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THE PHYSIOLOGY OF FLOWERING.



INTRODUCT TON

The precess of flowering invelves 4 major stagess~  a) the
differentiation of floral primerdia 3 b) the differentiation of the
individual flower parts 3 ¢) floral maturation ;3 and d) anthesis,
This review will only be concerned with the first aspect, that of
the transitien from vegetative to reproductive growth, and of the
developments which precede this transition, Since the early review
by Lang (140), many reviews dealing with certain aspects of flowering
have appeared (24, 25, 50, 52, 6%, 74, 154, 155, 171, 187, 197, 198,
201, 209, 224, 245, 247, 252, 261), giving an excellent coverage of
the field, and the appreoach ef this review is similar in its presenta-
tion to that of Searle (209), Zimilarities can be seen of virtually
all the steps invelved in the flowering precess in other bieological
functions e.gs photoperiodism implies a response to light and a
measurement of time, and the response to the flowering hermone is an
example of morphegenesls ~ perhaps the most fundamental phenomenon
of biology. Since floral initiatien is basically a morphogenetic
response, these changes and causes will be noted first, te be follow-
ed by a discussion on substances causing this response, and then to

the regulation of these substances.



CHAPTER ONE

NUCLEIC ACID METABOLISM IN THE BUD.

Since meristematic cells are potentially capable of any of the
functions of specialised cells, differentiation processes, of which
flowering is one aspect, must be contrelled by the genetic Infeormaticn
of the cells contained in their DNA melecules, either by activating

passive genes or by inbibiting active genes. (220).

Syvnthesis of nueleic acide

Synthesis of nucleic acid in the bud is concerned with floral
induction, and this fact has been confirmed by using nuclelc acid
inhibitorss

Salisbury, Bonner é Zeevart have shown that 5 - FU can inhibit
flower induction in Xanthium if it is applied during the inductive
dark period (21, 202) while in Pharbitis, its greatest effect seems
to be at the end of the inductive dark peried (257). In beth these
S«D plants % = FU has its effect by inhibiting nucleic acid synthesis

(48, 49) - and thus bud growth {211)}-being incorperated inte bud R.NeA.

»

(21)» However, while its effect on induction in Xanth

um is caused
by a repression of R.N.A. synthesis (21), its effect on induction in

Pharbitis seems to be caused by an inhibition of DNA synthesis (257).

RS

Evans, working with the L.De plant Lelium temulentum has shown that

5 - FU was most effective at inhibiting fleowering if added at the end
éf the inductive periocd, and by using actinemyein - D, an inhibiter
of R.N.,A. synthesis, and orotic acid, a nucleotide precurscr, he

showed that its mede of action was by inhibiting the synthesis of R.N.A.,
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a similar effect to that in Xanthium (73). “ytelogical effects with
Allium have shown that DNA synthesis is blocked by 5 = FU, and that
5 - FU is incerporated into R.N.A.(12)s

5 « FDU is a more specific nucleic acid inhibiter than © - FU,
inhibiting DNA synthesis by blocking the formation of thymidylic acid
(100a)s, This substance alse inhibited floral induction in Xanthium,

2 s

Pharbitis and Lolium, but whereas the DNA synthesis in the apex seems

s

2

to be an essential component of inductien in Pharbitis (257), this is

not the case in Xanthium or Lolium (21, 73)s  Thymidine, a DNA pre-

curser, can reverse the inhibition of 5 - FDU, but not of 5 - FU.  The
inhibitory effects of both 5 « FU and 5 - FDU were not permanent g
the buds were once more inducible after the inhibitors had dissipated,

Working with the S.D. plant Cannabls, Heslop - Harrisen showed

that 2 ~ thieuracil inhibited fleral induction and digrupted cellular

T

differentiation {(106). This substance alse becomes incorporated inte

o
[$33

ReNoAs (107, 254), Collins and Salisbury showed that 2 - thiocuracil
has a similar effect on Xanthium (54).

These results show that the cells of the apical meristem lose
temporarily their capacity to respond to the leaf~generated stimuli
(18, 212). Even if the floral genes are activated during induction,
they cannet produce the characteristic prwteins necessary as a result
of the modified stages of R.N.A, synthesis, Since dormant buds are
unrespensive to the flowering stimulus (198), it seems that flowering
can only be induced when DNA and R.N.A. are being synthesised {55),

Themas found in Xan

1ium that there was an increase in mitotic activity

caused by the presence of a fleoral inducer (238), and he suggested a
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DNA regulatory mechenism which is upset in the presence of the floral
stimulus (236), Other workers have alse found that after induction,
mitotic activity increases. (14,90).

A specific floral RNA.

A small amount of work has been done on the analysis of bud
nucleic acid before and after inducticn. - Ress (192), using a papex

electrophoretic technique, failed te shew any difference in the composi-

e

tion of RNA between the vegetative and floral buds of Xanthium. Using

histochemical techniques, Gifford and Tepper (90) have shown with
Chencpodium that the DNA s histone ratioc increases scon after photo-
periodic inducticn, together with a rapid rise in the RNA centent,

Knox and Evans {132), working with Lolium, and Nengaréde et al (175),
working with Amaranthus,cbtained similar results, again using histechem-
ical methods, and neted that after inducticn the centent of RNA rose
sharply, accompanied by a small histone change and an increase in thé
nuclear and nucleolar sizes.  Although it is known that floral initia=-
tien involves the synthesis of bud nacleic acid, (54, 55, 202, 257),
and that the meristematic growth rate is proportiocnal to the RNA
content (25%), the chances of isolating a specific floral RNA seem
very small indeed, especially if only a few genes are invelved in the
actual conversicon of the bud frem a vegetative te a reproductive state,
In fact, the cenversion may simply involve a change in the propertions
of the same enzyme systems, In which case ne new nucleic acid would

be formed.  Hewever, the results of Gifferd and Tepper, and of Knox
and Evans, showing a rise in the DNA s histene ratio and an associated

rise in RNA, indicate that new genes are being activated,



CONTROL MECHANISHMS IN THE NUCLEUS

Gene activation and represser action.

In their article, Jaceb and Menod (121) bring ferward the
theory that there are tweo different functicns of a gene, the first
te transcribe the structural message via m-RNA, and the second to
regulate this transcription, This regulation invelves a system of
regulator genes {or a transmitting system) and operator genes (or a
receiving system), the operator genes receiving a specific cytow
plasmic signal in the form of a repressor molecule, which in turn
recognises a particular metabelite and a particular operator gene.
-The metabelite, by some unknown mechanism, can either activate or
inactivate the repressor. The represser molecule seems to be an
RNA melecule which ~ when activated - has such a base sequence that
it can combine specifically and reversibly with the operator gene,
thus causing cessation of messenger RNA and thus of protein. Upen
inactivation of the repressor, the preduction of the particular
protein recommencese.

Although this theory is cencerned with bacterial systems, a
similar system could be invelved in fleral induction. On arrival at
the apex, the floral stimulus could combine with the repressor RNA,
inactivating it 3 this would thus allew for the synthesis of m-RNA -
and thug proteins - cencerned with the flowering process.

The role of histones.

The role of the histene proteins in the nuclear centrol of cell

differentiation has become the topic of a great deal of experimenta~-



tien and research (20, 33). In 1951, Stedman and Stedman (221)
suggested that histones act as gene inhibitors, each histone being
capable of suppressing the activities of specific groups of genes.
Similar ideas {17, 146) and much evidence (e.qg. 2,10,85,115) have
been brought forward which support this view. Huang and Benner (115),
working with pea embrye chremating have shown that histone, when bound
to DNA? increases the stability of DNA, and if the histone is removed,
there is an increased rate in BNA synthesis, mainly =~ as m=RNA (3).
Later, working with a specific gene, (or genes), responsible for
glebulin fermation in peas, Bonner et al (19) showed that this gene

is only active in vive in the cotyledens.  When the histone was
removed frem bud chromatin, gleobulin fermation resulted,  Other
workers have élgm shown that histone in calf I 3?“‘ tissue can suppress
RNA synthesis (2, 147). However, it 1s thought that histone structure
may not be specific enough to centrel gene action (17, 124, 125).

It has been suggested that as there are relatively few histone

types, a much smaller number than genes, gene activation may in fact

be due to an enzymic removal of a type histone (10). Several workers

{2,10,117,153) have found that different histone types differ markedly
in their abilily to repress gene action, lysins-rich histones having

a much greater effect than arginine-rich histones. It has been found
that the lysine-rich histones play an important role in the structural
organisation of chromesemes (241) by binding the chromatin threads
together while arginine-rich histones occur more frequently in the

diffuse region of the nucleus (153). Since RNA synthesis can occur

in loose chromatin {152) but not in dense chromatin (114), this would
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explain why lysine~rich histones can suppress RNA synthesis to a
greater extent than arginine-rich histones, It has also been shown
that certain lysine-rich histenes are only formed in cells where DNA

duplicated (4%). Allfrey, Faulkner and Mirsky (1) have shown

» that 1f histones are acetylated cr methylated, although they

are still cemplexed with DNA, RNA svnthesis is not suppressed. In fact

Pogo et al (183) have found that histone acetylation is a pre-requisite

for RNA synthesis, and Nohara et al (174) have acetylated histones with
an acetylating enzyme, Lately, twe groups ef workers, one group
working with animal tissue (11), and the other group with plant tissue
(116), have found a special class of RNA which is intimately associated
with histones

Gene functicn may in fact be regulated by a reversible acetyla-
tion process, in the case of flowering the flewering hormene perhaps
being an acetylating agent - or an inhibitor repressing acetylation -

of a type histone,

Th@ role of preteinsa

It has been shown in animal cells that differentiatien can enly
proceed if the substrates and co-factors necessary for the synthesis of
prmteins‘are present. If they are not, then even though a specific
gene 1s activated, the cerrespending proteln can net be synthesised
and therefore differentiation will net ensue. Flickinger calls this
a "temparal sequence® in gene action (80), and this may explain some
of the results obtained by werkers using amine acid analcgues as
inhibliters. Attempls to isclate specific proteins coencerned with
flewering have not succeeded as yet.  Nitsan, working with Xanthium

(172), and Marushige and Marushige, working with Pharbitus (160),

SNt



have shown a quantitative but not a qualitative difference in electro-
pheretic patterns of extracts from vegetative and fleral buds., This

may mean that 1t islnot that new proteins are being synthesised, but

that the balance of enzymes already existing in the bud aré altered,
thereby causing a change from the vegetative to the floral state. This
idea, that a change in the balance of enzymes causes a change in functien
of the cell, has also been arrived at by working from a thecretical
stand-point (64).

Algo tying in with this view is the idea of Commoner (56), who
suggests that DNA plays two interrelated reoles, the first role being
that of genetic ccsdiné9 which occurs in the euchrematic reglien of the
chreomeseme and is observed as a qualitative difference, and the second
role being a regulatorv role, @ccurrihg in the hetereochrematic region
of the chromoseme and appearing as a guantitative difference. This
second role is one by which metabelism is genetically regulated, this
regulation being carried out by nuclemtide sequestration and thus
making them unavailable for other metabelic precesses e.g. ATP synthesis.
The cemposition of the residual nucleolide pool will therefere‘be
contrelled by the amount of DNA present, and to the base composition
of the replicating DNA.  This idea, that of the dual rele of DNA, is
very similar te the thecry propesed by Jaceb and Moned, menticned
previeusly {see P.5)a

Tt can be seen therefore, that nucleic acid metabolism is
certainly invelved in floral differentistion, and that this metabolism

mist be both controlled and regulated.
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CHAPTER THREE

ENDOGEN(US  REGULATCORS

Mest work en endogencus regulators has been dmne‘an plants which
respond te only one or a few induqtive cycless Since the site of
photoperiedic induction is the leaf (e.gs 197,261), and the site of
floral differentiation is the bud, the synthesis of the floral régulw‘
ants and their transpert can be studied separately from the merpho-
genetic reacticns cccurring in the bud.

2

Endegenous floral initiatorss

a)

It has been shown with the 5.D. plant Xanthium, that when the
plant is given its induction treatment, a flowering stimulus is pro-
duced in the leaves where it can be stored (151), this stimulus being
stable and easily transportable under either light er dark conditions
(210)s  Nucleic acid metabelism - and thus protein synthesis (164) -
is invelved in preducticn of the stimulus, and the denaticn of methyl
groups is invelved (54), Using a metabolic inhibitor of animal
chelesteral bicsynthesis, tris - (2 diethylamine ethyl) phesphate
{ SKAF 7997«A3), it has been shown that steroid bio~synthesis is alse
cencerned in the production of the flower stimulus, at least in Xanthium
(18), Pharbitis (18,196) and temato (180).  Since these reactions
are all enzymatic, specific proteins may be invelved.

