(:)

THE EFFECTS OF LIGHT AND GIBBERELLIC ACID
ON DEVELOPMENT OF THE MAINSTEM APEX
OF BARLEY (HORDEUM VULGARE L.)

1yd

JOAN ELIZABETH COTTRELL

THESIS PRESENTED FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
UNIVERSITY OF EDINBURGH

ACKNOWLEDGEMENTS

I wish to express my gratitude for the advice, assistance and
continued support of my supervisor, Dr J. E. Dale, during the course of
this study and the preparation of this thesis.

I would also like to thank Dr

a Jeffcoat, my commercially based

supervisor, whose enthusiastic approach to the project has helped to
maketly visits to Shell Biosciences both interesting and rewarding.

I wish also to thank the technical staff, particularly
Mr A. Thompson and Miss H. Quinn for their co-operation and interest.

I am indebted to Mrs Linda Halstead for carrying out the
considerable task of typing the manuscript.

I acknowledge the receipt of a Science Research CASE studentship
with Shell Research Limited, Sittingbourne, Kent.

(iv)

ABSTRACT
The major objective of this project was to obtain detailed
information regarding the effect of daylength on the development of
the rnainstem apex in barley and to determine whether its effects are
exerted through a change in the levels of endogenous plant growth
regulators, particularly gibberellins.
In long days, spikelet initiation in the cultivar Clipper was
rapid but extended over a short period.

In short days, initiation

was slower, as was the rate of spikelet development, but occurred
over a much longer period.

It appeared that spikelet initiation

stopped following the appearance of stamen initials, and large numbers
of spikelets resulted when development was slow in relation to
initiation.
Applied GA3 had its greatest effect in short days where treatment
led to an increase in the rate of initiation and a reduction in the
final number of spikelets.

In long days, GA3 did not affect the

rate of initiation but reduced final spikelet number.

In both day-

lengths, reductions in spikelet number were associated with increased
rates of development in relation to initiation.

-

The effects of applied GA 3 on spikelet initiation and development
were long lived and it is proposed that this was the result of an
autocatalytic effect of applied GA3 'on the endogenous synthesis of
gibberellins.

It is suggested that the spikelets are sources of

gibberellin which is transported upwards to accelerate the development
of the younger spikelets and to bring about the observed trend towards
the synchronization of spikelet development along the ear.

Promotion

(v)

of the development of the basal spikelets by exogenous GA

may therefore

have increased the source of endogenous gibberellins so that the rate of
On this

development was enhanced long after the original application.

interpretation the levels of gibberellins in the developing ear should
rise between the beginning and end of spikelet initiation.

Estimates

using the barley endosperm bioassay indicated that, at least in long
days, more gibberellin was present in the ear at stamen initiation than
double ridge formation.
During normal development, the apical dome was initially small,
elongated to a maximum, then decreased in size until initiation ceased,
after which it elongated slightly then died.

In short days, the apical

dome of GA 3-treated plants continued to elongate by an increase in cell
number and reached massive proportions.

This extension was followed

by renewed production of spikelet primordia close to the tip of the dome.
Death of the apical dome is not therefore an inevitable consequence of
the cessation of initiation.

There is some evidence to suggest that

the most advanced spikelets produced inhibitors which prevented the
initiation of new spikelets and may eventually have risen to prevent
the growth of dome as well.

Continued extension of the dome in the

GA3-treated plants suggests that inhibitor may not have reached
sufficiently high concentrations in the dome to curtail growth.
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CHAPTER I

INTRODUCTION

The work presented in this thesis has been entirely concerned
with extending our understanding of the factors which control the
number of spikelets initiated per ear.

As this is one of the major

components of yield in barley, this chapter begins by discussing
yield in general terms with respect to assimilate supply and the
storage capacity of the ear.

Spikelet number, as a component of

storage capacity,is then discussed and the known effects of the
environment and of plant growth regulators upon this component are
surveyed.

Much of the previous work has been carried out on wheat

and the main findings of these studies are included in this literature
review as they have important implications for barley.

(A) THE DETERMINATION OF YIELD IN CEREALS
Our knowledge of the ways in which yield in our cereal crops is
determined has advanced considerably in recent years.

It was

originally thought that yield was limited by the photosynthetic
capacity of the plant, considered as source activity.

Until 1945,

most effort was concentrated on increasing the leaf area index before
anthesis as it was thought that reserves stored in the stem were
mobilised at grain filling.

Later, the interest shifted to the

final stage of the life cycle as it was realised that the reserves
produced before anthesis were only used in grain filling in adverse
conditions, and when nutrition and water supply were adequate,
reserves only contributed 20-30% of assimilates for grain filling
(Archbold and Mukerjee, 1942; Biscoe

et al.,

1975).

The ability of the ear to accept assimilates, i.e., its sink
capacity is also important in determining yield, and since this was
recognised, numerous attempts have been made to discover whether it
is the activity of the sink or of the source which is the main
determinant of yield.

These investigations have given conflicting

results and whether source or sink activity limits yield may depend
on the sequence of growing conditions experienced by the plant
throughout the various stages of its life cycle.

Since the leaf area index reaches a maximum about the time of
anthesis and gradually declines thereafter, yield may be limited by
the source activity at the grain filling stage.

This suggestion is

supported by the findings of Thorne and Watson (1955) who increased
yield by prolonging the leaf area duration by late applications of
fertilizer.

Others, have found a close relationship between leaf

area duration and grain yield (Simpson, 1968; Spiertz et al, 1971).
Shading (Willey and Halliday, 1971), and partial defoliation (Lucas
and Asana, 1968) have also, on occasion, resulted in lower yields.
Moreover, grain size in most cereals can be increased when grain
number is reduced which suggests that there is spare storage
capacity in the ear of cereals (Walpole and Morgan, 1973).

There is, however, other evidence to indicate that yield is
limited by the sink capacity.

The fact that there are substantial

immobilised reserves in the stem at the end of grain filling suggests
that yield may not be limited by assimilate supply (Rawson and Evans,
1971).

In other cases, leaf area reduction (Davidson, 1965) and

shading (Campbell et al., 1969) had no effect on grain yield which
suggests the existence of spare photosynthetic capacity available
for grain filling.

Also, it is known that demand for assimilates
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can influence the rate of photosynthesis.

For example, complete

removal of the ear (King et al., 1967) or removal of some of the
grains (Rawson and Bremner, 1974) can lead to a decrease in the flag
leaf photosynthesis, whereas this may be increased by preventing the
ear from photosynthesizing (Rawson and Bremner, 1976).

Further support for the suggestion that yield is sink limited is
obtained from a comparison of the harvest index (ie, the ratio of dry
matter in the grain to the total plant dry matter at harvest) of
cultivars grown now and at the beginning of the century.

Cultivars

commonly grown then had a harvest index of 0.35 compared with 0.5
for modern cultivars (Gallagher and Biscoe, 1978).

Yield improvement

has therefore occurred through better dry matter distribution rather
than greater dry matter production.

From past experience, therefore,

the most likely way to increase yield is by improvement of sink
capacity (Thorne, 1966).
Clearly, therefore, it is a worthwhile objective to attempt to
increase yield by enhancing the storage capacity of the ear, which in
barley consists of

the number of ears per plant.
the number of grains per ear.
the size of individual grains.

These yield components are determined sequentially during the life
of the plant, both ear and grain number well before anthesis and grain
size between anthesis and maturity.

Thus the storage capacity of

the cereal plant can be influenced by environmental conditions up
until the end of grain filling and consequently the relation between
yield and its individual components varies greatly depending on the

ri
Of

sequence of conditions at the various stages of development.
these components, ear number has been found to be the dominant

component in some cases (Gallagher and Biscoe, 1978), in others grain
number per ear (Syme, 1970), and grain size in yet others (Simpson,
1968).

An increase in one component may be compensated for by a

decrease in another (Knott and Talukdar, 1971) and it could be argued
that to increase yield, the best approach would be to increase grain
size, as this is determined after anthesis when compensation by the
other components could not occur.

However, Gallagher, Biscoe and

Scott (1976) found that grain size was very constant within barley
cultivars and variation in grain yield between seasons was almost
entirely due to a variation in grain number per unit area.

Thus, the

number of grains per plant may be a more plastic component of yield
and although this component is determined long before anthesis, there
is no a priori reason to suggest that yield compensations cannot be
prevented as they may often be due to hormonal interactions rather
than to a limited supply of assimilates (Evans, Wardlaw and Fischer,
1975).
The work described in this project has been concerned with the
factors which influence the number of spikelets initiated by the
mainstem apex.

This, however, does not imply that tiller initiation

and tiller and spikelet survival are considered to be less important
determinants of yield.

Most of the research in this field has been

concentrated on wheat and as barley has received considerably less
attention, this was used in the present study.

Also within the

department, considerable expertise in working with barley has been
gained from extensive studies of its early growth and, development
(Dale, 1972; Felippe and Dale, 1973; Fletcher and Dale, 1974;
Dale and Wilson, 1979).
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(B) PLANT STRUCTURE AND DEVELOPMENT

Before, the factors which influence spikelet number per ear can be
considered, it is necessary to outline the developmental morphology of
the barley plant, so that the sequence of events involved in spikelet
production can be appreciated.

The development of the barley plant prior to anthesis can be
divided into a vegetative and a reproductive phase.

The vegetative

phase is short and can be considered to extend up to the time of
initiation of the flag leaf primordium.

The reproductive phase

begins with the initiation of the collar primordium and can be
divided into a number of stages

From the initiation of the collar primordium to the
formation of double ridge structures of the shoot
apex.
From the formation of double ridge structures to the
cessation of spikelet initiation.

From the cessation of spikelet initiation to 'tip death'.

From'tip death' to ear emergence.

The work in this project was concerned only with development
until soon after the cessation of spikelet initiation, i.e., up to and
including stage 2.
After 24 h of imbibition, the embryo carries the primordia of the
coleoptile and the first four mainstem leaves (Dale, Felippe and
Fletcher, 1972).

After germination, mainstem leaves continue to be

initiated and are arranged with a distic'ous phyllotaxy.

At this

X
stage, the shoot apex, which is "the entire structure above the uppermost recognisable leaf" (Nicholls and May, 1963), is composed of two
or three single ridges above which is a hemispherical region of
meristematic tissue known as the apical dome (Fig 11.1).

The simple

ridge is quickly transformed into a crescent and then into a hood
which completely surrounds the shoot apex.

The shoot apex therefore

becomes enclosed in the young, unexpanded leaves which are, in turn,
enveloped by the leaf sheaths of the older leaves.

During the

vegetative phase the internodes are highly contracted so that the
stem is very short and the shoot apex is situated at the level of the
soil.

Tillers originate in the axils of the leaf primordia some

three to five days after the initiation of their subtending foliar
primordi urn.
The first indication of the transition from the vegetative to the
reproductive phase is an increase in the rate of production of
primordia (Kirby, 1974), accompanied by an almost complete suppression
of their further development.

The bud in the axil of each primordium

develops rapidly to form the upper ridge of the characteristic double
ridge structure (Fig 11.1).

The first double ridge normally appears

just below the mid-point of the shoot apex and others follow in
acropetal and basipetal succession (Barnard, 1964).

As time progresses,

the rate of spikelet initiation becomes constant and the upper ridges
develop so rapidly as to completely obscure the presence of the foliar
initial.

The double ridge stage has been interpreted by many workers

as representing the beginning of ear development and the end of the
vegetative phase.

7
A complete description of spikelet differentiation appears in
Bonnett (1966) and this is summarized here.

Spikelet differentiation

is first indicated by the appearance of two small depressions on either
side of the upper ridge, and this marks its separation into one central
and two lateral spikelets.

This occurs first in the primordia

located in the lower central part of the shoot apex.

Next, two small

papillae which are destined to become the glume primordia appear on
opposite sides of each spikelet.

The lemma is the first structure

of the flower to differentiate and this initially appears as a distinct
ridge across the spikelet primordium.

The differentiation of the

palea is obscured by other spikelet parts and appears slightly later
than the lemma.

The three papillae which then appear on the mound of

tissue above the lemma are the stamen initials, and the pistil
originates from the undifferentiated tissue remaining between the
stamen initials.
from the lemma.

The awn then begins its development as an outgrowth
This rapidly becomes the most conspicuous of the

spikelet structures as it elongates much more rapidly than the palea
and lemma which remain short with the stamens extending above them.
These easily recognisable stages form the basis of the numerical scale
devised by Aspinall and Paleg (1963) which has been used throughout
this study (Fig 11.2, Table 2.2).

At the base of the developing ear

there is a structure called the collar, which is a distinct ridge of
tissue encircling the first node of the spike (Weibe and Reid, 1961).
A similar, but less distinct ridge of tissue is also found at the
node above the collar.

In wheat, when initiation stops, the most advanced spikelet is
located towards the middle of the ear.

This is because the younger

spikelets develop faster than the older ones and are able to
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compensate for their later initiation (Kirby, 1974).

The most

advanced spikelet is also located just below the middle of the ear
in barley, but it is not known why this is the case.

One of the

objectives of the present study therefore, was to obtain detailed
information regarding the rates of development of individual spikelets
along the ear of plants grown in a range of conditions.

Unlike wheat, the inflorescence of barley is indeterminate and
initiation does not cease with the production of a terminal spikelet.
In barley, the length of the apical dome gradually increases to reach
a maximum, after which the dome gradually decreases in size to reach a
minimum length about the time when initiation stops (Kirby, 1977).
For a brief period after the cessation of initiation, the apical dome
elongates again and the last formed spikelets continue to develop.
This is brought to an abrupt - halt when the apical dome and the last
fOrmed primordia die.

Death of other primordia proceeds in

succession basipetally and between one third and a half of the
primordia may die (Kirby, 1973; Kirby and Rymer, 1974).

Data

regarding the effects of various environmental conditions upon the
development of the apical dome throughout the spikelet initiating
phase are lacking.

As this is the structure from which all primordia

are derived, it is possible that its size at such times as collar
initiation, double ridge formation, and the cessation of initiation
may determine the final number of spikelets which are initiated.

One

of the objectives of the work described in this thesis was therefore
to determine whether the size of the apical dome varied with cultivar
and environmental conditions and it was hoped that final spikelet
number could be correlated with various aspects of apical dome
development.

There is evidently some variation in the developmental stage at
which rachis internode elongation begins in barley.

Nicholls and May

(1963) found it to coincide with the anther primordium stage;
Aspinall (1966) found it to occur at earlier stages of development
in some cultivars and Kirby and Fans (1970) found that it commenced
as late as the awn initial stage.

During the phase of spikelet initiation, the shoot apex is
unvascularised and presumably movement of assimilates along it occurs
by diffusion.

After initiation has ceased, vascular connections

to the developing spikelets are established and at this stage, there
is an increase in the relative growth rate of the ear (Kirby and
Rymer, 1974).

Having described the sequence of events occurring during spikelet
initiation and development, the effects of the environment upon final
spikelet number and its importance as a component of yield can now be
considered.

(C) THE NUMBER OF GRAINS PER EAR AS A COMPONENT OF YIELD

It has been suggested that as high yields have been found to be
associated with large numbers of spikelets per ear (Pinthus, 1967), higher
grain yields might be obtained by increasing the size of the ear and
thereby the number of sites available for grain production (Lupton and
Kirby, 1968).

In wheat, this could be achieved either by increasing

the number of spikelets per ear or the number of florets per spikelet,
but in two-row barley, only the former option is available as each
spikelet has only one fertile floret.
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The number of spikelets per ear can be increased either by allowing
more to be initiated or by increasing the number which survive.

In

barley, as little as 50% of the total number of spikelets initiated may
be fertile at anthesis (Kirby, 1973; Gallagher, Biscoe and Scott, 976).
This does not necessarily mean however, that an increase in the number
of spikelets initiated will not be reflected in an increase in the
number of grains per ear.

For example, the number of spikelet priniordia

initiated per ear in wheat has been found to be closely related to the
number of grains produced per spike, and a more or less linear
relationship between the two has been found to exist (Rawson, 1970).
Such data are not available for barley.

Presumably, even under the

most favourable conditions, there must be a point when further increases
in spikelet number would not give the expected increment in yield
because of limitations in the production and translocatiori of assimilates.
However, as Rawson (1970) points out, the flag leaf and ear alone can
supply almost all the assimilate required for grain growth and increased
demand at this time can be catered for, in part, by additional photosynthesis of the penultimate leaf (Rawson and Hofstra, 1969) or by the
mobilisation of carbohydrate reserves stored in the stem before anthesis
(Begg and Turner, 1976).

Also, larger spikelet numbers increase the

photosynthesis of the ear and the availability of assimilates for grain
filling there.

The ears are in a favourable position in the crop

canopy, exposed to full light and high CO2 concentrations, and in
barley, photosynthesis in the ear can contribute up to 84% of grain
growth (Evans and Wardlaw, 1976).

Thus, an increase in the number of

spikelets initiated per ear may be reflected in an increase in the
yield per plant.

eknown to influence
The conditions in which the plant is grown i,,
the number of spikelets initiated by the mainstem apex, and the effects
of the various environmental factors are discussed below.

1.

Light

Light is the environmental factor which has the greatest effect
on spikelet number per ear and consequently considerable research has
examined its effects on apical development.

Interpretation of such

studies are complicated by the facts that

(i,)

the plant is sensitive to the three characteristics of
light source, namely daily duration, intensity and
quality; and

(ii) light influences photosynthesis as well as photoperiodically
controlled processes.

Extensive attempts have been made to isolate and describe the
independent effects on apical development of each character of the
light source and to determine whether its influence is mediated
through effects on photosynthesis or by photoperiodically controlled
processes.

Such experiments have to be carried out in environments

where the various components of the light source can be controlled.
Such installations have the disadvantage that the light intensity
within them may be only one third or less that of normal daylight.
In many controlled environment rooms, the light source is composed of
high intensity fluorescent tubes, which emit light with a high ratio
of red

far red.

These are normally complemented by low intensity

incandescent lamps which emit light which is more similar to normal
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daylight, in having a low ratio of red : far red wavelengths.
the results of experiments where light is controlled have to be

interpreted with care as it is difficult to affect a single characteristic of the light source such that only photosynthesis or the
photoperiodically controlled processes are independently influenced.
For example, in experiments designed to investigate the effects of
daylength, the photoperiod can be extended either with fluorescent
and incandescent light or with incandescent light alone.

The former

approach has the advantage of maintaining the light intensity and
quality constant but has the disadvantage of influencing both the
photoperiodically controlled processes and photosynthesis.

The

alternative approach affects only the photoperiodically controlled
processes since the intensity of the incandescent light source is
too low to significantly affect photosynthesis.

However, this method

has the disadvantage of altering the light quality and makes it
impossible to determine whether the observed effect is the result of
a change in the daylength or a difference in the wavelengths of light
supplied.

In the experiments described in this thesis, the effects

of daylength on apical development were investigated using both
approaches.
The known effects on apical development of the three characteristics
of the light source are discussed below.

(a) Photoperiod
Barley is a quantitative long day plant which shows a large
response to daylength when incandescent lamps are used to supplement
the light from fluorescent tubes (Aspinall and Paleg, 1963).
However, this response is considerably reduced if the light is
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provided entirely by high intensity fluorescent tubes (Aspinall and
Paleg, 1963).

The inference therefore is that it is the photoperiodic

rather than the photosynthetic nature of the light source which affects
Friend, Helson and Fisher (1961) compared the

apical development.

effects of extending the daylength with fluorescent and incandescent
light or incandescent light alone on the rate of spikelet development
in wheat.

Development was faster in the latter regime providing the

incandescent light followed rather than preceeded the 8 hours of high
intensity light.

These findings again suggest the importance of

light quality to the development of the apex and also show that the
timing of the incandescent light extension is important.

There is

general agreement that extending the daylength reduces the time taken
to reach the double ridge stage and increases the rates of spikelet
initiation and development (Paleg and Aspinall, 1964; Aspinall, 1966).

There is a wide range in the response of varieties to photoperiod
(Aspinall, 1966).

Some varieties are almost day neutral, whereas

others are extremely sensitive to photoperiod (Aspinall, 1966).

The

early work of Doroshenko and Rasumor (cited by Kirby, 1969) indicated
that the higher the latitude of origin of the variety, the greater its
response to daylength, although several exceptions to this general rule
exist (Kirby, 1969).
The shoot apex is insensitive to the photoperiod and the length
of each day is perceived by the leaves (Dale and Wilson, 1979).

The

possible means whereby this information is communicated to the shoot
apex and the basis for the differences between varieties are discussed
in Chapter III.

14
(b) Light intensity

The effect of light intensity on apical development depends upon
If the intensity of the fluorescent and

how the source is varied.

incandescent light sources are increased together, then the rate of
spikelet initiation is promoted and ultimately more spikelets are
initiated (Friend, 1965;

Rahman , Wilson and Aitken, 1977). However,

increasing either fluorescent or incandescent intensity separately has
a completely different effect.

For example, when the level of the

incandescent light is maintained constant and the intensity of the
fluorescent light is increased, the rate of initiation is only
slightly promoted and final spikelet number is completely unaffected
(Paleg and Aspinall, 1964).

Conversely, when the fluorescent light is

kept at a constant level and plants are grown in various intensities
of incandescent light, the rate of spikelet initiation is faster but
the final number of spikelets initiated is less at higher light
intensities.

These variable results may be due to the fact that the

ratio of red

far red in the light source is altered as well as its

intensity.

(c) Light quality

Friend -t czl. (1961) examined the effects of light quality on wheat
but unfortunately only recorded the rates of spikelet development.
By keeping light intensity at 1800 foot candles and varying the ratio
of incandescent to fluorescent light in constant photoperiods, they were
able to demonstrate that low ratios of red : far red light resulted in
rapid rates of spikelet development.

Vince (1965) found that far red

light promoted apical development when given at the end of the period
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of high intensity light, but towards the end of the dark period far
red inhibited and red light promoted apical development in t,oZ.ium.
Thus, the effect of the quality of the light source varies throughout
each 24 hour period.
Light is the most important environmental factor in controlling
apical development but for completeness, a brief account of the effects
of other environmental variables is included below.

2.

Temperature
In general, the rate of spikelet initiation is faster and the

final number of spikelets is less at higher temperatures (Rawson,
1970; Halse and Weir, 1974).

The effects of daylength are compli-

cated by interactions with photoperiod and, in the case of winter
cereals, by vernalization requirement.

For example, Halse and Weir

found that the temperature which resulted in the production of most
spikelets was lower in 9 hour than in 13 hour photoperiods.

In

cultivars with a vernalization requirement the effect of temperature
can be the opposite to that generally found, with most spikelets
being initiated at the highest temperature (Raise and Weir, 1974).
As in the case of photoperiod, some cultivars are considerably more
sensitive than others to temperature.

3.

Water and Mineral Nutrients
Drought can decrease yield through an effect on the number of

spikelets per ear (Asana, Sani and Ray, 1958).

A gradual increase in

the soil water stress leads to an appreciable retardation in the
production and differentiation of spikelets until primordium formation
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stops completely.

The effects of water stress on spikelet

differentiation are less pronounced than upon spikelet formation
(Nicholls and May, 1963; Husain and Aspinall, 1970).

The supply of nutrients also influences the rates of spikelet
initiation and development.

Barley grown in conditions of nitrogen

deficiency have fewer spikelets per ear (Dale and Wilson, 1977) and
this is probably due to a reduced rate and duration of initiation,
accompanied by a faster rate of spikelet development (Holmes, 1973).

Phosphorus deficiency also leads to a reduction in the number of
grains per ear (Forster and Vasey, 1930), slower rates of spikelet
production and a reduction in the final number of spikelets initiated
(Rahman and Wilson, 1977a).

Lipsett (1964) and Jessop (1974) found

that cultivars differed in their response to phosphorus nutrition,
though this is not supported by the results of Holmes (1973).

(D)

ASPECTS OF DEVELOPMENT CORRELATED WITH FINAL SPIKELET NUMBER

Many studies have examined the aspects of development which are
associated with the final number of spikelets initiated.

Much of

this work has been done with wheat and one of the objectives of the
present work was to extend our knowledge of barley.

Events before double ridge formation have received considerable
attention and large numbers of spikelets have been found to result
when many leaves are initiated by the mainstem apex before the collar
is formed (Wall and Cartwright, 1974), and when emergence of these
leaves is slow (Fisher, 1973; Holmes, 1973).

Long vegetative

phases, i.e., from sowing to double ridge formation, have also been
correlated with large numbers of spiklets (Pinthus, 1967; Wall and
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Cartwright, 1974).

It has even been suggested that final spikelet

number is entirely determined by events occurring before double ridge
formation (Lucas, 1972; Thorne et al., 1968), although this idea is
not supported by the work of Rawson (1970) and Allison and Daynard
(1976).
At one time the length of the shoot apex at the double ridge
stage was thought to be similar for plants grown in a variety of
conditions (Nicholls and May, 1963).

Later work has shown substantial

variation in apex length and a correlation has been found between its
length at the double ridge stage and final spikelet number (Lucas,
1972; Rahman and Wilson, 1976).

The number of primordia present at

this time has also been associated with spikelet number, many spikelets
resulting when a large number of single ridges accumulate along the
shoot apex before differentiation begins (Pinthus, 1976; Fisher, 1973).

The number of spikelets is the product of the length of the
spikelet initiating phase and the rate of initiation.

Slow rates

of initiation are offset by longer periods of spikelet production so
that more spikelets are produced when initiation occurs slowly
(Rawson, 1971; Rahman and Wilson, 1976).

Nicholls and May (1963) suggested that large numbers of spikelets
result when the rate of initiation is rapid in relation to the rate of
spikelet development.

They found that spikelet initiation always

stopped when stamen initials appeared in the most advanced spikelet
and short photoperiods resulted in large numbers of spikelets because
the rate of formation was increased relative to development.

if1
(E) THE EFFECT OF PLANT GROWTH REGULATORS ON THE DEVELOPMENT OF
THE SHOOT APEX
In contrast to the known effects of environmental condition on the
development of the mainstem apex in cereals, much less is known about
A major part of this project

the effects of plant growth regulators.

was therefore directed towards extending our knowledge of this rather
neglected area.

As most of the available evidence suggests that

gibberellins are the growth regulators which are most likely to be
involved, most of the work was directed towards investigating their
effects and role, although some preliminary experiments investigated
the effects of cytokinins and abscisic acid.

1.

Gibberellins
Most of the research into the effects of gibberellins on the

shoot apex has concentrated on floral induction; effects on subsequent
development have received much less attention (Vince-Prue, 1975).

The level of endogenous gibberellins is higher in plants grown
in long than in short days (Gri gori eva et al., 1971), and treatment of
long day plants with gibberellin in short days has led to flowering in
more than twenty species (Evans, 1975).

Baldev and Lang (1965),

working with the dicotyledonous Sanolus parvifiors

carried out one

of the most detailed investigations into the effects of gibberellins
on floral induction.

They found GA

could completely replace the

long day requirement for floral induction and treatment with substances
such as CCC and AMO1618, which block gibberellin synthesis, inhibited
flowering in long days.

The fewer long days given or the more AMO 1618

applied, the greater was the amount of GA

required to induce flowering.
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GA3 can also promote floral induction in cereals and grasses.
James and Lund (1965) succeeded in inducing earlier floral induction
(judged by the appearance of double ridges) in winter barley with
potassium gibberellate and Yao and Canvin (1969) brought about
earlier floral induction (judged by the number of leaves initiated
before the collar) in spring wheat treated with GA 3.

A role for

gibberellins in the induction of wheat is also suggested by the
observations that dwarf wheats which are insensitive to gibberellins
take longer than cultivars of standard height to reach the double
ridge stage (Holmes, 1973; Fisher, 1973).
Evans' (1964, 1969) work with Loliwn tmulntum L. does not
entirely support the results of Baldev and Lang (1965).

Although

injection of 3 g of GA 3 near the base of the shoot apex could replace
the one long day necessary to bring about induction, treatment of
plants grown in long days with CCC had no effect on flowering and
increased the response to applied GA 3 both in long and short days.
Evans therefore suggested that in Loliwn the synthesis of gibberellins
and the floral stimulus involve a common pathway, and that CCC, by
blocking the late steps of gibberellin synthesis, diverts metabolism
towards the production of the floral stimulus.
Events occurring after floral induction are also promoted by GA3.
Loliwn after floral
Evans found that GA 3 promoted apical development in
induction had occurred.

Long days also have this effect and it is

possible that the influence of daylength is mediated through changes
in the levels of endogenous gibberellins.

Nicholls and May (1964) found that the faster rate of apical
development in barley grown in long compared with short days was
associated with higher levels of endogenous gibberellin - like
substances in the shoot apex at both the double ridge and stamen
initials stage of development.

These findings are important in the

interpretation of the work of Holmes (1973) who compared the rates
of spikelet initiation and development in a gibberellin-insensitive
dwarf wheat and a standard height cultivar.

The results of this

study are particularly interesting and data taken from Holmes' graphs
are presented as Table 1.1.

The data indicate that in 8 hour days

the rates of spikelet initiation and development in the standard
wheat are similar to those of the dwarf cultivar.

This could be

because the gibberellin levels are low in both cultivars if
Nicholls and May's results apply to wheat.

In 24 hour days, spikelet

initiation and development rates are faster than in 8 hour days but
the increase is considerably greater in the standard than in the dwarf
wheat (Table 1.1).

One may speculate that gibberellins are important

in mediating the effects of daylength, and as the dwarf cultivar is
insensitive to gibberellin, it shows a smaller response than the
standard height wheat to the longer daylenyth.

The dwarf wheat

ultimately initiates more spikelets than the standard wheat and this
suggests that high levels of gibberellins may be associated with low
final numbers of spikelets.
The evidence now available from experiments involving applications
of GA

indicates that gibberellins promote the rate of apical develop-

ment in cereals, though this was not apparent from early studies.
Paleg and Aspinall (1958) obtained a general inhibition of growth
with marked inhibition of floral organs when they sprayed barley
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Table Li

The rates of spikelet initiation and development in
cultivars of dwarf and standard height wheat
(data from Holmes, 1973)

Daylength

Rate of spikelet initiation

(hours)

(spikelets per day)

Rates of spikelet development
(measured as the number of
days to the formation of
the apical spikelet)

Standard height

Dwarf

Standard height

Dwarf

wheat

wheat

wheat

wheat

8

0.70

0.76

72

69

16

1.86

1.31

20

45
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weekly with 10, 50 or 250 iig of GA 3, and several abnormalities
resulted when Kirby (1971) sprayed barley with 10, 100, or 300 ppm of
GA3 solution to run off on one, two or three occasions.

This

retardation may have resulted from the application of excessive
quantities of GA3 as a more recent study indicated that 0.2 to 3.5 i-hg
GA3 applied to Clipper barley grown in 10 hour days promoted the rates
of apex elongation and spikelet initiation and development (Nicholls,
1978 a and b).
There are many reports in which treatment of cereals with CCC
delays the time to ear emergence and increases the number of spikelets
per ear in the absence of lodging (Lowe and Carter, 1970; Heyland,
Solansky and Aufhammer, 1975; Humphries, Welbank and Witts, 1965;
Primost, 1964).

Unfortunately, these reports do not reveal the

effects of CCC on the rate and duration of spikelet initiation and it
is therefore unknown whether a possible reduction in the gibberellin
content of the treated plants grown in long days may cause them to
develop in a way characteristic of plants grown in short days.

Such

information would be valuable and might extend our understanding of
the role of gibberellins in the control of apical development.

Indirect evidence for the role of gibberellins is provided by
the work of Kirby and Earls (1970) in which Proctor barley grown at
high planting densities produced plants with elongated basal internodes
and long, narrow leaves, symptoms indicative of a high endogenous
gibberellin content (Brian, 1959).

The rate of spikelet development

in these plants was faster than that of plants from less dense populations which supports the suggestion that gibberellins promote apical
development.

The rates of spikelet initiation, however, were similar

at all planting densities which may indicate that initiation is less
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sensitive than spikelet development to levels of endogenous gibberellins.
Once again, fewer spikelets were initiated by plants in which the
gibberellin content was thought to be highest.

Unfortunately, there

are no data available on gibberellin contents to confirm or refute
these speculations.
One of the central aims of this thesis was to explore and extend
the hypothesis that "gibberellins promote apical development in barley
and the effects of daylength are, at least partly, mediated by changes
in the level of endogenous gibberellins".

The approach used to test

this hypothesis is discussed at the end of this chapter.

2.

Cytokinins
Cytokinins are thought to be synthesized in the apical regions of

the roots and translocated to the shoot where they act (Skene, 1975).
They occur in many plants, including barley (Fox, 1969; Rocha, 1979)
and are known to influence a range of processes including, cell division,
cell elongation, dormancy, apical dominance and senescence (Fox, 1969).
They may also play a part in the control of flower initiation and
development.

For example, exogenously applied cytokinins increase

the number of flowers in tomato (Menary and Van Staden, 1976) and
increase the rate of flower development in Bougainvillea, a short
day plant (Tse et al., 1974).

Levels of endogenous cytokinins in

the bleeding sap of Lupinus and Eycopersicon fall during flower
development, possible because cytokinins are utilised rapidly at
this time (Davey and Van Staden, 1976, 1978).

Indirect evidence

to suggest a role for cytokinins in flower development is also
obtained from studies of plants grown in conditions deficient in
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The reduction in flower number in tomato resulting

phosphorus.

from these growing conditions is associated with smaller amounts of
detectable cytokinins in the xylem sap (Menary and Van Staden, 1976).
The observed reduction in the final number of spikelets initiated by
wheat grown under phosphorus-deficient conditions may also be due to
low levels of cytokinins, though this possibility has not been explored
(Rahman and Wilson, 1977a).
There are several reports of the effects of applied cytokinins
on yield in cereals.

Most applications have been made to plants at

the grain filling stage in the hope of diverting more assimilates to
the ear.

Wagner (1975) and Aufhammer and Solansky (1976) were able

to increase the flow of assimilates towards the ear by applying kinetin
to it and such applications have led to increased grain growth
(Michael

et al., 1970) and grain yield (Barnsley, 1964).

There have been fewer reports of the effects of cytokinins
applied to young plants prior to the grain filling stage.

