authors. Some induction 1s required,
however, for the growing point to differentiate to any extent
at all, and the numerals assigned to these stages have been
found to be a suitable measure of this induction.
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numerical, stage under optimal light conditions, with two or
more inductilve cycles, is directly proportional to time.

Under poor light conditions, the final rate is lowered dut

the initial rate is the same as under high light intensity
(Figure 20). A single inductive cycle often causes a decreas-
ing rate of development. To compare treatments in an experi-
ment, plants must be dissected while development is still
proportional to time. During this period, the exact time of
examination of the buds is of secondary importance, and stages
can be adjusted to any desired time after induction for com-
parison between different experiments,

Figure 5 shows fhe results of a number of experiments
relating floral stage to length of the inductive dark period.
1t may be seen that with sub-maximal induction the stage of
flowering is proportional to the number of hours by which the
dark period exceeds the critical night length. The curves
tend to reach a maximum after which increase in night length
no longer results in an increase in flowering (or only in
slight increase). The exact time at which this maximum is
reached depends on various cconditions, some of which are dis-
cussed below. With continuous inductive cycles the buds de-~
velop at a maximum rate (Figure 4), and stage is virtually
independent of night length (Figure 5).

The relation witween stage and night length is of impor-
tance. The stage system indicates that in this instance there
are different degrees of induction, and appears to be a good

measurement of this phenomenon. As such it can be applied to
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other experiments to measure their effect upon the degree of

induction.

Factors of Importance in Experimentation with Xanthium

Leaf Size. In experiments involving the treatment of
leaves with auxin and/or light, it is desirable to utilize
plants which havé been defoliated to a single leaf. Such a
procedure saves time in the application of chemicals and in-
sures good control of light intensity at the leaf surface
(Parker, Hendricks, Borthwick, and Scully, 1946). As will be
pointed out below, this method also increases the degree of
control over the response of the plants. The response to
photoperiodic induction of the various leaves on a Xanthium
plant has been studied recently (XKhudairi and Hamner, 1954),
and it is reported that the half expanded leaf 1s the one
most sensitive to an inductive dark period. To study in more
detail the response of different leaves, further experiments
were conducted.

In order to establish arbitrary size limits for the
various leaves, the length of the midribs of the leaves on
100 plants was measured. The smallest leaf measuring longer
than 1 cm., was referred to as leaf #1, the next leaf down the
stem as #2, and so on (Figure 6). The length of the various
leaves, plotted against the leaf number, is shown in Figure 7.
From the smooth curve drawn between the points, arbitrary
iimits for the length of the various leaves can be established,

as shown in Table 2. These sizes were arbitrarily used in all



Figure £. A mature plant of Xanthium perngylvanicum Wallr.,
showing method of numbering the leaves according
to physiologlcal age.
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Leaf Number

The relatlion of the length of the leaf to the leaf
numter, This curve, resulting from the measurement
of the leaves on 100 plants, was used as the arbi-
trary standard for the definitlon of leaf number
according to size, The crosses on the curve .mii-
cate the size limits as shown in Ta»le 2.
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Table 2

ARBITRARY SIZES ASSIGNED TO VARIOUS LEAF NUMBERS

Leaf number Length of the midrib in cm.
Young #1 1.2 to 1.8

0ld #1 1.8 to 2.8

Young #2 2.8 to 4.2

0ld #2 4,2 to 5.9

Young #3 5.9 to 7.7*

01d #3 7.7 to 9.2*

Young #U 9.2 to 10.2

Old #U4 10.2 to 10.7

Young #5 10.7 to 10.9

*
Used to sort plants according to leaf size in subseguent
experiments.
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subsequent experiments even though environmental conditions
sometimes altered the curve of Figure 7 slightly. A trans-
parent plastic measuring device was made, with which plants
could be classified into three groups on the basis of the
length of the #3 leaf: young #3, old #3, and those plants
whose #3 leaf did not fit the dimensions in Table 2 (from 5%
to 25% of the plants).

In an experiment to test the sensitivity of the various
leaves, plants were divided into the three groups desgcribed
above, the third (non-conforming) group discarded, and the
plants defoliated except for one leaf. The plants were
divided into groups of 16, each group consisting of plants
with old or young leaves of each number from 1 to 7. The
plants were given two 16 hour dark periods, and the apical
buds examined after 13 days. The data are plotted as leaf
number vs. stage in curve A of Figure 8. From the curve it
can be seen that the #3 leaf is the most sensitive to photo-
periodic induction.

The lengths of the leaves were determined, and the aver-
ages are plotted in curve A, Figure 9. If, as a first approxi-
mation, the assumption is made that the leaves are produced
at a constant rate and grow to a constant maximum size, the
leaf number scale may be replaced by a time scale (by measure-
ment, about four days per leaf). The curve then expresses
the elongation of the leaf as a function of time. If the
assumption is alsc made that the square of the length of the

leaf is proportional to its area, then the curve relating the
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Leaf Number

Showing the correlation between leaf sensitivity
to photoperiodic induction and rate of expanslion
of the leaf (app.B3). Leaf sensitivity 1s indli-
cated by curve A, showing the floral stage 13
days after induction (two 16 hour dark periods),
of plants which had been defollated to a single
leaf, as explained in the text. The method of
obtaining the rate of expansion, 1s explained in
the text. Leaf sensitivity experiments have been
repeated 1n less detall ca. 10 times.
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Leaf Number

Figure 9, Curve A shows the relation of leaf lensth to leaf
number, of the plants used in the experiment i1l-
lustrated in Fipure 8., Curve B shows the approxi-
mate area of these leaves, as a functilon of leaf
number,
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square of the length of the leaf to the leaf number (time) is
a curve showing thé expansion'of the leaf as a function of
time (Curve B, Figure 9). The slope of this curve (sq. cm,
per day) gives the rate of expansion of the leaf. The slopes
were measured and are shown in Curve B, Figure 8. The corre-
lation between rate of expansion of the leaf and sensitivity
to photoperiodic induction is evident. Thus it may be con-
cluded that the most rapidly expanding leaf is the one most
sensitive to an inductive dark period.

The fact that the curve of rate of expansion vs. time
(Curve B, Figure 8) does not match the sensitivity curve
(Curve A, Figure 8) for leaves older than #5 is owing to the
fact that the assumptions made above are not completely valid
for all leaf sizes. (1) Leaves are probably not produced at
an exactly constant rate. The shoulders in curves A and B
of Figure 8 (leaf #4) indicate that some environmental fac-
tor had affected the growth rate of this particular 1éaf.

(2) 7Tt is obvious from Figure 9 that all leaves do not at-
tain the same maximum size. The older leaves, produced when
the plant 1s quite small, do not reach as great a size as the
younger leaves., This fact ifself is sufficient to explain

why the two curves in Figure 8 do not match for the older
leaves. (3) The area of the leaf is probably a function of
the square of the length multiplied by some constant express-
ing the exact shape. The introduction of a constant into the
calculation of the leaf area from leaf length would not affect

the general shape of the rate of expansion curve (B, Figure 8).
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Although more detailed work would be required (actual
measurement of grthh rate of the various leaves) to obtain
the exact shape of the growth rate curve, the assumptions are
probably valid well within experimental error for the first
four leaves, and it 1s here that the greatest differences
in both sensitivity and growth rate are encountered. It would
appear to be a valid conclusion that the sensitivity of the
various leaves to photoperiodic induction is correlated with
rate of leaf eXpansion. Bonde (1953) has shown that the con-
centration of an auxin antagonist in the leaves of Xanthium
is also proportional to their photoperiodic sensitivity (and
hence to the rate of leaf expansion).

From the fairly large differences in sensitivity of the
various leaves, 1t is obvious that in experiments utilizing
plants which have been defoliated to a single leaf, it is
of the greatest importance that the leaves be chosen accord-
ing to size.

Time of Year. It was noticed in a number of experiments,

that the degree of response varies consideravly with time of
year. This has been observed by a number of authors (e.g.
Mann, 1940). In Figure 10 rate of floral development is
plotted against the time of year, for a serlies of comparable
experiments. Data are plotted as floral stage nine days
after a single 16 hour inductive dark period, for plants
defoliated to the #3 leaf. The months of the year are ar-
ranged SO that days of approximately equal length in the

spring and the autumn, fall on the same place on the abscissa,
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It may be seen that a given inductive cycle is much more ef-
fective in the summer than in the winter.

The time at which the flowering stimulus 1s translocated
out of the leaf may be measured by defoliating groups of test
plants at different times after induction (Khudairi and Hamner,
1054), If the flowering hormone has been translocated com-
pletely out of the leaf, the leaf may be removed and the floral
bud will develop almost as rapidly as 1f the leaf is left on
the plant. If translocation has not occurred, removal cof the
leaf results in the plant remaining vegetative. Thus the de-
gree of flowering in groups of plants which have been defoli-
ated at various times after induction gives a measure of the
rate of translocation of the stimulus out of the leaf, as
shown in Figures 19, 32, 33 and 34. The rate of transloca-
tion of flowering stimulus out of the leaf 1s also a function
of time of year, as is shown in Figure 11, Curve A, The num-
ber of hours needed to translocate half the stimulus dut of
the leaf is plotfed against time of year. It may be seen
that translocation takes almost twice as long 1n the winter
as in the summer.

It will be shown later (Chapters II and IV, Figures 16,
32, 33 and 34), that the time at which applied auxin becomes
ineffective in floral initiation is related to the time at
which florigen is translocated out of the leaf. Hence it is
also related to time of year.

It has been known for some time that light intensity

influences floral induction in Xanthium (pp. 16 and 20). One
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might consider other factors as beling responsible for the time
of year effect (e;g. temperature, humidity), but this effect
has been observed with plants grown in the Earhart Plant Re-
search Laboratory, with all factors of the environment ex-

cept light intensity contrclled. In this greenhouse the plants
are subject to the seasonal variation in light intensity, as

in other greenhouses. Thus 1t appears that light intensity

is the most important single factor in the effect of time of
vear upon flowering response, modified only slightly, if at
all, by other environmental factors.

An 1llustration of the effect of light intensity for a
number of days before induction and during development of the
bud upon flowering, is given in Table 3. Plants were grown
in Earhart Laboratory with all envirocnmental conditions held
constant except light intensity. After two weeks all plants
were induced with a single 16 hour night, and then returned
to their original conditions of varying light intensity. As
shown in the table, the degree of flowering (after 10 days)
was greatly influenced by light intensity.

The requirement for high intensity light before induc-
tion has been discussed in the introduction (page 16). It
was concluded that the high intensity light process is prob-
ably a photosynthetic one.

A requirement for high intensity light following induc-
tion was also discussed in the introduction (page 20). A
.short period of light followed by a short dark period after

inductlion brings about destruction of the flowering stimulus
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Table 3

THE EFFECT OF LIGHT INTENSITY FOR TWC WEEKS BEFORE INDUCTION
AND DURING DEVELOPMENT (10 DAYS) UPON FLOWERING (APP. 10)

Light Intensity
(foot candles) Floral Number of
8:00 to 16:00 16:00 to 8:00 % Flowering Stage Plants

400 Lo 10% 0.02 20
1500 1500 50% 1.95 20
Sunlight
(5000) 100% 6.81 11

Maintained at 23° C. day temp., 17° C. night temp.

(or some precursor) produced during the inductive dark period.
This effect may also be obtained by returning plants to low
intensity light (100 foot candles) for four 4o six hours fol-
lowing induction. The requirement for high intensity light
following the dark period is not absolute, however, ag plants
will flower if left in ftotal darkness.

In preliminary experiments by the present author it has
been shown that neither sucrose nor anti-auxin applications
overcome the requirement for high intensity light following
the dark pericd, and that the inhibitory effect of low inten-
81ty light or darkness occurs specifically in the leaf. Data
for these experiments are summarized in Table 4.

An effect of light intensity upon rate of development
of the floral bud is discussed in the following chapter (Fig-
ure 20). If plants are shaded beginning a few days after

induction, the rate of development of the bud is slowed to
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Table U

SOME EXPERIMENTS ON THE SECOND HIGH INTENSITY LIGHT PROCESS
1. Application of sucrose (app. 50)

10%
Sucrose
Single 12 hour applied % Floral Number
night followed by to leaves Flowering stage of Plants
High intensity - T0% 2.9 27
1ight
(Sunlight) + 89% 4.8 27
Low intensity - 15% 0.15 20
light (85 foot
candles--8 hours) + 11% 0.11 26
2. Application of antiauxin (app. 51, 52)
Tength
of dark Antiauxin %ZFlow- Floral Number
period Followed by Applied ering stage of Plants
14 hrs. None 100% 3.0 16
Sunlight 5.0 x 10-% M
p.chlorophenoxy- 100% 3.7 16
isobutyric acid
20 minutes
sunlight None 81% 1.6 16
@ hours 60 antiauxin 88% 2.3 16
foct candles (as above)
14 hrs. Sunlight None 100% 5.7 15
8.0 x 10-% m
antiauxin 100% 6.1 15
20 minutes -
sunlight None ' 100% 4.0 15
&5 hours 8.0 x 10-% M
darkness antiauxin 100% 3.9 15

)

3. Second High Intensity Light Process Occurs in Leaf (app.

Plants induced with a single 16 hour dark period, fol-
lowed by 30 minutes of sunlight. Following this, either the
tip was covered with a black paper bag (6 hours), the leaf was
covered (4 hours), both were covered, or neither were covered,
as shown. Eight plants per treatment.

Ul

3)

Treatment
Leaf Tip(Post induction) % Flowering Floral Stage
Not covered Not covered 100% 5.6
Not covered (Covered 100% 5.6
Covered Not covered 65% 1.1
Covered Covered 35% 0.6




" a considerable extent.

Thus 1t has been shown that light Intensity Jjust before
and just after induction, as well as during development of
the floral bud, influences to a great extent the flowering
of induced Xanthium plants. It is highly probable that the
light intensity for a number of weeks preceding induction,
through its effect upon the general condition of the plants,
may affect the flowering process. The difference in eleva-
tion of the sun abbve the southern horizon affects the dura-
tion and intensity of sunlight throughout the year. Not only
are the days shorter in the winter, but position and construc-
tion of Dolk Greenhouse, where most of the experiments were
carried out, is such that shading from street trees is much
more extensive in winter than in summer. The number of cloudy
days 1s also related to the time of year.

Thus time of year and weather conditions must be taken
into account and reported with the results of experiments
concerning the flowering of Xanthium, and if necessary for
comparison, corrections utilizing the curves of Figures 10
and 11 may be applied to experiments conducted at different
times of the year. Ideally, plants should be grown under high
intensity artificilal light, with all environmental conditions
controlled.

Other Factors which Effect the Induction of Xanthium. Ir

addition to the size of the leaf and the light intensity be-

fore and after induction, there are a number of other factors
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which influence the results of experimentation with Xanthium.
A number of these.factors have been investigated by Long
(1939), who reports that the age of the plant, the humidity
of the atmosphere, and the temperature, all affect induction,
although the effects are slight. Other workers have reported
like results (Snyder, 1940; Roberts and Struckmeyer, 1938).
The ihfluence of age of plant has been investigated by
a number of workers (Naylor, 1953, p. 154, 1941) as well as
by the present author. Xanthium seeds were planted at one
week intervals. Sixty nine days after the first seeds were
planted, half of the plants in each group were defoliated
to the #3 leaf, the other plants were left undefoliated, and
all plants were induced with three 16 hour dark periods. The
results are shown in Figure 12, 1IT may be seen that the re-
sponse of all plants older than ca. 32 days is very nearly
the same. Plants with all leaves present responded only
slightly better than plants defoliated except for thel#B leaf.
Thus it is apparent that the age of the plant is at most only
a minor factor in the induction of flowering in Xanthium pro-
vided that plants older than about one month are used.
It seemed possible that.the stage of bud development for
a gilven treatment might depend upon the number of buds present
upon the plant (if, perhaps, each bud consumes a given amount
of florigen to arrive at a particular stage). This idea was
tested in the following manner: Plants were defoliated to a
single leaf. The terminal buds of half of the plants were re-

moved. In each group (with or without terminal buds), half
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ol the plants were debudded so that only one bud was present