Hess (108,109,110), working with Streptocarpus weinlandii,

has shewn that by adding either 2-thicuracil or ethionine te the leaf,
flowering can be inhibited without disrupting vegetative growth -

results which are quite different to those of Heslep ~ Harriscn, who
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found that the addition of 2«thicuracil had a marked effect on vege-
tative growth (106). (see pe.3)s  The RNA's of the induced leaves had
different guanine-adenine ratics, a result which could mean that these
anti-metabolites blecked a RNA-pretein system associated with the
preduction of the flowering stimulus. In an animal system, ethionine
has been shown to inhibit protein synthesis, not by competing with
methionine for incorporatien inte the protein (197), but by decreasing
the level of ATP, this being achieved by reacting with the nucleotide
to form adeh@sylnethionine {242), Ethionine therefore may cause its
inhibitory effect on flowering by interrupting the energy supply in
the leaf during the inducticon process, a finding which supports the
idea advanced by Commener {see p.83).

Many attempts have been made to isolate and identify the flower-
ing stimulus. In 1950, Roberts obtained crystals of a flower - pro=-

moting substance from leaves of Xanthium (190}, this substance being

et

s

lipid-like in charvacter (191), However, this experiment has not been
TR ] f
successfully repeated. By lyophilising leaves of flowering Xanthium

stumarium plants and extracting them with cold abselute methanol,

Lincoln et _al obtained a crude extract which induced a flowering response

in vegetative Xanthium pennsylvanicum plants when added as a lanelin

paste (149). By a similar methed, a crude extract from leaves of the
day neutral flowering Helianthus plant induced flowering in vegetative
Kanthium plants (150)s  As paper chromatograms of the extracts from

e w

both plants were similar (161), it seems probable that the inducing
substance is the same in beth plants, or at least very similar. This
substance, which has been named florigenic acid {148) has been shown

to be stable to both wide pH and temperature variations (161), as well
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as having an acidic character and being water soluble (148,161),

Working with the S.D. grass Rottbeellia exaltata, Evans (71)
showed that a flowering stimulus was formed in the expanding leaf,
and was transported via the assimilatien stream in either light or
darkness - as in Xanthium (135,210)s  This stimulus was summated at

K

the apex, a phenomenon which alse occurs in sugar-cane {53). Evans

found in a L.D. grass, Lolium temulentum, that steroid metabolism may

be invelved in the synthesis of the floral stimulus {73). With

Wardlaw {78), he also found by removing the induced leaf at variocus
intervals that encugh stimulus had moved out of the leaf four hours
after the critical peried to induce fleowering, and postulated that the
rate of movement of the stimulus was approximately twe centimetres/hour.
)

Althaugh this figure differs markedly from the figures of 2.6 ~ 3,8

millimetres/hour obtained by workers using the S.D. plant Pharbitis nil

(120,261) it agrecs with the figure obtained by Canny {39) on the rate
of movement of the assimilatien stream,

Grafting experiments have shewn the presence of a floral iﬁducero
With beth Bryophyllum, a L-SD plant, (259), and with Pharbitis, a S.D.
plant (261), it has been shown that an induced stock can cause a vege~
tative scion to flower. In fact an induced S,D, stock Kalanchie can
cause flowering in a L.D, scien (Sedum). (261). By intergrafting twe
species of Qﬁﬁ@ﬁﬂﬂ,@fﬁes@l has shown that more than cne type of floral
stimulus is involved in the flowering of this plant {93), and crogs-
breeding experiments, which have shown that two floral genes are

invelved (94, 95)?supperﬁ this statement,
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Therefore it can be seen that floral initiaticn in both S.D.
and L.D. plants, both monccetyleden and dicetyledon, is associated
with the actien of a premetive substance which is preduced in the
leaves. However whether this substance is universal for all plants

or not is still a matter of speculations

It has been shown that the gibb@i@llins can induce flowering
in L.De plants and in plants requiring a vernalisaticen treatment,
when these plants are grown under nen-inductive cenditicns (5, 122,
222)e  With Snﬁ, plants however, gibberellin can promcte flowering
in seme plants (esgs Pharbitis) but not cause induction (261). It
seems highly probable that gibberellin is only Indirectly asseciated

s x

with fleowering, its primery effect being that of inducing meristematic

activity (72,119,141,142,145). In fact in some plants flowering may

have te be preceded by a belting process e.g. Spinach (123). Working

with Pelasites hyb:’ﬁ?idus9 Wardlaw {244) has shown that gibberellin
has ne effect en ﬁhe vegetative apices, but can promote flowering
once initiation has occurreds  Of the nine different gibberellins
knewn, GeA.7 is generally the most effective gibberellin in inducing
flowering, GaAg alse being a very strong inducer (26,72,162),

An inhibitor of gibberellin action (2~chlorcethyl) - trimethyl
Chloride {CCC) has been shown to inhibit flowering in beoth S.D3, and
L.De plants, its effect being completely reversed by the addition

of GaAna (5,25é) and it is thought that this inhibitor suppresses

the formation of gibberellin (5,145).



13,

Gibberellins are present at the time of inducticn (173,258).

The role of gibberellin may be that of a precursor te florigen (5),
or to initiate a sequence leading to fleoral inductien (142), Werking
with the Le8.De plant Bryophyllum, Zeevart and Lang (2062) have shown
that under 8.U. conditions, gibbkerellin requlates the floral stimulus
by substituting for the L.De. requirement. It may be concluded
however, that the gibberellins, although ﬁhot&periadically involved
in the flowering process, are not biechemically related to the floral

stimulus (256,262)s  In fact, in Pisum varieties, the presence of

G.A3 inhibited flower formation (8,126,217) perhaps by disorganising
the apex., Pictures illustrating this diserganisatien have been
presented by Sprent (217).

Endegenous floral inhibitors.

The question as te whether flewering is under the regulaticn of
endegenous floral inhibitors is as yet unresolved, evidence still
being accumulated for both sides.  According to Zeevart (261),
inhibition can be divided inte two categmri@s, that of a specific type

whaere an actual substance is preduced, and that of a non-gpecific tvpe,

the result being caused by the lack of stimulus. For a specific

endogenous inhibitor, three main points arisesz-
a) its mode of action may be with relation to the producticn
of fleorigen, or else at the site of floral differentiation.

b)

[
—

Lt may er may net be transmissable.
¢) if the site of action is the bud, it may either be produced
at the bud, or else it may be produced away frem the bud,

In the latter case it will need tc be transported teo the bud,
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1f the inhibition is of a non-specific variety, again three points
arises=
a) it may be a general inhibitien of metabolic processes
b) it may interrupt cell division in the apex at a time when
the stimulus is present
¢) it may interfere with the translocation of the stimulus (209).

With regard te the translocaticn effect, Chailakhyan and Butenke (44)

o

working with P la, have presented some results which. support this
ideas By exposing both induced and non-induced leaves te radicactive
carbon dioxide (01469) and determining the distribution pattern of
the photesynthates, they found that if non-induced leaves were present
between the induced leaves and the apex they absorbed most of the
labelled assimilates, and also in this situation the plant did neot
flower. Since it was assumed that the stimulus travels with this
transport stream, the inhibitory effect of the non-induced leaves
would be the result of an interference of this stream te the apex.,
Guttridge, on the other hand, working with the cultivated
strawberry - a S.D. plant - has brought forward convincing evidence
for the presence of a floral inhibitmr’(97)o He showed that flower-
ing is repressed and vegetative growth is enhanced in the one plant
if, during its inductive period, a second plant connected to the first
by a stelen had its inductive dark period interrupted by lighte
Thompsen and Guttridge (240) shewed that a defoliged plant, but net
an intact one, would flower in continuous light, while an intact

plant weuld flewer in continucus darkness. In leng days therefore,

the plant was inhiblted from flowering by a transmissable inhibitor
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which is formed in the leaves. Lesham and Koller (144) cenfirmed
this inhibiter idea, and breught forward evidence suggesting that the

inhiklitor was stored in the daughter strawberry plants.

Schwabe (206), working with Kalanchdé and other $.D. plants, has
shown that intercalating one long day between inductive short days not
only stops initiation but actuwally inhibits it - in the case of
Kalanchde, the inhibition by one leng day being equivalent to that
of 1.5 « 2 succeeding inductive short days. The effect of several
long days 1s not cumulative, Schwabe postulated an interaction
between a stimulus and an inhibitor, the latter being formed during
long days and its effect being on the formation -~ not the action =
of the stimulus. It seems likely that in S.D. plants the effect of
the dark peried is twe-fold 2 in the first case removing the lighte
dependent inhibitor which interferes with the induced state, or flowexr
hormene preduction, and second, the fermation of the induced state or
pieducti@n of the flower hormone (256),

Thomas (237) found that intercalated long days inhibit flower

formatien in the S.D, plants Xanthium and Chenopodium, but enly if the

induction was slighte. If the plants were strongly induced, the effect
of the intercalated long days was stimulatorya In the former instance,
he concluded that the effect was caused by an inhibition eof the inductive
processes in the leaves, while in the latter cas&,ith@ effect was
caused by an altered sensitivity of the apex te the stimulus,

These results could equally well be explained on the basis of a
single inductive substance.  This substance, which is dependent on

light for its formaticon, must reach a thresheld value before it becomes
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effective, and under leng light pericds, the concentration reaches
such a high value that the substance becemes inhibitory, and thus would
inhibit flowering. In darkness, this substance is slowly broken down.

Fratianne observed the effects of the leafless, parasitic dedder

W..
=
@

lant on various host plants (81). je feund that under an inductive
photoperiod, dodder does net affect the flewering of the host plant.

Tf a dedder bridge was formed between an induced plant (e.qge

a 8.De plant) and a nen~induced plant, the flewering of the induced
plant was decreased; the nen-induced plant did net flower. He

assumed that an inhibiter was produced in the leaves under non-inductive
conditionse

Nen~inductive conditicns in Salvia, another S.D. plant, also

causes the preducticn of an inhibiter in the leaves (15).  Evans {71),
working with the S.D. grass Rottboellia, found that if nen-induced
leaves were siftuated belew an induced leaf, they still had an inhibitory

effect,  Bince dnterference with translecaticn i ruled ocut, he

suggested that the nen-induced leaves preduce an inhibiter while the

induced leaves produce a stimulus, Flawering in $ a and |

is therefere regulated by beth an inhibitor and a stimulus 3, both belng
transmissable and both acting at the apex.

Werking with the L.De grass Lolium {69), Evans showed that

flewering in this plant is alse regulated by a stimulus and an
inhibitor, the former bean produced in Induced leaves and the latter
in nen-induced leaves.,  Although Zeevart (256) suggested that this
inhibitery effect by the $.D. leaves could be caused by Qither their

interference with the translecation of the L.D. stimulus, or te
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dilutien of the dimulus reaching the apex by assimilates from the

lower leaves, Evans and Wardlaw (78) later found by using C that

”0
the idea of a sink was in this case not cerrect, since only a very
small properticn of the assimiletes moved from the upper leaves to the
lewer leaves, and that the mest feasible ldea was that ¢of an inhibiter
being produced under non-inductive conditicns.  Further 1t was shown
that the formatien of the stimulus ceould be carried out under anaserabilc
conditions, while the preduction of the inhibiter required oxygen (70).
Evans has found that abscisin IT inhibits flewering in Lolium (76).

He suggested that abscisin TI, which is actually the same substance

as dermin of weody plants (57), may be the $.D. inhibiter. Hewever,

e it has been found that abscisin I1 is effective in inducing the S.Ds

s

s and Chenopedium, but net Xanthium (68),

N e

plants Pharbiti

By grewing buds of the £.D. plant Perilla in culture, Raghaven
and Jacobs (188) have shown that under S.D. conditions nermal flowers
were preduced, while under L.D. coenditions only a rudimentary stage
was reached,  This suggests that although Perilla requires S.D.
cenditions for nermal fleral development, it has an inpherent ability
to initiate flowers independent of day-lengths If small leaves were
attached, under 8.D. conditicons they premoted flowering whil@ undexr
LoDe conditions they inhibited flowering, They therefore concluded
that flewering in Perilla is contrelled by a balance between an inhibiter
and a stimuluss

By intergrafting early and late verieties of Glycine, Kiyesawa
and Kiyesawa (131) cencluded that flowering in this plant was also

determined by a balance between an inhibiter and a stimulater, a



18,

cenclusien which Curtis, by intergrafting different varieties of
beet, alse reached (63).

