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i.

ABSTRACT

The effects of water stress on apical morphogenesis
in two long day plants, barley and Lolium temulentum were
investigated. The water stress treatments consisted of
short term and continuous progressive siress. The water
status of the plants was assessed by rslative turgldity
measurements on the leaves.

The influence of pre-sowing hardening on the
response of barley to short term water stress was investi-
gated with two varieties, Prior 'A' and CI3576, following
the published methods of Genkel (cited by May, Milthorpe
and Milthorpe 1962). Hardening had no effect on shoot
dry weight, primordium production or apical development
either during water stress or in the recovery phase.

Water stress in this experiment reduced the rate of pri-
mordium production and apieal development, and these
phenomena were further investigated in controlled environ-
ment conditions. Continuous progressive water stress
imposed on plants growing in a long photoperiod retarded
the development of the barley (c.ve. Prior A) apex both in
terms of the formation of primordia and the development of
spikelets. FPrimordium production ceased when leaf rels-
tive turgidity fell below 90%. On the other hand,
differentiation of the spikelets continued, albeit at a
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reduced rate, even with severe stress when the leaf rela-
tive turgidity values had fallen to 43jk. The response of
the two parameters of gpical growth was further investigated
under different combinations of water stress and photoperiod.
It was found that a water stress which resulted in cess-
ation of primordium production did not inhibit spikelet
differentiation which continued at a reduced rate. This
reduced rate of spikelet development could be stirulated
by an increase in photoperiod even during continuing water
stress. Primordium formation, on the other hand, was only
stimulated by an increase in the photoperiod when water
stress was relieved. Changes in the photoperiod controlled
the rate of spikelet development in a quantitative manner.

It is possible to interpret these effects of
water stress on apical growth and morphogenesis in several
wayse. Firstly, water stress may have been interfering
with the photoperiodic control of floral initlation;
secondly, a direct effect on the water status of the apex
may have been involved; and, thirdly, the effects of
water stress on the apex may have been medlated indirectly
through effects on translocation and assimilation.

The first of these suggestions was investigated

by subjecting plants of Lolium temulentum to water siress

at various perilods before, during or following
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photo-induction. Plants were grown in a modified sand
culture and water stress was imposed by the addition of a
polyethylene glycol solution to the rooting medium.

water stress applied during the known periods of synthesis
and translocation of the floral stimulus indicated that
stress (relative turgidity of the leaf falling below 78%)
inhibited both processes. Any pre-existing floral
stimulus was not dissipated during a 32-hour period of
stress, however.

The effect of water stress on the water status
of the apex was explored under various stress conditions
by floating the apices in a series of concentrations of
polyethylene glycol solutions and evaluating the osmotic
potential of the solution in which no change in apex length
occcurrede. The apex was resistant to stress relative to
the leaves, in that the water potential of the apex was
unaffected until the relative turgidity of the leaves had
fallen below 650.

The possible involvement of translocation and
assimilation in the response of the apex to water siress
was indirectly assessed by the imposition of a water stress
on plants growing in different combinations of light intensi-
ties. It was noted that primordium production, when limited

by water stress, was stimulated by an increase in light
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intensity, suggesting that at least some of the effects
of water stress on the apex are indirectly mediated through

effects on assimilation.
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CHAPTER 1. INTRODUCT ION

1«1 Morpholo and histogenesis of the shoot apex 1 PESBES,

1e1+1+. Developmental morphology.
The developmental morphology of the shoot apex in

Gramineae has been extensively investigated and the morpho-
logical changes described for barley (Bonnett 1935), wheat
(Bonnett 1936, Barnard 1955), Lolium (Evans and Grover 1940,
Cooper 1950, 1951, 1956, Barnard 1957) and many other members
of the Gramineae (Sharman 1945, 1947, 1960a and 1960b,
Bonnett 1936, Barnard 1957).

The sequence of events is as follows. At first
the apical dome is hemispherical with a few simple ridge leaf
primordisa. As the gpical meristem grows leaf primordia are
formed acropetally and the apical dome elongates. A leaf
primordium is initiated by a small protuberance on one side
of the apex which is transformed by growth at the flanks of
the primordium into a crescent and then into a collar almost
surrounding the apex.

The commencement of the change of the apex to floral
development is marked by the appearance of small bulges in
the axils of presumptive leaf primordia, the bases of which
at this stage completely encircle the axis. As the apex
continues to elongate axillary primordia are formed in rapid

succession in the axils of leaf initials. This results in
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a double ridge appearance. These axillary primordia develop
into spikelets in barley whereas in other specles they may
give rise to branch primori&a. Differentiation of spikelet
structure begins in primordia central on the spike and then
successively in others basipetally and sacropetally.

In bvarley the dome of the apical meristem does not
at any stage differentiate to form a floral structure; the
primary branches form spilkelets and are terminated by ovaries
(Nicholls and May 1963). The spikelets arise in the plane
of axis and bear one flower. Differentiation of the spikelet
after the establishment of the lateral spikelet initials
(sterile in two-row barley) proceeds with the appearance of
glume initials followed by lemma, pale and stamen initilisls.
The pistil is formed finally from an area of the meristem
located between the anthers, differentiating considersably
later than those structures. In awned varieties, awn develop-
ment on the lemma is distinguishable shortly after stamen
initiation (Bonnett 1935).

The splke of Triticum and Lolium, on the other hand,

is a determinate inflorescence, and the secondary branches are
terminated by ovaries and bear fertile tertiary branches
(Barnard 1955, Evans and Grover 1940). The segquence of
events is very similar to barley. Stamen and pistil initials
arise from the flower primordia which are formed in the axlls

of the lemmas. The splkelets are multiflowered and the
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floral branch is indeterminate. In Lolium the spikelets

arlise at right angles to the plane of the axis whereas in

Triticum these originate in the same plane (Barnard 1957).
1.1.2. Histogenesis.

The histological organisation of the shoot apex in
Graminege can be adequately described by the tunica and
corpus zonation on the basis of cell pattern (Sharman 1945,
1947) . The surface layer of cells of the tunica surrounds
an inner core of cells, the corpus, The cells of both the
outer layer, dermatogen, and the inner layer, hypodermis, of
the tunica divide anticlinally except where a leaf primordium
is initiated. The cells of the corpus, on the other hand,
divide in all planes. The various organs originating from
the apex are derived either from tunica alone or from tunica
and corpus together and on this basis are classified as of
foliar or cauline origin respectively.

A leaf primordium is inltiated by the periclinal
division of cells in the tunica and so are the glume, lemma
and pale initials. The spikelets, flowers and stamens, on
the other hand, are cauline in origin and compare with the
tiller buds and main shoot meristems (Sharman 1945, 1947,
1960a, Barnard 1955, 1957).

The spike of a gramineoug plant is a branched
inflorescence bearing fertile and_ﬁnfertile flowers. In
barley the spike does not terminate in a spikelet. The
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rates of development of the different spikelets on barley
spike vary and the number that mature is determined by the

conditions of growth (Bonnett 1935). 1In Zriticum and Lolium,

on the other hand, the spike is a determinate inflorescence
and growth conditions affect the number of fertile flowers in
a spikelet rather than the number of spikelets (Bonnett 1936).
1.2, Effect of day length on spical morphogenesis.

Day length has been found to exert a profound influence
on aplcel development in grasses (Cooper 1950, Evans 1958,
1960a, Aspinall and Paleg 1963, Aspinall 1966). The major
response classes include long day (Evans. 1958, Evans and
Allard 1934, allard and Evans 1941, Koller and Highkin 1960),
and short day plants (Best 1959), although several grasses are
unaffected by day length (Allard and Garner 1940).

1.2.1+ The response types.
The photoperiodic requirement may be an obligate or

gquantitative response. In obligate long day plants flowers
initiste only above a critical photoperiod as in Lolium

temulentum (Evans 1958). The quantitative long day plants,
on the other hand, are able to flower in short days but do so
more rapidly in long days. This class includes most of the
barley varieties (Aspinall 1966).

1e2ele Chﬂlﬂes gfter igductio;lo
Vietmore, Gifford and Green (1959) studied apical

morphogenesis in Xanthium, Chenopodium and Papaver. by
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subjecting them to appropriate photoperiodic regimes. It
was shown that a recognisable increase in meristematic acti-
vity in the corpus cells was the first sign of transition.
Increased cell division was followed by cell enlargement
resulting in elongation of the apex. The meristematic
activity extended to the peripherel zone resulting in the
formation of a caplitulum or head of flowers in Xanthium, an
inflorescence axis in Chenopcdium and a single flower in
Fapaver.

Gifford and Tepper (1961) also found increased
meristematic activity in the corpus cells of the Chenopodium
shoot apex following induction. The nucleoll of the corpus
cells were smaller than those of the tunica cells in the
vegetative apex but began to enlarge following induction and
continued to do so until the nucleoli of all the cells of the
apex were approximately egual in size. Meristematic activity
led to the first macroscopic change in the morphology of the
shoot apex in the appearance of precocious bud primordis.
Subsequently a primordial compound inflorescence was formed
consisting of a terminal'conical apex with numerous subjacent
primordial inflorescences.

Histochemical changes following induction and
paralleling these morphological changes included an increase
in the concentration of RNA followed by total protein content

(¢ifford and Tepper 1962). These increases were not
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localised but were general throughout the apex.

The transformation of the vegetative to the floral
gpex in the Graminese involves activation of a number of sites
on the gpex leading to spikelet differentiation, in contrast
to the overall activation outlined for Chenopodiwm. In
wheat, Barnard (1955) has shown that the spikelet primordium
is initisted by periclinal divisions at sub-hypodermal depth
curving to the outside and anticlinal divisions in the derme-
togen. This meristematic asctivity extends transversely
around half the circumference of the axis. The bulge or
horizontel ridge over the presumptive leaf primordium marks
the first sign of transition from the vegetative to the floral
state and is usually designated as 'double ridges'. Knox and
Evans (1966) working with Lolium temulentum have demonstrated
that the double ridge is initially marked by an increase in
the size of the nuclei of the cells of the hypodermis and to
e lesser extent of the dermatogen and sub-hypodermal cells.

Histochemical changes following induction in Lolium
temulentum were also investigated by these workers. The
first sign of induction in the aplcal meristem was found on
the second day after long day exposure in that RNA increased
in isolated pockets at a number of sites along the flanks of
the apex where spikelet primordia differentiated subsequently.
This build up was more prominent a day later. The cells

with increased RNA content had large rounded nuclei. In
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contrast, the cells of the subtending leaf primordia rapidly
lost the RNA stainability that was evident during the vegeta~
tive phase of apical growth.

The changes in gross apex morphology during the
transition from the vegetative to the floral state have been
studied by various workers (Allard and Evans 1941, Cooper 1950,
1951, Barnard 1955, Williams 1960). The first discernible
event is an increase in apex length, this being a general
phenomenon in the members of the Greaminege (Evans 1960a and
1960b, Aspinall and Paleg 1963). The control of thie response
by day length has been demonstrated (Aspinall and Faleg 1963).

Subsequent to induction, an acceleration in the
rate of primordium production at the apex occurs in barley
(Nicholls and May 1963, Aspinall and Paleg 1963), Chenopodium
ameranticolor (Thomas 1961), and in & number of short and
long dey plants (Langer and Bussell 1964, Gifford and Tepper
1961).

Data on the response of leaf differentiation, as
contrasted with leaf initiation, to photo-induction are con-
flictinge. Thomas (1961} found that floral induction in
Chenopodium smaranticolor led to a dramatic increase in the
rate of initiation of new leaves. He concluded that
transition from vegetative to reproductive development was
accompenied by pronounced mitotic activity in the apical

meristem which resulted in an acceleration of all
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morphogenetic processes. Langer and Bussell (1964) have
similarly reported an increase in the rate of leaf initiation
during induction from a number of short and long day plants.
They concluded from their evidence that the first mesnifesta-
tion of induction is an elongation of the apex leading to an
overall acceleration in morphogenesis.

In contrast to the observations of Thomas, Popham
and Chan (1952) found that the first evidence of transition
from a vegetative to a reproductive state in Chrysanthemum
morifolium was a period of little or no growth following
induction. In the same species, Schwebe (1959) found a
similar situation where leaf differentiation was greatly
depressed following induction. Williams (1960) demonstrated
that the transformation of the vegetative to the reproductive
apex in wheat was associated with a progressive decrease in
the initial values of relative growth rates for successive
leaves and a simultaneous explosive growth of corpus derived
tissues. In barley, depression in the rate of leaf differ-
entiation during the transition from the vegetative to the
reproductive condition was noted by Aspinall and Paleg (1963).
It is noteworthy that the measure of leaf differentiation in
these experiments was the time taken for each leaf primordium
to change from a single ridge to a lamina initial 1 mm long.
Nicholls and May (1963) found no change in the rate of leaf
differentiation in barley as between 8 and 16 hour photoperiods,
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whereas the rate of primordium production was significantly
increased. When the transition of a vegetative to a floral
apex occurred, the further development of at least two bassal
simple ridge primordia to form either a leaf or a spikelet
was dependent on the prevailipg photoperiod. The trend of
basipetallous development of splikelets from the point of
first initiation at the centre of the splke was intensified
in a longer photoperiod.

It is possible to conclude that the presence of a
simple ridge primordium during the transition of the apical
meristem from a vegetative to a reproductive condition does
not necessarily mean that it will eventually form a leaf,
The direction of 1ts subsequent development into a leaf or a
floret is in all probability dependent on the level of the
stimulus. The observations of Thomas (1961) need further
elaboration in terms of leaf initiation and differentiation
in that the present evidence does not distinguish between
initiation and development of the leaf,.

A depression in the rate of leaf differentiation
can possibly be explained on the basls of an increased demand
for assimilates and other factors that are diverted towards
floral development at the expense of the leaf (Aspinall and
Paleg 1963). The phenomenon needs further experimentation
however, with separation of the two growth processes in order

to understand the situation more clearly.
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The inductive demands of different plants vary,
ranging from one long day (Evans 1958) to several weeks
(Hamner and Naylor 1939). Once the minimum photoperiodic
requirement is fulfilled, the plant initiates flower primordia
irrespective of whether the plant is maintained in the promo-
tive day length or returned to non-inductive conditions.
Continuance of a photo-inductive environment accelerates the
rates of inflorescence development. Evans (1960a), with a
number of grass specles in different day lengths, concluded
that the effects of day length on induction and floral develop-
ment are related. He presumed that, in induction, a stimulus
to organs of cauline origin is involved whereas further floral
development is controlled by the production of cell elongat-
ing substances. Aspinall and Paleg (1963) found similarity
in the response of primordium production and floret differ-
entiation in barley, suggesting that the same endogenous
mechanism controlled the two phenomensa.

1.2.3. Photoperiodic induction and perception.

The formulation of the principle that light per-
ception leading to photo~induction is located in the leaves
whereas the induced response, differentiation of flower
primordia, takes place at the apex is the basis of the concept
of a flowering hormone (Garner and Allard 1920). An optimal
flowering response can be obtained in photoperiodically

sensitive plants by exposing the leaves alone to inductive
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conditions; the rest of the plant remaining in a non-
inductive regime (Withrow'and Withrow 1943, Hamner and Naylor
1939, Hamner and Bonner 1938). In Lolium temulentum 6 e
of leaf lamina exposed to an inductive day length is suffi-
cient to lead to initiation of an inflorescence (Evans 1960b).
A single leaf, if at the right sensitive stage (Borthwick and
Parker 1940), is hence sufficient to produce an inductive
response.

1e2e3+1. Floral stimulus.

Evlidence for the production of a flowering
hormone in the leaves and for its translocation to the apex
has been obtained by the separation of the sites of perception
and of response with grafting experiments in both short day
(Hamner and Bonner 1938, Zeevart 1958) and long day plants
(Leng 1965). Grafting an induced plant to a receptor in a
non~inductive regime resulted in floral initiation in both
donor and receptor. Further evidence for the transmission
of an inductive stimulus ('florigen') is provided by studies
of the effects of removing the induced leaf at intervals
following photoperiodic induction. Judging from the effects
of leaf removal on subsequent aspical development, florigen
translocation appears to commence some time following the
provision of an inductive environment. In Xanthium (Salis-
bury 1955) translocation lasts for 12 hours under optimal

conditions. livans (1960c) studied the translocation of
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florigen in Lolium temulentum in a similar manner. All

leaves excepting the sixth fully expanded leaf were removed
from the plants before exposure to a long day. The remaining
leaf was removed at intervals during and following the long
day treatment (extension of an 8 hour period in day light with
16 hour of incandescent light of either 2 or 15 foot-candles
intensity) and subseguent apex development was recorded.
Most of the translocation appeared to take place in the 8 hrs
-of high intensity light following the long day treatment;
it was slowed down, but not stopped, if the high light
intensity was replaced with low light intensity. It was con-
cluded that the high light intensity was not requiredlto
complete the long day processes. Gxperiments with Xanthium
pennsylvanicum by Carr (1957) and Searle (1961) suggested a
passive transport of floral stimulus with photosynthates from
the leaf. There is, however, a great discrepancy in the
velocity of movement of the photosynthates and the floral
stimulus. The veloclty of movement of the floral stimulus
in Xenthium (Zeevart 1962) and in tharbitis (Imamura and
Takimato 1955, 1956) were estimated as less than C.4 cm/hour.
These values were based on the minimum threshold emount of
floral stimulus required to produce flowering.

The measurement as such is of the threshold
concentration that is required for flower formation and not
the genuine translocation rates which would undoubtedly be

higher. The problem of threshold was overcome by Evans and
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Wardlaw (1964) in Lolium temulentum by estaeblishing the

minimum area of leaf tissue needed to obtain a flowering
response snd precisely determining the time in which the
floral stimulus moved the distance of the leaf blade into
the sheath by defoliating the plant at intervals after the
critical light period. The rate of translocation of the
floral stimulus thus worked out was 2 cm/hour.

The disparity in this improved estimate of the
translocation rate of the floral stimulus and the known
velocity of assimilate in some members of the Graminese,
such as 80-100 cm per hour in wheat (Wardlaw 1965) and 84 cm
per hour in sugar-cane (Hartt, Kartschak, Forbes and Burr
1963), and the ability of a small leaf to export floral
stimulus and no, of very little, assimilate prompted Evans
and Wardlaw (1966) to explore the translocation pattern
further. They made a determination of the velocity of the
movement of the floral stimulus, at the same time as a

measurement of the velocity of movement of 1“0 labelled

assimilates in Lolium temulentum plants of the same age and

under the same environmental conditions. The translocation
rates were 1-2.4 cm/hr for the floral stimulus and

77-105 em/hr for 'HC labelled assimilates. On the basis of
the evidence it was concluded that, although both the

floral stimulus and assimilate may move in the phloem, they
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probably do so independently and by different mechanisms.
This slow rate of movement of the floral stimulus compares
with that of auxins and of gibberellins, and is comparsble
with the rates of cytoplasmic streaming.

1.2¢3.2. Inhibitory effect of ~induced leaf.

It has been claimed that the essential elemsnt
in the photoperiodic response of long day plants 1is the
inhibitory effect of long dark periods. Flowering is obtained
if this inhibition is absent, as in the long light period.
For instance Snyder (1948) with Plantagc lenceolata and
Takimato (1955) with Silene armeria found that a combination
of short light periods with short dark periods or long light
periods with short or long dark periods were favourasble for
flower formation, while combinations of short light periods
with long dark periods were not.

Evans (1960c), working with Lolium temulentum,
found that exposure of a single leaf to a long day was capable
of initiating inflorescence development both in the presence
and absence of leaves simultaneously kept in a short day.

It was concluded that a positive floral stimulus to flowering
was formed in the leaves during exposure to a long day.
Pronounced enhancement of the flowering respornse under rela-
tively high temperatures during the light period also
supported the conclusion that the effect of the light period
was not through suppression of a dark inhibitor.
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In the same plant, Evans (1960c) demonstrated
that short day leaves reduce the flowering response. The
effect was dependent on the ratio of the numbers of long and
of short dsy leaves on the plant and the time that these were
retained. The inhibitory effect of a short day leaf was
present even if it was not inserted between the long day leaf
and the apical meristem suggesiing that the effect was not on
translocation or distribution of the fleral stimulus. Evans
and Wardlaw (1964) have confirmed this view by the use of
labelled assimilates. Promotive processes in the leaves of
Lolium temulentum can proceed in the absence of oxygen whereas
inhibitory processes cannot do so (Evans 1962b) suggesting an
oxidative step in the generation of the inhibltory effect.

124363, Stability of the floral stimulus.