5
~~~
o]
]
v

on each. Three days were allowed for fthe axillary bud
buds) of the group wi“h the terminal bud removed, to rteconme
active, and then all were induced with a single 16 hour dark

A

the buds after nine days 1s shown

=

veriod. The condition o

in Table 5. It may be seen that the stage of the terminal

bud is only slightly dependent upon the number of buds present
on the plant,

In the prepvaration cof plants for each experiment, axillary
buds are routinely removed at the time of defoliation. It is
evident from Takle 5 that 1f one or two of These buds are over-
locked, it will not greatly affect the final result.

To dinvestigate the importance of temperature during growth
and development of plants before and after induction, rlan
were grown uncer various conditions in Tthe Farhart Lavorator-
les and then induced with s single 16 hour dark period at 23°
C. The results are shown in Figure 13 in which floral stage

. J.

is plotted against day temperature. 1T may be seen that akove

)
I

230 C., day temperaturse during growsh has very little effect
upon flowering either before or after induction. This is in
agreement with other work (Snyder, 19L0) and is of considerable

importance, since the tenperature in most greenhousgeg, while

Cold temperatures during a single inductive cycle (and to
a lesser extent, during continuous cycles) tend to reduce the

dezree of flowering and increase the critical night length
[ k = L -l
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Table 5

EFFECT OF THE NUMBER OF BUDS ON THE PLANT, UPON THE

FLORAL STAGE OF ALL BUDS AND OF THE TERMINAL BUDS

(APP. 54)
Product
of num-
ber of PFloral
buds stage

Average times of ter-
Number** stage of average minal
&

Condition of Plants* of buds all buds stage buds
Buds left
Tips left on plant 118 4,5 537 5.8
on plants A1l buds
removed but 85 5.3 450 5.7
one {terminal)
Buds left
Tips removed on plant 219 4.4 958 6.0
three days A1l buds
before induction removed but 64 6.1 392 6.8

one {axillary)

*¥*A11l leaves removed except one (#3).
**Very small buds near tip not examined. Sixteen plants per
treatment.
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(Long, 1939, Hamner, 1954). To investigate the time during
induction when coid treatment is most effective in inhibition
of flowering, plants were given a cold treatment (1° C. for
the first or second half of a 16 hour dark period, the entire
dark period, or not at all. The results are shown in Table 6.
It ﬁay be seen that low temperature during the inductive dark
period inhibits flowering, but that the timing of the treat-
ment is relatively unimportant.

Thus 1t appears that temperature during the inductive
dark period should be controlled, at least within broad limits,
but that temperature during growth and development (on the
greenhouse bench) is of relatively minor importance. In the
experiments reported here, temperature during induction was
controlled.

In a number of experiments with Xanthium, manipulation
of plants during the inductive dark period has oveen done under
a green light of low intensity. To test the effect of the
green light itself upon induction, two groups of plants were
placed directly under the light. One lot was covered and
the other not. In another experiment, one group of plants
was exposed to the green safelight (placed closer than nor-
mally) for ten minutes out of every two hours of a l6xhour
night, and a control group was shaded from the light. The
results of these two exberiments are shown 1in Table 7. It
may be seen from the tavle that short exposure to the green-

light, every two hours, has a negligible effect upon flowering.



Table 6

EPFECT OF TEMPERATURE DURING THE INDUCTIVE DARK PERIOD

(APP. 55)

Temperature

First Half Second Half
of Dark Period of Dark Period % Flowering Floral Stage

239 ¢. 23° C. 100% 7.3
23° ¢. 19 ¢. 100% 3.6
1° ¢. 1° c. 50% 0.7
1° ¢C. 23° ¢. 80% 2.2

Plants trimmed to #3 leaf, induced with a single 16 hour
dark period. Grown at 23° C. day temperature and 17° C.
night temperature.in the Barhart Laboratories.



Mable 7

FFECT CF GREEN LIGHT DURING DARK PERIOD

UPON FLOWERING

Treatment Floral Stage
Green light on during
First entire dark period 5.2
experiment (29 ergs/cm® /sec. )
(app. 12)
No green light 6.1
Green light on 10 minutes
out of every two hours _
during dark period 6.8
Second (S1ightly higher intensity
experiment than above)
(app. 56)
No green light 7.0

Plants induced with a single 16 hour dark period, defollated
to the #3 leaf. Plants flowered 100 percent.
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Methods in the Use of Auxin

Application. Since the principal proplem of this thesis

concerns the eifect of auxin upon the flowering of Xanthium,
the methods fér i1ts use have been investigated. The most
important problem involves the method of application. In
Table 8 the effectiveness of various methods of auxin applica-
tion are summarized. The data are in the form of concentra-
tion needed to inhibit flowering by 50% when applied at the
beginning of a single 16 hour inductive dark period by the
methods indicated. Since a multitude of factors may influ-
ence the effectiveness of applied auxin, the figures in the
table are correct only as to order of magnitude. It is clear,
however, that the concentration of auxin which inhibits flow-
ering to a particular degree is a function of the method of
application. It should not, therefore, be compared with the
concentration of auxin effective in other physiological re-
sponses such as the Avena test. Each of the methods has vari-
ous advantages and disadvantages which are discussed in the
following paragraphs.

1. Application to soil., If auxin is applied to the

soll, very high concentrations are required to inhibit flow-
ering. As a method this is very poor, but the high concen-~
tration required for effect indicates that small amounts of

auxin accidently spilled on the solil may safely be ignored.

2. Lanolin Paste Applied to the Stem. This method may

be used when the effectiveness of various points of applica-
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Table 8

METHODS OF APPLICATION OF AUXIN

Concentration which

Method Auxin Inhibits 50%%

1. Pour on soil NAA 80.0 x 10-4 w**
(4 inductive cycles)

2. Lanolin paste NAA 0.15%
(applied to stem)
(one 16 hour night)

3. TLeaves submerged NAA 0.03 x 104 w**
in auxin solution TAA
at night
(4 inductive cycles)

4. Cuttings NAA 0.3 x 1074 wu**
(4 inductive cycles)

5. Sprayed on leaves NAA 3.0 % 10‘ﬁ M
(one 16 hour night) IAA Lo x 1077 M

6. Leaves dipped in solution  NAA 2.0 x 10"? M
(one 16 hour night) TAA 3.0 x 104

7. Submerged in auxin NAA 30.0 x 10“LL M
for short time (10 minutes)
(one 16 hour night)

8. Dipped and rinsed NAA 30.0 x 10°%* u
afterwards I
(one 16 hour night) IAA 100 x 1077 M

:All values are approximate.
Bonner and Thurlow, 1940,
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Tion is being studied, when plants have been defoliated, or
when a continuous éupply of auxin over a period of time is de-

sired.

3. Leaves Submerged in Auxin Solution at Night. This
method has been used to demonstrate that very low concentra-
tions (i.e. within the physiological range) are ettective in
the inhibition of flowering. Low concentrations are indeed
effective, but control plants submerged in pure water without
auxin are also inhibited to a certain extent, and hence the
results are difficult to interpret. Mechanical difficulties
make the method highly impractical for normal experimentation
with Xanthium.

4. Auxin Taken up in Solution by Cuttings. Xanthium

cuttings may be placed in Hoagland's solution in test tubes
shortly before induction. Auxin 1s then added alone in solu-
Tion or an as additive to Hoagland's Solﬁtion. Again low
concentrations are effective, and a continual supply of

auxin over a long period 1is maintained. It is difficult,
however, to keep the plants healthy after treatment, as they
tend to wilt easily. Some plants fail to survive. Shading to
prevent wilting affects the rate of development of the floral
bud. The method is well suited for certain experiments, but
1s impractical for normal usage.

5. Auxin Sprayed on Leaves. 6, Leaves Dipped in Auxin

Solution. These two methods are simple to use, and quite ef-
fective_for most purposes. Dipping is slightly more effec-

tive than spraying, probably because both surfaces of the
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41eaf are wetted. In both instances additlion of a wetting
agent (e.g. Tween 80) to the soclution considerably increases
the effectiveness of the auxin. Dipping seems to be the
simpler of the two methods. Either the stem with all its
leaves 1s dipped in auxin solution, or the plants are de-
follated to a single leaf, which is dipped in the solution.
From 500 to 1000 ml. of solution is usually made up, deter-
gent is added in the proportion of two drops of Tween 80 per
liter of solution, the leaves of all plants in the treatment
are dipped in the solution, and the plants are shaken to re-
move excess solution from the leaves.

The method is rapid, effective and ylelds reproducible
results. It has been utilized in many of the experiments
reported in this thesis. The effectiveness of auxin applied
in this manner seems to depend, however, to a great extent
upon the humidity of the atmosphere. Auxin applied in the
middle of the day in bright sunlight, when temperature 1s
high and humidity low, is much less effective than auxin
applied to plants just before they are placed in a cool,
humid, dark-room--other conditions being equal. Under con-
ditions of low humidity the plants dry off rapidly (20 to
30 minutes) after treatment with auxin. Under conditions of
high humidity the solution remains on the leaves for long
periods (up to two or three hours). Apparently auxin pene-
trates the leaf cells only when it is present in solution
outside these cells. Hence the longer the leaves remain wet,

the more auxin is able to penetrate, and the greater is the
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inhibition of flowering. The differences could be reduced
by artificially raising the humidity in the greenhouse, but
i1t was impossible to railse the humidity to the level of that
in a Qool, closed, dark room with damp floors.

Unless temperature and humidity can be controlled ex-
actly, it is not possible to compare treatments where auxin
is applled by dipping at different times or in different
places. A method was sought which would overcome this dif-
ficulty and allow a given amount of auxin to penetrate under
all environmental conditions. Two such methods were devised.

7. Leaves Submerged in Auxin for Short Periods. To

overcome the problem of varying humidity, auxin was applied
in the following manner: Plants were well watered before
treatment to relieve any existing water stress. Groups of

16 plants were defoliated to a single leaf per plant. The
peticles of the leaves of eight plants were inserted between
two glass rods, which were held together by rubber bands at
the ends. Thus each treatment consisted of two groups of
eight plants with the leaves held in more or less of a plane.
The two groups were placed one on each side of a small white
enamel tray (one liter capacity) so that the leaves could lie
in the tray. The tray was supported by a ring stand and could
be raised or lowered. Tap water was poured into the tray and
allowed to cover the leaves for five minutes in order to wet
the surfaces evenly. The tray was lowered and the water
poured out, after which 1t was raised and filled with auxin

solution of the desired concentration (comparatively high).
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After ten minutes the auxin was removed and the leaves were
rinsed with two changes of fresh water. The higher the auxin
concentration, the shorter the time of submergence needed to
bring about a given floral inhibition.

This method allowed the auxin to be absorbed under con-
ditions of defined humidity, and time of auxin absorption into
the leaf 1is confined to the ten minute period. The actual
mechanlcs of the method introduce a number of problems, how-
ever, It is difficult to keep the leaves submerged, time
the process accurately, prepare the plants for treatment,
do a number of treatments at the same time, ete.

8. Leaves Dipped and Rinsed. To produce an easy, yeb

efficient method of auxin application the above two methods
were combined. Plants are defoliated to a single leaf as
usual, and the leaves are dipped in tap water five minutes
before auxin application. The leaves are then dipped in a
high concentration auxin solution. Some specific pattérn

is followed in dipping the leaves of a given treatment (start-
ing at one end, working across, etc.), and then after a meas-
ured interval (5 or 10 minutes) the same pattern is followed
in rinsing the plants first with tap water and then with
distilled water. Plants which are in the greenhouse at the
time of treatment may be moved to the dark room for the

short period during which the auxin solution remains on the
leaves, insuring standard conditions regardless of the time
of treatment.

With respect to the concentration of applied auxin,
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this method is diametrically opposed to the submergence of
the leaves in low éuxin concentrations during the entire
night. Certainly the high concentrations required (25.0 x
10"}+ M) are far from physioclogical. But this method was

not devised to investigate physiological concentrations. The
auxin must penetrate in a very short period of time (which
is of considerable importance in some experiments), and the
plants are not damaged in any way. Controls treated with
water alone (or water and detergent) flower as well as un-
treated plants. Since fresh solution must be used for each
treatment (the solution is diluted by the water present on
the leaves from the pre-rinse), and the concentration of the
solution is quite high, a relatively large amount of auxin
must be used in each experiment. The synthetic auxins éuch
as alpha-naphthalene acetic acid, however, are guite 1lnex-
pensive, and even the relatively large amounts required for
an experiment seldom cost more than a few cents.

Kind of Auxin. Various auxins have been used by dif-

ferent investigators, Li (1950) reports that indole acetic
acld, alpha-naphthaleneacetic acid, 2,4-dichlorophenoxyacetic
acid, and 2,4,5-trichlorophenoxyacetic acid are highly active
in the inhibition of flowering, while 2,4-dimethylphenoxy-
acetic acid, 2,4-dichlorophenylglycine, 4-fluorophenoxyacetic
and 2,4,5-triiodophenoxyacetic acids are only slightly active.
_Thus the specificity of the inhibitory reaction is quite simi-
lar to that of the auxin respon ss. The most commonly used

auxing are indole acetic acid (IAA), alpha naphthalene acetic
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acid (NAA), and 2,4-dichlorophenoxyacetic acid (2,4-D). IAA
is probably the native auxin of plants, and hence it would
be desirabie to use this compound exclusively. NAA, however,
is cheaper, and much more stable in solution. From experi-
ments performed by the present author and others it is ap-
parent that the action of IAA and NAA is very much the same,
although NAA 1s more effective in the i1nhibition of flower-
ing. Figure 14 shows the rate of development of floral buds
after application of IAA or NAA. Again 1t may be seen that
the response is essentially the same regardless of ﬁhe auxin
used. In the light of these results, NAA has been used al-
most exclusively in the experiments reported in this thesis.

The pH of the Auxin Solution. In classical auxin work,

the pH of the solution is thought to influence the effective-
ness of auxin by controlling the amount of auxin which pene-
trates the cells (Bonner, 1934). Auxin molecules penetrate
best in the nonionized form, and hence the auxin 1is most ef-
fective when applied in acid solution. On the assumption
that the same situation holds for Xanthium leaves, many ex-
periments have been carried out by this author and others
utilizing auxin solutions of about pH 5.0 or lower. Finally
two experiments were run to test the effectiveness of auxin
in the inhibition of flowering in Xanthium when the auxin is
applied in solutions of different pH. 1In one experiment the
auxin solutions were adjusted to a given pH with HC1 or KOH
in the absence of buffer, and in another experiment the pH'

was more carefully maintained by the use of citric acid buffer.
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The results are shown in Figure 15. Contrary to the results
expected on the basis of other auxin work, applied auxin was
most effective at pH near neutral, and least effective in
acid solutlon. In both experiments the auxin appeared to
be more effective at pH 4.0 than at pH 3.0 or 5.0.

The explanation of these results is probably complex. It
was noticed during application of auxin in the experiment
utilizing buffer, that the soluﬁions near pH 7.0 seemed to
wet the leaves more thoroughly than the acld solutions. De-
tergent (Tween 80) was used in these experiments as a wetting
agent, and it seemed possible that the effect of pH might
be upon the wetting agent rather than directly upon the auxin.
Ionization of acidic groups of the detergent molecule would
increase its polarity, and presumably also increase its ef-
fectiveness as a wetting agent. Thus one mighﬁ postulate
that at neutral pH, the wetting agent would provide a gfeater
surface area of contact between auxin solution and 1eaf cells,
allowing more auxin to penetrate. Possibly the increase in
effectiveness at pH 4.0 is a manifestation of the usual prop-
erty of increased auxin penetration from acid solution, while
further decrease in pH makes the wetting agent so inefficient
that net effectiveness of the auxin again drops off.
| The detergent used, Tween 80, is an ester and possesses
but few free acidic groups. Samples of Tween 80 as well as
of some other detergents were titrated with acid, and it was
found that the detergents are buffered against addition of

acid around pH 6.5, which 1s in agreement with the 1dea that
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- the effect of‘pH may be primarily upon the wetting agent.
Regardless of the explanation (further tests are in
order), it is clear that pH of the auxin solution is of para-

mount importance in experiments involving the application of
auxin to Xanthium, and that pH should be carefully_controlled.
The agreement between the buffered and non-buffered curvés

in Figure 15 indicates, however, that the addition of buffer
is probably not necessary. Unfortunately many of the experi-
ments presented in this thesis were done before the effects
of pH were investigated.

Preparation of Auxin Solutions--the Presence of Salt.

Un-ionized auxin molecules are only slightly soluble in water.
Theré are, however, a number of different ways in which auxin
may be broughﬁ into solution. A common method 1is to dissolve
the auxin in a small amount of alcohol, and then add this
gradually with stirring to a large volume of water. This is
a simple ﬁethod, but the objection may be raisedjthat'the al-
cohol in the solution may adversely affect the plants (Liver-
man, 1952).

‘The method used at the California Institute of Technology
by earlier workers and continued by this author, consists of
bringing the auxin (or other acidic substances) into solution
by the addition of base. The material goes ~into solution
much. faster if the concentration of OH ions is very high.
Under these‘conditions, up to a gram of NAA will dissolve
in 10 to 20 ml. of water. The following procedure is used

for the mixing of auxin solutions: The dry auxin is weighed
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out and placed in a small beaker. A calculation is made to
determine the amount of dry KOH which is required to neutral-
ize the H' ions of the auxin. The calculation is made on the
basis of the specified purity of the KOH, and will probably
S$till result in a slight shortage of OH ions, as the dis-
tilled water contains:dissolved CO2 which neutralized some of
the OH ions. The dry KOH is added to a small amount of dis-
tilled water (ca. 20 %o 30 ml. per gm. of auxin), dissolved,
and the solutlon added to the dry auxin. With some stirring
most of the auxin will go into solution in.the smali amount
of water. The solution is then decanted off into a large
beaker, and a few drops of KOH solution are added to the
auxin remaining in the beaker. When the remaining particles
of auxin have gone into solution, distilled water 1s added,
the solution is poured into the large beaker, and the small
beaker. is rinsed a number of times into the large beaker.
Distilled water is then added to the large beaker untll the
final veolume 1is almost reached. The pH is measured with the
glass electrode (if the procedure has been followed carefully,
the pH upon dilution will usually be around 5.5), and adjusted
to the desired value with KOH or HCl. Only the minimum
amounts of acld or base should be used in adjusting the pH.
'The solution is poured into a volumetric flask and made up
to volume. Concentrated stock solutions (e.g. .005 M) may
be made up, from which other solutions may be mixed.

This method is simple and rapid, and may bé used for a

wlde variety of materials which are active as auxins or
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~antiauxins. Yet there is one possible criticism, and that is
the presence of salt or at least free Kkt jons in the auxin
solution. Do they have an effect upon flowering? As in the