In 1952, Barber and Paton proposed that a floral inhibiter was
present in late varieties of Plsum (9)e This was scon cenfirmed by
intergrafting early and late varieties (178,179) and from experiments
invelving cotyledon excision (126,178). Thiﬁ substance is synthesised
in the cotyledons scen after germinatien (178), moving inte the plumule
in abeut twe weeks, during which time it can be leached from cuttings
(218), It was found that vernalisaticn and long photopericdic
regimes decreased the amount of inhibiter (178, 217), and Barber gave
it the name colysanthin (7). Colysanthin may be invelved in gibber-
ellin metabelism (8). Latelv it has been found that a short-lived
inhibitory substance is present in early varieties also {126),

It can be seen therefore that there is a great deal of evidence

present te suggest an iphibiter-regulaticn of flowering. At the
moment however, it is not known what form the inhibitor(s) takes and

what its mode of action is.
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EFOUR
CONTROL OF ENDOGENOUS REGULATORS

The majority of werk dene on flewering has been cencerned with
the aspect of phetoperiedic centrol and its underlying mechanicm,
and recent reviews and surveys have emphasised different aspects of
this field (30,65,98,99,105,197,198).

¢

Photoperiodic inductione

Plants have a wide range of photepericedic responses, ranging
from these that are completely insensitive to photmperiéd (l.e. day-
neutral plants) to these which will respond to only one inductive
period (e.gs the S.Do plants Xanthium (210), Chenopedium (62), and
Pharbitis (227,257) will flower after one long night perioed, and the
L.Do plants Lolium (75), Anagillis (6), Sinapis (18), and Brassica

mJ [rrChem b

(88) will flower after being given one short night). In general
though, photopericdically sensitive plants will reguire repeated
inductive cycles before flowering is initiated, and Salishury has
compiled a list of plants, classifying them with respect to their
photoperiodic response (198),

Most work on photoperiedic control has been deone with plants
which are highly respensive te photeperiodic treatment e.g. Xanthium,

e st o

Tt has been known for some time now that the leaves are

inducticn, although in Pharbitis and

also are sensitive (6,257}, and that induc-
tion is caused by the length of the night per d, and not the length

of the light peried (6%). For the S.D. plant Xan

thium therefere, a

day~length of 8.5 hours or less will cause flowering as long as the
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dark period is net interrupted by a flash of 1light (210). In
some L.Ds plants on the other hand, the plant will flower if the

o

night length is tee long, 50 leng as it ig interrupted by a light
flashs In these cases, teo leng a peried witheut light will inhibit
flowering (261).

Before the inductive night periocd can begin however, a period
of high intensity light is required, in the Tirst instance simply te
provide photosynthates, and secondly fo convert a photopigment to a

physiolegically active form, a point which will be discussed a little

later in this chapt

It was once thought that a second high-inten-
sity light period was required to stabilise the newly~formed flower
hormene or its precurser{s) (154,156), but since then experiments have
been conducted which show that this is net the case, at least for

(227) and | (69).

i

It can therefore be seen that a 8.D. plant will flower 1f the
dark peried is greater than a critical vslue, and itis thought that
during this dark peried a sequence of reacticns occurs which is

inhibited = or reversed - by light. (m the cther hand, with L.D.

olants a dark period greater than a critical value will inhibit flowerw
ings  This inhibition may be the result of an inhibitor being produced
during the dark pericd which requires a certain amount of light

its removal {261), or that during a leng night the concentration of a

dark-preduced stimulus reaches such a value it Inhibits flowering
(105), although many L.D. plants are known te flewer under continuous

light (10%).
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Twe theeries have been brought ferwsrd in an attempt to explain
this photoperiodic inducticn.  The first theory concerns an endegenous
circadian rhythm, while the second involves a photo-receptor plogment.

At this stage it seems likely that the actual mechanlsm of photeperiodic

induction invelves a combination of both theories.

Endogenous circadian rhythms.

Endogenous circadian rhythms have been ebserved in a great

variety of erganisms, ranging frem unicellular te highly complex forms,

and Sweeney in her review has discussed many examples of these (224),
It is now ¢lear that these rhythms play a part in the time perception

process, although the mechaniem is not at all understeed e.g. diurnal

fluctuations of chlerophvll content have been observed in Perilla and
¥ G e P s

2 umex A" ocether with the fixation of carbon diexide in certain
R (29,167), togett th the f 1 F carben d 1 1

succulants (224), and of carben dioxide metabelism in plant tissue
cultures (251)e  Although diurnal changes have been observed in plant
cell nucleii (81,246), and in the proporticn of ribesomes aqgregated
in active polyribosome form in leaf tissue (51) =~ beth ebservations
suggesting that nuclear DNA~contrelled pretein synthesis is involved -
Sweeney has observed that diurnal thythmi¢ity is maintained in

Acetabula: cells after enucleaticn - at least as far as photesynthesis

is concernad (226).  Contrary te Sweeney, Schweiqger et al (207) have

shown that the c¢ircadian rhythm of oxvgen balance in the cells is

determined by the nucleus, and pther workers have shown a photos yniheLLc

rhythm in intact cells ious plants (66,113,129,177). Chance
and co-workers {46,47) have shown that the NADH level of veast cells
undergees a rhythm, beoth in whele cells and in cell=-free extracts

showing that metabolic enzyme systems are involved in the bielogical
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clock, and in fact, rhythms can be disrupted by anaercbic cenditions
(250).

The interesting factor of the bielegical cleck is that the
circadian period is almest temperature independent, na&é%a Q10 of
approximately 1~1.2 (249), Since bhlachemical reacticns have a Q10
of the order of two te three, it seems that bicchemical reasctions
aleone do not operate the cleocks A model has been brought forward by
Ehret and Bavleow (67), invelving a feed-back system of biocchemical
steps with relatively temperatire-independent biephysical steps (e.q.
diffusion)s; this medel has a Q10 of 1.2 Irrespective of the mechan-
ism, it is now known that the cleck has the preperties of an escillator
(30,31,98,208), it can be rephased by temperature, (208,249), light
(181,182,250), and ultra-vielet light (223), and can be coupled with
its environmental light regime (98).

With respect te flowering, the endogenecus rhythim seems to glve
rise te, and couple with, a sequence of bicchemical reactions which
vary in their sensitivity te light. In this way, the endogenous rhythn
can centrel the synthesis of the fleral stimulus,  The "photophile™ and

scotophile® phases of the endegenous rhythm as propesed by Bunning (31,

09) can thus be acceunted for. If for example the scolophile = or as
Hamner has called it, the photephobe - phase ef the rhythm was interrup~
ted by a flash ef light, the light would inhibit the sequence either by

3

inhibiting a light-sensitive reaction cr else by resetling the cleck
mechanism, thus causing the reaction seguence not te reach completion.
This would be caused either by a light-sensitive reaction being made to

co~incide with the oncoming light peried, or else an essential compenent



aof the reaction sequence would be criticdlly displaced from fellowing
reactions of the pathway (181); Similar consequences could be obtained
by altering the length of the cvele, and this is substentiated by many
experiments in which light flashes have been used at varicus times
during a prolenged dark pericd,

During a 72=hour ¢vele {8 hours inductive light peried, 64 hours
dark pericd) Hamner (99), using the S.D. plant Glycine mex,found that
if a light interrupticon was given when the plant 'expected' darkness
(is8. the photephobe phase il.e. at 24 hour intervals 05'14 hours,
3¢ hours and 62 hours after the beginning of the light period), flewer=
ing was markedly inhibited, while light flashes eccurring during the
Yexpected' licht perieds (i,e. the photephile phase = at 26 hours and
52 hours after the beginning of the light peried) enhanced flowering
above that of the conlrols. Irt ether experiments (99), where the cycle

»

length was varied by extending the dark peried after © hours of light,
flowering was enhanced with cycle lengths of 24 hours, 48 hours and 72
heurs, and inhibited with lengths of 34 hours and 60 hours,

Coulter (58), using a 72 hour cycle and Glycine max, found similar

photephile and photophobe reacticns, and with Hamner (59), suggested

'3 Lo

that an 8~hour photoperiod initlates a fundamental oscillatioen, the
amplitude ¢f which can be increased or dampened by light breasks,

depending on when they cccure  They found {60) that light falling in

the first photephebe phase was twice as inhibitery as in the second photo-
phabe phase, as did Schumate (204), while light falling in the secend

phetephile phase was twice as stimulatery as in the first photophile

phasae
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1t was found by using two successive light interrupticns (41),
that 1f each fell in a photephile phase flowering was enhanced, and if
each fell in a phetophobe phase, flowering was inhibited, If one

photephile phase, and the other interrup-

i

light interrupticn fell in a

Al

tion fell in a pheotophebe phase, the stimulation from the phetephile
interruption partially overcame the inhibition from the photeophobe

2

interruption. Using cyeles of different lengths, similar results to

these above have been obtained with anether S.D. plant

the L.D. plants Hyvascyamus and $ilene shewed results similar te, but

eut of phase with, the S.D. plants (79,99).
Coulter and Hamner, working with Glyeine (59), and Takimete and

bf e

Hamner, working with Phay (228,229) have suggested that the basic

endogencus rhythm is cempesed of three separate mechanismss-

a) an “hour-glass® cemponent. By increasing the dark peried,
flowering is increased. This compenent is temperature
sensitive.

b) an endegenous circadian rhythm cempenent, which is initiated
by the beginning of a light pericd.  This rhythm is tempera-
ture insensitive, although the magnitude mavy be affected by
temperature.

¢) an oscillating mechanism which begins at the commencement of
a dark peried.  This component is also insensitive to temp-
eratures,

Mitchell (166) has shewn that the flowering respense

is regulated by an endogenous rhythm, flewering maxima being obtained
with cycles of 24 hours, 48 hours and 72 heurs, and flowering minima

occurring with cycles of 36 hours, 60 heurs and 84 hours. These
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results suggest that a common clock mechanism is in operation in
widely different types of plants.

The phytechrome system.

Plante can digseriminate between the quality of light received,
and it is now thought that this is the result of a pigment called

phytechreme (34). The effects of different light gualities on plant

jede

growth have long been cbserved and in 1959, Butler et al first separated
a crude form of this pigment (38).,  The phytoechrome pigment is a scluble
cytoplasmic protein, attached to a chrematephere of the bilitriene type

(214,215).,  Phytochrome can occur as twe inter-convertible forms, one

form (P730 or Pfr) having an absorption maximum at a wavelength of 730
mp in the far~red region of the épeci rum, and the other form (P60 or Pr)
having an abserptien maximum at a wavelength of 660 mp in the red regicn
of the spectrums |

Trradiatien by far-red light causes the P730 to revert to the
PEOO form, and red licht will cause the P66Q form to be converted to
the P730 ferm, perhaps via an intermediate form (27,37). In fact
Spriuit has ebserved that phytochrome has four different abserption
maxima ~ at wavelengths of 650 ma, 670 mp, 698 mp and 744 mp and
thinks that perhaps phytechreme can exist in four forms (219). In
darkness, P730 slowly reverts to the P660 form, and alse decomposes to
give a net loss of reversible phytochreme (36),  White light appears
to be equivalent in its action te red lioht (34,250) so that at the
onset of darkness, the pigment is in the P730 form. In dark-~grown

seedlings however, all phytechrome is in the stable P660 form (34),

3

, darkn :
Po6o - - P30 > PHED

H60mU \ larkness

B —
730mu
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that a flash

In dark=grown seedlings, it was initially tho
of red light cenverted all the phytechreme from PE60 to P?SO, there
being a 20% reversion to P660 in darkness, 80% eof P730 being destroyed.
Tt has new been found hewever that 20% of the phytochrome remains as
POE0 (35), the TCStvﬁf the phytochreme which had been cenverted te the
P730 being enzymatically destroyed (184). This leads to an overall
loss in reversible phytochreme (36,136). This enzymatic destruction
is cerrelated with the respiratory rate of the seedlings, being inhibited
by regpiratery inhibitors, anserobic conditions and lew temperatures
(28,32,136).  Tn cauliflewer beads however, the reaction Pfr -~ pr
is net affected by anaerobic coenditiens {35,36),

A prolonged far-red interrupticon has the same overall effect
red one, owing to the leng abserpticn tail of Pr in the far-red region

of the spectrum (36). It is in the manner eof the diagram above that

plants respond te red and far-red light, with the cerresponding photo-
morphegenic effects, and many surveys have been made on phymchrome and

its invelvement in the photopericdic effect (QZ,Mx,lO3¢lOJ 1975198,213) .
The classic behavicur of a S.10, plant to different light gualities is
fellews, the example taken being that of Xanthium.