There is no direct evidence in respect of the
stability of florigen. It has been shown that the effects
of induction below & threshold level can be summated when
these are separated by periods of non-inductive conditions;
the possibility of fractional induction has thus been demon-
strated for both short and long day plants (Hamner 1940,

Carr 1955). The possibility of fractional induction indi-
cates a high degree of stability of the floral stimulus

(Lang 1965). Further indirect evidence on the stebility of
florigen caﬁ'be drawn from experiments designed to demonstrate

the effects of anti-metabolites on induction at the apex.
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The flowering response in Pharbitis (Zeevart 1962) was inhi-
bited by the application of anti-metsbolites of DNA to the
apex and was restored by precursors of DNA. The anti-
metabolite, 5 fluorodesoxyuridine, was rapidly metabolised by
the tissue and its depressing effeet on cell division at the
apex lasted for 4O hoﬁrs only. As floral induction was
nevertheless suppressed, this suggests that florigen cannot
be maintained in the apex at a level sufficient to produce
floral initiation for as long as 48 hours. It is difficult
to define the stabllity of the floral stimulus in Lolium
temulentum with this accuracy as the experiments of Evans
(1964b) provide no indication of the period within which the
anti-metabolites inhibited cell division at the apex. The
apparent contradiction between the implications of experi-
ments using fractional induction and of those involving anti-

metabolites remains to be resolved.

1.3, +flant Water Stress.

1.3.1. Water Balance.
The stage at which plant growth departs from its

maximum possible rate due to water stress cannot be defined

in terms of the soil water status alone. The rates of
physiological processes which control plant growth are closely
related to the internal water balance of the plant system
which is controlled by both the relative rate of water loss

and of water absorption.
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Transpiration, that is, loss of water from plants,
involves movement of water in both the liguid and vapour state.
The change from the liquid to the gaseous phase requires
energy and thus the process is energy dependent, The sun's
radilant flux at the plant surface supplies this energy. The
site of evaporation 1s within the leaf, elther at or within
the walls of the mesophyll cells surrounding the intercellular
spaces, There are thus two major portions of the transpir-
ation stream from the soil to the external atmosphere
(Milthorpe 41961). The first of these, from the soil spsaces
to the mesophyll cells, is concerned with the transport of
water in the liquid state, whereas the second, from the
mesophyll cell surface to the external atmosphere is concerned
with the diffusion of water in the gaseous phase. The over-
all flux of water through the system is controlled by the
water potential gradient from the soil to the-external atmos-
phere and the resistances to water movement in the pathway.
The poctential gradient, except under extreme conditions elther
of moisture stress or of atmospheric humidity, is large so
that effective regulation of the transpiration stream rests
in the resistances to water movement. Resistances to move-
ment of water in the liquid stage can only effectively limit
water flux by increasing the energy required for evaporation
at the cell surface. I+ has been suggested that this may

take place due to the retreat of the effective water surface
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for evaporstion within the cellulose matrix of the cell wall
hence increasing surface tension and inbibitional forces
limiting evaporation (Preston 1954). This effect has been
shown to be of relatively minor importance, however,
(Milthorpe 1959) and the effective resistances to water Ilux
in the transpiration stream must be sought in the vapour
phase.

The diffusion of water in the vapour phase from the
mesophyll cell to the external atmosphere follows two pathways.
The first and major pathway is through the stomata. Some
diffusion also takes place through the leaf cuticle but
generally the amcunt is much less. The resistances that are
encountered in the movement of water through these diffusion
paths can be expressed on the basis of the followlng equation
(Milthorpe 1960)

1
L =

where L 1s the resistance between the external atmosphere
and the evaporating surface, 5, is the conductance of the

cuticle, Sp is the conductance of stomata, S4 is the con-

ductance of sub-stomatal cavities and Sy is the conductance
1

resistance)‘

of cell walls (conductance =

The resistances involved at the level of sub-

stometal cavities and cell walls are very small and can be
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neglected without great loss of precision (Milthorpe 1960).
The reslstance of cuticle is high in relation to stomata
(S8latyer and Bierhuizen 1964} and in whest it has been esti-
mated to be 70 times that of the minimal stomatal resistance
(Milthorpe 1960). A further large but varisble resistance
to water loss from the plant occurs during diffusion through
the boundary layer of still air at the leéf surface. The
dimensions of this resistance depend upon such factors as
leaf size and shape, surface properties and wind speed. In
normal conditions, transpiration can be expressed in the form
of the following equation on the basis of Frick's law
(¥enman and Schofileld 1951)

Ac
T = /rg + Tq

where Acis the difference in water vapour potential at the
evaporating sites and in the free alr, r; is the resilistance
of the stomatal pores and r, is the external resistance of
the boundary layer of air. In conditions of water stress
where the stomata are closed, or nearly so, a term for the
water flux through the cuticle becomes of greater importance
in determining the overall flux. Loss of water from the
plant leaf by transpiration results in lowering of the leaf
water content and as a consequence the potential energy of
water in the leaf is reduced. Water moves from the soil

into the plant when the potential energy of the water in the



20.

leaf is lower than that in the soil. Several terminologies
have been used to define the status of water in the plant and
soil system but the term 'water potential' which gives a more
comprehensive description of both the plant water and the
soil water energy status on a thermodynamic basis has been
widely accepted (Slatyer and Taylor 1960). Vater in soils
and plant systems encounters forces due to the presence of
the so0lid phase, dissolved.salts, external gas pressure and
the gravitational field. These effects are expressed in
terms of the potential energy of water (Gardner 1965).

Water potential, which is the chemical potential of the water
in the plant or soll, has been defined a&as the dlfference
between the partial specific Gibbs free energy of water in
the system under consideration and of free pure water at the
same temperature (Slatyer and Taylor 1960). As a result of
the dehydration of the plant leaves by transpiration, the
water potential is lowered. This establishes a water
potential gradient which is transmitted through the intact
water columns of the plant system across the root cortex to
the soll water. Lowering of water potential at the root
surface below that in the soll results in the passive move-
ment of water along a potential gradilent from the root
(S1atyer 1960, Gardner 1965, Vaadia, Raney and Hagan 1961).

Movement of water in the plant due to active absorption
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requiring the expenditure of respiratory energy is, however,
evident in plants where very slow or negligible transpiration
occurs and little soil water stress exists (Slatyer 1960).

In pepper and sunflower plants, water movement from the roots
to the leaves when the leaf water potential was higher than
that of the solution bathing the roots was considered (Barrs
1966) to be due to root pressure moving water against the
potentlial gradient. However, in conditions where a tempera-
ture gradient existed, water movement in a direction opposite
to the gradient of water potential has been previously re-
ported (Taylor and Cavazza 1954). In water culture experi-
mantsf'where a temperature gradient is difficult to avoid. an
inverted gradient of water transport may be due to thé differ-
ence in temperature between the leaves and the solution
bathing the roots. wuantitatively, passive absorption is of
far greater significance and most water is absorbed by the
plant in this manner (Slatyer 1960).

The internal water balance of the plant depends on
the relative rates of water absorption and of water loss.
The two processes are influenced by a complex of atmospheric,
soil and plant factors which modify the rates of uptake and
losse. The factors controlling the two processes differ, such
that a change in eny one of the factors upsets the balance.
water deficits caused by excessive transpiration are usually

less severe as the plants regain turgor during the night.
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On the other hand, a lag of absorption behind transpiration
due to increasing depletion of water in the soll becomes
increasingly severe with time. In dry soils, this lag of
absorption is caused by the low potential of water at the root
surfaces, occasloned by inadeguate movement of water to the
root surface and the reduced potentisl of soil water held in
soil matrices (Richards and Wadleigh 1952, Philip 1957). In
s0il which is not uniformly dry, the rate of root growth into
moist zones controls this lag (Fhilip 1958, Petinov 1961).
When the soil is adequately supplied with water, the major
resistance to uptake is within the root (Kramer 1938). Thus
there is an increase in water absorptlion following death or
removal of roots. Crafts, Currier and Stocking (1949) have
experimentally shown that longitudinal movement of water in
plants can take place through non-living elements of the xylem.
This suggests that there 1s only a low resistance to the move-
ment of water in the xylem vessels. In certain conditions,
where the xylem elements are less than 20u in diameter, move-
ment of water mey fece a resistance at this level as has been
reported for some grass species (Wind 1956). The lag of
gbsorption behind transpiration results in a water deficit in
the plant. This lag is determined by the difference between
resistance to water flux into the plant (soil matric potential,
osmotic potential, flow through soil, etc.) and resistance to
water flux out of the plant (stomatal resistance, boundary

layer, cuticular resistance, etc.).
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1.3.1.1. Measurement of water stress in the pilant.

Internal water balance has long been recognised
as an important aspect of the physiological status of the
plant. Wwater content as a percentage of fresh and dry weight
has been used to provide an index of internal water deficit
(Miller 1938). The water content of plant tissue varies with
species, organ, tissue and age (Stocking 1956). It also
varies diurnally (Wilson, Boggess and Kramer 1953) and
seasonally (Ackley 1954, Clark and Gibbs 1957). Hence, a
measurement of water content expressed as a function of fresh
or dry weight is not a satisfactory indicator of the water
status of a plant or plant tissues (Kramer 1959).

It has been suggested (Weatherley 1950, 1951)
that turgid water content provides a more satisfactory basis
for reference. The term 'reletive turgidity' was introduced
and defined as the ratio, expressed as a percentage, of the
amount of water in a known quantity of tissue when sampled to
the amount of water in the same quantity of tissue when fully

turgid:
Fresh weight - Ury weight
Turgid weight - Dry welght

Relative turgldity 100

Since the introduction of the method it has
been widely used (slatyer 1955, 1957, 1961a, Rutter and Sands
1958, Clausen and Kozlowski 1965) and has proved a quantitative
and valusble index of internal plant water deficit, except in

conditions of slight water deficit where it has been found
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insensitive (Slatyer and Barrs 1965). It has been shown that
an approximate relationship exists between the relative turglid-
ity and the water potential of the tissue (Weatherley and
Slatyer 1957, Slatyer 1960) which enhances the significance of
the measurement.

The osmotic pressure of sap expressed from plant
organs has been used as an indicator of the water status of
plants (Walter 1955) but due to limitations in the significance
of this (Kremer 1959), attention has shifted to 'diffusion
pressure deficit's The diffusion pressure deficit (Meyer
1945) is & measure of the pressure with which water tends to
move into cells and tissues. Fully turgld tissue has a zero
diffusion pressure deficit and the diffusion pressure defilcit
increases as the water deficit increases. The measurement
technigue involves balancing the diffusion pressure deficit
of the tissue with the osmotic potential of the solution using
a graded series of concentrations. The solution in which
the tissue nelther gainsnor loses water from or to the solu-
tion is considered to have an osmotic potential equivalent to
the diffusion pressure deficit of the tlssue. Although
floating the tissue in the solution and determining the change
in length (Usprung 1923) or weight (Meyer and Wallace 1941)
of the tissue has the advantage of great simplicity, 1t
introduces errors due to infiltration of the solution into

the intercellular spaces, and in the case of plasmolysis,
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into intracellular spaces of the tissue. To overcome this,
a vapour pressure method for measuring diffusion pressure
deficlit has been used (Slatyer 1958). This method utilizes
the same general principle as the solution method except that
the diffusion pressure deficit of the tissue is balanced
agalinst the water potential of vapour over a solution rather
than the solution itself. The use of psychrometers. for
direct measurement of tissue water potential by vapour means
has been employed with the advantage of speed and precision
(Brix 1962, Ehlig 1962). The psychrometer is used to
measure the wet bulb depression of air over a sample enclosed
in a thermally constant chamber. A constant reading indi-
cates vapour pressure equilibrium has been established between
the air and the sample. The corresponding water potential
relates to that of the sample.

.1.3.1.2. Plant water status and response.

Although the stage at which a reduction in
growth due to water stress takes place cannot be defined in
terms of soil water stress alone, evidence is avallable from
numerous studles that plant growth is retarded at a solil water
potential of less than 1 bar and is reduced progressively with
decreasing potential (Richards end Wadleigh 1952). It
appears that transpiretion does not decrease below the
potential rate until lower potentials are reached than those

at which growth is reduced (Slatyer 1957). Most of the
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evidence suggests that a progressive decline in transpiration
takes place with increasing stress (Slatyer 1955, 1956).

The soil water stress at which transpiration is
reduced varies greatly, being a function of the amount of root
growth and potentiel transpiration. Por instance, Slatyer
(1956) estimated that the transpiration rates of ground nuts,
cotton and sorghum grown in the same environment, departed
from the potential rates with soil water stress of about 12,
20 and 70 millimeters respectively. The amount by which the
transpiration rate is reduced below the potential rate is a
function of stomatal closure and the size of the cuticular
conductance of water vapour (Milthorpe 1960). In wheat, it
has been shown that complete closure of stomata reduced the
transpiration to sbout 15% of the potential (Milthorpe 1960).
The resistances encountered in the transpliration pathway also
restrict CO, flux in the reverse direction. Since CC, must
also diffuse from the mesophyll cell walls to photosynthetic
sites in the chloroplast, an additional resistance in the
liquid phase is involved in this process, the magnitude of
which is several times as high as the other two resistances
(Gaastra 1959, 1962). Slatyer and Bierhuizen (1964) using
phenyl mercuric acetate as a transpiration suppressant
obtained a reduction in transpiration rate due to the closure
of stomata without any apparent effects on photosynthetic

rates.
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1.3.2. Plant responses to water stress.

1e3.2+.1. Growth.

So0il water becomes progressively less available
to plants as the soil water stress increases (Richards and
Wadleigh 1952, Stanhill 1957). Evidence to the contrary,
that is, that soil water is equally available to plants over
the renge from field capacity to permanent wilting (Veihmeyer
and Hendrickson 1950, Veihmeyer 1956), was based on field
experlments where a decline in water availability was compli-
cated by uneven root distribution. For instance, it has
been shown by Majmudar and Hudson (1957) and Salter (1957) that
water uptake, growth and transpiration continued at the maxi-~
mum rate so long as roots could grow into regions of moister
solil. A soll water stress of 1.5 atm has been found to
reduce the yield and quality of cigarette tobacco (Van Bavel
1953) and dry weights and stem elongation in Scots pine
seedlings (Sands and Rutter 1959). Similarly, a reduction
in vegetative and fruit growth in apple has been shown with
a 801l water stress of less than 1 atm (Goode 1956).
Retardation in differentiation of leaf and spikelet primordia
has been shown to occur with a soil water stress of less than
0.8 atm (Nicholls and May 1963). 1In several other investi-
gations (Jarvis and Jarvis 1963a, Slatyer 1960), where the
water balance of the plant was the measure of stress, reduc-

tion in growth when the relative turgldity of leaf fell below



28.

90 per cent has been demonstrated. In general, water stress
leads to a reduction in growth and this departure is apparent
as the water becomes less available to the plant and is pro-
gresslively more acute with increasing stress.

It has generally been found that, with a mild
water stress of short duration, root growth is initially
favoured over shoot growth (Wangermann 1961, Jarvis and Jarvis
1963c). An increase in the root/shoot ratio with decreasing
soll water contents has been reported in wheat (Harris 1914).
viangermann (1961) commenting on the stimulation of root growth
by a slight water stress attributed it to the optimum con-~
ditions for root growth arising from an interaction between
aeration and the availlsbility of water. However, Jarvis and
Jarvis (1963c) obtained similar stimulation in the root growth
of Lupinus albus when water siress was applied in water culture
experiments by the addition of polyethylene glycol. Relative
stimulation of root growth of corn, tomato and wheat has also
been found by Baton (1942) with increasing concentrations of
chloride and sulphate in culture solution. The initial
stimulation of root growth which is followed by a reduction in
growth with progressive water stress is difficult to explain
on the basis of evidence avallable at the present time.

Water stress leads to a general reduction in
growth but its influence on different plant organs may be
different. Williams and Shapter (1955) studied the effects
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of moderate intermittent water stress at different stages of
development in barley and rye. They found that the effects
varied with the stage of growth at the time of stress and the
past history of the plant in relation to water regime. The
responses to the treatment also varied with the species.

For instance stem height was reduced in barley but not in rye.
They found that plant parts growing most actively were the
ones most affected. Aspinall, Nicholls and May (1964) with
barley, have also reported that the most rapldly growing
tissues at the time of water stress are most affected. In
the tomato plant the growth of the leaf laminae was consistent-
ly retarded, whereas that of the stem was promoted under
water stress (Gates 1955a). On recovery, however, the situ-
ation was reversed in that the growih of leaves was promoted
and that of the stem retarded. It has also been shown by
Catsky (1962) that, under water stress, the younger leaves
were at a better water status than the old leaves resulting
in death of o0ld leaves and survival of younger ones.
Milthorpe (1950) found that this differential in drought-
resistance was related to the proportion of meristematic to
elongating cells with the former being completely resistant.
1t gppears then, that high water potential is assoclieted with
high growth activity and such growth suffers a greater check
when water becomes limiting. However, the greater resistance

of meristematic cells to water stress ensbles the actively
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growing tissues to survive under desiccation and to resume
growth soon after recovery.

A relationship between fluctuating soil water
potential and growth is difficult to assess. This is at
least partielly due to an elevation of the relative growth
rate during recovery from stress as compared to that of plants
on sdequate water supply throughout (Gates 1955a and 1955b).
Thus, plants can in some circumstances make geod the loss
sustained and eonsequently the overall performaence of the
plant depends on the intensity esnd duration of water siress
and the stage of development at whiech the plant experiences
the siress (May and Milthorpe 1962).

1032420

A reduction in photosynthesis with increasing
water deficit has been reported by various workers (4Ashton
1956, Dastur 1925, Verduin and Loomis 1944). That this may
be due to closure of stomata even before the soil water stress
reaches the permsnent wilting perceniage has been shown by
Schneider and Childers (1941). On the other hand, Basker and
Musgrave (196L4) found & reduction in photosynthetlic rate in
corn when the soil water stress was 1 atm and the transpir-
ation rate had not departed from the potential rate. An
actual inerease in photosynthesis in aspple leaves when soil
water content fell below field capacity has been reported
(Negisi and Satoo 1954) but this was followed by a marked
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reduction before wilting. Similarly, an increase was re-
ported by Schneider and Childers (1941) at slightly less than
maximum leaf turgor, which they attributed to wider opening
of stomata. Verduin and Loomis (1944) found that the
porosity of the corn leaf to gases was greatly reduced by
wilting, but the lack of a high correlation between measured
porosity and photosynthesis indicated that factors in addition
to stomatal closure were responsible for the reduction in
photosynthesis, Transpiration is more dependent on the
opening of stomata than photosynthesis since an additional
resistance of much higher magnitude is involved at the
mesophyll cells in which diffusion occcurs in the liguid

phase during photosynthetic pro?esses (Gaastra 1959).

A close relationship between the net assimi-~
lation rate and the water content of the leaf has been demon-
strated (Dastur 1925, Dastur and Dessai 1933). With a de-
crease in water content of the leaf there was a corresponding
decrease in the rate of assimilation. The influence of water
stress on the translocation of photosynthates in sunflower
plants was studied by Wiebe and Wihrheim (1962) by exposing
single leaves of the plants to a C1h02 labelled atmosphere
and determining the translocation by measuring the amount of
C“L in various portions of the plant. They found that trans-—
location of photosynthates was reduced in water stressed plants.

Similar reductions in woody species have also been reported
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(Roberts 1964). In experiments (Flaut and Reinhold 1965)
where effects of water stress on the passage of (1”0) sucrose
was investigated by applying a drop of the laebelled solution
to the primary leaf of bean plants and following the course of
movement in various plant parts, it was found that an initial
stimulation of transport occurred in water stressed plants
within a period of 30-45 minutes but the rates subsequently
declined and fell far below controls. The stimulation of
transport soon after the application of a drop of the solution
to the water stressed plants might be a result of a favourable
change in the water status of the tissue due to the drop of
solution applied.

The evidence for a marked effect of water stress
on translocation suggesis that some at least of the effects
of water stress on photosynthesis may be indirect. There is
an increesing body of evidence that photosynthetic rates may
be markedly influenced by the size of the 'sinks' utilizing
assimilates and the rate of translocation to the sinks
(%3222 and kvans 1964, Humphries and ;::;; 1964, Nosberger
and Humphries 1965). It is concelveble, then, that water
stress may influence photosynthesis through an inhibition of
the transport of the products of photosynthesis.

The influence of respiration on water siress has

been studied by a number of workers. A fall in water con-

tent of Phalaris tubeross and Lolium multiflorum from 90 to



33

80 per cent was shown to be associated with increases in
repiration (Fetrie and Wood 1938). The respiration rates,
however, declined with increasing loss of water. Similarly,
increases in respiration rates with slight water stress
followed by a decline due to increasing stress were found in
apple leaves (Schneider and Childers 1941). Negisi and Satoo
(1954) working with apple leaves and Moss, Musgrave and Lemon
(1961) with corn showed increased respiration due to mild
stress. In Brassics roots that were allowed to desiccate
gradually in dark, maximum respiration rates were recorded
when the water contents of the tissue ranged between 90 and 80
per cent (Boulllenne-¥alraud and Bouillenne-Walraud 1926).
Kaul (1965) has reported a 20 per cent increase in carbon-di-
oxide output with slight water stress followed by a decrease
of 50 per cent with increasing water stress in wheat. It
appears, then, that respiration rates increase with slight
water stress and decline with further stress. The initial
increase in respiration may be associated with decreased
resistance to gaseous diffusion by the increased opening of
stomata. A direct stimulatlion of hydrolytic and oxidative
activity due to stress has been suggested as a possible ex-
planation for the increase in respiration (Iljin 1957). 1In
severe water stress, however, the decline in respiration has
been found to be associated with decreases in respiratory

metabolites (Kaul 1965) indicating that factors other than
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stomatal closure are involved in the decreasing CO, evolution.
1+3.203. Plant Composition.