problem of pH, a large number of eXxperiments had been carried
out by this author and other workers before the problem was
investigated in a preliminary way. Plants were treated just
before induction with KC1 solutions, auxin prepared in the
usual manner (containing a small amount of K'), and auxin
plus KC1l. The concentrations used and the results are shown
in Table 9. The results indicate that KCl alone has little
or no effect upon the flowering of Xanthium, but that KC1 in
the presence of auxin does seem to inhibit flowering ﬁo a
greaﬁer extent than the auxin alone. Although the results
are only preliminary, they indicate that great care should be
used in making up auxin solutions to control the KCl concen-
tration.

The increased inhibition of auxin in the presence of K+
would appear to be in line with the work of Cooil (1952) on
K+ stimulation of auxin induced growth in the Avena coleoptile.
It is quite possible that the interaction between auxin and
K+ ions could be of fundamental interest in itself, and a
study of the phenomenon might yield knowledge which could be

applied to our understanding of the physiology and biochem-

istry of flowering.
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Table 9

EFFECT OF K IONS IN THE PRESENCE OF AUXIN
UPON INHIBITION OF FLOWERING

Treatment % Flowering Floral Stage

No auxin or KC1 o4% b7
10. x 10°% M KC1 pH 6.0 ol 4.1
3.0 x 10‘4 M NAA pH 6.0 Yl | 1.0
KC1 + NAA pH 6.0 18% 0.2

(concentration as above)

16 plants per treatment. Two 16 hour nights, #1, #2 and #3
leaves on each plant (app.l12)

Treatment % Flowering Floral Stage
No auxin or KC1 100% 5.4
10. x 10°% M K1 pH 7.0 100% | 5.4
4.0 x 107 M NaA pH 7.0 4o% 0.6
KC1l + auxin 27% 0.5

15 plants per treatment, one 19 hour night, #3 leaf (app. 57)
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Varlation in Flowering Response of Auxin-Treated Plants

In all experiménts involving the application of auxin,
one may note a great variation in flowering response within
the plants of a given treatment. This 1s best illustrated
by the following experiment. Two groups of 100 plants{each
were given three inductive dark periods. One group was
treated with auxin just before the first two inductive dark
periods. After 9 days (no auxin) and 13 days (auxin freated)
the apical buds of the plants were examined, and in Figure 16
the number of plants in each stage is shown. The nbn-auxin~
treated plants responded with great uniformity. Almost all
of the apical buds were in the same floral stage at the‘time
of dissection. The auxin-treated plants, however, were very
non-uniform in their response., Some plants were only slightly
inhibited by auxin, while others remained completely(vegetative.

This increase in variability of response is found in all
experiments with added auxin. It is obviously important in
the carrying out of experiments, and may well be of funda-
mental importande to our understanding of the role of auxin
in the physiology of flowering. There are two possibie‘
explanations for the varlation in response of auxin treated
plants. (1) The variation may be due to the technique of
application., If this is the case, plants within a given
treatment, treated as nearly identical as possible, must re-
ceive total amounts of auxin very greatly different from one
plant to another. This, in view of the techniques of auxin

application used, seems at best unlikely, and is fairly'
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 difficult to test. (2) It is also possible that the plants

may differ genetically in thelr response to applied auxin.
Xanthium piants in nature have been continuously selected

for their response to night length, but have had no selec-.
tion pressure with respect to their response to artifiéially
applied auxin, The differences 1n response might'be due to
differences in amount of auxin which penetretes the cells, or
to differences in the biochemical mechanisms through which
the auxin inhibits floral induction in Xanthium.. In order to
establish whether variation in response to'auxin is:geneti—
cally controlled, a number of clones were produced by making
cuttings of individual plants. From three to five cuttings
were made from each plant. A number of the cuttings failed
to root (auxiﬁ was not used in rooting, as it may have had an
effect upon the subsequent flowering), and the plants which
did survive were quite non-uniform in appearance. Nene'the
less, after the plants reached a suitable size,'four groups
were treated with auxin, one group was left as a control,
and‘all were induced with two 14 hour nights. The results are
shown in Table 10. The stage of each plant in edch clone is
indicated. It may be seen that some clones do appear to be
highly auxin-sensitive or highly auxin-resistant, bﬁt that a
iarge number of clones show considerable variation within the
clone. No positive conclusions can be drawn from this experi-
ment, but some support for the idea of'genetic.control of
auxin variability seems to be evident. | |

Whatever the theoretical significance of the variation
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Table 10

THE RESPONSE CF PLANTS WITHIN A CLONE TO INDUCTION
AFTER AUXIN APPLICATION

Clone  Floral Stages (showing no. plants)
Treatment Number o 1 2 3 4 5 6 7 8
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Plants induced with two 14 hour nights. (August 19 and 20,
1953) Defoliated as nearly as possible to the #4 leaf.
Dissected August 27, 8 days after induction. Auxin applied
before induction, both nights,
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in flowering response of plants treated with auxin, it is
obvious from the extent of the variation shown in Figure 19
that it is a major problem in conducting experiments. There
is no known way to classify plants as to auxin sensitivity.
except by observation after treatment with auxin and induc-
tion. -8ince the variation caused by applied auxin is so
great, it seems quite probable that the planﬁsmaking‘up
different treatments in an experiment, might differ'signifi—
cantly in their average sensitivity to applied auxin. This

' is born out by examination of the experimehts in this thesis
utilizing auxin. Experiments involving auxin treatment seldom
yield uniform and consgilistent data, or data which may be plotted
to yield smooth curves, (e.g. Figures 25, 32, 33, 38). On the
other hand, eiperiments which do not involve auxin often give
points which fall on or very near to a smooth curvej(e}g. Fig-
ures 4, 5, and 8).

Two ways may be envisaged to overcome the éXperimental
problem presented by variation in response due to applied
auxin,

(1) If the genetic explanation for the variation is
valid, plants could be selected according to auxin sensitiv-
ity. A population might be built up of plants}homoiygous
'for either sensitivity or resistance to auxin. This would
require some time, however, and it seems possible that other
characters which might eventually be of value to us in the
study of the physiology of flowering might also>be eliminated

by the selection process. Often the exceptions in plant
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'behavior have provided information about the rules. Still,
for certain purposes, this technique might be desirable.

(2) At present the only thing which can be done about
the auxin-induced variability is to use large numbers of
plants in each experimental treatment so that the mean values
of the stage of development have greater statlstical signifi-
cance, Here one is limited by the number of plants available,
size of the proposed experiment, etc., and it is ﬁsually
impossible to use the same number of plants per treatment in
all experiments. The author has found that twenty plants
per treatment 1s ideal with regard to handling, etc. When the
size of the experiment dictates that fewer plants per\treat—
ment'and more treatments be used, the author has often used
16 plants per treatment. Certainly if less than ten plants
are used in a treatment receiving auxin, the results have only

qualltative significance.

Some Statistical Considerations

As mentioned above, plants which have not been treated
with auxin show considerable uniformity of response if
conditions are sufficiently well controlled (Figure 16).

The stage system provides an excellent tool for the measure-
ment of the variation among plants which all fiower. Of the
factors discussed above, two appear to be responsible for

considerable variation if they are not controlled (leaf size,
light intensity or time of year), while other factors are of

slight or no importance (age of plant, number of buds,
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temperature, green safelight, etc.).

Since it is often impossible to obtain a uniform leaf
size and Iight intensity for all plants in an experiment,
the next best procedure is to distribute the variation in
leaf size and light intensity among the plants of any 8ingle
treatment. A procedure for this has been described above
for leaf size. Plants are sorted into three groups accord-
ing to the size of the #3 leaf. Each treatment is then made
up by choosing a certain number of plants from each of the
three groups. For instance, each treatmeﬁt might cbnsist of
9 plants from the group having "young #3 leaves," 9 plants
from the group having "old #3 leaves,'" and 2 plants from the
groub'which did not fit into the arbiltrary classification of
leaf size described above (page 39), making a total of 20
plants per treatment. To insure adequate randomization of
plants exposed to different growing conditions prior to in-
ductilon, plants are chosen at random from each of these groups.
To insure randomization of conditions for post-induction de-
velopment, the plants are set out on the bench after induc-
tion with each treatment placed along diagonal rows of a
block design. This system is easy to set up, and it 1is easy
to find and cut down each treatment at the end of the experi-
ment (much more so, than if the plants are simply placed out
at random).

With this method of eXxperimentation a certain amount of
variation within each treatment is introduced, but the range

of variation should be the same in all treatments. In the
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more basic forms of statistical treatment, the variation
within treatments yields the measure of the variation to be
expected by chance between treatments. With the experimental
procedure described here, this is not Justified. Such a cal-
culation would indicate that the mean is less significant
than it actually is. " If the variation within a treatment can
be understood and controlled on the basis of environmental
factors, leaf size, etc., this variation is not due to chance
and 1s not an indication of the deviation of the mean due to
chance. The variation of the means due to chance must be
studied in experiments designed to study it, as in Table 11
below. |

The situation becomes complicated, however, when the
variation within a treatment is not understood and controlled,
as is the case with applied auxin (or threshhold induction).
Again experiments must be designed to study this variation
(Figure 16).

To determine the variability between treatments, five
groups of 20 planté each were prepared as described above
and induced with a single 16 hour dark period. After induc-
tion they were placed out on the greenhouse bench as de-
scribed above. This procedure was followed in virtually all
'experiments reported in this thesis., The condition of the
apical buds 10 days after induction is shown in Table 11 and
Figure 17. It may be seen that the agreement between treat-
ments is excellent. The variation within plants of a given

leaf size may be due to light intensity variation before and
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Table 11

AGREEMENT BETWEEN GROUPS OF PLANTS
INDUCED IN THE SAME MANNER

Group Number

1 2 3 4 5

Floral Stage 6.15 6.16 6.10 6.10 6.20

Plants prepared as described in text, defoliated to #3 leaf,
induced with a single 16 hour dark period (July 13, 1954),

dissected after 10 days, twenty plants in each group.
(See Figure 17)
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after treatment, but this variation is apparently almost the
same in all treatments, as described above. In this experi-
ment the #3 leaf was used, and the average response for old
and young leaf was very nearly the same (see Figure 8). With
older of younger leaves (#2, #4, #5, etc.), the separation
into 0ld and young leaves is more important.

Another factor affecting the degree of variation is
the amount of induction, This is illustrated by Figure 18,
showing the condition of buds ten days after induction when
plants were given one or two inductive cycies. A 1éss sensi-
tive leaf was used and a fairly short night (12 hours), so that
the induction for a single dark period is nearer to the thresh-
hold condition. It may be seen that the amount of variation
within a treatment decreases as the amount of induction in-
creases. The amount of induction, however, is a factor which

is not usually controlled in the normal sense, but is an in-

tricate part of the particular experiment.

Outline of the Procedure for Experimentation with Xanthium

As a summary of this chapter, the complete procedure for
experimentation with Xanthium will be presented in outline

form:

I. Method of Growing Plants

1. Grown from seed
2. Fertile soil with occasional addition of nitrogen
3. Maintalned vegetative. with supplementary light



II.

ITI.

Iv.

VI.
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Preparation for Experimental Treatment

1. TUse as many plants per treatment as possible
- (20 plants)
2. Plants are sorted according to the size of the
#3 leaf

- 3. Plants are trimmed to a single leaf. The leaf

chosen depends upon the sensitivity desired.
All extra buds are removed.

4. Plants are chosen from sections of each group
(various leaf sizes) to make up each treatment

Experimental Treatments

1. Light intensity before and after induction is
controlled or recorded (time of year is recorded)

2. Temperature during the 1nduct1ve dark period is
controlled to within ca. 2° C., but may vary
within wide limits both before and after induc-
tion.

3. A green safe-light may be used for treatments
during the dark period
Experiments involving auxin:

a. Water controls are usually not necessary
b. Auxin must be carefully prepared:
pH must be controlled
Salt must be controlled :
Detergent is added to aid wettlng
¢c. Method of application depends upon partlcular
experiment

After induction plants are set out on bench so that
each treatment is subject to the same variation in
environmental conditions.

Number of days between induction and dissection of
the buds 1s determined by the rate of development
of the fastest growing buds

1. Some extra plants are induced with the most
optimal induction of any treatment in the experi-
ment, and a few of these are dissected at inter-
vals after induction to determine the rate of
development of the buds. ‘

2. To compare experiments dissected at different
times after induction, stages may be adjusted
to any given number of days after induction

Plants are dissected and the buds claséified into
the floral stages described.
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From the variables described in the above sections, it
is clear that various factors must be recorded along with
the experimental results, in order to evaluate these results
properly, In this thesis the results are shown graphically
or 1In tables, and the important variables, as well as the
experimental procedures, are given either with the resuits
or in the appendix beglinning on page 181. The data in the
aprendix are referred to by numbers in parentheses in‘the
figures and tables.

In addition to the results themselves, the following
factors are important:

1. The general set-up of the experiment

Concentration of chemicals, etc.
Times of treatment
2, If auxin is used:
Method of application
pH of the solution
The date, and any unusual weather conditions.

4, The number of plants in each treatment.

5. The number of the leaf or leaves left on the plant
during induction

6. Number of days between induction and dissection of
apical buds

7. The following factors need not bhe mentioned unless
some deviation 1s made in the standard procedure:
Temperature during induction
Age of the plant
Number of buds
Use of green light



-86-

Chapter II

- THE DUAL ROLE OF AUXIN IN FLOWERING, WITH
SPECIAL REFERENCE TO A PROMOTIVE EFFECT

Introduction

As discussed in the thesis introduction, auxin applied
to short day plants ordinarily inhibits induction. There
are instances, however, in which applied auxin promotes
flowering, as with the pineapple, the litchi, some long-
day plants, and wilth various plants to which auxin is applied
in low concentrations and at cold temperatures (page 22).
In this chapter experiments will be presented which show that
auxin applied to Xanthium inhibits the act of induction if
applied before induction has been consummated, but that auxin
applied after florigen has been formed and translocated out
of the leaf, promotes bud development (promotes the induced

state).

Experimental

This dual role of auxin is best i1llustrated by experi-
ﬁents in which auxin 1s applied at various times during and
following an inductive dark period. Groups of plants were
treated at various times either by dipping the leaves in
auxin solution (10'3 M NAA) or by applying 0.5% NAA in lano-

1lin to the stem near the tip. The time of translocation of
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the flowering stimulus out of the leaf was measured by de-
foliating plants at varlous times after induction, as ex-
plained in Chapter I (page 46). The results of such an
experiment are shown in Figure 19. It may be seen that auxin
applied during or for some time after the inductive dark
period inhibits flowering. This is the inhibitory effect dis-
cussed above.

Figure 19 also shows that auxin applied after florigen
has been translocated out of the leaf promotes the development
of the floral bud slightly. Although the differencés between
controls and auxin treated plants are small, they are statis-
tically significant (page 80 ), and have been observed in ten
separate experiments. It is interesting to note that the inhi-
bition and promotion of flowering were obtained whether the
auxin was applied to the leaf or to the tip of fhe plant. Epil-
nastic bending of the leaf petloles was observed in both in-
stances, indicating that the auxin had been translocated through-
out the plant (probably due to the fairly high concentrations).
The fact that the effects may be observed fegardless of the
point of auxin application, indicates that auxin concentration
gradients are not responsible for the results.

This promotive effect of auxin may only be demonstrated
clearly when light conditions during development of the bud
are suboptimal. Thus winter experiments show the effect more
strongly than summer ones. That light intensity 1s the fac-
tor involved may be seen by following the floral development

of plants treated or not treated with auxin two days after
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"+ induction and grown under high or low light intensity. The

results of such an experiment are presented in Figure 20,4
in which stage is plotted as a function of number of days
after induction. The rate of development of non-auxin-
treated plants dropped off faster in the plants which Qere
shaded than those which were not (a number of cloudy days
resulted in slightly slower development thah normal in all
plants). The buds of the auxin-treated, shaded plahts, how-
ever, after a short initial lag, continued to develop at a
rapid rate. Similar results were also obtained when auxin
was applied to the tip rather than the leaves, and alsplwhen
two indﬁctive cycles were used instead of one. These re-
sulté may be interpreted on the assumption that loweredrlight
intensity 1eadé to a lowered auxin concentration within the
plant, and that this deficit may be made up by the'appiica—
tion of auxin. It has indeed been reported that auxin cbn—
centration‘in the plant is lower under short—daji(Cooke) or
low intensityllight (Resende, 1950, 1952). '

It may be demonstrated that the inhibitory éffect of
auxin on induction occurs only in the leaf, but ﬁhat'the pro-
motion of floral development by applied auxin occurs indé—
pendently of the leaf. Groups of plants were defoliated at
various times after induction. Half the plants of each group
were treated by dipping the tips in auxin solution immediately
after defoliation. After an appropriaté time the ﬁips were

examined, and the results are shown in Figure 21 (two experi-
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ments). The floral stage of the auxin treated plants was
greater than that of the controls, regardless of the time

of treatmént. Thus the promotive effect of applied auxin is
directly upon the bud. Since auxin applied before transloca-
tion of florigen from the leaf 1s complete is inhibitory in
the presence of the leaf (Figure 19), and since auxin ap-
plied at this time gave no inhibitlon in the absence of the
leaf, it may be concluded that the inhibitory effect of ap-
plied auxin takes place only in the leaf.

It has been reported that an inducti?e dark périod is
ineffective in the absence of one or more actively growing
buds (Carr, 1953; Lincoln, 1953). This has been interpreted
by Carr as an indication that the flowering substance {(refer-
red to by him, after Gregory (1948), as a hormone precursor)