A brief interruption eof red light given near the middle of an
otherwise inductive night period will inhibit flowering, If this is
fellowed by a flash of far-red light, flowering is re-prometed.  This
behavicur will centinue for a series of red = far-red interruptions,
the quality of the last interruption determining the flowering pattern
(22), This behavicour has been observed in a variety of 8.D. plants

(42,84,127,185).  The effect on L.D. plants is the opposite 3 a red

light interruption will premote flowering, while a far—red light
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interruption is inhibitive (22,118),

H

» e

The actual rele of the phytechrome pigment in phetoperiedic induc-
tion is still net known however.  Hendricks and Berthwick have sugges-
ted that the phvtochrome pigment acts as an enzyme when in the P730 forms
inhibiting flowering ia S.Id. plants by diverting essential intermediates,
and enhancing flowering in L.De plants by reducing soeme inhiblition (10%5).
Price et al have neticed that red light increases the rate of disappear-
ance of starch and sugars, (186) while Gordon suggests that red light
can control energy transfer by esterifying phosphate (91).  Beth these

phenomena are reversed by far-red light. Lane and co-workers (139)

have detected the presence of phytechrome in green tissue of about

twenty plants, but failed teo detect it in Chrysanthenum, Perilla and

all three plants having a strong phetopericedic response.
Briggs and Silegemann found that the highest concentration of phytos
chrome lies in the meristematic region (28), an idea that agrees with
that of Butler and Lane (35), whe suggest that phytmchgcme syntheslis
occurs in new-formed tissue,

Much of the recent work with L.De. plants has suggested that light
breaks in the middle of leng nights are rather ineffective in causing
induction. A much mere efficient method is to supplemenk’the natural
day length with artificial light, but enly if this supplementary light
contains beth red and far-red light (4,77,137,138,176,243). Lane,
Cathey and Evans, using lights ef different red: far-red ratics mn‘a
variety of L.D. plants, found that eptimal inducticn required the actien
of Pfr over a long peried each daye The eptimal Pfr level was low when
the cencentraticn of the products of the high energy reactiens during
the day was high, and vice versa, High levels of Pfr inhibited

inductien (137).



In 8.D. plants, depending on the experimental conditions, a
variety of responses can occur which differ from the classic respons
a)

night peried will inhibit flowering (159). It is thought that under a

a leng far-red interruption during an inductive

leng peried of far-red light a photestaticnary state is set up between
Pr and Pfr, and it is the presence eof the Pfr which causes the inhibition,
even theough the Pfr 2 Pr ratic would be very small,

b) If Xanthium is given a photoperied of enly twoe hours light per
day, it has been found that a far-red light interruptlen given at the
beginning of the derk peried actually inhibits flowering, while at the
end ¢f the dark peried, flowering is inhibited bv a flash of red light.
It has been suggested that at the beginning of the dark period, Pfr is
invelved in a flower-promoting function, the far-red light flash causing
reversion of Pfr te Pr befere this function is completed.  This far-red
light inhibitien can be reversed by red light (22, 83, 84), This effect
has also been observed in Pharbitis and Kalanchde (82),

¢) It has been noted alse that if Xanthium is subjected to prao-

S SRR N

longed dark perieds, a far-red interruption dees not reverse a red light

inhibition (169,189),

In Chs

also, the prelenged far-red light inhibiticon has
been observed (159), Pfr being at a level of 1 ~ 2% of photoreversible
phytechrome (127).  Kasperbauer et al have also shown that the rate of
dark reversion of phytechrome in vive is approximately 1% of the total
ameunt of phytochrome present per minute (128). Cumming (62) has shown
that increasing the red s far-red ratiec at the end of the phetopericd

1

increases the length of the optivum night, e conclud

that flewering

el um

it

i=te
@

regulated by a P730-dependent hormone, the concentration
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of which depends on the amount of P730 remaining after dark reversicn to
the inactive P6A0 form.  Kdénitz (134) has shown thal a far-red flas
during the inductive photeperied inhibited flowering, altheugh this
work was net confirmed by ethers {133),

It was found that whereas one minute nL incandescent light given

during the dark peried could inhibit Xanthium, ex Glvcine, this was not

the

in Chrvsanthemam, In Chrvsanthemum, it was found that one

minute of fluorescent light could inhibit flewering, and it was sugges-
ted that chlorephyll absorbing red light gave a higher red s far-red
ratio of light reaching the phytechrome, as this red light inhibition
by fluerescent light could be reversed by far-red light. Since incane

descent 1 fare-red 1/

wtocentains appreciable

iht, a light

s

interruption frem this socurce was

that of a farered inter-

ruption, thus causing no inhibition (42,43).

A @

es the story is a little different. As 1n Hamner's

Glved

i i

With

experiment with white light, it was found that red light intervuptiens

given during a dark peried greater than 16 hours either enhanced orn

2

delayed flowering, depending at which stege eof the night period the dark

p

flash was given {(i.e. a rhythmic effect), and it was alsc shown that

far~red ligh ot always reverse this inhibition (40). It was
cencluded from these experiments that phytochrome only influences the

time measurement within the framework of the endeogencus cleck mechanism,

Kalanchoe showed a similar rhythmic response to that of

@ith anether $,D. plant Pharbitis, Takimeto et al (227,233) have
shown that inducticn can be caused by a photeperiod of white or red light,

but net by far-red light.  This would be because Pfr is required at the

beginning of the dark peried (84), In the middle of the dark peried
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red - far-red reversibility can cccur enly if the light treatments have
a duration of enly 30 seconds and are net separated by a dark. peried.
This would explain why other workers have not been able to cause a far-
red- reversibility (e.g. 105). It is thought that perhaps once Pfr is
formed, 1t has a very fast action (84).

The results of Takimote and Hamner have suggested that the main.

time=keeping mechanism in this plant is that of an endegenous clock,
this clock having three distinect mechanisms (see above)s  They found

that a red light effect was not reversed by far-red light, but a far-red
1ight @ff@ét was reversed by red light, and that the level of Pfr remains
relatively caonstant during the dark period, They cenclude frem these
results that there are twe pigment systems in operatiocn, and that phvto
chreme is concerned with the "heour-glass' mechanism component, far-red
light stopping the mechanism of this component alfter a certain time
{228,220,230,231,232). Mohr has alse postulated that anether pigment
system 1s alse present (168), and Friend (86,87) has carried out expere
iments with wheat which have tended te support his idea.

It seems therefore that the phytechrome pigment plays some part in

the plant's ability to measure time, most likely by being cecupled to
some oscillator system, the mechanism of which 1s still not known {31).
Hendricks and Borthwick (103,104 105).hcwevam believe that the principal
measurement of time is the dark cenversicn of P730 te P660, this

process interacting with time~dependent metabolic resctiens.

Temperature effects,

a) Thermoperiodic induction

Temperature changes are known te interact with photo-

period by being able te change the amplitude and phase of an escillation

7
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and in fact rhythmic respenses have heen initiated by temperature
changes (30,31,98,240), Hewever, only scant information exists to
show a thermoperiodic induction equivalent to photoperiecd.

BEvans, for example, working with Lelium temulentum, has shown that

a low temperature given during the inductive periced inhibited flowering

(69) and Takimote and Hamner have found a similar effect in Pharbitis

s

28). Others have found tha w temperatures are a pre-requisite for
228).  Others I found that lo t : uisite f
flewering (101,170).  The dark reactions of Pfr may be invelved here
(36,136). With the L.D. plant Hyoscyamus flowering was prometed by a

3-heur period of high temperature given in the middle of the dark perled,

and inhibited by a celd peried; in the S.D. plant Perilla, the effects

s

were opposite {208). Low temperatures could slow down the rates of

synthetic reactions, and tra mqum*taﬁiﬁn@ However, These resiilts suggest

that in certain cases high temperature can substitute for light, and low
temperatures can substitute for darkness (208). In the S.00, plant

Glycine, the time between flowering maxima was lengthened if the plant

was subjected te low temperatures, either during the day or night {99).

It seems as though the endogencus clock is In this case sensitive to
cemperature, although usually it 1s relatively temperature independent,

with a QL0 of about 1,2 (98).

b) Vernalisationa

Chouard has covered this topic very theroughly indeed
in his review of 1960 (50) and so this segment of the review will be
confined te reports which have been published since then.

Werking with the cereal Petkus rve, Friend and Purvis found that

the effects of vernalisaticn could be reversed by high temperatures (i.e.

rea ! 2 uers e " My S . o oo .
greater than 15°C).  This reversal was prevented by neutral temperatures
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(ceds 12°C), weak light, a restricted water supply, and long vernalisa-
tien periods of from ten to twelve weeks (89). They formulated the

fellewing diagrams-

A (precurser) > N > B {invelved in flowering).
A §

i

i
high temperature devernalisation

Schwabe has suggested that vernalisaticon in Petkis  rve is probably

contrelled by enly ene gene.  No matter what treatment was given te the
parent plant, the new grain was unvernalised (205). Wellensiek sugges=-
ted that a devernalisation process may occur at mef s  He showed that
the lecus of vernalisatien, originally thought te ke at the growing tip,
was with dividing cells (248). Grant has found that best results are
ebtained with winter varieties of wheat if they are vernalised fer f{rom
five to eight weeks (92), a figure which agrees with that of other
cereals {50)a

Nutritional and hormonal Factorss

CHillman has found that heavy metals have an influence on the

flowering behavicur of Lemna (112). Lemna perpusilla, a 5,0. plant

en Heagland's medium, becomes a day neutral plant, and Lemna gibba,

a L.De plant on Hoagland®s medium, is inhibited frem flewering if cupric
or mercuric ieons are present. Thig effect is reversed when EDTA
{ethylene diamine tetraacetic acid), a metal chelating agent, is
present {111)s  The apparent requirement ef EDTA for the flowering of

Wolffia microscepica, another member of the Famlly Lemnaceae, may in

fact be simply this reversal effect, since the plants were sterilised

with mercuric chloride (158). Leaves of Xe h had,

been bleached with streptomycin were feund te be incapable of floral
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inductien (130)., Since an albine L.D. wheat variety mutant was quite

sensitive Lo photoperiod (223), it seems thal iren, but not the phote-
synthetic pigments, is reguired in the inductien process. The flower-~
of Phleum, a LoDs plant, is delayed if the concentraticn of nitregen is
low {199).

In the tomate and the pea, the effects of kinetin are epposite te
gibberellin A3 (253). Flowering is iﬁhihit@d in tomateoes and enhanced
in peas if kin@tin is added, and it is theught that in these cases
kinetin antagonises growth, Tt has been shown that both kinetin and’
gibberellin can replace the red~far-red light effect (141,163), and a

few reviews concerning the phvsielegical action of beth gibberellins

and auxins on flowering have been written (141,143,222), There is a
great smount of contradictery evidence cencerning the role of auxine
Salisbury found that auxin inhibited flewering in Xanthium if 1t was

ied before fransleocaticn of the leaf stimulus, but enhanced flower-~

it

app
ing after the stimulus had been translecated (199).  Bvans on the other
hand, working with the L.D. plant Lolium (72), found that auxin lnhzbwied
flowering if applied at the end of the L.D. phetoperied, but stimilated
Tlowering if given during a S.Ds, accompanied by a two hour light break
during the night. He concluded that the effect of auxin was eon processes
cccurring during the long daye

Zucker et al have found that the concentration of leaf chloragenic
acid in Nicetinia rises

just prior te induction, and falls during induce

e

tion (263).  Since phenols inhibit 1AA oxidase (102), and since chlor-
ogenic aclid is a phenel- type substance, it seems that the removal of

14A 1s concerned with induction in |

However, inducticn in
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Pharbitis is preceded by a drop in the phenel concentration (263).

b et

Lang has suggested that the primary effect of auxin-is concerned with
the precesses leading up to cxr concerned with the plant's "ripeness to
flewer" (141)s  Nitsch and Nitsch (173), using chremategraphic techniques
on extracts of induced Nicotinia, have found five different peaks of
activity, and they think thet the middle peak ~ or substance ¢ - may be
an auxin, and the fifth peak - or subSﬁance E - may be a gibberellin,

a finding which agrees with that of Harada (lGO)

Griesel and Caplin have been able te phote-induce nedes of Cest

on an agar mediuvm (96), while fleral buds of Aguilegia

R RS G

Viscaria {16) have been grown in vitro. In all cases h@rmanes have
been required in the medium, as well as ﬁutrientso

These resultﬁ suggest that although certain pulrient or hormone
deficiencies may inhibit the expression of the stimulus at critical

times, no particular combination of nutrients and hormone can, by itself,

initiate floral inducticn.
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GHAPTER FIVE

CHEMICAL CONTROL, OF FLOWERING.