Soaking

wheat seeds for 24 hours in solutions of kinetin can lead to
increases in shoot height, tiller number and grains per ear (Hegazy

et al., 1974; Singh et al,, 1973).
The only detailed study of the effects of kinetin applications
on spikelet initiation is that of Ruckenbauer and Kirby (1973) with
the barley cultivars , Proctor and Swannek. Treatment of plants with
kinetin increased the rates of spikelet initiation and development
and the small increase in final spikelet number was carried through
to maturity.
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There is considerable scope to extend the work of Ruckenbauer
and Kirby to determine the effects of other cytokinins on apical
development and final spikelet number in various cultivars of barley.

3.

Abscisic Acid
Abscisic acid has been found to accumulate in sycamore leaves held

in short days and its application to plants grown in long days has
caused them to cease growth and form resting buds (Eagles and Wareing,
1964).

Thus, abscisic acid levels can increase in the leaves in short

days and application of abscisic acid can induce similar effects to
short days.

However, abscisic acid levels do not invariably show

this trend and Zeevaart (1971) found that they were present in spinach
in larger amounts in long than in short days.
Stoy and Hagberg (1967) proposed that the development of the shoot
apex in barley is controlled by a balance between gibberellins and
abscisic acid.

The slower rate of apical development in short days

might therefore be due to a high ratio of abscisic acid to gibberellin.
Support for this idea comes from the fact that abscisic acid can delay
or inhibit flowering in long day plants such as Spinacea, Eolium,
carnation and Petunia (Vince-Prue, 1975).

However, many other species

are unaffected and King, Evans and Firn (1977) could not demonstrate
any consistent effect of daylength on the level of abscisic acid in
the shoot apex of LoZ.ium temulentum L.

A knowledge of the effects of abscisic acid on spikelet initiation
and development may provide an indication of the role of this growth
regulator in mediating the effects of daylength on these processes.
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(F) AIMS OF THE PROJECT

The central aim of this project was to test the hypothesis that
"growth regulators, in particular gibberellins, are involved in the
control of the apical development of barley and the effects of daylength are, at least partly mediated through changes in the levels of
endogenous gi bberel 1 ins".
The foregoing literature review has also identified several other
areas where our knowledge of the events leading up to the cessation
of spikelet initiation in barley are lacking.

Questions which remain

unanswered include
Is there a tendency towards the synchronization of development
along the barley spike and, if so, is this brought about by
the younger spikelets transcending certain key developmental
stages more rapidly?

Also, does this trend towards

synchronization occur to the same extent in all conditions?

Do the associations found to occur between final spikelet
number and various features of development in wheat also
occur in barley?

Does the apical dome always show the same pattern of development in a range of growing conditions and can any feature of
its development be associated with final spikelet number?

In order to form a framework from which to test the hypothesis
outlined above, it was first necessary to obtain detailed information
regarding the effects of daylength upon apical development.

This
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section of the work also presented the opportunity to obtain
information which might help to answer the questions outlined
above.
Two cultivars of barley, Proctor and Clipper, were selected for
the investigation into the effects of daylength on apical development.
They were selected because their rates of apical development are very
different and because their development during the first two to three
weeks had previously been investigated in this department by Dale and
Wilson (1979).
Having obtained a detailed knowledge of the pattern of apical
development in a range of photoperiods, the role of gibberellins
was initially investigated by comparing the effects of daylength
with those of GA

applied to plants grown in 8 and 16 hour days.

The results of these experiments led on to attempts at estimating
the levels of endogenous gibberellin - like substances present in
the shoot apex at different stages of development.

An alternative

approach of applying a substance which blocks gibberellin synthesis
was also used.
As the literature indicated a possible role for cytokinins and
abscisic acid, the effects of exogenous applications of these substances were also briefly investigated.

Unfortunately, due to limitations of time, it was only possible
to carry out the investigations into the role of growth substances
using the cultivar Clipper.

CHAPTER II MATERIALS AND METHODS

(A)

MATERIAL AND CULTURAL METhODS

These were mostly straightforward and based largely on the
existing methods established by previous workers in the laboratory
(Fletcher, 1975; Rocha, 1979).

1.

Plant Material
Two cultivars of barley, Hordeum vulgare L. were used in these

studies.

The Australian cultivar, Clipper was used throughout; the

British cultivar, Proctor was also used in experiments comparing
cultivar responses to daylength.
Plants were grown from grain produced locally from the 1977 harvest.
In a few of the later experiments, grain of Clipper from the 1978 harvest
was used.

Grain was stored at 8°C until required for planting.

Earlier work in this laboratory established that Clipper initiated
vegetative and spikelet primordia much faster than Proctor under both
long and short day conditions (Dale and Wilson, 1979).

2.

Cultural Methods

(a) Growth room conditions
For most of the work, barley plants were grown in the controlled
environment rooms in the Botany Department where the temperature was
maintained at 200 ± 1 0C.

Warm white fluorescent tubes and tungsten

filament lamps, operated off separate time clocks, gave a light intensity
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Sec 1 in the high
in the wavelength range 400-700 nm of 330-370 Em 2
in the low intensity rooms.
intensity rooms and 180-220 i.l Em 2sec l
A limited number of experiments were carried out at the controlled
environment rooms at the Shell Research Centre, Sittngbourne.
Conditions were similar to those described above with the exception of
a lower light intensity of about 160 Em 2sec 1 .

(b) Growth of plants
In all except one experiment, single, selected grains of uniform
size were planted in 300 cm

square plastic pots containing washed

river sand F grit (British Industrial Sand Ltd).
In the remaining experiment of this set, designed to examine the
effects of cytokininS upon apical development, plants were grown
according to the method of Rocha (1979).

Germination was carried out

in moist Perlite (British Gypsum Ltd) in a 2 litre Pyrex container with
a glass lid.

On the fourth day when the coleoptileS were visible above

the surface of the Perlite, the dish was flooded with tap water and the
root systems of selected seedlings were carefully washed free of
Perlite.

The seedlings were then replanted into square 300 cm

plastic

pots containing sand.

(c) Water and mineral nutrient application
At the time of planting and on alternate days subsequentlY,50 cm
of distilled water were applied to each pot.

More frequent watering

was occasionally required for the older plants.
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Nutrient solution was supplied at a rate of 50 cm
Day 4 and at weekly intervals subsequently.

per pot on

The composition of the

nutrient solution, used originally by Porter (unpublished), as well
as Dale, Felippe and Fletcher (1972), is shown in Table 2.1.

(B) PREPARATION AND APPLICATION OF SOLUTIONS OF PLANT GR0Ifl{ REGULATORS

The methods used were based on existing methods which were wellestablished in the literature and had been used by other workers in this
laboratory (Rocha, 1979).
Figure 11.1 gives the full and abbreviated names of the plant
growth regulators used in the study, along with their formulae and
molecular weights.

1.

Preparation of Solutions

The concentrations of the growth regulators used varied between
experiments and full details are therefore given at relevant points in
Chapters V and VII.
Solutions of GA 3 and BAP were prepared by first dissolving the
growth regulator in a few drops of ethanol.

Once fully dissolved,

distilled water was slowly added with constant stirring to produce a
solution of the required concentration (Moore, 1974).
Solutions of ABA were made in 10 mM K2HPO4 (Nicholls, 1978b) and
solutions of CCC were made up directly in water.
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Table 2.1

Composition of the standard mineral nutrient solution.
MacronutrientS according to Fletcher (1975);
MicronutrientS according to Hoagland and Arnon (1938).

Stock solution

3
Volume (cm )of stock
solution per litre
of nutrients solution

Macronutri ents
F'laNO3

1.0 M

20

KH2PO4

0.2 M

10

K2 SO4

0.5 M

20

MgSO4

0.4 M

10

CaC1 2

0.5 M

10

EDTA

0.025%

10

(FeNa versenate)

Mi cronutri ents
H3B03

2.86 g

MnC1 2 4H20

1.81 g

ZnSO4 7H20

0.22 g ) in 1 litre

CuC04 5F120

0.08 g

H2 moo 4 H2 0

0.09 g

32

Figure 11.1:

Structures and molecular weights of the growth substances
applied to barley plants.

Za—
CO

HO j

coca

CJ )

LII2.

ibberellic acid.
Molecular weight = 364.4g

CH3
C1—CH- CHjTCHjCl
OH
(2.cbloroethyl) triiethylammoniu chloride

(ccc)
Molecular weight = 151 .8 g
H,,

G_benzylainopurifle (BAP)
Molecular weight = 225.3 g
CH

CM

CH
CO CH

Abscisic acid (ABA)
Molecular weight = 264-39
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2.

Growth Substance Application
The initial applications of ABA, GA3 and CCC were made at or before

collar formation, though the time at which this occurred varied according
to the daylengths in which the plants were grown.

Details of the

timing of the initial and of any additional applications are therefore
given in the relevant sections of Chapters V and VII.

Attempts were made to introduce substances directly on to the shoot
apex by injection through a longitudinal slit made in the investing leaf
Unfortunately, these attempts were entirely unsuccessful due

sheaths.

to the damage caused to both the leaf sheaths and the shoot apex during
dissection, coupled with the desiccation of the apex which followed its
exposure to the air.

Alternative, less direct methods had, therefore

to be adopted and these are now discussed.

(a) Treatment through the leaves
The method used by Nicholls (1978a) to apply GA3 to barley
seedlings was adopted.

A 20 l droplet of 10

or 10

M GA3 solution

was applied over two small scratches made near the base of the adaxial
surface of the fully expanded first, or occasionally, second and third
leaf.

The solution disappeared due to absorption and drying out within

one hour.

Applications were usually made an hour after the lights

came on.

l0' and 10

M solutions of ABA were also supplied in this manner

but here a smaller droplet of 5 0 was used.
In one experiment, GA3 was sprayed on to the plants to run off.
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(b) Treatment through the roots

Three groups of experiments were performed in which growth
regulators were supplied through the roots.

The method of Rocha (1979) was used to supply BAP.

Seedlings

were germinated in Perlite and their root systems were washed free on
Day 4.

The roots were then steeped in a solution of BAP for 4 or 24

hours.

In the 24 hour treatment, the BAP solution was aerated to

minimise anaerobiosis and bacterial contamination.

After treatment,

the root systems were washed in distilled water and the seedlings
replanted in sand.
When CCC was applied through the roots, plants were grown throughout in individual pots in sand and 25 cm

of a 10

2 M solution of CCC

was applied to nine day old plants.

On one occasion, 25 cm

of a lO

and lO

M solution of GA3 was

applied in this way.

(C) EXAMINATION OF APICAL DEVELOPMENT
Several difficulties exist in measuring the various components
of the shoot apex and these are discussed in the following sections.

1.

Dissection of the Mainstem Apex
Dissection of the mainstem apex was carried out under an Olympus

stereomicroscope using a fine surgical eyeblade and watchmakers forceps.
To expose the shoot apex, each leaf sheath, starting with the oldest,
was slit longitudinally and gently peeled away.

Working inwards,

excising one leaf at a time, the youngest expanding leaf, which forms
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a close fitting hood around the shoot apex could finally be removed.
The growth measurements refer entirely to the mainstem apex and were
obtained directly from fresh material.

Providing one worked quickly,

it was possible to make all the necessary measurements before the shoot
apex began to show signs of drying out.

It was therefore unnecessary

to embed the shoot apex in the gelatin (15%):glycerol (2%) mixture
described by Dale and Wilson (1979).

2.

Growth Measurements

(a) Number of primordia
During the early stages of spike development, there is no morphological difference between the primordia destined to become leaves and
those which will give rise to spikelets so that it was only possible
to count the total number of primordia at early harvests.

This could

only be apportioned into leaves and spikelets much later when
differentiation was more advanced.

In this study, the two ridges

at the double ridge stage were counted as one primordium and it was
assumed that one primordium gives rise to one spikelet, ignoring the
two lateral, sterile spikelets found at the triple mound stage.

The final number of primordia was taken as the average of all the
samples harvested after the rate of spikelet initiation began to tail
off.

(b) The rate of spikelet initiation

There are at least three methods which can be used to measure
the rate of spikelet initiation
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(1)

The mean rate can be obtained by dividing the number of spikelets
initiated by the duration of the period of spikelet initiation
taken from collar formation (Kirby, 1977; Kirby and Fans, 1970;
Kirby and Riggs, 1978) or from double ridge formation
(Rahman and Wilson, 1977a and b).

Linear regressions can be fitted to the data for spikelet
primordium number against time for the period from collar
formation to the time when the rate of initiation begins to
tail off towards the end.

The slope (regression coefficient)

is a measure of the mean initiation rate.

Alternatively curves can be fitted either by eye (Nicholls and
May, 1963) or by appropriate polynomial equations (Lucas,
1972).

Such curves are fitted over the whole period of

primordial initiation.
The linear regression approach has the advantage over the first
method in making use of all the data rather than only the values at
the beginning and end of spikelet initiation.

A disadvantage is that

it is assumed that spikelet primordia are initiated at a steady rate
throughout.

On occasions, this assumption is unjustified.

Kirby

(1973) found that in field grown barley the rate of primordial production
slowed down as maximal primordia number was approached and Rawson
(1971) found a similar situation in late varieties of wheat grown in
short photoperiods.

A disadvantage of the non-linear curve fitting

methods is that while the data may be accurately described, it is not
possible to obtain an average value for the rate of spikelet initiation
so that comparisons between treatments and cultivars may be difficult
to make.
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In the present study, linear regressions were fitted to the data
for spikelet number up to the time when the rate of spikelet initiation
began to tail off at the end.

Where there was evidence that the rate

of spikelet initiation slowed down, the time when the change in rate
occurred was judged by eye and two regression lines were fitted.

(c) The duration of spikelet initiation

Unlike wheat, barley does not produce a terminal spikelet, so
there is no morphological clue to the time when initiation ceases.
TwO methods have been used previously to determine when this occurs

The time when a plateau is reached can be judged by eye
from the time course of primordium number increase
(Kirby, 1977; Kirby and Fans, 1970; Kirby and Riggs,
1978).
A more objective method was used by Gallagher, Biscoe and
Scott (1976) who assumed that initiation had ceased when
the difference in the number of primordia between
successive weekly harvests was less than twice the standard
error of the difference.

In the present study where the time between two successive
harvests was always less than a week and sometimes as little as a day,
twice the standard error of the difference was always greater than
the increase in the number of primordia, even when spikelet initiation
was obviously still proceeding.

Spikelet initiation was therefore

considered to have ceased on the day when the extended linear
regression attained the value for the final number of spikelets.

The duration of initiation was taken to be from collar formative to
the end of spikelet initiation.

(d) The length of the shoot apex

The length of the shoot apex, ie, "the vertical distance in m
from the base of the primordium above the uppermost recognisable leaf
to the tip of the apical dome" (Nicholls and May, 1963) was measured
using a micrometer eyepiece.

The length of the apical dome

There are two sources of variability in measurements of the
apical dome (Dale and Wilson, 1979).

The first is unavoidable due

to the rhythmic changes in dome length during the course of a
plastochron.

Towards the end of a plastochron, before the youngest

primordium is large enough to be discernible, the apical dome length
is at its greatest, whereas some time later, immediately after the
youngest primordium becomes visible, the apical dome is much smaller.
It is impossible at harvest to determine whether the apical dome which
is being sampled is at the beginning or the end of a plastochron and
this is the major source of variability found in estimates of dome
length.
Another source of variability is that intrinsic in the material
and resulting from the method used to measure the apical dome; steps
can be taken to reduce this.

Comparison of data from Fletcher (1975),

who obtained estimates of apical dome length from camera lucida drawings
of fresh, entire apices with those of Dale et al. (1972), obtained
from fixed, sectioned material indicate that, despite the fact plants

were grown under identical conditions, Fletcher (1975) consistently
obtained a larger measurement of apical dome length and estimated
fewer primordia to be present.

This discrepancy was attributed to

the fact that very young primordia are easier to see using sectioned
material than from camera lucida drawings of entire apices.

A

failure to detect the youngest primordia results in an over estimate
of dome size.
It would have been most accurate, therefore, to measure the length
of the apical dome from median sections of the shoot apex.

Because

of the large numbers to be sampled, this was impractical and in this
study, apical dome measurements were obtained from camera lucida
drawings of entire apices.

This method is quick and avoids the

problem of shrinkage which can occur during the preparation of
samples for sectioning (Dale and Wilson, 1979).

These drawings were

made immediately after exposure of the shoot apex before desiccation
occurred; care was taken to ensure that the shoot apex was lying
horizontally on the microscope stage so that drawings were made from
directly above the apex and not at an angle to it.

Throughout the

study, the apical dome was defined as "that portion of the shoot
apex above the youngest, visible primordium" (Fletcher, 1975) and a
primordiurn was considered to be present when "it bulged beyond an
imaginary line extending along the smooth flank of the dome" (Kirby,
1977).

(f) The size of primordia at initiation

The size of primordia at initiation is an important parameter
when considering the growth and partitioning of the apical dome.
Unfortunately, accurate estimates of this parameter could not be
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obtained from entire apices because, as described earlier, the time
when a primordium is initiated is separated from the time when it
becomes visible on the entire apex.

The primordium therefore becomes

visible only when it exceeds a certain minimum size irrespective of
its size at initiation.

When the size of the youngest primordium

was measured over the whole period of spikelet initiation, variability
within samples was as great or greater than any changes in size of the
last formed primordium with time.

The inevitable conclusion is that

with present techniques, size of the primordia at initiation cannot
be accurately estimated.

Developmental stage of the spikelet primordia

During development, each spikelet passes through the double ridge,
then the triple mound stage which is followed by the initiation of
glunies, lemmas, stamens and awns.

The initiation of these structures

forms the basis of a scale devised by Aspinall and Paleg (1963) to
score the development of spikelet primordia.

In this study, a slightly

modified form of this scale was used as indicated in Table 2.2 and
Figure 11.1.

Dry weight determinations
The plant was carefully removed from its pot and its root system
washed free of sand in running tap water.

The shoot apex was then

dissected out and placed in a glass petri dish.

The rest of the plant

was divided into root and shoot and laid on a metal tray.

Both the

petri dish and the metal tray were placed overnight in a drying oven
set at 90°C.
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Table 2.2

Scale used to score the development of spikelet primordia
(modified from Aspinall and Paleg, 1963)

Single ridge on side of apex - Apex not elongating

Apex elongating

Double ridge on apex

Double ridge enlarging

Lateral spikelets visible as simple mounds

Glume initials visible

Lemma initials visible

Stamen initials only just visible

1

2

3

4

5

6

7

8

Stamen initials clearly visible as 3 well-defined mounds 9

Awns longer than spikelets

Barbs on awns

10

11
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Figure II. 1 • The stages of development of the shoot apex of
Proctor barley grown in 16 h days at 20°C.
a) Single ridge
Stage 1
Day 12

b) Apex elongating
Stage 2
Day 17

- 500 um
c) Double ridge
Stage 3
Day 20

a) Double ridge enlarging
Stage 4
Day 25

Figure II. le.

Structure of developing ear of 35 day old plant
of Proctor barley (Dale, 1977).

Apical dome
Double ridge (Stage 3)
Stage 4 Axillary ridge
Lower ridge
Triple mound (Stage 5)
Lemma initial (Stage 5)
Central fertile spikelet_Lateral sterile spikelets
Lemma
Glume

= 100 '
Um

Palea

Pistil (spikelet at Stage 9)
Stamen initials

Awn initial
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Shoot apices weighing less than 1 mg were weighed to the nearest
2 i.ig on a Sauter torsion balance. Where shoot apices were very small,
they were weighed in groups of five.

Roots, shoots and apices weighing

more than 1 mg were weighed on an Oertling R20 balance.

Preparation of Sections for Study

As this constituted only a small part of the work, the methods
used here are described in detail in Appendix I.

To summarise, the apices were excised from the plants, fixed,
dehydrated and infiltrated with wax.

They were then embedded,

sectioned and stained with Feulgen.

Photographs of sectioned apices were obtained using a Zeiss
photomi croscope.

Photography of Fresh Shoot Apices

Photographs of unsectioned apices were obtained using an Olympus
PM6 camera fitted on to an Olympus Model X binocular stereoscopic
microscope.

Light for photography was provided from a Natchet halogen

lamp using two fibre optic probes pointing directly on to the specimen.
The light source was sufficient for good negatives to be obtained with
an exposure of about 0.5 seconds.
Shoot apices were colourless and were therefore photographed
against a black background with the lights so placed that the highlights and shadows were brought out in detail.

Photographs were

taken immediately after excision of the apices before they began to
dry out.
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The film (Ilford Pan F) was developed in Ilford Microphen
developer and fixed with Ilford Bromophen fixer.

Prints were produced

on contrasty Grade 3 paper.

5.

Sample Size and Analysis of Results

The need for replication had always to be balanced against the
limited growth room space available.

Ideally, large samples of plants

would have been harvested daily but limited space made this impossible
when an experiment lasted a long time or included several treatments.
In the case of large experiments, there are 2 main sampling strategies
that can be followed
Regular, frequent harvesting of small samples;
Less frequent sampling of larger samples.

Both approaches were employed depending upon experimental requirements and circumstances.

For work with growth regulators, it was necessary to keep
experimental design within rather narrow limits and the dilemma existed
of whether to carry out detailed experiments with a single application
time and concentration of growth regulator, or whether to reduce the
number of replicates and harvests so as to increase the number of
applications and concentrations.

Again, the decision taken was

dictated by circumstances and space availability.

In most experiments, samples of 5 or 6 plants were examined at
each harvest.

Where a different sample size was used, this is

indicated for the experiments concerned.

All the data, except those relating to the stages of development,
are expressed as means of individual values.

Since the duration of

each developmental stage was different, it would have been incorrect
Instead, a treatment was considered to

to average the results here.

have reached a particular stage of development which had been attained
by at least half the sample.
Standard statistical methods were used to calculate means,
standard errors, and confidence limits.

Unless otherwise indicated,

the results presented in the graphs and tables are given as the mean
values with confidence limits.

Confidence limits were calculated

using the value t with a probability of 0.05 for the appropriate
degrees of freedom (n-l).

A difference between two samples was

considered significant if the confidence limit of one did not overlap
the confidence limit of the other.
Where possible, experiments were set out as randomised blocks
and appropriate methods of analysis were used to analyse the results.
In some cases, regression analysis was used to examine the data.

(D) THE ESTIMATION OF GIBBERELLIN WITHIN THE PLANT

1.

Application and Determination of Distribution of Radioactive
LL_1T.

7, 12, 18- 14C) GA3 with a specific activity of 3.44 mCi/rn mol
was obtained from the Radiochemical Centre, Arnersham in the form of
50 i.iCi dissolved in 2.0 cm

ethyl acetate.

As ethyl acetate can be

phytotoxic, it was evaporated away and the GA3 was taken up in 1.0 cm
of 50% ethanol.

A 20 il droplet containing 100 ig radioactive GA 3

was applied at the collar formation stage, to the base of the first
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leaf as described in Section B2a.
100 lig 'cold GA3 solution.

Control plants were treated with

Half the plants were harvested 72 hours

after treatment and the remainder after a further 72 hours.

At each

harvest, 5 plants treated with labelled GA 3 were used for whole plant
autoradiography; two replicate lots of 9 plants each, from control
and treated sets of plants were dissected and the apices removed for
scintillation

counting (Table 2.3).

Whole plant autoradiography

The harvested plants were divided into roots, individual leaves,
leaf sheaths and stem and placed in a deep-freeze refrigerator for
1 hour and then in a freeze drier for 3 days.

The plant parts

were then mounted on sticky cardboard sheets using two microspatulas
to smooth out the leaves.

The cardboard sheets were covered with

'Melinex° film, placed on a rubber mat between two aluminium sheets
and pressed mechanically for 24 hours.

X-ray film was then placed

against the plant material in the metal folder, which was then wrapped
in aluminium foil and kept at room temperature in the dark.

A week

later, the X-ray film was developed, fixed, washed and examined.

Scintillation counting

The harvested apices were placed in a scintillation vial
containing 15 cm

Brays scintillator.

Brays Scintillator (Wang et al., 1975)

10 g

2, 5-diphenyloxazole (PPO)

0.5 g

1, 4_bis_2_(5_phenyloxazOlYl)-beflZefle (POPOP)

Table 2.3

The numbers of control and treated used for experiments
involving whole plant autoradiography and the scintillation
counting of apices

+ radioactive GA3

control

46 plants treated

36 plants treated

5 plants for
whole plant
autoradiography
72 hours
after
treatment

18 plants
harvested

23 plants
harvested
9)
18\ )
9)
)

2 replicates
of 9 plants
for scintillation
counting

'N187 9)) of2 replicates
9 plants
9) for scintillation
) counting

5 plants for
whole plant
autoradiography
144 hours
after
treatment

23 plants
harvested
,,9) 2 replicates
18 ) of 9 plants
9) for scintillation
counting

18 plants
harvested
2 replicates
N18,9)) of
9 plants
'9) for scintillation
counting

Naphthalene

150 g
250 cm
50 cm

Methanol
Ethanediol

p-dioxane to make up to 2.5 litres
Each vial was sonicated for 10 minutes, placed in an Intertechnique
The

Scintillation counter and 24 hours later counted for 4 minutes.

results, after subtraction of the blank values are expressed as the
number of counts per minute per 9 apices.

2.

Estimation of Endogenous Gibberellin - like Substances in the
shoot apex

(a) Plant material and growing conditions
Grain, cultivar Clipper from the 1978 harvest was grown in compost
in 1800 cm

square plastic pots, at a density of 4 plants per pot.

800 plants were grown in uncontrolled conditions in glasshouses
at the Shell Research Centre, Sittingbourne during June 1979.

200

apices were harvested at the following stages: double ridge, stamen
initials and stage 10, when the awns were just beginning to elongate.

Immediately after excision from the plant, the apices were quickly
frozen in methanol contained in a glass vial surrounded by dry ice.
At completion of harvest, the vial was stoppered and stored in a deepfreeze refrigerator at -23°C until required.

(b) Extraction and purification
Estimates of endogenous gibberellin-like substances in the shoot
apices of barley (Nicholls and May, 1964) indicate that the quantities
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present in the batches harvested were likely to be close to the limits
of sensitivity of the bioassay system used.

It was therefore

essential that the extraction and purification procedures adopted
should have a high recovery rate.

Experiments (described in detail

in Chapter VI) were carried out to assess the losses during
purification and, on the basis of these results it was decided to
adopt the simple approach described below.
The intact shoot apices were extracted in methanol at -23°C for
six weeks.

The inethanolic extract was then decanted and evaporated

in vacuo at room temperature.

The dry residue was taken up and

dissolved in water overnight at room temperature and this extract
was used in the bioassay.

Because the extract was not purified, the

possibility that it included substances inhibitory to the bioassay
could not be ruled out and it was therefore necessary to include
dilutions of each extract assayed.

The dilution series used for each

set of apices is given in Table 2.4 a and b.

(c) The barley endosperm bioassay

The barley endosperm bioassay (Paleg, 1960, 1961; Moore, 1974)
based on the gibberellin-induced release of reducing sugars from the
barley endosperm was used.
Grains of Prior barley, 1977 harvest, were dehusked and sterilised
by soaking for 3 hours in 50% H2SO4.
in 100 cm

They were then washed 10 times

aliquots of distilled water and imbibed at 4°C on moist

filter paper in a petri dish for 21 hours.

At the end of this period,

each grain was cut transversely in half and the portion containing
the embryo was discarded.

4 embryoless halves were placed into a
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Table-2.4

The dilution series produced from the extract of the
barley shoot apices

Double ridge and stamen initials stage
Dry extract made up to
) 2.5 cm3 with distilled
water

200 apices extracted in
methanol then evaporated
to dryness in vacuo

x 1.0 cm3 samples
removed for assay
(E 2 x 80 apices)

0.5 cm3 extract

Made up to 2.5 cm with
distilled water
2 x 1.0 cm3 samples
removed for assay
(E 2 x 16 apices)

0.5 cm3 extract

Made up to 2.0 cm with
distilled water
2 x 1.0 cm samples
removed for assay
( 2 x 4 apices)

Awn elongation (stage 10)
Dry extract made up to
)l 25 cm3 with distilled
wate

200 apices extracted in
methanol then evaporated
to dryness in vacuo

1 x 1.0 cm3 sample
removed for assay
( 1 x 160 apices)

0.25 cm3 extract

Made up to 1.25 cm with
distilled water
1 x 1.0 cm3 sample
removed for assay
( 1 x 32 apices)

0.25 cm3 extract

Made up to 1.0 cm3
with distilled water
1 x 1.0 cm3 sample
removed for assay
( 1 x 8 apices)

"#\
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sterilised 4.0 cm

glass vial containing 50 p1 streptomycin solution

(10 mg/cm 3) and 1.0 cm

of standard or test gibberellin solution.

3 vials for each of the following concentrations were prepared
10

10- 5, l0, 5 x

and l0 2 pg/cm3 GA 3'

The weight of grain

added to each vial was calculated by subtracting the initial weight
of the glass vial and contents from its weight after the addition of
the grain.

The stoppered glass vials were placed on a coulter sample

mixer in a dark growth cabinet and shaken at 30°C for 24 hours, after
which they were removed and assayed for reducing sugar.

(d) Assay for reducing sugar (Moore, 1974)

(i) Preparation of reagents

Somogyl's alkaline copper reagent

24 g

anhydrous Na2CO3

12 g

NaK tartrate

16 g

NaHCO3

)

4 g

CuSO4.5H20

)

diluted to 1 litre with distilled water

)

Arseno-molybdate reagent
25 g ammonium molybdate ((NH4)6M070244H20)were dissolved in 450 cm
of water.
in 25 cm

21 cm

concentrated H2SO4 and 3 g Na 2RAsO4.7H20, dissolved

of water were added.

The solution was kept in a dark

incubator for 48 hours before use and stored in a stoppered, brown
bottle.
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(ii) Preparation of the standard curve for colorimetric analysis
using standard glucose solutions

1.0 cm

of each of the following glucose solutions were

pipetted into test-tubes : 0.05, 0.1, 0.15, 0.20, 0.25, 0.30 mg/cm3.
1.0 cm3 of Somogyi's reagent was added to each test-tube.

The tubes

were placed in a boiling water bath for exactly 10 minutes, removed
and cooled for a further 10 minutes in a cold water bath.

1.0 cm

of

arseno-molybdate reagent was added to each tube, the contents of which
were then diluted to a total volume of 10 cm

with water.

The

absorbance at 560 nm was read on an SP8-100 UV spectrophotometer
using the solution containing distilled water as the blank.

(iii) Analysis of the incubate filtrates for reducing sugar

0.5 cm

of the solution surrounding the endosperm halves was

removed and made up to 5.0 cm
shaken well and 1.0 cm

with distilled water.

This was

samples of each solution were assayed for

reducing sugar as described above.
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CHAPTER III

DEVELOPMENT OF THE IMAINSTEM APEX IN CLIPPER
AND PROCTOR BARLEY

INTRODUCTION
The aim of this preliminary experiment was to obtain detailed
information about the normal development of the mainstem apex in
Clipper and Proctor barley.

It was hoped from this to identify

features of apical development associated with the production of
large numbers of spikelets.

1.

The following measurements were made

The rate and duration of the period over which
leaves were initiated;
spikelets were initiated.

2.

The length of the apical dome.

3.

The rate of development of the most advanced spikelet.

4.

The rate of development of individual spikelets along
the spike.

The two cultivars were grown in controlled environmental
rooms maintained throughout at 20°C.

Fluorescent and

incandescent lights supplied 16 h photoperiods with
intensities of 200 ± 20 T.iEm 2sec 1 in the 400-700 nm wavelength range.

Daily harvests of six plants per cultivar

were performed from the fifth day until several days
after the cessation of spikelet initiation.
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RESULTS
The Rate and the Duration of Initiation of Primordia

(a) Leaf initiation

Dry grains of both Clipper and Proctor contain primordia of
4 leaves.

Mainstem leaf primordia continued to be initiated until

day 8 in Clipper and day 13 in the case of Proctor;

at these times

the primordium destined to become the collar had been initiated
(Table 3.1).

The number of foliar primordia produced is the

product of the rate of initiation, estimated by the plastochron,
and the duration of the period over which leaf primordia are initiated.
Q

The data (Figure 111.1) indicate that the foliar plastochron became
shorter with seedling age in Proctor.

For Clipper, only two foliar

primordia were initiated before the collar and any change in the
plastochron is difficult to identify.

The mean plastochron

(calculated from the time of planting to collar initiation) for
Proctor was about 0.46 primordia day, and for Clipper about 0.38
primordia day-

1, so it follows that the greater number of leaves in

Proctor was due to a longer period over which foliar primordia were
initiated.

(b) Spikelet initiation
Spikelet primordia were initiated at a steady rate throughout
and the rate of spikelet initiation was obtained from linear
regressions which showed high correlation coefficients (Table 3.1).
In Clipper, spikelet primordia were initiated at a rate of 2.9 dayover the short period from days 8 to 17 so that a total of 25 spikelets
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Table 3.1

The number of primordia initiated and the rate and
duration of spikelet initiation in Proctor and
Clipper barley

Total number of primordia initiated

Number of leaves

Proctor

Clipper

52.6

30.5

9

6

24.5 ±0.280

Number of spikelets

43.6 ±0.470

Time to collar formation (days)

13

8

Time to cessation of spikelet initiation

40

17

Duration of spikelet initiation (days)

26

9

Rate of spikelet initiation (obtained from

1.5

2.9

0.973

0.982

fitted linear regression)

Correlation coefficient of linear regression

Duration of fitted linear regression (days)

14-39

9-16

57
The time course for the increase in the number of

Figure III. 1.

prixnordia along the mainsteru apex of Proctor and
Clipper barley.
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were initiated.

In Proctor, spikelet primordia were produced at

a slower rate (1.5 day- 1) but because the period over which spikelets
were initiated was longer, from days 13 to 40, many more spikelets
(43.6) were initiated.

2.

The Length of the Apical Dome

Immediately prior to, and during the phase of spikelet initiation,
the length of the apical dome gradually increased to a maximum, after
which its length decreased to reach a new minimum at about the time
1.

that spikelet initiation ceased.

Subsequently, the length of the

apical dome again increased, without the further production of
Each of these stages differed between

primordia (Figure 111.2).
cul ti vars.

The first phase of dome elongation lasted until day 12 in Clipper
and day 18 in Proctor.

The maximum length reached by Clipper was

244 im and for Proctor 167 vim.

The plot of apical dome length

against primordium number per plant (Figure 111.3) shows that the
increase in the length of the dome per plastochron was constant and
linear regressions with high correlation coefficients were calculated
(Figure 111.3).