is not stable until it has been "fixed" by the.grOWing point.
Carr suggests that if no active bud is present, the hormone
becomes dissipated. It has recently been shown -that the pres-
ence of very young leaves will replace the requirement for an
actively growing bud (Lincoln, 1954). It has also been shown
that young Xanthium leaves are effectlive in the inhiblition of
lateral buds, from which one may infer that these young leaves
produce considerable auxin (Hamner and Bonner, 1938). In view
of these facts it seemed possible that the lack of an actively
growing bud or very young leaves would lead to a low auxin
concentration within the plant, and that this might result
in a fallure of development of floral buds. Thus 1t appeéred

possible that the dependence of induction on an actively grbw-
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ing bud or very young leaves might reflect the dependence of
bud development on auxin. This pgossibility was investigated
by the foilowing experiments.

That actlve buds are essential to induction under the.
present conditions was first established by experiments in
which tips were removed from groups of test plants on succes-
sive days before and after an inductive dark period. Eilther
an axillary bud or a cotyledonary bud was left on each plant.
The results are shown in Figure 22 in which the percent of
the remaining axillary buds which flowered is plottéd against
time at which the tip was removed. If the tips were cut off
two or three days before induction, the axillary bud appar-
ently became active in time to receive the flowering stimulus
and differentiate into a flower bud. if the tips were removed
just before or for a number of days after indudtion, the de-
gree of flowering was greatly reduced. Even after the tip
has begun to differentiate (two or three days after induc-
tion--Figure 4), if if is removed, the remaining dormant bud
fails to flower when it becomes active.

.To see if auxin can replace the requirement for active
buds during induction, tips were removed one day before in-
duction, and auxin in lanolin was applied to the scar on suc-
'cessive days thereafter. Except for one leaf and its axillary
bud, all leaves and buds were removed from the plant at the
beginning of the experiment. The tip together with part of
the one remaining axillary bud was removed as shown in Filgure

23. This was to insure that the only meristematic tissue
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.(1ater to become the growing point) on the plant was in a
completely dormant condition at the time of induction.*

The results of this experiment are shown in Figure 24,
Forty-five percent of the plants whose tips were removed

but which received no auxin flowered. Plants which received
auxin just before induction were 1nhibited in their flower-
ing, as is normally the case. Plants which received auxin
two and three days after induction, however, flowered almost
as well as controls from which the tips had not been re-
moved. Thus auxin can replace the requirement for active
buds in the induction of Xanthium. As shown in Figure 24,
there 1s some indicatlon from the experiments conducted to
date, that auxin is not effective more than about six days
after induction, indicating, probably, that the flowering
hormone has been dissipated in this period of time. It was
evident, however, that the meristematic tissue on some of
the plants became active within six days, which may account
for the flowering which did occur in some of the non-auxin-
treated control plants. Experiments demonstrating the re-
placement of the requirement for active buds with auiin have

been repeated three times.

*Even this method is not entirely satisfactory. In one
experiment conducted in the middle of summer, the buds
became active within three or four days after the tips
were removed, and all plants flowered regardless of the
time the tips were removed. In another experiment, the
axillary buds had begun to become active at the time the
"tips were removed, and, in many plants, insufficient
meristematic tissue remained to produce new growing points.
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-6~

Discussion

The promotive effect of auxin on floral development,
described in this paper, may aid in the interpretation of
some experiments of other investigators which show a promo-
tive effect of auxin upon flowering. ”

Bonner (1949) and Liverman (1952) were able to obtain
formation of flower-like buds in Xanthium by the application
of antiauxins, but the buds failed to develop unless they
were subsequently supplied with auxin. Since development
would only take place after the auxin level had been railsed,
it would appear to be an example of the phenomenon outlined
above.

Leopold and Guernsey (1953 a, b, and ¢) have reported
a promotion of flowering by low concentrations of auxin
applied at low temperatures. Auxin concentrations which
are too high bring about inhibition even at low tempera;
tures. They were able to obtain this effect by eoaking
the seeds of long-day, short-day, and day—neutrel plants in
auxin solutions in the cold, and also by applyihg low
concentrations of auxin to the leaves of soybean (a‘short-
day plant) kept on short-day at low temperature. The expla-
nation for these results may be that low temperature pre-
vents auxin from being effective in inhibiting the act of
induction, but that there is an increase in the general
level of auxin within the plant so that subsequent bud

development is accelerated, as described above.
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The experiments showing the requirement for active buds
and its replacement by applied auxin are of interest to the
understanding of induction, and will be discussed in more
detaill in this relation in the next Chapter. It may be
noted here, however, that the curves showing the effective
time of bud removal 1ndicate that active buds are not
actually required during the act of induction, but must be
present only to receive the flowering stimulus before 1t
becomes dissipated. Thus the requirement for active buds
(or auxin) is probably related to the induced state rather

than to the act of induction.



Chapter III

THE NATURE OF THE INDUCED STATE

Introduction

Some deductions about the nature of the induced
state, or the nature of induction, may be drawn from the
experimental results of Chapters I and II coupled with
results of earlier workers. The facts pertinent to this

discussion are summarized in the following section.

Pertinent Experiments

1. Rate of Bud Development as Measured by the Stage

System. Stage of floral bud development is proportional to
time beginning about two and one half days after induction.
The slope of the stage-time curve gives the rate of bud
development in stages per day. (Page 30, Figure 4.)

2. Variation in Degree of Induction. When only one or

two inductive cycles are given to the plant the initial rate
of bud development 1is dependent upon the length of the
inductive dark period. (Page 35, Figure 5. it is also
evident from the experiments in which plants are defoliated
at different times that different degrees of induction are
possible. If only a small amount of stimulus has been

translocated out of the leaf at the time of defoliation
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(soon after induction) the rate of floral development is low.
If larger amounts of stimulus have been translocated out of
the leaf (long after induction) more rapid floral development
takes place. (Page 86, Figure 19.) Many other experiments
also 1lllustrate the fact that different degrees of induction
are possible (e.g. Figure 35). That the differences in rate
of development due to different degrees of induction continue
until ripe fruits are produced, is shown by the work of
Frances Naylor (1941).

3. Number of Buds on the Plant. The number of buds

on the plant influences the rate of development of the
terminal bud only slightly and the number of developing buds
times the average stage of all buds is not a constant.

(Page 51, Table 5.) The implications of this fact are dis-
cussed below,

4, Conditions during development of Buds. Exposure of

the plant to 'low intensity light some days after induction
slows the rate of development of the buds. (Page 87, Fig-
ure 20.) An inductive dark period given some days after
initial induction increases the rate of development of the
buds (Roberts, 1951). Thus degree of induction may be
changed in either direction by proper treatment.

5. Effect of Auxin. Applied auxin inhibits the act of

Induction, but promotes development in the induced state.
Plowering is inhibited if auxin is appiied before transloca-
tion of the flowering stimulus out of the leaf is complete,

but floral development is promoted if auxin is applied after
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" this time. (Page 87, Figure 19.)

6. Active Buds. If all buds which are actively growing

are removed from the plant virtually any time after or just
béfore induction, the dormant buds, when they become actlve,
will be vegetative. This is true even if the active buds
are actually flower primordia at the time they are removed.
(Page 93, Figure 22.)

T. Auxin and Active Buds. The requlrement for active

buds can be replaced by applied auxin. It appears that
florigen 1s not only unable to act in the absence of auxin

but is also unstable. The length of time that florigen is
stable is measured by these experiments. (Pége 95, Figure 24.)

8. Translocation out of the Leaf., Defoliatlon experi-

ments show thét the flowering stimulus is translocated out
of the leaf some hours after the end of the inductive dark
period. (Page 86, Figure 19.)

9. Leaf Grafts. LongA(1939) has shown that a leaf

from an induced plant, when grafted onto a vegetative plant,
will cause it to flower.

10. Grafts through a Number of Generations. It has

been shown that florigen may be transmitted through a number
of graft generations without any apparent dimunition in

activity (Bonner and Liverman, 1953).
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Discussion

Induction as defined here (page 12) is the ability of
certain plants to continue to develop and produce flowers
once théy have been exposed to the suitable environmental |
stimulus, even though the environment under which the devel-
opment and production of flowers takes place is not of the
type which may induce flowering. This definition'is the one
used by most authors (e.g. Lang, 1952; Bonner and Liverman,
1953), including the earliest known fo the present author
(Lubimenko and Sceglova, 1931). This definition makes no
statement as to the guantitative nature of inductioh. Yet
questions have arisen regarding this point, both from the
all or none aspect of flower initiation and from deductions
which have been made regarding the induced state.

To some it seems obvious that induction is an all or
none process, but this is probably more apparent than real.
Certainly the processes which take place during flower
initiation are irreversible. The developing flower bud can-
not shrink back to a vegetative growing point. Nor.is it
possible to think of tissue which, at least ftheoretically,
could not be classified either as flowering or vegetative.
‘In this respect, there is no half-way conditioﬁ. Thus the
all or none aspect of flower initiation refers to the differ-
entiation of the bud, rather than to induction itself. A
few examples illustrate the fact that the induced state may

be reversed completely.
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If all the active flowering buds are removed from a
plant (Xanthium) a few days after induction, the dormant
buds, when they become active, are vegetative (Point 6,
above).. The author has cut off stems of Xanthium just
above the cotyledonary buds, and although the stems possessed
macroscopic flowers, the new buds when they became active,
were vegetative. Perennials, of course, lose their induc-
tlon each season.

Cestrum, the night-blooming Jjasmine, for instance,
requires long—day'conditions to become induced, but the buds
only develop if the plant is exposed to two or more short
days. The plant will remain in the induced condition .indefi-
niteiy until exposure to short day initiates development, but
after the fruits mature, the plant must be again induced
before flower formation will take place.(Sachs).

Instances are also known where the induced state may
change even during flower development. The present author
and others {Lincoln, 1954) have observed cases in Xanthium
where the average floral stage seems to decrease with time
under particularly poor environmental conditions, This is
apparently because the individual flower primordia of the
inflorescence primordium continue thelr development as
‘leaves rather than as flowers, under adverse conditions. 1In
extreme instances the tip of the inflorescence primordium
may continue its development as a vegetative growing point,
without the actual differentiation of flower parts.

It 1s a striking characteristic of the floral inductlon
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process, that it is in a sense all or none, that the plants
either flower or they do not flower. Induction as viewed

in this qualitative way might be accounted for by the follow-
ing general sort of hypothesis. We might imagine that the
production of florigen (by the act of induction) trips a
mechanism so that florigen-is produced autocatalytically
within the plant. The autocatalytic process should then
continue to build up the florigen concentration to a maximum
level, and all buds should develop at the same (maximum) rate.
If the mechanisms of induction were simply autocatalytic,
plants should either flower maximally, or remain vegetative,
depending on whether or not inductive treatment has crossed
the necessary threshold.

Obviously, however, inductlion is not so simple. Differ-
ent guantitative degrees of Induction of Xanthium may be
attained (points 1 and 2, above). The induced state is a
quantitative one in many other plants as well, and is often
measured by number of flowers, days until visible flowers,
length of the stalk, nodes to flower, etc. (not all of these
criteria, however, give an unambiguous measure of the degree
of induction).

Defoliation experiments strongly indicate that different
'rates of floral development in Xanthium may be caused by
different amounts of florigen reaching the growing point.
(Points 2 and 8, above.) Hence it is quite logical to
assume that the different rates of floral develbpment result-

ing from different inductive treatments, are also caused by
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different amounts of florigen beilng produced by these treat-
ments. For instaqce, the i1ncreased rate of development
caused by longer dark periods may be understood on the

basis that longer dark periods result in more hormone forma-
tion.

Increasing induction (i.e. longer dark periods or more
inductive cycles) apparently results in a build-up in
concentration of florigen within the leaf, while defoliation
experiments measure the kinetics of the build up in concen-
tratlon of florigen outside of the leaf. Leaf grafting
experiments indicate that the concentration of hormone in
the leaf is maintalned even after it has been built up in
the rest of the plant. (Point 10, above.)

If florigen were consumed by the developing buds, one
would expect the rate of development of each bud to decrease
as the number of buds on the plant increases. The éverage
stage multiplied by the number of buds, should be at least
roughly constant (assuming that the floral stages as defined
are directly proportional to amount of florigen--a fairly
reasonable assumption on the basis of night 1ength.eiperi—
ments--Figure 5). Since this is not the case--the number
of buds affects only slightly the stage of the terminal
‘bud (Point 3, above)--it is suggested that the.rate of floral
development is determined by the concentration of florigen
within the plant, rather than by the total amount. The
slight extent to which an increasing number of buds decreases

the stage of the terminal bud, may be due to one or both of
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.the following factors. (1) The competition between the
developing buds for nutritional factors may slow the develop-
ment of each somewhat, as the number of buds increases.
(2) Some florigen may be consumed by developing buds.

The constant rate of development under ideal conditions

indicates that after the initial induction, the concentration

of florigen within the plant is maintained constant. This is

also indicated by grafting experiments. Thus it appears that

the induced state consists in a maintainance of a given concen-

tration of florigen within the plant, once it has been estab-

lished by the act of induction. This concentration may

decrease under poor environmental conditions, or it may be
increased by further inductive treatment. (Point 4, above.)
The induced state is then what might be termed a homeo-
static one. The common autocatalytic systems encountered 1in
chemical kinetics do not result in the concentratioh of a
substance being maintained at the original 1evel independent
of this level. One might imagine a virus, reproducing itself
autocatalytically within an organism, but limited in its
maximum concentration by the availabllity of substraﬁes,
the counter reactions of the organism, etc. Under conditions
of maximal induction (continuous inductive cycles),
factors comparable to those controlling this hypothetical
virus may control and limit the rate of floral development,
and perhaps the rate of florigen synthesis. But under con-
ditions which result in different degrees of induction or

rates of floral development, the concentration at which
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florigen is maintailned is determined by the original con-
centration of florigen. It is this characteristic of
induction, which is comparable to hoﬁeostasis.

One explanation for the self regulation of the inductive
system might lie in the possibility that certain cells are
capable of producing florigen, and that different numbers of
cells capable of florigen production are produced by differ-
ent inductive treatments. As the concentration of florigen
increases within the plant, due to the act of induction,
more and more cells become capable of producing fldrigen.

As the plant grows, a certain proportion of the new cells
become florigen producers, the number again depending upon
the florigen concentration in the plant. This hypothesis

has the drawback that a number of unfounded assumptions
must- be made about the nature of the particular cells in-
volved. Unless this is done, this system also has the
kinetics of a typical autocatalytic reaction. At present
there 1s no evidence for any special florigen producing cells.
It is highly probable, however, that suitable experiments
could be devised to test some of the basic assumptions

(e.g. a cytological study of induced and non-induced plants.)

Two homeostatic systems might prove to be closely
‘analogous to the induced state.

(1) Although many molecules within a cell may vary
in concentration in response to various stimuli, the genes
remain for most of the time at a certaln number per cell,

and at a nearly constant concentration in relation to the
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. cell protoplasm. At about the time that the cell divides and
begins to double in volume, the genes double in number. Under
some conditions (those resulting in polyploidy) the genes
increase. in number per cell. Perhaps this is analogous to
the act of iInduction which increases the concentration of
florigen.

(2) It has been shown by Ephrussi (1953) that the
number of mitochondria per cell in yeast (the concentration),
may be influenced by various factors, and that affer the
concentration has been changed by appropriate treatment, it
is maintained at the adjusted level throughout subseguent
generations of the yeast. This is closely analogous to
the éystem described above for the induced state in Xanthium.

If these analogies are correct, one might ask whether
or not florigen resembles the nucleoprotein containing
particles of the cell (the genes and the mitochondria).

Does its gene-or mitachondrial-like biochemistry;account
for the difficulty in extraction and for its virus-like
properties? Is our lack of knowledge of this biochemistry
responsible for our inability to understand quantitative
induction? Does florigen affect morphogenesis in a manner
similiar to the gene?

At least two things have been learned about the state of
induction from the experiments with auxin. First, the condil-
tion of induction is different in its chemistry from the act
of induction, since applied auxin promotes the induced state

but inhibits the act of induction. Thus while both the act
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- and the condition may consist in a synthesis of florigen,
the act requires certain environmental conditions and is
inhibited by auxin, while the condition is affected to a
lesser degree by the environment and is promoted by applied
auxin. (Point 5, above.)

Second, not only 1is floral development promoted by
auxin, but the induced state seems to require auxin. Thus
florigen is dissipated in the avsence of actively growing
buds, but applied auxin will prevent this dissipation.
(Points 6 and 7, above.) Perhaps in the induced state
florigen is normally in dynamic equilibrium within the
plant, being synthesized and destroyed at equal rates.