A variety of werk has been done on flowering by adding metabelic
inhibiters to the plant,

By adding the nucleic acid antimetabelites H-fluorouracil (5-FU)
(16,21,73,202,211,257), S-fluerodeaxyuridine (5-FDU) (18,21,73,257),
Owthiouracil (106,107), and 6-azauracil(193,211,212) te a variety of
plants under inductive conditicns (both S.De and L.D.), it has been
shown that flowering is inhibited while vegetative growth continues
normally.  Thempson found that maleic hydrazide, snother inhibiter of

nucleic acid synthesis, inhibited induction in strawberry {239),

CCC (2-chlarcethyl) trimethyl ammonium chloride) is alse a growth
inhibiter and it is has been observed te inhibit flowering in Pharbitis

(258}, Bryophvilum (260) and Samolus (5%).  Apparently CCC causes the

ey

inhibition of cell divisien (258), er inhibits the biogenesis of GA

is »
(145)s  The effect of COC lkedme reversed by applying GA3 {5)e  Since
these anti-metabolites inhibit nucleic acid synthesise and RNA replica-
tion, the buds weuld be induced into a dermant state, and would there-
fore be unable to‘percﬁive the flowering stimulus,

Metabolic inhibiters have alsc been used on the leaf.  Anti-amino
acids (559194)9 including p~flucrephenylalanine (PFPA) (165,194) have
inhibited fleral inductien in Xanthium, as have alse such breadw-spectrum
enzyme inhibitors such as azide, cvanide and mercuric ions (211). As
the inhibition by the anti-amine acids can be reversed by the corres-

ponding amine acids (esq. in the case of PFPA, with L-phenylalanine),

@
e

it 4s thought that these inhibiters interfere with the svnthesis of



3s

enzymes in the leaf,

- ‘ . PR A . -
The cobalteus ion (Co ©) inhibits flowering by slewing dewn the

2

timing mechanism of the biclegical cleck {200,203). Since cysteine and
glutathione both reverse this effect, it is thought that - SH - centalne

ing enzymes are involved, Loercher and Liverman (157) have found that
N o S - . . e )y
Ce T inhibits the activity ef the enzvme adenosine triphesphatase.

Tris~(2~diethylaminoethyl) phosphate, or SK#F 7997-A3, is a sub=

)

2 °

stance which inhibits chelesterel synthesis in animals,  This substance

inhibits the formation of the flewering stimulus in the leaves of

it

ium {18), Lolium (1) and the tomate (180), which

Pharbitis (18,196) Xantl
suggests that stereid metabolism may be asscciated with the inductive
processes in tb@ leaves, and in fact that the flowering hermoene may be
a stereide.

It can ke seen therefore that the mere specific the inhibitor used,
the more informaticn can be gained concerning the reactions associated

with floral induction.
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This review has been mainly concerned with reperts that have been
published during the last decade.  The main questicn arising from these

recent developments isg- "What ig the mechanism regulating the physiel-

ogical process of flowerd

1g?", and mere refined blechemical techniques
may lead us to the answer,

Histenes ebvieusly play a roele in differentiation processes, but
whether histenes can be requlated by a flewer hormone and/or an inhibitoer
is a problem still to be resclved, Thé results with antimetabelites
shew that nucleic acid synthesis is invelved, and further histochemical
studies sheould show the actual role thet nucleic acids plav in the
flowering preocess upen the arrival at the apex of the flowering stimuluss

A break~through weuld be the iselation and characterisation of
the flewer hormene, since the reactions cencerned with its synthesis in
the leaf weuld then be better understead This hermene is produced in
the leaf under faveurable envirenmental conditions of temperature and
daylength, and a system of time measurement must be invelved.  The

phytechronme plgment ebviously plays a part in this cennection,. but the
reactions with which 11 is associated are still very obscure. Phytos-
chrome may be a part of an overall endegencus cleck mechanism, the

reactic

of the escillatory mechanism being as vet completely unknown,
Plant hermenes and nutrients play a role in flowering, but it

seems that this role is essentially a secondary one.
In summary then, under favourable conditiecns, a blochemical synthesis

of & flowering hormene cccurs in the leaves, this hermone being able te

transform the meristem from a vegetative to a reproductive condition.
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PART 11

i s S e

SOME ASPECTS ON THE REGULATION CF FLOL

RING IN PEAS



Introduction:

A general review of the literature concerning the endegencus contrel

of flewering by beth floral stimulants and fleral inhibitors has been

o

yresented in the first part of this thesis,

&

The garden pea, Pisum sativum L., has been extensively used in

Varieties of this plant can be divided inte twe distinct groups categor-

ised by their flowering habit., Late varieties typically flower above

period as quantitative long day plants, while early varietles flower at
about the ninth te eleventh nede abeove the cotvledons and are insensitive
to vernalisation and pheteperied. Flowering in this plant is under the
~major centrel of the specific locus {%n sn), late varietieé pessessing
the deminant Sn gene which causes later flowering by inducing a response

s

to vernalisation and photoperied (1)

29) o ot Vari Jenetic
Nescription | ariety, €.0 ; . .
SR © Ys GeUe Senstitution

Late Telephone,Greenfeasts, Sn Sn

parly Alagka, Massey. sn sn

Altheugh transmission of the floral stimulus from the leaves or
cotyledons to the apex is a proven partial process of pheteperiodic
inducticn (37), ﬁhe actual hormonal regulation of floral inducticn in
Pisum has been interpreted differently by different workers. Haupt

(9,10,11,12) has interpreted his results by suggesting that floral

b



49,
inductien in peas is mediated by the pesitive action of a florigen,
and this theory has been supported by Highkin (13), working with pea-
seed diffusates. Meore and Bonde (23) found that pea~seed diffusates
could also delay flewering as well as promoting it, and Haupt (12) has
also suggested that a flower-inhibiting substance may be present in vege-
etative plants.

Barber and his associates (1, 39 26, 27, 29, 30) have studied flower=-
ing in several varietles of peas, and have suggested that the Sn gene
present in late varieties is respensible for the producticn ¢f a flower~
inhibiter hermene in the cotvledens soon after germination, which Barber
has named celysanthine Flowering in late varieties of peas was thought
to be mediated by the destruction of celysanthin, this destruction cccurr-
ing rapidly at low temperatures and long days (1)» Leaching of a flower
inhibitor from the cuttings of veoung seedlings has confirmed this idea
(30), as did the werk of Johnsten (15), using the technigque of cotyleden
excision. The 1ldea has been brought forward by von Denffer that flowep~
ing 1s caentrelled by the sudden drep in the production of a fl@rél
inhibiter, and not by the producticn of a flerigen (5). Pateon (26) has
suggested that perhaps a flewer-inducing substance (flerigen) is a pre=
cursor te colysanthin, and that under shert }lv cenditions the leaves are

able to preduce celysanthin, while under long day conditiens, they can

inactivate this substance, perhaps by transfoerming it into a flower pro-
moter.  Harly varieties of peas, on the othdr hand, are believed net to

preduce celysanthin,

5n, Selle g MON=VET o
hY

©allo DLECUDSOT === f]mr‘wmm calysanthin,

LoDa svernalisations

{Ffrom{1))e
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Sprent {29) has suggested that the producticn of flowers in peas
and other plants is most likely governed by a balance of flower-prometing
and flower~inhibiting substances.

The rele of the cotyledon in the regulaticn of flowering in Pisum

m has been investigated by a number of werkers {1, 3, 9, 10, 11, 12,

1%, 19, 27, 28) and an interesting reciprocal influence of the shoc
axis nn the cetyledons has alse been reported (32,36), In particular,
L

it has been shown with certain varieties of peas that flowering can be

L 4

T

markedly effected if the cotyledens are excised from young

(153,9,10,11,12,15,27),
The work to be described in this thesls is concerned primarily with
the rele ef the cotvleden on the flowering in peas, and in its relatien-

ship with the envirenmental conditiens of ohetoperied and especially

i

oo

vernalisation.
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ALS AND NETHODS

Two commercial varieties of peas were used in the experiments

to ke described, the early variety 'Massev', and the late variety

"Greenfeast’,

1s were selected so that testas were free

Sead treat

From cracks or blemishes. Since the tissue inside the tes of normal

rilised in a weak solud

is sterile, seeds we

of sodium hypechlorite for twe to three minutes, followed by several

“1le de~ionized water. After sterilisation all seeds were

imbibed in de-ionized water fer eight hours at rcom temperature (about

< \ :
20°C), Since cver sh periods (e.ge. 8 hours), the leaching actien

reported by Benner et al (4) and Byster (6) dees net affect subsequent

g

and development, and since this methed ensures

uniform germination, this method was adepted,

Conditions of germinaticns~  The imbibed geeds were planted inte a melst

vermiculite - gravel mixture (1 2 1) and grewn in the departmental phyto-

troen under the centrolled enviremmental conditions of high light inten=-

sity, a temperature of 21 - 2°C, and either a leng day (16 hours) or a
short day (8 heurs) photeperied, supplementary light being given by

banks of mixed fluorescent tubes and incandescent globes.  For experi-

ments which involved a vernalisation treat

nt, the imbibed seeds were

ad in

of 4 for

ite and grown at a temperature

w

of 4 weeks, unless otherwlse In additicn te watering,

plants were given a regular treatment of a nutrient sclulion every four

cultures- In experiments concerning embrye

the embrves

aseptically dissected from the seed at the end of the 8 hour
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r

riod In mal cotyladen extracts, the cotyledens from 23

plants were ground in 125 mls. of water in a Wareing blender, and then

addad te 125 mls. of double strengt! Ihxuﬂ’s medium (34, 35} To this
then added and dissolved B grams { = 2.,0%) of dextrose and 1.88 grams

{ =0.75%) of agars 10 mlse of the resultant selution was then added to

each of 2% test tubes (1.5 x 15 cm), which were then capped and autoclaved,

dng, a gel was present in the test tubes, sach test tube contain-
ing 10 mlss. of cotvledon extract, equivalent te the extract from one
plant.  The embrves which are aseptically dissected were planted on this
cotyledon exltract, cne embrye per test tube.

:

A pilet experiment was carried cut which shewed that a cotyledon

extfact equivalent te four plants per test tube had toxic ef

embryes planted on this extract dying.

Overall, the ra
were prepared for each treatment none the less, and replacements made
where nNecessary.

The seedlings centinued te grow in the test tubes under sterile
conditions until such time as they had a well~developed root sys {mm9 and

-y

3 or 4 nedes fully expandeda

Figure 1)e They were then transplanted

eut inte tins containing a molst 1 ¢ 1 vermiculite s gravel mixture.

For the experiment involving grafting, plants were grown

in meist vermiculite until such time as the epicotyl was a 1ittle less

than 2-cmse long and the second interncode was just visible, about 5 days

2 plantinge A cleft - graft technicque similar te that used by

Paton and Barber (27) was used, the stock plant being decapitated between

h

the cotyledenary node and the nede of the first leaf, A median longitud-

°

inal cut for approximately half the length of the stock epicotyl allewed



the wedge-shaped scion to be easily pushed inte position. For
P & £

strapping the cut surfaces tegether, thin rubber rings cut frem bicycle

valve rubber ftubing 1s all that i

(6]

reguired, the rubber ring being

slipped over the stock just before inserticn of the scion {
With this methed, a figure of 75% successful grafts was obtained,

gach individual graft being completed in abeut 1 minute.  The plants

were then transplanted into a meist 1 ¢ 1 vermicullite 3 gravel mixture.

Ne marked scion growth ccourred fer a peried of 10 =14 days, and until

apical dominance was restored ( a period of 3 - 4 weeks), the cetyledonary

buds of the stock produced vigorous basal sheots.,  These shoots were

removed daily until the scien had established deminance, and sfter that

the sclens were regularly checked fer lateral bud growths

All plants were grown te antheslis, the results of all expere-

iments being analysed selely in terms of node number of the first flower

e

(M), taking as zero the cotyledenary node.
ALl time measurements are taken from the beginning of the & - hour

imbibition time.