The nature and course of various biochemical
reactions are often changed by water stress, resulting in
changes 1n overall chemical composition. An accelerated
conversion of starch to sugars during water stress has been
reported by various workers (Faton and Ergle 1948, Wadleigh
and Ayers 1945, Woodhams and Kozlowski 1954). Petrie and
Viood (1938) found that there was an increase in the net rate
of starch hydrolysis with decreased water content and an
increase in the level of sucrose. This rapild reduction in
starch was not compensated by a corresponding increase in
sugars. Cn the other hand, the rate of respiration was
increased.

There 1s a decreased net formation of protein
from amino acids with a reduction in leaf water content in

Phalaris tuberosa L. and Lolium multiflorum (Petrie and Vood

1938a, 1938b). Marked reduction in protein contents with
water stress has also been reported in corn (West 1962) and
cabbage (Goff and Levitt 1965). 1In cabbage this progressive
decrease was attributed to the reduction in the SH contents
of soluble and non-soluble protein fractions and presumably
water stress reduced SH-dependent enzyme activity. Wood
and Barrien (1939a, 1939b) also found that the amount of

protein sulphur decreased with a decrease in water content.
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Under these conditions the amount of the sulphur-containing
amino acid cystine did not increase as the other amino scids
increased, but the amount of inorganic sulphate did. It may
be possible that the rate of oxidation of cystine increases
as the water content decreases and this could be one cause of
the net decrease of protein synthesis (Gates 1964). The
predominance of hydrolytic reactions under water stress may
indicate a failure of energy producing mechanisms (May and
Milthorpe 1962).

The RNA content of the leaf decreases under
water deficit although there is no change in concentration on
a dry weight basis (Gates and Bonner 1959). The decrease in
ribonucleic acid per leaf was intimately related to the slower
growth rate of the leaf. The rate of pi2 incorporated into
nucleic acid under water stress did not differ from that in
unstressed plants indicating that the net reduction was due
to sccelerated destruction rather than to decreased synthesis.
tegsler (1961) also found & decline in RNA constituents with
increasing water stress in tomato plants, Incorporation of
uracil G1u into RNA in water stressed plants was similar to
that of control plants and the decline in RNA was posslbly
due to increased hydrolysis. However, a lower incorporation
of thymine C1u in the water stressed plants suggested impair-
ment of DNA synthesis. In contrast to these reports, some

evidence for a reduction in RNA synthesis under conditions
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of water stress has been obtained (Shah and Loomis 1965).
Uracil 1“6 turnover in water stressed sugar beet plants is
reduced suggesting inhibition of RNA synthesis under water
stress. ©Similarly, Zholkevich and Koretskaya (1959), who
followed changes in nucleic acid components of pumpkin roots
under water stress, found that the content of RNA increased
linearly in controls whereas it changed little in water
stressed plants. The authors suggested that synthesis was
affected although the net response may have been due to in-
creased RNA destruction.

It is apparent that almost all metabolic reactions
are influenced by water stress,but, with the evidence at present
available, it is difficult to assign a key role to any mech-
anism.

1.4. Effects of Water Stress on apical Morphogenesis.

The effects of water stress on apical morphogenesis,
particularly reproductive developmenit, have not been explored
extensively. It has been recognised, however, that certain
stages of plant development are more susceptible to the effects
of water stress than others (Williams and Shapter 1955,
Aspinall, Nicholls and May 1964), although responses vary
with the duration and intensity of stress.

1.4¢1. Early stages of development.
water stress in the early stages of growth was

found to reduce spikelet differentiation in maize (Petinov
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and Serko 1965). In wheat, water stress during spikelet
formation reduced the number of spikelets (Domanskii 1959,
Konovalov 1959} and in oats, stress during spikelet differ-
entiation and the flowering stage resulted in a delay in
spikelet development and a reduction in the number of ferti-
lised flowers due to pollen sterility (Novikov 1952, 1954).
Iin all the above experiments, however, the level of stress
that the plantis were suffering was not well defined. In a
more precise experiment Nicholls and kay (1963) found that
gradually ilncreasing soil water stress in barley resulted in
an apprecigble retardation in the differentiation of both
leaf and spikelet primordia at a soil water potential of GC.8
atmosphere . and that primordi%h formation ceased at a soll
water potential between 2 and 2.5 altmospheres. Two abnormal-
ities due to water siress were also found to occur on the
apex either separately or together. One was a failure in
the formation of a primordium on the apex resulting in the
absence of a spikelet in that position and the other was a
rotation in the plane of symuetry of the whole apex. The
effect of water stress was more pronounced in reducing
primordium formation than in affecting spikelet differentiation.
142, Later stages of development.

In later stages of plant development, water stress

nhas been found to reduce the yleld in various ways. In

barley, water stress imposed between stamen initiation and
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anthesis markedly reduced stem ilnternode elongation and the

number of grains on the ear (Aspinall et al 1964). The re-

duction in the number of grains was considersble when stress
was imposed shortly after the formation of spikelet primordia
and diminished rapidly the later the stress was imposed,
particularly after anthesis. In wheat, water stress during
the stem elongation phase was found to reduce the number of
ears per plant (Asana, Mani, Pillay and Gahlot 1355). A
preduction in the number of ears was reported when the water
stress was applied at ear emergence in wheat (Asana, Saini
and Ray 1958, Chinoy 1962a), and at panicle emergence in oats
(Pasuw 1949). Adequate soil water during the 'tasselling'
stage of corn was found to be essentlal (Robins and Demingo
1953), water stress during this period causing an irreversible
reduction in yield. In the same plant, the silking stage
has also been reported to be particularly suseeptible to water
stress (Demmead and Shaw 1960). Water stress at the pollen
formation stage in barley resulted in a reduction in pollen
viability . as a consequence of which the number of fertilized
flowers per spike was reduced (Zavadskaya and Skazkin 1960).
At the pollen meiosis stage in wheat, water stress was found
to cause male sterility im the lower florets of each spikelet
without affecting female fertility (Bingham 1966). Although
megasporogenesis was found to be more susceptible to water

stress than mierosporogenesis, prolonged stress caused the
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female gametophyte to becomé infertile also (Skazkin and
Lukomskaya 1962, Matkalyak 1965). Water stress between
anthesls end ripening was found to reduce grain size con-

siderably (Aspinall et _al 1964) and the effect was greater

the earlier the stress was imposed after anthesils. Similar-
1y, in oats, water stress between emergence and ripening was
reported to reduce grain size (Pasuw 1949, 1952). Water
stress reduces the yleld at all stages of plant ontogeny but
apparently internode elongation and anthesis are the two
stages when damage 1s greatest. The components of growth
that are most effective in contributing to yield are in

actively growing stages on both these occasions.

1.4.3« Mechanism of asction.

1.4.3.1« Indirect effects.
From this survey, it is evident that the effects

of water stress are most severe on plant organs growing most
rapldly at the time the stress is imposed. The mechanism
underlying these responses is, however, not well understood.
An indirect effect of reduced water potential in restricting
the translocation of photosynthates and of hormones to the
sctively metabolising tissue has been suggested as a possi-
bility (Nicholls 1962). Similarly, adverse effects of water
stress on grain development after ear emergence have been
attributed to a reduction in the assimilate supply to the
grain (Denmead and Shaw 1960). Evidence from experiments
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vhere the velocity and pattern of assimilate transport were
investigated show that during the early stages of grain develop-
ment, the velocity of movement of photosynthates towards the
ear was twlce as high as that of downward transport (wardlaw
1965) and was markedly decreased by the removal of grains.
Reduced translocation of carbohydrates and mineral nutrients
during water stress has been demonstrated in tomato (Gates
19558, 1955b, 1957). Of more direct interest to the study
of grasses, however, is the observation by Petinov and Berko
(1965) that retardation of spikelet differentiation in maize
due to water stress was accompanied by inhibition of both
translocation of amino ascids to the spex and synthesis of
protein in the leaves.

1.4.3.2. Direct effects.

In contrast to these indirect influences of
water stress on the growth of meristamatic regions a direct
effect may arise from the greater water requirement of
setively metabolising cells. It has been suggested that
this greater susceptibility arises because of a greater re-
quirement for water during cell elongation (Maximov 1929).
May and Milthorpe (1962), on the other hand, considered that
the effects are more likely to be assocliated with cell
division processes, which are involved in the differentiation
of spikelets and flowering. Some recent information on this

conflict has been provided by Gardner and Nieman (1964).
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In radish leaves, where DNA content is linearly related to
cell number, water stress was imposed by submerging leaves in
mannitol solutions in a graded series of concentrations rang-
ing from 1 to 16 bars. UNA content was reduced to 60k by a
stress of 1 to 2 bars but there was little subsequent decrease
as the osmotic potential was increased to 16 bars. This
suggested that cell division was affected at low water poten~-
tial but was not further decreased at higher potentials.

They also obtained a measure of cell size from the ratio of
leaf water content to DNA and found that, with increasing
osmotic potential, cell enlargement decreased more gradually
then cell division up to 8 bars but thereafter cell enlarge-
ment was completely prevented. Thi% data may resolve the
conflict between the views of Maximov (1929) and of May and
Milthorpe (1962).

It has been shown that meristematic itissues are
more resistant to desiccation than are elongating cells 1n
wheat (Milthorpe 1950). Similarly, Iljin (1953) demonstrated
that cells with larger vacuoles were less resistant to
desiccation than cells with small vacuoles. In experiments
where the response of barley grain growth was investigated
(Aspinall 1965), it was found that the rate of grain growth
in earlier stages of development was reduced only by severe
water stress and this effect was not assoclated with changes

in water potential of the grains. This indicated a greater
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resistance of the grain than of other plant organs to water
stress. Similarly, a greater resistance of the spike to
water stress has been shown in wheat (Chinoy 1962a, 1962b)
and in barley (Zavadskaya and Skazkin 1960). The need for
& high hydration level for maximum meristematic activity of
the spike and its greater resistance to increasing soil water
potential might explain the persistance of root and shoot
primordia over long periods of drought in some perennial
grasses (Lucanus, Mitchell, Fritchard and Calder 1960).
Little is known sbout the mechanism of the
effects of water stress on floral development in the Gramineae.
Hence, it seemed desirable to investlgate the influence of
water stress on the processes involved in the reproductive

development of the apex.
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CHAPTER 2. MATERIALS AND METHODS

The general cultural practices and the design of the
experiments are described here but furiher details pertaining
to particular experiments are given in the Results section

along with the appropriate experiment.

2.1« Mgterigls.
2+.1.1. Plant Material.

Barley (Hordeum vulgare L.) and Lolium temulentum
were studied as examples of gquantitative and qualitative long

day plants respectively. The barley variety, Prior A, a
mildew resistant strain of the variety Prior, was grown in
all experiments, In addition, the variety CI 3576, which is
reputedly more drought resistant, was compared with Prior &
in one experiment. Seeds of both these varieties originated
from Dr. K.sWe Finlay of the Agronomy Department. Lolium
temulentum. seed was obtained from a single plant selection
supplied by Dr. L.T. Evans of the Plant Industry Division,
CeSs1.Rs04, Canberra.

2.1.2. Controlled Environment Cabinet.

The cabinets employed had space (L' x L4') for one
hundred pots (10 em x 10 cm) arranged in 10 rows on the plant
bed. The light source was a bank of 32 80 watt 'cool white'
fluorescent tubes (Philips TLF 80/33) and four standard clear

incandescent laemps (60 W). Two incandescent strip lamps



(75 W) were used for prolonging photoperiods. The light
intensity in the main light period was 2000 foot-candle of
fluorescent light plus 80 f.c. of incandescent light, the
basic photoperiod was extended with incandescent light alone
with an intensity of 80 f.c. Light energy in the main photo-
period was varied by changing the vertical distance of the
plants from the light source. Light intensities were
measured with an Eel broad spectrum photocell. Temperature
was maintained at 17°G.i 1°C with a maximum gradient of 1%

petween the air inlet and outlet at the sldes of the cablinet.

2e24 e EhOdBo

2.2.1. Short-period Weater Stress Lxperiment.
In this experiment the influence of pre-sowing

hardening, as defined by Genkel (see ilay, Milthorpe and Mil-
thorpe 1962), on the response of barley to short term water
stress was investigated with two varieties, Prior A and

CI 3576.

The hardening treatment was as follows. Samples
were drawn from the bulk grain to determine the original
moisture content. The remaining grain was weighed and
placed in a flask with distilled water equivalent to 30% of
the air dry weight of the grain; this was then rotated hori-
zontally on a mechanical mixer for one hour. All the water
was taken up by the grains during this period, and the grains
were then thinly spread in shallow dishes covered with moist
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blotting paper and left in a germination cabinet for L& hours
at 20°C in dark. The moist grains were then dried down %o

the original air dry moistufé‘content, using an electric fan
at 2500 in the dark for 72 hours. This cycle of wetting and
drying was repeated once. In the second cycle the molst
grains were left in the germination cabinet for 24 hours
instead of 48 hours. The hardened and conirol seeds were
planted in 6" plastic pots 1in a glasshouse. Treatments were
rendomised between five blocks on the glasshouse bench. Laeh
pot contained a layer of coarse gravel at the bottom, 1.6 kg
dry weight organic loem and a surface mulch of fine gravel.
Ten seeds were planted in each pot and thinned to five after
recording emergence. Water stress was imposed by with-
holding water for various periods.

Z2.2+2+ Continuous Water Stress Experiments.

seeds of barley (ce.ve Prior A) were pre-germinated

for 2L hours at 20°C vefore planting in 10 cm plastic pots
containing & loam and sand mixture (Nicholls and May 1963).
The solil mixture was obtained by mixing Urrbrae loam with
Plympton sand in the ratio of four parts of loam to one part
of sand (volume by volume) followed by steam sterilization.
For each batch of one hundred potis, 80 kg dry weight of soil
was mixed with a mineral nutrient supplement and then
moistened gradually with distilled water to approximately

1L, per cent soil water content. The final moistening was
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done when the soil had been placed in the pots and its water
content determined. The moisture characteristics of the
mixture have been determined-ﬁreviously in the Plant Physiology
leboratory, and a 14 per cent moisture content corresponds to
g water potential of O.1 atmosphere where the soil mixture is
easlly workable.

The mineral nutrient supplement added to each batch
of soil was as follows: XNO3 31.6 g, Ca(NO3)2.hH20 106.5 g,
MgSOu.7H20 330 g, NaHQPOA.QHZO 63.0 g, FeCl3 2.4 g and
NaN03 36.4 g

The pots were covered with aluminium foil to mini-
mize losses from evaporation. This was pilerced in two places,
onge for the plant and on?e for watering. A helf inch layer
of sand was used as surface mulch in experiments where larger
numbers of plants were grown in each pot.

Treatments were randomized within blocks in the
cabinet. The position of each block was changed daily in a
cyclic pattern to reduce the variance due to positional
effects. Water was aspplied daily to bring the weight of each
pot to a pre-determined level. A correction for plant fresh
weight was computed from harvested material. Water stress
was imposed by withholding water for various periods.

2.2.3. Water Stress and Photoperiodic Experiments.

Lolium temulentum seeds were pre-germinated for L8

hours at 20°C in dark and transplanted to 10 em x 10 cm plastic
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containers. The rooting medium consisted of a vermuculite
and sand mixture in the ratio of 1:3 (volume by volume)
(Aspinall and Paleg 1963). Five seeds were sown in each pot
and the plants were watered daily with 200 ml of a nutrient
solution containing the following nutrients: NaNO3 91 mg,
Ca (N03)2.uli20 25.6 mg, KNO3 79 mg, NaHyrO).2H;0 157 mg,
1gS0),. 7H,0 92.5 mg, FeCls 6 mg, HzB03 0.7 mg, KnS0).4H 0
0.35 mg, %nS0).7HyO 0.05 mg, CusOy.5H;0 0.02 mg and

MoO3 0.025 mg.

The plents were grown in an 8 hour photoperiod for
approximately 5 weeks when the blade of the sixth leaf was
fully expanded. The plants were then exposed to one induc-
tive cycle by extension of the 8 hours of high intensity
light with 16 houre of incandescent illumination of 80 foot-
candle intensity at plant height. The plants were then re-
turned to the 8 hour photoperiod regime for 3 further weeks
before harvest. In the first experiment, the whole shoot
was exposed to the long photoperiod, whereas in latter experi-
ments only the blade of the sixth leaf of the main stem was
retained, the other leaves being removed during the light
period immediately preceding the long day. Evans (1960b and
1960c) has shown that the sixth leaf alone is sufficlent to
obtain a full photoperiodid response in this strain of Lolium
temulentume. The blade of the sixth leaf was removed at

different times either during the long day exposure or
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the following period of high intensity light.

These treatments were combined with periods of water
stress. Water stress was imposed by the application of
polyethylene glycol (molecular weight 4OOO) solutions to the
rooting medium at the rate of 200 ml. per pot. Solutions
were prepared to give the desired osmotic potential and the
weter stress was relieved by thoroughly washing out the
solution with distilled water. Seven cycles of completely
filling the pot with distilled water and allowing it to drain
was found sufficient to completely wash out the polyethylene
glycol solution.

Polyethylene glycol has been widely used as an
agent to increase the osmotic potential of the rooting medium
(Jarvis and Jarvis 1963c, Janes 1961, 1964 and Barrs 1966).
In certain instances injurious effects in terms of chloroeis
and browning of plants after four days of polyethylene glycol
application have been reported (Leshem 1966). In these
cases, however, the possible presence of impurities in the
polyethylene glycol was not evaluated. Purified polyethylene
glycol has been used as an osmotic agent with no discernible
interference with normal metabolic processes (Largerwerff,
Ogata and Eagle 1961), but in one experiment (Tanes 1964)
with a low molecular weight (400) polyethylene glycol, there
was some entry of the osmotic agent (500 Depom. ) into the

plant in five days.
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To avoid possible complications due to impurities,
the polyethylene glycol LOOO was tested prior to its use.
Plants were subjected to water stress by application of
polyethylene glycol solution to the rooting medium for a
period of 72 hours when it was removed by washing. The
plants recovered from stress and grew normally with no visi-
ble injurious effects following relief of the water stress.

The possibility that polyethylene glycol LOOO could
enter into the plant system, despite the high molecular
weight of the polyethylene glycol and the short duration of
the stress,was checked by determinations of leaf water content
(fresh weight - dry weight) during epplication of polyethylene
glycol to the roots and after its removal. It has been shown
(Slatyer 1961a) that solutes entering the plant system during
osmotic stress result in a recovery of plant water content
due to the consequent increase in the internal osmotic
potential. It was found that such a recovery did not occur
with polyethylene glycol application. Further detalls on
this method are presented in Appendix I.

The experiments were randomized in five blocks,
each pot containing five plants giving 25 plants for each
determination. Each block was rotated daily in a cyclic

pattern to minimize the variance due to positional effects.
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2.3. Measurements.
2341« Dry Weipght.

Measurements of dry weight were made for the whole
shoot, roots and plant parts. I'resh plant material was
placed in 2 x 1 cm specimen tubes and dried in a forced-
draught oven at 90°C for L8 hours.

2.3.2. Apical lieasurements.

The main shoots of the plants were dlssected at
each harvest under a binocular microscope and the lateral
appendages at each node were recorded. The lateral append-
ages were grouped into the various developmental stages as
fully-expanded, expanding, differentiating (not visible before
dissection) leaves, simple ridges and spikelets. The apex
passes through certain well-defined stages of development
during its ontogeny (Bonnett 1935, Cooper 1951) and these
were used to assess the development of the sgpex. The whole
apex was classified on the stage of development of the most
advanced primordium.

The scele used by Aspinall and Paleg (1963) was
employed in describing the development of barley apex and

was as follows:
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Stage of Development

Apex not elongating

Apex elongating

Double ridge on apex

Upper ridge slongating

Lateral spikelets visible as simple mounds
Glume initials visible

Lemma initials visible

Stamen initials visible

Awm initials visible

Awne longer than spilkelets 10
Anthesis 11
Inflorescence fully emerged 12

=
\OCO-\!G\W-F'KNI’O'-"!O

The scale used by Vince (1965 was employed in
describing the development of the Lolium temulentum apex and

was as follows:

=

s:c\m-l:'um—*!o

Stage of Development

apex not elongating

Apex elongating

Double ridge on apex
Upper ridge enlarging
Glume ridges visible
Lemma ridges visible
Flower primordia swelling

2;3-30 AEex Lelagtho

Apex length was measured with an ocular micrometer
under a binocular microscope. The length from the top of the
apex to the base of the lowest simple ridge or splkelet

primordium was recorded.
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2e3.4e Relative Turgidity Measurements.