Auxin may be required for the synthetic process. Another
possibility is that auxin, applied to induced plants from
which the active buds have been removed, causes'the dormant
buds to differentiate immediately, before the hormone can be
dissipated. This, however does not seem 1likely,. as applied
auxin tends to delay the bud from becoming active, rather
than causing differentiation to occur earlier. Further
experimentation is required to learn whether auxin promotes
the synthesis of florigen in the induced state, or whether
florigen 1s unable to act upon the bud except in the presence
of sufficlent auxin.

To summarize: The fact of quantitative induction may
be understood on the basis that the act of induction results
in the formation of varying concentrations of flowering

hormone, and that the concentration thus attained is
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automatically maintained within the plant, Florigen is
able to act efficiently only in the presence of an adequate
supply of auxin, and lack of auxin leads to depletion of

florigen already present.
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Chapter IV

THE INHIBITORY EFFECT OF AUXIN AND THE

LOW INTENSITY LIGHT PROCESS

Introduétion

The basic facts regarding the effects of applied auxin on
flowering have been summarized in the introduction (page 21).
Several kinds of experiments with auxin have been presented
in Chapter I (Figures 15, 16, Tables 8, 9). Chapter II deals
with the dual role of applied auxin in flowering of Xénthium,
and discusses an auxin promotion of floral bud development
and the ability of auxin to replace the requirement for ac-
tive.buds in the induction of Xanthium. It was also pointed
out that auxin applied before translocation of the stimulus
out of the leaf inhibits the inductive process,'probably by
inhibiting synthesis of the flowering hormone. It was shown
that this inhibition occurs exclusively in the leaf. Thus it
appears that auxin applied before translocation bf florigen
out of the leaf is complete directly affects the act of induc-
tion. It is of importance to study this inhibitory effect
of auxin, since such a study may lead to a better understand-
ing of the dark process. The investigations presented in

this thesis are of five kinds:
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1. Concentration Relations of Applied Auxin.

2. Relations of Applied Auxin to Length of the Dark
Period.

3._ The Time of Auxin Application.

L, The Relation of Applied Auxin to Red Light Inter-
ruption of the Dark Period.

5. Application of Cobalt.

1. Concentration Relations of Applied Auxin. The earli-

est work on the effect of auxin on flowering included studies
on the concentration relations of applied auxin and inhibition
of flowering (e.g. Leopold and Thimann, 1949; Bonner and
Thurlow, 1949). Many of the present experiments also included
the effect of auxin concentration upon inhibition of induction.
The resﬁlts of a number of these experiments are summarized

in Figure 25, in which the data are plotted as floral stage
vs. auxin concentration. It may be seen from the figure, that
the application of auxin under varicus conditions of night
length, number of inductive cycles, leaf size, méthod of ap-
plication, etc., yilelds concentration curves of the same
general shape, but differing somewhat in level of maximum in-
hibition, and in concentration effective in inhibiting 50%
ete.

The auxin concentration curves are all-of.the saturation
(hyperbolic) form. This is best seen by plotting the auxin con-
centration against the number of stages inhibited by auxin
application, as in Figure 26. It is evident that the shape of

this curve i1s similar to that obtained in studying the con-
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~centration relations of other auxin phenomena. McRae, Foster,
and Bonner (1953) have applied Michaelis-Menten enzyme kinetics
to the auxin growth responses of Avena coleoptile sections.

In this treatment it was shown that the saturation type curve
may result from the combination of auxin with a receptor to
form an auxin—receptof complex active in the growth reaction.*
As is shown in their paper, a test for the saturation type
curve consists of a plot of the reciprocal of the auxin con-
centration against the reciprocal of the response. If the
curve is of the hyperbolic type, the doublé reciproéal plot
should be a straight line. In Figure 27 the data of Figure 26
are plotted in this manner, and it may be seen that the result
is indeed a straight line.

This result, which applies to most of the curves in Fig-
ure 25, together with the fact that antiauxins reverse auxin-
induced floral inhibition in the same manner that they reverse
other auxin induced responses (page 21), indicates that auxin
inhibition of flowering 1s mediated through the same chemical
pathways as other auxin responses. Thus one might speak of an
auxin-receptor complex in Xanthium which results in floral in-
hibition, since the same evidence which stands behind this
concept for other plant tissues 1s also available in the pres-
ent case.

It is interesting to note, however, that there are a num-

*Other evidence was also presented to support this conclusion,
in particular the interactions with antiauxins.
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ber of complications in the concentration relations of auxin
and flowering, which must be taken into account if the de-
tailed treatment of McRae et al. is to be applied to this
phenomenon. The method of application is perhaps the most .
serious of these complications. As may be Seen by comparing
the top of Figure 25 with the bottom of this Figure, ten fold
differences 1n concentration of applied auxin may result in
comparable inhibition of flowering depending upon the method
of application. Another important factor which must be con-
sidered is that of leaf size. In Figure 28 floral étage is
plotted against auxin concentration for different leaf sizes,
and the floral stage is also plotted against leaf size for
different auxin concentrations. Obviously leaf size must be
considered. Other factors discussed in Chapter I must also be
taken into account, but when this is done, the type of kinetic
studies applied to the auxin-induced growth of Avena may also
be applied to the auxin inhibition of flowering in Xanthium.

2. Relation of Applied Auxin to Length of the Dark Period.

For the determination of the relation of auxin to the synthesis
of florigen, it could be of importance to know what relation
exlists between applied auxin and fhe length of the inductive
cycle. Does auxin applied at the beginning of an inducti&e
éycle increase the critical night length? Or does it only in-
hibit the degree of response without materially affecting the
critical night length? How does the concentration of applied

auxin affect the response under different night 1engths?
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To investigate these guestions, plants were induced with
different night lengths and treated with different auxin con-
centrations. The results of four such experiments are shown
in Figures 29 and 30, in which the floral stage (and in Fig-
ure 30,percent flowering)is plotted against night length, for
different auxin concentrations. From these figures it may be
seen that the longer the dark perlod, the more auxin is re-
guired to bring about a given degree of inhibition. The criti-
cal night length, however, seems to be affected only slightly
if at all by applied auxin. The 6.0 x 10_4 M NAA treatment,
shown in the upper half of Figure 29, appears to have in-
creased the critical night length by an hour, but the degree
of induction of plants receiving a 16 hour night (almost twice
the critical night length) was reduced to less than a third of
the non-auxin treated control value. Thus it appears to be
primarily the degree of induction which is depressed by auxin.

The variation in flowerilng response of plants treated with
auxin (Figure 16) is particularly evident in these experiments.
Some plants are greatly inhibited with low auxin concentrations
even at extended night lengths, and some plants flower even
when treated with high auxin concentrations and induced with
relatively short dark periods.

3. The Time of Auxin Application. Another kinetic study

of the auxin inhibition of flowering which might yield insight
into the mechanisms of induction involves the effective time
of auxin application. Such a study might tell us which of the

partial processes of hormone synthesis (see Introduction, page
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14) are affected by the application of auxin, or by the auxin
already present in the plant. Figure 31 shows the effect
upon flowefing of auxin applied a number of days before induc-
tion; It may be seen that NAA inhibits induction someWhat
even when it is applied seven days before the inductive dark
period. In another experiment it was found that IAA was in-
effective (or‘slightly promotive) in floral inhibition when
applied seven days before induction. This may be duevto the
in vivo destruction of IAA by the IAA oxidase system. Appar-
ently NAA remains in the plant for a numbef of days:in a con-
dition which inhibits the processes of induction. ‘

Figure 19 in Chapter II shows the results of three experi-
ments in which auxin was applied throughout and after an induc-
tive dark period. Floral stage is plotted against time of
auxin application. Two of these experiments, as well as two
others, are summarized in Figure 32. In noneof thesé experi-
ments, however, was auxin applied from the beginﬁing df the
dark period until it had become ineffective in induétion, in
a single experiment. Figure 33 shows the results of a single
experiment in which auxin was applied from the beginning of
induction until it was ineffective in floral inhibition. Two
night lengths were used. In all of these experimenﬁs the time
6f translocation of the flowering stimulus out éf the leaf was
measured by defoliation of groups of plants at different times
after the inductive dark period, as explained on pége Le .

The conclusions which may be drawn from these figures
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illustrating the effective time of auxin application are sum-
marized in the generalized curves drawn in Figure 34. Auxin
applied at successive times after the beginning of the induc-
tive dark period becomes increasingly effective in floral
inhibition through the first two or three hours, and then be-
comes gradually less and less effective until it is completely
ineffective some hours after the end of the dark period. The
time at which applied auxin becomes ineffective in floral in-
hibition seems to be very nearly equal to the time at which
translocation of the flowering stimulus out of the leaf is
complete. The general shape of the curves does not seem to
depend upon the length of the dark period, nor is there an
abrupt change in the slope of the curves at the end of the
dark period. The slope of the curves tends to increase with
increasing auxin concentration. The time at which applied
auxin is ineffective in inhivition, related to translocation
of florigen, 1s dependent upon the time of year, as shown in
Figure 11, Chapter 1I.

Thus the conclusions of the kinetic studiles on auxin-night
length, and time of auxin application must be taken into con-
sideration in any attempt to understand the mechanisms of the
dark process, and of hormone synthesis. They will be dis-
cﬁssed in this respect in the following chapter.

4. The Relation of Applied Auxin to Red Light Interrup-

tion of the Dark Period. As shown above, auxin inhibits the

effects of the dark process, and is maximally effective when

applied about two hours after the beginning of the dark process.
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A red light interruption during the dark period also inhibits
the effects of the dark process (page 18). Since both appliled
auxin and fed light interruption of the dark period have the
same net result, it is of interest to know what relation there
is between the two effects.

The kinetics of applied auxin inhibition of flowering are
outlined above, but i1t was found that in spite of the exten-
sive work on the red light interruption of the dark period
(e.g. Borthwick, Hendricks, and Parker, 1952; Liverman, 1952;
Liverman and Bonner, 1953 b; Parker, Hendricks, Borthwick, and
Scully, 1946; Parker and Borthwick, 1950; Harder and Bode,
1943), kinetic data of the gquantitative type described above
for auxin were not available for the red light interruption.
Most work had been done on the action spectrum for the photo-
receptor pigment, and only little had been done on the kinetic
aspects of the time and intensity of the light interfuption.
It had been shown (Parker, et al., 1946) that the reciprocity
rélations held approximately for the red light interruption
of the dark period as for other photo-chemical feactions. A
given effect 1s obtained with a given quantity of light (e.g.
ergs/cmE) whether it is applied at low intensity for an ex-
tended period {up to two hours), or at high intensity for a
short period. The effect of varying the time of interruption
during the night has also been studied, but the results are
unsatisfactory for guantitative considerations. Qualitatively
it has been found that about the same inhibitioh is obtained

with a given quantity of light from six to eight hours after
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 the beginning of a twelve hour dark period.

a. Time of Light Interruption during Induction. To

obtain more satisfactory data for the time of light interrup-
tion, groups of plants were illuminated for brief intefvals
(from ten seconds to ten minutes, depending on the,expéri—
ment) by red light of high intensity (approximateiy 18,000
ergs/cmg/éec of red light at different times during induc-
tion). Figure 35 in which floral stage is plotted against
time of red light interruption shows the results of such an
experiment. Two night lengths were used (12 and 16-hours),
and light interruptions of one minute and ten minutes were
used. The two durations of light had almost the same effect
(as did 10 seconds in another experiment), and although the
data are tabulated in the appendix, only the one minute re-
sults are shown in Figure 35. |

A number of conclusions may be drawn from Figuré 35. The
complete floral inhibition brought about by intéfruption elght
hours after the,beginning of the dark period (referfed to
hereafter as the 8 hour interruption) is of intérest,, In
this experiment, interruptions after eight hours seemed simply
to stop the processes of induction which had gone oﬁ up‘to
the time of interruption (e.g. the 12 hour interruption of the
16 hour night resulted in a floral stage eqﬁal to the 12 hour
night). Thus from 8 hours (or more probably 8% to 9--critical
night length) to 16 hours, the curves ére identical with those
obtained by plotting length of the inductive cyéle against}

flowering (Figure 5). The second high intensity light process
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(Lockhart and Hamner, 1954) is not evident in these experi-
ments. If it were, one would expect the 12 hour interrup;
tion of the 16 hour night to result in a lower floral stage
than the 12 hour night (due to the darkness following light
interruption). ' .
Response to light interruption during the first eight
hours is also of interest. The curves are asymmetrical, with
the light interruption being less effective if given in the
first half of the dark period. Thus it appears that a given
dark perliod is more effective when it foliows a light inter-
ruption, than when it is terminated by one. The plants which
receive a 2 hour interruption in a 12 hour night (10 hours
of darkness tQ follow), for instance, flower with a mudh
higher stage than plants which receive the 10 hour interrup-
tion in either the 12 or the 16 hour night. This effect de-
creases, however, as the interruption approaches thé 8 hour
point. |
In.another_experiment, a 12 second light interfuption
was applied at two hour intervals during 10, 12, 16 or 20
hour nights. The experimental conditlons were essehtially
identical to those in the above experiment (see appendix 43
and 44). 1In both cases plants were defoliated to the #3 leaf
brior to induction, weather conditions were good, temperature
during induction was ca. 230 C., and both were conducted in
the summer. The plants were younger in the second experiment,
but this is probably of no importance (page 51); The lengﬁh

of the red light interruption was very nearly the same as in
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another experiment which yields a curve for a 16 hour night
much like the one in Figure 35. Yet, as can be seen from
Figure 36 in which the results of the second experiment are
presented, the results of the two experiments are quite dif-
ferent. The curves for the 10 and the 12 hour nights are
very nearly what one would expect from the curves in Figure
35, but the 16 and 20 hour curves deviate greatly both from
the curves in Figure 35 and from the curves one might predict
on the basis of Figure 35,

The principal difference 1s the second high inﬁensity
light process effect, absent from the first experiment. As
can be seen from the line connecting the control values of
the 12, 16 and 20 hour nights, darkness after about 14 hours
tended to inhibit, rather than to promote flowering. A light
interruption at almost any point in the 16 and 20 hour night
curves after the critical night length, resulted in decreased
flowering. The 2 and 4 hour interruptions in the 16 hour
night are also of interest. Here the interruptions promoted
flowering above the controls. It would appear ﬁhat shorten-
ing of the dark period, if it would otherwlse exceed 14 hours,
tends to increase flowering when the interruption occurs within
the first few hours after the beginning of the dark period.
The same phenomenon is evident in the 16 and 18 hour interrup-
tions in the 20 hour night. It would appear that darkness
after about 16 hours is so detrimental to flowering that a

light interruption, which apparently stopped the detrimental
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processes, was beneficial to flowering. Thus on the basis of
the phenomenon described by Lockhart and Hamner (1954), one
may account for a portion of the irregular parts of the 16
and 20 hour curves.

That there are differences between the experiments shown
in Figure 35 and Figure 36, however, is much more difficult
to account for. Lockhart and Hamner (1954) report that the
inhibitory effect of darkness following a light intefruption
some time after the critical night length, could not always
be demonstrated. In some instances they were able fo obtain
the effect 1n a very striking manner, as in Flgure 36, and
in other cases the effect was completely absent, as in Figure
35. They attempt to explain these results on the basis of
varying auxin levels within the plants, but as will be pointed
out below, this explanation is not born out by the present
work.

A vefy important aspect of the curves in Figure 36 is
that an 8 hour interruption results in complete Inhibition
of flowering regardless of the night length. Thus it appears
that the processes of induction, if interrupted by a flash
of light 8 hours after the beginning of the dark period, can-
not be resumed again.

Some experiments of Wareing (1954) are of interest in
respect to the two experiments reported above. He found that
with a 60 hour dark period, a light interruption just after
the beginning and just before the end had an inhibitory effect

upon flowering (Xanthium and soybean). Using soybean, he found
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that a light interruption near the middle of a sixty hour
dark period promoted flowering. These results are in general
agreement with the two experiments reported above, although
no mention 1is made in Wareing's paper about different results
when experiments are performed at different times. Wafeing
was unaware of the effect described by Lockhart and Hamner
(1954), and his own explanation for his results appears to
be needlessly complex.

b. Duration of Light Interruption at Various Times

during Induction. In the experiments described aboVe, light

interruptions of 10 seconds to 10 minutes duration resulted
in response-time of interruption curves of nearly the same
shape. To determine what intensities are effective in inhibi-
tion or suppression of flowering at different times during
induction, plants were illuminated (1ight source as above)
for intervals of 2 to 60 seconds, the illumination again
being given at different times during the dark périod. The
results are presented in Figure 37 as floral stage plotted
against duration of red light interruption. It is evident,
that although the maximum extent to which flowering is inhi-
bited is greatly dependent upon the time during the dark
period when light is applied, the duration of light (amount
bf light energy) required to bring about this maximum inhi-
bition is the same (or very nearly so) at all times.

According to Borthwick, Hendricks; and Parker (1952)
the photo-receptor pigment 1s capable of existing in two forms:

one form capable of absorbing red light, and a second form
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capable of absorbing far red light. As the pigment absorbs

one wavelength of light, 1t becomes converted to the other form,
and becomes more receptive to the other wavelength. It is pos-
tulated that at the end of the light period preceding induction,