The grafting technigue s~ A, intact seedling 3 B, decapitation
betwean the cetyledonary nede and the first leaf nede 3 C, wedge-
shaped sclen and stock with the Inserted rubber ring and lengitudinal

stit 3 D, the completed grafi,







The effect of the cotvledaons on the flowering of pease

The cotyvledens of peas are fleshy organs and are the major scurce
of nutritien and of plant growth substances {33) for the voung seedlings.
Highkin {13) has shewn that preparations éf pea~seed diffusates have a
flower promoting activitve. By sugoesting that the active principle in
the cotyledens may be a flower hormone or hormene precurscer, he supports
the view of Haupt (9,10,11,12) whe has consistently advanced the view

LI

that flewering in peas is mediated by the positive action ef a flerigen.
Barber and cellaboraters {1,3,27,30), using varicus experimental tech-
nigues, have pestulated that late varieties of peas contain a mobile
flower=delaying substance, colysanthin, in their cetyledens, a hypothesis

which has been supperted by results recently obtained of Meore (20,21),

o

Sprent {28) and Johnston (1%). However, Meore and Bende (23) feund that
aquﬁUU% extracts of pea seeds from the late variety 'Telephone’ could be
prepared which had mwtl f]uwwréprmmcting or flewer-inhibiting properties.
Tt has been shown that removal of cotvliedons causes late varieties
te flower at an earlier node (16,20,21,27) while in early varieties
cetyledon Temoval after 4 davs germination caused a delay in flowering
(20)e  Haupt (9) showed a similar result en the early variety' Kleine
Rheinlanderin’ if the cotyledons were vemoved after 2 hours and the embryas
grown on a nutrient culture.  Fleral initiatien in the early varlety
'Massev' was delayed if cotyledens were removed between 1 and 4 days
3

after germination, and it was suggested that a floral inhibiter was

present in the cotyledens, being repidly mebilised after germinaticn

“l

commences, and being either inactivated cr converted to a nromctive
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substance after about 4 days (]> 16).
The experiments discussed in the follewing pages were carried cut

for the follewing 2 reasons:-

o
i

to ebtain further infermation aboul the nature of the flower

hormene in the cotyledens of a late and an early variety of P

b) to try and TU)TWUHCﬁ the results obtained previcusly (15)
by empleyving a slightly different technique. Instead of removing
cotyledons at di- fferent stages of development, cotyledon extracts were
made at varicus staces after germinaticn én to which were planted freshly
imbibed embryes.  Since cetyledens in peas are the source of floral
hormone, it was heped to determine whether, by this methed, the pattern
of flewering eof ene varielty could be transformed inte that of the other.

Expariment 2.1ge

~

Cotyledon extracts of the early varlety ‘Massey' and of the late
variety '"Greenfeast’ were made up in the manner menticned vreviously
(ps 51 ) at the stages of the dry seed (= time o), after 8 hours
b 1/ ; . . 4
imbibition (= time /3) and after having germinated fer 1, 2, 4 and 6
days. A plain nutrient medium was alse set up as a contrel. Embryos
of the variety 'Massey' were excised after having been imbibed in their

seed for & hours, and placed on the extract, and after transplanting,

o

the s

2l ings of the individual freatments were randemised, grown te
1thesis and scered fer the nede of first flower.
The results are swmarised in Table 2,1 and graphically in Figure 3s

Experiment 2,22

Bxperiment 2.] was repeated and expanded, using both 'Massey' and

'Greenfeast’ embryes and elther *Massev' or 'Greenfeast' cotvleden

extracts,



jeXe)
”.39‘ [

‘Massey' extracts were made up al the 3

3, B, 6 and 9 days

after germination, and *Creenfeast' extracts were

prepared at the stages

of 3, 6, 9 and 12 days after germination.

The results are summarised in Tables 2.2 and 2.3, and graphically

Floures 4 and 5,



Results and Discussionsg

. has previcusly been shown that pea seedlings are dependent on

the cotyledons as a source of feod supply and growth substances up to

mination, after which time they can produce thelr ocwn

.:mnd material {15,30),

From the results, it can be seen that since variety 'Massey' usually
flowers at nede 9 or 10, there is a significent inhibitien te a mean
treatment node 11.50 if the deceotyledenised embryve is placed on a plain

enfeast’y a plant which under

nutrient agar mediume With variety
LoDe conditions usually Flewsrs at node 16 or 17, the mean treatment node
of first flower has been brought forward to nede 15,33 if the decotyled-
enised embrye is placed on a plain nutrient agar medium (Table 2.2},

On extracts of '"Massey' coiyledons, 'Massey' embryes were delayed

(-\

Yo
s

ns 2 o~ 4 days

their flowering when the extract was made with cotyled
old. (Table 2.1, P =0l 3 Table 2,2, P =<08), Although *Massey®

3

sted significantly inhibited the flewering of

‘Greenfeast' embryes (P ¢ ,00L), the greatest delay in flowering was
caused by 3 « day extracts {Table 2.2).

On estracts of "Creenfeast' cotyledens, 'Massey' embryes were

delayed in thelr flowering when the extract was made with cotyledons

4 days cld (Table 2,1, P =03), Tthough 'Greenfeast' extracts of all

the Flowering of 'CGreenfeast®

ages tested signi

embryes (P <{.001), the greatest delay in flowering was caused by the

6 = day extracts {Table 2,2).

A

he deaths of many 'Massey' embryes cccurred during the course of

these experiments, especially on 3-day cotyleden extracts of bhoth

varieties, and on the &-day "Massey' cotyleden extract.  Since Johnston




(3)) found that ne cell divisien (and hence nc new nede formatio n)

eccurred in the embryve until four days after the commencement of germine-

ation, some substance may be present in the
causes a shock te the embrye fyem which 'Greenfeast®, but not 'Massey'

Can recovers.

intensities cotyledor

4

Moore (20) has found that

-

$

gxcision causes a signd Magsey' peas, and this

has been eobserved in the present exps

(2, 9, 11, 23, 26, 27, 29) have attributed
a flerigen present in the cetyledens, Jehnsten (15) has produced good

evidence for the presence of a temporary inhibiter, which moves from the

cetyledons to the plumule 24 - 36 hours after gemmination.  The rvesults

present ined by Jehnston,

Extracts of at the age of 2 - 3 days can delay the

nede of first flower of beth 'Massey' and 'Greenfeast' embryoss  This

could be the result of a temporary inhibitery substance, which

its maximum level in the cetyledens of *Massey® after about 3 days of

4

germination, or it could be the result of o flower inducing substance,

which surpasses a maximun threshold level after 3 davs, and thus becomés

inhibitery, After 3 davs, a regulatory mechanism becomes Tully estabe

shaed which weuld contrel the rate of

wtion of this inducing sub-

Since the extracts were aulcclaved, the results of these experiments

1

show alse thet this substence affecting the node of first flewer in

'Massey' cotyiedons is guite stable fo heat extremes.

The results concerning the variety "Creenfeast' cotyleden extracts



are in agreement with the celysanthin theery of Barber and Paton {3,27).

Celysanthin reaches its highest level in the '"Greenfeast' coetyledons

4=6 days after germinaticn, whereupon 1t begins to move out of the coly-
ledons inte the plumule,  The fact that the node of first flower of
'Creenfeast' embryes is brought dewn when the embryos are placed on a
plain nutrient agar medium could mean that celysanthin is present in low
guantities in the plumules soon after germination.

Although the results of these experiments show the same general

trend as these cbtained by Johnston, they are in themselves far from

'

conclusive, Because of this Tact, the experiments are presently being

s

ated, using pure genetic lines instead of the commercial varieties,

4.

and alse medifying the cetyledon extract mediae



Effect of cotyledon extracts of varicus ages on the flowering

of ‘Massey' embryes.

Data is for nede of first flower (FN),

The

number of plants scored per treatment 1s given, tegether with the treat-

ment means and standard errors.

Expte 2.1

Age of
cotyledon
extract {days)

'Masseyt

Ne,
scored
for FN

Age of
cotyleden
extract (days)

"Oreenfeast?

Mo
scored
for FN

Control

0

Y3

6

11,025, 15%

11.60%,12

12:15%, 197

12,235,165

11@4Oi051

16
13

13

Control

0

Y/

.38t 18
11.40%,19
11,355,158
11,90%,23
17041%,12
12,14+, 18"

11,715, 13

o

15

10
17
14

14

The significance of difference between the

means of the control and

the treatment means is indicated at the 09 level of prebability (x), at

the o0l level of probability (xx), and at the ,001 level of prebability

(xxx)e




Scatter diagram shewing the effects of different cotyleden extracts
on the nede of first flower of 'Massey' embrvos. (Experiment 2.1).

Treatment means and standard errors are shown in each case.
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Bffect of Massey cotyledon extracts ef varicus ages on the flowering
of "Massey' and 'Greenfeast' embryos,

Data is for node of first flower (FN). The rumber of plants scored
per treatment is given, together with the treatment means and standard

Errorie

Expts 262

'Hassey' embrvos Greenfeast’ embryos

Age of ,
cotyleden T ¢ Ne. (1 colyled -
» 1 5  qmdin 2 FN NQ“
extract (davs) scered |1 extract (days) scoréd

'Magsey! for FN i+ 'Massey’ for Fu

Control 11,5077 18 Gentrol 15,335, 12 e

P T ., I (C)
3 12,5050 o i 3 160505, 17X 18

5 167509 | 12 16, 145,18"%] 22

{3

' . oL XRXD e
6 = O 6 166 22m5 14 23

[ ol Ly -,
11,935, 10% 20 9 166117, 127 36

e

The significance of difference between the means of the controels and
the treatment means is indicated at the 0% level of prebability (x}, at
the »01 level of probability (xx), and at the .001 level of probsbility

{(xxx)o




Scatter diagram shewing the effects of *Massey' coetyleden extracts
on the node of firgt flower of both *Massev' and 'Greenfeast' embrvos.
(Experiment 2.2). Treatment means and standerd errors are shown in

each Casee
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gffect of *Greenfeast! cetyledon extracts of varicus ages on the
flowering of 'Massey' and 'Greenfeasl' embrvos.

Data is for node of first flower (FN). The number of plants scered

per treatment is given, together with the treatment means and standard
BTTOr S,

Expte 262

"Massey' embryos 'CGreenfeast' embryos

Age of Age of

i cotyledon EN Noo cotyleden - No o
extract (davs) ' scored ii extract (days) scored
'Greenfeast! for FN 'Greenfeast’ for FN

Control 1150517 13 Control | 15.33%,12 33

3 ' - 0 3 16,055 onXXX g

6 11.83%,30 6 6 16,455, 17 20
wha e
3 11,0845, 14 32 9 166345, 11%%% ag

12 12,185,018 33 12 16,245,175 a7

The significance of difference between the means of the contrel and
the treatment means is indicated at the 05 level of probability {x), at
the 01 level of probability (xx), and at the 001 level of probability

(x%x) e



Scatter diagram showing the effects of 'Greenfeast' cotyledon extracts
onn the node of first flower of both 'Massey' and 'Greenfeast' embrvos
(Experiment 2.2). Treatment means and standard errvers are shawn in

each case.
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CHAP

The effect of vernalisaticn en the flewering of Pisum sativum

In the garden pea, Pisum sativum L., the first flower is formed on

a precise, genetically defined ncde for each variety, and as explained
previously, pea varieties can be divided inte two categeries, depending

on their flowering habit. Farly varieties are insensitive te vernalisa-

tien and act as day-neutral plants, while late varieties show a positive
response te vernalisation and behave as cuantitative long day plants
(1,14,23,27),

Barber {1) and Paten (26) have suggested that flowering cccurs in late
varieties when the cotyleden inhibitor, celysanthing is destroved, and

sugaest that the vernallsaticn and photoperied reactions compete with cne

angther for the colysanthin substrate Although gibberellin can reverse
the vernalisaticn effect, (22) it is net identical with colysanthin (1);
and high temperatures given after the vernalisaticn treatment can partially
annul the prometive actien (23), Meore and Bonde (23), werking with the

late pea variety '"Dwarf Telephone', have suggested that vernalisaticn

reduces auxin activity and thus prometes flowering, a cencept which ties

in with the idea whe suggests a functicnal asscclation
between a growth hermene {auxin) and a flowering hormone {e.q. florigen).
However, Lecpeld and CGuernsey {18) have shown that flowering in *Alaska

peas can be promoted if low temperatures follew treatment of the seeds
with auxine

It has been shown in rye that germination is dependent en the reaction

of the embryn - and net of the endosperm ox aleurcne layer - to



3
|
Lo

vernalisation (8)s Moore and Bonde {24) have propesed the Theory that
vernalisation and cetvledon excision in peas may be explained on a

commen basis, and Paten, using grafting experiments, has suggested that

there is less inhibitor present in vernalised than in unvernalised sltocks

o~
N
o

S

Thus the current information regarding the regulation of flewering in

sid
peas by vernalisatien is marked by cenflicting interpretaticns and
series of experiments reperted in the fellowing pages were dene in an

attempt te understand the vernalisation reaction in a c¢learer lighta

The experiments had a three-fold purposes-

a) to try to determine the site of action of the vernalisation
reactions

n) to try to deternine whether the wernalisation reaction is

associated with the cotyledenary inhibitor,

) to try to determine any relaticnship between the vernalisation

R

reaction and the photeperiod response.