The increase in the length of the dome per plasto-

chron is given by the regression coefficient and this was 19.25 im
plastochron

for Clipper but only one third of this at 6.45 '.im

plastochron

for Proctor.

The initiation of the collar primordium

occurred when the apical dome was between 70-105 inn in length in
Clipper, compared to 70-140 im in Proctor (Figure 111.3).

Once maximum length was reached in Clipper, there followed a rapid
decline which was more or less linear with time, at a rate of 22 im day'
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Figure III. 2.

The change in. the length of the apical dome with time
in Proctor and Clipper barley.
For clarity of presentation confidence limits are omitted
from the figure and presented separately in Appendix II.
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Changes in the length of the apical dome in Proctor
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over six days.

In Proctor, the maximum length of the dome was maintained

for several days and this was followed by only a slow decline to a
minimum length after a further 28 plastochrons.

This minimum length

was attained some 26 days later than in Clipper but was similar in both
cultivars (110pm).

Considerable variation was found in the data for

Proctor (Figure 111.2).

In later experiments (eg, Figure IV.4), the

apical dome is shown more clearly to increase to a maximum length and
then to gradually decrease to reach a minimum length when spikelet
initiation ceased.
The third phase, involving the elongation of the apical dome in
the absence of primordial production occurred rapidly in Clipper and
was terminated on day 24 by the death of the dome and several of the
youngest spikelet primordia.

The elongation occurred at a slower

rate in Proctor and the death of the dome had not occurred by the end
of the experiment on day 51 (Figure 111.2).

In both cultivars, the

rate at which the apical dome elongated during this phase was similar
to that which occurred during the first phase of elongation.

3.

The Rate of Spikelet Development

(a) The development of the most advanced spikelet

The spike developed more rapidly in Clipper, as judged from the
developmental stage of the most advanced spikelet, measured on the
scale of Aspinall and Paleg (Table 2.2, Figure 111.4).

The time

from the first appearance of the double ridges to the first
appearance of the stamen initials was only 7 days in Clipper,
compared to 18 days in Proctor.
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Figure III. 4. The time taken for the most advanced spikelet of
Proctor and. Clipper barley to reach and complete
the various stages of development outlined. in
Table 2. 2.

Plant age (days)

A

= Proctor
= Clipper
= Cessation of initiation

M
Spikelet initiation ceased in both cultivars when stamen initials
had appeared in the most advanced spikelet although at this stage the
number of primordia which had been initiated by the two cultivars
was very different (Figure 111.4).

(b) The development of individual spikelets along the spike

The development of the spikelets at all positions along the ear
was followed throughout this experiment.

The time taken for each

spikelet primordium to complete each stage of development is illustrated
for Proctor in Figure III.5a and for Clipper in Figure III.5b.

The

development of the oldest spikelet primordium in Clipper and the oldest
3 in Proctor was slow and variable and these spikelets are not included
in the analysis.

Two phases of spikelet development were found.

The first lasted

throughout the period of spikelet initiation and was characterised by
a gradual increase in the rate of development between the oldest and
later-formed spikelets.

This was mainly due to a reduction in the

duration of developmental stages 4 and 7 in later-formed primordia
(Figure III.5a and b).

This trend was most marked in Proctor; the

time taken for the slowest and the fastest spikelet primordium to
progress from initiation to stage 10 differed by 18 days in Proctor
compared with 11 days in Clipper (Figure 111.6).

Also, the number

of spikelets involved in this trend was greater in Proctor; the rate
of development gradually increased in 28 successive spikelet primordia
in Proctor compared with only 10 primordia in Clipper (Figure 111.6).
Despite the greater acceleration along the spike in Proctor, the
fastest spikelet in this cultivar took 4 days longer to reach
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Figure III. 54. The time taken for each spikelet along the ear
to complete each stage of development in Proctor
barley grown in. 16 li days.
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Figure III. 5b.The time taken for each spikelet along the spike to
complete each stage of development in Clipper barley
grown in 16 h days
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developmental stage 10 than did that of Clipper (Figure 111.6).

This

was because all except the youngest two spikelets in Clipper developed
faster than the spikelets in Proctor which were at the equivalent
position along the spike, and took eleven to fifteen fewer days to
develop from initiation to stage 10 than the equivalent spikelets of
Proctor (Figure 111.6).
The second phase of spike development began after the cessation
of spikelet initiation, when there was a reduction in the rate of
development in those spikelets which had only recently or had not yet
initiated glumes (Figure III.5a and b).

Of these spikelets, those

which were least advanced at the end of the spikelet initiation phase
had the slowest rate of development (Figure III.5a and b).

These patterns of development had 3 major effects upon the spike

(a) The number of spikelets which were at the same stage of
development gradually increased with time (Figure 111.7).
This effect was more pronounced in Proctor in which a maximum
of 30 spikelets were at the same stage of development
compared with a maximum of only 16 in Clipper (Figure 111.7).
In Proctor, spikelets were able to compensate for a later
initiation of up to 19 days by developing faster.

In

Clipper, it was only possible for spikelets which had been
initiated up to 6 days later to catch up with the development
of the older spikelets.

This was because the second phase

in which the rate of development of the youngest spikelets
was reduced, began sooner in Clipper.

.M
ire III.7. The number of suikelet Drimordia aba; the sike
of Proctor and Clipper barley which are all at the
sane stae of development.
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(b) The most advanced spikelet was not one of the oldest, basal
spikelets nor was it the same spikelet which was most advanced
throughout development.

Early in the development of the

spike of both cultivars, the most advanced spikelet was
located near the base of the ear but later the stage of
development reached by this spikelet was overtaken by a
younger, more rapidly developing one.

As a result, the

most advanced spikelet became a later formed spikelet which,
as time progressed, was located at an ascending position
along the spike.

In Proctor, the position of the most

advanced spikelet gradually increased from the second
spikelet primordium on day 18 to the 18th primordium on
day 47.

In Clipper, the position of the most advanced

spikelet ascended from the third spikelet on day 10 to
the 12th on day 20.

The most advanced spikelet was located

slightly below the middle of the ear in both cultivars at
the end of the experiment (Figure 111.8).

(c) The first and last-initiated spikelets, at the extremeties
of the ear, lagged behind the spikelets located in the midpart of the ear in their development.

This was due to

their slower rates of development accentuated for the younger
spikelets by their late initiation.

As a result, the spike

was physically widest in the middle and tapered towards the
base and apex.

The tapering was more gradual in Proctor

than in Clipper due to the greater synchronization of
spikelet development in the former.
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Figure III. 8,,

The time course for the change in the position of
the most advanced spikelet along the shoot apex of
Proctor and Clipper barley.
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This experiment was designed to study apical development in
Clipper and Proctor barley in order to confirm that Proctor initiated
more spikelets than Clipper and to attempt to identify differences
in development which might be associated with the production of large
numbers of spikelets.

Proctor ultimately initiated more spikelets than Clipper and the
ways in which apical development differed between the two cultivars
are discussed below.

1.

Leaf Initiation

The average rate of leaf initiation was similar in both cultivars
but since in Proctor leaves were initiated over a longer period, more
leaves were ultimately produced than in Clipper.

Other comparisons

between cultivars have also indicated that large numbers of spikelets
are correlated with long periods of leaf initiation and large numbers
of leaves.

In an extensive study of 14 wheat cultivars, Wall and

Cartwright (1974) observed this correlation and Holmes (1973) found
that dwarf cultivars of wheat always initiated more leaves and more
spikelets than cultivars of standard height.

There is some confusion in the literature regarding the
definition of the vegetative phase.

In the present study, it is

taken to extend from the time of planting to the day on which the
collar is initiated.

Other workers (Rawson, 1970; Rahman and Wilson,

1977a and b) defined the length of the vegetative phase as the number
of days from planting to the first appearance of double ridges.

In
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Proctor grown in 16 hour days, double ridges first appeared seven days
later than collar initiation.

Rawson (1970) concluded that the

number of days between planting and double ridge formation was an
important determinant of spikelet number in cultivars of wheat which
showed a pronounced vernalization response whereas in another study
in which 8 wheat cultivars were studied, there was only a poor
correlation between the time taken to reach the double ridge stage
and the final number of spikelets initiated (Rahman and Wilson, 1977b).
When the same cultivars were studied in a range of light intensities,
the time to double ridge formation was found to be negatively correlated
with the number of spikelets (Rahman, Wilson and Aitken, 1977).

The evidence therefore indicates that the number of leaves and
the time to collar initiation are positively correlated with the final
number of spikelets but this is not invariably the case when the time
C

between germination and double ridge formation is considered.

2.

Spikelet Initiation

Proctor initiated spikelets at a slower rate than Clipper, but
over a much longer period so that the final number of spikelets was
considerably greater.

This correlation between slow rates of spikelet

initiation and large numbers of spikelets has also been observed by
other workers.

In an extensive study of apical development in ten

cultivars of barley, Aspinall (1966) found that in 16 hour days the
rate and the length of the period of spikelet initiation were usually
negatively correlated and cultivars which. exhibited a slow rate of
spikelet initiation ultimately initiated more spikelets than those
cultivars in which the rate of spikelet initiation was -siow..

The

only exception was Volla, a Bavarian barley which had a faster rate
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of initiation than many of the cultivars which initiated fewer
primordi a.
Similar correlations between the rate and length of the period of
spikelet initiation have been shown to exist in comparisons of wheat
cultivars.

Rawson (1971) and Rahman and Wilson (1977b) compared a

range of widely different wheat cultivars and concluded that differences
in final spikelet number could be related to the number of double
ridges present and floral initiation, the rate of spikelet initiation
and the duration of the spikelet producing phase.

Similarly, Holmes

(1973) found that the dwarf cultivar of wheat, Pitic, initiated
spikelets at almost half the rate but over a much longer period than
the tall wheat, Marquis, and ultimately initiated more spikelets than
the tall cultivar.

The evidence, therefore, indicates that cultivars

with slow rates of spikelet initiation initiate larger numbers of
spikelets due to an extended period of spikelet production.

3.

The Length of the Apical Dome

Changes in the lengths of the apical domes of Proctor and
Clipper followed a similar pattern to that described by Kirby (1977).
There were, however, large differences in their relative sizes at
the various stages of development.
It was not possible from the data obtained to determine whether
differences existed between the two cultivars in the lengths of their
apical domes at collar initiation.

Differences were found to exist

by Dale and Wilson (1979) who showed that at collar initiation, dome
volume in Proctor ranged between 700-900 im 3 x l0
800-120 i.im3 x 10

in Akka.

compared with

Unpublished results indicated that
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Akka ultimately initiated fewer spikelet primordia than Proctor.
Similarly, examination of the results of Kirby and Riggs (1978)
indicate that on the day when the collar was initiated, the average
apical dome length was 0.11 m, 0.15 mm and 0.18 mm in Proctor, an
F1 hybrid and Clermont respectively.
pikelets and Clermont the least.

Proctor initiated the most
The limited evidence available

in the literature, therefore indicates that the beginning of
spikelet initiation does not depend upon the attainment of a given
threshold volume in the dome and large apical dome sizes at collar
initiation may be negatively correlated with the number of spikelets
ultimately initiated.
In the present experiment, the rate of increase in dome length
was greater in Clipper.

Maximum dome length was larger, and was

reached earlier when fewer primordia had been initiated in Clipper
compared with Proctor.

Kirby and Riggs (1978) also found that

maximum dome length was greatest and was reached soonest in the
cultivar which ultimately initiated fewest spikelet primordia.

Dale and Wilson (1979) found that linear regressions with high
correlation coefficients could be fitted to plots of apical dome
volume against primordia number and this is confirmed here for
apical dome length data.

During the initial phase of enlargement,

the rate of initiation was increasing but later became constant.
During the time when the rate of initiation was constant, the
process of primordium production must have been eroding away the
tissue used for the maintenance of the apical dome, otherwise a
constant rate of initiation would have resulted in an exponential
rather than a linear increase in dome volume.
in greater detail in Chapter VIII.

This idea is explored
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The regression coefficient for the increase in dome length per
plastochron was greater in Clipper than in Proctor and as the rate of
spikelet initiation was also greater, the relative growth rate of the
apical dome at the beginning of the spikelet initiating phase must
have been faster in Clipper.
Having attained a maximum length, the apical dome in Clipper
declined in size more rapidly than did that of Proctor.

Kirby and

Riggs (1978) also found that the apical dome in the cultivar which
initiated fewest spikelet primordia declined in length most rapidly.
Both Proctor and Clipper attained a rrf mum dome length of 100-110

'rim,

which suggests that this may represent a minimum length below which
spikelet initiation can no longer proceed.

These results are

consistent with those of Kirby and Riggs (1978) who found that spikelet
initiation ceased in the three barleys which they studied when the
length of the apical dome was between 115-125 tim.

After the cessation of spikelet initiation, the apical dome
elongated at a rate which was similar to that in the initial phase
of dome elongation which began slightly before collar initiation.
Since this second phase of elongation occurred in the absence of
primordial productions the growth rate of the dome must have declined
between the first and second phases of elongation.

4.

The Rate of Spikelet Development
Spikelet development was slower in Proctor than in Clipper.

Slow rates of spikelet development tended to be associated with
large numbers of spikelets in the 10 cultivarS of barley which
Aspinall (1966) studied in 16 hour days.

This was not invariably
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the case, however, so the rate of spikelet development in itself is
unlikely to be a major determinant of the final number of spikelets
initiated.
Spikelet initiation stopped in both cultivars when the stamen
initials were visible as three distinct mounds in the most advanced
spikelet.

This correlation was first described in barley cv. Prior

by Nicholls and May (1963) and has since been found in several other
cultivars (Nicholls, 1974a).

It is not known, however, whether the

appearance of stamen initials and the cessation of spikelet initiation
are causally related.

It is conceivable that at this time, spikelet

primordia exert an inhibitory effect on the process of spikelet
initiation, possibly by competing with the apical dome for assimilates
or by the production of an inhibitor.

Whatever the nature of the

change which occurs at the time when spikelet initiation ceases, it
also influences the development of the youngest spikelet primordia.
Until the cessation of spikelet initiation, there is a trend towards
the acceleration of spikelet development along the spike and
immediately after the cessation of initiation, this trend is reversed
and the rate of development of the younger spikelets is slowed.
This suggests that there is an abrupt change either in the level of
assimilates or inhibitors at the tip of the shoot apex when spikelet
initiation ceases and does not argue for a gradual build up of
el

assimilate competition in the shoot apex which cu14-niates with the
cessation of initiation.
To summarize, large numbers of spikelets are initiated when the
vegetative and spikelet initiating phases are prolonged, when spikelet
development and initiation occur slowly and when the length of the
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apical dome changes gradually.

The observations and correlations

made between the two cultivars in this experiment were the foundation
of a further experiment in which Clipper and Proctor were grown in
a range of environmental conditions.

KFQ

CHAPTER IV THE EFFECTS OFLIGHT UPON THE DEVELOPMENT
OF THE MAINSTEM APEX

INTRODUCTION
The results of Chapter III indicated that differences between
cultivars in the final number of spikelets were associated with the
following characters

leaf number; the duration of the vegetative

phase; the change in length of the apical dome; the length of the
period over which spikelets were initiated and the rate at which
spikelets developed.

The aim of the experiments now described was

to extend the earlier findings and to determine the effect of a
variety of different light environments on the growth of the shoot
apex.

Some of the effects of light upon the development of-the

mainstem apex have already been discussed in Chater I (pp ii)

Two sets of experiments were performed to examine

the effects of daylength using fluorescent and incandescent
light throughout; and
the effects of daylength extensions with incandescent light
alone.

(A) THE EFFECT OF VARYING THE DAYLENGTH WITH FLUORESCENT AND
INCANDESCENT LIGHT UPON THE DEVELOPMENT OF THE MAINSTEM
APEX OF CLIPPER AND PROCTOR BARLEY

These experiments were designed to extend the work of Dale and
Wilson (1979) in which the effect of photoperiod upon the development
of the niainstem apex of Clipper and Proctor barley was explored between
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germination and two weeks after planting.

The experiment described

here was designed to follow apical development from germination to the
time when spikelet initiation ceased.
Plants were grown at a constant temperature of 200 C and
subjected to daylengths of 8, 16 and 24 hours.

Fluorescent

and incandescent lights were used to give an intensity of
350 ±20 iiEm 2 sec- 1 throughout the photoperiod.

Six plants

were harvested daily in 24 h days, every alternate day in
16 h days and every 3-5 days in 8 h days.

RESULTS
The Rate and Duration of the Initiation of Primordia
(a) Leaf initiation
The average rate of initiation of foliar primordia was calculated
as the number of days from planting to collar initiation divided by
the number of primordia present at collar initiation, less the four
primordia known to be present in the dry grain.

There were

insufficient data to determine whether the rate of foliar initiation
changed between planting and collar initiation butA average rate of
leaf initiation was slightly less in Clipper than in Proctor
(Table 4.1).

Differences in leaf number were however,iargelY due

to the interval between planting and collar initiation rather than
to the rates of foliar initiation (Table 4.1).

Proctor always

initiated more leaves than Clipper in any given daylength.

The

time between planting and collar initiation was greatest in short
days and consequently most leaves were initiated in 8 h days
(Table 4.1).
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Table 4.1

The number and average rate and duration of production of
foliar primordia in Proctor and Clipper barley grown in
8, 16 and 24 h days

Time to collar
initiation
(days)

Average rate of
initiation of
foliar primordi
)
(primordia day

Daylength
(hours)

Number of leaves

Proctor

24

8

11

0.45

Ploctor

16

9

13

0.46

Proctor

8

11

18

0.44

Clipper

24

6

7

0.42

Clipper

16

6

9

0.33

Clipper

8

10

17

0.41

Cultivar

(b) Spikelet initiation

Daylength had a greater effect upon the number of spikelets
initiated by Clipper than by Proctor.

In Clipper, the final number

of spikelets which were initiated varied by as much as 83% between
daylength conditions compared with a difference of only 27% in Proctor.
Clipper initiated most spikelets (32) in 8 h days and fewest (17.5)
in 24 h photoperiods whereas the largest number of spikelets (38)
were initiated by Proctor in 16 h days with the lowest number (30)
being initiated in 8 h photoperiods (Figure IV.l a and b).

The final number of spikelets is the product of the average rate
of spikelet production and the duration of the initiation period.
The rate, ie, the number of spikelet primordia initiated per day was
obtained from the regression coefficients fitted to the data for
spikelet number against time, as described in Chapter II.

In all

the treatments described in this section, with the sole exception of
Proctor grown in 8 h days, the rate of initiation continued at a
steady rate throughout the period of spikelet production and linear
regressions with high correlation coefficients could be fitted to
these data (Table 4.2).

The rate of spikelet initiation of Proctor

grown in 8 h days declined after day 33 and two linear regressions
were therefore fitted to these data, one between days 15 and 33, and
the other between days 33 and 54.

When plants are grown for long

periods, they tend gradually to become out of phase with each other.
As a result of this tendency, the variability in the number of
spikelets initiated by a sample of plants increases with time and
this is probably why the correlation coefficient for the linear
regression fitted between days 33 and 54 was lower than that of the
others (Table 4.2).

Figure IV. 1 •

The time course for the increase in the number of
primordia initiated by the mainstem apex of Proctor
and Clipper barley grown in 8, 16 and 24 h days.
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Table 4.2

The rate and duration of spikelet initiation and the final number of spikelets initiated by
Proctor and Clipper grown in 8, 16 and 24 h days

Average rate of
Duration of the
spikelet initiation
period of
obtained from
spikelet
linear regression
initiation
(spikelets day -1)
(days)

Duration of the
fitted linear
regression for
spikelet number
v plant age
(days)

Correlation coefficient for
the linear
regression of
spikelet number
V plant age

Cultivar

Daylerigth
(hours)

Average final
number of
spikelets

Proctor

24

34.4 + 0.86

14

2.6

12 - 24

0.959

Proctor

16

38.4 ± 0.80

23

1.6

14 - 36

0.982

Proctor

8

30.4 ± 0.87

42

( 1.4

15 - 33

0.981

( 0.3
(
( 0.8

33 - 54

0.629

15 - 54

0.962

Clipper

24

17.2 ± 0.37

7

2.6

7 - 13

0.962

Clipper

16

25.5 ± 0.64

8

3.3

9 - 16

0.983

Clipper

8

32.2 ± 1.09

27

1.2

18 - 43

0.968

In 8 h and 16 h days, the rate of spikelet initiation was faster in
Clipper than in Proctor.

The rate of spikelet initiation was more

sensitive to photoperiod in Clipper than in Proctor as the difference
in the rate of initiation between 8 and 16 h days was almost threefold
in Clipper compared with only twofold in Proctor (Table 4.2).

In

24 h days, the rate of initiation was similar in both cultivars
because Clipper initiated spikelets at a slightly slower rate in 24
compared with 16 h days whereas Proctor produced spikelets at a faster
rate in continuous light than in 16 h days (Table 4.2).

The other component of final spikelet number, the length of the
initiation period, was taken as the number of days between collar
initiation and the cessation of spikelet initiation (as described in
Chapter II).

The period of spikelet initiation was longest in 8 h

days and shortest in 24 h photoperiods and spikelets were always
initiated over a longer period in Proctor than in Clipper (Table 4.2).

Slow rates of spikelet initiation tended to be more than compensated
for by extended periods of spikelet production so that in four out of
the six treatments, the rate of initiation was inversely correlated
with the final number of spikelets (Figure IV.2).

This correlation

did not occur in Proctor in 8 h days and Clipper in 24 h photoperiods.
Proctor initiated spikelets at a slower rate in 8 h than in 16 h days,
but ultimately initiated fewer spikelets because the period over which
spikelets were initiated was not extended sufficiently to compensate
for the slower rate of initiation.

Similarly, Clipper initiated

fewer spikelets in 24 h than in 16 h days despite a slower rate of
initiation, because the length of the spikelet initiation phase was
shorter in continuous light conditions.

The relationship between the rate of spikelet initiation

igare IV. 2a.

and the duration of the spikelet initiating phase.
Figure IV. 2b. The relationship between the final number of spikelets
and the duration of the spikelet initiating phase.
The relationship between the final number of spikelets

Figure IV. 2c.
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In all the treatments, except for the two mentioned above, final
spikelet number was also correlated with the number of leaves initiated
and the length of the vegetative phase (Figure IV.3).

Proctor grown

in 8 h days was again an exception in that it initiated more leaves
and had a longer vegetative phase than in 16 h days but ultimately
initiated fewer spikelets.

Similarly, Clipper in 24 h days initiated

the same number of leaves as in 16 h days but ultimately initiated
fewer spikelets.

2.

The Length of the Apical Dome

Changes in the length of the apical dome followed a similar
pattern to that found in the previous experiment (Figure IV.4 a and b).

The first phase of elongation began before collar initiation and
continued until the shoot apex was at the double ridge stage of
development (Figure IV.4 a and b).

There was no way of determining

the time of collar initiation without dissecting the plant and
consequently only a few plants happened to have just initiated the
collar primordium when they were dissected and no plant of Proctor in
8 h days was at this stage when it was harvested.

It is not possible,

therefore, from the limited data available, to determine whether the
size of the apical dome at collar initiation varied with daylength
and cultivar (Table 4.3).

The maximum length of the apical dome was greater and was always
reached earlier in Clipper than in Proctor (Table 4.4).

Maximum

dome length increased with daylength in Proctor whereas in Clipper
the apical dome attained a greatest length in 16 h days and this was
slightly shorter in 24 h photoperiods (Table 4.4).

Figure IV. 3. The relationship between the final number of spikelets
initiated by Proctor and Clipper barleys and a) the
number of leaves initiated before the collar and b) the
duration of the vegetative phase.
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Figure IV. 4. The time course for the change in the length of the
apical domes of Proctor and Clipper barley grown in
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Table 4.3

The length of the apical dome at the time of collar
initiation in Proctor and Clipper barley grown in
8, 16 and 24 h days

Length of the apical dome (im)

Cultivar

Smallest

Largest

Mean

24

-

-

97 *

16

-

-

105*

24

70

100

107.5

16

80

90

85.0

8

90

125

87.5

Daylength
(hours)

Proctor

8

Clipper

* Only one plant at the collar initiation stage when harvested

Table 4.4

The rate of elongation of the apical dome and the duration of the elongation phase for Proctor
and Clipper barley grown in 8, 16 and 24 h days

Cul tivar

Daylength
(hours)

Average maximum
dome length
(pm)

Time to maximum
dome length
(days)

Number of primordia
initiated when
maximum dome length
was reached

Average rate of
increase in
the length of the
dome -1
(pm day
)

Proctor

24

195 ± 12.85

16

16

15

Proctor

16

170 ± 24.70

20

15

9
S

Proctor

8

150 ± 28.67

25

21

5

Clipper

24

120 ± 45.38

10

13

35

Clipper

16

230 ± 11.33

14

16

24

Clipper

8

160 ± 26.15

24

18

6.5
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The maximum length reached by the apical dome is determined by
two factors : the duration of the period over which the apical dome
elongates, and the rate at which elongation occurs.

These two

factors can be expressed both in terms of time and plastochrons.

When considered on a time scale, the number of days spent in the
first phase of elongation was greatest in 8 h and least in 24 h days
(Table 4.4).

This phase always lasted longer in Proctor than in

Clipper (Table 4.4).

The rate at which the dome elongated was faster

in the longer daylengths although this elongation rate was influenced
to a greater extent by daylength in Clipper than in Proctor.

In

Clipper, the rate of dome elongation was more than five times faster
in 24 h compared with 8 h days whereas in Proctor, there was only a
threefold difference in the rate of elongation between the two daylengths (Table 4.4).

As the rate of spikelet initiation was also faster in the longer
daylengths, the growth rate of the apical dome during this initial
phase of elongation must have been considerably faster in 24 h than
8 h photoperiods.
Apical dome elongation was also considered on a per plastochron
basis.

More primordia had been initiated when the apical dome

reached a maximum length in 8 h than in the longer daylengths
(Table 4.4).

The rate of increase in the length of the apical dome

per plastochron was obtained from regression coefficients of linear
regressions fitted to the data for apical dome length against time
(Figure IV.5).

The apical dome of Clipper elongated at a faster

rate per plastochron than that of Proctor (Figure IV.5).

There was

a large effect of daylength, with the increase in dome length being
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Figure IV. 5. Changes in the length of the apical dome with
increasing number of primordia in Proctor and.
Clipper barley grown in 8, 16 and. 24 h days.
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almost three times greater in 24 h than in 16 h days.

There was a

tendency for rapid rates of spikelet initiation to be associated with
large increases in dome length per plastochron.
Some time after the apical dome had elongated to a maximum, its
length began to decrease. This continued until a minimum length was
reached at about the time that spikelet initiation ceased (Figure IV.4
a and b). The duration of the period over which the length of the apical
dome declined was more than four times greater in 8 h compared with 24 h
days and always lasted for more than twice the number of days in Proctor
than in Clipper (Table 4.5). Up to tenfold differences were found in
the rates of decrease in dome length per day when Clipper was grown in
the various daylengths. The decrease in the length of the apical dome
per day was greatest in continuous light conditions and least in 8 h
days and for any given daylength the decrease in dome length per day was
larger in Clipper than in Proctor (Table 4.5). When viewed on a per
plastochron rather than a per day basis, the effects of daylength upon
the rate of decrease in dome length were small in Proctor whereas in
Clipper sixfold differences were found to exist in the rates of decrease
in dome length in 8 h and 24 h days.
At the outset, it was thought that conditions in which changes in
the size of the dome occurred slowly might result in large numbers of
spikelets. Figure IV.6 illustrates the relationship between various
features of apical dome development and final spikelet number. In
general, large maximum dome lengths and rapid rates of increase and
subsequent decrease in dome size were negatively associated with final
spikelet number. There were, however, always exceptions to these
correlations and the development of the apical dome did not appear
to be the major determinant of final spikelet number.

Table 4.5

The effect of daylength upon the parameters defining the decrease in apical dome length in Proctor and
Clipper barley grown in 8, 16 and 24 h days

Number of days
between attainment of maximum
and minimum
dome lengths

Number of
plastochrons
between attainment of maximum
and minimum
dome lengths

Average rate
of decrease
in dome
length per
day

Average rate
of decrease
in dome
length per
plastochron

Daylength

Minimum dome
length

Difference between
maximum and minimum
dome lengths

hours

pm

pm

days

plastochrons

24

130 ± 70.3

65

10

22

6.5

2.0

Proctor

16

110 ± 11.0

60

20

27

3.0

2.2

Proctor

8

80 ± 34.7

70

44

20

1.6

3.5

Proctor

24

90 ± 35.8

120

4

9

30.0

13.3

Clipper

16

125 ± 34.9

105

4

8

26.3

13.1

Clipper

8

110 ± 16.8

50

19

22

2.6

2.3

Clipper

Cultivar

pm day

pm
-1
plastochron

95

Figure IV. 6. The relationship between the final number of spikelets
initiated and various features of apical dome
development in plants of Proctor and Clipper barley
grown in 8, 16 and 24 h days
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(c) The rate of spikelet development
The rate of spikelet development was estimated by applying the
scale of development outlined in Table 2.2 to the most advanced
spikelet along each spike.

Spikelet development was always faster

in Clipper than in Proctor (Figure IV.7).

The most rapid rate of

spikelet development always occurred in the 24 h photoperiods due to
a reduction in the duration of developmental stages 1, 4, 7, 9 and 10
(Figure IV.7).

In Proctor, there was a similar difference between

the rates of spikelet development of plants grown in 8 and 16 h days
and 16 and 24 h days whereas in Clipper, spikelet development showed
a greater response to increases in the daylength from 8 to 16 h than
from 16 to 24 h (Figure IV.7).
One feature of development which occurred with unvarying
regularity was the cessation of spikelet initiation when stamen
initials were visible as three distinct mounds in the most advanced
spikelet, ie, developmental stage 9 (Figure IV.7).

The final number

of spikelets initiated was therefore dependent on the number of
spikelets which could be produced before developmental stage 9 was
reached.

The rate of spikelet initiation and the time taken to reach

developmental stage 9 are therefore important parameters.

In order

to examine how these parameters affected final spikelet number, the
relationship between this and the rates of spikelet initiation and
development were examined.

Final spikelet number was correlated

with the rate of spikelet initiation in only 4 out of the 6 treatments
(Figure IV.8a).

The exceptions were Clipper grown in 24 h which

initiated spikelets at a slower rate than in 16 h days but ultimately
initiated fewer spikelets.

Similarly, Proctor initiated spikelets
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at a slower rate in 8 h than in 16 h days but in the end initiated
fewer spikelets (Figure IV8a).

The rate of spikelet initiation

was not itself the major determinant of final spikelet number.

Slow rates of spikelet development tended to be correlated with
the initiation of many spikelets, although once again this was not
invariabily the case(Figure IV.8b).

The rate of spikelet development

was slower for Proctor in 8 h than in 16 h days but the final number of
spikelets was also less in the shorter photoperiod (Figure IV.8b).
The rate of spikelet development, like the rate of spikelet initiation,
was not, therefore, the major determinant of final spikelet number.
It must therefore be the relationship between the rates of spikelet
initiation and spikelet development, rather than the two rates in
isolation, which determine the final number of spikelets.

The

relationship between spikelet initiation and development is shown for
the 6 treatments in Figure IV.9 where the number of spikelets initiated
when the most advanced spikelet was at the indicated developmental
stage is plotted.

When spikelet initiation is slow in relation to

spikelet development, it can be seen that only a small number of
spikelets can be initiated before developmental stage 9 is reached.
Although daylength tended to influence the rates of spikelet initiation
and development in a similar direction, it can be seen from Figure IV.9
that the two rates were not equally sensitive to photoperiod.

With

the single exception of Proctor grown in 8 h days, the rate of spikelet
development was relatively more sensitive than the rate of spikelet
initiation to daylength and consequently the rate of spikelet development was promoted more than the rate of spikelet initiation by long
days.

As a result, fewer spikelets were present at each developmental

stage in long compared with short days.

The relationship between
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Figure IV. 9. The average number of spi.kelets initiated when the
most advanced spikelet is at the various stages of
development in a. Proctor and b. Clipper grown in
8, 16 and 24 h days.
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spikelet initiation and development was more sensitive to daylength
in Clipper than in Proctor and this resulted in a greater difference
in the number of spikelets initiated by Clipper than by Proctor when
the most advanced spikelet was at each specified developmental stage
in the three daylengths (Figure IV.9).
To summarize, therefore, initiation ceased when developmental
stage 9 was reached by the most advanced spikelet.

Therefore, for

maximum numbers of spikelets to be produced, initiation rate has to
be high in relation to the rate of spikelet development.

(B) THE EFFECT OF EXTENDING THE PHOTOPERIOD WITH INCANDESCENT LIGHT

Introduction
The previous experiment indicated that apical development in
barley was sensitive to the daylength in which the plants were grown,
but it was not possible from the results to separate the effects of
the duration of the photoperiod and the total amount of light received,
since high intensity light was given throughout.

The aim of the

experiment now described, therefore was to distinguish between the
effects upon the development of the shoot apex of these two
characteristics of the light source.

In this experiment, an 8 h day

of fluorescent and incandescent light was extended with 8 h low
intensity incandescent light alone.

As the light intensity supplied

by the incandescent lamps was only 10 jjEm

2
sec 1 , compared with the

350 ± 20 iiETTi 2sec 1 of the fluorescent lights, the incandescent lamps
were not expected to have a significant effect upon the amount of
photosynthetically active radiation (PAR) incident upon the plants.
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Incandescent lamps are however rich sources of far red light; the
ratio of red : far red light supplied by incandescent lamps is 0.7
compared with a ratio of 9.4 for the light from fluorescent lights
(Friend et al., 1967).

Apical development is known to be faster in

conditions where the ratio of red : far red light is low rather
than high, and it has been shown that low intensities of light rich
in far red light are sufficient to influence apical development
(Paleg and Aspinall, 1964).