The water status of the plant was assessed from
leaf relative turgidity (R.T.) measurements. The technigue
used by Barrs and Weatherley (1962) for measuring relative
turgidity of Ricinus communis was checked and standardized
for the barley leaf. Details are given in Appendix II..

The method flnally adopted was as follows.

Samples of 10 discs, 8 mm in diameter, were taken
from the middle portion of the fully-expanded intact leaves
with a sharp wad punch. A rubber bung was used to support
the leaves during punching. The discs were then ejected
into small gas tight weighing bottles and the fresh weight of
the sample recorded. In experiments where less than 10 disc
samples were taken, welghing was recorded to 1/'100 th of a
milligram and surgical gloves were used for handling the
weilghing bottles, After fresh weight determinations, the
leaf discs were floated on distilled water in a 4 cm closed
petri dish and left for 4 hours at 20°C in the dark. The
discs were then removed with small forceps and placed on a
four-sheet layer of No. 4 Whatman filter paper covered with
another four-sheet layer and surface dried by applying a 500 g
weight to the top layer for 20 seconds. The sample was then
returned to the weilghing bottle and the turgid welght recorded.
Finelly, the samples were placed in a forced-draught oven at

50°C for 48 hours after which dry weights were measured and
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the Relative Turgldity expressed as follows (wWeatherley 1950):

Fresh weight - dry weight
RUTO = e X 100
Turgid weight - dry weight

2.3.5. Viater Potential of the Apexe.

The water status of the apex was assessed by a
modification of the solution equilibration method. The tech-
nique was standardized and the details are given in Appendix III.
The method employed was as follows.

Five concentrations of polyethylene glycol giving a
graded series of osmotic potentials from~L4.9 t0~6.9 bars were
employed. Apices were dissected under a binocular micro-
scope and cut with a sharp needle at the base of the oldest
simple ridge primordium. After measuring the initial apex
length, aplices were floated on the polyethylene glycol solu-
tions in a closed 4 cm petri dish and left at a constant
temperature of 20°G in the dark for 4 hours. Each treatment
had three replicates for each solution. The water potential
of the tissue was determined by plotting the relative change
in apex length and estimating the osmotic potential for zero

apex length change.



CHAPTER 3. RESULTS

2e1e Bhort Period of Water Stress and Growth.
2¢1+s1. Methods.

The influence of two relatively short periods of
water stress of differing severity on the growth and develop-
ment of two varieties of barley, Prior A (V1) and CI 3576 (V,),
was investigated. The opportunity was also taken to assess
the effects of a pre-sowing hardening treatment (Genkel, see
May and Milthorpe 1962) in this system. The general cultural
practices and the design of the experiments have been described
earlier (see chapter 2.2.1) but further details pertaining to
the experiment alone are described here. Ten seeds were
sown in each pot and thinned to five, 8 days from planting.
Seedling emergence was recorded from the second day after
sowing end the final percentage emergence calculated from the
total number of seedlings on the eighth day. Harvests were
taken at 15, 23, 27, 35 and 48 days from planting. Vater
stress was imposed by withholding water from the fifteenth
dey and the timing of the two subsequent harvests was deter-
mined by the visible response of the plants %o water stress.
Harvest 2 was taken when the plants first showed signs of
wilting and harvest 3 when the plants failed to recover from
wilting overnight. The mild water stress treatment (vq)

ended at harvest 2 when normal watering was resumed and the
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severe water stress treatment (Wé) at harvest 3, the non-
stressed series (Wo) were watered adequately throughout. The
water status of the plants was assessed from leaf relative
turgidity measurements taken at each harvest.

The plants at each harvesi were dissected to reveal
the apex of the main shoot and the total number of primordis,
stage of development of the most advanced primordium and the
shoot dry welght were recorded.

The total primordium number was assessed as the
total number of lateral appendages on the main shoot axis,
eand the stage of development on the basis of the scale
described earlier (sub-chapter A 1) I The shoot dry weights
were obtained by drying the plant material in a forced-
draught oven at 90°C for L8 hours.

3.1.2. Results.
3.1.2.1. Leaf water status.

Water status of the plants was assessed by the
relative turgidity measurements on leaves. These measure-
ments were taken for all treatments at each harvest and are
given in Teble 3.1.1.

Relative turgidity was not affected by the
hardening treatment. Wiater stress reduced the relative
turgidity and reduction in both the varieties was signifi-
cantly apparent in harvest 3. With relief of stress relative

turgidity returned to the level of controls.



TABLE

o1

RELATIVE TURGIDITY (MEANS)

Trestments SEEvests
2 3 L 5
Vy Wy H - 96.5 9541 89.3 95.2
V1 ‘.1312 H hacd - 7)4-.8 89.3 92-8
V1 Wo U 97.0 95.6 87.0 89.3 92.7
Vy Wy U - 933 96.2 88.5 87.4
V1 W2 U - l 7302 9007 87-5
Vé WO H 9545 93.3 917 82.4 83.6
V2 W1 H - 91.0 95.3 86.7 8L4.7
V2 ~W2 H - — 75.8 87.5 82.6
Vo W, U 95.4 95.2 8745 88.0 86.0
V2 W1 U - 88.2 92..4 89.7 86,0
Harvest 3 LSD (P = .05) = L.b4
3.1.2.2., Seedling emergence.

Seedling emergence data for each treatment was

computed from the means of 56 pots, each containing 10 seeds.

The final emergence percentage (Table 3.1.2) was reduced in

both varieties by the hardening treatment although the effect

on FPrior was far more pronounced than on CI 3576.

In CI 3576

there was an initial stimulation to emergence due to the

hardening treatment, in that 17% of the hardened seedlings
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had emerged 2 days after sowing whereas none of the untreated
seedlings had emerged at that time.

TABLE 2,12
FINAL SEXDLING EMERGENCE

Treatment Perc;:;gg:nzzedling
Prior hardened 88.57
Prior unhardened 99,00
CI 3576 hardened 95457
CI 3576 unhardened 98.71
LSD (P = .001) = 5.31

B

(p +05) = 3409

3414243+ Rate of primordium production.

Hardening had little effect on the number of
primordia in either variety (Table 3.1.3) and produced a
barely significant inerease in primordium number on the third
harvest in plants in the mild water stress. These effects
were not of a permanent nature and disappeared in the later
harvests.

Primordium production in either variety was
reduced by water stress., This effect was significantly
apparent by Harvest 3.

At Harvest 3, primordium number was least in
treatment W, but by Harvest 5 the difference between treat-

ments Wy and Wy, had disappeared, although both were



TABLE 3.1,

NUMBER OF PRIMORDIA ON MAIN SHOOT

Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 5
Treat. Treat. Treat. Viater Treat. Vater Treat. Water
Means Means Means Means Means Means Means ileans
V1 ‘WO H 1102 15.2 1908 11’11102007 21-8 Wo 22.6 25;0 WO 26.5
vy Wy H 15.0 19.0 Wiy 19.3 21.2 W1 21.3 2L4.6 Vig 25.44
Vy Wy H - 17.6 Vip 17.6 20.4 Vi 21.0 2462 Wy 2542
vy Vg 4] 11.4 14.6 19.4 21.8 25,0
V1 W1 U 1462 18.4 2142 23.4
Vy Vig U - 172 21.0 23,8
V2 Wo H 10.4 1he2 21.2 24.0 28.0
Vo Wy H 1h.h4 21.4 20.8 26,8
Vo W, 4] 10.6 14.6 22.4 22.8 28,0
V2 N.‘ U 1240“» 18.6 2242 27.0
Vo Wy U - 18.0 22.2 27.4
Harvest ﬁ. Variety*
Harvest 2. Variety x Hardening*
Harvest 3. Variety#¥* Harvest 5. Varietyx»#%
Hardening x Water#% Water - LSD Water means
Variety x Wwater¥ only (P = 0.05) = 0.8
Water - LSD Water means
only (P = 0.05) = 0.6
Harvest 4  Varliety* * Significant at 55 level
Water - LSD Water means il Significant at 1% level
only (P = C.05) = 1.0 % % Significant at 0.1% level

cgg



59.

significently less than the control (W,) series. In this
experiment, then, primordium number was lastingly affected by
water stress although the two levels of siress did not have a
, differential effect.

The rates of primordium production in the two
varieties varied with time. Initially, the number of primordia
was significantly higher in Prior A but with a later increased
rate of primordium production in CI 3576 this situation was
reversede.

At Harvest 2, there were more primordia_on
hardened than on unhardened plants in the variety brior. As
with the other effects of hardening, however, the difference
was not large and disappeared with time.

Ze1+2.4s Apical Development.

The rate of spikelet dlfferentiation was signifi-
cantly reduced in both varieties by water stress (Table 3.1.4)
throughout the experiment. Hardening had little influence
apart from a barely significant interaction between water and
hardening in Harvest L.

The rate of spikelet development was signifi-
cantly higher in CI 3576 initially and remained so until the
final harvest. Apart from a slight difference in initial
reaction (Harvest 2) both varieties responded similarly to

water stress.



TABLE 3.1,

STAGE OF APICAL DEVELOPMENT

Harvest 1 Harvest 2 Harvest 3 Harvest h . - Harvest 5
Treat. Treat. Treat. Water Treat. VYiater Treat. Vater
Means Means Means Means Means Means Means Keans
Vy Wig H 2e0 2e2 362 W, 35 L.8 WO 5.0 Tl W, 75
vy Wiy H 2.0 3.0 Wy 3.3 L.8 Wy 5.0 T2 Wq 7e5
k¢ - 360 W 3.1 o2 W . 0] 9

V1 \{2 H 2 62 5 LI- n’z L 6 7 1{2 7.2
Vg @ U 2.0 2.0 3.0 5.0 7.0
vy Wiy U 2.0 340 5.0 Te2
V1 3.12 U had 3.0 )-‘--8 7.0
Vo Wy H 1.8 360 4.0 L.6 8.0
Vo Wy H 3e2 - 3.8 6.4 7.8
Vé Wy H - 362 Le6 Tl
Vo Wy U 1.6 340 L.O 5.6 746
V2 ‘H1 U 302 306 5o2 7.8
Vo VWipg U - 3.4 5.0 Tkt
Significant Effects:
Harvest 2. Variety®¥#* Harvest 5. Variety*+s

Variety x water® Water - LSD Vater means
Harvest 3. Variety*%* only (P = 0,05) = 0.3

Variety fsgateg* e

Water - LSD Water means ¥  Significant at 5% level

only (P = 0.05) = 0.2 %% Siggificant at 27

Harvest 4.

Variety+#

Wiater x Hardening#*

Water x Varilety x Hardenin§
Water -~ LSD Water means on

PR

% level

Significant at 0.1% level

.
vy (P = 0.05) = Oul4

009
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3+102e5« Shoot dry weight.

3hoot dry weight was unaffected by the hardening
treatment in either variety (Teble 3.1.5), was higher in
CI 3576 than in Prior in the later harvests (4 and 5) and was
reduced by the severe water stress (Wg )} alone. This reduc-
tion in dry weight due to water stress disappeared once the
plants were rs-watered. The lack of effect of the mild stress
(Wy) on dry weight contrasts with the inhibition of apical

development already discussed.

TABLE 3.1¢5
MEAN SHOOT DRY WEIGHT PER PLANT (log, mg)
Harvests

Treatments 1 o 3 L 5
vy Wi, H 3.9 Loy L6 be7 540
V‘} “71 H Lﬁ-oL‘- )4-.6 14-07 5.0
V1 3‘!2 H - I4~03 14-»7 5.1
V1 ?iro U }4-.0 L‘-OL'- Ll-l6 Ll--? 501
V1 ‘w.! U L‘-'B )4-.6 Li-o? 500
V-1 W’z U 4 14-01 L#-G '409
V2 .ﬁo H M.O Ll-ol-f- 4.6 34-.8 5.2
Vg V’M H Ll-03 L1-¢6 14.8 500
V, Wy H - 43 L8 5.0
Vo Wg U 349 Ll L6 47 5.3
V2 wg1 U L],.3 }-}-06 L"IB 5‘2
V2 WZ U - 2442 Ll-o? 502

Harvests 1 and 2. Not significant
Harvest 3. LSD (P = 0005) = 0.1
Harvests L4 and 5. Variety Significant at 0.1% level
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3e2. Continuous Water Stress and Growth.

3e2e% e Exgeriment 1.
34241 +1. Methods.

The influence of continuous water stress on the
growth and apical development of barley (c.v. Prior A) was
investigated under a photoperiod of 16 hours of high intensity
light (2080 f.c.) in controlled enviromnment conditions. The
methods used and the design of the experiment have been
describeéd earlier (sub-chapter 2.2.2).

One seed was sown in each pot and harvests were
teken at six-day intervals during the duration of the L8-day
experiment. Water stress was imposed by withholding water
from planting onwards. The treatments were %W, - not stressed,
W4 - stress continued from planting to day 42, and RW -
stressed from planting until day 30, thereafter watered as Vg.

The water status of the plants was assessed by
leaf relative turgidity measurementse. The data on apical
development were recorded from day 6 onwards at regular
intervals of 6 days whereas growth measurements were only
made from day 12 onwards. The following data were taken:

1. Top growth dry weight

2 Individual leaf dry weight

3« Root dry weight

L. Number of expanded and unexpanded leaves
5. Total number of primordia

6. Stage of development of the most advanced
primordium on the apex.
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The total number of primordia was recorded as
the total number of lateral appendages on the main shoot axis
and the stage of development on the basis of the scale
described earlier (sub-chapter 2.3.2). The dry weights were
obtained by the usual technigue. The roots were washed as
free as possible of adhering soil particles before placing
them in a forced-draught oven for drying.

3.s2.1.2. Results.

%.2.1.2.1. Leaf water status.

Leaf water status was assessed from relative
turgidity measurements taken from day 12 onwards (Fige 1),
Leaf relative turgidity was already reduced by water stress
on day 12 and fell continuously with further stress.

Initiaslly the rate of fall was slow but accelerated later.
On day 24 the relative turgidity was 84% but in a further 18
daye it had fallen to 35.4%. with relief of stress, recovery
was rapid snd within 12 days watered plants were comparable
with the not stressed control plants.

%.2.1.2.2., Growth measurements.

Total plant dry weight: Water siress
reduced total plant dry weight (loge), as compared to controls,
the difference becoming statistically significant on day 24
end increasing with time (Fig. 2). The production of dry
matter ceased entirely from day 30 when the relative turgidity
was 73.8% (Plate 1). With the relief of stress at this



PLATE 1

Effect of water stress on growth of barley
(c.v. Prior A) 30 days after planting -
Continuous water stress experiment 3.2.1.

Left: Not water stressed

Right: Water stressed - water withheld
after planting






FIGURE 1

Effect of water stress on the relative turgldity
of the barley leaf - Continuous water stress
experiment 3.2.1.

Q Not water stressed

Water stressed -~ water withheld
after planting

A VWater stressed until day 30,
thereafter watering resumed as
with non-stressed plants
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stage, there was little effect on dry matter production in

the first 6 days but a rapid increase later (Plate 2).

total dry weight production of the re~watered plants was,

66.

The

however, significantly lower than that of the control plants

and remsined so until the final harveste.

Relative growth rates were calculated for each

time interval (Teble 3.2.1) and illustrate the points noted

above, In particular, it may be seen that the relative

growth rate of the stressed plants was little affected in the

first period (RT 88.6 ~ 88.9) but fell to very low levels

subsequently (RT < 88.9).

Growth after re-watering was

slight initially (RT 73.8 — 86.3) but then, for a short

period (RT 88.5) was more rapid than that of control plants

of the same age.

the relative growth rates of these plants fell to that of

the controls.

This phase did not last long, however, and

TABLE 3.2.1
RELATIVE GROWPH RATES OF TOTAL PLANT DRY WEIGHT (mg/mg./day)
Time Interval Treatments
(bays) Control - Water-stressed Re-watered
12 to0 18 0.159 O.147
24 to 30 0.127 0.029
30 to 36 0.136 0. 005 0. 003
36 to L2 C.050 ~0e 004 0.152
42 to L8 0.07L - 0. 063




PLATE 2

Effect of water stress on growth of barley
(cevs Prior A) L2 days after planting -
Continuous water stress experiment 3.2.1.

Left: Water stressed - water withheld
after planting

Middle: .Re-watered - water stressed until
: 30 days from planting, there-
after watering resumed as with
non-stressed plants

Right: Not water stressed






FIGURE 2

Effect of water stress on the production of plant
dry weight in barley c.ve. Prior A (logg mg) -

Continuous water stress experiment 3.2.1.

@) Not water stressed

VvV  Water stressed - water withheld
after planting

A Vister stressed until day 30, there-
after watering resumed as with
non~-stressed plants
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Shoot snd root dry weight: Shoot and root
dry weight (loge), the two components of total plant dry
weight, were affected differently by water stress (Fig. 3a and
2b). Water stress reduced shoot dry weight from day 2L
(RT 8L%) and this effect became larger with time. Although
production of shoot dry weight was considerably reduced it
did -not cease until the final harvest (RT 35.4%). On the
other hand, root dry weight increase was not inhibited before
day 24, but thereafter production of roots ceased entirely
with a finsl loss in dry weight. With relief of stress there
was 1little effect on the dry weight production in the first
6 déys in either of the components but a rapid increase was
epparent 12 days from re-watering. The dry weight production
of both roots and shoots of the re-watered plants remained
eignificantly lower than that of the control plants.

Leaf dry weight: Leaf dry weight (loge) in
regularly watered plants showed & linear increase in the
initial phase of plant development (Fig. U4). Later on, the
rate of increase fell and between days 36 and 42 there was no
apparent increase. Thereafter there was a reduction in leaf
dry weight. A significant reduction in leaf growth due to
water stress was apparent on day 12.  After day 30 (when
the relative turgidity had fallen to 73.8%) there was no

further increase in leaf dry weight in the stressed plants.



FIGURE 3a. Effect of water stress on the
production of shoot dry weight in
barley c.v. Prior A (logg mg.)

FIGURE 3b. Effect of water siress on the
production of root dry weight in
barley c.v. Prior A (log, mg.)

Continuous water stress experiment 3.2.1.

O Not water stressed

v Vater stressed - water withheld after
planting

A\ Viater stressed until day 30, there-
after watering resumed as with
non-stressed plants
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FIGURE

Lffect of water stress on the production of
leaf dry weight (logg mg.) -
Continuous water stress experiment 3.2.1.

O Not water stressed

VvV VWater stressed - watering withheld
- after planting

A Vater stressed until day 30, there-
after watering resumed as with
non-stressed plants
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with re-watering, leaf dry weight increased but total leaf
dry weight of re-watered plants remaeined below that of the
controls throughout.

The maximum dry weight attained by each leaf
on the stem was also measured (Fig. 5). It may be seen that
leaf 1 reached a greater dry weight under water stress than
in the control treatment but that the weight of all the subse-
quent leaves was less than that of the control plants. The
difference was greater the higher the leaf was inserted on
the stem. with relief of stress, the first two leaves
attained a higher dry weight than the control but the other
leaves remained considerably reduced in weight.

Leaf development: Both expanded {leaves with
the ligule exposed) and unexpanded (including all unexpanded
leaves greater than a simple ridge primordium on the apex)
leaves were counted in each treatment at each harvest
(Table %.2.2).

It is evident that there was little lincrease
in the total number of leaves from Harvest 1 onwards, indi-
cating that the majority of the leaf primordia had been
initiasted at the beginning of the perlod under discussion.
Interest centres, therefore, on the effect of water stress on
the expansion of these leaf primordia to form leaves.

There was a very pronounced reduction in the rate of leaf

expansion with water stress although a few leaves continued



FIGURE 5

Maximum leaf dry weight at each position on
the main stem -
Continuous water stress experiment 3.2.1.

O Not water stressed

\v4 Water stressed - water withheld
- after planting

A  Viater stressed until day 30, there-
after watering resumed as with
non-stressed plants
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TABLE 3.242

NUMBER OF HEXPANDED LEAVIS

Harvests
1 2 3 L 5 6 7 8
Control ¢ 0.8 2.8 5:0 7.2 70“— 7024- 7.8
Water- ‘ 5 i
stressed 0 O.L} 2.0 206 206 3.0 306 -
Re-watered - 6s0 7.2 7.0

LSD (P =0.05)

Harvest 1-7 (control and water-stressed)
= 0.3

Harvest 6-8 (control, water-stressed
and re-watered) = 0.2

NUMBER OF UNEXPANDED LEAVES
Harvests
1 2 3 L 5 6 7 8
Control 74 8.6 6.0 42 1.2 0 0 0
Water=-
Btressed 8.0 900 60’-‘- 6.0 6.2 6‘0 5.8 -
Re-watered 2.4 0.6 0.4
LsSD (7 =0.05) Harvest 1-7 (control and water-stressed)
= 0.2
Harvest 6-8 (conzrol and re-watered)
= Qeb

to unfold even at the more severe stress levels.