all of the pigment is in the far-red-receptive form (since red
light predominates in the light which the plants recelve during
the day), and that during the ensuing dark perilod, the pigment
is converted spontaneocusly to the red-receptive form. The red-
receptive form of the pigment permits the processes of floral
inducﬁion to take place. A red light interruption éonverts

the pigment to the far red receptive form, whilch then inhibits
induction. If effectiveness of light in pigment conversion de-
pends only upon total light energy, as in the experiments of
Parker et al. (1946), then duration of interruption at constant
intensity determines the amount of light energy supplied. The
experimentdl results of Figure 37 indicate that the same quantity
of light is needed to achieve the maximum inhibition of flow-
ering independent of the time during the dark period'zx which
the light is given. If a given amount of light:is required to
convert a given amount of the photo-receptor pigment from one
form to another, as in other photo-chemlcal reactions of this
nature, then the present results indicate that the same amount
6f photo-receptor pigment is present in the red receptive form
at all the times during the dark period when llght was applied.
Thus the pigment must have been converted from the far red re-
ceptive form to the red receptive form before thé first 1light

interruption (3.25 hours).
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In the experiments of Borthwick, Hendricks, and Parker
(1952) the critical dark period could be shorienedby treating
the plants prior to induction with far red light. It was
assumed that the pigment 1s converted to the red receptive
form by this treatment, and that the time normally required
to bring about this conversion spontaneously could be sub-
tracted from the critical night. In their experimeﬁts,
these workers were only able to shorten the critical night
by 2 to 3 hours. These results are in excellent agreement
with the deductions made from the curves of Figure 37, and
indicate again that the pigment is spontaneocusly converted
from the far-red-receptive form to the red-receptive form
within the first three hours of the dark period.

Withrow and Withrow (1944) came to much the same conclu-
sion regarding the time of pigment conversion, from experi-
ments involving a series of light interruptions during an |
extended dark period.

c., Light Interruption plus Auxin During Induction.

Since both applied auxin and a red light interruption inhibit
flowering, 1t has been suggested that the red light interrup-
tion is related to the effective auxin level within the plant
(Liverman, 1952; Liverman and Bonner, 1953 b). On the basis
'of work with Avena coleoptile sections it was suggested that
red light transforms a precursor into a receptor for auxin.
The auxin-receptor complex then 1s transformed in the dark
spontaneously (or rapidly in far red light) to a form inac-

tive in the growth reaction or in the inhibitlion of flowering.
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It was proposed that the transformation into the inactive form
regenerated the red light sensitive precursor. Thus it was
suggested.that the auxin receptor is coupled to or otherwise
dependent upon the photoreceptor pigment. The transforma-
tions from red-sensitive precursor, to auxin—receptor,jto
auxin-receptor—complek (sensitive to far-red), tn.red-sensi-
tive precursor, were envisaged as cyclically interconnected
(the morphogenetic photocyecle).

Lockhart and Hamner (1954) in their description of the
destruction of florigen or florigen precursor in a short dark
period following a light interruptilon at the end of an induc-
tive dark perilod, also report the results attained by appli-
cation of auxin near the end of an inductive dark period. They
state that the inhibitory effect of auxin (IAA) applied near
the end of the inductive dark period could only be observed
unequivocally, 1f auxin were applled after a light interrup-
tion. Their results indicate that the combinatibn of applied
auxin and a light interruption is more effective in fhe in-
hibition of flowering than the sum of each treaément applied
separately. The findings of Lockhart and Hamner with Xanthium
are thus quite similar to those of Liverman and Bonner with
the Avena coleoptile,
| The interaction of light and auxin in the flowering of
Xanthium has been investigated in detail during the course of
the present work.

At two hour intervals during a 16 hour night, groups of

plants were either treated with auxin, illuminated with red
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light (intensity as above) for 60 seconds, or both illuminated
with red light and subsequently treated with auxin. The re-
sults are éhown in Figure 38 in which floral stage is plotted
against the time of treatment during the inductive dark period.
It may be seen that the inhibition due to applied auxin was
much the same as obtained in previous experiments (Figures
19, 32, 33 and 34). The effects of the red light interrup-
tion are also much as those obtained previously (Figure 35).
The dotted line of Figure 38 is that obtained by assuming
that the inhibltory effects of red light interrupticn and
applied auxin are additive (rather than synergistic). The
sum of the inhibitions due to each treatment alone 1s sub-
tracted from the control level to obtain this curve. It is
clear that the inhibitory effects of red light and applied
auxin given together is essentially that expectéd if the
two separate inhibitions are additive. Thus it appears that
in this experiment, the synergistic effects due to red light
and applied auxin, as reported by Lockhart and Hamner (1954),
are absent. |

Why should there be this difference in result? Lockhart
and Hamner used IAA while the present author utilized NAA,
To check the possibility that this difference in technique
might account for the difference in experimental results,
the experiment as described above (12 second light interrup-
tions) was repeated using IAA as the auxin. The results ob-

tained are essentially the same as those of Figure 38.
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Figure 38.
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Another difference in technique between the experiments
of Lockhart and Hamner and those of the present author in-
volve the method of preparing the auxin solutions. The above
workers dissolve the auxin in alcohol, and then add the al-
cohol to water, while the author dissolves the auxin by neutra-
lization with KOH (page 69 ). As shown in Chapter I (page 71),
the presence of potassium lons in the auxin solution increases
its effectiveness in the inhibition of flowering. Iﬁ is pos-
sible that Lockhart and Hamner were unable to obtaln auxin
inhibition of flowering near the end of the dark pefiod in
control plants, because of the lack of potassium ions in theilr
auxin solutions. This possibility has not been tested. It
offers no explanation as to why light should increase the ef-
fectiveness of auxin in their experiments.

-Another possibility is that the proper concentration of
auxin was not used in the experiment shown in Figure 38. To
test this possibilility, plants were treated with light, auxin,
or light plus auxin either three hours after the beginning
of a 20 hour dark period, or four hours before the end. A
series of auxin concentrations was used. The results are
shown in Figure 39 as floral stage plotted against auxin con-
centration for each of the two treatment times. It may be
seen that the light interruption by itself (10 seconds) did
not reduce flowering below the control level. This is as ex-
pected for this light energy applied at these times during a
20 hour night (Figure 36). The energy is sufficient to com-

pletely saturate or convert the pigment, as shown in Figure 37.
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The combination of light plus auxin was no more effective
than auxin alone. Thus in this experiment there 1s no evi-
dence for a synergistic interaction between a red light
interruption and applied auxin.

This same experiment was also performed by using 20
minutes of sunlight for the light interruption. Again no
evidence for an interaction between light and auxin could be
discerned from the experimental results.

5. Application of Cobalt. In all discussions involving

the role of auxin in flowering, the questibn arises:concern—
ing the native auxin concentration within the plant. It has
proven very difficult to measure this auxin level directly
(Bonner and Liverman, 1953), and so indirect methods have
been sought to gain insight into the auxin status of the
native plant.

Galston and Siegel have studied the relation of peroxi-
dases in plant tissue to the IAA oxidase system. In one
phase of their investigation they have shown that the appli-
cation of cobaltous ilon to plant tissues results in an in-
crease in the auxin concentration within these tissues by pre-
venting peroxidative destruction of TAA by the IAA oxidase
system. |
| If an enzyme system similar to that studied by Galston
and Siegel occurs in Xanthium leaf tissue, one might expect
application of Co™ ion to result in an inecrease in the auxin

CO++

concentration within the leaf. ion should'therefore

inhibit flowering. Figure 40 shows the results of a prelimi-
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nary experiment involving the application of CoCl2 to plants
just before a 16 hour inductive dark period. Floral stagé
is plotted.against cobalt concentration. It méy be seen that
cobaltous ion applied to Xanthium does indeed inhibit the
degree of fIOWerihg. |

To determine whether this inhibition is specifically
owing to inhibition of induction, or whether it is owing to
an inhibition of growth of the plant (leaves appear yellow
near the edges after treatment with cobalt), cobalt.solution
was applied to plants either at the beginning, durihg, or for
some time aftef a single inductive dark period. The results
are shown in Figure 41 in which floral stage is plotted against
time of.application of cobalt., The curve has the same fofm
as the curves which relate time of auxin application to floral
stageé (Figure 34). Applied cobalt becomes ineffective in floral
inhibition much sooner after the beginﬁing of induction'than
does auXin. This may be due to a lag in the buiid up of auxin
within the plant due to applied cobalt. It is clear} however,
that the inhibitory effect is specificallybupon:induction, and
not upon growth.

Although the results are only preliminary, theyAsuggest
that cobalt may be a promising tool for investigation of the

native auxin status of the plant as related to flowering.
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Chapter V
THE ACT OF INDUCTION

The Kinetics of the Reactions of the Dark Period

The data of Chapter IV, together with thoseoflcther
workers, enable us to make a number of deductions concerning
the mechanism of the act of induction. The principal results
of Chapter IV are summarized in Figure 42. The top part of
this figure shows the effects of applied auxin or of red light
interruption upon flowering, plotted as a function of the time
of treaﬁment after the beglnning of the dark period. The rela-
tion of flowering to the length of the dark period is also
shown. The lower half of Figure 42 shows how the concentra-
tions of the red-receptive form of the photo-receptor pigment
and of florigen are believed to change with time.after the
beginning of the dark period. In Figure 42 the. inhibitory
effect of extended dark periods or of a short dark pefiod
following a light interruption of an inductive dark period,
are ignored. Although this effect (as described by Lockhart
and Hamner, 1954) may be clearly demonstrated ﬁnder some cilr-
cumstances -(Figure 36), it 1s not always present (Figure 35),
and therefore may not be an integral and essential part of
the inductive process, but rather a side effect.

The major facts summarized in Figure 42 may be listed as
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follows:

(1) Auxin is more effective in floral inhibition when
applied tWo or three hours after the beginning of the dark
period, than when it is applied at the beginning.

(2) The inhibitory effect of applied auxin decreases
with time from two or three hours after the beginhing of the
dark period to the time when translocation of florigen out of
the leaf 1s complete. This later time is dependent upon
light intensity (time of year).

(3) There is no sharp break or inflection in the auxin-
time of application curve at the end of the dark period. The
length of the dark period seems to have little effect upon
the shape of these curves.

(4) Red light is most effective in floral inhibition
when applied eight hours after the beginning of the dark
period. Thils effect 1s independent of the length of the dark
veriod. '

(5) The red light inhibition curves are asymmetrical.
In the first few hours of the dark period, darkﬁess preéeded
by a red light interruption is more effective in flower initi-
ation than darkness terminated by a red light interrﬁption
and preceded by day light.

(6} In the absence of the Lockhart-Hamner effect, the
second half of the red light Interruption curve is the same as
the curve representing the relation of flowering to length of

the dark period. Thus in this case red light simply stops the



-144 -

inductive processes which have gone on up to the time of
l1ight application. This curve, then will be assumed to rep-
resent concentration of florigen in the leaf as a function of
time, as shown in the lower half of the figure.

(7) The red-receptive form of the photo—receptorjpigment
must reach its maximuﬁ concentration within ca. 2 hours after
the beginning of the dark period, as indicated by the experi-
ment shown in Figure 37. This conclusion 1s based on the fact
that the same amount of light i1s required to saturate the
pigment at all times later than 3 hours after the béginning
of the dark period. It may be concluded that the same amount
of pigment 1s present at these various times. The work of
Borthwick et al. (1952) already cited, supports this conclusion.
They were able to shorten the critical night by only ca. two
hours with far red radiation given at the beginning of the
dark period. On this basis it 1s concluded that two hours
are needed to convert the pigment from far-red-feceptive to
réd—receptive form.

In addition to the facts summarized in Figure 42, the
following facts are also pertinent to the discussion which
follows:

(8) Applied auxin has little if any effect upon the crit-
ical night length.

(9) The application of auxin and red light together,
during an inductive dark period, results in floral inhibition

equal to the sum of the inhibitions brought about by each of
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these agents applied separately.

On the basis of these considerations, the act of inductilion
can be forﬁulated ag follows. There appear to be four sepa-
rate reactions which occur during the dark period:

1. Conversion of the Photo-receptor Pigment. As dis-

cussed above, the spoﬁtaneous conversion of the photo-receptor
pigment from a far-red-receptive to a red-receptive form
(Borthwick et al., 1952) 1s probably complete within approxi-
mately two hours after the beginning of the dark period. Since
return of the pigment to the far-red-receptive form stops the
processes of induction (see below), we may conclude that the
conversion to the red-receptive form must take place before
any of the ensuing reactions of the dark period may take place.
The curves of Figure 37 indicate that only a small quantity of
light is required to bring about complete conversion to the
far-red-receptive form (ca. 70,000 ergs cm2).

2., Reaction(s) Preparatory to Hormone Synthesis. From

the time of conversion of the photo-receptor pigment to

the red-receptive form (ca. 2 hours) until.the first appearance
of florigen (the critical night length, ca. 8.5 hours), a
reaction (or reactions) take place which are preparatory to
net accumulation of florigen. ©Nothing concrete 1s known about
this reaction, but a number of inferences may be made about its
characteristics. This reaction may consist of hormone syn-
thesis balanced by destruction. That this is probably not

the case will be discussed after some characteristics of
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the preparatory reaction as well as hormone synthesis, have
been mentioned. It, in combination with the conversion of
pigment, détermines the critical night length. It proceeds
only in the presence of the red-receptive form of the photo-
receptor pigment. It can proceed, however, when the pigment
is only partially in this form, as shown by the féct that
plants can be induced under very low intensity light, as in
the threshold experiments of Liverman (1952). If the pigment
is completely converted to the far-red-receptive form by red
light interruption of the dark period, the reaction.is not
only stopped, but completely reversed so that the entire
sequence of dark reactions must start anew. Thus uninterrupted
darkness longer than the critical night length is required
after a light interruption to result in hormone synthesis
(Figure 35). During the first few hours of the dark period,
however, the preparatory reaction (plus pilgment conversion)
may be resumed after a light interruption in a shorter time
than that which is originally required for the reacﬁion to
begin after an entire day of high intensity 1igﬁt. This 1s
shown by the asymmetry of the curves in Figures 35, and 42,
An uninterrupted dark period of a given length is more effec-
tive in producing florigen when it follows a light interrup-
tion in the first part of the dark period, than is a dark
period of equal length which follows a day of high intensity
light.

An important characteristic of the preparatory reaction
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is that if 1t is stopped just before net hormone synthesis
begins, that is, very near to the critical night length (8
hours aftef beginning of dark period), it cannot be resumed.
This 1s shown by the complete inhitition exerted by a red light
interruption 8 hours after the beginning of a 20 hour dark
period. Although 10 hours of darkness follow this interrup-
tion, no net hormone synthesis takes place. Ten hours of dark-
ness following a red light interruption given two hours after
the beginning of a 12 hour dark perlod are ample to.initiate
flowering. Thus 1t appears that the conditions whiéh are
necessary for resumption of the preparatory reaction do not
exist after 8 hours of darkness following high intensity light.
This conclusion is in harmony with the results of Carr (1952)
and Wareing (1954), who found that llght interruption near the
beginning of extended dark periods (e.g. 60 hours) resulted in
floral inhibition. The effect is probably related to the prod-
ucts of the high intensity light reaction. The application of
sucrose, in the experiments of Liverman and Bonner (1953a),
reversed the effect significantly, | |

The preparatory reaction appears to be inhibited only
slightly, if at all, by applied auxin. Although the sensitivity
of flowering to auxin shows some decrease during the course of
fhe preparatory reaction, the data are not exact enough to
draw a firm conclusion. The fact that the critical night
length is little effected by auxin indicates, however, that the

preparatory reaction is independent of auxin. A slight increase
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in critical night length (Figure 29) as a result of auxin
application, was found when a single inductive cycle was used.
It is possible that the detrimental effect of auxin upon the
small amount of florigen produced just after the ecritical
night (see below) should cause an apparent increase in critical
night length. When two inductive cycles were used there was
no effect of auxin upon critical night length (Figure 30).
With two cycles the small amount of florigen produced in the
presence of auxin on successive nights may be enough to bring
about flowering, even though this amount produced oﬁly once 1s
insuffilcient.

_If the decrease in effectiveness of applled auxin between
2 and 8 hours after the beginning of the dark period is real,
there appears to be a discrepancy in the conclusion that auxin
does not affect the preparatory reaction. Thus auxin seems to
be effective during the preparatory reaction, yet thé time
this reaction reaches completion seems to be indépendent of
applied auxin. Perhaps one mst imagine a mechanism Whereby
the preducts of the reaction are affected by auiin, while the
time for formation of these products is not. Thus the beginning
of hormone synthesis (if it differs from preparatory‘reaction)
might depend only upon the presence of some substance rather
fhan upon a given amount of some substance.

3. Hormone Synthesis. Eight and one half hours after the

beginning of the dark period (the point at which the preparatory

reaction may not be resumed if interrupted, net florigen syn-
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thesis begins}% The amount of hormone produced 1s proportional
to the time by which the dark period exceeds the critical

night 1engfh. This 1s shown by the relation of night length

to flowering response.

The process of hormone synthesis, like the preparétory
reaction, requires thét the photo-receptor pigment be in the
red-receptive form. This requirement is probably indirect.
Syntheslis continues only in the presence of the products of
the preparatory reaction, and is stopped when these products