If, therefore, the rate of apical

development is influenced by the duration of the light period rather
than the daily PAR, the apical development should proceed at a similar
rate in plants grown in 16 h fluorescent and incandescent light as
those in 8 h fluorescent and incandescent light extended with 8 h
incandescent lamps.
There is some evidence in the literature to indicate that apical
development in wheat is sensitive to the time at which the extension
with incandescent light is given,

(Friend et al., 1967) and this

possibility was investigated in barley by supplying the extension with
incandescent light either before or after the 8 h high light intensity
period.
The effects of the following four light regimes upon various
parameters of apical development were compared

16 h high intensity fluorescent and incandescent light followed
by 8 h darkness (16H).
8 h high intensity fluorescent and incandescent light followed
by 8 h low intensity incandescent light alone and then 8 h
darkness (8H 8L).
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8 h low intensity incandescent light alone followed by 8 h high
intensity fluorescent and incandescent light then 8 h darkness
(8L 81-1).
8 h high intensity fluorescent and incandescent light followed
by 16 h darkness (8H).

To make the discussion of the results simpler, each light regime
is referred to in its abbreviated form, presented above in parentheses.

As the development of the mainstem apex appeared to be more
sensitive to light and daylength in Clipper, only this cultivar was
used in this experiment.

The effects of the 8H light regime were

presented in detail in the previous section and they are therefore
only summarized in this section.

Results

1.

The Rate and Duration of Initiation of Primordia

The collar was initiated on day 8 or 9 when a total of six leaves
had been initiated in all three 16 h light regimes (Table 4.6 a and b).
The total number of spikelets was greatest in 8H and least in 8HSLwith
a similar number of spikelets being initiated in 16H and 8L 8H
(Table 4.6a).

Mean rates of leaf initiation varied little, from 0.33

to 0.40 foliar primordia day

and were between 1/3 and 1/2 that of

spikelet primordia derived from the regression lines (Table 4.6c,
Figure IV.lOd).

The average rate of spikelet initiation was

greatest in 16H, only slightly less in 8H 8L and considerably less in
8L SH (Table 4.6c, Figure IV.lO).

The duration of the spikelet

initiating phase also differed between the three 16 h light regimes,
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Table 4.6

The final number of leaves and spikelets produced and the
rate and duration of foliar and spikelet initiation in
Clipper barley grown in 16H, 8H 8L, 8L 8H and 8H light
regimes

Treatment

Total number of primordia

Number of leaves

Number of spikelets

16H

31.5 ± 0.61

6

25.5 ± 0.64

8H 8L

23.3 ± 0.48

6

17.3 ± 0.48

8L 8H

31.0 ± 0.44

6

25.0 ± 0.44

8H

42.2 ± 1.09

10

32.2 ± 1.09

Table 4.6b
Treatment

Time to collar
initiation
(days)

Time to cessation
of initiation
(days)

Duration of spikelet
initiation
(days)

16H

9

17

8

8H 8L

8

15

7

8L 8H

8

19

11

17

44

27

8H

Table 4.6c
Treatment

Mean rateof leaf
initiation

-1
(day )

-1
(day )

The time span for
the linear
regression of
spikelet number
against time
(days)

Mean rate of
spikelet
initiation

Correlation
coefficient
of the
linear
regression

16H

0.33

3.3

9-16

0.983

8H 8L

0.40

3.0

9-14

0.957

8L 8N

0.35

2.3

9-19

0.962

8H

0.41

1.2

18-43

0.968
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Figure IV. 10. The time course for the increase in the number of
primord.ia initiated, by the ma.instem apex of Clipper
barley grown in 16H, 8H 8L and 3L 8E light regimes.
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being 7 days in 8H 8L, a day longer in 16H and a further three days
in 8L 8H (Table 4.6b).

There was no clear association between slow rates of spikelet
initiation and large numbers of spikelets.

For example, in 8H 8L,

the rate of spikelet initiation was slower but the final spikelet
number was less than in 16H.

Similarly, the rate of spikelet

initiation was considerably slower in 8L 8R than in 16H but the same
number of spikelets were initiated in both conditions.

Nor was there any relationship between the final number of
spikelets and the number of leaves or the time taken to collar
initiation.

For example, the same number of leaves was produced

by plants in 16H and 8H 8L but the final number of spikelets was
different.

2. The Length of the Apical Dome

The mean maximum dome length, reached at the end of the first
phase of elongation, did not differ significantly between the three
treatments, being largest (230 pm) in 16H and smallest (200 pm) in
8L SH (Figure IV.11).

This stage was reached soonest, when fewest

primordia had been initiated in 8H 8L, and latest in 16H (Table 4.7).
The initial increase and the sub3equent decrease in dome length also
occurred most rapidly in 8H 8L and was slowest in 16H (Figure IV.11
and 12, Table 4.7 and 4.8).

The minimum length attained by the dome

did not differ significantly between the three light regimes, being
largest (125 pm) in 16H and smallest (110 pm) in 8L 8H (Table 4.8).
Following the attainment of this minimum length, the apical dome
extended at a slower rate than during the initial phase of elongation,
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Figure IV. 11.

The change in the length of the apical dome with
time in plants grown in 16H, SH 8L and. 8L 8L light
regimes.
For clarity of presentation confidence limits are
omitted from the figure and presented separately in
Appendix II.
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Figure IV.12.

Changes in the length of the apical dome with increasing
prizordium number in Clipper barley grown in 16H,
8H 8L and 8L 3d light regimes.
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Table 4.7

The rate of elongation of the apical dome and the duration of the elongation phase in Clipper barley
grown in 16H, 8F1 8L and 8L 8H light regimes

Daylength

Mean length of
apical dome
at collar
initiation

Mean maximum
length of
apical dome

Time to maximum
length of
apical dome

(Pm)

(pm)

(days)

Number of primordia
initiated when
apical dome was at
maximum length

Rate of increase
in length of
apical dome
(from fitted
linear regression)

Correlatio
coefficien
of linear
regresslo

(pm plastochron 1 )

16H

80

230 ± 11.33

14

16

14.4

0.850

8H 8L

71

215 ± 18.38

11

13

27.4

0.914

8L 8H

66

200 + 20.19

12

14

18.2

0.932

Table 4.8

The parameters defining the decrease in the length of the apical dome in Proctor and Clipper barley grown
in 16H, 8H 8L and 8L 8H light regimes

Daylength

Maximum
dome length

Minimum
dome length

Difference between
maximum and minimum
dome length

Time to maximum
dome length

Time to minimum
dome length

Time between
maximum and
minimum
dome length

(pm)

(pm)

(pm)

(days)

(days)

(days)

Mean rate of
decrease in
dome length
(pm day-

230

125 ± 34.9

105

14

18

4

26.3

16H

215

105 ± 17.8

110

11

15

4

27.5

8H 8L

200

110 ± 12.3

90

12

20

8

11.25

8L 8H

which occurred when spikelets were still being initiated.

Death of

the apical dome occurred on day 21 in 8H 8L, three days later in 16H
and on day 28 in 8L 8H.
In general, slow rates of increase in dome length were found in
those treatments which resulted in large numbers of spikelets, eg,
the rate of dome elongation per day was fastest and the final number
of spikelets was least in 8L 8K.

No consistent relationship existed

between final spikelet number and maximum dome length, minimum dome
length or the rate of decrease in dome length per day.

3. The Rate of Development of Spikelets

(a) The rate of development of the most advanced spikelet

As judged by the development of the most advanced spikelet, the
fastest rate of spike development occurred in 8K 8L which took 1 day
less to reach developmental stage 9 than 16K, and 2 days less than in
the 8L 8H conditions (Figure IV.13).

It should be noted that two

days can be equivalent to 20% of the duration of the spikelet
initiation phase in which up to six spikelets may be initiated.

As found earlier, spikelet initiation stopped after the
appearance of stamen initials, when the most advanced spikelet was
at stage 8 or 9 (Figure IV.13).
In 16H and 8L 8K, similar numbers of spikelets were initiated by
the time of stamen initiation so that the general relationship
between rates of spikelet initiation and development was similar even
though the individual rates differed between the treatments
(Figure IV.14).

Fewer spikelets were ultimately initiated in the
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Figure IV. 13. The time taken for the most advanced spikelet to reach
and. complete the various stages of development in
Clipper barley gown in 16H. 8E 8L am3. EL 8E lit
regimes.
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Figure IV. 14. The average number of primordia initiated when the
most advanced spikelet is at various stages of
development in Clipper barley grown in 16H, 8H 8L
and 8L SE light regimes.
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8H 8L light regime because development was relatively faster than
initiation so that less spikelets could be initiated before stamen
initials appeared (Figure IV-14).

(b) The development of individual spikelets along the spike

There was a trend, throughout the spikelet initiating phase, for
the later formed spikelets to develop faster than those initiated
earlier (Figure IV.15).

As a result of their faster development,

many of the younger spikelets were able to compensate for their later
initiation.

This was most evident in 16H where 63% of all the

spikelets were at developmental stage 10 at the same time compared
with only 44% in 8H 8L (Figure IV.15).

For any given spikelet,

during the initiation phase, development in 16H was faster than in
8L 8H but slower than in 8H 8L; this can be clearly seen when the
time from initiation to developmental stage 10 is measured for each
spikelet along the spike (Figure IV.16).
A second phase of spikelet development began after the cessation
of spikelet initiation when the development of the younger spikelets
became extended.

In 16H and 81-I 8L, the rate of development of all

the spikelets which were at or below the glume initials stage when
initiation stopped was reduced.

In the BL 8H treatment the rate of

development of some spikelets which were at the stamen initial stage
was also reduced (Figure IV.15).
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Figure IV. 15 (overleaf) The time taken for each spikelet along
the ear to complete each stage of development in
Clipper barley grown in 16H, 8H 8L and 81, 8H light
regimes.

Throughout the sampling period the later formed spikelets
in Section a, of the ear developed faster than those
initiated, earlier.
In the spikelets located in Section b. of the ear the
above trend only continued until the cessation of initiation,
after which the later formed spikelets took longer to develop
than those initiated earlier.
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The nurnber of days taken for each spikelet along

gre IV. 16.

the srike to reach developmental stage 10 in
CliDDer barley grown in 16H, 8H 8L and SL 8H light
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Discussion to Chapter IV

1. The Photosynthetic and the Photoperiodic Effects of Daylength

Extending an 8 h photoperiod with incandescent light alone rather
than in conjunction with fluorescent light alters the characteristics
of the light source because

the amount of PAR incident upon the plants each day is reduced;

the ratio of red

far red light during the extension is

reduced as incandescent light is a much richer source of
far red light than is fluorescent light.

Three lines of evidence support the idea that the amount of PAR
is not the major factor controlling apical development.

The first,

from the results of experiment IVB, is that plants grown in 8H, 8H 8L
and 8L 8H received identical daily exposures of PAR but showed very
different rates of spikelet initiation and development.

The second,

also from experiment IVB, is that the rate of spikelet initiation
was similar and the rate of spikelet development was even slightly
faster in 8H 8L than than in 16H, despite the fact that plants in
the former treatment received only half the amount of PAR incident
each day upon those in 16H.
The third line of evidence for the suggestion that it is the
photoperiod rather than the amount of PAR which is important comes
from comparison of results in Chapter III and IVA.

The conditions in

which these plants were grown were identical except that in the
former light intensity was 200 ± 20 iiErff 2sec-and in the other it
2
1
was 350 ± 20 iiEmsec.

The results showed that increasing the
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light intensity by more than 50% had little effect on the final number
of spikelets initiated, as the slight increase in the rate of initiation
was completely offset by the small reduction in the duration of
initiation (Table 4.9).

The effect of light intensity on spikelet

development was equally small and the most advanced spikelet reached
stage 10 only one day earlier in the higher light intensity.

These

results confirm those of Aspinall and Paleg (1964) in which the rate
of spikelet initiation was only slightly promoted when the intensity
of the fluorescent light source alone was increased.

These results therefore suggest that the effects of daylength on
apical development in Clipper, and by extrapolation in Proctor, are
mediated primarily through photoperiodically controlled processes
rather than through photosynthesis.

2. The Nature of the Photoperiodic Stimulus

In general, plants grown in long as opposed to short days progressed
more rapidly from the vegetative to the reproductive phase of development.
As indicated previously, this was probably through an effect on a photoperiodically controlled process, or processes, the product, or products,
of which accelerate the progression towards flowering.

There are at

least three possible ways in which this may occur

A

Promotes progress from
Conversion slow in short days
- B—vegetative to reproductive
phase of development
but rapid in long days

Promotes progress from
Conversion slow in long days
-B---vegetative to reproductive
A—
phase of development
and short days
Rapid production via
an alternative pathway
in long days
C7
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Table 4.9

The number of leaves and spikelets produced, the rate and
duration of initiation of foliar and spikelet primordia
and the rate of development of the most advanced spikelet
of Clipper barley grown in high and low light intensity
growth rooms.

Total number of primordia initiated

Number of leaves

Number of spikelets

High light

Low light

intensity

intensity

31.5

30.5

6

25.5 ± 0.64

24.5 ± 0.28

Duration of spikelet initiation (days)

8

9

Rate of spikelet initiation (days-

2.3

2.9

0.983

0.982

(from fitted linear regression)

Correlation coefficient of linear regression
for increase in spikelet number with time

Days to developmental stage 10

18

19
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Conversion slow in long
(c) A
and short days

Promotes progress from
,B—vegetative to reproductive
phase of development

/
Alternative stimulus
produced in long days
Conversion occurs
1E

D
in only long days

Thus, the same stimulus might cause the shoot apex to progress
from the vegetative to the reproductive phase in both long and short
days.

Its synthesis, however, may be accelerated in long days either

by more rapid conversion from precursors (a) or alternatively, by more
rapid production via an alternative pathway (b).

A third possibility

is that the stimulus produced in long days is completely different
from the one produced in short photoperiods (c).

From now on, the

effect of daylength will be discussed in terms of "long day stimulus",
although as indicated above, it is appreciated that this stimulus may
be produced, albeit at a slower rate, in short days.

As well as bringing about earlier transition to the reproductive
phase, long days also result in

faster rates of apical dome elongation,
more rapid spikelet initiation,
faster spikelet development.

Aspinall (1966) also found photoperiod to exert considerable
influence on the time of floral initiation as well as on the rates of
spikelet initiation and development.

The similarity in the response

to daylength of those aspects of apical development may indicate that
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they are all promoted by the same long day stimulus.

Alternatively,

initiation and development may each be controlled by separate stimuli,
the production of each being sensitive to the photoperiod in which
the plant is grown.
If the former is the case, then the rates of spikelet initiation
and development must be differentially sensitive to the long day
stimulus, as extending the daylength generally increased the rate of
spikelet development relatively more than that of spikelet initiation.
Similarly, Aspinall (1966) found that the effects of daylength upon
the rate of spikelet development were of a greater magnitude than
those on initiation.

On the alternative hypothesis of separate stimuli,

the production of that which promotes spikelet development must be
more sensitive to photoperiod than the synthesis of the stimulus for
spikelet initiation.

3. Effects of Photoperiod on Clipper and Proctor Barley

Dale and Wilson (1978, 1979) and Aspinall (1966) found that the
quantitative reaction to specific photoperiods differed widely between
cultivars and this is confirmed by the results of experiment IVA.
The rates of spikelet initiation and development in Clipper were faster
than those of Proctor in 8 h days, and as Clipper was more sensitive to
daylength, extending the photoperiod to 16 h magnified the difference
between the two cultivars.

This difference is unlikely to be due to

Clipper having a faster photosynthetic rate as dry matter production
per plant is similar for both cultivars (Dale and Wilson, 1979).
Instead, the shoot apex of Proctor may have a slower intrinsic growth
rate, such that its development always lags behind that of Clipper.
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Alternatively, the shoot apex of Proctor may be less sensitive to the
long day stimulus, and greater quantities of it may be required to
enable Proctor to respond to a similar degree as Clipper.

Yet

another possibility is that the synthesis of the stimulus, or its
translocation to the shoot apex in any given daylength, is slower
in Proctor than in Clipper so that it is present in smaller quantities
in the former cultivar.
Extending the daylength from 16 h to 24 h increased the rate of
spikelet development but failed to promote further spikelet initiation
in Clipper.

This suggests that in this cultivar in 16 h days, the

long day stimulus reaches optimum levels for spikelet initiation, and
consequently any further increase in level which results from growing
plants in 24 h days is not reflected in a promotion of initiation.
The fact that spikelet development was faster in 24 h than in 16 h
days suggests that this process requires a higher level of the long
day stimulus than that for initiation in order to proceed at a maximum
rate.
On the basis of the two substance hypothesis, the stimulus for
initiation may either b,. produced at a maximum rate in 16 h days or
may reach optimal levels for initiation in this daylength so that
growing plants in 24 h days does not further promote initiation.
In comparison, the production of the stimulus for spikelet development
may be faster in 24 h than in 16 h days and the spikelets may be able
to respond to the increased level by developing more rapidly in
conditions of continuous light.

In Proctor, the rate of spikelet initiation as well as that of
development, was faster in continuous light than in 16 h days,
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suggesting that initiation may be responding to higher levels of the
long stimulus which is sub-optimal in 16 h days.

4. The Effects of the Spectral Composition of the Light Source

The extension with incandescent light was more effective in
promoting the rates of spikelet initiation and development when given
after rather than before the period of high intensity light.
confirms the finding of Friend (1965) with Marquis wheat.

This

The reason

for this variation in the effectiveness of incandescent light may be
sought in the work of Vince (1965) who investigated apical development
in the BA 3081 strain of Lolium temulentum L.

She examined the

effects of exposures to red and far red light given before or after an
8 h period of high intensity light.

Apex length was used as a measure

of apical development and red light was found to inhibit and far red
to promote this when given between 1 and 5 h after the high intensity
light period.

After the fifth hour, the inhibitory effect began to

decline until eventually red light began to promote apical development.
The promoting effect of red light reached a maximum 8 to 10 h after
the end of the high intensity period.

Vince proposed that the active

form of phytochrome Pfr, produced in the leaves following exposure to
red light was inhibitory to apical development at the end of the high
intensity light period.

Exposure to far red light at this time

promoted apical development by reducing the level of Pfr in the leaves.
Vince suggested that 8 to 10 h after the high intensity period Pfr
began to promote apical development.

The finding in experiment IVB that spikelet initiation and
development proceed faster in 8H 8L than 8L 8H support the results
and interpretation of Vince; soon after the end of the high intensity
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period when Pfr is inhibitory to apical development, the ratio of
Pfr

Pr would be lower in the 81-I 8L than in the 8L 8H treatment

and consequently development should be faster in the former.

On Vince's interpretation, the rate of apical development should
have been faster in 8H 8L than in 16H, as the ratio of Pfr

Pr would

have been lower in the former treatment at the beginning of the dark
period.

In fact, the rate of spikelet development was faster but the

rate of spikelet initiation was similar or even slightly slower in the
8H 8L treatment.

There are two possible explanations for this.

The daily amount of PAR incident upon the plants in 81-I 8L was less
than that for those in 16H and this may have limited the rate of
initiation.
unlikely.

For reasons already discussed (pp 118

) this seems

Alternatively, the stimulus for apical development may

have reached optimal levels for spikelet initiation in 16H and any
further increase in the stimulus resulting from the 8H 8L treatment
would not increase the rate of initiation beyond that seen in 16H.
The fact that in 8H 8L, the rate of spikelet development was faster
than that in 16H again indicates that optimal levels of the stimulus
are higher for spikelet development than for initiation.

5. The Effects of Daylength on the Correlations between Final Spikelet
Number and Various Aspects of Apical Development

In the experiment described in Chapter III, the production of large
numbers of spikelets was associated with : many leaves, a long
vegetative phase, slow rates of spikelet initiation and development,
and small apical domes in which the rate of increase and subsequent
decrease in length occurred slowly.

The significance of the pattern

of apical dome development will be discussed in detail in Chapter VIII.
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In experiment IVA in which Clipper and Proctor were grown in a
range of daylengths, the correlations outlined above were found only
in four out of the six treatments.

The two treatments which

consistently failed to fit in with the general pattern were Clipper
grown in continuous light and Proctor in 8 h days.

It is possibly

significant that these treatments represent the two extremes, with
Clipper in continuous light showing the fastest rate of apical
development and Proctor in 8 h days exhibiting the slowest.

The correlation which persisted in both cultivars in all daylengths was the cessation of initiation when the most advanced
spikelet was at developmental stage 9.

Final spikelet number is

therefore seen as a consequence of the relationship between spikelet
initiation and spikelet development.

Nicholls and May (1963) also

recognised the importance of this when they wrote "final spikelet
number per inflorescence may indicate the influence of environmental
factors on the rate of primordium formation relative to spikelet
development .... decreasing the light period (more spikelets)
improves the ratio between primordium formation relative to the rate
of spikelet development, whereas the imposition of water stress
(fewer spikelets) decreases the rate of primordium formation relative
to spikelet development.

Thus moisture stress and decreasing light

periods both reduce rates of primordium formation and development
of these primordia, but it is the relative effects on these rates
that determine how many leaves and how many spikelets there will be."

There is also indirect evidence to indicate that slow rates of
spikelet development in relation to spikelet initiation result in
large numbers of spikelets in wheat.

Rawson (1971) and Friend
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(1965) found that large numbers of spikelets result when many single
ridges accumulate along the shoot apex before the upper ridge begins
to develop.

Similarly, dwarf wheats which ultimately initiate more

spikelets than the standard height cultivars accumulate 12-30 single
ridges compared with only 4 - 7 in the taller wheats before there is
any sign of differentiation.

In order for this to occur, spikelet

development must have been slower in relation to initiation in the
dwarf wheats.
In Proctor, developmental stage 9 - was reached and initiation
ceased when 34, 38 and 30 spikelets had been initiated in 8, 16 and
24 h days respectively.
by Clipper.

This compares with 17, 26 and 32 produced

Thus, daylength had a greater effect upon the relation-

ship between initiation and development in Clipper than in Proctor.

Final spikelet number is the product of the rate and duration of
spikelet initiation.

As the duration is equivalent to the time

taken between collar initiation and the attainment of developmental
stage 9, final spikelet number is seen as the outcome of the
relationship between the rates of spikelet initiation and development.
These rates must be influenced differentially if a change in final
spikelet number is to be obtained.
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CHAPTER V THE EFFECTS OF EXOGENOUSLY APPLIED GIBBERELLIC
ACID (GA3) UPON THE DEVELOPMENT OF THE MAINSTEM
APEX IN CLIPPER BARLEY

INTRODUCTION
The photoperiod in which Clipper is grown influences final spikelet
number through its effect upon the growth of the apical dome and the
relationship between the rates of spikelet initiation and development.
The experiments described in this chapter used exogenously applied GA3,
instead of photoperiod as a tool to manipulate apical development and to
extend our understanding of the factors responsible for the control of
this in barley.
The evidence which suggests that GA is involved in the control of
apical development in cereals has been derived from the studies involving

estimates of endogenous gibberellin-like substances;

use of dwarf varieties of wheat insensitive to gibberellin;

(iii) exogenous applications of GA 3*

There is evidence that the leaves of long day plants contain greater
amounts of gibberellin-like substances in long than in short days
(Grigorieva et al, 1971).

Nicholls and May (1964) also showed the

levels of gibberellin-like substances in the shoot apex of Prior
barley to be higher in long than in short days.

It is conceivable,

therefore, that the rates of spikelet initiation and spikelet
development in short days are limited, at least to some extent, by a
shortage of endogenous gibberellin in the shoot apex.

If this is
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the case, the observation in the previous chapter, that the rate of
T1c4I

64 not

spikelet initiation differed considerably between Al6 h and 24 h days,
may indicate that the endogenous gibberellin reaches optimum levels
for initiation in 16 h days and that any further increase in 24 h days
has little effect.

If spikelet development is also controlled or

influenced by gibberellin levels, then the fact that development was
faster in 24 h than in 16 h days may indicate that the optimum level
of gibberellin for this may be greater than that for spikelet initiation.

On the basis of this hypothesis, it was anticipated that exogenously
applied GA

would promote the rates of both spikelet initiation and

development in 8 h days whereas GA

applied to plants in 16 h days would

only promote spikelet development with little or no effect upon initiation.

The experiments described in this chapter were therefore designed
with the following objectives in mind

In the first instance, to determine whether exogenously applied
GA

influenced various features of apical development in Clipper barley

and then to describe in detail its effects upon the development of the
various components of the shoot apex.

To obtain an insight into the possible role of endogenous GA
in the control of apical development and to determine whether gibberellins
may be involved in the mediation of the plant's response to photoperiod.

To determine whether the relative rates of spikelet initiation
and development continue to be important determinants of final spikelet
number when apical development is manipulated by exogenously applied
GA

rather than by photoperiod.
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There are several difficulties which arise from work involving
exogenous applications of plant growth regulators.

Some of these

stem from our lack of knowledge of content and mode of action of
endogenous growth regulators and have to be borne in mind when
interpreting the results of experiments involving exogenous applications.

There are also several practical difficulties which arise

when plant growth regulators are applied to cereals.

Firstly, there is a requirement to apply the growth substance
directly to the target area, as an overall application to the whole
plant can result in a gross effect on all cells and tissues.

In

cereals the shoot apex is completely surrounded by the young unexpanded leaves as well as the sheaths of the older leaves.

Several

attempts were made to expose the shoot apex so that the GA3 solution
could be applied directly to the target area but-unfortunately the
shoot apex was extremely sensitive to mechanical damage and
desiccation, and invariably died following exposure.

Alternative,

less direct methods had, therefore, to be used, and some preliminary
experiments were performed to determine the most effective method.
Also, experiments described in Chapter VI were carried out in order
to ensure that the growth regulator applied via this indirect method
reached the shoot apex and to determine where else in the plant it
became distributed.
There is also the difficulty in deciding the timing, concentration
and number of applications which can only be accurately determined by
extensive experimentation.

This empirical approach is very time-

consuming and consequently much of the previous work seems to have
been carried out in a haphazard manner - there often appears to have
been little or no reason for selecting the treatments studied, nor
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the timing or rates of application"

(Lawrence, 1978).

A balance

must be drawn between the need to determine accurately the best
concentration, timing and application rate and the immense amount of
time which must be spent in order to obtain such information.

There

is also the dilemma of whether to carry out a detailed experiment at
a single dose rate and application time or a less detailed experiment
with several concentrations and times of application.

This chapter presents the results of several preliminary experiments which were performed in order to gain some insight into the
optimum timing, method and rate of application.
by detailed experiments in which GA

These are followed

was applied at what was judged

to be the best time, application method and concentration.

Despite the fact that GA

is unlikely to be the only, or even

the major gibberellin present in the shoot apex, it was used in all
these experiments as it is the only gibberellin which is both
inexpensive and readily available.

Also, as no attempt has yet

been made to identify the gibberelliris which are present in the
shoot apex of barley, it would be impossible to rationalise the
choice of gibberellins to be used even if they were available.

(A) AN EXPERIMENT TO DETERMINE THE POINT AT WHICH THE POTENTIAL
FINAL NUMBER OF PRIMORDIA IS DECIDED
El
Introduction
The final number of prirnordia initiated was shown to be
different in 8 and 16 h days (Chapter IV), and this fact was
utilised to discover the developmental stage at which the potential
final number of primordia was decided.

Plants were transferred
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from long to short days in order to determine the point at which a
change in the environment no longer affected the final number of
primordia.

Clearly, if growth regulators are to have an effect on

the final number of primordia, they must be applied before this has
been determined.
Plants of Clipper barley were grown in 16 h days of
fluorescent and incandescent light.

Batches of plants

were transferred to 8 h photoperiods on clays 5, 6, 7, 8,
9, 10 and 12.

The developmental stage of the plants on

each day of transfer is shown on Table 5.1.

Samples of six plants from batches transferred on days
10 and 12 were harvested on days 15, 18, 21, 25 and 30
and six plants from all the other treatments were
harvested on days 9, 12, 15, 19, 22 and 54.

At each harvest, the number of spikelets and the developmental stage of the most advanced spikelet were noted.
At the final harvest, the number of leaves which had
been initiated was also recorded.

Results
The earlier plants were transferred from long to short days,
the larger the final number of leaves and primordia (Figure V.1).
The final number of primordia initiated by the transferred plants
differed significantly from those grown entirely in 16 h days when
the transfer was performed before the ninth day (Figure V.1).
For plants grown in 16 h days, therefore, the final number of
primordia to be initiated was decided soon after collar initiation.
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Table 5.1

The number of primordia initiated and the developmental
stage of the shoot apex at the time of transfer from
16 h to 8 h days

Day of transfer

Number of primordia

Developmental stage at

initiated at time of

the time of transfer

transfer

5

5

Leaf initiation

6

6

Leaf initiation

7

6

Leaf initiation

8

7

Collar initiation

9

8

Stage 2 (apex elongation)

10

11

Stage 2 (apex elongation)

12

17

Stage 4 (dougle ridge
enlarging)
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The total number of leaves and oriniord.ia initiated by

figure V.I.

plants of Clipper barley transferred at various times
from 16 h to 8 h days.

-- 10

1.1

6

5

7

8

9

10

11

12

Plant age on day of transfer ( days )
' Transferred from 16h to 8
• .

Total number of leaves

16 h throughout

.......8 h throughout
—°

J

Transferred from 16 h to 8 hi
Total number of primordia

- ____ - 16 h throughout
8 h throughout

J

135
The final number of leaves to be initiated was decided at about the
same time or slightly later (Figure V.1).

There was some evidence to indicate that the fate of a primordium
is not determined until at least one day after its initiation.

Plants

grown continuously in 16 h days had initiated 8 primordia by the ninth
day, of which the seventh developed as the collar and the eighth as the
first spikelet.

However, when these plants were transferred to short

days on the ninth day, primordium 7 developed as a leaf and primordium
8 as the collar, indicating that at initiation, a primordium has the
potential to develop as a leaf, collar or spikelet.

When transfer

was delayed until day 10, the fate of primordia 7 and 8 had been
decided as they developed in the same way as their counterparts on
plants in 16 h days.

This plasticity of development was therefore

only maintained for a day after initiation and the shoot apex of plants
grown in 16 h days was irreversibly committed to flowering by the
tenth day.

It would have been interesting to make the reverse

transfer to determine whether primordia which normally develop as
leaves in short days have the potential to become spikelets if
transferred to long days.

The rates of spikelet initiation following transfer from 16 h
to 8 h days were obtained from regression coefficients of linear
regressions (Table 5.2).

The fitted straight lines had high

correlation coeffTcients indicating that following transfer the rate
of spikelet initiation was maintained at a steady rate (Table 5.2).
The rate of spikelet initiation in plants transferred after collar
initiation on day 8 was greater than that of plants grown throughout
in 8 h days but less than that of plants grown entirely in 16 h days.
Plants transferred before collar initiation produced spikelets at a
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Table 5.2

The average rate at which spikelets were initiated by
plants transferred at various stages from 16 h to 8 h
days

Rate of spikelet initiation
after transfer (from
fitted linear regression)

Day of transfer

Correlation
coefficient of
linear regression

spikelets day

3.2

0.995

12

2.3

0.980

10

2.0

0.972

9

1.9

0.946

8

1.6

0.962

7

1.3

0.833

6

1.3

0.920

5

0.9

0.872

1.3

0.979

Continuously in 16 h days

16 h to 8 h days

Continuously in 8 h days
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similar or slightly slower rate than plants grown throughout in 8 h
days.
The time taken for the most advanced spikelet of each treatment
to complete various stages of development is shown in Figure V.2.
The most advanced spikelet of plants transferred on days 5, 6 and 7
developed at a similar rate to that of plants grown throughout in
8 h days whereas spikelet development of plants transferred later
than day 7 was considerably faster.

fli zriiccifln

Conflicting results have been reported in studies aimed at
determining the stage of development at which the final number of
spikelets to be initiated is determined.

Rawson and Bremner (1974),

Allison and Daynard (1976) and Rahman and Wilson (1977b) have presented
evidence that final spikelet number in wheat is determined at some
point after the double ridge stage.

However, the results of this

experiment indicate that the final number of primordia had been
determined before the double ridge-stage and this observation is
supported by the results of several other workers.

For example,

Lucas (1972) transferred wheat plants from long to short days and
found that the length of spikelet initiating phase was the same
irrespective of day of transfer and that increases in the final
number of spikelets were associated with an extension of the period
before the appearance of double ridges.

Ryle (1965), working with

Loliwn perenne and Thorne, Ford and Watson (1968), with wheat, found

that spikelet number was influenced by a change in the daylength
before, but not after the appearance of double ridges.

From these

results, it was concluded that the optimum time to make applications
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Figure V. 2. The time taken for the most advanced spikelet to
reach and complete various stages of development
in Clipper barley transferred at a range of stages
from 16 h to 8 h days
(12)

10

1 o)

I?]

T

4
4
-I

1
ci)

Plant age ( days )
= Transferred from 16 h to

= 16 h throughout

h days at the time indicated °--° = 3 h throughout
in parentheses above
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of plant growth regulators aimed at influencing the final number of
spikelets must be before the double ridge stage is reached.

It is

emphasized that these results provide only a general indication of
the best time to apply treatments and there may be profound
differences in the ways in which daylength and applied plant growth
regulators influence the development of the shoot apex.

The results of this experiment illustrated another interesting
phenomenon.

When plants were transferred on day 8 or later,

their rates of spikelet initiation and development were maintained
at a faster rate than those of plants grown entirely in short days.
This result was also found by Nicholls (1974b) who showed that the
rate of spikelet development in Prior barley following transfer from
continuous light to short days never fell to that of plants grown
entirely in 8 hour days (Table 5.3).

A similar situation also

exists for floral induction in Perilla, in which induced plants
continue to induce flowering in graft receptors long after they have
been removed to non-inductive conditions (Evans, 1975).

These

observations suggest that the stimulus or stimuli originating in
the leaves in long days may not entirely decay when plants are
transferred to short days.

Alternatively, once the rapid synthesis

of the stimulus has been induced in long days, its continued
production may be less sensitive to daylength, such that large
amounts may continue to be produced after transfer to short days.

The longer the delay in transfer from long to short days, the
greater were the subsequent rates of spikelet initiation and
development in short days.

This effect has been found previously

for spikelet development by Nicholls (Table 5.3).

Also, Evans

(1960) showed that the greater the number of long days to which
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The rate of spikelet development between stages 7 and

Table 5.3

11 for barley transferred from conditions of continuous
light to short days (data obtained from Nicholls,
l974b)

Day of transfer from
continuous light
to short days

Developmental stage
at time of transfer

Rates of spikelet
development between
stages 7 and 11

1.50

Continuous light

9

3.0

0.33

11

5.0

0.62

11

6.7

0.74

13

8.5

1.10

Short days

0.17

141

Lolium was exposed after induction, the faster was its subsequent
rate of apical development in short days, thus indicating that long
days have a culminative effect.