Harvest 6 and 7 (control, water-stiressed
and re-watered) = O.4

Re~watering

e previously stressed plants led to an immediate and

drematic expansion of pre-existing unexpanded leaves.
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2e2.1.2.3. Apical Messurements.

Primordium production: Initially primordium
production was significantly stimulated in the water stress
treatment as compared to the control (¥ig. 6, day 6); this
may not be a strict water-stress response but rather due to
increased seration in the rooting medium. The rate of
primordium formation fell considerably with continuing stress,
so that the total number of primordia produced in the water
stressed plants was significantly lower than that of the
contralxpiénts. This reduction became more pronounced with
increasing stress and from day 18 the formation of primordia
completely ceased (RT 88.9). ater stress was relieved on
day 30 when the relative turgidity had fallen to T73e8%e
Ppimordium formation resumed with the relief of water stress,
the increase over water stress plants being spparent within
6 dayse. The total number of primordia produced in the re-
watered plants remalned significantly lower than the controls,
however. It was gpparent that primordium production on the
maln apex ﬁad ceased in the control and re-watered plants by
the end of the experiment. The effects of water stress on
this parameter were, therefore, of a permanent nature.

Apicel development: The rate of spilkelet
differentiation was reduced due to water stress by day 12,
when the relative turgidity of the stressed plants had

fallen to 88.6% as against 96.5: for the controls (Fige 7)e



FIGURE 6

Relationshlp of primordium number with time
during water stress -
Continuous water stress experiment 3.2.1.

O ©Not water stressed

¢ Vater stressed - water withheld
after planting

A vater stressed until day 30, there-
after watering resumed as with
non-stressed plants
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FIGURE 7

Relationship of apical development with time
during water stress -
Continuous water stress experiment 3.2.1.

O Not water stressed

7 Vater stressed - water withheld
after planting

/\ VWater stressed until day 30, there-
after watering resumed as with
non-stressed plants
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Although water stress significantly retarded apicsal develop-
ment, spikelet differentiation, at a reduced rate, continued
until the final harvest when the relative turgidity had
fallen to 35k. VWVhen water stress was relieved the rate of
spikelet development increased within the first 6 days from
re-watering.

3.242+ lixperiment 2.

It was clear from the foregoing experiment that
continuous progressive water stress retarded the development
of the barley apex both in terms of primordium production
and differentiation of the splkelets.  FPrimordium formation
ceased when the leaf relative turgidity fell below 90% but
the differentiatlion of spilkelets continued, although at a
reduced rate, until the relative turgidity had fallen to 354.
It was possible that this differential response of the two
parameters of apical growth to water stress may have arisen
from iﬁterference with the photoperiodic control of floral
initiation. This was investigated by different comblinations
of water stress and photoperiod in two further experiments.

3.242+1+ HMethods.
The duration of the experiment was 33 days.
Two seeds were sown in each pot containing soil mixture
(sub-chapter 2.2.2). water stress was imposed by withholding
water soon after planting (Wwy), 11 days after planting (¥igj,
16 days after planting (WB), or 24 days after planting (V).

In the control treatment (Wo) optimum soil water content
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was meintained throughout by dally watering. The plants
were grown for 24 dsys in an 8-hour photoperiod of high
intensity light (2080 foot candles) whereafter Harvest 1 was
taken by harvesting one plant from esch pot. The remaining
plants were then divided into two groups and exposed to

short (Ly) and long (Ly) photoperiods for a further 5 days
when Harvest 2 was taken. The short photoperiod consisted
of 8 hours light from fluorescent and incandescent sources
(2080 f.c.) whereas in the long photoperiod the 8 hours basic
photoperiod was extended to 24 hours with incandescent light
(80 f.c.). Water stress was relieved following Harvest 2
and the plants were grown for a further L days under the long
photoperiod, when Harvest 3 was taken. Each treatment was
replicated five itimes and randomized within blocks. A dla~

gramatic representation of the experiment is given below.

24 hrs photoperiod

i

8 hrs photoperiod -~— 5 days —-———-;—; 24 hrs Photoperiod
«—2L days —— «~— U days ———

8 hrs photoperiod

a

Harvest 1 Harvest 2 Harvest 3

Re-watered



3e2e202+ Results.

3-2«»2.2.1 .

Leaf water statuse.

Relative turgidity measurements on the

80.

leaves were taken from all treatments at each harvest (Table

3.2.3). It is apparent that extension of light period did

not affect the waier status of the plants.

TABLE 3.243

RELATIVE TURGIDITY
(means of 5 samples)

Harvests

Treatments 4 5 3

1‘?0 Ia1 95. 2 9“-' O 890 6
Wo Lo 92.0 89.6
Wiy L4 5347 5046 87.0
Wy Lo 5044 87.8
Wo Lo 47.0 8Lie3
W3 Lp 5L4e0 85.8
W, Lo 6003 8542

302424242 Primordium production.

It may be seen that water stress reduced

the rate of primordium production (Table 3.2.4). With in-

creasing stress, the reduction became more pronounced and

primordium formation ceased in all but treatment ).
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TABLE 3.2,

NUMBER OF PRIMORDIA
(means of 5 samples)

Harvests
T :
reatments 1 2 3

'g‘,%ivo L1 1708 21 © 0 22.8
W Lo 22.4 25.8
‘{i»‘ Ldl 10-2 10.2 1006
W4 Lo 10.4 15.4
Wo Iy 12.6 12.6 13.0
'Wz Lz 12‘6 13.6
W3 Iy 14.2 14e2 16.0
V{Z, L2 1}-{-.14 1608
Vi Iq 15.0 1642 17.4
Wu Lo 1648 18.2

Harvest 1. LSD (P =Q05) = 0.9

Harvest 2. LSD (P a0.05g = 1.0

Hervest 3. LSD (P =0.05) = 0.7

In this treatment, the duration of water stress was consider-
ably less than in the others and primordium production con-
tinued at a reduced rate. An increase in the photoperiod
did not significantly increase the number of primordia in any
of the plants during water siress even in treatment V. The
control plants, however, showed a response. On re-watering
primordium formation was resumed and the increased photo-
period during the period of stress resulted in a significant
stimulation of the rate of primordium formation.
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Apical development.

82.

Apical development was retarded by the two

more severe water stress treatments initially (Table 3.2.5).

TABLE 3,245

APICAL DEVELOFMENT
(means of 5 samples)

. Harvests
Treagtments ’ 5 3
'Wo L1 3.0 3.0 70
Wy Lo 6.0 8.0
W'-z L1 1 ® O 1 QO 1 06
W, Lz 144 3.0
Wz L1 2.8 3.0 3.0
Wa Lo 3.0 .0
'6?3 L1 3‘0 300 3‘0
W3 Lp 4.0 L.0
Wh Lo 4.0 6.0
Harvest 1. L8D (P =0,05) = 0.2
Harvest 2. LSD (P =0.05) = 0.9
Hamat 3. LSD P ‘.’:Oo 05 = 007

The leaf relative turgidity in these two treatments had

fallen below 54% at this time.

In the two other stress

treatments where relative turgidity had fallen to 60.8% (Viz)

and 74.9% (W,) as against 95.2% in control (W,) no effect of

stress on apical development was apparent.

Water stress

reduced the subsequent response of the plants to photoperiod.
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There was no appreciable increase in development stage between
Harvests 1 and 2 in the short photoperiod in any treatment,
but a rapld change in the control plants in long photoperiod.
In treatments W4 and Wo there was no such response to photo-
period and in treatments WB and Wu only a barely significant
responss. Following relief of the water stress and placing
all plants in a long photoperiod, all the treatments showed
a significant effect of the previous exposure to long photo-
periods. Thus, plants under water stress can apparently be
sensitive to photoperiod although the response is not
immediately expressed in increased apical development.

From the above experiment it was evident
that water stress reduced the growth of the apex both in
terms of primordium production and spikelet development.
However, the level of water stress that resulted in a cessa-
tion of primordium production did not necessarily stop spilkelet
development which continued at a reduced rate in some treat-
ments. Since various water stress treatments were imposed
by withholding water at different periods prior to the photo-
periodic treatments, it is possible that the response to
photoperiod may have been influenced by the duration of
stress prior to photoperiodic treatment and its effect on
the receptive status of the plant rather than by the level of
water stress alone. This situation was further investigated
under different combinations of the duration of water stress

and photoperiod.
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3e2+3«. Experiment 3.
342431+ Methods.
The duration of thié experiment was 33 days
and as in the two foregoing experiments it was conducted in
the controlled environment cabinet. Two seeds were sown in
each pot containing the usual soil mixture. There were three
water regimes, Viater stress was imposed by withholding water
directly after planting (W4), and 16 days after planting (Wg).
In control pots (W,) an optimum soil water content was main-
tained throughout. The plants were grown in an 8-hour photo-
period of 2080 foot candle intensity light for 21 days when
Harvest 1 was tsken by harvesting one plant from each pot.
The two water stress treatments (W4 and Wy) were divided into
two equal batches. In one batch stress was relieved (Wea
and VoA) before exposing them to two photoperiodic regimes
whereas in the other stress was continued (V4B and WpB).
The plants were then grown for a further period of 8 days in
two photoperiodic regimes of short and long phoioperiod.
The short photoperiod (L4) consisted of an 8-hour basic
photoperiod whereass in the long light period (Lp) the 8-hour
photoperiod was extended to 24 hours by low intensity illumi-
nation (80 feCe)e Thereafter Harvest 2 was taken and the
plants were grown for a further period of 4 days in a long
photoperiod after relieving stress in the continued water

stress treatments (W4B and WyB) before Harvest 3 was taken.
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A diagramastic representation of the experiment is given

belaWu
8 hrs photoperiod

¥

8 hrs photoperiod «— 8 days ——~ 24 hrs photoperiod

-— 21 days ——> «— } days ——

¥

24 hrs photoperied

W v

Harvest 1 Harvest 2 Harvest 3
W1A and WZA ’}313 and WzB
re-~yatered re-watered

3.2.3.2. Results.
3s2¢3.2.1. Legf Water Status.
Relative turgldity measurements were

taken for all the treatments at each harvest and are given
in Teble 3.2.6. The leaf relative turgldity was consider-
sbly reduced in the Wy treatment but the effect was slight in
Wo in Harvest 1. With release of stress the siressed plants
recovered and in Harvest 2 the relative turgidity of re-~
watered plants was not apparently different to that of
regularly watered plants. Agalin, extension of the light
period did not change the relative turgidity of the plants
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as compared to that of corresponding water stress treatments

in the short photoperiod.

TABLE 34246
RuLATIVE TURGIDITY

(means of 5 samples)

Harvests

Treatments 1 2 3

Wo Lo 32.6 90.6
WA Ly 772 90.1 91.0
W A Lo 89.5 92.6
W4B 14 710 89.9
W1B L2 703 8946
WZA L1 89.7 98.3 91.6
WQA L2 02.8 90.7
W,B L1 76.5 M5
WQB L2 76.6 91.0

3.2.3e202+ Frrimordium production.

Immediately prior to the exposure to the

long phctopericd, only the severe water stress (Wy) had

affected primordium production in comparison to the control

treatment (W,) (Table 3.2.7).

At this time the relative

turgidity in this treatment was 76%, as compared to 92% in

the control and 8% in Wy.

Following a further 8 days of

stress in the short photoperiod, primordium production

ceased in the severely stressed plants (%; B L) and was
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TABLE 3.2,

NUMBER OF PRIMORDIA
(means of 5 samples)

Harvest
Treatments 1 2 . 3

Wb L1 18.2 28.4 27.8
‘!'s';o 3;12 3“01-!- 39.)—'-
*—#13 L, 23,2 29.4
“HB L2 12.8 15.6
Wosn by 1846 27.6 35.0
WéB L1 23.0 28.4
WZB L2 26.0 32,6

Harvest 2. L8y (P =CLO5% = 243

Harvest 3. LSD (P =0.05 = Be2

preduced in the moderately stressed plants (W, B Ly). Dur-
ing this period, an increase in the photoperiod had no effect
on primordium production in the severely stressed plants

(W4 B Lg) but stimulated initiation in the less severely
stressed plants (w2 B Lz). Re~watering the plants prior to
exposure to the long photoperiod resulted in gpproximately
the same photoperiodic stimulation to primordium production
as in the control series (W, - stimulation due to long photo-

period - 6.0, VA - 5.2, Wpi -%2). After all the plants
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had been re-watered and placed in the long rhotoperiod for a
further 4 days, it was apparent that any response to photo-
period had been suppressed by the severe water stress (V,B)
whereas all the other treatments demonstirated a response. It
would appear, therefore, that although prior water stress does
not render a plant ilncapable of responding to photoperiodic
stimulation, a severe stress during exposure to long days can
completely prevent any response.
Fe203e203« Apical Development.
The overall respoinses of spikelet develop-
ment in this experiment (Table 3.2.8) were very similar to
TABLE: 3.2.8

STAGE OF APICAL DEVELOPMENT
(means of 5 samples)

1 Harvests
Treatments " 5 3
ﬁo L1 30 4.0 6.0
?‘:jo Lz 6.6 7'8
Wia Ly 2.0 3.0 L.6
\:5!?1A Lz 5.2 7.0
Wy B L1 262 2.6
B Lo 2.6 3e 0
WoA Ly 3.0 LA 6.0
WzA L2 6.6 8.0
WQB Ly 3.0 50
WQB L2 5.0 6.9
Harvest 1. LSU (P =0.05) = O
Harvest 3. LS.U (.L 20005 = 292
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those of primordium production slready discussed. Thus,
severe stress (Viy) delayed development initially and prevented
any response to photoperiod either immediately following ex-
posure to the long photoperiod or followlng re-watering.
The moderate stress (VW2) permitted a reduced response to photo-
period and re-watering prior to exposure to the long photo-
period restored the response more or less completely.
3e2e3.2.4e Shoot dry weight.

It was spparent in the previous experiments
that dry matter production was significantly reduced by water
stress. The possibility that the extended light period re-
duced this adverse effect of water stress rather than acting
through a photoperiodic mechanism was investigated by measur-~
ing shoot dry weight (Table 3.2.9).

wWater stress significantly reduced shoot
dry weight but extension of the light period had no effsct.
The effect of long photoperiod on apex growth was evidently
mediated through a photoperiodic effect alone rather than

through an influence on overall plant growth.
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TABLE 3.2,
MEAN SHOOT DRY WLIGHT PER rLANT (logg mg.)

Treatments y Harzests ,
o b Le6 506 6.1
Yo T2 - 5.6 6.0
’¥'¥1A L1 3.7 Jo2 5.9
W1A L2 L2 L7
WZA L1 Leb 5o 55
ok L2 5¢5 61
W4B Ly 3.7 o
WJ‘B L2 3'7 3,9
i | be 5.3
WQB L2 59 5.3

Harvest 1. LSD (F = G.05) = 0.2
Harvests 2 and 3. LSD (P = C.05) = 0.3

3¢3. liater Stress and Photoperiodic Induction

The effects of water stress on gpical growth and
morphogenesis as reported in the preceding section (3.2)
strongly suggested an interference with the photoperiodic
response. Lolium temulentum, & qualitative long day plant
requiring one long day for induction (Lvans 1958) was chosen
to further investigate this possibility. Plants were sub-
jeeted to various periods of water stress before, during and
following an inductive treatment (kvans 1960c).

The general cultural practices and the design of the

experiments have been described earlier (sub-chapter 2e243)
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but further details pertaining to each experiment are
described along with the respective experiment.
3e3.1. Ftreliminary experiment on the effect of water stress.
3.3+1.1. Hethods.
FPlants were grown in an 8-hour photoperiod of
2080 f.c. light intensity until the sixth leaf stage. These
were then exposed to one inductive cycle consisting of a
16-hour extension of the basic photoperiod with incandescent
light of 80 f.ce. intensity. The plants were then returned
to the 8-hour photoperiod environment and grown for a further
three weeks when the apices were dissected and both the stage
of morphological development and the apex length recorded.
Water stress was imposed by the application of five (W) and
10 (vp) atmosphere osmotic potential polyethylene glycol
solutions to the rooting medium 24 hours before the inductive
cyele (D4), during induction (Dy) and at the expiry of the
inductive cycle (D3). lViater stress was of 24 hours duration
in each case. In addition one set of plants was not
stressed (i,) and was grown with the rest under the same
conditions.
3¢3.1.2. Results.
3.3.1.2.1. Leaf water status.
Leaf water status was assessed from rela-
tive turgidity measurements at 1, L, & and 24 hours after the

imposition of stress (Teble 3.3.1).
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TABLE 3,3.1
RELATIVE TURGIDITY

Time of sampling afier imposition
Treatments of the stress

1 hour L4 hours 8 hours '2u hours

Control 93: 8 9&. 6 924; o) 914-0 6
5 atmosphere stress 93.8 93.6 92.6 89.8
10 atmosphere siress 93.2 92.0 9.0 89.6

LSD (P = 0.05) = 1.6

Relative turgidity was reduced by water
stress but it was only aftsr 24 hours of stress that the
relative turgidity fell below 90%.

3e3.1.2.2. Aplcal devslopment.
There was no significant effect of water
stress on spikelet development (Tseble 3.3.2).

LE £ 2 ».
1 Stage of development
Treatments " (means of 25 semples)
g 3edy
Wy Dy 3ok
W Do 3.8
Wy Do 3-8
Vip Dz 3ok

Hot significant

It is epparent that water stress which
reduced the relative turgidity of the plants to 89.6% before,
during or after an inductlive cycle did not affect develop~
ment of the spilkelets.



343¢1.2.3. Apex length.
In conirast to gpical development, spex
length was significantly reduced by water stress (Teble 3.3.3).

TABLE 3,343
Apex length (mm)
Treatments (mesns of 25 samples)
W Dy 1421
W D5 1.29

LSD (P = 0.05) = 0.08

This reduction was more pronounced with severe stress (Wé)

but the effects of the two stress treatments were only signi-
ficantly different when stress was gpplied after the inductive
cycle (D3). It is of interest that 81l the water stress
treatments, including those imposed before the inductive
cycle, reduced spex length. This suggests that this effect,
noted in the barley experimenis in the form of a reduction in
primordium production, may be unrelated to floral induction.

Osmotic stress of 5 or 10 atmospheres which re-
duced leaf relative turgidity to a minimum of 89.6% had no
effect on photoperiodic induction. This is a relatively
mild water stiress, however, and it was decided to further

explore the effects of stress on photoperiodic induction by
exposing the plants to osmotic pressures of 18 and 24
atmospheres in the rooting medium,
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3e3.241+ licthods.

Lolium temulentum plants were subjected to 18
(W) and 24 (WZ) atmoéphere osmotic potentials polyethylene
glycol solutions during an inductive cycle in an 8-hour
photoperiocd of 2080 f.c. light intensity and compared with
plants which were not stressed (%,). All plants were grown
until the sixth leaf expanded fully and were then reduced to
the sixth leaf before exposure to an inductive cycle. The
inductive cycle consisted of an extension of the basic
photoperiod with 16 hours of incandescent light of 80 f.c.
intensity. Water stress was imposed two hours before the
extension of the photoperiod and released two hours before
(T4) and at the end (Tp) of the extended light period. The
stage of morphological development of each apex together with
its length was recorded three weeks after the inductive
treatment.

2e3.2+2. Results.
3e3+2s2¢1. Leaf water status.
Leaf relative turgidity was reduced from

98 to 89 and 87% by 18 and 24 stmospheres osmotic potential,
respectively, two hours after imposition of the stress (Fig. 8).
A maximum reduction to 78 and 75/ was produced by the two
stress treatments in 18 hours. On release of the stress,
recovery of leaf turgidity was rapid and after four hours

values returned to 90% excepting in VW,T, treatments where it

to0k six hours to reach that level.



FIGURE 8

Relative turgidity of Lolium temulentum

leaf retained during exposure to long
photoperiod with water stress -~
Water stress and photoperiodic

induction experiment 3.3.2.
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Be3ele2e2e anplecal development.
viater stress significantly reduced spikelet
development (Table 3.3.4), the two water stress treatments
being equally effective in reducing development. The najor-
ity of the stressed plants had not initiated double ridges
(score 3} by the time that the harvest was taken, suggesting

that water stress had prevented floral induction.

TABLE 3o 3ol
STAGE OF APICAL DiVELOPMENT

Stage of development

Treatments (means of 25 samples)
‘#0 L,"B
Wy Ty 2e3
Wiy Ty it
"\»‘;‘;1 Tz . 2.3
1&32 Tz 2.0

LSk (P =0.05) = G.6

The time of relief of stress did not have
a significant effect on the response of the plants. This
indicates that synthesis of a floral stimulus during the
final two hours of the extended light period was not the
critical factor affected by water stress.