are removed or destroyed by conversion of the pigmeﬁt back to
the far-red-receptive form. After a red light interruption,
the process of florigen synthesis is stopped, but the synthetic
reaction is not reversed as is the second reaction of the dark
period. Thus florigen is synthesized from the critical night
length on until either a light interruption is given, or until
the plants are returned to suniight.

The process of florigen synthesis is inhibiﬁed by applied
auxin. This 1s clearly shown by the experiments relating
applied auxin to night length (Figures 29, 30).. It is also
apparent from the time of auxin application curves that applied
auxin becomes less effective in inhibiting flowering as hormore

synthesis proceeds. This will be returned to below.

It 1s possible that a florigen precursor, rather than
florigen itself, i1s produced during this time, and that
this precursor is later converted to florigen by high
intensity light. This is discussed below.
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Since the most rapidly growing leaf (#3) 1s the one most
sensitive to photoperiodic induction, it appears that the4
process of hormone synthesis takes place most rapidly in this
leaf,

One might imagine that the third process, that offhcrmone
synthesis, could be mérely a continuation of the éecond process.
According to this hypothesis, florigen synthesis would begin
as soon as the pigment has been converted to the red-receptive
form, but due to counter reactions (e.g. destruction), net
synthesis of florigen would only be apparent after ﬁhe critical
night length. The facts available, however, indicate that this
is probably not the case. The second (preparatory) process
must start anew after a light flash, while hormone synﬁheéis
i1s only stopped, not reversed, by a red light intefruption,
as explained above. PFurther, applied auxin has little ér no
effect upon the critical night, which is controlled bykpigment
conversion plus the preparatory reaction, whilevéuxin inhibits
the process 6f,hormone formation (or destroys 1ts pfoducts).

L, Destruction of Florigen in the Dark. Under some cir-

cumstances florigen which has been produced during the third
phase of the dark period is destroyed by further darkness,

This is clearly shown by the experiments of Figure 36 which
include induction by dark periods of 12, 16‘and»2o hours.

It may be seen that, in this case, the flowering response reaches
a maximum after about 14 hours of darkness and decays away with

longer dark periods. This appears to be clear evidence of
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destruction of flowering hormone by the longer dark periods.
Such destruction is even more clearly shown if a light intér-
ruption islgiven after 12 or 14 hours of the 16 hour night.
Thustthe‘light interruption stops florigen synthesis, as
discussed above, and if conditions are otherwise approériate,
fiorigen destruction ensues. |

Why is the process of destruction of florigen by.long
dark periods more apparent in some experiments thanbothers?
The complete answer to this guestion is as yeb unknown, but
some insight into the factors responsible may be gained from
the results of an experiment in which the response of leaves
of differing physiological age was studied (Figure 43)., The
experiment was‘conducted in the winter (November 14) when
response of plants to a single inductive cycle 1s relativity
poor (Figure 10). It may be seen that the #3 leaf was most
responsive, as usual, and that the maximum response was_reached
at 13 hours after the beginning of the dark peridd. Longer
darkness resuited in no further net synthesis, but father a
small amount of destruction. The #2 leaf gave nb flowering
response to dark periods shorter than 12 hours, reached a
maximum at 13 hours, and by 14 hours a large amount}éf destruc-
tion had taken place. The #4 leaf showed no response until 13
ﬁours, but between 13 and 14 hours there was considerable net
synthesis, and no destruction of florigen as in the #2 leaf.
Thus 1t appears that the ability to deétroy florigen after a

given period of time in the dark, varies with the physiological
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age of the leaf, with the younger leaves showing the effect
to the greatest extent.

Lockhart and Hamner (1954) have shown that applied auxin
(following a light flash) causes inhibition of flowering.

They suggest that variations in the auxin level withinfthe
plant (resulting from as yet little understood environmental
conditions) cause the variability in appearance of spontaneous
florigen destruction by excessively long dark periods, or short
dark periods following a light interruption.

To the present author this explanatidn seems uﬁlikely. In
the first place, Lockhart and Hamner hase theilr above conclusion
partially on the fact that they were unable to consistently
demonstrate inhibition of flowering by auxin applied (without
a light flash) near the end of the dark period. In the present
experiments this has been consistently possible. Even in differ-
ent experlments, some of which show spontaneous florigen destruc-
tion, and some of which do not, consistent inhibitions.have
been obtained with applied auxin. It has been suggested above
that the failure of Lockhart and Hamner to obtain floral inhi-
bition with auxin applied near the end of an inductive dark
period may have been due to the lack of potassium ions in their
auxin solutions, or perhaps to insufficient control of humidity.
‘In the second place, 1f the destructive effect of short dark
periods following an inductive dark period terminated by light
interruption were due to level of nati#e auxin within the plant,

then the effect should be nullified by application of an anti-
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~auxin. (as discussed above, the inhibitory effect of applied
auxin must be due to formation of an auxin-receptor-complex,
as in othér auxin phenomena. Thus application of antiauxin
should lower the concentration of this complex.) As shown. in
Table 4, application of antiauxin does not prevent thefdestruc-
tive effect of short dark periods following light interrupticn.

Thus the destructive effect of darkness is probably not
due to the native auxin within the plant. The possibility
that applied auxin may result in destruction of florigen is
discussed below, | |

Lockhart and Hamner (1954 a) suggest that high intensity
light following the dark period fixes the florigen produced by
this_dark period into a form which is stable when the plants
are again returned to darkness. They have investigated the
duration of high intensity light which is reguired at the end
of the dark period in order to assure that a followlng exposure
to darkness 1is ineffective in the destruction of:florigen.
They found that the longer the exposure to high inténsity
light, up to four to five hours, the less effecfive is a succeed-
ing dark period in inhibiting flowering. Thus they regard the
stabllization of florigen by high intensity light as consti-
tuting another step in the complete synthesis of florigen.
'There 1s no doubt but what the observations.are correct., Their
hypothesis concerning stabilization by high intensity light is,
however, not the only one consistent With the available facts.

In addition their hypothesis does not account for the fact that
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plants left in total darkness for a long period of time
(e.g. two weeks) produce flowers. Thus there 1s no absolute
requiremenﬁ that high intensity light follow the dark period.
It appears possible to the present author that the so called
stabilization of florigen by high intensity light may have an
entirely different basis. The high intensity light given at
the end of the dark period may bring about a change within the
leaf such that it is no longer capable of destroying florigen
in darkness. It is clear that different lots of plants differ
in their abvility to bring about destructioh of florigen.in
darkness (see above). In some experiments the effect is
apparent even without a light interruption, while in others it
is completely absent. In Figure 36 it would appear (as discussed
above) that the destruction of florigen did not begin to take
place until the plants had been in uninterrupted darkness for
about 14 hours. Thus it may be that the ability of plants to
destroy florigen in the dark Ilncreases during the dark period.
The rate of increase may depend upon environmental COnditions;
ete. Exposure to a period of high intensity light may restore
the plant to the physiological condition normally present at
the beginning of an inductive dark period. A short dark period
following this high intensity light would thus be ineffective
'in florigen destruction, as described by Lockhért and Hamner.
There may, therefore, be no fixation of florigen by high
intensity light following the dark period-—high intensity light

may rather only serve to adjust the metabolism of the plant so
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that it is incapable of hormone destruction (as it appears to
be under some cilrcumstances aﬁyway). The end result of the two
pbints of\view is the same, that is high intensity light

causes an apparent stabiliéation of florigen.

It may be noted that thé destruction of florigen(ﬁroceeds
in low intensity 1igh£ following an inductive dark period (Mann,
1940; Table 4). The process is therefore not dark dependent.
According to the above hypothesis, low intensity light serves
to stop hormone synthesis, but does not convert the plant to
the condition in which destruction of florigen does-not occur.
Indeed, low intensity light seems to promote the destruction
since it is much simpler to demonstrate florigen destruction
under these conditions than after a light interruptionvfoilowed

by a short dark period.

Effect of Auxin

Two general effects of auxin have been outiined in Chapter
IT--an inhibition of the act of induction and a proﬁotion of
the development of the floral bud. An undérstaﬁdingrof the
mechanisms of the inhibitory effect would certainly'increase
our understanding of the act of induction. Since the general
mechanism of auxin action is only poorly understood, our know-
ledge of the action of auxin upon flowering 1s also necessarily
meager. Some deductions may be made, however, about the role
of auxin in floral inhibition.

1. A striking characteristic of the time of auxin appli-
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catlion curves (Figure 34) is the sharp drop in the curve
which occurs during the first two or three hours after the
beginning éf the dark period. Auxin Increases in effective-
ness with time, as it is applied at different times during
these first two or three hours. The increase in effective-
ness between O and 2—3 hours means that the auxin applied at
the beginning of the dark periocd has lost some of 1ts effective-
ness in floral inhibition during this time. Whether the auxin
has been destroyed or simply diverted to some action other
than floral inhibition is not clear. Destfuction of a small
amount of auxin at the beginning of the dark period 1s not out
of line with the data shown in Figure 31. Auxin applied up to
14 days before induction is still inhibitory, out the degree
of inhibition decreases gradually with time, whilch i1ndicates
that destruction is taking place at a slow rate. A .dilution
effect due to growth of the leaf was minimized by using a leaf
already mature at the time of auxin application.: The signifil-
cance of this drop 1s not clear at this time, but it is of
interest to note that it coincides in time with:the conversion
of the photo-receptor pigment from the far-red-receptive form
to the red-receptive form. It would be of considerable interest
'to know whether or not these two processes are related on the
reaction level.

2, It has been shown above that the critical night length
controlling reactions of the dark period--pigment conversilon

and preparatory reaction--are not affected by appllied auxin.
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Thus if pigment conversion is related to the increase in
effectiveness of auxin during the first two hours, the end
result 1is hot affected by auxin. The same might be said of
the second reaction.

3. It has been shown above that applied auxin inhibits
florigen synthesis. The mechanism of the effect Will be
discussed below.

4, Perhaps the most significant, yet unexpected aspect
of the time of auxin application curves (Figures 34, and 42)
is that floral inhibition is caused by auxin applied after the
inductive dark period. The rate at which floral inhibition by
auxin decreases with time is fairly constant from about two
hours after the beginning of the dark perilod up until the time
when it becomes completely ineffective (when the flowering
stimulus has been translocated out of the leaf). Although
the rate does change somewhat over this entire range, there 1is
no abrupt change at the end of the dark period. .

The coincidence between the time at which auxin.becomes
ineffective and the time at which translocation:of florigen
out of the leaf is complete, 1is particularly striking. This
would first suggest the possibllity that the effect of auxin
;s upon translocation of the flowering stimulus out of the leaf.
Upon closer examination, however, it 1s appérent that this is
probably not the sole action of applied auxin. Hamner (1954)
and Khudairi and Hamner (1954) have shown that translocation

out of the leaf does not take place during the inductilive dark
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A period (except in extreme cases such as continuous darkness
for two weeks, etc.). Yet inhibition by auxin of a given
cbncentrafion decreases as auxin is applied later in the dark
period. The data of this thesis certainly show that the major
effect of applied auxin canndt be upon translocation of florigen.
They do not show that there is no effect of this kind. This
must be decided by further experimentation.

It is clear then that florigen synthesis is inhibited by
applied auxin. Can applied auxin also inhibit the stabiliza-
tion reaction postulated by Lockhart and Hamner (1954)? Aside
from the fact that such stabilization by light has not been
conclusively demonstrated, it appears unlikely that auxin
could inhibit it if it did exist. Lockhart and Hamner (1954 a)
report that the so called stabilization takes place within 4
or -5 hours after the end of the dark period. Their test for
stabilization consisted of returning the plants to dérk'and
noting whether inhibition of flowering results. :If plants are
left in highbintensity 1ight,application of auxin cohtinues to
result in inhibition of flowering up to EObhouré after the end
of the dark period. Indeed, the time at which auXih becomes
ilneffective in inhibition is not dependent upon the end of the
dark period, but upon conditions at the time of* the experiment
(1ight intensity) (Figures 11 and 34). One‘might also expect
that if auxin affected both a dark phase and a high intensity
light phase of hormone synthesis, an inflection might be evident

in the time of auxin application curves at the end of the dark
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h period. This 1is not so. The effect of auxin is then, not
easily interpreted as an effect only upon translocation of
fiorigen, hor.as a double effect upon synthesis and the post-
inductive high intensity light process.

Thus a single paradox makes both of these explana%ions
unlikely: At least oﬁe phase of hormone synthesis 1s completely
terminated by the end of the dark period or by a light inter-
ruption given more than 8 hours after the beginning of the dark
period, and yet there is no apparent change in the rate at
which auxin becomes 1neffective in floral ihhibitioh at the
time synthesis is stopped. Let us consider a further possible
mode of auxin inhibition of inductions. Let us suppose that
applied auxin results in a destruction of florigen at any time
after the first perceptible - florigen has been synthesized
up until florigen has been translocated out of the leaf (it has
been shown that applied auxin does not cause a destrﬁgtion of
florigen once it has been translocated out of thé leaf--Figure
21). The assumption must further be made that for é given
auxin concentration, the rate of destruction is:proportionél
to the amount of florigen present. |

The concept of florigen destruction is in agreeﬁent with
4the facts at hand. As shown above, darkness may result in
florigen destruction, and as discussed 1in Chapter II, florigen
appears to be destroyed when the induced state is terminated,
as when active buds are removed, etc. Hence it is not unrea-

sonable to consider the idea that applied auxin may lead to



-161-

.florigen destruction.

The idea that a constant fraction of the available florigen
is destrojed by a given concentration of auxin is in at least
qualitative agreement with the kinetic studies on auxin appli-
cation with different night lengths (Figures 29 and 36). ~The
control (no applied auxin) curve for flowering against night
length is a measure of the amount of florigen produced at the
various night lengths. The curves for the several auxin treat-
ments show that auxin application inhibits flowering by an
amount Which is very nearly a constant fraction of ﬁhe control.

Figure 44 illustrates the application of these assumptiors
concerning florigen destruction by auxin to the pictufe of
florigen synthesis presented in Figure 42, 1In Figure 42 the
curve representing florigen synthesis during the dark period
might apply equally well to a precursor which is subsequently
fixed by high intensity light. In the following diécussion,
however, it 1s assumed that 1t 1s the final florigen molecule
which 1s synthesized in darkness. For the purpose éf this
discussion we will consider a concentratioh of éuxin which
inhibits flowering response by half if applied at the end of
the dark period (when florigen synthesis is complete). This
auxin concentration will then destroy half of the florigen
produced during the dark period before translocation out of
the leaf 1is complete. It will be assumed for purposes of the
discussion that translocation is instantaneous.‘ The slope of

the broken line, A, indicates the rate of florigen destruction
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after the end of the dark period for this particular auxin and
florigen concentration. Auxin applied at any time after the
end of thé dark period will result in a rate of destruction
identical with that shown by A (same initial florigen concen-
tration). If auxin is applied after some interval foiiowing
the end of the dark périod, the remaining time td translocation
for destruction to be carried on is shorter, and hence the
net destruction is decreased as indicated by line B. Auxin
applied at the time translocation out of the leaf is complete
will be ineffective in florigen destruction (Point C). Auxin
applied before florigen synthesis begins will destroy a frac-
tion of that which is subsequently produced. This is apparent
as a decreased net rate of synthesis, indicated by the first
part of the broken line, D. After the end of the dark period
a further proportion of the florigen produced (and not already
destroyed by auxin), will be destroyed before translocation out
of the leaf is complete, as indicated by the secbnd rart of
curve D. The final concentrations of florigen Which might be
expected to result from auxin application at thé four times
discussed above are plctted for each time of auxin application.
The heavy line connecting these polnts represents the auxin-
time of application curve as shown in Figures 34, 42, ete. It
is evident that the kinetic treatment outlined above produces
a qualitatively satisfactory result.

The above treatment is, however, greatly oversimplified.

Even with this system a specific relation between time of
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florigen synthesis and time from end of the dark period to
translocation, is required to yield an exactly straight line

for the time of auxin application curve, (With 50% inhibi-
tion, as above, time to translocation must be twice time of
synthesis to yield a straight line.) But the time of auxin
application curves are not exactly straight lines. They are
curves changing gradually in slope over the entire range. A
number of factors might account for this, but would complicate
the above treatment considerably. Translocation is_not in-
stantaneous, as assumed above, and its rate also chénges with
time. Rate of florigen synthesis can seldom be represented

by a straight line, as in Figure 44, but usually has the form.
of a saturation curve. The assumption was made above that, at
a given auxin concentration, the rate of destruction of florigen
is proportional to the amount of florigen present. In the treat-
ment shown in Figure 44 this is only followed to a first
approximation. The destruction curves are shown:as straight
lines. Actually the destruction curves should probably be
hyperbolic, with a decreasing rate of destructién as more and
more florigen has been destroyed. Additional experiments in-
volving application of a range of auxin concentrations at
different times during and after induction would help confirm
or deny the assumptions made above. With theseadditional data
these assumptions could be expressed as reaction rate equations,
and a more detailed treatment of the type above could be

applied to the data. The treatment shown in Figure 44 is
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Sufficient to indicate that the approach has promise.