This may be the result of an

accumulation of the stimulus in the inflorescence in long days,
which can continue to influence spikelet initiation and development
after transfer to short days.

Alternatively, the time spent in

long days may in some way influence the ability of the plant to
synthesize the stimulus after it has been transferred to short days.

Although the rate of apical development in transferred plants
was faster than that of ones grown entirely in short days, it was
slower than that of plants grown entirely in long days.

This may

indicate that the level of the &timulus falls following transfer to
short days, either through decay or through a reduction in its rate
of production.

Alternatively, an inhibitor may be produced in

short days which counteracts the effects of the stimulus, thus
slowing down the rate of apical development.

Some of the ideas presented here are dealt with in greater
detail in the discussion of experiments VB, C and D at the end of
this chapter.

(B) PRELIMINARY EXPERIMENTS TO DETERMINE THE, EFFECTS OF GA3 ON THE
APICAL DEVELOPMENT OF PLANTS GROWN IN 8 AND 16 H DAYS

These experiments were designed to determine whether application
of GA3 influenced final spikelet number in Clipper barley grown in
long and short days.

They were introductory experiments which

would be repeated in greater detail if a positive effect was obtained.
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The hypothesis at the outset was that the effects of daylength
were at least partly mediated by gibberellins (Chapter 1, pp 26 ).
On the basis of the results of the previous experiment, it was
proposed that the most effective time to apply GA3 would be at or
before collar initiation.

The results in Chapter IV indicated that long days increase the
rate of spikelet development relatively more than the rate of spikelet
initiation so that fewer spikelets are initiated in 16 h than in 8 h days
when the most advanced spikelet reaches stage 9 and initiation ceases.
If applied GA

could substitute for long days it was envisaged that

treated plants in both 8 and 16 h days would initiate fewer spikelets
than the controls because the treatment would alter the relationship
between spikelet initiation and development.

1.

The Effects of Exogenously Applied GA. on Apical Development
in Clipper Barley Grown in 16 h Days

This experiment was carried out in the growth rooms at the
Shell Biosciences Laboratory at Sittingbourne and was designed to
determine the effect of 3 concentrations of GA 39 applied by 3
different methods on the final number of spikelets initiated by
plants grown in 16 h days.

lO

M,

M and lO

M aqueous solutions of GA

were

applied in the following ways
as a 20 i.il droplet applied to the scratched adaxial
surface of the first leaf near its ligule;
as a solution sprayed to run off;
as 25 cm3 applied to the sand surface of each pot
containing a single plant.
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Plants were treated on the seventh day just before the
primordiuni destined to become the collar had been
initiated.

Six plants per treatment were harvested

on days 17 and 20 when spikelet initiation had ceased.
The number of primordia initiated and the developmental
stage of the most advanced spikelet were recorded at
each harvest.

Results

Treatments with solutions of 10

Lvi and 10

M GA

significantly

reduced the final number of spikelets, but the final spikelet number
in plants treated with 10

M GA

that of the controls (Table 5.4).

did not differ significantly from
Spray and scratch methods of

application were equally effective in influencing final spikelet
number (Table 5.4).

The root drench method of application was also

effective, but could not be directly compared with the other two
treatments because it was applied at a different concentration.

The limited data provided by this experiment indicate the rate
of spikelet development to have been promoted by solutions of 10
and 10

M GA

(Table 5.5).

As initiation had ceased by the time

the first harvest was performed, no data were obtained regarding
the effect of exogenously applied GA3 on the rate of spikelet
initiation.

M
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Table 5.4

The final number of primordia initiated by plants of
M
M or 10
M, 10
Clipper barley treated with 10
solutions of GA3 by three different methods of
Six leaves initiated by both control
application.
and treated plants.

Final number of primordia

Method of application

M

Control 10 M lO M

LSD

20 il droplet of GA 3
solution applied to
the scratched surface

32.7

31.6

-

30.8

1.2

32.3

31.4

-

28.8

1.1

31.6

31.4

30.9

of the first leaf
near its axil

Solution of GA3
sprayed to run off

25 cm

of GA3

solution applied to
the sand surface

LSD

not

not

signifi- significantly

cantly

different different

not
significantly
different
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Table 5.5

The developmental stage of the most advanced spikelet
in GA

treated and control plants on harvest days 17

and 20
Developmental Stage of the
Most Advanced Spikelet
Method of application

Concentration

Harvest Day 17

Harvest Day 20

20 il droplet applied

lO

M

9

10

to scratched adaxial

10

M

-

-

surface of the first

10

M

10

11

10

M

9

10

10-

M

10

10

10

M

9

10

applied to the sand

10

M

10

11

surface of each pot

10

M

-

-

9

10

leaf

Solution sprayed to

.,

runoff

25 cm

Control

of solution

-

-

-
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2.

The Effect of Exogenously Applied GA3 on Apical Development
of Clipper Barley Grown in 8 h Days

Plants were grown in 8 h days in the growth rooms at Edinburgh.
As the previous experiment indicated that the three methods
were equally effective, GA3 was applied using the scratch
technique alone.

Aqueous solutions of 10

M or 10

M GA3

were applied to the scratched adaxial surface of the first
leaf on either day 10 (when seven primordia had been initiated)
or day 16 (just before the initiation of the primordium destined
to become collar).

Six plants from each treatment were

harvested on days 20, 28, 36, 44 and 67 and the number of
primordia, the developmental stage of the most advanced
spikelet and the length of the apical dome were recorded at
each harvest.

Results

(a) Spikelet initiation

A factorial analysis (Table 5.6) indicates that there was a
significant effect of concentration of GA3 used on final spikelet
number with fewer spikelets being initiated by plants treated with
the 10

M than with the 10

M GA3 solution.

significant effect of the timing of the 10

There was also a

M application with

lower final numbers of spikelets present in plants treated on day 10.
Data in Figure V.3 indicate that treatment with 10

M GA3

significantly reduced final spikelet number whereas plants treated
with 10

M GA3 initiated the same number of spikelets as the controls.
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Table 5.6

A factorial analysis of variance of the final number of
primordia initiated by plants treated with 10
10

M or

Ten leaves

M solutions of GA on days 10 or 16.

initiated by both control and treated plants.

Concentration of GA

M

10- M

day 10

Sm

30.8

day 16

34.0

39.2

Mean

32.4

40.0

SE = 0.95

35.8

SE = 0.95

SE = 1.34

time of
application
of GA3

Mean

36.6

WE

Figure V. 3. The finaL number of primordia initiated by Control
and GA -treatedplants grown in 8 h days.
3
Ten leaves were initiated before the collar in all
treatments.
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Final spikelet number could have been reduced in two ways.
Concentrated solutions of GA3 may have resulted in a general
inhibition of apical growth, thereby reducing the number of spikelets
initiated.

Alternatively, lO

M GA3 may have acted in a similar

way to the long day stimulus by increasing the rate of spikelet
development relatively more than that of spikelet initiation so
that fewer spikelets were initiated when stage 9 was reached.

The

results suggest that the latter alternative is more likely, as the
rates of both spikelet initiation and spikelet development were
promoted by treatment with lO

M GA3 (Tables 5.7 and 5.8).

Initiation appeared to cease earlier in the treated plants but
harvests were too infrequent to determine whether cessation of
initiation coincided with developmental stage 9 in the most
advanced spikelets.

The most advanced spikelet was located higher up the spike in
the control than the treated plants.

(b) Apical dome development
The apical dome elongated more rapidly in the treated than the
control plants although harvests were not performed sufficiently
frequently for this to be studied in detail (Figure V.4).

As the

rate of spikelet initiation was also faster, the growth rate of the
apical dome during the early phase of spikelet initiation must have
been greater in the treated than the control plants.

The plants treated with lO
point.

M GA3 showed another interesting

In the controls, dome length increased to a maximum of

200 i.xm after cessation of initiation and death occurred byh67.

A
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Table

The effect of GA on the invitation of primordia when
applied as a
to 10 or

16

20 pl

droplet of 10

M or 10

M solution

day old plants

Number of primordia initiated

Day

of

Control

Harvest

10

10M on

10 5M on

day 10

day 10

10- 3Mon
day

16

10 5M on
day

16

6.7 ± 0.54
± 1.05

16

10

20

14.3 ± 1.45

18 ±1.63 15.3±1.15 16 ±1.62 17 ±2.39

28

24

± 3.32

30.5±2.18 26.7±3.30 30.2±1.54 28.5±1.96

36

35.7 ± 2.45

44

40

± 2.30

33 ±3.66 40.3±2.79 34.7±1.71 38.2±3.21

67

41.7 ± 2.94

30 ±3.72 41.3±1.71 33.3±1.74 41.3±2.57

31

35 ±3.07 31.8±3.35 34.5±1.45
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Table 5.8 The effect of GA

on the development of the most advanced

spikelet when applied as a 20 pI droplet of 10

or 10 3M

solution to the scratched leaf of 10 or 16 day old plants.

Day

of

Control

harvest

GA

10 5M GA

applied

applied

applied

on day 10

on day 10

on day 16

on day 16

10 3M GA

10 5M GA

applied

10M

20

3

4

3

3

3

28

4

7

4

6

4

36

7

9

7

9

7

44

9

10

9

10

9

67

11

11

11

11

11

152
Figure V.4.

Changes in the length of the apical dome with time
in control and GA3-treated plants of Clipper barley
grown in 8 hour days.
For clarity of presentation confidence limits are
omitted from the figure and presented separately in
Appendix II.
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second phase of elongation also occurred in the treated plants, and
in those which received 10

this elongation was rapid and
M GA
31

continued until the apical dome was 500-600 pm long (Figure V.5a).
At some time between days 44 and 67, spikelet initiation resumed
in some of these apices : such spikelets were formed very close to
the tip of the dome, and about 300 pm distant from those produced
As many as 5 of these additional spikelets

earlier (Figure V.5b).

were initiated, often inserted at right angles to those originally
produced, indicating a change in phyllotaxy (Figure V.5c and d).

A median longitudinal section of the apical dome of a plant
treated with 10

M GA

indicates that its massive elongation was

due mainly to increases in cell number, and effects on cell size
appeared to be slight (Figure V.6 a and b).

A central procambial

strand appears to extend to about 100 pm from the tip of the dome
with some indication that cells may be somewhat smaller distal to
it.

(C) THE EFFECTS OF A SINGLE APPLICATION OF GA 3 ON THE APICAL
DEVELOPMENT OF PLANTS GROWN IN 8 H AND 16 N DAYS

Introduction

The previous experiment indicated that application of GA
(6.9 jig) resulted in a reduction in the final number of spikelets
initiated in both 8 h and 16 h days.

An attempt was now made to

discover whether this was due to an effect of GA

upon the rate

of spikelet initiation or spikelet development, or both.

The

effects of treatment on several features of apical development
were therefore examined.

It was also hoped that detailed measure-

ment of the apical dome during and immediately after the spikelet

15

Figure V. 5. Abnormal development of the apical domes of plants
grown in 8 h days and treated with 20 il of 10M GA 3*

a.
The elongated apical dome
following the cessation of
initiation.

b.
The beginning of the second
phase of spikelet production
with spikelets being initiated
very close to the tip of the
elongated dome.
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Figure V. 5 c and d. The spikelets initiated during the second
phase of production were often inserted at
right angles to those produced earlier and
appeared to develop normally.
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Figure V. 6 a, and b. Median longitudinal sections of the apical
domes of control and GA —treatedplants grown
3
in 8 h days and harvested, on Day 60.
Sections were stained with Feulgen reagent.
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initiating phase, might help to explain why this developed abnormally
in treated plants in 8 h days.

The previous experiment indicated that

the most advanced spikelet of treated plants was situated nearer the
base of the spike than that of the controls.

As this suggested that

GA3 application only promoted the development of the basal spikelets,
there was a requirement to obtain detailed information regarding
spikelet development along the length of the spike.

The limited evidence from the previous experiment indicated that
a single application of GA3 had a long lived effect upon the rate of
spikelet initiation and this was further investigated here.

Methods
All plants for this experiment were grown in the controlled
environment rooms at Edinburgh, where temperatures were
maintained throughout at 20°C.

Fluorescent and incandescent

lights supplied photoperiods of 8 h or 16 h.
droplet of a lO

A 20 p1

M aqueous solution of GA3 (6.9 pg) was

applied to the scratched surface of the first leaf of
eight day old plants grown in 16 h days and ten day old
seedlings in 8 h days.

Following treatment, six treated

and six control plants were harvested daily in long days
and every alternate day in short photoperiods.

Results

1.

The Rate of SpikeletInitiation and its Duration

Spikelets were initiated by control plants in 8 h days at steady
rate of 1.3 per day throughout (Figure V.7 a and b).

Treatment with
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Figure V. 7a. The time course for the increase in the number
of primordia initiated, by the mainstem apex of
control and GA -treatedplants of Clipper barley
3
grown in 8 and 16 h days.
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Figure V. 7b. The fitted linear regression for the increase in
the number of primordia with time in control and.
GA -treatedplants grown in 8 and. 16 h days.
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GA

increased the initiation rate to 1.7 per day.

This rate was

maintained until day 24, after which it fell to 1.3 per day until
the cessation of initiation (Figure V.7 a and b).

In 16 h days,

treatment with GA had no effect on the rate of initiation, and
spikelets were produced at an average rate of 2.6 per day throughout,
in treated and control plants.

The collar primordium was initiated in both control and treated
plants on day 14 in 8 h days and day 8 in 16 h photoperiods.

The

duration of the spikelet initiating phase was reduced in both daylengths following treatment with GA3 , although the reduction was more
evident in short days with spikelets being initiated for 28 days in
the controls and 18 days in the GA3-treated plants.

In long days,

spikelets were initiated for 10 days in the controls and 9 days in the
GA3-treated plants.
In short days, the increased rate of spikelet initiation was
insufficient to compensate for the reduction in the duration of the
initiating phase and consequently GA 3-treated plants only produced
an average of 26 spikelets compared to the 34 in the controls.

In long days, final spikelet number was reduced from 25 in the
controls to 22 in the treated plants.

This reduction was entirely

attributable to the fact that spikelet initiation ceased a day sooner
in the treated plants.

2.

The Length of the Apical Dome

In 8 h days, the initial elongation of the apical dome occurred
more rapidly in GA3-treated than in control plants (Figure V.8).
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Figure V. 8.

The change in the length of the apical dome with time
in control and GA 3-treated plants of Clipper barley
grown in 8 h and 16 h days.
For clarity of presentation confidence limits are omitted
from the figure and presented separately in Appendix II.
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Spikelets were also initiated at a faster rate and it follows that
the growth rate of the apical dome during the elongation phase must
have been promoted by the GA

treatment.

The maximum length was

attained earlier and was 50 1m greater in the treated compared with
In the controls, however, the maximum length

the control plants.

was maintained for longer and the subsequent decrease in length
occurred more slowly and over a longer period than in the treated
plants (Figure V.8).

The minimum length was attained on day 30 in

the treated plants compared to day 42 in the controls, and was reached
There was,

at about the same time as spikelet initiation ceased.

however, an immense difference in the minimum lengths of the apical
domes, with that of treated plants being 185 i.im compared with 125 im
in the controls.

This is convincing evidence that cessation of

spikelet initiation does not require the attainment of a finite
minimum size of apical dome.

Treatment of plants grown in 8 h days did not alter the
development of the apical dome sufficiently for it to resemble that
The maximum dome

of control plants grown in 16 h days (Figure V.8).

length was similar to both, but the treated plants in 8 h days took
longer to attain this maximum length.

As the rate of spikelet

initiation was also slower in these plants, the GA

treatment must

have been insufficient to promote the growth rate of the apical
dome to that of untreated plants grown in 16 h days.
Treatment of plants grown in 16 h days with GA3 had very little
effect upon the development of the apical dome (Figure V.8).

The

initial rate of elongation was similar in both GA3-treated and
control plants, as was the rate of spikelet initiation.

Maximum

dome length was maintained for slightly longer in the control plants
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and as the subsequent rate of decrease was similar in both, minimum
size was reached slightly earlier in the treated than the control
plants.

Minimum dome length was between 115 and 125 1tm in both

treated and control plants (Figure V.8).

Having attained this

minimum length, the apical domes elongated by 30 to 40 tm and then
In 8 h days however, the apical domes in the GA 3-

died on day 25.

treatedplants elongated as in the previous experiment and once
again, began to initiate spikelet primordia close to their tips.
Harvests were stopped soon after the cessation of initiation in the
controls and it is therefore unknown when death of the apical dome
occurred in these plants.

3.

Spikelet Development

(a) The development of the most advanced spikelet

The development of the most advanced spikelet, taken as an
indicator of spike development, was promoted by GA3'

Its effect

was considerably greater in 8 h days where treated plants reached
developmental stage 9 ten days earlier than controls; in long
days, this time difference was only one day (Figure V.9).

The

faster development of GA 3-treated plants in short days was due to
a reduction in the duration of developmental stages 2, 3, 4, 7 and 8
(Table 5.9).

The effect of exogenously applied GA

was therefore

long lived, as developmental stage 8 was reached almost three weeks
after treatment.

The rate of spike development of treated plants

in 8 h days was slower than that of control plants in 16 h photoperiods.
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Table 5.9

The time taken for the most advanced spikelet of control
and GA3-treated plants to complete each developmental
stage in 8 h and 16 h days.

Developmental

Duration of the developmental stages (days)

stage
16 h days

8 h days

GA3-treated

Control

GA3-treated

Control

1

14

14

9

9

2

6

4

3

3

3

4

2

1

1

4

6

4

1

1

5

2

2

1

1

6

4

2

1
1

7

4

1

(
2

8

9

2

(

1

1

2

2
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In all the treatments, spikelet' initiation stopped when the most
advanced spikelet was at developmental stage 9 (Figure V.9).

The

reduction in the number of spikelets in the treated plants was
therefore due to a change in the relationship between the rates of
spikelet initiation and development.

In 8 h days, spikelet

development was promoted relatively more than initiation by GA3
treatment, so that fewer spikelets were ultimately initiated when
developmental stage 9 was reached in the treated plants (Figure V.10).
In 16 h days, the rate of spikelet initiation was unaffected by GA 3
treatment but developmental stage 9 was reached 1-2 days earlier
when the treated plants had initiated 5 spikelets less than the
controls (Figure V.10).

It was not the same spikelet which was most advanced throughout
development.

As time progressed in short days, the spikelet which

was most advanced in development became gradually a later initiated
spikelet located at a higher position on the developing spike.

This

continued in the control plants until on day 42 spikelet 15, initiated
11 days after the oldest spikelet was the most advanced in development
(Figure V.11).

This occurred to a lesser extent in the GA3_ treated

plants and the most advanced spikelet was never younger than that
initiated 4 days after the oldest (Figure V.11).

As a result, the

shoot apices of control plants tended to be fusiform or spindle-shaped
with the most advanced spikelet located just below the centre of the
spike, whereas those of treated plants tended to be more cone-shaped
with the most advanced spikelet nearer the base of the spike.

166
Figure V. 9 . The time taken for the most advanced spikelet of control
and GA —treated plants of Clipper barley to reach and
3
complete the various stages of development in 8 h and
16 h days.
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Figure

V. 10.

The average number of spikelets initiated, when the
most advanced spikelet of control and GA3-treated
plants of Clipper barley is at each stage of
development in S h and. 16 h clays.
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(b) The development of individual spikelets along the spike

The time taken for each spikelet primordium in control and
treated plants to complete each stage of development is illustrated
in Figure V.12 (8 h days), and Figure V.13 (16 h days).
of spikelet development were again found.

Two phases

The first phase lasted

throughout the period of initiation and was characterized by the
later formed spikelets developing faster than those initiated
earlier.

The second phase began when spikelet initiation ceased

and was characterized by a reduction in the rate of development of
those spikelets which had not progressed beyond developmental stages
7 or 8.

The rate of development of these spikelets became gradually

slower towards the tip of the spike (Figure V.12 and 13).

The development of all the spikelets in the treated plants was
faster than that of the controls, throughout the first phase.

As a

result in 16 h days spikelets 2 to 13 took between 1 and 2 days less
than the equivalent spikelets in the controls to progress from
initiation to developmental stage 9 (Figure V.14).

This trend was

even more evident in short days where spikelets 4 to 18 in the
treated plants took 4 to 8 days,to develop from initiation to stage 9
than the equivalent spikelets in the control plants (Figure V.14).
The fact that the development of spikelet 18 was promoted even
though it was initiated 16 days after treatment reflects the longlasting effect of GA

on structures which were not even present at

the time when it was applied.

There was a tendency for more spikelets to be at the same
developmental stage at any given time in the controls than in
the treated plants (Table 5.10).

For example, the maximum number
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Figure V. 12. The number of days taken for each spikelet along th ear
of control and. GA3—treated plants to complete each stage
of development in 8 h days.
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Throughout the sampling period, the later formed spikelets
in Section a. of the ear developed faster than those
initiated earlier.
In the spikelets located in Section b. of the ear the
above tread only continued until the cessation of.
initiation, after which the later formed sikelets took
longer to develop than those initiated earlier.
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Figure V. 130 The number of days taken for each spilcelet along the
ear of control and GA —treatedplants to complete each
3
stage of development in 16 h days.
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Throughout the sampling period the later formed spikelets
in Section a. of the ear developed faster than those
initiated earlier.
In the spikelets located in Section b. of the ear the
above trend only continued until the cessation of
initiation, after which the later formed spikelets took
longer to develop than those initiated earlier.
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Figure V. 1 4.

The number of days taken for individual spikelets
along bhe spike of control and GA -treatedplants
3
of Clipper barley to progress from initiation to
developmental stage 9 in 8 h and 16 h days.
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Table 5.10

The maximum number of spikelets along the spike observed
to be at an equivalent developmental stage in control and
GA3-treated plants grown in 8 h and 16 h days

Developmental

Maximum number of spikelets seen to

stage

be at the same stage of development
16 h days

8 h days

Control GA3-treated Control GA3-treated

3

3

4

4

14

9

8

8

5

6

10

6

4

6

8

5

4

4

7

10

6

8

3

8

6

6

4

5

9

23

19

14

8
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of spikelets which were all at stage 9 together in short days was 23
Consequently,

in the controls compared with 19 in the treated plants.

the spikelets which had not progressed beyond stage 8 of development
by the beginning of the second phase, and as a result developed at a
slower rate, were lower down the spike in the treated plants.

For

example, in short days, the first spikelet which took longer to reach
stage 9 in treated plants was number 19 compared with number 27 in the
controls.

4.

The Length of the Shoot Apex

The length of the shoot apex was measured at each harvest and
the data for growth rate are plotted in Figure V.15.

The length

growth rate was considerably faster in 16 h days and treatment with
GA

had no significant effect upon the length of the shoot apex in

this daylength.

In 8 h days, treatment with GA 3 increased the rate

of elongation of the shoot apex and its length in treated plants
became significantly different from that of the controls six days
after treatment.

Following the cessation of initiation in long days, the rate of
elongation of the shoot apex increased.

This elongation was in the

absence of primordiurn production and must therefore have been due to
the elongation of the interprimordial meristems.

This increase in

the rate of elongation occurred two days before the cessation of
initiation on day 42 in control plants grown in 8 h days.

No such

increase occurred in the rate of elongation of the shoot apices of
treated plants in 8 h days and as a result, the shoot apices of both
treated and control plants had attained an equal length by day 44.
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The time course for the increase in the length

Figure V. 15,

of the shoot apex of control and GA -treatedplants
3
of Clipper barley grown in 8 h and 16 h days.
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(D) THE EFFECTS OF TWO APPLICATIONS OF GA3 GIVEN ON DAY 10 AND 24
ON PLANTS GROWN IN 8 H DAYS

In this experiment, the apical development was compared for
plants given the following treatments

untreated controls;
treated with GA3 on day 10 (GA3 x 1);
treated with GA3 on days 10 and 24 (GA3 x 2).

For convenience, the treatments will from now on be referred to
by their abbreviated titles given above.

The GA3 solution was applied at the same concentration and
by the same method as in the previous experiment.

Detailed

observations of the apical development of control and GA 3 x 1
plants had already been carried out until day 44 in the
previous experiment and consequently harvests for these
treatments were made only on days 14, 24, 28, 34, 40 and 43,
5 plants being taken on each occasion.

For the GA3 x 2

treatment plants were harvested every alternate day from
day 24 to 43.

Subsequently samplings of all three

treatments were carried out every third day from days 43
to 62.

In the previous experiment, the rate of spikelet initiation in
the GA3_ treatedplants in short days fell from 1.7 to 1.3 spikelets
per day on day 24.

The main purpose behind the second GA3 appli-

cation therefore was to determine whether this reduction in the
rate of initiation occurred because the level of exogenously applied
GA3 had fallen to a level below which it ceased to influence the rate
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of spikelet initiation.

If this was the case, a second application

on day 24 would be expected to restore initiation to its previous
It was also intended that the effect of this second

rate.

application on the other features of apical development should be
investigated.

In the previous experiment, sampling was only continued until
two days after initiation had ceased in the controls.

The second

major aim of this experiment therefore, was to investigate the
effects of a single or a double application of GA3 on apical development after day 44.

There was some evidence from the previous

experiment to indicate that the rate of elongation of the shoot apex
increased just before initiation stopped in the control plants.
This was probably a result of extension of interprimordial meristems.
No such increase in the elongation rate occurred in the treated
plants.

This observation led to the suggestion that the survival

of the apical dome of treated plants may have been due to less
severe competition from the elongating internodes for necessary
metabolites.

There was an obvious requirement therefore, to

obtain detailed information regarding the growth of the shoot apex
after spikelet initiation had ceased.
It was expected that control and GA3 x 1 plants would develop
in the same way as in the previous experiment and with this in mind,
only a few harvests of these two sets of plants were performed
before day 44.

Unfortunately, apical development was not exactly

similar in the first and second batch of GA3 x 1 plants and
consequently the development of the GA3 x 2 plants could only be
compared directly with the batch of GA3 x 1 plants which had been
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grown at the same time.

The differences in the development of the

two batches of GA3 x 1 plants may have been due to the GA3 being
applied when plants were at a slightly different stage of development.
Alternatively, the growth room conditions may have differed in some
slight way which was unnoticed.

Results

1.

The Rate and the Duration of the Period of Spikelet Initiation

The rate of spikelet initiation between days 14 and 24 was similar
to that of the previous experiment with control plants initiating
spikelets at a rate of 1.3 per day compared to a rate of 1.8 per day
in the GA3 x 1 treatment (Figure V.16 a and b).

Unlike the previous

experiment however, there was no reduction in the rate of spikelet
initiation after day 24 in the GA3 x 1 treatment andspikelets
were initiated at a rate of 1.9 per day after this time (Figure V.16b).
In the GA3 x 2 treatment, there was a reduction in the rate of spikelet
initiation from 1.8 per day before the second GA3 application to 1.2
per day after day 24 (Figure V.16 a and b).

Thus, initiation

following the second application of GA3 was slower than that of
GA3 x 1 plants in this and the previous experiment.

Initiation ceased on day 42 in the controls and eleven days
earlier in the other two treatments.

The faster rate of spikelet

initiation in the GA3 x 1 treatment was not sufficient to compensate
for the shorter period of initiation and these plants initiated 5
fewer spikelets than the 36 initiated by the controls.

The GA3 x 1

plants however initiated 4 more spikelets than the 27 initiated in
the GA3 x 2 treatment.

179
Figure V. 16.

The time course for the increase in the number of
primordia initiated by the mainstem of control, GA3x1
and GA3x2 plants of Clipper barley grown in 8 h days
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The Length of the Apical Dome

The length of the apical dome in control plants declined to a
minimum of a 115 i.lnl, which is similar to that for controls in the
previous experiment.

Minimum dome length in the GA3 x 1 treatment

was 160 pm, 25 pm less than that observed in the previous experiment.
The shortest average length attained by the apical domes in the GA3 x 2
treatment was 200 pm (Figure V.17).

There followed only a very limited elongation of the dome in
the control plants to a maximum of 150 pm (Figure V.17).

In the

GA3 x 1 treatment, the apical dome did not begin to elongate until
day 40, whereas in the GA3 x 2 treatment, elongation began immediately
after the cessation of initiation.

In both treatments, elongation

was rapid and spikelet initiation recommenced near the tip of the
dome as observed previously.

The Rate of Spikelet Development

(a) The development of the most advanced spikelet

Spikelet development was faster in the treated than in the
control plants with developmental stage 9 being reached 6 to 10 days
earlier and stage 10 being reached 15 days earlier in treated
compared with control plants (Figure V.18).

Thus, a single appli-

cation of GA3 on day 10 influenced the duration of developmental
stages occurring 30 days later.

The second application of GA3 made

when the lateral spikelets were first visible (stage 5), had no
effect upon the subsequent rate of development of the most advanced
spikelet and stage 10 was reached on day 40 in both GA3 x 1 and GA3 x 2
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Figure V. 17. The change in the length of the apical dome with time
in control and GA —treatedplants of Clipper barley
3
grown in 8 h days.
For clarity of presentation confidence limits are
omitted from the figure and presented separately in
Appendix II.
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treatments (Figure V.18).

Spikelet initiation ceased in the GA

x 2

treatment a day after stamen initials became visible as three distinct
mounds in the most advanced spikelet.

(b) The development of individual spikelets along the spike

The rate of spikelet development, taken as the number of days
from initiation to developmental stage 10 showed the same two phases
as observed previously (Figure V.19).

During the first phase when

the younger spikelets were developing faster than the older ones,
all the spikelets in the GA3-treated plants developed faster than
those of the controls (Figure V.19).

The second application of GA

had little effect upon the development during this phase and spikelets
in the GA

x 2 treatment took as long or longer to reach stage 10 as

equivalent ones in the GA

x 1 treatment (Figure V.19).

The second phase, characterized by the slower development of
young spikelets which had not progressed beyond developmental stages
7 or 8 when initiation ceased, was seen first in spikelets lower down
the spike in the GA3-treated compared with the control plants.

The

lowest spikelet to show this second phase of development was number 30
in the controls, number 17 in the GA
the GA

4.

x 1 treatment and number 15 in

x 2 treatment (Figure V.19).

The Growth of the Shoot Apex

The second application of GA

had no significant effect upon

the rate of elongation of the shoot apex (Figure V.20).

During the

early harvests, the apex of treated plants was significantly longer
than that of controls, but on day 40, two days before the cessation
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Figure V. 19. The time taken for individual spikelets along
the spike of control and GA —treatedplants of
3
Clipper barley to progress from initiation to
developmental stage 10 in 8 Ii days.
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of initiation, the rate of elongation of the control shoot apices
increased.

As there was no similar increase just before initiation

ceased in the treated plants on day 31, the lengths of the shoot
apices of control and treated plants ceased to differ significantly from
Between days 46 and 49 however,

each other between days 40 and 52.

there was a sudden and considerable increase in the rate of elongation
of apices in GA3-treated plants, such that by day 58, they were twice
as long as those of the controls (Figure V.20).

An additional method of measuring the growth rate of the shoot
apex was used in this experiment.

The harvested apices were dried

overnight in an oven and weighed the following day on a Torsion
balance.

The growth of the shoot apex, measured by dry weight, followed
a similar pattern to that using apex length.

The apices of treated

plants were six times heavier than those of the controls on day 34.
The growth rate of the contrcl shoot apices increased after day 34 so
that by day 43, treated apices were less than three times heavier
than those of controls.

The growth rate of the apices of treated

plants increased after day 43 and by day 62 these apices were about
14 times heavier than those of the controls (Figure V.21).

The dry weights of the shoot apices from the previous experiment
in 16 h days are included to provide the comparison between long and
short days (Figure V.21).

The relative growth rate of the shoot

apex in 16 h days was greater than that in 8 h days and treatment
with GA

had no effect in long days.

Treatment of plants in 8 h days

with GA3 did not increase the growth rate sufficiently for the shoot
apices of treated plants in 8 h days to resemble those of controls
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Figure V. 21.

The time course for the increase in the dry weight
of the shoot apex in Control and GA3-treated plants
grown in 8 h and. 16 h days.
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in 16 h days (Figure V.21).

5.

Other Abnormalities

As well as the strange elongation of the apical dome following
the cessation of initiation, which has already been referred to, there
were several other features of the development of the shoot apex which
were abnormal in GA3-treated plants.

The first two abnormalities

described below were general to this, and also to previous experiments
with GA

in short days, whereas the third only occurred in this
The second application of GA

experiment.

on day 24 had no effect

on the frequency and extent of the abnormalities which were as
follows

The anthers in the basal spikelets were enormously enlarged
(Figure V.22 a ) and by day 54 had lost their turgidity
and become shrivelled (Figure V..22b ).

In many of the treated plants, there was a failure to
initiate the penultimate spikelet and the last two
spikelets were initiated during successive plastochrons
on the same side of the shoot apex (Figure V.22c ).

There was abnormal development of the first or second
spikelet which was manifested as

1.

The spikelet being replaced by an inflorescence

branch orientated at right angles to the main spike and
on which up to 16 spikelets were initiated (Figure V.22d and e).
At all times, the spikelets on these lateral branches were
less advanced in their development than those on the main
spike.

The spikelet was replaced by a leaf-like structure
(Figure V.22 f and g). In some cases, the rachilla of the
spikelet elongated and ultimately began to initiate spikelets
at its tip (Figure V.22 f and g).

The rachilla of the basal spikelet was elongated
(Figure V.22 h).

Discussion of Experiments VB, C and D

Several important points emerge from the work described in this
chapter.
1.

The Role of Gibberellins in Mediating the Effects of Daylength
The results provide evidence that gibberellins are involved in

mediating the effects of photoperiods on the rates of initiation and
spikelet development.

This conclusion is based on the following

three lines of evidence.

Firstly, in Chapter IV, it was shown that the rate of both
spikelet initiation and development were faster in 16 h than in 8 h
days, and it was suggested that this could indicate that both
processes are sensitive to the same long day stimulus.

Alternatively,

they may be sensitive to separate stimuli, the production of both of
which is promoted in long days.

Treatment of plants in 8 h days with

GA3 promoted the rates of production and subsequent development of
spikelets which suggests that both processes are limited in short
days by low levels of gibberellins.

Long days may therefore result

in increased production of gibberellin which promotes the rates of
spikelet initiation and development.