3+3e2.243. Apex length.

Apex length was significantly reduced by

water stress (Table 3.3.5). This reduction was similar in

the case of mild stress (%}) treatment regardless of the
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TABLE 33,5

Apex length (mm)

Trestments (means of 25 samples)
Vo 1.58
Ty T4 1426
Y, Ty 1.27
v, Té 1.18

LSD (P = 0.05) = 0.08

time when stress was relieved. On the other hand, in the
severe water stress (Wp) treatment, there was a significant
effect of the time of relief of stress. A further reduction
in apex length was produced in W,oTo, treaiment as compared to
WoT4. This mey have been related to the slower recovery of
leaf relative turgldity in this treatment as compared wiih
all others (Fig. 8).

3.3.3.1., Hethods.
The effest of water stress during the known

period of translocation of floral stimulus (Evans 1960c) was
examined in the following experiment. The plants were grown
in an 8-hour photoperiod until the sixth leaf was expanded.
All the plants were then reduced to the sixth leaf before

exposure to an inductive cycle of 16 hours of low intensity

incandescent light. These plants were then grown for a
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further three weeks in the O-hour basic photoperiod sfter
vhich each spex was dissected. Water stress was imposed by
the application of polyethylene glycol solutions of 18 (W)
end 24 (Wo) atmospheres osmotic potential to the rooting
medlum 2 hours before the expiﬁ%ng the inductive cycle and was
relieved 2 (RL4), 6 (RLy) and 10 (RLz) hours later during the
light perlod following the induetive cycle. The long day
leaf that hed generated the floral stimulus was removed simul-
taneously with the relief of siress. Translocation of the
floral stimulﬁs in relation to wvarious periocds of stress was
thus estimated along with the non-stressed plants (W,) where
the induced leaf was removed in the same seguence. A

disgramatic representation of the experiment is given below.

Inductive
Cycle Light Dark
9 Sellle 11 a.me. 3 Pellle 7P pPemMs
A
Water
stresa Water stress Vister atress Water stress
{(imposed) relleved and relieved and relieved and
lesf defoli- leaf defoli- leaf defoli~-
ated simul- ated simul-~ ated simul-
taneocusly tanscusly taneously
(RL4) (RL,) (RL3)

3¢3+3.2. Results.
3:3.3t2-1- Le ter tus.

Water stress reduced the relative turgl-

dity to 87.5 (Wz) and 88% (W1} after two hours of imposition
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of the stress (Fig. 9). Again, with relief of stress,

recovery was rapid and the values returned to above 90% after

four hours. For measurement of relative turgidity, leaves

were retained on plants after the relief of stress.
3034302020 Apical development.

Water stress significantly reduced spikelet
development (Table 3.3.6). Reduction in the stage of develop-
ment was of about the same order with both stress treatments.
Time of leaf removal had a profound influence on the flower-
ing response. Apical development was significantly in-
creased the later the leaf was removed in the control treat-
ment (Wy). On the other hand, time of leaf defoliation had
no effect in either of the stress treatments. It may also
be seen that, in the two stress treatments (W1 and Wé), the
stage of development did not reach score 3 corresponding to

the double ridge stage.

TABLE 3.3%.6

STAGE OF APICAL DEVELOFMENT
(means of 25 samples)

Time of Leaf Removal

Skzess 2 hours 6 hours 10 hours
Control 262 2.6 2.1
18 atmospheres 2.0 2.1 2.1
24 atmospheres 2.0 2.0 2,0

LSD (P =0.05) = 0.1



FIGURE 9

Relative turgldity of Lollium temulentum

leaf with water stress during the trans-
location of floral stimulus - Vater stress
and photoperiodice induction experiment 3.3.3.

@) Water stress 1mposed by 18
atmospheres polyethylene
glycol solution

\4 iater stress imposed by 24

atmospheres polyethylene glycol
solution
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3e3e3e203« Apex length.
Apex length was significantly reduced by
both of the water stress treatments (Table 3.3.7).

LABLE 3.35.7

APEX LENGTH (rm.)
(means of 25 samples)

Time of Leaf Removal

Stress 2 hours 6 hours 10 hours
Control 1.18 1.29 139
18 atmospheres 1.14 1.14 117
2l atmospheres 1.12 115 1.19

Water stress, both the mild (W¢) anad
severe (Wp) levels, reduced apex length snd prevented any
increase in length with longer retention of the induced leaf,
a response apparent in the control (W,) series. The reduc-
tion due to water stress (in comparison with the control
series) was statistically significant in all but the plants
in the mild stress series where the induced leaf was removed
after two hours.

It is clear from the results of the fore-~
going experiment that retention of the induced leaf in the
control treatment significantly increased the development of
the apex both in terms of morphological development and gpex

length. This indicates that no morphogenetic stimulus was
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being translocated from the leaf to the apex during the

period of water stress.

Z,3.4o Lffect of water stress on the stability of the
floral stimuluse.

The previous experiments with Lolium temulentum
can be interpreted as indicating that water stress can inhibit
both the process of floral induction in the leaf and the
translocation of the floral stimulus to the apex. A further
possible effect of water stress would be on the staebility of
the floral stimulus. Thus, water stress subsequent to floral
induction, which prevents movement of the floral stimulus out
of the leaf, might lead to destruction of the stimulus in the
induced leaf. This possibility was examined in the final
experiment with Lolium temulentum.

3e3e4.1. HMethods.

Plants were subjected to combinations of water
stress and defoliation of the induced leaf during the trans-
location period. viater stress was imposed by the application
of a polyethylene glycol solution of 2l atmospheres osmotic
potential to the rooting medium 2 hours before the expiry of
the extended light period and relieved after 6, 10, 26, 30 or
3L hours. The plants were divided into three main groups
of which two were stressed and one was not siressed. In
one of the stressed groups the induced leaf was removed

simultaneously with the relief of stress. In the
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alternative group the leaf was retsined and, thus, provided a
source of stimulus which, if not diseipsated during stress,
would be translocated when the plant was re-watered. Leaves
were removed in the same sequence in the third group of
plants which were not stressed. One further set of plants
was not subjected to stress and the induced leafl was not re-

moved. ‘The treatments are summarized in the diagram below.

Induc~
tive Light Dark Light
Cyele

2 11 a«fi 3 PeMe T penie 11 a.me. 2 pelis 7 pPeme

8elle T T T

Stress relieved Strees relieved
ig leaf defollated 1; leaf defoliated
ii) leaf retained ii) leaf retained
Stress Stress relieved Stress relieved
imposed 1; leaf defoliated 13 leaf defoliated
ii) leaf retained ii) leaf retained

Stress rellieved
i) leaf defoliated
i1) leaf retained

Be3alie 24 Reﬁgl”_o‘s.

3'302-}‘0 2ele Le_ﬂ_: Wg‘teg 8 §§t“3u
Water stiress reduced the relative turgidity

to 80.5% after 6 hours of imposition of the stress (Table
343¢8)e A maximum reduction to 62.5% was produced by the

stress treatment in 34 hours.
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TABLE 3.3.8
RELATIVE TURGIDITY

Time after imposition of the stress
6hrs 10 hrs 26 nrs 30 hrs 34 hrs

24 atmospheres 80.5 79.5 73.9 70.6 62.5

3e3.4e2.2. Apical development.

As in the previous experiment, where the
induced leaf was defoliated simultaneously with relief of
the water stress, there was no floral induction, indicating
that stress prevented translocation of the floral stimulus
out of the leaf (Fig. 10). On the other hand, retention of
the induced leaf after relief of the stress resulted in
floral differentiation and increased development of the apex.
Thus, the inductive stimulus retained in the leaf during water
stress was not completely destroyed during this period. Even
where the leaf was retained, however, stress reduced the sub-
sequent floral development of the apex, particularly if the
stress was not relieved within four hours following induction.
48 this effect did not increase after the first four hours of
stress, it is possible that 1t is indicative of an inhibition
of the formation of floral stimulus rather than of a stimulation
of 1its breskdown. In contrast, in plants not subjected to
water stress, the longer the leaf was retained the greater

the apical development, indicating the course of translocation



FPIGURE 10

The effect of water stress and defoliation during
translocation of the floral stimulus on floral
development -~ Water stress and photoperiodic

>

O

induction experiment 3.3.4.

Water stress imposed on the roots by
the application of a polyethylene
glyeol solution of 24 atmospheres
osmotic potential, plants not
defoliated

Water stressed, plants defoliated
aefter astress relieved

Not water stressed, plants
defoliated ot same times

Not water stressed, plants not
defoliated as in previous
treatment ;
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of the floral stimulus from the leaf. Retention of the leaf
beyond 32 hours had a barely significant stimulative effect.
3e3el.2.3. Apex length.
The data for the apex length measurements

(Teble 3.3.9) parallel completely the development of the apex.
Thus, water stress followed by defoliation inhibited elonga-
tion. Streas without defoliation mllowed apical elongation,
particularly when the stress was relieved early. Apieal
elongation of non-stiressed plants was greater the later they
wore defolliated. These support the conclusions from the

development data.
TABIE §O i‘ 2

APEX LENGTH (mm)
(means of 25 samples)

Hours following induction
Treatments i 8 2 28 32
Stressed not defoliated 1.62 1.48 T.4Lh  1.38 1.46
Stressed defoliated 1.0 1.03 1.09 1.07 1.06
Not stressed defoliated 1.10 1.27 1.33 1.39 1. 56
Not stressed and not
defoliuted 1.83 1.83 1.83 1.83 1.83

LD (F = 0.05) = O.14

From the results of the foregoing experimenis 1t was

concluded that water stress imposed during the generation
and translocation of the floral stimulus inhibited both
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processes. A further interpretation 1s possible, however,
in that water siress may directly lower the capacity of the
apex to respond to the floral stimulus. Such an effeect
must result from a change in the water status of the apiecsal
tissues, and this was measured directly.
3el4e1. Effect of short term water stress.
Zolta1.1. Methods.

The experiment was conducted in a controlled
environment cabinet with an 8-hour photoperiod (2080 f.e.)
at 17°C. Barley plants {c.v. Prior 4) were grown in plastic
pots conteining a vermuculite esnd sand mixture saturated wiih
nutrient solution and water daily. Water stress was imposed
three weeks after planting by the gpplication of a polyethylene
glycol solution of 18 aimospheres osmotic potential to the
rooting medium. Plants were harvested 8 and 24 hours after
imposition of the stress when the water potential of the
gpex and the relative turgidity of the leaves were measured.
The water potential of the apex was measured by the solution
equilibration method which has besen described in detall
earlier (sub-chapter 2.3.5).

Zelts1.2. Repults.
3ehe1.2.1. Leaf water status.

Relative turglidity of leaves was consider-

gbly reduced due to stress (Table 3.h.1). After 8 hours
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of stress,it fell to 78.2% as compared to 98.2% in the non-
stressed plants at the same time. With increasing duration
of stress, relative turgidity fell further and after 24 hours

of application of the stress it was reduced to 75k.

TABLEE 3.Le1
RELATIVE TURGIDITY

Hours after imposition
of the stress

Treatments
8 2l
Water stressed 7842 7560
Not stressed 98.4 97.3

Zeliete2.2. Vater potential of the apex.
The change in sapex length in the various

solutions wes plotted relative to the initial length (Fig. 11).
The water potentials of the apex calculated from the data
show a maximum increase of -0.03 and-G.07 bars due to 8 and

2l hours of water stress respectively (Table 3.4e2). Thus,

a short term water stress that considerably reduced the water
status of the leaves (RT 75%) had an insignificant effect on
the water status of the apex.

TABLE 3.4.2
WATER POTENTIAL OF THE APEX (BARS)

Hours after imposition
Treatments of the stress
8 2L

Water stressed ~5¢26 =5e21
Not stressed - -5.23 ~5e4lt




FIGURE 11

Relative change in length of excised apices

after 4 hours in solutions of different osmotic
concentrations. ©Plants subjected to water siress
by the application of a polyethylene glycol solu-
tion of 18 atmospheres for 8 and 24 hours before
apical exeision ~

Effect of water stress on the water status of
the apex experiment 3.4.1

O ©Not water stressed

v Vater siressed
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3ele2. Continuous water stress.

394. 2ol Methods.

The experiment was conducted in a controlled
environment cabinet with an 8-hour photoperiod at 1700.
Barley plants (c.v. Prior A) were grown in pots containing
& soll mixture prepared in the manner described sarlier
(sub-chapter 2.2.2). Water stress was imposed by with-
holding water after planting and Harvests 1 and 2 were
taken 20 and 25 days from planting. Viater stress was re-
lieved after Harvest 2 by resuming watering. Plants were
grown for a further L days after re-watering when Harvest 3
was taken. At each harvest the water potential of the apex
was measured along with the relative turgidity of the leaves.

3elte242. Results.
3elte2.2.1. Leaf water status.
Water stress reduced the relative turgi-

dity of the leaves to 80.7% on Harvest 1 (Table 3e4e3).

TABLE 3.4.3

RELATIVE TURGIDITY

Treatments Harvesi 1 Harvest 2 Harvest 3
Water stressed 807 62.4 -
Not stressed 99.3 99.3 97.6
Re-watered 9561

With increasing water etress the rela-

tive turgidity fell further to as low as 62.4% as compared
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to 99.3% in the non-stressed treatment. With the relief

of stress, recovery was rapid and the relative turgidity

returned to the level of non-stressed plants (Harvest 3).
3 le242.2. ¥Water status of the apex.

Fig. 12 presents the curves of the rela-
tive change in spex length as a percentage against the five
graded series of concentration of polyethylens glyecol solu-
tions for Harvests 1, 2 and 3. A progressive waler siress
until Harvest 1 when the relative turgidity of the leaves
had fallen to 80.7% had little effect on the relationship
as compared to the non-stressed treatment. With increasing
stress, however, the curve departed from that of the non-
stressed treatment on Harvest 2 (RT 62.4%). Water streass
produced an increase of -0.03 (Harvest 1) and -0.49 (Harvest 2)
bars in the watser potential of the apex. With the relief of
stress, the water potential of the apex returned to the

jevel of non-stressed treatment (Table 3.lcli).

TABLE 3.le
VATER POTENTIAL OF THE APEX (BARS)

Treatments Harvest 1 Harvest 2 Harvest 3
Non-stressed -5221 ~-5.19 -5.17
Water stressed -5. 24 ~5.,68

Re-watered ~-5.17




FIGURE 12

Relative change in length of excised aplces
after 4 hours in solutions of different osmotic
concentrations. Apices ex¢ised from plants
grown with adequate water throughout (Q) or

subjected to water stress (V) for 25 days and
then re-watered -

Effect of water stress on the water status of
the apex experiment 3.4.2.
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It was clear from the above experiments that
the apex was resistant to water stress relative to the leaves
in that water potential of the apex was unaffected until the
relative turgidity of the leaves had fallen below 75% and

possibly as low as 65%.

3.5 Indirect effects of water stress on apical development
due to inhibition of translocation or assimilation

It was apparent from the previous experiments that
the effects of water stress on primordium formation at the
apex were unlikely to be due to a direct influence of water
stress on the water status of the apex. Yrimordium forma-
tion was affected when leaf R.T. fell below 90/ (sub-chapter
3.2.%+4243), but apex water status not until leaf X.%'. reached
at least 75%. It was conceivable then, that these effects
were mediated indirectly through the effects of water stress
on assimilation and translocation of photosynthates. This
possibility was investigated in the following experiments
by the imposition of water sitress on plants growing in differ-
ent combinations of light intensities. The experimental
design and general methods have been described earlier (sub-
chapter 2.2.2) but further details pertaining to the treat-
ments are described here along with the respective experiment.
3e5e1e pmxperiment 1.
3e5el1e1s Melhods.

Barley plants (c.v. irior A) were grown in
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plastic pots (10 em x 10 em) containing soil mixture prepared
in the manner described earlier (sub-chapter 2.2.2). The
experiment was of L weeks' duration and was conducted in a
ceontrolled environment csbinet with a 16-hour photoperiod
(2080 f.c.). VWater stress was imposed by withholding water
after planting (W) whereas in the control series (V)
adegunate soil water content was maintained throughout.
Harvest 1 was taken 3 weeks after planting. Thereafter,
plente in the two treatments were sub-divided into two groups
for high (L4) and low (Lp) intensiiy light measurements.
High light intensity conslisted of 2080 f.c. and low light
intensity of 500 f.c. 411 the plants were grewn‘in two
light regimes for a further week when Harvest 2 was taken.

A disgramatic represeniation of the experiment 1s as follows:

16 hrs photoperiod (2080 f.c.)

A

1] Stressed (W;) and

2] Not stressed (W,) —— 1 week

Y

16 hrs photoperiod
(2080 f'C‘)
for 3 weeks

16 hrs photoperiod (500 f.c.)

\
Harvest 1 Harveat 2
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3eHet1e2s Results.

Ze5ele2.1s Leaf water status.

Water stress reduced the relative turgidity
to 82.5% as against 91.6% in the control series (Table 3.5.1).
With increasing stress the relative turgidity fell further
to 80.5% (L1) and 81.1% (L2) in the two light regimes.

TABLE 34541
RELATIVE TURGIDITY

Treatments Harvest 1 Harvest 2
WO L,} 91 . 6 88. 7
‘f‘d’o Lz - 900 1
Wy L1 82.5 £0.5

3ebel1e2.2. Frimordium production.
Water stress significantly reduced primor-

dium production on Harvest 1 (RT 82.5%) (Table 3.5¢2).

TABLE 3,542

NUMBER OF PRIMORDIA
(means of 10 samples)

Treatments Harvest 1 Harvest 2
W, Ly 3.7 33.4
Wo Lo - 33.8
Wy Iy 25.0 27.6
W Lo - 25.2

Harvest 1. LSD gP =0.05; = 549
Harvest 2. LSD (P =0.05) = 3.9
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iith increasing stress, the reduction
became larger on Harvest 2. Light energy had no effect in
either of the treatments.

3e5+414263. Aplcal development.

Water stress significantly reduced the
development of spikelets (Table 3.5.3) particularly in the
second harvest. Light intensity had no effect on the con-
trol or water stressed plants.

TABLE 3.5.3

STAGE O DEVELOPMENT
(means of 10 samples)

Treatments Harvest 1 Harvest 2
Wy Iy T3 1440
Vg Lo - 10.6
Wy Ly ) 8.4

Harvest 1. N.S.
Harvest 2. LSD (P =0.05) = 1.4

3e502¢ Experiment 2.

In the previous experiment, exposure to differ-
ent light intensities had no effect on aplcal development
in either the control or water-siressed series. This was
attributed to the long photoperiod which reduced the response
to 1light intensity (Aspinall and Paleg 1963) and resulted in
the plants being at a relative unresponsive stage of develop-

ment at the commencement of the treatment. Accordingly,



the experiment was repeated in a shorter photoperiod.
Zebhe2els liethods.

Barley plants were grown in a controlled
environment cabinet with a 10U-hour photoperiod (2080 f.ce)
for 3 weeks. Watering was stopped for all the plants
immediately after sowing and an initial harvest (Harvest 1)
was taken 3 weeks from planting. The plants were then
divided into two groups. In one group water stress was re-
1ieved (RW) whereas in the other it was continued (ws)a
fthese two water treatments were sub-divided into four batches
and exposed to high (L4 2080 f.c.) and low (Lo 500 fece) light
intensity regimes and grown for a further 1 week when Harvest
2 was taken. A diagrammatic representation of the experi-

ment is as follows:

Re-watered 10 hrs photo~
period (2080 f.c.)

Lﬁe-watered'10 hrs photo-
period (500 f.c.§

10 hrs photoperioa for t
3 weeks (2080 f.c.)

>1 week
No watering after planting l

water-stressed 10 hrs photo-
l period (2080 fec.)

Water-stressed 10 hrs photo-
period (500 f.c.)

Harvest 1 Harvest 2
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3052620 Results.

3e5e2.2.1« Leaf walter status.

The relative turgidity at Harvest 1 was
92.3% (Table 3.5.4). Since the relative turgidity at the
second harvest,where stress had been relieved, was of about
the same order, 1t appears that stoppage of the water supply
did not materislly affect the water status of the plants
before Harvest 1. With increased duration the effects of
water stress became apparent at Harvest 2 when the relative

turgidity fell to 88%.