It may be concluded that of the three suggested mecha-
nisms of auxin inhibition of flowering (effect upon trans-
locaticn, effect upon both synthesis and stabilization, and
destruction of florigen at a ratve essentially proportiénal to
florigen concentratioﬁ), the last best fits the experimental
data. The proposed mechanism would seem to warrant critical
experiments in the future. One aspect of the problems vet to
be solved concerns the fact that auxin appears to decrease in
effectiveness before the critical night length, as discussed
above.

An actual mechanism for auxin-induced destruction of
florigen is of course unknown, but one may visualize either
a direct effect of the auxin-receptor-complex upon the hormone,
or an indirect effect caused by rechanneling of energy from
florigen maintainance to other processes. No precedents are
known for auxin-induced destruction, and it is difficult to
draw any conclusions when virtually nothing is known.of the
florigen molecule, or of the usual mechaniéms of auxin action.
The l1ldea of energy redirection by auxin is simpler to apply in
the present case. For instance, florigen may be kept from
spontaneous decay in the leaf by the utilization of ATP as an
energy sourse. Auxin might redirect the available ATP towards
the process of water uptake, ete. This would result in a net
decay of florigen in the absence of sufficient energy supply.

The idea 1s pure conjecture, but some action of auxin which
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would result in an indirect destruction of florigen is not out

of the question.

The Role of Native Auxin in Flowering

These investigations have concerned the effects of applied
auxin upon flowering.l Can we draw from these results conclusions
about the relation of the auxin normally present within the plant
to flowering? It 1s reasonable to assume that auxin present
within the plant may effect floral initiation gualitatively in
the same manner as auxin applied artifically. The question is
then, primarily one of the concentrations involved. Are the
auxin concentrations within the plant high enough to eilicit
responses similar to those obtained by auxin application?

That the native auxin may have an effect upon flowering is
indicated by experiments with the application of antiauxin.
Liverman (1952) and Bonner (1949) were able %o obtain initiation
of flowers by applying antiauxins to plants grown under light
of an intensity Jjust high enough to normally inhibit flower-
ing. It would appear that the auxin normally present within
the plant suppresses the net fofmation of florigen under these
light conditions, but that application of antiauxin prevents
such suppression, so that a net synthesis of,fldwering hormone
may take placé. Liverman (1952) also obtained flowering by
application of antiauxin to plants otherwise inhibited in their
flowering by a light interruption in the middle of a 10 hour

dark period. Either some synthesis must have gone on before
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the light interruption, or the light flash was not sufficient
to completely saturate the photo-receptor pigment and reverse
the reactions preparatory to synthesis, again'allowing some
synthesis to take place. In either case the applied antiauxin
must have prevented destruction of florigen by the'native
auxin., The data of this thesis suggest that no synthesis takes
place before the critical night length, and hence the first
explanation seems unlikely. In Liverman's experiments the
light flash was Jjust sufficient %o suppress flowering in
controls. The plants had up to three mature leaves per plant,
and probably these leaves caused some shading. Thus the lower
leaves must have received an insufficient amount of 1ight to
completely saturate the photo-receptor pigment. None the less,
at this night length the controls remained vegetative without
antiauxin application. 1In any instance, the experiments with
antiauxin indicate that the native auxin is of imporfance to
flowering. ‘

The experiments wilth application of cobalt (Figures 40
and 41), 17 the interpretation is correcst (that applied cobalt
results in an increase in the native auxin concentration), also
indicate that the native auxin may effect flowering.

It has been suggested that the critical night length is
controlled by the time required for the decay of the effective
native auxin level within the plant to a level where florigen
synthesis may proceed (Liverman, 1952). The data of this thesis

indicate that the critical night length is controlled by two
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reactions (pigment conversion, preparatory reaction) which
are virtually independent of auxin. Thus it appears that the
native auiin does not control the critical nlght length. A
coronllary to the idea that auxin controls the critical night
length, is that plants maintalned on long-day fail to flower
because the native aukin'level is too high for florigen syn-
thesis to proceed. Although there i1s experimental evidence
that auxin levels within the plant are higher on long-day
than on short-day (Bonner and Liverman, 1953; Cooke), the
conclusions of this thesis again must be that planté main-
tained on long-day fail to flower because pigment conversion
and hence preparatory reaction cannot take place, and that this
is a direct response to illumination, independent of auxin.

An argument against the ildea that plants on long-day have
a high encugh auxin level to inhibit flowering is that applied
auxin, if its concentration is high enough to inhibit flowering,
brings about severe epinasty of the leaf petioleé, yvet plants
on long day never show this epinasty. Auxin is usuaily applied,
however by high concentration and low volume tréatment. There
are also complications due to penetration and localization of
the applied or native auxin. Hence this argument in itself is
not sufficlent to permit conclusions to be drawn.

It would appear to the present author, that the native
auxin concentration in the leaf may be much lower at all times
Than the auxin concentration in the leaf after artificial

application of concentrations which inhibit flowering. Native
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auxin must suppress net florigen synthesis under normal induc-
tive conditions, but the suppression appears to be slight, and
cén be best demonstrated only under threshold conditions. The
inhibition brought about by auxin application, therefore, may
be an artifact. Although auxin within the plant is cohnected
with specific phases df the act of induction, its.influence
may normally be only a minor complication, rather than a con-

trelling factor.

Other Hypotheses on the Act of Induction -

It is interesting to note that the extensive mass of data
(see e.g. Lang, 1952) on the flowering reponses of plants to
photoperiod has. given rise to many theories and hypothesis
which attempt to explain or at least coordinate the facts of
photoperiodism. Naylor (1953) reviews the proposals of Hamner
(1940), Harder and Bode (1943), Gregory (1948), Chouard (1943),
the Withrows (1944), and Borthwick, Parker and Hendricks (1948).
Lang (1952) also reviews some of the proposed mechaﬁisms of
photoperiodism. Bakhuyzen, in a series of papefs (1947, 1951,
1953), proposes a mechanism to account for the photoperiodic
responses of both long-day and short-day plants. Binning
(e.g. 1952) has shown a relationship between photoperiodism
and an endogencus daily rhythm exhibited by many plants
(e.g. soybean).

A number of authors, as well as some other than those

mentioned above, have Investigated or considered the question
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6f auxin in flowering, and some have suggested mechanisms
for the noted effects. Liverman and Bonner (1953 b, and Bonner
and Liverﬁan, 1953) propose an interaction between light and
auxin, as explained briefly above. Laibach and Kribben (1951,
1953) deduced the auxin status of some photoperiodicaliy
sensitive plants by observing epinastic movements of the pet-
ioies when the leaves are 1lluminated from one side or the
other, and integrated their findings into a concept of flower-
ing, which involves the native auxin levels within the plant.
Resende (1950L_and Resende and Viann (1952) have also made de-
ductions apout the auxin status of the plant from physiological
responses under different light conditions. They conclude that
flowering results from the balance within the plant between
auxin and antiauxin. They reject the concept of a flowering
hormone in favor of the auxin/antiauxin ratio. .Still other
authors have made proposals concerning the photoperiodic mechan-
isms, as discussed in some of the reviews referréd to in the
introduction (page 7). |

A number of these hypothesis are simpiy deécriptions or
condensations of the facts of photoperiodism, as shown in
Figure 1 (The Partial Processes). The sections in this chapter
are largely an extension or finer definition of these descrip-
tive proposals. Thus while the requirement for an uninterrupted
dark period was represented by a single condition in the schene
of Hamner (1940), it has here been divided into three separate

parts or reactilons.



171~

Some of the proposals include suggestions on kinetic
changes in concentration of substances, precursors, etc. within
the plant during inducticn. These suggestions have been alluded
to above where pertinent. Again the conclusions of this thesis
are largely an extension and finer definition of the céncepts
held by others (as in.the discussion of the convefsion of the
photo-receptor pigment from one form to another). It has been
made clear above when new proposals were put forth, or when
disagreements with the concepts of other workers have arisen.
Thus 1t would appear superfluous to further compare.the work
of the above 1lnvestigators with the data presented in this
thesis.

Even though we now have a massive amount of data in
photoperiod, and even though there have been many proposals
as to the photopefiodic mechanisms, we appear to be still a
long way from complete solution of the problem. Since Garner
and Allard's discovery in 1920, most of this maséive amount of
data has been gathered by the application of purely physiolog-
ical techniques. Only whole plants have béen uéed (very few
exceptions), and the methods of experimentation could seldom
at best be called biochemical. Yet this work has pointed out
above all else that the real problems are of a blochemical
nature, Although this is apparent to all, up to date no really
suitable method of approach has been found to investigate the
biochemical nature of photoperiodism. The deductions made, for

Instance, concerning the mechanism of the photo-recepior pigment
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are striking, yet to date we have only pure conjecture as to
how a pigment can halt a given reaction or allow it to proceed.
The naturelof the reaction which is controlled is also a con-
plete mystery. The problem of hormone synthesis may have to
awalt advances in understanding of protein synthesis fér its
solution. The work with avxin has led to some further under-
standing, yet real advances in this field must awalt a better
understanding of the mechanism of auxin action in general.
Thus although the only means of approach available at present
are purely physlological, the real problems all appéar to be
biochemical,

Yet it 1s the author's belief that more is to be learned
about photoperiodism by the physiological approach. Further
refinement of techniques and wider application of quantitative
kinetic studies will yield increasingly better founded con-
clusions about the intricate reactions taking place during
photoperiodic induction. In splte of the many yéars of study
on the effects of light, much is yet to be learned about these
processes (as indicated by %the recent work of Bérthwick et al.,
1952, on the effects of far-red radiation). Further work with
application of auxin (perhaps with strains of plants homozygous.
in their response to auxin) may well provide clues for solution
cf the problem introduced by the inhibition of applied auxin
~after the end of the dark period.

Everr in future physiological and biochemical research

solves the problem of florigen synthesis as controlled by
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photoperiod, the most intriguing problem of all may still
remain: what are the physio-chemical mechanisms involved in
the re—difection of growth by a chemical entity--a hormone

or morphogenetic agent--~-from vegetative growth and the produc-
tion of leaves and stem to reproductive growth and the produc-
tion of flowers and ultimately the embryos which may become

new organisms?
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APPENDIX

The data pfesented below are of importance in the careful evaluation
of the material presented in the Tables and Figures, but are of secondary
importeance to the conclusions drawn within the text., In the Tables and
Figures, the data below are referred to by number (e.g. app. 20). In
general, data or experimental procedures given in the Tables, Figures, or
' $ext, are not repeated in the appendix below,

From January, 1954, until the present, the pH of all auxin solutions
was adjusted between pH 7.0 =mnd pH 8,0, unless otherwise noted. ﬁefore
Januery, 1954, the pH of suxin solutions was adjusted to approximately
PH 545

Abbreviations are used in the following menner:

Avge 3, 1954,....The first inductive dark period began on
August 3, 1954,

Diss, 9 daysS.....Dissected 9 days after the beginning of
induction (e.g. beg. of ind. August 3,
Diss. August 12).

20 P/Toooooo eees 20 Plants per Treatment,

#3 le@feeessesss Plants defoliated so that only the #3 leaf
remeined on each plant, as explained on pages
39, 40, 78, and 84,

Roman Numerals following appendix number refer to the number of the

experiment in the suthors original notebooks.

1. (XXXV) Development with continuous cycles.

July 3, 1953 10 B/T
11 hour nights ell leaves

2, (XXVI) Development with two 12 hour nights.

June 6, 1953 25 P/T Barhart Laboratories
o #5 leat
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8.
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(A-XXIX) Development with one 12 hour night.

July 12, 1954 12 P/T
#4 leaf

See (app. 35)
See (app. 36)
(A-XXXIII) One night -~ various lengths,
July 7, 1954 12 /T
#3 leaf
Diss. 9 deys
(XXVIII) Continuous Inductive cycles.

July 9, 1953 20 P/T
#2,3,4 leaves,
Diss, 6 days

(A=-VI) Leaf size and sensitivity.
Dee, 11, 1953 10 P/T

Two 16 hr. nts.
Diss, 13 days

(A-XIX) Age of plant -- from planting of seed.

March 17, 1954 20 P/T weather cloudy
Three 16 hr. nts. _
Diss. 9 days

(A-XLV) Temp. and light intensity --Night temp., 6°C below day temp.

July 26, 1954 Barhart Leboratories
One 16 hr. night #3 leef
Diss, 11 days

(A-IX) Temp. end photoperiodic sensitivity —-Night temp. 3°C
below day temp.

Jan., 27, 1954 Barhart Laboratories
One 16 hr. night #3 leaf

Diss. 10 days
(XXX) Rate of development with IAA and NaA.
April 30, 1953 20 P/T auxin treated

Two 12 hr. nts. 10 P/P controls.
# 4-5 leaf.
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13.

. 14,

16,

17.
18.

19.

21.
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(A-V) pH of auxin solution -~ no buffer. Green light, KCI.
Dec. 12, 1953 16 B/T
Two 16 hr. nts. #1,2,3, leaf--auxin treatments, ECI
Diss. 14 deys. #3 leaf--green light.

(A=X) pH of auxin solution -- citrate buffer.
Jan, 15, 1954 16 P/T
Two 15 hr. nts. #3 leaf +001 citrate buffer.
Diss. 11 deys (leaves dipped)

(IXIX) Variability and applied auxin.

Nov. 7, 1953 #1,2,3 leaves -

Two 16 hr. nts. plus 5.,0X10 M NaA
(leaves dipped) '

Cne 15 hr. night no suxin.

Diss. auxin treated,
13 days, no auxin,
9 days.

(Ain) PTime of auxin application --applied to stem neer tip in
lanolin paste (0.5% Naa).

Feb. 6, 1954 20 P/T
. One 16 hr. night #3 leaf.
Diss. 17 days
See (app. 38)
See (appo 32) .
(AXXVIII) Development with and without auxin; with and without shade.
May 18, 1954 16 P/T .
Cne 10 hr. nt.,  #4 leat 5.0X10" M NAA
(leaves dipped)

(IXVI) Auxin applied immediately efter defoliation following induction.

Oct. 30, 1953 10 P/T tips of defoliated,plants
One 16 hr. night #3 leaf dipped in 10.0X10 4'M NAA.
Diss. 15 days

(A=XXXTI)
June 6, 1954 13 B/T Plants shaded
One 15 hr. night old #3 leaf Tips of defoliated plants

Diss. 11 days - young #4 leaf dipped in 6.0X10 M NAA.
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22, (A~VIII) Removal of tips before and after induction.

Jan, 6, 1954 20 P/T (0¢5% NAA in lanolin
One 16 hr. night Trimmed Jan 2 to old added efter induction,
Diss. 14 days. #2 or young #3 leaf. 8ee bottom Figure 24)

23, See (appe 16)

24, (A-XXVI) Auxin applied to plents with tips removed just before induction,
April 24, 1954 14 P/T
One 16 hr. night #4 leaf
Diass. 23 days

Additional data, not shown in Figure 24:
Auxin Applied in Lanolin

Days after induction, § 0.25% NAA 0.50% RAA | 1.00% NAR
auxin applied 1 1 * 1. 1 ® ] 1. 1 *
0 0 1 0 1 0 12
1 ash | 3 62k | 6 | 504 | 10
2 83% 2 nt| o 89% 5
3 924 1 73% 3 881 6

Tips not removed =- flowsred 100% -
Tips removed, no auxin =- flowered 45%, 3 inactive tips*. -
Stages of almost all buds were higher than eight.

* MNumber of plants out of 20 whose buds did not become active

25. See (app. 22)

26. (V1) Auxin concentration curves (up to app. 31).

March 10, 1953 10 P/T Further date in Figure 25.
27. (LVIII)
Aug. 26, 1953 14 P/T 10° ¢c. during induetion
Further data given in Fig. 25.
28, (1x1I)
Oct, 2, 1953 16 P/T Further data in Figure 25.
29. (A-X)

Jen. 15, 1954 16 P/T Further data in Figure 25.
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39, (LXIII)

Oct. 16, 1953 10 p/T Further data given in Fig. 25.
31, (A=XLIII)

July 21, 1954 20 P/T Further data given in Fig. 25.
32, (X1LIV) Auxin -- Leaf size.

July 30, 1953 16 P/T
T™wo 12 hr. nts.
Diass, 12 days.

33, (A-XVIII) Auxin -- night length,
Merch 11, 1954 20 P/T '
Gne inductive cycle #3 leaf 3,0X10~% NAA--leaves dipped.
Diss. 13 days ‘ _

34, (A-XVI) Auxin -- night length.

March 1, 1954 20 P/T poor weather
One inductive cycle #3 leaf -
Diss, 10 days. 6.0X10 M NAA--leaves dipped.

35, (XXV) Auxin — night lemgth

May 26, 1953 20 P/T |
One inductive cycle #4 or 5 leaf. _
Diss, 17 days 1,540 4M RAA sprayed on leaves.

369 (VII) Auxin -~ night length,

March 5, 1953 20 P/T

Two inductive cycles #4 or 5 leaf

Diss, 21 days 1,510~ NaA sprayed on leaves
(twice)

37. (AXI) Time of auxin application -~days before induction.

Jen, 29, 1954 23 B/T All leaves dipped in 6.0X10 M Naa
Two 16 hr. nts. Trimmed to #6 leaf
Diss. 9 days Just before

induction

38, (A=XXIV) Time of auxin application--during induction.

May 1, 1954 20 P/T -
One 16 hr. nt. #3 leatf. dipped in 25,0X10 M NAA,
Diss, 9 days Rinsed, after 10 minutes.
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41,

42,

43,

45.

46,
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(IXVIII) Time of auxin application.

Nov. 6, 1953 20 P/T
One 17 hr. night #3 leaf
Diss. 14 days

(LIX) Time of auxin application.
Sept. 24, 1953 20 P/T
One 13 hr, night 014 74 leaf
Diss, 14 days
(II) Time of suxin application.
Aug, 3, 1953 16 P/T
One 14 hr. might #3 leaf
Diszs. 13 days.
(A-XXII} Time of auxin application.
April 10, 1954 16 P/T
#3 leat
Dias. 13 days
{A~XXV) Red light interruptiom.
- May 4, 1954 14 P/T
One induetive cycle 5 leaf
Diss. 10 days
{AXEVII)} Red Light interruption.
July 28, 1954 10 /7

One inductive cycle #3 leaf
Diss., 9 days

dipped in 10,0X10" "M Naa,

dipped in 10.01104H NAA.

Sprayed with 4,0X10™4 Naa.

weather poor

(A-XLVI) Intensity at various times during induction.

July 26, 1954 10 P/T
One 16 hr. nt. #3 leaf
Diss. 9 days

(A~XxIX) Auxin end/or light interruption during induction.

May 19, 1954 15/P/T
One 16 hr. nt.  #3 leaf
Diss, 9 days

(A=XXXVII)
July 6, 1954 16 P/T

One 16 hr, nt. ﬁ leaf
Digs, 10 deys

Dipped in 20.0X10™*u maa,
rinsed after 5 minutes

Dipped in 30,0X10™%M 1aa,
rinsed after 5 minutes.
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51.

52.

53

55
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(A-~XIII) Auxin, various concentrations, and/or light interruption.

July 21, 195 20 P/T
One 20 hr. nt. #3 leaf Leaves dipped in auxin, rinsed
Diss, 9 days after 5 minutes., Auxin follows

. red light interruption.
(A-XXXVI) Cobaltous ion -- concentration.

June 24, 1954 16 P/T
One 16 hr. nt. 74 leaf Jeaves dipped in solution.
Diss, 9 days

(A-XXXVIII) Time of application — Go Cls.

July 6, 1954 16 Bj/T
One 1% hr. nt. #3 leaf. Leaves dipped in solution.
Diss, 11 days : :

(XXXVI) Application of sucrose --florigen destruction.

June 30, 1953 27 /T Earhart Laboratories
One 16 hr, night ca., 74 leaf Sucrose sprayed om leeves
Diss, 13 days

(XL) Application of amtiauxin--florigen destruction.

Jue 17, 1953 16 P/T
" One 14 hr, nt. #3 leaf Antisuxin sprayed on leaves
Diss, 9 days

{IIT) Application of antiauxin--florigen destruction.

Aug. 4, 1953 15 P/7T .
One 13 hr. nt. #4 leat Antiauxin spreyed on leaves
Diss. 12 days :

{LV) TFlorigen destruction occurs in the leaf.

Aug. 13, 1953 8 B/T
One 16 hr. nt. ca. #1,2,3 leaves
Dias. 9 days

(A-XXXIV) Number of buds,
June 24, 1954 16 P/T
one 16 hr. nt.  #3 leaf
Diss. 9 days

(A-XXJII) Temp., during induction.
April 16, 1954 20 P/T

One 16 hr. nte #3 leaf
Dias. 13 days



~188~

560 (A‘mv) Green light .

July 11, 1954 24 P/T
One 16 hr. nt. #3 leef,
Diss. 10 days

57. (A~XIII) Potassium effects.,
July 17, 1954 15 P/T
One 19 hr. nt.  #3 leaf
Diss. 9 days

58. (IXV) leaf size--night length.

One induetive cycls
Diss. 21 days