Secondly, the rate of initiation was shown to be similar but
that of spikelet development was faster in 24 h than in 16 h days
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Figure V. 22. Abnormal development of the shoot apex of GA —treated
3
plants grown in 8 h days.
a. Enormously enlarged anthers in the basal spi](elets
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loss of turgidity on Day 54.
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Figure V. 22 c. The failure of the apical dome to initiate the
penultimate spikelet such that the last two spikelets
to be produced occur on the same side of the shoot
apex.
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Figure V. 22 d. and e. Front and side views of a developing spike in
which the basal spikelet is replaced by an
inflorescence branch orientated at right angles
to the main spike.
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Figure V. 22

f. and g. The basal spikelet replaced by a leaf—like
structure and a lateral inflorescence situated
at the tip of an elongated rachilla.
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Figure V. 22h.

The elongated rachilla of the basal spikelet
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(Chapter IV).

It was suggested on the basis of a one compound

hypothesis that the optimum level of the long day stimulus is
higher for development than for initiation.

Alternatively, on the

basis of a two substance hypothesis, the stimulus for initiation may
reach optimal levels in 16 h days, whereas plants must be grown in
24 h days in order to produce optimal levels of the stimulus for
spikelet development.

The fact that GA3 applied to plants in 16 h

days simulated the effects of 24 h photoperiods by promoting spikelet
development but leaving the rate of initiation unchanged is further
support for the idea that gibberellin may be the stimulus for both
initiation and development in long days.

The level of gibberellin

required for these processes to proceed at a maximum rate must be
lower for initiation than for spikelet development.

Thirdly, in Chapter IV, it was shown that the rate of spikelet
development was more sensitive than that of spikelet initiation to
the effects of photoperiod.

This may have been because spikelet

initiation and development were differentially sensitive to the long
day stimulus, or alternatively, on the basis of a two substance
hypothesis, the production of the stimulus for spikelet development
may have been more sensitive to photoperiod than that for spikelet
initiation.

The fact that GA3 applied to plants in 8 h days

simulated the effects of long days by promoting spikelet development
relatively more than initiation is further support for the idea that
gibberellin is the substance which is produced in greater quantities
in long days and promotes the rates of spikelet initiation and
development.

Spikelet initiation always stopped when the most advanced
spikelet reached stage 9 and final spikelet number is therefore seen
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as the consequence of the relationship between spikelet initiation
and spikelet development.

As both long days and GA3 treatment tilted

the balance in favour of spikelet development, fewer spikelets were
ultimately initiated in these treatments than in those in which
untreated plants were grown in short days.

2.

The Quantitative Effects of GApplication

Although the effects of applied GA3 were qualitatively similar
to those of long days, treated plants in 8 h days did not develop
as rapidly as untreated plants grown in 16 h photoperiods.

A similar

situation was found by Yao and Canvin (1969) when the apices of GA 3treated wheat plants in 16 h days developed at a slower rate than those
of untreated plants in 24 h days.

There are several possible

reasons why GA3 applied to plants in short days did not increase their
rate of apical development to that of plants in 16 h days.

(a) The quantity of GA3 in the shoot apex of treated plants in 8 h
days may have been less than that of untreated plants in 16 h photoperiods.

If this were the limiting factor, additional applications

of GA3 would be expected to increase the rate of apical development.
In the experiment described here, the second application of GA3 on
day 24 did not affect, or even slightly inhibited the rates of
spikelet initiation and development.

Similarly, although Nicholls

(1978b) found that additional applications of GA 3 to Clipper barley
in 10 h days promoted the rate of spikelet development, they failed
to increase this to the rate of spikelet development characteristic
of plants grown in 16 h days.

These results suggest that it is not

the level of GA3 in the treated plants grown in 8 h days which limits
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the rates of spikelet initiation and development.

(b) It is unlikely that assimilates limit development in GA3-treated
plants in short days as previous experiments showed that the rate of
apical development in 8 h days could be promoted considerably without
any increase in the daily amount of PAR incident upon the plants.
Some other substance may therefore become limiting in GA3-treated
plants.

It is very likely that GA

is not the natural gibberellin

involved in mediating the effects of photoperiod and other gibberellins
may be required if treated plants in short days are to resemble
quantitatively as well as qualitatively the apical development of
those grown in long days.

Support for this suggestion is provided

by the finding that in lvfyosotis alpestris GA
whereas GA
GA

has no effect.

Similarly, GA

and GA

is more effective than

in stimulating flowering in Siline armeria

Lang, 1962).

promote flowering

(Michniewicz and

Thus, there appears to be rather precise requirements

with respect to the nature of the gibberellin which will stimulate
flowering (Wareing and Phillips, 1970).

Alternatively, GA3-treated plants in short days may develop at
a slower rate than untreated plants in 16 h days because a growth
substance other than gibberellin also limits apical development in
8 h photoperiods.

Such substances might be cytokinins, although

Ruckenbauer and Kirby (1973) succeeded in only slightly increasing
the rates of spikelet initiation and development by spraying barley
with kinetin.
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c) Another alternative is that there may be an inhibitor of apical
development produced in short days which, to some extent, counteracts
the effects of the applied GA3.

There is evidence to support this
Some plants such as

idea from studies of floral induction.

Hyoscycwzus niger will flower in short days if all the leaves are
removed, suggesting that inhibitory substances originate in the leaves
in non-inductive conditions (Vince-Prue, 1975).
Eolium temulentum L. in which 10 cm

Another example is

of the uppermost leaf is

sufficient for induction of flowering in the absence of all other
leaves, but flowering fails to occur if the remaining leaves are
exposed to short days (Evans, 1960).

The greater the area of leaves

in short days, the more the flowering response to the long day leaf
was reduced.

Thus, the slow rate of apical development in short

days may be due to the presence of an inhibitor as well as to a
shortage of gibberellin and this may be why applied GA 3 cannot
entirely counteract the effects of short days.

3.

The Long Lived Effect of a Single Application of GA 3

The effect of a single application of GA 3 made on day 10 to
plants grown in 8 h days continued to influence the development of
the shoot apex for several weeks subsequently.

This was clearly

seen in the rate of spikelet development which was promoted for up to
30 days after the application was made.

Also in experiment VD,

the accelerated rate of spikelet initiation following GA3 treatment
was maintained throughout the initiation phase.

It seems unlikely,

therefore, that the reduction in the rate of initiation on day 24
in treated plants in experiment VC was the result of a decline in
the level of GA3.

It is more likely to be due to some other unknown

i1
environmental factor, such as slight water stress, which is known to
affect apical development in barley (Husain and Aspinall, 1970).

The ability of plants to continue to respond to gibberellin
for long periods after the application is made has been noted
previously.

For example, a single application of GA3 to egg plants

results in the accelerated elongation of the pedicels for more than
60 days thereafter (Nothmann and Keller, 1975).

GA3 applied to the

leaves of dwarf pea plants elevates their growth rate for up to 7
days (Brian and Hemming, 1955).

Also, McComb (1967) found that a

single application of GA3 to the stem apices of Centaurium had a
prolonged effect.
The long lasting response to a single GA3 treatment in the present
experiments can be explained by either of two possibilities.

The

GA3 applied to the barley plants may have acted as a trigger which,
at the time of application, may have induced the self-sustaining
production of a stimulus of apical development.

Alternatively,

gibberellin may itself be the stimulus for apical development for
which there is a continuing requirement throughout the response
period.

It is possible that, as suggested by McComb (1964) for

dwarf peas, the plant may have been supplied with sufficient GA3 in
a single treatment to account for the observed long-lived promotion
of growth and development.

However, exogenously applied gibberellins

have been reported to have a rapid turnover in plants (Barendse,
Kende and Lang, 1968; Musgrave and Kende, 1970; Silk, Jones and
Stoddart, 1977) and a half-life of 12 to 24 hours has been estimated
for endogenous gibberellins in barley (Faull, Coombe and Paleg, 1974).
These observations make it unlikely that the GA3 applied on the tenth
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day will still be available to influence directly the rates of
apical development up to 30 days later.

An alternative explanation is that of Nothmann and Koller (1975),
in which it is proposed that applied GA3 induces or enhances the
production of endogenous gibberellins so that exogenously applied GA 3
may act autocatalytically by stimulating its synthesis within the
plant.

It has already been demonstrated that another growth

regulator, ethylene, can act in this way (Kende and Baumgartner, 1974).
Once started, production of the stimulus of apical development may
continue more or less independently of subsequent conditions.

This

would enable the accelerated rate of apical development to be maintained
long after the applied GA3 has been metabolised away.

The hypotheses also serve to explain the failure of the second
application of GA3 on day 24 to promote further the rate of apical
development.

On the basis of the first alternative, the synthesis

of the stimulus of apical development, once triggered, may be
insensitive to additional GA3 applications.

Alternatively, on the

basis of the idea that the stimulus is gibberellin, its synthesis,
once induced by the applied GA3, may be sufficient to saturate the
response of the shoot apex so that additional GA 3 has no effect.

There is other evidence to support the idea that the synthesis
of the stimulus, once induced, is self-perpetuating.

The shoot

apices of plants transferred from long to short days continued to
develop at a faster rate than those grown throughout in short days
(Experiment VA).

This suggests that either the stimulus does not

decay when plants are transferred to short days, or that once its
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synthesis has been induced, its continued production is more or less
independent of subsequent conditions.

Similar evidence is also

available from studies of floral induction.

Zeevaart (1976) found

that three species, namely Xanthium strumarium, a short day plant,
Silene armeria, a long day plant and Bryophyllum diagremontianwn,
a long-short day plant, brought into flowering by grafting onto
induced stocks, could themselves function as donors in the next
grafting experiment.

Since the induced state can be transferred

through several successive graftings, the floral stimulus of these
three species is self-perpetuating possibly by inducing a condition
which causes the synthesis of more stimulus.

Thus, the continued

synthesis of the stimulus of apical development in barley, induced
either by long days or GA

treatment may be controlled auto-

catalytically.
The possible source of the stimulus requires consideration.
If the stimulus is gibberellin, then young leaves are possible
candidates as they are thought to be sites of gibberellin synthesis
(Cleland, 1969).

Shoot apices and developing flowers are also

rich sources of gibberellin.

For example, Jeffcoat and Cockshull

(1972) detected endogenous gibberellin-like substances in the young
developing flowers of chrysanthemum and Plack (1958) noted that the
reduction in corolla size brought about by the emasculation of flower
buds of Glechoraa hederacea and Geranium anernonefolium could be overcome by exogenously applied GA3.

Murakarni (1965) extended these

findings by showing that in Mirabilis jalapa, the anthers, whose
removal reduced the extension of the corolla tube, were very rich
sources of gibberellin-like substances.

These findings would

therefore support the suggestion that the developing spikelets
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themselves may be the sites of synthesis of gibberellin.

The

observation that the young spikelets develop at a faster rate than
the older ones in both control and GA 3-treated plants is consistent
with this suggestion.

As time progresses, the increase in the

number of spikelets along the spike may result in more sites of
synthesis of gibberellin which could be passed up the spike to
promote the development of the younger spikelets.

If this is the

case, the concentration of gibberellin-like substances in the shoot
apex would be expected to increase between the beginning and end of
the spikelet initiating phase; this possibility is explored in
Chapter VI.
The positioning of the most advanced spikelet was nearer the
base of the spike in GA 3 treated plants, but this was not, as
Nicholls (1978b) suggested, due to the promotion of development of
only the basal spikelets of the spike, since all were affected.

It

is more likely that as treatment with GA3 increased the rate of
spikelet development relatively more than that of initiation, the
compensation for their later initiation was less obvious in the
younger spikelets of GA3-treated plants.

The fact that in wheat,

the most advanced spikelet is near the base of the ear in long days
but about one third of the way up the spike in short days is
significant in this context as long days, like GA3, accelerate the
rate of spikelet development relatively more than initiation
(Williams and Williams, 1968).
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The Effect of GA3 on the Growth Rate of the Shoot Apex

The growth rate of the shoot apices of GA3 treated plants in
8 h days was faster than that of the controls.

A similar effect

of GA3 on the growth of flowers has previously been reported by
Lindstrom and Wittwer (1957) and Plack (1958).

Also, Jeffcoat and

Cockshull (1972) were able to show that the highest growth rates in
chrysanthemum flowers were associated with peaks of endogenous
gibberellin-like substances.

Thus, GA3 has a dual effect on the shoot apex by increasing its
growth rate as well as its rate of development.

This double effect

of GA3 has previously been reported by Harris, Jeffcoat and Garrod
(1969) who found that GA3 applied on ten occasions at intervals of
three days increased both the growth and developmental rates of young
carnation flowers.

In these experiments, the total dry weights of GA3-treated plants
were not significantly different from those of control plants
(Appendix III), which suggests that the growth rate of the shoot apex
was the result of a change in the distribution and utilization of the
assimilates rather than an increase in the rate at which they were
produced.

Abnormalities induced by GA3 Treatment in Short Days
(a) Abnormal development at the base of the ear

The development of a branch at the base of the ear occurs in
certain mutants (Gill and Sethi, 1970) and can be induced by
certain photoperiodic regimes (Bonnett, 1966; Blumova, 1961) as
well as following treatment with GA3 (Kirby, 1971; Nicholls, 1978b).
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Plants treated with GA3 at, or before the appearance of double ridges,
have previously been found to exhibit the highest incidence of these
abnormalities, and this leads to the suggestion that a high
concentration of gibberellin in the shoot apex at this stage is a
prerequisite for the occurrence of a branched ear (Nicholls, 1978b).
This idea is supported by the fact that in experiment VD, the
second application, given when the lateral spikelets had been
initiated, did not increase the incidence of branched ears. Branching
may be confined to the base of the ear because GA3 moves slowly
through unvascularised tissue so that the concentration is high
enough to induce abnormal development only in those spikelets at
the base of the ear (Kirby, 1971).

The branched ear abnormality

may have occurred only in experiment VD because the GA 3 may have been
applied when the plants were at a slightly different stage of
development to those in experiment VB and VC, so that the GA3 reached
the basal spikelets when they had the potential to develop as branches.

Branched ears were not found in treated plants grown in long
days and this result agrees with that of Kirby (1971) who suggested
the apices may have passed the susceptible stage of development when
the GA3 was applied.

Alternatively, if the concentration of

gibberellin in the developing ear is higher in long than in short
days (Nicholls and May, 1964), more GA3 would be needed in the long
day treatment to give the same relative change in concentration
within the plant.
The other abnormality, that of hypertrophied anthers, has
previously been found in winter barley treated with potassium
gibberellate (James and Lund, 1965).

It is interesting that the
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single application of GA3 has a long lived effect and can influence
the development of structures such as anthers which are uninitiated
at the time of treatment.

(b) Abnormal development at the tip of the ear

In short days, the abnormal development of the apical dome
following the cessation of initiation in GA 3-treated plants is
remarkable for two reasons : firstly, the abnormality occurs at
the distal rather than the basal end of the spike and secondly, it
appears more than three weeks after the GA3 treatment and continues
for many days thereafter.

It indicates that the suspension of

spikelet production is a reversible phenomenon and that the death
of the apical dome is not an inevitable consequence of the
cessation of spikelet initiation.

The abnormal development may

therefore provide an important insight into the way in which the
processes of dome growth and spikelet initiation are regulated and
this is discussed below.

The fact that spikelet production recommences near the tip of
the dome is interesting.

At the time when this occurs, older

spikelets are developing rapidly and their assimilate requirements
would be expected to be maximal, thus making competition with the
dome progressively more severe.

The poor vasculariZation of the,

extended dome would also be expected to limit the assimilate supply
at the tip.

Nevertheless, new spikelets are initiated and it

seems unlikely that this can result from a lessening of competition
for assimilates since the reverse is more likely.
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An alternative explanation is that a diffusible inhibitor is
produced when the most advanced spikelets reach developmental
stage 9, and this causes initiation to cease and ultimately results
in the death of the dome.

It must be assumed that growth of the

dome is less sensitive than the process of initiation to the putative
inhibitor as, in all conditions, the dome continues to extend after
initiation has ceased.

If the apical dome can elongate away from

the subtending spikelets, the level of the inhibitor within the dome
may gradually be reduced until, eventually, initiation can resume.
The fact that initiation recommences at the tip of the dome is
consistent with the idea of an escape from an inhibitory effect
emanating from below.

The fact that the phyllotaxy of these

additional spikelets is out of phase with those produced earlier
also supports the idea that the tip of the dome has separated itself
from the influence of spikelets below it.

This raises the question of why the apical dome can survive
and elongate in treated plants but not in controls.

From the

results of experiment VC, it appeared that just before initiation
ceased in short days, the rate of elongation of the shoot apex of
control plants increased, so that by day 44, the length of the
apices of GA 3-treated and control plants did not differ significantly.
The ability of the dome to survive in the GA3-treated plants may have been
linked to less severe competition with the elongating internodes for
assimilates.

However, in experiment VD, the apices of GA 3-treated

plants elongated at a much faster rate than those of the controls
between days 46 and 58, indicating substantial elongation of the
internodes.

As apical domes were also extending at this time,

it seems unlikely that their survival and growth was due to less
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competition from the elongating internodes.

An alternative explanation is that the survival of the dome
may be linked to its size when initiation ceases.

Treatment of

plants grown in short days with GA 3 differentially affected, the
growth rate of the apical dome, the rate of initiation and the rate
of spikelet development.

As a result, when the most advanced

spikelet reached stage 9 and initiation stopped in GA3-treated plants
the apical dome was very large
in the controls.

160-200 im compared with 110-115 i.im

The absence of the abnormality in 16 h days may

be linked to the fact that dome length was 120 urn when initiation
ceased.

If dome growth is normally stopped by high levels of an

inhibitor, then the larger size at the time when initiation ceases
may result in a lower inhibitor concentration there.

The larger

size of dome may enable faster elongation to occur so that the
concentration of inhibitor never builds up sufficiently to cause
death of the dome. Ultimately, through elongation, the
concentration of inhibitor is diluted sufficiently for initiation
to resume near the tip of the dome.

CHAPTER VI THE DISTRIBUTION OF RADIOACTIVE GA3 APPLIED
THROUGH THE LEAF AND THE LEVELS OF GIBBERELLINLIKE SUBSTANCES IN THE SHOOT APEX

INTRODUCTION

Two sets of experiments, which are extensions to the work of the
previous chapter, are presented here.

The objective of the first set

was to examine the distribution of radioactive GA3 applied through the
leaf, and in particular, to confirm that GA3 applied in this way reaches
the shoot apex.

Direct applications to the shoot apex of barley are not possible
and therefore, throughout the course of this work, GA3 was applied
through the leaves in the hope that it would be translocated to the
shoot apex.

This is quite likely as gibberellins move freely within

the plant by diffusion (Jones and Phillips, 1964), via the xylem sap
(Phillips and Jones, 1964) and via the phloem (Kluge et al., 1964).
Also, there are several reports to indicate that their movement is nonpolar and gibberellin applied to mature leaves moves freely towards the
apices of various plants (McComb, 1964; Zweig at al., 1961).
Nevertheless, there was a need to study the distribution of radioactivity
in plants treated with '4C labelled GA3 and to determine if the effect
of GA3 on apical development is related to its presence in the shoot
apex.

The second set of experiments presented in this chapter were
designed to extend our understanding of the role of endogenous
gibberellins in apical development by estimating their levels in the
shoot apex at various stages of development.
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(A) EXPERIMENT TO INVESTIGATE THE DISTRIBUTION OF LABEL WHEN
14C-GA3 IS APPLIED THROUGH THE FIRST LEAF

The methods used are described in detail in Chapter II and are
briefly summarised as follows

20 l (1 Ci) of (1, 7, 12, 18 - 14C) GA

solution were applied

to the first leaf of plants of Clipper barley which had
recently initiated the collar primordium in the 16 h days.
Batches of plants were harvested 72 and 144 h later; 5
plants from each batch were used for whole plant autoradiography and the shoot apices of the remaining plants
were dissected out, placed in two sets of 9 in vials and
counted in a scintillation counter (Table 2.3).

Results
Whole plant autoradiographs indicated that by 72 h after treatment,
the radioactivity was concentrated in the first leaf with smaller amounts
present in the other leaves and the roots.

By 144 h after treatment,

the quantity in the second leaf had increased and label was also present
in the third, fourth and fifth leaves, which had hardly begun to expand
when the GA

was applied.

Levels of radioactivity in the roots had

also increased by this time.
Radioactivity was present in the shoot apex of treated plants 72 h
after treatment and there was no further increase in the amounts present
per apex after a further 72 h (Table 6.1).

When expressed on an apex

dry weight basis, the amount of label fell because of apical enlargement
over this period (Table 6.1).

It was not possible to weigh dried

apices at Sittingbourne and therefore the dry weights used in the above
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Table 6.1

The radioactivity (counts per minute after the subtraction
of background) in shoot apices of plants treated with
1 pCi GA3 and harvested after 72 and 144 h

Radioactivity per Radioactivity per
jig dry weight
9 shoot apices
of shoot apex

Harvest

72 h

Replicate 1

989

11

Replicate 2

946

10.5

Mean

967.5

10.8

Standard Error

144 h

21.50

0.25

Replicate 1

840

2.3

Replicate 2

950

2.6

Mean

895

2.5

Standard Error

55

0.15
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calculation were obtained from plants grown in similar conditions in
Edinburgh.

These plants did not differ in any significant way from

those grown at Sittingbourne.

fl4 riizinn

The results indicate that the method of application used results
in the uptake and transport of radioactivity to all parts of the plant.
Of particular significance to the present work is that radioactivity
was detected in the shoot apex.

It is therefore possible that the

effect of GA3 on apical development is related to its presence in the
shoot apex.

The possibility should not be ignored, however, that the

14 C labelled GA3 is metabolised elsewhere in the plant and the radioactivity in the shoot apex comes from an inactive metabolite.

This

could be checked by chromatography of the extract from the shoot apices
prior to scintillation counting and confirming that radioactivity
remains located in the 14C labelled GA3.

This approach would have

required much larger amounts of labelled GA3 than were available and
the cost of such an attempt would have been extremely and unacceptably
high.

It is interesting that there is no further increase in the amount
of radioactivity in the shoot apex between 72 h and 144 h after treatment.

The dry weight of the shoot apex increased fourfold over this

period and as a result, the concentration of label in the shoot apex
fell.

This observation supports the idea that the GA3 applied on

day 10 cannot be the direct cause of the accelerated rates of apical
development seen more than three weeks later in experiments V.0 and D.
Even if the applied GA3 remained active for such a long time, the fact
that its translocation is complete within 72 h of its application means
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that its concentration there must gradually be diluted as a result of
the growth of the shoot apex, and its effects might be expected to
decrease also.

The fact that this does not occur suggests that high

levels of gibberellin are maintained in the shoot apex long after the
original application was made, possible because synthesis of endogenous
gibberellin is activated by the applied GA 3*

(B) DETERMINATION OF ENDOGENOUS GIBBERELLIN-LIKE SUBSTANCES IN
THE SHOOT APEX

Introduction

The direct approach to elucidating the role of gibberellins in
apical development is to measure the amounts present in the shoot apex.
This is itself a major research exercise as it would involve quantitative
as well as qualitative assessment of gibberellins in apices at various
stages, in a range of cultivars grown under a range of conditions.
Only then could correlations be made between gibberellins and development.

Such correlations could of course prove to be not significant

despite the laborious and time-consuming methods necessary for this
approach.

This section deals with preliminary attempts to obtain

simple, quantitative data on changes in endogenous gibberellin-like
substances in apices of Clipper barley of three ages grown in long
days.

The precise aim of this work was to determine whether the

levels of gibberellin-like substances present in the shoot apex
increased with time.

This was to obtain additional evidence for the

hypothesis outlined in the previous chapter, that younger spikelets
develop faster than thobelow because the older spikelets become
sources of endogenous gibberellin.

If this is the case, the amount

of gibberellin-like substances in the developing ear should increase
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with time.

Before presenting the results, a discussion of previous work of
Nicholls and May (1964) and Nicholls (1974b) is relevant and important.
These workers determined levels of gibberellin-like substances in the
developing ear but presented conflicting results (Figure VI.l).

In

the early paper, it was found that the levels rose between the double
ridge and stamen initials stages whereas Nicholls (1974b) found the
opposite.

The early data indicated that levels then fell after the

cessation of initiation whereas those obtained in 1974 showed the
reverse.

The discrepancy in the results may be due to one or a

combination of the following

The levels of gibberellin-like substances may have genuinely
differed between the two sets of plants.

Both estimates were

based on the cultivar Prior grown in continuous light.

The

only difference in the growing conditions was the inclusion
of incandescent lamps in the light source during the growth
of the 1974 batch.

It is conceivable that incandescent

light influenced the levels of gibberellin-like substances
in the shoot apex.

The shoot apices grown in 1964 were extracted with ethyl acetate
and the extract obtained was used without further purification.
In contrast, the 1974 extraction was with methanol, followed
by partitioning against hexane, and ethyl acetate and
chromatography on silica-gel H plates.

It is possible that

considerable losses occurred during this extensive purification
procedure and this may account for the lower estimates of
activity obtained at the stamen initials stage in the later work.
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Figure VI. 1. A comparison of the 1964 (Nicholls and May) and. 1974
(Nicholls) estimates of gibberellin—like activity in
the shoot apices of Prior barley grown in continuous
light.

= Data from Nicholls and. May (1s64)
A = Data from Nicholls (1974b)

I

3

4

5 6 7 8 9
Stage of development

10

11
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3.

Serial dilutions of the extract were used in the bioassays in
both the 1964 and 1974 work.

Nicholls (1974b) clearly states

that there is no evidence for the presence of any inhibitors
but in the presentation of the 1964 work, no reference is made
to the results of the dilution series.

It is possible that

the unpurified extract obtained in the 1964 work contained
quantities of inhibitors which interfered with the detection
of gibberellin-like substances.

This could account for the

higher estimates at the apex elongating stage in the later
work, as the inhibitors may have been removed during purification.

In the present work, the original intention was to use the extraction and purification procedure devised by Reeve and Crozier (1978)
which is outlined in Table 6.2.

Very low estimates, close to the

limit of sensitivity of the bioassay system have previously been
reported for extracts of 200 apices at the awn initials stage
(Nicholls and May, 1964), so it was essential to use an extraction
and purification procedure with the highest possible recovery rate.
The following experiment was therefore performed to obtain an estimate
of the losses resulting from the proposed purification method.

20 il of (1, 7, 12, 18 - '4C) GA

with a specific activity

of 3.44 mCi/rn mol were added to 3 cm
of 8 mg macerated plant tissue.

methanolic extract

This was then taken through

the steps of purification outlined in Table 6.2 and 20 1p1
samples were taken at the stages indicated.

A 40 p1 sample

was taken at stage D because here the total volume was
increased from 3 to 6 cm3.
vial containing 15 cm

Each sample was placed in a

of scintillant.

shaken well and counted.

The vials were

The results, after subtraction
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Table 6.2

Flow diagram for the extraction and partitioning of
gthberellins (from Reeve and Crozier, 1978)
20 i1 samples
8 mg germinated barley embryos macerated
in cold methanol

Extracted 3 times in methanol to give
total volume of 3 cm3

Sample A

Reduced to dryness in vacuo

.1
Made up to 3 cm 3 with 0.5 M phosphate
buffer (pH8)

Partitioned 5 times against hexane
Sample B

Aqueous phase kept

.1.
Slurried with PVP

Filtered

Aqueous phase adjusted to pH 2.5

Partition against 6 cm

Ethyl acetate fraction
(free GA's) I

Sample C

ethylacetate

Aqueous Phase

Sample E

Partitioned against 3 x 1 /3
volumes of n-butanol

.1
Acidic butanol fraction
+ Ga congugates)
(GA
32

Sample F

Sample D

(40 il)
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of background activity are shown in Table 6.3.

Losses of 31737% which were found to be associated with this
procedure were considered to be unacceptably large in view of the
very low levels of gibberellin-like substances which were likely to
be present in the extracts.

It was therefore decided to adopt the

simpler approach of extracting with methanol and using the unpurified
extract in the bioassay.

Serial dilutions of the extract were

used to indicate the presence of inhibitors.

The methods used to

detect the endogenous gibberellin-like substances are outlined in
detail in Chapter II and are briefly summarised as follows

800 apices were grown in long days in the glasshouses at
Sittingbourne and 200 apices were harvested and extracted
in methanol at the following 3 stages : double ridge, stamen
initials and stage 10 when the awn was beginning to
elongate.

The methanol was later evaporated away and the

extract was taken up in 2.5 cm
night.

of distilled water over-

1, 5 and 20 fold dilutions of this solution were

tested for gibberellin-like activity using the barley
endosperm bioassay.

The standard dosage response curve

used in this work is shown in Figure VI.2.

Results

There was good agreement between replicate samples at the double
ridge and stamen initials stage, thus indicating the reproducibility
of the bioassay system.

There was no replication of extracts at the

awn elongation stage because the whole extract from 200 apices was
used in a single dilution series (Table 6.4).
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Table 6.3

The radioactivity (counts per minute) in samples taken
at various stages of the extraction procedure

SET 2

SET 1

Sample

Counts per minute

Percentage
of
amount present
at the outset

100

Counts per minute

3547

Percentage
of
amount present
at the outset

100

A

2738

B

2661

97.2

3106

87.6

C

1863

68.1

2821

79.5

D

1867

68.2

2192

61.8

E

47

1.7

74

2.1

F

23

0.8

60

1.7

% recovery
(D+F)

69.0

63.5
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Dosage response curve of standard gibberellic

Figure VI.2.

acid solutions in the barley endosperm bioassay.

Bus

1- 0

0

10

10

10

Concentration of

GA

3

10

,ig per cm3 )

Table 6.4

Determination of the levels of gibberellin-like substances in the shoot apex of Clipper barley at
three stages of development

Gibberellic Acid Activity

Stage of development

Dry weight
per apex

Number of
apices per

Stamen initials
(stage 8)

Beginning of awn
elongation (stage 10)

7

22.5

105

Second
dilution

Third
dilution

levels too 1.4, 2.3
1.9
low for
SE=0.45
detection

2.6, 2.7
2.65
SE=0.05

-

99

6.4, 6.4
6.4
SE=0

5.7, 5.6
5.65
SE=0.05

4.4

122

0.0095

0.238

1.2

First
dilution

Second
dilution

Third
dilution

143000

10.0,16.0
13.0
SE=3.0

18.2,19.0
18.6
SE=4.0

45000

143, 144
143.5
SE--0.5

128,127
127.5
SE=0.5

1

25

weight

Double ridge (stage 4)

ig per g dry weight

pg per apex

9524

First
dilution
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When viewed on a per apex basis, the level of gibberellin-like
substances in the undiluted extract increased by elevenfold between
the double ridge and stamen initials stage.

Later, after the

cessation of initiation, when the awns were beginning to elongate
the gibberellin-activity dropped by a factor of 144 to 1 pg per
apex (Table 6.4).

As there is a 15 fold increase in the dry weight of the shoot
apex between the first and last stages of development studied here, it
is meaningful also to consider the data in terms of gibberellin
activity per g dry weight of tissue.

When estimates of gibberellin

activity in the undiluted extract are viewed in this way, the pattern
of rise and fall persists but the relative differences between the
three stages are influenced by the growth of the shoot apex.

The

increase in gibberellin activity per apex between the double ridge
and stamen initials stage was more than sufficient to account for its
growth and amounts per g dry weight of tissue increased by 3 fold
between these two stages.

The decline in activity per apex which

then occurs is even more remarkable when viewed on a dry weight basis,
as the estimates of gibberellin activity at the stamen initials and
awn elongation stages differed by a factor of 670 (Table 6.4).

There was no evidence for the presence of inhibitors at the double
ridge and stamen initials stages, as similar estimates of gibberellinlike activity were obtained for the set of serial dilutions.

However,

the presence of an inhibitor was indicated at the awn elongation stage
at which there were differences in activity of 25 and 125 fold between
the first and second and first and third dilutions respectively
(Table 6.4).
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The fall in gibberellin activity between the stamen initials and
awn elongation stages persists even when the highest value at the
third dilution of the later stage is taken (Table 6.4).

fli ciii
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Clipper and the cultivar Prior, used by Nicholls and May (1964),
have similar developmental characteristics and it is meaningful to
compare the results of these experiments in 16 h days with those of
Nicholls and May using 8 and 24 h photoperiods (Table 6.5).

Values

for Clipper are intermediate between those of Prior and are therefore
consistent with the idea that the levels of gibberellin-like substances
in the shoot apex during the spikelet initiating phase are greater in
the longer daylengths.

These findings support the hypothesis that,

in short days, rates of apical growth and development are limited by
a shortage of gibberellin.

It would be interesting to compare the

levels of endogenous gibberellin-like substances in the shoot apices
of rapidly developing cultivars, such as Clipper with those of cultivars
such as Proctor which develop at a slower rate.

This would determine

whether differences between cultivars are due to variation in their
rates of production or sensitivity to gibberellin.

Levels of gibberellin-like substances in the shoot apex increased
between the double ridge and stamen initials stage.

This supports

the suggestion made in the previous chapter that the faster development
of the younger spikelets may be due to an increase in the amount of
gibberellin in the shoot apex between the beginning and the end of the
spikelet initiating phase.

This gibberellin may originate in the

older spikelets and be translocated upwards to promote the development
of the distal spikelets.

Thus, the greater the number of rapidly
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Table 6.5

Estimates of gibberelliri-like activity in the apices of
Prior grown in 8 h and 24 h days (Nicholls and May, 1964)
and Clipper grown in 16 h days

Developmental

g gibberellin-like substances per g dry weight of apices

stage
8 h photoperiod

16 h photoperiod

24 h photoperiod

Prior barley

Clipper barley

Prior barley

1.94

Double ridge

0.002

1.86

Stamen initials

2.6

6.38

0.055

0.0095

Awns beginning
to elongate

(1st dil)
0.238
(2nd di l)
1.2
(3rd dil)
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developing spikelets the more gibberellin is produced and the greater
the promotion of development of the youngest spikelets.

Such an

interpretation is compatible with the increase in the amount of
gibberellin-like substances between the double ridge and stamen
initials stage.

A possibility which should not be ignored, however, is that
higher levels of gibberellin-like substances may reflect reduced rates
of utilisation rather than increased rates of production.

However,

this seems unlikely in view of the faster rates of growth and
development associated with the higher levels of gibberellins.

The idea outlined in the previous chapter that spikelet initiation
ceases due to the production of an inhibitor is given further support
by the evidence presented in this chapter for the presence of an
inhibitor of gibberellin activity in apices which had recently stopped
initiating spikelets.