RELATIVE TURGIDITY

Treatments Harvest 1 Harvest 2
WS 1y 88.3
WS 342 92;3 8708
Ri¥ Ly e 3
B I:z 92.7

3e5.242s2. Primordium production.
Water stress significantly reduced pri-

mordium production (Tasble 3.5.5). An increase in light
intensity significantly stimulated production in both the
water treatments, and,although primordium production was
considerably reduced by stress,it did not cease, even at

the low light intensity.
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TABLE 2.5.5

NUMBER CF PRINORDIA
(means of 10 samples)

Treatments Harvest 1 Harvest 2
:?S L1 15:1 21 .L{-
WS L2 17.6
RW 19 2546
RW Lo 22¢7

LSD (P =0.05) = 2.0

ZeHe2e2s 2e Agical develcm;!t-
Apical development was significantly re-

duced by water stress (Table 3.5.6j. A significant stimu-
iation due to an increase in light intensity was only spparent
in the re-watered plants. Light energy had no effect in the
water stress treatment.

TABLE 3.5.6

STAGE OF DEVELOFPMENT
(means of 10 samples)

Treatments Larvest 1 Haprvest 2
WS Ly 2eb 30l
WS Lo 3e 0
R Ly 2s 5

LSD (P =0.05) = O.b
This experiment demonsirates that a stimulation of

primordium production by an increase in light intensity is
possible even if primordium production is limited by stress

and leaf relative turgidity has fallen to 88%.
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CHAPTER 4. DISCUSSION

Le1. Growth t t.

The best objective measure of plant growth is the
total dry weight. Using this criterion, plant growth was
affected as soon as leaf relative turgidity fell below 90%
(day 12 Fig. 2). A similar reduction in plant dry welght
inerement where relative turgidity fell below 90% has been
noted in Lupinus sibus (Jarvis and Jarvis 1963a). In experi-
ments where only soil water potential was measured, water
stress before the permanent wilting point, presumably before
leaf relative turgidities had reached very low values,
reduced elongation in sunflower (Purr end Reeve 1945) and
produced @& general reduction in the dry matter production of
tomato plants (Gates 1955a). It has been argued, however,
that water is equelly available to planis in a drying soil
over the range from field capacity to permanent wilting when
water suddenly becomes unavailsble (Veihmeyer and Hendrickson
1950). This would presumsbly imply that leaf relative turgi-
dities would remain high and then drop rapidly and growth
paremeters would follow the same pattern. This argument
was based on field experiments where uneven root distribution
complicated the interpretation of the data. Evidence from
numerous others, better controlled studies, suggested to

Richards and Wadleigh (1952) that water became progressively
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less available in drying soil with the necessary presumpiion
that leaf relative turgidity would also progressively rsall

as the soil dried cut. Resulis from the present study
demonstrating a progressive decline in leaf relative turgli-
dity (Fig. 1) and a departure of growth from the conirol level
(Fig. 2) as water became less avallsble to the planie support
this latter suggestion.

Although total plant dry weight was reduced by water
stress, the different plant organs were differently affected.
A slight initial stimalation of root growth was noted in the
stress treatment (day 12 Fig. 3b). It is difficult %o inter-
pret this stimulation in terms of water stress as relative
turgidity measuremenis on day 6 are noi available. A reduc~
tion in root growth in this treatment was not apparent until
day 18, however, whereas shool dry welght increasc was re-~
duced from day 12. It sppears reasonsble to assume, there-
fore, that there was a differential effect of water stress on
these two parameters of plant growth in this initial phase.
Stimulation of root growth with slight water stress and an
inerease in root/shoot ratio with decreasing soll water
content have been previously noted (Harris 1914, Eaton 1942,
Jarvis and Jarvis 1963c). It is possible that optlmum con-
ditions for root growth may arise as a result of an inter-

action between aeration and water availability (Wangermann
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1961). Alternatively, during slight water stress, the
internal conditions of the root tips may be more favourable
nan those of the growing regions of the shoot, thus shifting
the balance of the growth processes in favour of roots
(Oppenheimer 1960).

The increase in shoot dry waight was considerably re-
duced by water stress but production of dry matter continued
until the leaf relative turgidity had fallen below L3% (day 36
Pig. 3a). Apart from leaf 1 which attained a greater dry
weight under water stress than in the control plants, all the
leaves were reduced in weight, the reductlons being greater
the nigher the leaf was inserted on the stem (Fig. 5).

Since the majority of the leaf primerdis were initiated
before water stress became effective (Table 3.2.2), 1t must
have been the sxpansion of leaf primordia that was drastically
reduced. In Lupinus albusg vhere water stress reduced plant
growth it was shown that a primary contribution to this
reduction was the fallure of the leaves to expand (Jarvis
and Jarvis 1963a). Gates (195%a) also found that a water
stress which reduced the growth of tomato plants had s more
severe effect on the dry weights of the leaf laminae than on
the atem. In the same plant, leaves of different ages were
found to be differently sensitive to water stress with the
younger leaves suffering greatest inhibition (Gates 1955b).
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With relief of the water stress there was a dramatic
expansion of the leaf primordia (Tsble 3.2.2) but the reduc-
tion in leaf growth produced during the stresse remained
spparent. This indicates that a change had occurred during
stress which limited further growth. It has been shown by
Alekseev (see Gates 1964) that the growth processes of an
individual leaf have ithelr own criticel period when the leafl
is particularly sensitive to water stress. Alekseeav suggested
that this period is not the stage of elongation but an earlier
stage during enbryonle growth. In the present study, vhere
reduction in leaf growth remained apparent after relief of
the stiress, 1t was noted that the 1Influence of water siress
on leaf dry weight was relatively more severe the higher the
leaf was inserted on the stem (Fig. 5). This indicates
that the earlier development of the leaf was the critiecal
stage affected by water stress. During water streass s
preferential transport of water to younger leaves rather
than to older ones has been shown in fodder cabbage and rape
plants (Catsky 1962). The superior water status of the
young leaves led to their survival wherecas the older leaves
died. The survival of the embryonic tissues during dessi-
cation was found %o be related to the proportion of merili-
stematic (resistant) to elongating (susceptible) cells
(Milthorpe 1950). It seems, then, that high growth
activity is associated with a higher hydration level and
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suffers a greater inhibition when water becomes limiting.
Thus a water stress at a critical stage of meristematic
activity may srrest growth but due to the relatively grester
resistance of sotively dividing cells these will survive
during stress.

Relief of water siress resulted in a transient eleva-
tion of plant growth rate above that of plants on adequate
water supply throughout (Table 3.2.1). Any reduction in
growth during the period of stress was made good on the
relief of stress in the short durastion water stress treat-
ments (Taeble 3.1.5) but this elevation of growth rate in the
recovery phase was not sufficient to overcome the reduction
Produced by a more prolonged stress (Pig. 2). A similar
elevation in the growth rates of tomato plants during recovery
from a brief period of wﬁter stress has been noted by Gates
(1955a, 1955b); in this case the increase in growth rate
during recovery was suffielent to overcome the effects of the
period of stress. The growth effects of intermittent water
stress sppears to depend on the intensity and duration of
the period or periods of stress. The differences in growth
responses of indlvidual plant organs to water stress msy well
be related to their stages of development.

It has been shown that translocation of mineral nutrients
and photosynthates is markedly reduced during water sitress.

aates (1957) has reported inhibition of translocation of dry



125.

matter, nitrogen and phosphorus from the older to younger
tomato leaves during water stress. Similarly inhibition of
translocation of photosynthates by water stress has been
demonstrated in other plants. (Wiebe and Wihrheim 1962,
Roberts 1964). Photosynthesis is closely related to the
water content of the leaves (Dastur 1925, Dastur and Dessai
1933), but maximum photosynthesis is not always associated
with the maximal value of leaf water content but often with
a slightly lower level (Schneider and Childers 1541, Negisi
and Sateo 1954). Recent evidence suggests that photo~
synthetic rates are influenced by the size of the 'sinks'
utiliging sesimilates and the rate of transiocatlon to the
sinks (Thorne and Evans 1964, Noseburger and Humphries. 1965).
It would appear that some of the effects of water stress on
asgimilation rates could srise through sn inhibition of
transport. It is conceivable then that some of the effects
of water stress may be indirectly mediated through an inhibi-
tion of translocation of minerals ‘and producte of the photo~
synthesis. The increase in dry welight of leaf 1 during water
siress noted in the present study may be due to the accumu~
lation of photosynihates due %0 such a block to trgnsport.
Protoplasmic structure has often been referred to as
of importance in the response of plants %o water stress
(Stocker 1960). It has been claimed that changes in the
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colloido~-chemical state of the protoplast during water loss
intensify hydrolytic breakdown of carbohydrate and protein
in the plant cell (Iljin 1957, Kursanov 1956, Genkel 1961).
Structural changes, as measured by viscosity and permeability,
have been claimed to occur within the cell during changes in
turgidity (Stocker 1960). Genkel (ses May, Milthorpe and
Hilthorpe 1962) claimed that a pre-sowing treatment of grain
could induce protoplasmic gualities favouring drought
regsistance. Thus subjecting the grailn fto various cycles of
wetting and drying has been claimed to result in a greater
hydration of colloid, higher viscosity and elasticity of the
protoplasm and a greater amount of bound water. These
chenges are held by Genkel (see May, Milthorpe and Milthorpe
1962) to be responsible for & lower water deficit in the
hardened plant during siress.

The results of the prasent study do not support these
claims by Genkel. A pre-~sowing hardening treatment had no
effect on the relative turgidity of the plants during a short
pericd of water stress (Table 3.1.1). Thus the contentions
of Genkel that the water deficit of the plant is lowered by
the hardening treatment do not find support from the results.
A change in protoplasmic structure due to hardening favouring
resistance to stress was also not observed, whether it was
measured by the effects of stress on plant development (3.1.3,

3.1.44) or on dry matter production (3.1.5).
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Le.2. Growth of the spex.
The growth of the apex was reduced by water siress both

in terms of primordium production and morphological develop-~
ment (3.1, 3.2). These two parsmeters of aplcal growth were
affected differently, however. FPrimordium production ceased
vhen leaf relative turgidity fell below 90% . (dsy 18 Fig. 6).
On the other hand, morphological development of the apex con-
tinued, albeit at a reduced rate, even with severe siress
when the leaf relstive turgldity had fallen to L3% (day 42
Fige 7)» A reduction in primordium formation in the barley
apex at s soll water siress of 0.8 almosphere has been noted
by Nicholls and May (1963). Such a mild water stress would
presumebly not produce low leaf relative turgidities. These
authorse alsc demonstrated that primordium production was
relatively more sensitive to water stress than spikelet
differentistion. MNorton and Watson (1948), on the other hand,
claimed thet the rate of formation of leaf initials in sugar-
beet was relatively insensitive to water supply. Their
conclusions were inferred from comnt of expanding leaves,
however, not from direct spiecsl observations.

Primordiuwn production which ceased during water stress
was rapidly resumed when the stress was relieved {Pig. 6).
This indicates that no permanent chenges were induced in the
apex by the stress that the inhibition of growth was due
to contemporary factors, The apex is capable of organised
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growth when supplied with nutritiocnal and hormonal factors
either from the plant or from an artificial medium (Ball 1946,
Wetmore and Morel 1949, Wetmore 1954, 1356). It is therefore
apperent that the profound effects of water stress on gpleal
activity could be mediated through either an effect on the
supply of essential factors from the rest of the plant or a
direct effect on the cells of the apex.

In dealing with the second of these elternative mech-
anisms, it is evident that any direct effect of water stress
on the metsbolism of apical cells must be mediated through a
change in the water potential of those cells. Resulis of
the determination of water potential of the whole apex (3.4)
during water stress demonstrated that the barley apex 1is
relatively more resistant to stress than the leaves. The
watepr status of the apex was not affected even when the
relative turgidity of the leaves had reached o 75%. BSince
a reduction in primordium production was affected as soon as
leaf relative turgidity fell below 90% 1t can be concluded
that i1t is unlikely that cbserved effects on the growth of
the apex were produced by a direct effect of water stress on
the apical cells. It is, of course, conceivable that
measurement of the gross water status of the whole spex con-
cealed changes in the water status of cells gt the presumptive
sites of primordis but this seems highly unlikely.
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The more likely alternative, then, is that water stress
influenced apical growkh through an effect on the essential
factors supplied to the apex by the rest of the plani. It is
possible to divide such factors into two broad categories -~
controlling agents such as hormones and gross muiritional
factors such as carbohydrates. Evidence for the first of
these factors come from the acceleration of primordium pro-
duction often associated with photoperiodic induction (e.g.
Aspinall and Paleg 1963). In barley, water siress during
photoperiodiec induction prevented any immediate acceleration
of primordium formation (Tables 3.2.kL, Z.247)s After stress
was relieved, however, there was a promotion of primordium
formation by the photoperiodic stimulation given during the
period of stress. One possible explanation is that transpori
of & substance, which promotes primordium formation directly,
was inhibited by stress. In contrast, howsver, a water
stress imposed prior to the inductive treatment in Lolium
temulentum (3.3.1) inhibited elongation of the epex. This
suggests that the effect of water strese on primordium pro-
duetion may not be directly related to the photoperiodic
stimulus alone. Rather, water stress may limit the supply
of two 'substances' to the apex. Firstly it may 1limlt the
supply of the photoperiodic stimulus which perhaps only
indirectly affects primordium formation through the processes
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consequent upon floral induction. Secondly, and more im-
portantly in this context, it may inhibit the translocation
of some oiher substance necessery for the normasl primordium
production by the apex, irrespective of the development of
the apex.

The substance or substances involved in the normal pro-
duetion of primordia and translocated to the apex may be
hormonal or nutritional in nature. Some indirect evidence
for considering & nutritional control of primordium production
at the shoot apex hes been advanced by kiilthorpe (1959a).
Reduced translocation of cerbohydrsties and mineral nutrients
during water stress has been deponsirated by Gates (1957)
and adverse effects of stress on grain development have been
attributed to this effect (Denmead and Shaw 1960). Simi-
larly a water siress that reduced spikelet differentiation
in maige was found to be eccompanied by inhibition of trans-
location of smino scide to the spex (Fetinov and Berko 1965).
In the present study primordium production at the spex was
sccelerated by an increase in light intensity even when the
overall rate of apicel growth was limiied by water stress
(3.5)» Thise could be interpreted to suggest that only
carbohydrate or some other product of photosynthesis was here
limiting apical growth. Increasing the rate of photosynthesis
increased the supply to the apex although the translecation
was partially blocked by waler stress. Such evidence is
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far from direct, however, as many other parameters could be
affected by an increase in the light intensity.

A further complication to hypotheﬁes which envissge
water stress blocking the transport of some essential substance
%o the spex 1s the possible importance of the distribution of
that substance between the several parts of the apex. Mono-
polisation of food reserves by the developing florets during
water stress has been reported by s number of workers reviewed
by Kozlowski (1965). Competition in the more mature barley
spike even in the absence of water stress has been demon-
strated where the removal of grains resulted in an inecrease
in the weight of the remaining grains (Buttrose and May 1959).
In a more pertinent study, where the growth of barlsy grain
was investigeated, it was suggested that assimilate from the
leaves was shared equally among the majority of the grains
in plants not subjJected to water stress, but was limited in
distribution by water stress in such a way that the lower
grains received & larger proportion (Aspinall 1965). A simi~
lar situation may occur in the earlier stages of development.
Aspinall and Paleg (1963) noted that the rate of leaf differ-~
entiation was depressed during the transition of the barley
apex from the vegetative to the reproductive state. This
depression in the rate of leaf differentiation was considered
to be due to an increased demand for assimilates and other

factors by develeoping floral primordia at the expense of the
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developing leaves. Since leaf expansion (Table 3.2.2) and

primordium production were both severely curtailed by water

stress whereas spikelet development was less affected, it is

possible that essential factors, either nutritional or hor-

monal, were increasingly channelled to the developing spike-
lets when limited by water stress.

The possible reasons for such a preferential distri-
bution of materials to developing spikelets during stress
require examination. Evidence is accumulating that minerals
and carbohydrates are translocated preferentially to regions
of high auxin content (Booth, Moorley, Davies, Jones and
wareing 1962, Hill 1962). Developing florets (iayer 1956,
Stitchel 1959) and seeds (Leopold 1955) eppear to be regions
of high auxin production and it is reasonable 10 presume that
they may act as preferential sinks for translocated material.
These speculations require conformation, however, as dome of
the apex and the developing leaves, which appear to be most
inhibited during stress, are also regions usually associlated
with a high auxin content.

The growth of the apex,with or without stress, is
necessarily related to its metsabollsm but as yei comparatively
1ittle is known sbout either its general physiology or bio-
chemistry. In some of the analytical studles (steward,

Wetmore, Thompson and Nitsch 1954, Steward, Wetmore and
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Pollard 1955) where efforts have been made to locate and
identify the chemical reactions in the apical meristem, the
apex, because of its small size, has usually been treated as
a whole. Thus substances that are of special importance in
maintaining the characteristic organisation of the spex, as
in the inception of a primordium, are as yet unknown. The
sustained growth of the apex, however, depends entirely on
supplies of substances from below. As these move upwards at
different stages of differentiation, changes are likely to
occur in the gradient of their movement, as no two cross
sectional levels in the meristem and no two concentric layers
of the tissue are likely to be metabolically identical. The
superimposition of water stress on this system may exert
profound effects, such as those noted, through relatively
minor effects on rates of movement and gradients of essential
metabolites.

L.3. Water status of the plant and the apex.

A meaningful approach to the study of water stress and
plant growth can only be achieved by defining the stress in
terms of plant water status. The water potential of the
plant cells alone controls the physioclogical processes which
in turn regulate.growth. Kramer (1963) has cautioned asgainst
the interpretation of the effects of water stress on the basis

of a given degree of soil water stress. Such measurements
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need not necessarily be accompanied by an equivalent degree
of plant water stress.

A convenient, although arbitrary, index of the water
status of the plant tissue is the 'relative turgidity’
(Weatherly 1950). This is defined as the ratio of the water
actually present in the tissue to that held by the same tissue
when fully turgid. This index was used in the present study
to estimate the leaf water status. It has been argued by
Gaff and Carr (1961) that the water in the plant cell proto-
Plast and in the cell wall are not necessarily in potential
equilibrium. They envisage the plant cell wall acting as a
buffer protecting the protoplast from rapid changes in water
potential. If this view is correct, then measurements of
relative turgidity and vapour equilibration measurements of
water potential would tend to over-estimate the stress
suffered by the plant protoplast, as such measurements inte-
grate the water potential of the whole tissue including the
cell walls. Gaff and Carr based their views on data from
Lucalyptus leaves where the cell wall 1is relatively thick and
may be envisaged to act in such a way. In a thin-leaved
specises such as barley, however, it is difficult to accept
that water in the protoplast and the cell wall, which are in
intimate contact, could get far out of potential equilibrium

for a significant time period. In such plants, until 1t is
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unequivocably demonstrated to the contrary, it would seem
preferable to accept a measurement of tissue water potential
as a good measure of protoplasmic water potential. A close
relationship between leaf relative turgidity and leaf water
potential has been frequently demonstrated (Weatherley and
Slatyer 1957, Slatyer 1960a, Carr and Gaff 1961). This
being so, 1t is expected that the measurements of leaf
relative turgldity in the present study are indicative of
the water potential of the tissue, which in turn regulated
plant growth during water stress. Sinmultaneous readings of
leaf water potentlal were not made and it 1s therefore
impossible to calibrate the corresponding relative turgidity
measurements in terms of water potential.

A water stress which reduced leaf relative turgidilty
to 75% had no effect on the water potential of the apex (3.4).
Apparently there was a difference in the water status of the
gpex and of the leaf during stress. It has been shown by
Catsky (1962) that, during water stress, young leaves of
cabbage and rape plants were at a superior water stress in
comparison with the old leaves. Attention has been drawn by
Kramer (1959a) to the ability of apical tissues to obtain
water at the expense of the older tissue. Zavadskaya and
Skazkin (1960) found that a water stress in barley plants
which resulted in the death of leaves did not kill the apex.
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Similarly, in wheat, Chinoy (1962b) haes shown that leaves
were the first tc be damaged during water stress, followed

by the stem and last of gll by the splke. Stem tips of
tomato plants (Wilson 1948) and sunflower (MacDougal 1920)
continue to elongate when the remainder of the stem was
shrinking during water stress. Anderson and Kerr (1943)
reported that the growth rate of developing cotton bolls was
uniform during both dey and night. Other plant organs

showed a reduced growth during the day, attributed to a
temporary water stress. Kerr and Anderson (1944) considered
that the high imbibitional forces of the developing cotion
bolle enable them to retain an sdequate supply of water at

the expense of more mature cells in other parts of .the plant.
Somewhat in contrary to this data is the finding that water
stress which reduced grain growth in barley was not asscclated
with any change in the water potential of the grains (Aspinall
1965).