Tde

Fxperiment 3.1

A full factorial experiment was perfermed invelving grafting,

twe pea vorieties, twe vernalizaticn treatments and two photeperiod

reglmes,

I - the early flowering vaeriety *Mass

G - the late flowering varietly 2enfeast’s
U - unvarnalized

2 1 ) "y
V - vernalized for 4 weeks at 47°C,

P8 - an B-hour pheteperioed,

P16 o a 16=-hpur phote

L MU _
(esde Wﬁ means an unvernalized "Massev? scion grafted on te a
(]

| , vernalized 'Creenfeast’ stock).

The plants were randomised within each pheoteperied regime, grown

;

|
|
X
|

to anthesis and scored for the nede of first flower,
The results are summarised in Tables 3.1, 3.2, and 3.3, and graphically

in Fiqures 6, 7 and 8.
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Pricr te germination, six nedes have usually been laid down in the

3

ormed until 4 days af

8g are

dry embryo, and no further no
after which time nede formation accurs rapldly (Jehnston).

about node 9 or 10, the results

of the Ling experiment invelving ' scions will not be considered

in any detail in this discussion, k»cauw\ by the time ef grafting, the

flowering node of 'Massey' plants has in all prebability been laild down.

one Purther

However, this peint was not aetually confirmed by dissect

.

experiments invelving embrye graft are neaeded e clarify this poesition.

The discussicn concerning the grafting experiment (Experiment 3.1) will

e

therefore be confined to the results invelving 'Greenfeast' sclons,

nalized

nade of flower in both v

a) Grafting lowers

and unvernalized plants, especially conditions (P<0.001)e

Under 5.D. conditions, the effect is only slight {P < 0.8 and

P<C0,7 respectively).  {see table 3.3 I).

) Vorna zEian decresses the flowering nede significantly

(P < 0,001), in both intact and self-grafted plants, and under either
phetoperioed regime.

¢) Comparison of cross~grafting plants invelving a similarly
treated scien on a vernalised and an unvernalised stock (see table 2.3 I1),

shows that vernalising the stock has a small effect on the flowering nede,

is not very

a vernalised

and an unvernalised sclen en a similarly treated stock however, it can be

seen that the effect of vernalizing the scicn 1s very significant, in

"] Pl

either photeperiod regime (see table 3.3 II1).
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@) Under S.D. conditions, unvernalized 'Greenfeast' scions on

Feast' stock all flower at abeut the same node (l.e. GU 23.4,

GU GV
stock, and wvernalised 'Greenfeast!

23.1, (U 22,7 - see table 3,2), irrespective of the treatment te the

in a similar manner (i.c. GV 20,5,

£) Under L.D. conditions,

avident, as is the effect of crﬂsSMQTafting (i.e0 GU 16,90, -

14,17 and GV 14,53

12,72, mv 12,90 « see table 3.2).

\1

'l e

These results tie in with the theory of an inhibitor - colysanthin -
being preduced in the cotyledons of late varieties of peas, The presence
of celysanthin at the apex determines a thresheld value which the fleral

inducing substance, produced in the leaves, must attain

it can be

o
N

2

fective,  This inducing substance is dependent on light for its
formation, mere inducer being preduced in leng days than in shert days.
a) Grafting disrupts the passage of the inhibitor frem the cetyledens
te the apex until full physielegical unien has been restored (27), and

thus the thresheld value will be lowered, Under S.,D. conditicns
9

physiclogical union is restered and the original thresheld value

o
il

P

almost regained befere the stimulus can reach the thresheld value. Under

n

L.De conditions, encugh stimulus is produced te reach the lowered thresh-

0ld value befo

full transport of celysanthin is restoreds,
b) The effect of vernalization is to lower the threshold level set

]

by celvsanthin, and it could

WL 1}; £58 o
1) 1t could halt eor decrease the rate of production of colvsanthin
2) it could affect the mobilisation and transportation of

colysanthin



3) it could cause the destruction of colysanthin at the apex,

ey

perhaps by initiating a reaction which preduces a colysanthin-destroying

Q

substance.
4) it ceuld make the apex less sensitive to colysanthin
or 5B) it could perhaps make the apex more sensitive te the inducer,
c) Since the effect of vernalizing the steck is generally small, it
seems that the amount ef colysanthin present in unvernalized and vernale

act observed ceuld be the result

s similars  The small e
of a decreased rate of celysanthin preduction, which picks up once the

¢

pericd of vernalizaticn 1s over.

»\
e
»—‘
e
h
0
Y
®
=
T

d) Vernalization of the scien gives a highly s effecl, the

thresheld value being ratly decreased.  The major site of action of the

vernalization response weuld therefore seem to be al the apex and not

the cotyledons (b-3, mentioned previeusly).

e

! Since under 5.0, cenditieons, all grafted *Greenfeast' sclons

flower at approximately the same node as the ungrafted contrel, lrrespecw
t 3 e 9 IS

tive of the treatment to the stock, this backs up the statements made

previcuslys  The eriginal thresheld level can be regained befere the

stimulus reaches the reguired level, and altheugh the rate of celysanthin

production may be layed during the vernalization treatment,

up af etion of the vernalizaticn treatment, the lower

value still beina too high fer the amcunt of inducer preduced up to that

£) This is net the case under L.De. conditicons, The lowered threshold
value caused by grafting can be attained, since the inducer 1s reaching
5.

the apex at a much Taster rate than is the colvsanthine. The decreased

ate of production of colysanthin caused by vernalizing the cotviedons



causes a further lowering of the Fflewering node, as can be

under the S.De. conditicnse  That it cannct be observed under L.D.

conditions

» mest likely because 'Greenfeast' has a certain nede {12
oy 13) below which it will not flower. Up te this node,

Juvenile state, and ence this nede is laid down, the plant attafng its

"ripeness Lo flower®,

2 s

If it 1s assumed that the cetyledons of 'Massey' peas do net cont

celysanthin then the cemparisen between stocks of the twe different varie-

ties carrving similar scions supports the idea that vernalizatien causes a

2]

temperary decrease in the rate ef preoduction of the Inhibiter in the cotys-

e

ledons, Since the thresheld value is brought dewn, under L.D. conditiens

the sclons will - much in thelr flewering node, as the decreased

thresheld

ched by fthe level of the inducexr the celvysane
thin supply can ralse the level agaln. Under 5.0, conditieons, the coly-
banthvn from the 'Creenfeast' stocks can ralse the thresheld level, and

th@ngﬁre a significant difference in the nede of first fléwex would be

expected between the scionse Hewever , further evidence must be obtained

Massey' sciens and stecks befere an assumption such as this can

really be considered,

It therefere seems that vernalization has its majer

scion by decreasing the thresheld level set by colysanthine Tt causes a

minor effect in the cotyledons by decreasing the rate of preoductin
colysanthine  This minor effect may be part of a general slowing down of

mataholisne
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The effect of vernalization, grafting and photopericd, and their

interaction, on the flewering behavieur of 'Massey’ sclong

Pata is for node of First flower (FN).

.
ot

The number of plants scored

per treatment is given, tegether with the treatment means and standard

QUTroTSe

Graft
type

&h

LD

FN

no . scored

FN

neescored

0.74%0,10

9,91%0.18

10,0050, 12
e )
10.28%0.12

90,6750, 24
10,0050, 11
10,0020, 45
10,3340, 23
10,6750, 44

10,1970, 14

19

12

10

16

o]

13

5

10.00%0.30

9,90%0.18
10.0050,10
10,06%0,13
;,%M
9,91%0,21
9,92%0.08

10.1450,20

10,00%0.08
9.0470,16

9,8070,07

19

10

12

18




Geatter diagram shewing the effects of grafting, phetepericed,

vernalization,and their interactien en the node of first flower of
*Massey' scions.  Treatment means and standard errors are shown for

cach caseo,
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The effect of vernalization, grafting and photoperied, and their

interactien, on the flowering behavicur of ‘Creenfeast' scions.

Data is fer node of first flower {FN)e

The number of plants scored

per treatment is given, tegether with the ftrealtment means and standaxd

errorsa

o
il

LD

ne

» 5

cored

P

Nno. scored

GU
GU

R
U
GV
GU

k]
3,0

&y
3V
GV

pr)

Gv

G
LRI

03,1350, 03
o ot
20.6750.20

20,5050, 21

22.7150,29

20,4250, 20

L 9 ® 86:}:0 W C§4
1901050, 52

e -~
20,7150, 47

16,9170, 0

,,,,,

20

14

N
=

11

16,9040, 18
15.650.21

12,7970, 14

14,5350, 12

,14@1?f0019

13.8550,00
ok
]‘)m{:) 7'“0(: l/!
13,3750, 20

12.6750.14

19

20

12

19

18




Scatter diagram showing the effects of grafting, vernalization,

o

and their interacticon on the nnde of first flower of "CGreenfeastt

oy

tionss freatment means and standard errors

sclons under S,0. condl

are shown for each case,
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Scatter diagram showing the effects of grafting, vernalization,

and thelr interaction on the node of first flower of 'Greenfeast'

sclons under L.D. conditicns. Treatment means and stand

errTors

are shown for coch cases
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After 8 hours imbibitien, seeds of the pea variety 'Cresnfeast!
were gilven vernalization treatments of 0, 1, 2, 3 and 4 weeks, At the
end of the celd treatment, half of the seedlings in each treatment had
their cﬁtyledens removed, the other half remaining intact. The seedlings
were then placed in %h@’pbytatxfn and subiscted to a photopericdic treat-

ment of either 8 heurs (S.D.) ar 16 hours {L.D.), the individual treat-

ments being randemised within each pheoteperiedic re

which had had their cetyledens remcved at the stages of 0, 1, 2 and
weeks were groewn on a nutrient agar medium until ready for transplantings

The plants were then randomised within each phetoperied regime, grown to

and scered for the node of first flower,

The results are summarised in Tables 3, 4, 3.5 and in Figures 9,10

and 11 and can be explained in the same terms as in the previcus



Le The effect of pheteperiod is very hichly significant

(F’«g'O@001 - Table 3.%), Plants under L.D, ¢enditions flewer at a

lower nede than those under $S.D. conditicns, irrespective of the vernal-
izaticn or cetyledon treatment (Figure 11)e  This is to be expected,
since more stimalus is produced in the leaves in long days than in short
days, and therefore the thresheld level set by celysanthin will be reached
sooner.,  Also under L.De conditions, the thresheld level may be less than
under $.D. conditicns, since by the time floral initiation occurs, net all
of the colysanthin from the cetvledons has arvived at the apeX. Under
.00 conditiens, the slower rate of preduction eof stimulus allews time

for all of the colysanthin to arrive at the apex.

2e The effect of removing cetvliedons after cempletion ef the vernal-

ization treatment 1s highly significant CP<< 0,001 =~ Table 3,%)s Plants

which have been decetvledonised flewer at a lower nede than intact plants,
irrespective of the phmt@ﬁ@rimd ar vernalizaticn treatment (Figure 11).
This is to be expected since by removing the cotvledons the socurce of
celysanthin is also removed, and therefore the thresheld level will be
lowered,  Seme colysanthin will still be present in the plumule however,
since the celvledons aré intact during the vernalizatien treatment, but
at a much lower cencentration freom that in intact plants.