It is conceded that the inhibitor is of

gibberellin activity in the barley endosperm assay, and that it may
have no wider physiological significance.

However, in view of the

evidence from earlier experiments implicating an inhibitor of apical
development, the demonstrated presence of an inhibitor in extracts
is of considerable interest.

The presence of an inhibitor also serves to explain the discrepancy
between estimates of gibberellin-like activity in the shoot apices at
the awn elongation stage made by Nicholls and May (1964) and Nicholls
(1974b).

The highly purified, later extract was estimated to contain

100 times more gibberellin per g dry weight of tissue than the
unpurified 1964 extract (Figure VIA).

This may have been because

the inhibitor was removed during purification.
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Also of interest is the fact that estimates of the levels of
gibberellin-like substances in the shoot apex at the awn elongation
stage are ten times greater in 8 than in 24 h days (Table 6.5).
This may indicate that levels of gibberellins are genuinely higher
at this stage in short days, but could equally well indicate that
the level of the inhibitor is lower.

The apical dome survives for

much longer after the cessation of initiation in short
compared with long days, and this may be due to slower rates of
inhibitor production.

There is considerable scope for more work to be carried out in this
area.

No attempt has yet been made to isolate and identify the

gibberellins which are present in the shoot apex, although such work
is now possible with the advent of sophisticated techniques.

Gas-

liquid chromatography and mass spectrometry can be used to determine
quantitatively as well as qualitatively the gibberellin composition
of small amounts of tissue.
The presence of an inhibitor of gibberellin activity is in need
of further investigation.

As suggested earlier, its inhibitory effect

may be very limited and confined to the barley endosperm assay.

There

is therefore a need to demonstrate its activity in other assays such
as the dwarf Oea and the lettuce hypocotyl assays.

Also, although its

presence in apices from plants grown in other photoperiods is implicated
by the results of Nicholls and May (1964) and Nicholls (1974b), this
needs to be demonstrated using serial dilutions of extracts of shoot
apices from plants grown in a range of daylengths.

Lastly, having

confirmed its existence, attempts should be made to identify it.
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CHAPTER VII

THE EFFECTS OF OTHER GROWTH REGULATORS ON
DEVELOPMENT OF THE MAINSTEM APEX

INTRODUCTION

During this project, the work on growth regulators has concentrated
on the effect of GA3 on the development of the mainstem apex.

Some

experiments, however, were also performed using other growth regulators,
namely benzylaminopurine (BAP), a synthetic cytokinin, chiorocholine
chloride, (2-chioroethyl) trimethylammonium chloride (CCC), a substance
known to block the synthesis of gibberellins in certain tissues
especially fungi (Kende et al., 1963; Barnes et al., 1969), and abscisic
acid (ABA), a naturally occurring growth inhibitor.

The background

and reasons for using each compound are discussed in detail for each
experiment.

The investigations presented in this chapter were preliminary
studies only, due to shortage of time, and there remains considerable
scope for further work.

(A) THE EFFECTS OF BAP

Most of the work on the effects of exogenously applied cytokinins
on .erea1 yields has involved treatment of the ear at the grain filling
stage in the hope that such treatments would divert assimilates towards
the site of application (Michael et al., 1969; Wagner, 1975).

Fewer

studies have investigated effects of cytokinins applied at earlier
stages, though there are reports that treatment can increase yield
when applied as a seed soak or a spray to young plants (Singh et al.,
1973; Ruckenbauer and Kirby, 1973).
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The aim of the two experiments described here was to determine
whether a range of concentrationsof BAP influenced initiation,
development and the final number of spikelets when applied to young
plants of Clipper barley.

BAP was selected because this was shown

by Rocha (1979) to have a greater effect on barley than several other
cytokinins which she tested.

Several methods of application have been described in the
literature.

Direct injections (Clifford and Langer, 1975), although

very convenient in that the exact amount of cytokinin entering the
plant is known, cannot be used in experiments with very young plants
since injection at any position causes serious damage.

Leaf sprays,

although an easy method of application, are difficult to apply
homogeneously and have been found to give variable results in experiments investigating tillering (Johnston and Jeffcoat, 1977).

Rocha

(1979) obtained no effect on tiller bud growth in barley when she
applied cytokinin as a drop over a scratch on the surface of the first
leaf, but found that soaking the root systems in cytokinin was an
efficient method of treatment, possibly because more cytokinin entered
the plant.

This method was therefore used in the following experiments.

It has the disadvantage that it is not possible to know how much
cytokinin has entered the plant but Rocha (1979) suggests that similar
amounts might be expected to penetrate uniform plants.

Plants were exposed to solutions of cytokinin for 24 h in the
first of these experiments but only 4 h in the latter.
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Experiment 1

Clipper barley was grown in 16 h photoperiods in the growth
rooms at Sittingbourne.

Plants were treated either on day

7, about the time of collar initiation, or on day 11, when
five spikelet primordia had already been initiated.

The

method described by Rocha (1979) was used to apply BAP and
this involved gently washing away the perlite in which the
plants were growing and soaking the roots of each plant in
an aerated solution of either 10
or water.

M, 10

M or 10 6 M BAP

The most concentrated solution would have

resulted in a maximum dosage of 28 ig per plant if all the
cytokinin was absorbed from solution.

Twenty-four hours

later the plants were removed from the solutions, their roots
were gently, but thoroughly rinsed in tap water and replanted
in sand.

Six plants per treatment were harvested for apical

examination on days 15, 18, 20, 22 and 26.

Results

There was no significant difference between the control plants
treated with water on days 7 or 11 so the results were pooled.
Treatment with BAP had little effect upon apical development though
concentrations of 10

M reduced the rates of spikelet initiation and

development and led to a non-significant reduction in the final
number of primordia initiated (Tables 7.1 and 7.2).

Final spikelet

number was reduced slightly more when BAP was applied on day 7
rather than day 11.

Table 7.1

The effect of BAP applied at concentrations of 10 6 M, 10

M or 10

M through the roots of 7 or 11

day old plants on the initiation of primordia

Number of primordia initiated
Harvest day

BAP applied on day 11

BAP applied on day 7

Control
10

M

10

M

10

M

10 6 M

10

M

10

M

15

18.3 ± 1.64

18.2 ± 2.24

16.5 ± 3.80

18.5 ± 0.58

18.8 ± 0.78

19.2 ± 1.55

19.0 ± 1.6

18

26.7 ± 1.93

28.0 ± 2.57

25.3 ± 3.35

24.2 ± 3.54

27.3 ± 1.43

25.8 ± 3.72

25.7 ± 1.7

20

31.0 ± 2.65

31.5 ± 1.45

30.3 ± 4.34

27.2 ± 1.81

32.1 ± 2.04

31.0 ± 0.86

28.3 ± 4.6

22

36.6 ± 1.71

35.0 ± 4.70

34.5 ± 1.10

31.5 + 4.02

35.0 ± 1.03

36.5 ± 0.66

33.0 ± 2.1
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Table 7.2

The effect of BAP applied at concentrations of l06 M, 10
M through the roots of 7 or 11 day old plants on the

or 10

development of the most advanced spikelet

Developmental stage of the most advanced spikelet

Harvest day

Control

BAP applied on day 7

BAP applied on day 11

10 6M

10 5M

10 4M

10 6M

10- 5 M10 4M

15

4

4

4

4

4

4

4

18

7

7

7

5

7

6

5

20

9

8

8

6

9

8

7

22

9

9

9

9

9

9

9

26

-

10

10

9

-

-

9

M
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Plants treated with BAP were very stunted in appearance.
Unfortunately, dry weights were not recorded but the appearance of
leaves was delayed (Table 7.3) and plant height (taken as the
distance from the coleoptile to the tip of the longest leaf) was
reduced by BAP (Table 7.4).

Experiment 2

The growth of the plants as a whole was greatly inhibited
by the BAP treatment in the previous experiment and the
failure to increase the final number of spikelets may have
been due to too long an exposure to the cytokinin solution.
Rocha (1979) allowed four day old seedlings of Proctor
barley to stand in a 100 cm
10

beaker containing 50 cm

M BAP solution for only 4 hours.

of

She found that this

treatment did not curtail the growth of the shoot and led
to only a small reduction in the growth of the root.

The

above method was therefore used with Clipper barley in an
attempt to increase the final number of spikelets initiated.
Plants were grown in 16 h days in growth rooms at Edinburgh
and six plants per treatment were harvested on days 5, 15,
18 and 23 after planting.

Results

Treatment with BAP reduced the rates of spikelet initiation and led
to a significant reduction in the final number of primordia initiated by
day 23, (Tables 7.5 and 7.6).

BAP treatment also led to a large and

significant reduction in the dry weight of the roots and shoots so
that on day 18, the dry weight of the control plants was almost
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Table 7.3

The effect of BAP applied at concentrations of
M through the roots of 7 or 11 day old plants on

or

the number of emerged leaves.

BAP applied on day 7

BAP applied on day 11

Harvest day

Control

10 6M

10 5M

10 4M

10 6M

10 5M

10 4M

15

3

3

3

3

3

3

3

18

4

3

3

3

4

4

3

20

4

4

4

4

4

4

4

22

5

5

5

4

5

5

4

Table 7.4

The effect of BAP on the height of plants (cms) when applied on day 7 or 11 through the roots at
concentrations of 106, iü
or io
M.

BAP applied on day 7
10_ 6 M

BAP applied on day 11
10 6 M

Harvest day

Control

15

23.8 ± 1.75

22.9 ± 2.58

19.5 ± 3.14

19.5 ± 1.32

22.5 + 1.51

23.8 + 2.29

21.4 ± 1.44

18

29.3 + 4.34

31.2 ± 1.55

20.9 ± 1.58

20.0 ± 1.44

25.7 ± 1.89

23.2 ± 1.81

23.3 ± 2.08

20

31.4 ± 3.50

31.2 ± 1.45

27.5 ± 3.53

20.6 + 1.98

28.4 ± 0.50

24.7 + 1.36

21.6 ± 2.77

22

34,4 ± 3.10

33.7 ± 5.37

30.1 ± 0.99

22.0 ± 2.01

31.0 ± 1.36

25.9 ± 2.69

22.7 ± 2.37

lO

M

lO

M

lO

M

lO

M
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Table 7.5

The effect of BAP applied at a concentration of 10

M

through the roots of four day old plants on the initiation
of primordia.

Six leaves were initiated by both control

and BAP-treated plants.

Number of primordia initiated
Harvest day

Control

BAP

9

7.3 ± 0.54

8.5 ± 0.88

15

22.3 ± 2.17

20.7 ± 1.71

18

29.0 ± 1.88

24.6 ± 2.57

23

31.3 ± 1.27

27.0 ± 1.68

Table 7.6

The effect of BAP applied at a concentration of 10

M

through the roots of four day old plants on the development
of the most advanced spikelet.

Developmental stage of the most advanced spikelet
BAP

Harvest day

Control

9

1

1

15

6

5

18

9

9

23

11

10
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double that of those treated with BAP (Table 7.7).

N -iicc1n

In the experiments described here, exogenously applied BAP
considerably inhibited the growth of the roots and shoots and
resulted in a small reduction in the number of spikelets initiated
by Clipper barley.

This is a contrast to the work of Ruckenbauer

and Kirby (1973) who obtained only a slight reduction in root growth
and an increase in the number of spikelets initiated in Swannek
barley by spraying plants with a solution of kinetin.

There are

several possible explanations for the difference in these two sets
of results.

Kinetin may promote whereas BAP inhibits plant growth.

and apical development in barley, although this possibility seems
unlikely. Alternatively, the levels of cytokinins in treated plants
of Swannek barley may have been adequate to promote growth and
development whereas the amounts present in treated plants of Clipper
barley may have been higher, and therefore inhibitory.

Such differences

in the amount of cytokinin within the plant could be the consequence
of different methods of application.

An alternative explanation is

possible; Rocha (1979) used exactly the same root drench method but
obtained much less severe inhibition of root growth and no reduction
in shoot growth in Proctor barley.

Thus, the difference in the

results may stem from the use of different cultivars.

Clipper may be

very sensitive to exogenously applied cytokinins, possibly because the
endogenous levels of the growth substance are naturally high in this
cultivar.

Increasing these further with exogenously applied cytokinins

may result in supra-optimal levels being reached.

It would be possible

to test this hypothesis by applying cytokinins to Clipper barley
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Table 7.7

M

The effect of BAP applied at a concentration of lO
through the roots of four day old plants on the dry
weight (mg) of the roots and shoots.

Dry weight (mg)
Shoots

Roots
Harvest day

Control

BAP

Control

BAP

9

10.5 ± 2.20

10.9 ± 1.98

21.3 ± 6.70

23.1 ± 3.88

15

37.8 ± 4.01

24.9 ± 7.20

66.1 ±13.28

35.8 ±12.13

18

45.8 ± 8.61

27.9 ± 8.82

109.2 ±16.96

60.7 ±26.72
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subjected to conditions (see below) which reduce the endogenous cytokinin
level.

If treatment then promoted apical development, this would

indicate that under normal conditions, levels of the growth substance
are optimal and increasing these further has an inhibitory effect.
There are several treatments which can be used to reduce levels of
endogenous cytokinins.

For example, as cytokinins are synthesized in

the root apices, their removal might reduce the amounts of this growth
regulator which are translocated to the shoot apex (Ruckenbauer and
Kirby, 1973).

Water stress has also been found to reduce the amounts

of cytokinin in the root exudate (Itai, Richmond and Vaadia, 1968;
Itai and Vaadia, 1971) and plants grown in conditions of phosphorus
deficiency have also shown a similar reduction in levels of cytokinin,
(Menary and Van Staden, 1976).

It should be remembered, however, that

such treatments may also lead to changes in the levels of other growth
substances such as abscisic acid.

It is clear that in these experiments, this cytokinin does not
promote apical development when applied through the roots.

However,

these results do not indicate unequivocally that exogenously applied
cytokinins inhibit apical development in all cultivars and conditions.
There is considerable scope for further investigations using various
cytokinins applied to several different cultivars grown in a range of
conditions.

(B) THE EFFECTS OF CCC

Introduction

In the work described in the previous chapters, the role Of
gibberellin in the control of apical development was investigated by
two methods, through an examination of the effects of exogenously
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applied GA

and through measurement of the levels of endogenous

gibberellin-like substances in the developing shoot apex.

A third

method is also available, and this involves the use of synthetic
substances such as AMO 1618, Phosphon D and CCC which are known to
inhibit one or more steps in the biosynthesis of gibberellins in at
least some test organisms (Hill, 1973).

Treatment with these

compounds can lead to a reduction in the level of endogenous
gibberellins (Baldev, Lang and Agatep, 1965).

The aim of the experiment described here was to use CCC to test
the hypothesis that a reduction in the levels of endogenous gibberellins
would result in slower rates of spikelet initiation and development.
If CCC has the opposite effect to applied GA P one would anticipate
that the rate of spikelet development would be reduced relatively more
than initiation, so that more spikelets would be initiated ultimately
by the CCC-treated than by the controls.

There are conflicting reports in the literature regarding the
effects of CCC on grain yield.

Humphries (1968) and Linser (1968)

found that grain yield in wheat was increased by CCC, whereas the
opposite was found by Syme (1968) and Wünsche (1972).

Unfortunately,

these reports concentrate on total grain yield and provide few
details regarding the components of yield affected.

Also, many of

the applications were made quite late on when spikelet initiation
had ceased and any increase in grain number is therefore likely to
be the result of a change in spikelet survival rather than production.

CCC has generally been found to be less effective when applied
to barley than to wheat (Humphries, 1968).

This may be because CCC

is metabolized away more quickly in barley (Linser, 1968) or because
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it is translocated less readily to target sites such as the leaves and
shoot apex (Alcock et al., 1966).

Whatever the reason, there appears

to be a requirement for high doses of CCC to be applied to barley.
For example, WUnsche (1972) obtained increased tillering in some
varieties of barley with 10 2 M solutions of CCC.
used this concentration in his work with

Evans (1969) also

Loliu.'n temulentum L.

During the work described here, therefore, 25 cm

of 10 2 M

CCC solution were applied through the base of each pot
containing a single 9 day old plant.

The CCC was applied

in this way rather than to the leaves because, in wheat,
CCC has been found to be rapidly absorbed through the
roots (Beizile et al., 1972).

The experiment was carried

out in 16 h days on the assumption that there would be more
gibberellin synthesized in long than in short days, thus
making the effects of CCC easier to detect.

Six plants

per treatment were harvested daily between the tenth and
twenty-first day.

Results

(a) The rate and duration of the period of spikelet initiation

The rate of initiation was reduced by CCC treatment but the
duration of the spikelet initiating phase was unaffected and both
control and treated plants had stopped producing spikelets by
day l9 (Table 7.8).

Due to the slower rate of initiation CCC-

treated plants produced only 27 primordia, which is significantly
less than the 30 initiated in the controls (Table 7.8).
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Table 7.8

The effect of CCC on the initiation of primordia and the
development of the most advanced spikelet when applied
as 25 cm of l02 M solution through the roots of 9 day
old plants.

Six leaves were initiated by both control

and treated plants.

Number of primordia
initiated
Harvest day

Control

CCC

Developmental stage of
the most advanced spikelet
Control

CCC

10

9.2 ± 1.39

8.5 ± 0.79

2

2

11

12.7 ± 2.85

11.0 ± 1.88

3

2

12

14.3 ± 2.06

12.7 ± 1.27

4

3

13

17.5 ± 2.27

17.0 ± 0.81

5

4

14

22.5 + 1.48

20.3 ± 1.08

6

5

15

23.7 ± 2.27

20.8 ± 1.55

6

5

16

27.0 ± 1.99

23.8 ± 2.52

8

6

17

28.3 ± 1.58

23.5 ± 1.59

8

7

18

28.8 ± 0.79

25.2 ± 1.81

9

7

19

30.2 ± 1.03

26.8 ± 1.79

9

7

20

30.3 ± 0.86

26.7 ± 1.95

10

7

21

30.0 ± 0.66

26.0 ± 1.63

11

9
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The rate of spikelet development

The rate of spikelet development was also reduced by CCC
treatment such that by day 19, the most advanced spikelet of treated
plants were at stage 7 compared with stage 9 in the controls (Table
7.8).

This is the only occasion during the whole of this project

when spikelet initiation ceased before the appearance of stamen
initials.

Treatment with CCC had no effect upon the relative rates

of spikelet initiation and differentiation (Figure VII.1).

The dry weights of roots and shoots

Treatment with CCC considerably reduced the growth rates of
both the roots and shoots such that by day 22, the dry weight of
the treated plants was only one third that of the controls (Figure VII.2).
The effect was particularly noticeable in the roots which grew little
between days 14 and 22.

The effect of CCC on final spikelet number

was very small compared with its effect on the growth of the plant
as a whole.

This may indicate that a plentiful supply of assimilates

to the shoot apex is maintained even when the growth of the whole
plant is significantly reduced.

Discussion

It is difficult to determine whether, in this experiment, the
reduced rate of apical development was due to a direct effect of CCC
on the level of gibberellin at the shoot apex or to an indirect
effect on a range of processes influencing the growth of the plant
as a whole.

Cleland (1969) warns against over-simplification of

the interpretation of experiments involving growth retardants.
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Figure VII. 1. The average number of priiiox1ia initiayed when the
most advanced spikelet was at the various stags of
development in control an&CCC-treated plants.
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figure VII.2.

The tine course for the increase in the dry weights
of the roots and shoots of cont'ol and. 0CC-treated
plants of Clipper barley.
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They are known to have effects on processes other than gibberellin
biosynthesis as only certain of their effects can be reversed by
application of GA3.

Also, there are reports that, despite its

dwarfing effect, CCC can lead to increases in the amount of
extractable gibberellin-like substances in plants such as tomato
and pea(Hill, 1973).

Only when CCC has first been demonstrated

to actually lower the levels of endogenous gibberellins can its
effects be interpreted in terms of a block in gibberellin synthesis.

Treatment with CCC did not reduce the rate of spikelet development relatively more than that of initiation and in this respect, the
effects of CCC did not resemble those of short days.

However, this

could only be interpreted as evidence against the idea that the
effects of short days are the result of low levels of gibberellins
if treatment with CCC had first been shown to lower the levels of
endogenous gibberellins in the shoot apex.

It is conceivable that the applied CCC never reached the sites of
synthesis of gibberellin (Linser, 1968) or was metabolically
inactivated as soon as it reached there (Alcock et al., 1966).

It is

possible, therefore, that the effects of CCC in this experiment were
indirect, through a reduction in the amount of assimilates reaching
the shoot apex.

The observation that CCC reduced the growth of the

plant as a whole is consistent with the finding of Evans (1969) on
Loliuzn temuièntum L, who suggested that the reduction in the growth

of treated plants may result from effects of CCC on carbohydrate
metabolism.

Another possibility is that CCC may affect the level of other
growth substances.

For example, CCC can reduce the levels of
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tryptophan and IAA in plant tissues (Norris, 1966), and at least
some of its effects can be counteracted by applied auxin, but not by
gibberellin (Khan and Tolbert, 1966).

It is also possible that the

reduction in the root growth may have reduced the amounts of
cytokinin available for translocation to the shoot apex.

The results of this preliminary experiment are equivocal and
further work in this area is desirable, notably to ascertain the
effect of treatment on the level of gibberellins in the plant as a
whole and in the apex in particular.

(C) THE EFFECTS OF ABA

Brian and Hemming (1958) proposed the idea, now widely accepted
(Thimann, 1972), that plant development is regulated by a balance between
growth promoting and growth inhibiting substances.

This formed the

basis of the hypothesis made by Stoy and Hagberg (1967) that the
development of the shoot apex in barley is controlled by a balance
between gibberellins and abscisic acid.

Thus, the slow rates of

spikelet initiation and development seen in short days might be due
to a high ratio of ABA:GA.

This could be achieved if the production

of one or both of these substances is sensitive to the photoperiod
in which the plants are grown.

Some support for this idea comes

from the results presented in Chapter V in which the rates of apical
development of plants in short days could not be increased to those
characteristic of plants in long days by treatment with GA3.

One of

several possible explanations for this is that rates of apical
development in short days are limited not only by a lack of growth
promoter, gibberellin, but also by an excess of growth inhibitor,
postulated on Stoy and Hagberg's hypothesis to be ABA.

Consistent
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with this idea is the finding of Evans (1966, 1969) that floral
induction in Lolium ternulentwn L.is inhibited in long days by
exogenously applied ABA but promoted in short days by treatment
with GA3.

Long days were chosen for the present experiment because if
ABA is the putative short day inhibitor, it may be present in smaller
quantities under such conditions, thus making the effects of
Alternatively, if ABA is

exogenous applications easier to detect.

produced irrespective of daylength, there may be more of the growth
promoter, gibberellin, present in long days, thus giving the
exogenously applied ABA a greater opportunity to counteract its
effect.

If ABA can substitute for short days, one would expect the
rate of spikelet development to be inhibited relatively more than
that of initiation, so that more spikelets could be produced before
stage 9 was reached and initiation ceased.

In order to investigate this hypothesis, Clipper barley
was grown in 16 h days in the growth rooms at Edinburgh.
10

M and lO

M solutions of ABA were applied as a 5 iil

droplet to the scratched adaxial surface of the youngest
fully expanded leaf on the 8th, 8th and 10th, or 8th,
10th and 12th day after planting.

Two plants per

treatment were harvested daily between days 7 and 23.
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Results

The rate and duration of initiation

The duration of spikelet initiation was unaffected by ABA and
for all treatments initiation had stopped by day 17 or 18.

The rate

of spikelet initiation, however, was reduced by ABA treatment and
this led to fewer spikelets being initiated by the treated compared
with the control plants (Table 7.9).

A factorial analysis of

variance, based on the final six harvests indicated that the
concentration of ABA applied significantly influenced the final number
of primordia initiated, with the degree of reduction becoming more
pronounced with increasing concentrations of ABA (Table 7.10).

The rate of spikelet development

The rate of spikelet development was unaffected by single or
double applications of ABA and was only slightly inhibited by
three applications (Table 7.11).

Consequently, spikelet initiation

was slowed relatively more than development such that fewer spikelets
were initiated when the most advanced spikelet of the treated compared
with that of the control plants reached stage 9.

Discussion
The results of this experiment are consistent with those of
Nicholls (1978b) in which exogenously applied ABA resulted in a
reduction in the rate of spikelet initiation but had little or no
effect on their development.

Thus, as an inhibitor produced in

short days might be expected to reduce the rate of spikelet
development relatively more thin initiation, it is unlikely that
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Table 7.9

The effect of ABA applied on one, two or three occasions
at concentrations of 10
primordia.

and 10

M on the initiation of

Two plants per treatment harvested each day.

ABA-Treated
Harvest

Control

10 4Mx1

10 4Mx2

10 4Mx3

10 3Mx1

10 3Mx2

10 3Mx3

Day
7

6.0

8

7.0

6.5

6.5

9

7.5

7.5

7.0

10

9.0

9.0

8.5

8.5

6.5

11

11.5

9.5

9.0

10.0

11.5

12

12.0

9.0

10.5

12.5

11.5

10.0

10.0

13

13.0

14.0

17.0

15.0

13.0

13.0

12.5

14

20.0

20.5

18.5

19.0

18.5

17.5

15.5

15

22.5

22.5

21.5

21.0

19.0

19.5

16.5

16

23.0

23.0

20.8

24.0

24.0

20.0

21.0

17

29.5

28.0

28.0

27.0

27.0

25,0

25.5

19

27.0

28.5

27.5

27.0

26.5

25.5

25.0

20

28.0

27.5

28.5

27.0

28.5

26.5

25.0

21

29.0

26.5

29.0

28.0

27.0

26.5

24.5

22

30.5

28.0

29.0

28.5

26.5

26.0

25.0

23

29.0

29.0

27.5

30.0

28.0

27.5

24.5

Mean of

28.8

27.9

28.3

27.9

27.3

26.1

24.9

+0.80

+0.79

+0.77

+0.86

+0.68

+0.73

+0.38

days 1723

249

Table 7.10

A factorial analysis of variance, based on the results
of the final six harvests, of the number of primordia
initiated by plants of Clipper barley treated on one,
two or three occasions with 10

M ABA.

or 10

Six

leaves were initiated in all treatments.

Number of applications

Concentration
of ABA

1

2

27.9

28.3

3

27.9

Mean

28.0
SE = 0.3

SE = 0.54

10

27.3

26.1

24.9

Mean

26.7

27.2

26.4

SE = 0.38

26.1
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Table 7.11

The effect of ABA applied on one, two or three occasions
at concentrations of 10

and 10

M on the development
Two plants per treatment

of the most advanced spikelet.
harvested each day.

ABA Treated

Harvest Control 10 4Mxl 10 4Mx2 10 4Mx3 10 3Mxl 10 3Mx2 10 3Mx3
Day

7

1

8

1

1

10

2

2

2

2

1

11

3

2

1

3

3

12

3

2

3

4

3

2

3

13

4

4

4

4

4

4

4

14

5

5

5

5

5

5

4

15

7

7

6

6

6

6

4

16

7

7

5

7

7

6

7

17

9

8

9

7

8

8

9

19

9

9

9

9

9

9

10

20

10

10

10

10

9

10

9

21

10

10

10

9

10

10

10

22

10

10

10

10

10

10

10

23

11

11

11

-

11

11

10

1

9
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the effects of short days are mediated through an increase in the
amounts of ABA.

This view is supported by the fact that in a

number of species, no close consistent relationship has been
demonstrated to exist between daylength and the levels of ABA
either in the leaves (Zeevaart, 1974; Hanks, 1974) or the shoot
apex (King, Evans and Firn, 1977).

However, no attempt has yet

been made to estimate the levels of endogenous ABA in barley.
Also, although ABA inhibited floral induction in Lolium, it has
since been found to have no effect on flowering in a range of other
long day plants (Vince-Prue, 1975).

However, an alternative role for ABA in the control of apical
development may be sought in stress physiology.

Applied ABA and

water stress have previously been shown to have similar effects in
that both treatments reduce the rate of spikelet initiation relatively
more than development.

This has led to the suggestion that the

inhibition of apical development, seen in drought conditions, may be
related to high levels of endogenous ABA; this has been confirmed
for ABA levels in leaves (Milborrow, 1974) as well as in the shoot
apex (King and Evans, 1977).

It is possible, therefore, that ABA has a role to play in the
control of apical development in stressed plants.

The evidence,

however, does not support the idea that ABA is the inhibitor of
apical development produced in large quantities in short days.
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CHAPTER VIII

GENERAL DISCUSSION

The work presented in this thesis was carried out to extend our
understanding of the factors controlling the number of spikelets
initiated by the mainstem apex in barley.

It has provided some

indication of the reasons for the cessation of spikelet initiation
and these are discussed in Section A below.

One of the more precise aims of the study was to examine the
effects of photoperiod on the events leading up to the cessation of
initiation and to attempt to determine whether these effects are
mediated through changes in the levels of gibberellins in the shoot
Many of the findings have been discussed in detail earlier

apex.

and are therefore recapitulated and summarized in Section B of this
chapter.

Another aim was to obtain more detailed information regarding
development of the apical dome in a range of treatments.

The results

are discussed in Section C and models are used to interpret and
suggest reasons for the observed pattern of development.

Areas which would benefit from further work are discussed in
Section D.

(A) POSSIBLE REASONS FOR THE CESSATION OF INITIATION

In theory, the cessation of initiation may be the result of
either

1.

the gradual build up of factors which ultimately culminate in
the cessation of initiation; or
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2.

the abrupt occurrence of an event which quickly causes initiation
to stop.

On the basis of the first alternative, a number of possibilities
can be explored.

(a) Initiation ceases because the dimensions of the apical dome
gradually decline to a critical size below which new primordia cannot
be formed.

The idea that the attainment of a critical dome size is a prerequisite for the progression through various key developmental
stages has previously been introduced in connection with the
transition from the vegetative to the reproductive phase of development.

Horridge and Cockshull (1979) found that in chrysanthemum,

the transition to inflorescence development was associated with the
attainment of a certain critical dome size.

However, in barley

(Dale and Wilson, 1979) and wheat (Griffiths, personal communication),
the volume of the apical dome at the time of initiation of the first
primordiurn associated with the spike, varied considerably between
treatments.

The observations in Chapter III that the dome of Clipper and
Proctor reached a similar minimum size at the time when initiation
stopped suggested the possibility that decline to a critical size
may cause initiation to cease.

However, in later experiments

described in Chapter IVA, the minimum length reached by the apical
dome in various daylength treatments differed by as much as 50 Pm.
This variation was even more marked in the experiments described in
Chapter V in which the minimum length attained by the domes of control
plants in - short days was one third less than those treated with GA 3*
In view of these findings, it seems unlikely that small dome size is
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causal to the cessation of initiation.

Another point against this

idea is that initiation is not resumed after the elongation of the
dome which follows the cessation of initiation; when extension
beyond the critical limiting size would be expected.

(b) Initiation ceases because the gradual increase in the demand of
the growing spikelets for assimilates eventually, through competition,
leads to an inadequate supply of assimilates reaching the apical dome.

Assimilates are required for growth of the dome, initiation of
new primordia and for spikelet growth.

During the spikelet initiating

phase, provascular elements are laid down but there is little
differentiation of the procambium and no connections to the spikelets
are formed (Kirby and Rymer, 1974).

Movement of assimilates through

the ear therefore occurs by diffusion and the slow growth of the ear at
this time may be due to its low conductance for assimilates (Kirby and
Rymer, 1974).

It is possible that the increasing demand by the

growing spikelets for assimilates under conditions of limiting supply
causes reduction in the amount available to the dome and young spikelets
so that initiation of primordia is inhibited by nutrient lack (Kirby
and Fans, 1970).

This idea is not supported by the fact that in all the experiments
presented here, the youngest spikelets nearest the tip continue to
develop faster than those at the base throughout the spikelet
initiating phase.

Kirby (1977) showed that as well as developing

faster, these spikelets grew faster.

The reverse would be antici-

pated if limitations in the assimilate supply at the tip of the ear
gradually became more extreme with time and it would be expected that
the basal spikelets which are closer to the assimilate source would
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compete more successfully than the younger spikelets higher up the
ear.

(c) Initiation ceases because of the gradual build up of inhibitor
which eventually reaches a critical level at the apex and prevents
further production of spikelets.

It is conceivable that as they develop, spikelets become
increasingly rich sources of inhibitor.

However, the fact that the

distal spikelets grow and develop faster than the basal ones argues
against the slow build up of an inhibitor.

If this was the case,

the development of spikelets might be expected to become slower
towards the tip of the ear as the level of inhibitor gradually built
up.
An alternative possibility is that there is a steady supply of
inhibitor from elsewhere in the plant and it is conceivable that the
more rapid development of the later formed spikelets reflects a
gradual decline in the level of inhibitor at the distal end of the
shoot apex.

If movement of inhibitor is by diffusion through the

unvascularised ear, then the amount reaching the tip of the shoot
apex might be expected to decline gradually as the length of the
unvascularised ear increased.

However, this would argue against

the idea that spikelet production eventually stops because inhibitor
gradually increases to levels which prevent further initiation.

Thus, there is no convincing evidence that a gradual build up
of factors causes the cessation of spikelet production and instead,
it is proposed that initiation stops following the abrupt occurrence
of an event.

This idea is based on the observation that the trend
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towards faster development of the young spikelets is abruptly
reversed at the time when initiation stops, so that the young, distal
spikelets now take longer to develop than those below them.

This

suggests that whéatever causes initiation to stop occurs rapidly
and also inhibits the development of the last formed spikelets.

Nicholls and May (1963) and Nicholls (1974a) found that cessation
of initiation coincided with the stamen initials stage, and this
correlation has been repeatedly confirmed during the course of this
work.

The fact that it occurs with such regularity suggests that

the correlation is not fortuitous, but that this stage marks the
occurrence of an event which causes cessation of initiation.

It is conceivable that the event may be one which rapidly leads
to the starvation of the apical dome and the cessation of initiation.
For example, it may involve a sudden increase, at the stamen initials
stage, in the proportion of assimilates which are diverted to the
developing spikelets, so that initiation stops because of starvation
of the dome resulting from competition with the developing spikelets.

This seems unlikely as the event which might bring this about,
ie, the establishment of vascular connections to the spikelets, does
not occur until after spikelet initiation has ceased (Kirby and
Rymer, 1974), and there are no reports of a sudden increase in the
growth rate of the basal spikelets immediately prior to the cessation
of initiation.

An alternative source of competition might be the interprimordial
meristems which Nicholls and May (1963) found began to elongate at
the floret initials stage just before the appearance of stamen initials.
However, Kirby and Fans (1970) and Nicholls (1974a) found that
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elongation can begin as late as the awn initials stage after spikelet
production has ceased.

This makes it unlikely that the elongation

of the internodes is the event which leads to the establishment of
large sinks which compete with the dome and cause it to stop
initiating primordia.

Another possibility is that an inhibitor is produced at the
stamen initials stage which inhibits both initiation and development
of the young spikelets, and there is evidence to support this
suggestion.

The fact that in the experiments involving GA3 applications in
short days, spikelet production recommences near the tip of the dome
is support for this idea.

At this time, the rachis internodes are

elongating and spikelets are continuing to develop.

Demand for

assimilates by the structures below the dome is therefore likely to
be maximal at this time, making it unlikely on an assimilate
availability interpretation that initiation can start again.

In

fact, initiation is resumed at the tip of the dome furthest from the
source of assimilates but also furthest from any proximal source of
inhibitor.

The survival of the dome in these experiments may be

linked to its large size when initiation stops, thus enabling it
to 'escape' more rapidly from the influence of the inhibitor.

Further support for the idea of an inhibitor comes from estimates
of the levels of gibberellin-like substances in the ear at different
stages of development.

Nicholls and May (1964) found that after the

cessation of initiation, the level of gibberellin-like substances in
the ear dropped considerably and they suggested that this could be due
to rapid utilization of gibberellin by the elongating internodes.
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However, Stoy and E-Eagberg (1967) suggested that the decrease was
equally likely to be due to the production of an inhibitor of
gibberellin activity.

Their suggestion is supported by the results

in Chapter VI in which there is evidence for an inhibitor in an
extract of shoot apices harvested soon after the cessation of
initiation.

Thus, it is possible that the spikelets become

endogenous sources of inhibitor which moves up the spike and prevents
the initiation and development of spikelets.

Inhibitors may be

produced at the stamen initials stage and the time at which cessation
of initiation is brought about may depend on the relative levels of
inhibitor and growth promoting substances.

This may account for

the occasional report in the literature that cessation of initiation
does not exactly coincide with the stamen initials stage.

For

example, Kirby and Fans (1970) and Nicholls (1974a) found that
occasionally, initiation stopped at the awn initials stage.

It is

conceivable that in these cases, the level of promoters of apical
development are high so that the inhibitors take time to accumulate
to sufficient levels to prevent initiation.

(B) THE ROLE OF PHOTOPERIOD AND GIBBERELLINS IN THE DETERMINATION
OF FINAL SPIKELET NUMBER

The number of leaves, the length of the vegetative phase and the
rates of spikelet initiation and development have previously been
found to be correlated with final spikelet number in wheat (Rawson,
1971; Wall and Cartwright, 1974; Rahnian and Wilson, 1977b).
However, in the experiments described here, involving barley, these
correlations were not invariably found in experiments using a range
of daylengths and gibberellin treatments.

The only correlation
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which was maintained throughout this work was that spikelet
initiation invariably ceased when stamens had been initiated in the
most advanced spikelet.

The frequency with which this correlation

occurred suggests that the appearance of stamens is causally related
to the cessation of initiation, and final spikelet number can
therefore be seen as the outcome of the relationship between the
rates of spikelet initiation and development.

Photoperiod has a profound influence on the rates of these
processes in Clipper barley and long days promote spikelet development relatively more than initiation, so that fewer spikelets are
present than when stamens appear and initiation stops in short days.
Daylength also influences the rates of initiation and development
in the cultivar, Proctor, but has little effect on their relative
rates, so that in this cultivar, the final number of spikelets does
not differ very much between daylength treatments.

This may be

because in Proctor, spikelet initiation and development are equally
sensitive to the stimulus produced in long days whereas in Clipper,
the rate of spikelet development is considerably more sensitive
than initiation.

The influence of daylength must be largely mediated through an
effect of photoperiodically-controlled processes as increasing, the
amount of photosynthetically active light incident on the plants
each day had little effect on their rates of apical development.
The effect must be through the leaves as the shoot apex is
insensitive to photoperiod (Dale and Wilson, 1979).

One of the central aims of this work was to test the hypothesis
that plant growth regulators, particularly gibberellins, are involved
in mediating the effects of daylength on apical development in
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Clipper barley.

The structure of the barley seedling made direct

applications of GA3 to the shoot apex impractical and treatments had
to be made indirectly through the leaves.

If the GA3 was to act at

the shoot apex, it had therefore to be able to move within the plant
and reach the site where it is expected to act.

When radioactive GA3

was applied as a droplet over a small scratch on the surface of the
first leaf, activity was detected in the shoot apex 72 h later, thus
suggesting that GA3 applied in this way is translocated to the
developing ear.
The effects of GA3 applied to plants in short days were
qualitatively similar to those of long photoperiods, in that the
growth of the shoot apex and apical dome was accelerated.

Also the

rate of spikelet development was promoted relatively more than
initiation so that fewer spikelets were produced in treated than in
control plants.

This may indicate that apical development is slower

in short days because the rates of spikelet initiation and development
are limited by a shortage of gibberellin.

Long days may therefore

act by increasing the levels of endogenous gibberellins in the shoot
apex so that initiation and development can proceed at a faster rate.
This idea is consistent with the estimates of gibberellin-like
activity obtained from the present work in 16 h days and that of
Nicholls and May (1964) using 8 h and 24 h photoperiods.

Overall,

it appears that the longer the daylength, the greater the amounts of
gibberellin-like activity present in the shoot apices during the
phase of spikelet production.

On the basis of this conclusion, it was anticipated that the
effects of CCC applied to plants in long days would be similar to those
of short photoperiods.

However, CCC treatment did not cause the rate
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of spikelet development to be reduced relatively more than that of
initiation and fewer spikelets were produced by the treated than the
control plants.

This, however, cannot be interpreted as unequivocal

evidence as treatment may not have resulted in a reduction in the
levels of endogenous gibberellins at the shoot apex.

The CCC may

not have been translocated to the shoot apex or it may have been
metabolised away as soon as it reached there.

Its effects on the

shoot apex may have been caused by redution in the growth of the
plant as a whole rather than an inhibition of gibberellin supply
there.
Application of GA3 to p1antsin 16 h days promoted the rate of
spikelet development but had no effect on the rate of initiation.
Similar results were found when plants were grown in continuous light
compared with 16 h days and suggests that in Clipper, the level of
gibberellin needed for initiation to proceed at a maximum rate is
lower than that required to induce the fastest rate of spikelet
development.
It is impossible from the results of these experiments to
determine whether gibberellin is a primary or a secondary stimulus.
As the former, it may be the substance which is produced in greater
quantities in the leaves in long days and translocated to the shoot
apex where it acts.

Alternatively, it may be a secondary stimulus

which is synthesized by the shoot apex or young leaves in response
to the long day stimulus emanating from the mature leaves below.
The effects of long days and exogenously applied GA3 are longlived.

For example, when eight day old seedlings of Clipper barley

were transferred from long to short days, their rates of spikelet
initiation and development never fell to those characteristic of
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plants grown entirely in short days.

Similarly, plants treated

with GA3 in short days continued to develop faster than the controls
for at least thirty days after the application was made.
two possible explanations for this phenomenon.

There are

The long day stimulus,

tentatively considered to be gibberellin, and the exogenously applied
GA3 may be very slow to decay so that they can continue to influence
apical development long after they have been produced or applied.
The rapid turnover of endogenous and exogenously applied gibberellins
(Barendse et aZ.., 1968; Faull et al., 1974) makes this unlikely.
That GA3 and the stimulus from the leaves in the long days activate
or promote gibberellin biosynthesis at sites in which production is
more or less insensitive to subsequent conditions has been suggested
(pp 198); such a site might be located in the developing spikelets.
Applied GA3 and the long day stimulus, by inducing the spikelets to
develop faster, may cause them to become richer sources of endogenous
This would enable the accelerated rates of apical

gibberellin.

development to be maintained long after the long day stimulus or the
applied GA3 had been metabolised away.

The fact that both in the

present experiments and those of Nicholls and May (1964) the levels of
gibberellin-like substances in the developing ear increased between
the double ridge and stamen initials stage is support for the above
hypothesis.

If the spikelets are sources of endogenous gibberellin

it would be anticipated that the amounts of this growth substance
would gradually rise as the numbers of developing spikelets along the
ear increased.

The hypothesis can also serve to explain why the younger spikelets
develop faster than the older ones.

If gibberellin acts auto-

catalytically by inducing the spikelets to develop faster and to
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become richer sources of gibberellin, then, as more spikelets
accumulate along the spike levels of gibberellin, there should
increase, enabling the younger spikelets to develop faster than
the basal ones.

This results in a tendency towards the synchroniz-

ation of spikelet development along the ear.

This trend was less

evident in long than in short days and in GA 3-treated compared with
control plants.

This was because these treatments promoted the

rate of spikelet development relatively more than that of initiation,
thus making it less likely that the younger spikelets could compensate
fully for their later initiation.

Applied GA

did not stimulate apical development of plants in

short days so much that they came to exactly resemble untreated
plants grown in long days.

This may indicate that either an

additional stimulus is produced in long days or, alternatively,
that an inhibitor of apical development is present in the apices of
plants grown in short days.

No attempt has been made to investigate

the former possibility but the suggestion that the inhibitor might
be ABA was explored.

However, the effects of this substance,

applied to plants in long days, were unlike those of short days, thus
making it unlikely that ABA is the postulated inhibitor.

To summarize therefore, gibberellin has an important role in
the photoperiodic control of apical development.

It is likely to

be one of the stimuli of apical development which is produced in
greater quantities in long days.

Once induced, its synthesis may

continue irrespective of subsequent daylength conditions.

Its

failure to mimic quantitatively the effects of long days makes it
unlikely to be the only growth substance involved in the control of
apical development, and a role for a short day inhibitor and/or
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another long day stimulus is implicated.

(C) HYPOTHESIS TO EXPLAIN THE PATTERN OF DEVELOPMENT OF THE
APICAL DOME

The apical dome is the structure from which all spikelet
primordia are derived and its development is therefore central to
this investigation.

The present work has confirmed that the

length of the apical dome follows a regular pattern of change during
and after spikelet initiation, involving elongation, shortening
and then resumed, usually ephemeral elongation.

The change in length of the apical dome is a complex variable
which depends upon its relative growth rate, the size of each
primordium at initiation and the rate at which primordia are initiated.
In theory, therefore, the initial increase in the length of the dome
can be attributed to one or more of the explanations below.

a constant relative growth rate per plastochron which is in
excess of that required to maintain constant dome size with
constant size of primordia at initiation.

an increase in the relative growth rate over successive
plastochrons coupled with a constant size of primordia
at initiation.

a reduction in the size of successive primordia at
initiation with a constant relative growth rate of the dome
per plastochron.

a reduction in the rate of initiation of primordia with
constant relative growth rate of the dome per day and
constant size of primordia at initiation.
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During the period when the apical dome elongates the rate at
which primordia are initiated generally increases, but later
proceeds at a steady rate throughout the rest of the initiation
period.

The increase in the size of the apical dome is not,

therefore, due to a reduction in the rate of initiation and this
possibility can be eliminated.

It must therefore be the balance

between the relative growth rate of the dome per plastochron and
the size of successive primordia at initiation which results in the
increase in the size of the dome.

This increase in the volume of the dome per plastochron has
previously been found to occur in a linear fashion (Dale and Wilson,
1979).

Hutley-Bull (1978), working with wheat, claimed that there

were no major differences in the size of the cells within the apical
dome, nor between apical domes of different sizes, and suggested that
all the cells in the apical dome were engaged in mitosis.

If this

were indeed the case, the apical dome should increase in volume
exponentially if the size of each primordium at initiation and the
rate of initiation remain constant and the volume increase per
plastochron is constant and is greater than the volume invested in the
production of new primordia.

In fact, the dome does not increase

exponentially.

The time when the apical dome stops elongating and begins to
decrease in size may reflect a sudden change in either its growth
rate or in primordial size at initiation.

The decrease in size

always begins when the shoot apex reaches the double ridge stage
and it is possible that the upper ridges inhibit the elongation of
the dome, possibly by competing with it for assimilates.
Alternatively, the upper ridges may be sources of substances which
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either inhibit the growth of the dome or alter its partitioning
such that a greater proportion of its growth in each plastochron
Developing

is invested in the production of a new primordium.

prirnordia have been shown to influence the size of primordia at
initiation in Lupirzus albus (Snow and Snow, 1959).

However, the time when the apical dome stops elongating and
begins to decline in size need not necessarily reflect a sudden
change in the growth or partitioning of the dome.

Instead, it may

be the outcome of a pattern of development which begins much earlier,
and this is illustrated below.

Two models have been developed to interpret the growth of the
apical dome and these are now discussed.

A mathematical statement for both models is as follows

= Vnl R P
where

V

= volume of apical dome at plastochron n

Vn_i = volume of apical dome at plastochron n-i

Model a

R

= relative growth rate of the dome per plastochron

P

= volume of primordium at initiation.

A constant size of primordium at initiation and a

declining relative growth rate of the apical dome.

V at the beginning of the model = 1.5 units
R

= 0.24 plastochron

at the

beginning of the model and
declines by 0.007 units per
plastochron.
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= 0.3 units and remains constant
throughout.

Model b

A constant relative growth rate and an increasing size of

primordia at initiation.

V at the beginning of the model = 1.5 units
= 0.24 plastochron 1 and remains

R

constant throughout

= 0.3 units at the beginning of

P

the model and increases by
0.0145 units per plastochron.

In model a (Figure VIII.la), despite the decreasing relative
growth rate, the dome continues to elongate initially.

After the

21st plastochron however, the relative growth rate is no longer
sufficient to maintain the size of the dome as well as to initiate
primordia and from this time on the process of spikelet production
leads to a reduction in dome size.

Similarly, in model b (Figure VIII.lb), initially the relative
growth rate of the dome is sufficient to allow for the increase in
the size of primordia at initiation but after the 25th plastochron,
the dome begins to decrease in size.

It is of interest that both models are consistent with the
finding that elongation of the dome per plastochron approximates
more closely to a linear than an exponential pattern of growth
(Dale and Wilson, 1979).

0
'igure VIII. 1.

Two models which can be used to describe the pattern
of growth of the apical dome

Model a) A constant size of primordia at initiation with a
declining relative growth rate of the apical dome.
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In both models, changes in dome size resemble the pattern seen
in actual apices although it is not possible on the basis of
calculations such as these to rule out one or other of the
explanations for the observed change in dome size.

We are left with

the possibility that either the relative growth rate of the dome may
decrease or primordial size at initiation may increase.

Kirby (1977) has suggested that the size of successive
primordia at initiation increases long before there is a decrease
in the size of the apical dome.

His measurements showed that

although the length of primordia at initiation gradually increased
from 0.08 to 0.135 mm between the initiation of the 14th and 45th
primordium, the apical dome only began to decline in length after
the appearance of the 20th primordium.

There is urgent need for

further measurements of this kind to confirm and extend Kirby's
findings.
There also exists other, less direct, evidence to support the
idea of an increase in primordial size at initiation.

The results

presented in Chapter III showed that the largest and most advanced
spikelet in Proctor barley was not at the base of the spike but was
located just below the middle of the ear.

These spikelets must have

compensated for their later initiation by growing faster or by being
larger at initiation, or by both.

This situation can be explored

using the growth rates of individual spikelet pairs along the ear
of Proctor measured by Kirby (1977).

If it is assumed that, at

initiation, all primordia have a volume of 0.00176 cm3, it can be seen
from Figure VIII.2 that the faster growth rates of the younger
spikelets (from Kirby, 1977) are insufficient to enable them to
compensate for their later initiation and the basal spikelets continue
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Figure VIII. 2. (overleaf)

The time course for the increase in the

volume of primnordium pairs.

For the purposes of the model it is assumed that each primnordium
pair has a length of 01 mm and a width of 015 mm at the time of
initiation. The relative growth rate in length and width were
obtained from Kirby (1 977) and were used to calculate the volume
growth rate of individual primordium pairs. It was assumed that
each pair was the shape of a cylinder.

Growth Rates of Individual Primordium Pairs
Primordium
pair

Relative growth rate
Width
Volume1
Length
mm day'
mm day
=3 day

2,3

0-0252

6,7

0•1687

0- 0409

0-0732
0-0800

10,11

0- 0409

0-0872

0-2106

14,15

0- 0582

0-0949

0-2399

189 19

00594

0-1066

02631

26,27

0-1092

0-1300

0-3481

0- 1964
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to be the largest up to, and beyond day 50.

Since there is

compensation so that later formed spikelets become larger than basal
ones, it must be inferred that the size of primordia at initiation
increases with successive plastochroris.

This is consistent with

the pattern of growth proposed in model b.

In the experiment described in Chapter IV, both the increase
in dome length per plastochron and the rate of initiation were
faster in long than in short days, indicating that in the former
conditions, the relative growth rate of the dome is greater than in
short days.

However, the process of initiation generally began to

erode the size of the dome earlier and more rapidly in long days.
This suggests that either the relative growth rate declines more
steeply or the size of primordia at initiation increases more sharply
than in short days.

Spikelet development was also faster in long

days and it is conceivable that the presence of rapidly developing
spikelets either inhibits the growth of the dome or in some way is
associated with an increase in the size of primordia at initiation.
Either possibility would mean that when spikelet development is rapid,
only a small number of spikelets could be initiated before the dome
declined to a minimal size.

This discussion indicates that it is impossible to interpret
the pattern of dome growth until the relationship between its
relative growth rate, rate of initiation and primordial size at
initiation are understood.

Unfortunately, such data are not yet

available and there is an urgent need to obtain detailed, accurate
measurements of these parameters in the apices of plants grown in a
range of conditions.

More accurate estimates would be obtained

from sectioned material, but this would, of course, make the work
considerably more time consuming.
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(D) FUTURE WORK

The experimental work in this project has extended our understanding of the factors controlling the number of spikelets initiated
by Clipper barley.

The results indicate that the problem is not to

increase the gibberellin content of the spike, but rather, to
decrease it.

If this could be done, spikelet differentiation is

likely to be slowed in relation to initiation, and more spikelets
would ultimately be produced.

GA

is the only gibberellin which is at once inexpensive and

readily available.

It was therefore used throughout this study,

despite the fact that it is unlikely to be the natural gibberellin
involved in mediating the effects of photoperiod.

No attempt has

yet been made to identify the gibberellins present in the shoot
apex and therefore, even if other gibberellins were available, there
would be no information on which to base a rational selection of
those to be applied.

Thus, information regarding the identify of

the gibberellins in the shoot apex would be a valuable addition to
our understanding.

Such information could be obtained using the

sophisticated techniques of gas chromatography and mass spectroscopy
which are now available.
information.

There is also a need for more quantitative

Estimates of the levels of endogenous gibberellins in

the shoot apex of a range of cultivars at different stages, grown in
a range of conditions, might help to further clarify the role of
this growth regulating substance in apical development.

During the course of this work, the pattern of apical development
was also studied in detail in the cultivar, Proctor.

A comparison

of the results for Clipper and Proctor revealed that large differences
exist between cultivars in their rates of apical development and in
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their responses to photoperiod.

Unfortunately, due to limitations

of time, the cause of these differences could not be investigated,
although it is conceivable that they are due to differences in the
levels of gibberellins in the shoot apex.

This could be determined

if the investigations into the role of gibberellins in apical
development, already carried out using Clipper, could be repeated
with Proctor.

Treatments which reduce the levels of endogenous gibberellins
might also serve as useful experimental tools.

Such treatments

could include the use of Phosphon D or AMO 1618 which are known to
inhibit gibberellin biosynthesis.

A comparison of dwarf varieties,

which are insensitive to gibberellin with cultivars of standard
height, might also prove interesting in this context.

There is evidence for the presence of an inhibitor of gibberellin
activity in the shoot apex soon after the cessation of initiation.
As it may have an important role in bringing about the cessation of
initiation and the death of the apical dome, its presence at a precise
stage of development needs to be confirmed in a range of conditions.
Also, it would be worthwhile to test its presence in other bioassay
systems in order to demonstrate that its inhibitory effect is not
confined to the barley endosperm assay.

Having confirmed its

existence, attempts should be made to identify the substance.

As the final number of grains per ear is dependent on spikelet
survival as well as spikelet initiation, there is an obvious need to
extend our understanding of the factors controlling the former, if
increases in spikelet number are to be carried through to maturity.
It is possible that gibberellins and other growth regulators have an
important role to play in spikelet survival as well as controlling
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their initiation and development.

Valuable information could

therefore be gained by extending the duration of the experiments
performed in the present project.

The extent of synchrony in

spkelet development may itself be an important factor in
determining spikelet survival and the known effects of long days
and applied GA3 in reducing the degree of synchrony along the shoot
apex could be used as a tool to investigate this.
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APPENDIX I

PREPARATION OF SECTIONS FOR STUDY

The shoot apices were exposed, excised about 1.0 cm below the
collar and prepared for microscopic examination using the method of
McLeish and Sunderland (1961), slightly modified as indicated below.

Fixation

Immediately after removal from the plant, the shoot apex was
fixed in 3:1 ethanol:acetic acid for at least 1 hour.

Dehydration and infiltration

The material was dehydrated through an alcohol series and then
through an ethanol :xylene series of 3:1, 2:1, 1:1, to 100% xylene
for one hour at each step.

The majority of the xylene was then

poured away and the tube containing the apices filled with molten
paraplast wax.

This was left overnight at 60°C and changed three

times over the next 24 hours.

Embedding and sectioning

The material was embedded by quickly plunging it into molten
wax held between two metal L's laid on a glass plate.

When the

wax had hardened, the block was trimmed, mounted on a Beck microtome
and cut into sections 10 im thick.

The sections were floated on

the surface of warm water and picked up on a microscope slide,
previously coated with egg albumen to ensure that the sections
adhered to the slide during the staining process.
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(d) Staining

(1) Hydration

The slides were totally immersed in xylene for 15 minutes to
remove the wax, then hydrated through an alcohol series of 100%, 90%,
70%, 50%, 30% ethanol for 10 minutes each, and then to water.

Acid hydrolysis

The sections were hydrolysed in 5 N HC1 for 25 minutes at 20°C.

Preparation of the stain

Feulgen Reagent (Darlington and La Cour, 1960).

200 cm

boiling, distilled water were poured over 1 g basic

The mixture was shaken well to completely dissolve the Fuschin,

Fuchsin.

cooled to 50°C and filtered. To the filtrate 30 cm

N HC1 and 3 g K2 S 2 0 5

were added and the solution was set aside to bleach for 24 hours in a
stoppered bottle in the dark.

The following day, 0.5 g decolourising

carbon was added, the bottle shaken, and its contents filtered through
coarse filter paper. The filtrate was stored in a tightly stoppered
bottle at 40°C.

Staining the sections
The slides were placed in leuco-basic Fuchsin (Feulgen reagent)
for 2 hours at 2000 after which they were removed and washed for 15
minutes in SO2 water (Darlington and La Cour, 1960)
5 cm

1

HCl

5 cm

10% K2S205

100 cm

distilled water

278

This was followed by thorough rinsing in distilled water,
dehydration through a series of 30, 50, 70, 85 and 100% ethanol,
followed by infiltration through a 3:1, 2:1, 1:1 series of ethanol:
xylene to 100% xylene.

The sections were then protected with

cover slips and examined under the microscope.

279
JDOJflTY TI

THE MEAN AND CONFIDENCE LIMITS OF THE MEASUREMENTS OF APICAL DOME
LENGTHS (pm) PRESENTED IN THIS THESIS

1.

Proctor and Clipper barley grown in 16 h days in low light intensity

growth rooms (for data presented in Figure 111.2)

Harvest day

Proctor

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

41.6 ± 22.66
46.0 ± 17.43
61.0 ± 8.71
83.4 ± 16.81
71.5 ± 14.34
70.0 ± 5.75
83.4 ± 20.36
97.5 ± 37.21
131.0 ± 16.95
149.4 ± 41.63
136.5 ± 18.07
135.0 ± 19.91
167.5 ± 27.51
167.5 ± 45.54
160.0 ± 31.82
172.5 ± 23.17
143.3 ± 21.50
159.2 ± 17.37
150.0 ± 25.05
161.6 ± 22.67
162.5 ± 17.16
140.0 ± 14.07
140.0 ± 17.24
137.5 ± 30.72
152.5 ± 18.96
145.0 ± 19.25

Clipper

41.0 ± 16.46
84.0 ± 18.88
64.0 ± 12.19
87.5 ± 17.16
102.5 ± 35.39
156.6 ± 32.45
187.0 ± 14.98
244.0 ± 27.97
217.5 ± 39.64
202.5 ± 20.65
147.5 ± 38.66
127.5 ± 31.43
120.8 ± 18.59
108.3 ± 29.05
110.0 ± 27.35
131.6 ± 18.67
131.0 ± 13.27
175.8 ± 37.30

Harvest day
32
33
34
36
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Proctor
155.8
143.0
137.5
150.5
132.5
110.0
120.0
113.0
106.0
105.0
105.0
113.5
144.5
131.0
110.0
157.5
165.0
150.0

± 33.25
± 18.67
± 16.14
± 14.99
± 18.10
±
±
±
±
±
±
±
±
±
±
±
±
±

9.63
13.68
11.81
17.37
22.36
6.97
15.08
22.85
22.17
31.37
37.20
33.12
33.67

2.

Proctor barley grown in 8, 16 and 24 h days in the high light

intensity growth rooms (for data presented in Figure IV.4a)

Harvest day
8
10
12
14

71.0 ±
86.5 ±

8 h

16 h

24 h
7.49
9.19

127.5 ± 34.28
154.0 ± 35.05

75.5 ±

2.96

112.0 ± 18.43
98.5 ± 10.32

15
16

195.0 ± 12.85
152.5 ± 26.50

17
20
22

175.0 ± 27.36
150.0 ± 27.04

170.0 ± 24.70

142.5 ± 26.28
150.0 ± 28.67

25
26
28
30

130.0 ± 70.34
137.5 + 25.65

32

160.0 ± 32.40
195.0 ± 45.50

34

208.0 ± 30.57

36

146.0 ± 10.70
141.0 ± 20.48
137.5 ± 10.83
125.0 ± 5.74
130.0 ± 21.24
122.5 ± 21.68

39
40

110.0 ± 10.99

42

137.5 ± 16.51

48
51
54
57

135.5 ±
133.5 ±

6.35
7.90

133.0 ± 18.97

45
46

131.5 ± 12.71

165.0 ± 19.19

23
24

76.5 ± 16.14

158.0 ± 32.79
129.0 ± 13.85
124.0 ± 19.19
95.5 ± 31.73
101.0 ± 54.89

63

95.8 ± 29.20
89.0 ± 29.18

67

80.0 ± 34.70

60

3.

Clipper barley grown in 8, 16 and 24 h days in the high light

intensity growth room (for data presented in Figure IV.4b)
Harvest day

24 h

16 h

7

71.5 ± 6.67
87.5 ± 13.58

8

153.5 + 44.10

9

200.0 ± 26.55
210.0 ± 45.37

110.0 ± 25.38

190.0 ± 43.90
169.0 ± 38.18

225.0 ± 48.24
222.0 ± 30.57

109.0 ± 19.75
90.0 ± 35.75

230.0 ± 11.33

6

10
11
12
13
14

16

135.0 ± 37.83
125.0 ± 36.12

17

145.0 ± 19.48

14

18
20
21
27
30
34
37
40

8 h

77.5 ± 16.17

79.0 ± 20.29
155.0 ± 21.73
125.0 ± 34.86
131.0 ± 45.94

120.0 ± 17.77
155.0 ± 26.15
160.0 ± 26.15
147.5 ± 13.54
134.0 ± 10.28
125.9 ± 15.14
113.5 ± 9.19

46

110.0 ± 16.76
139.0 ± 25.99

49

157.5 +

43

9.82
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4. Clipper barley grown in 16H, 8H 8L and 8L 8K light regimes
(for data presented in Figure IV.11)
Harvest day
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

[1I

16 H

110.0 ± 25.38
225.0 ± 48.24
222.0 ± 30.57
230.0 ± 11.34
155.0 ± 21.73
125.0 ± 34.86
131.0 ± 45•94

30.0
45.0
61.5
79.0
130.0
147.5
215.0
152.5
110.0
107.0
105.0
107.0
118.5
117.5
112.5
110.0

± 17.16
± 12.25
± 0
± 30.66
± 43.69
± 30.54
± 18.38
± 19.84
± 30.66
± 12.30
± 17.76
± 22.12
± 9.77
± 20.65
± 18.40
± 6.63

51.0 ± 6.94
66.0 ± 3.86
72.5 ± 14.01
97.5 ± 27.31
121.0 ± 16.06
181.0 ± 17.09
201.5 ± 20.19
201.0 ± 30.20
177.5 ± 23.64
197.5 ± 19.79
161.5 ± 21.97
129.0 ± 18.25
128.5 ± 11.82
118.5 ± 26.60
110.0 ± 12.34
120.0 ± 14.52
116.0 :t• 15.94
127.5 ± 12.74
125.0 ± 23.07

5.

Clipper barley treated with 10

M or 10

10

M GA

M GA

on days 10 or 16 (for data presented in Figure V.4).

10 M GA

M GA

10 M GA

Harvest day

Control

10

105.0 ± 26.50

20

140.0 ± 18.30

203.0 ± 28.67

160.0 ± 13.13

197.5 ± 26.07

173.5 ± 38.36

28

151.0 ± 31.55

192.5 ± 16.17

149.0 ± 18.50

163.5 ± 33.01

155.0 ± 25.13

36

133.5 ± 13,54

383.5 + 149.06

137.5 ±

5.50

360.0 ± 45.05

136.5 ± 26.88

44

115.0 ± 26,62

500.0 ± 186.29

110.0 ± 8.12

475.0 ± 104.89

130.0 ± 23.79

day 10

day 10

day 16

day 16
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6.

Control and GA3-treated plants of Clipper barley grown in 8 h and

16 h days (for data presented in Figure V.8).
16h

8h

Harvest Day

Control

10

157.0 ± 34.44
218.0 ± 21.16

178.0 ± 19.61
230.0 ± 35.12

70.0 ±

215.0 ± 27.98
195.0 ± 34.32

222.0 ± 34.38
175.0 ± 27.36

93.0 ± 24.04

95.5 ± 12.28

180.0 ± 17.14
130.0 ± 15.45

140.0 ± 38.65
135.0 ± 8.41

127.5 ± 28.50

137.5 ± 25.01

130.0 ± 20.09
115.0 ± 13.45

140.0 ± 16.14
125.0 ± 17.06

160.0 ± 16.93

188.5 ± 28.87

120.0 ± 13.68
120.0 ± 14.84

135.0 ± 10.44
130.0 ± 30.75

180.0 ± 29.58

235.0 ± 33.80

145.0 ± 24.70
145.0 + 13.11

201.5 ± 28.30

225.0 ± 17.06

21

135.0 ± 36.30
130.0 ± 23.84

22

130.0 + 16.56

197.0 ± 32.60

240.5 ± 41.96

23

130.0 ±

145.0 ± 64.45
140.0 ± 44.89

201.5 ± 28.30
188.5 ± 33.09

205.0 ± 34.65
190.0 ± 15.93

187.5 ± 15.48
192.5 ± 25.66

191.5 ± 11.34
190.5 ± 13.86

11
12
13
14
15
16
17
18
19
20

24
26
28
30

8.53

GA -treated
3

Control
7.73

32
34
36
38
40
42
44

GA3-treated

236.5 ± 34.29
150.0 ± 16.25
148.5 ± 10.33
139.0 ± 6.13
132.5 ± 24.74
125.5 ± 18.65
126.5 ± 21.43

291.0 ± 48.38
327.0 ± 43.80
297.0 ± 80.47
296.5 ± 90.90
315.5 +122.00

MOM

Control and GA3-treated plants of Clipper barley grown in 8 h
7.
days (for data presented in Figure V.17).

Harvest day

Control

24

198.0 ± 23.34

GA

X

1

GA

x 2

195.0 ± 24.72

26

209.0 ± 25.83

28

197.0 ± 21.73

30

201.0 ± 34.18

32

300.0 ± 33.25

34

148.0 ± 5.16

155.0 ± 21.50

258.0 ± 85.09

36

353.0 ± 82.41

38

310.0 ± 31.73

40

141.0 ± 9.08

168.8 ± 80.95

385.0 ± 74.02
473.0 ± 71.19

42
43

139.0 ± 10.28

237.0 ± 94.03

430.0 ±149.96

46

124.0 ± 14.39

261.0 ± 56.36

380.0 ±151.63

49

162.0 ± 39.09

260.0 ± 81.47

392.0 ±125.15

52

147.0 ± 35.54

55

147.0 ± 12.59

528.8 ± 54.84
332.0 ± 138.78

487.5 ±122.85

58
62

517.5 ±159.16

139.0 ± 24.83

346.5 ± 84.01

598.0 ± 70.50

287
APPENDIX III
THE EFFECT OF GA3, APPLIED AS A 20 il DROPLET OF 10

M SOLUTION

THROUGH A SCRATCH IN THE FIRST LEAF ON THE DRY WEIGHT OF PLANTS (mg)

Harvest Day

Control

GA3-treated

10

43.3 ± 2.64

12

45.9 ± 12.64

49.9 ± 3.83

14

61.5 ± 14.04

61.9

16

70.0 ± 13.50

80.9 ± 9.47

18

87.2 ± 17.08

95.2 ± 18.95

20

109.0 ± 20.34

134.2 ± 26.29

22

-

-

+

±

9.01

24

145.9

24.63

176.9 ± 13.46

26

142.1 ± 41.12

107.2 ± 14.66

28

178.8

+

26.09

179.7 ± 23.83

30

185.2 ± 36.95

229.4 ± 54.25

32

242.0 ± 67.17

305.6 ±122.69

34

362.2 ± 39.06

323.2 ± 65.02

36

492.1 ± 54.95

405.7 ± 92.06

38

355.7 ± 60.42

406.9 ± 40.09

40

435.4 ±143.61

496.0 ±152.81

42

665.3 ±100.10

639.2 ±111.28

44

473.4 ±135.05

539.7 ±118.79
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