Ja The effect of vernalization is highlvy sionificant (P<< 0,001 =
Table 3.%)e  As the time of the vernalizaticn treatment ie increased,
there 1s a decreass in the node ef first flower, irrvespective of the
photeperied or cotyleden treatment {(Figure 11)s  This is alsc to be

expacted 1f vernalizaticn has its effect in inactivating of destroving

celysanthin at the apex, ag the thresheld level set by the celvsanthin

Pe Ly



00,

level would be decreased,

. a) Vernalization for 1 week has 1ittle effect in Intact plants,
bwt has a marked effect in decetvledonised plantse It seems therefore
that the reacticns set in meticn by vernalization reguire about 1 week

of cold treatment before beceming operative, At the high colysanthi
concentrations in intact plantggithége reactions make 1little difference
to the thresheld level; and reguire a vernalizatiocn periocd u"‘z weeks or
mere before being able te lewer the thresheld levels In decotyledeni ged
plants however, the thresheld level T@Vmuch reduced, as not much colysans
thin has reached the plumule, and although the vernalization reactions
are occurring at a very low rate, they can still show a marked effect.

b) In decetyledonised plants, vernalization had its maximum
effects after 2 weeks, whereas Tor intact plants the nede of first flower
is still decreasing at 4 weeks vernalization, this being because of the
reduced amount of colysanthin present in the decotvledenised plants. It

o

appears that under L.B. conditicns, vernalization ef decetyledenised

o

ive after 1 week, but this could be because 1t has breught

the nede of first flewer dewn to the minimum value - the "Tip@“”b; to
flower® threshold,  Although a little celysanthin may still be present
in the plumute after 1 week, destroyving it wlll have ne effect on the
flowering nede.

4o Gn this argument thergfore, one would expect an interaction

between photopericd and vernallzalion, and between photeperied and coty-

leden status, The analysis of varlance shows that this 1s the case

(0001<1?<:Om05 = table 3.5)e That these interactions are significant

may be the result of the extremely large photepericd effect.  TLong days
decr the flowering nede by enhancing the rate of producticn of




e
pa—
E-1

inducer, while beth cetvliedon removal and vernalization decrease the

flowering node by lowering the effective thresheld level.

LT} °

5
Rix

1f the thecry that the effect of vernalization is te inactivate

or destroy cclysanthing a highly significant interactien between vernaliz-

atien and cotvledon status would be expected, and this was found to be

the case (P& 0,001 ~ table 3.5).

O The third erder interaction was alse found te be significant.

2 s
18

ALl three treatments individually lower the flowering nede, and there is

also the very large interactien betwesn vernalizaeticn and cotyledon status,

and this woeuld explain the erder of significance of the third order

]

interaction,



Discussion = cenerals

The eriginel theory prepesed by Paten (26) and Barber (1) and

Sorent {29) was that an inhibitor (celysanthin) was preoduced in the coty-

ledens of late-flowering pea varieties, which was s

ctively destroyved

or converted inte a flowe

ng stimulus by leng dayvs and a cold treatment.

4

Paton went one step further by suggesting that inticiter aclts as a

5) o

experiments, Tthis theory ne

loral stimulus (flerigen) {

precurser to a f

.

In the light of the

ds tre he

wdified and in fact flewering in peas can be explained in a much less
cemplicated way, by assuming that there are twe distinct independent
mechanisems regulating flowering.

o

a) The first mechanism invelves celysanthin, Colvsanthin sets

a new thresheld level st the that of the intrinsic Yripeness

to flower® th

sheld, which is set by the amount

produced by the leaves, the inducer can be effective, it must

reach this increased levsel, Vernalization has a direct effect on the

new thresheld level, lowe it by inactivatin

troving colysanthin,

b) The second mechanism invelves the fleral inducer. Increasing
the amcunt ef Inducer praedud therafore

ia attained

in this way, the

a pracurser

to the inducer, and of the

be aveideds,

sorved a vernallzati

vernalizaticn cau
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than 10 days (22).  Vernall

123)s  These results are in ace

series of experin

E3 7

ciatad wil iibberellin

"Alaska' peas that a natus

tip {19)s Since

N owas Lnvelved

rsor, then vernal

ization could enhance inactivating colysanthin

by stoppling 8 reaction In the

reyvnthe s

and Bende {22) have found that

applied a vernale

iz

Felephons!

reversad

3

the exclsed embryo

Furth riments invelv

]

are being planned at the moment in o

rither the mechsnism

of the vernallization effect,



The significance of difference between the means of the controls

and the ment means 1s indicated at the 0.0% level of probability
{(x), at the D.0L1 level of probability {xx) and at the 0,001 level of

proebability {(xxx).



The effect of the length of the vernal
excision and photepericd regime, and the
the flowering of YGrezenfeas t! plantss

Data is for nede of First flower (FN).

per treatment is given, teogether with the

AT

Experiment 3.1

E e
zati
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bment means and
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the threes on
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Scatter diagram showing the ef

vernalization treatment and photepericd en the node of ~gt flewer
tact 'Greenfeast' plants. {(Experiment 3.1).  Treatmwent means

and staddard errors are shown in each case.
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Scatter diagrem shoewing the effect of the length eof the

: N

on treatment and photeperiocd en the node of first flower

vernaliza

~

of de~cotyledonised *Greenfeast' plents {(Experiment 3.1).

Treatment means and standard errers are shown in each case.
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The effect of the length of the vernalization treatment and

of coty)

of ‘Greenfeast' plants in both

lnng day and short

tiens is shown by the relative lengths of
the celumns of the histogram. The date summarized 1s based on the
number of plants indicated at the base of each bar. The standard

grrers of the means are shown at the tops of each bar.
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The analysis of variance for the

tesults ebtained in experiment 3,2

Effect

Degrees of
freedom

Sum of
SOUBTES

Variance

Variance
ratie

Probability

C

PV

PC

VO

PG

Frrer

N
33
e

3139,50
267474
32991

13,20
636
168,03
20.25

242,52

313950
(6,94
329,91
330
6036
42,01
B0 06

0,87

3608,62
76,94
3792

’:3 4 ';’ (9

& 0,001
£0,001
40,001
0.01<P(0,05
0,01{PL0.05
€ 0,001

20,001

Toetal

298

418751




The presence of a flewer inhibiter (celysanthin) in the late variety

) variet’

‘Greenfeast' as preopesed by Barber and Paten for late (}
peas has been confirmeds. Ceolysanthin 1s synthesised in the cotyledons

rminaticn, whereupon 1t begins

during and after the first feur days ef

te move inte the plumule. Cotyledens of the early variety fMassey' also

contain some temperary inhibitery substance after 3 days of germinations
Peas have a genetically defined node, below which they will net

s

flewer. This is preobably due te a thresheld reguirement for inducer

substance at the apex before 1t can betome effective, and would be

caused {at least in part) by the time taken for the preduction and
mebilization ef the stimulus Colysanthin raises this thresheld level,
perhaps by making the apex less sensitive te the inducer, the amount of
colvsanthin arriving at the apex determining the amount by which the

threshold level is raised.

at the apex

i

An effect of vernalization

which causes the destructien er inactivaticn ef celysanthin, thereby

2
]

lewarineg the thresheld level, This vernalizatien effect increases with

time, and reaches a maximumm at aboul 4 weelse

By increasing the length of the photepericd, the overall rate of

1

producticn of the leaf-generated floral stimulus in the leaves is increas-

1]

cedy and thus the predetermined thresheld level is sttained sconer.
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e

cance Tor the

e

Te demenstrate the methed whereby the tests of signlf

graft experiment (teble 3.3) were calculated,

o ]

The fermula used wagg- % 5 - = b4

where X and x, are the means,
88, and SﬁQ are the sums of squares,

and 0y and n, are the numbers in each sample,

. & i¢ S o - )
X bt ) l \-3? 9 f.)f.) s 20 O 9 n e 8 )

v

G X = 20,67, 8§ = 12,0, n = 18

nunber of degrees of freedom = 18

p < 0,001,

X from Fisher R.A. - Statistical Methods fer rkers (10th ed.)

(Miver and

e

Os 122,
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-

2a Combine the Figures for cotyledon treatment - Table AZ, for photo-

s
3

period treatment-Table A2, and for vernalization treabment - Table Ade

Table A2 Table AZ

Lallo Selle Ledecolsas waGOL S

Ve, 4 38 607 341187 Y 40)

32 569

32 490 38 | BA4 v 40 814 30 520

34 507 30 | 626 V., 139 739

V., 4 22 322 21 1 440 V., 40 717 3 45

v, 1 25 349 25492 vV, B37 636 13 205

o
i

Table A4

© g o
1.‘4 a!,««’ o E) aTiw- 2

n Ix n Ty

+ cotse | 99 | 1557 07 2174

o C0ohG,

718 51 1015




3 Combine the nent and vernalization treate

ment - Table ASs for pheteperied and vernalization treatment - Table Abg
and Ffor photeperied trestment and cotyleden treatment - Table A7,

Table AS ’ Table AL

R

LD Selve | recats. | - BOES,

=
M
=
M
s
M
>
e
™M
»

151 2275

e

Ea
oG
L

3180 196§ 3731 103 % 1733

Table A7

\
jd

oo
A

72 ¢ 139440 70 1334 1 64 1133 § 43 | 762 50

Tt can be seen that feor all tebles, the tetal sum of n = 299,

and the total sum of x = 5464,

The correction facter { C.F) feor all caleulaticns is therefores-

@
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= 104038 -

w o A187.51.
degress of freedom = 208,

o w0y () o

5.8, for P o« from Table Ab,

b1

e
i (Mlo},”u

= 34AR75,66 b 68714,.33 = 99850,49

|
| = 3139.50
| degrees of freedom = 1,
o e (A5 v
5486 C - From Table Ab.
3

. 2
= (3817 & (1733)7 L gop,

o T1022.25 4+ 20158,15 - 90850.49

= 320,91
degrees of freedom = ),

con a3 () ) e 00

B.8, V = from Table A7.

P

H

2 sy 2 . 2 a2 ..
= (1394)7 + (1334)7 + (1133)7 4 (762)" + (841)7 = CoFe
72 70 64 43 50

= 26989,30 + 25422,23 + 20057,64 + 13503,35 + 1414%,62 -
- 09850, 49,

7

2074, degrees of freedom = 4,

e e




10%.

5.5, PC = from Table Ad,

i

2 o2 o forean?
= (1857)7 + (718)7 + (2174)7 & w GuFo = (580 P+ 5.5

2R 52 97

m 24487,36 4+ 9913.02 + 48724.49 + 20200,49 « 99850,49 -

P

w {55, P 4+ 5.8, C)o

i

3475,77 - (3139.50 + 329.91)

m 6,36

degrees of freedom = l.
w1 () en ve

5.8, PV = from Table AR,

i

(607)* + (4@0)* F(507)% # (322)° + (349)° + (797
38 32 34 22 25 34

P

""" w CoFo = (5.5, P 4+ 85, V.

2
+ (a44)g s (@2@)2 4+ (440)° + (49
30 30 21

= 0696,03 4+ 7H03,13 + THE0.R26 o+ 4712.91 + 4872.04 4+ 18216,74
P 18745,68 + 13062.53 + 9219,00 4 0682,56 - 99850.49 -

{SQS@ P+ 5.8, v:’o

= 3420,44 - (3130,50 + 267.74)
k= 13 2 :‘20

deqgrees of freedom = 4,
ser {1 { )03 oo e
$oGe VO = from Table A3,

p) 2 2 Il SR
= {825)7 4+ (814)7 4+ {739)7 + (717)7 + (636))~%(
40 40 39 AD 37

+ (520)2 + (394)°
30 or

T CoFe = (85 V k85 C)s

= 17015,63 4+ 16564,90 + 14003, 10 + 12852,23 + 10932.32 +

1011753 4 9013.33 4+ 620944 + 675,00 + 3232,60 = 90850.49 -

(5,5, V + 5.5, C)o

wm THRLE8 = (267,74 4+ 320.,01)
e 168,038
degrees of freedom = 4,
om oYy o om
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5.8, PVO « from Teble Al.

= 103795,48 - 908”0, 49

3° “R{}BO)“ “ CoFy = 4S5 P + S5V + 850 )
20 20 7 g

X

+ 85 PV + S5 FC + S8 VO
"2
Yo

(5.9

= 3944,99 = (3139,50 + 320,01 4+ 207,74 + 6,36 + 13,20 +

162,03),

m P0,25

win o2 () o o
Total 5.5.

Sum of lst order and 3rd srder

interactions

¥

Brrar

LA e
o S@ @

Tetal degrees of freedom =

4
Sum lst erder, 2nd order and Zrd order

Frrov of freedem

e )0 e

2911

v

deorvees of freedom = 4,

w A187.51

= 3044499

[ ——

w s [=Rs - o s
mo 242,52 Ihis figure agrees

with the fiqure

obtained from Table Al. iF each
individual treatment was summed

N 2
For g=-2. x° =

= 270
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