Some of this evidence suggests a difference in the water
status of the apex compered with the rest of the plant. It
is possible that apical tissues may be able to obtaln water
at the expense of older tissues. The results of the present
study demonstrate, however, that when leaf relative turgldity
fell to 75% during stress, the water potential of the apex
did not change from spproximately -5 atmosphere. The
relationship between water potential and relative turgidity
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estimated by Slatyer (1960a) for tomato leaves gives the
corresponding value to 75% relative turgidity as -15 atmos-
phere water potential. if an analogous relationship exisis
in barley, it would seem highly unlikely that water could be
transported from the leaf (~15 atm) to the gpex (=5 atm).
This relationship requires conformation, as it would vary
with the plant species, but it dees not seem feasible that
the water potential of the apex would be higher (negatively)
than that of the lesves. It seems more likely, then, that
the resistant apical tissues mey possess some barrier %o the
loss of water to the rest of the plant.

The remsrksble tolerance, or perhsps avoidance, of
water stress by the aplcal tissues may be of significant
value in the maintensnce of perennial species in arid con-
ditions. 1% has been noted that perennial grasses of semi-
arid pastures (Walter 1939), and in long perieds of drought
in arid lands (Lucsnus et al 1960), survive death from water
stress and resume growth after a shower of rain because of

the survivael of the apical meristems.

whether it bs on a vegetative apex or a mature flowering spex.
Thus, stress in the earlier stages of development retards
spikelet development in oats (Novikov 1952, 1954), maize
(Petinov and Berko 1965) and barley (Nicholls and Msay 1963).
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In the later steges of develeopment it reduces the number of
ears in wheat (Asana et _al 1958, Chinoy 1962a) snd stem elon-
gation and grain formation in barley (Aspinall et _al 1964).
Where such effects have been observed with greater precislon,
it has been found that water stress during spikelet develop-
ment reduces pollen viability in barley (Zavadskaya and
Skazkin 1960) and male fertility in wheat (Bingham 1966).

Such varied observations have given rise to the hypothesis
that water stress has its greatest influence on the most
active process occurring at the time of stress (Aspinall et al
1964). This concept helps %o explain the meny ultimats mani-
festations of periods of stress during ontogeny, dbut dves not
provide any insight into the areas of metebolism which may be
moet influenced by water siress.

In the light of the present data, 1t does not even appear
that this hypothesls completely describes the situation. In
an early floral spex during water sirese it has been found
that primordium production at the terminal apex ceased at s
lower water stress than did floret differentiation. Although
the observations of fleorei differentiation were necesssrily
subjective there seems no doubt that the growth of floral
organs conilinued even until leaf relative turgidity had been
reduced to 43%. The reason for this remarkable difference
in the susceptibility of the various regiona of the apex to
inhibition by water stress have already been discussed at
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length. It suffices here to note that floral development
was not greatly affected by a water stress reducing leaf
relative turgldity to 90% but was limited when relative
turgidity fell to 757 or lower.

It is possible that the effects of water stress on
apicel development - such parameters as spikelet differentia-
tion and grain production - may be due to an influence on somse
control proecess affecting all these aspects of development.
The photopericdic stimulation of development is possibly such
a conirol process. Photoperiod profoundly influences splcal
development in many grasses, including barley and Lolium
temulentum and this effect is not confined simply to an
acceleration of floral initiation (Aspinall 1966). Guitard
(1960) hes demonstrated an effect of photoperiod on all stages
of apical dsvelopment in barley, excluding the growth occurr-
ing after the fertilization of the ovules. An pffect of
water stress on the process of photoperiodic siimulation msy
well produce at least some of the effecis of floral develop-
ment which have been noted in the literature and here.

In this connection it may be significant that photo-
periodic induction in Lolium temulentum was not inhibited by
water-stress which only reduced the relative turgidity of the
leaves to 89% (Table 3.3.2) but was completely inhibited when
leaf relativs turgidity fell to 78% or below (Fig. 8). These

1imits are very similar %to those for an effect of water stress
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on spikelet development in barley.

Conclusive evidence for an effect of water siress on
she photoperiodic process has been obtalned with Lollum
temulentum. In summary, water stress during the period of
induction and synthesis of the floral stimulus in the leaf
completely prevented floral initiation. Similarly, water
stress during the period of translocation of the stimulus to
the apex prevented floral initiation. This was due to an
inhibition of transport of the stimulus and not to an acceler-
ation of its destruction, as releasing the stress without
simultaneous defoliation resulted in very litile imhibitlon
of floral initiation (Fig. 10).

It is more difficult to obtain similar evidence for an
effect pf water stress on the process of photoperlodic in-
duetion in barley as the plant requires more than one induc-

tive cyele to produce a flowering response. The data ob~-
tained in the present study deo, however, support the
conclusions drawn with Lolium temulentum. At relatively
low levels of water stress (R.T. 8%, an increase in the
length of photoperiod stimulated aplcal development as in the
non-stressed plants. This demonstrates thai, in barley as
well as in Lolium, the photoperiedic system is not sensitive
to water sirees until this reaches a moderately severe level.
Where weter stress was more severe, any immediate response

to an incresse in the length of the photoperiod was inhiblted.



1ut.

Relief of the water stress, however, resulted in a stimu-
lation from the lengthened photoperiod being displayed in
increased apical development. This resenmbles the inhibition
of trsmnsport of the floral stimulus from the leaf demonstrated
in Lolium temulentum, but has a further facet in that it
suggests that in barley, at least, some synthesis of the
floral substance can continue during a water siress suffieient
to block its transport from the leaf, Such an effect msy
account for reports of accelerated developmental changes
oceurring following relisf of water stress in the field.

In dlscussing the data so far it has been assumed that
water stress affects the photoperiodic response through an
effect on the leaf. Alternatively, it could be argued that
water stress affects the sensitivity of the spex to the floral
stimalus and hence produces the recorded responses. "The
reasons for rejecting this hypothesis need elaboratlion.

Direct measurements of the water status of the epex reveal
that this did not alter until the leaf relative turgidity fell
below 75% at least. As this is within the renge in which
the photoperilodic response is affected this evidence does not
conclusively support either hypothesis. The sffectiveness
of water stress during the inductive period, however, before
any stimulus could have reached the spex (Evens 1960c) can
only be ezplained by supposing +hat the water stress inhibits

leaf processes or that it so affects the apex ss to render 1t

insensitive to the floral stimulus even after stress is



142.

relieved. This second suggestion 1s not supported by the
rapid growth of the apex following siress relief. Similar
arguments hold for the effects of stress durlng translocation
of the floral stimulus from the leaf.

It would sppear, then, that water stress inhibits at
least two processes occurring in ths leaf during photoperiodic
stimalation. Effect of water stress on the translocation of
metabolites have been recorded (Gates 1957) but evidence is
sccumlating (Evans and Wé@law 1966) that the floral stimulus
is translocated from the leaf by a different pathway and at a
different rete than are the products of photosynthesis. It
is possible that this epparently slower route involves transfer
from cell to cell rather than through sieve tubes and it 1s
not daifficult to conceive of water stress interfering with
thie process.

The point at which water stress interferes with the
synthesis of the floral stimulune is impossible to pin-point.
Evidence has been produced, at one time or another, for
effects of water stress on many areas of metsbolism (see
lay and Milthorpe 1962) and it is impossible to state that
impairment of any particular metsbolic pathway is a character-
4stiec of the effects of water siress. Also, our knowledge
of the chemical aspects of photo-induction hes not reached
the stage where even a single biochemical reaction or inter-
mediate can be identified (Searle 1965). Evidence from
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inhibitor studies with Lolium temulentum (Evans 1964b) and
other plants (Bonner, Hefimann and Zeevart 1963) suggests
that sterold blosynthesis in the leaves is involved in photo-
induction. This may be the point of sction of water siress.
On the other hand, RNA metabollsm, which 1s known to be
affected by water stress (Gates and Bonner 1959, Shah and
Loomis 1965), is probebly not involved in the photo-inductive
event in the leaf but is of importance in the apex when the
floral stimulus arrives from the leaves.

4.5, ¥Water siress and cereaml yield in the field.

It has been freguently observed that a period of water
stress under fleld conditions leads to a reduction in cereal
yield due to a decrease in the number of grains per ear
(Asana et 81 1958, Robins and Domingo 1953). Aspinall et al
(1964) sssociated this component of yield reduction by water
siress with stress before anthesis. The data from the present
study suggest that primordium production is sensitive to
water stress even sarlier in plant development, but that
spikelet development and the flowering process itself are
resistent to transient periods of mild stress. - In the
southern Australian snvironment, cereals are sown in late
autumn or early winter after the commencement of the winter
rainfall season. Vater stress during the early phases of
vegetative growth is not as frequent as water stress after
flowering but can occur in seasons in which the early winter

rains are delayed. In sueh a season, primordium production
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at the apex is likely to be curtailed but, unless water stress
is unusually severe, splkelet development should proceed if
the plants have initisted flowers. The breaking of a period
of drought should be sccompanied by repid growth, both in
terms of primordium production and spikelst development.

The eventual size of the ears will be determined by the
ballance between primordium production and of spikelet develop-
ment {(Paleg and Aspinall 1966). Periods of water stress in
the early stages of development mey well lead to reduced ear
size as spikelet differentiation is less affected by stress
than is primordium production. On the other hand, if short
periods of drought are accompenied by clear skies there may
be less effect on ear size, as the present evidence suggests
that the effects of mild water stress on primordium production
can be at least partially overcome by an increase in light
energy. Flowering dete 1s not likely to be affected by

short periods of drought during the early phases of growth as
the flowering proeess 1s resistant to stress and shows rapid
compensatory recovery after the rellef of stress.

These considerations lead to the conclusion that short
periods of water stress in the early phases of growth are
unlikely to have any major effects on cereal yleld. This
corresponds with the experience in other studies (Aspinall
et _al 1964).
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APPENDIX I, Sultability of polyethylene

lveol 4OOO gs osmotic ent

In experiments in which Lolium temulentum plants

were exposed to water stress during photoperiodic induction
it was necessary to impose siress for periods as short as

2 hours. This is impossible using conventional methods

and reduced matric potential in a soil medium dbut is
feasible using a liquid medium and reduced osmotic potential.
The use of osmotic potentisl imposes difficulties, however,
the major one being the possibility of the entry of the
osmotic agent into the plant wilith the resulting reduction

in potential gradient and metsbolic effects. Polyethylene
glycol of varying molecular weight renges has been claimed
to be the most sulteble osmotic agent for such experiments
(Jarvis and Jarvis 1963c, Barrs 1966}, although some toxic
responses to this substance have been reported (Leshem 1966).
It was decided to use polyethylene glycol (Carbowax - Union
Carbide Australis Ltd.) with an average molecular weight of
14,000 in the present study, but to check the uptake of this
substance into the plant during the periods likely to Dbe
used experimentally. There 1s no simple chemical means of
estimating polyethylene glycol in the plants but Slatyer
(1961a) has suggested an indirect test for the uptake of any

osmotlic agent by plant roots. If plants exposed to osmotic
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stress take up appreciable guantities of the osmotic agent,
then the osmotic potential of the plant rises, the plant
shows partial recovery and, on relief of the stress, the
water content of such plants is temporarily elevated above
that of the control, non-stressed plants. This effect was
examined in the present system.

Lolium temulentum plants were grown in an 8 hour
photoperiod at 17°C + 1°C temperature until the sixth leaf
expanded. Water stress was imposed by the gpplication of
a 2L-atmosphere osmotic potential polyethylene glycol solu-
tion to the rooting medium and was relieved by thoroughly
washing out the solution after 2 hours. Plants were allowed
to recover for a further 6 hours, Standard leaf discs
(8 mm) were punched from the central portion of the sixth
fully expanded leaf after 1, L, 8 and 24 hours of imposition
of the stress and 2, 4 and 6 hours after relief of the stress.
Leaf discs were punched in the same sequence from plants not
subjected to siress. Each sample consisted of ten dlscs
and five plants were used as replicates. After punching,
leaf discs were transferred into weighing bottles and the
fresh weights were determined. The samples were then placed
in a forced~-draught oven at 90°C for 48 hours and dry weights
were recordede. Wwater content was obtained as fresh weight -
dry weight. Table 1 presents the leaf water content of the
stressed leaf tissue relative to that of the control.
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TABLE 1

RELATIVE LEAF WATER CONTERT
(%4 of control)

After imposition of stress After relief of stress
1 hour 4 hours 8 hours 24 hours 2 hours 4 hours 6 hours
85 80 78 75 80 96 98

It is apparent from the results that the leafl
water content of the stressed leaf tissue relative to that
of the not stressed leaf tissue declined progressively for
the 24 hour period of stress. After relief of stress,
recovery in water content ensued and was almost complete
after L hourse. Since there was no recovery in leaf water
content during stress and also no conseguent lncrease above
control after relief of stress which is associated with the
entry of the solute, it was concluded that within the experi-
mental conditions used in the present study entry of
polyethylene glycol into the plant cells did not occur and

was not an eppreciable source of error.
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APPENDIX II. Relative turgidity technigue

The term relative turgidity was introduced by
wWeatherley (1950) and defined as the amount of water in a
measured quantity of tissue expressed as a percentage of the

smount of water retained by the same tissue when fully turgid.

Fresh welght - Dry weight

Relative turgidity Turgid weight - Dry weight

100

The value and repeatability of the relative
turgidity method of assessing leaf water deficit in barley

and Lolium temulentum in the present study was tested by the

methods recommended by Barrs and Weatherley (1962). These
authors recognized a number of possible sources of error in
the measurement of relative turgidity and each was checked
with barley leaves.
1. Sample errors

Fresh weight determinations are relatively free
from major errors as long as precautions are taken to prevent
evaporation of water from the discs. Sample varlations due
to inadequate precautions in handling the material have been
observed, however (Slatyer and Barrs 1965). The following
standard procedure was adopted from the outset to minimize
such errors. The leaf to be sampled was first freed from
dust particles by a routine wiping of the surface with a
tissue. Discs were cut as rapidly as possible with a sharp

wad punch supported on a rubber bung and immediately
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transferred to a gas tight weighing bottle and weighed.

The age of the leaf, its position on the plant and the
portion of the leaf sampled could all conceiveably influence
the relative turgidity measured. The need to standardize
these components was assessed in a simple experiment with

L week-o0ld barley plants. Standard discs (8 mm) were cut
from four groups of leaves; leaf 1 (fully expanded with
ligule exposed), leaf 2 (expanding leaf, ligule not exposed),
leaf 3 (emerged and actively expanding) and leaf 4 (emerging).
Discs were taken from three separate regions on esach leaf
(vasal, central and terminal portions). Five discs from
each portion were combined as a sample, five plants being
used as replicates. The fresh weights, dry weights and
water contents {(as a percentage of dry weight) were deter-

mined and a statistical analysls of the data is presented in

Table 1.
TABLE 1
ANALYSIS OF VARIANCHE
Fresh Veight Drg Wei%ht Weater Content
Source D.Fl M. S. .RO ?E. - .RI I‘ﬂ. s. VD R.

Leaf number | 3 6326453 21.52 [5851.61 27.46(95.06 19.80

%l L2 13 L3 ]

Position on 2 157183.12 194.57 | 137.45 6.44169.32 14.1444
leaf R e Wk
Leaf no. x 6 | 8412.69 28.62] B2.58 3.87]12.67 2.63

position L L ®
Error 59 293.88 - 21 .32 - L.80 -

“* Significant at 5% level
%% gSignificant at 1% level
%% gignificant at O.1% level
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It is apparent from the results that significant
variation existed between the leaf tissues of different age
groups and between different regions of the same leaf. It
was concluded that to avoid this source of error, sampling
should be restricted to a uniform material and the middle
portion of the fully expanded leaf was chosen for further
determinations of relative turgidity.

2. Brrors due to excess water uptake

A possible error in turgid weight determinations of
the discs may arise due to an inadequate surface drying of
the tissue after the floating phase is complete. Such a
source of error was minimized by adopting a uniform method
of surface drying. Leaf discs were placed on a four sheet
layer of filter paper, covered with another four sheet layer
and surface dried by applying a 500 g weight to the top layer
for 20 seconds.

In cotton (Weatherley 1950) and in castor bean (Barrs
and Weatherley 1962), the water uptake pattern of leaf tissue
is divisable into two distinct phases; an initial rapid
uptake during the first few hours of floating followed by a
slow persistent upteke as long as the discs remain healthy.
In castor bean leaf discs the first phase, lasting 4 hours,
represents uptake in response to the water deficit in the

tissue and 1is the period in which full turgldity is attained.
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The subseguent slow and steady uptake is due to the growth
of the tissue. Errors due to this disc growth have been
avoided by limiting the floating periocd to L hours in
tobacco (Bliss, Kramer and Wolf 1957) and corn (Namken and
Lemon 1960), 2 hours in hucalyptus globulus Labill (Carr and
Gaff 1959) and 1 hour in peanut leaf discs (Wormer and Ochs
1959). The water uptake pattern of barley leaf discs was
investligated to assess the duration of the first phase.

The water uptake patterns of discs from fully expanded
and expanding barley leaves was followed. Leaf discs of two
sizes, 6 or 8 mm diameter, were punched from the central
portion of the leaves. Thus there were four treatments
repllicated five times. Each set of discs was weighed,
floated on water and re-weighed at intervals of 2, L4, 6 and
24 hours. The relative changes in weight as a percentage of

the original fresh weights are presented in Table 2.

TABLE 2

Percentage increase in original
fresh welght after floating for

2 hours 4 hours 6 hours 24 hours

FEY cRpERall font 110 116 118 125

discs (8 mm diameter)

Fully expanded leaf |
discs (6 mn dismeter) 108 117 117 122

Expanding leaf discs
(8 mm diameter)

Lxpanding leaf discs
(6 mm diameter) 137 155 181 181

117 126 130 135
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It is apparent that there was a rapld uptake of
water in the first four hours of floating followed by a
slow and steady uptake excepting in the smaller leaf discs
(6 mm diameter) from expanding leaves where there was no in-
crease after six hours. It may also be seen that water
uptake by expanding leaves was greater than that by the
expanded lesves, considerably so with smaller discs.

This experiment demonstrated that discs cut from the
older leaves exhibited the pattern of water uptake described
by Barrs and Weatherley (1962) with full turgldity being
reached L4 hours after floating the discs. Discs from
younger leaves showed no apparent discontinuity in water
uptake due presumably to growth of the discs or the pheno-
menon of 'plastic flow' described by Milthorpe and Spencer
(1957). In future work, therefore, discs were taken only
from mature leaves and were floated for 4 hours hefore the
turgid weight was determined.

Bxecessive water uptake by the discs leading to errors
in estimation may also result from injection through the cut
edges of the discs. Errors from this source have been re-
ported in Sembucus (Barrs and Weatherley 1962) and Zucalyptus
globulus (Cerr and Gaff 1959). The importance of this
source of error can be assessed from a comparison of the
water uptake of discs of different sizes. Since smaller

discs have a greater circumference/ares eatlo 1t is expected
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that edge injection would lead to higher percentage water
uptake by small than by large discs. This was not the case
with the mature discs in the previous experiment (Teble 2)
but this factor was investigated further by punching discs
of different sizes (6 and 8 mm) from fully expanded leaves
of two age groups (leaf 1 and 2 from the base of the plant)
floating them for 24 hours and comparing changes in fresh
weight. Statistical analysis of the data (Table 3) re-
vealed no evidence of any effect of disc size. It may be
assumed, therefore, that this possible source of error is
unimportant in barley leaves. It is also of interest that
mature leaves of different ages on the same plant gave the
same relative turgldity estimates.
TABLE
ANALYSIS OF VARIANCE

Source D.F. MaeSe VeRe
Blocks 9 113.528 L B saw
Leaf age 1 10.712 0.56 NeS.
Disc size 1 13.340 O.45 N.S.
Leaf age x disc 1 0.931 0.03 N.Se
Error 27 23.593

“¥%% gignificant at O.1% level
N.S5. Not significant

%, Hrrors due to changes in dry weight during floating

A further source of error is the possible loss of

dry weight during the period in which the discs are floating
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(vieatherley 1950). This is minimized when the flotation
period is short but Barrs and VWeatherley (1962) considered
it profitable to e stimate the compensation point, the light
intensity at which no dry welght changes occur, for their
dises of Riecinus leaves. This was also attempted with barley
leaf discs in the present study. Discs were cut from uni-
form mature leaves and the duplicate samples were weighed,
oven-dried and re-weighed to obtain an estimate of the
original water content of the population of disecs. FPive
further sets of discs were weighed and then floated at
0, 10, 50, 100 or 200 foot-candles light intensity at 20°%C
for 24 hours. These dilscs were then oven-dried and weighed.
The'original dry weight of the discs was estimated from the
initial fresh weight using the calculated initial water con-
tent and the percentage change in dry weight during the 24
hour flotation period was obtained (Tsable L).

TABLE

Percentage increase over original
dry weight due to 24 hours

Light intensities flotation

0 1.01
10 1.09
50 1.06

100 0.69

200 121
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It is gpparent that any change in dry weight due
to 24 hours of floating was negligible and there was little
difference between the various light intensities to which
the leaf discs were exposed. It can be expected that =
reduction of the floating periocd to L hours would again
considerably reduce the differences in dry weight and this
factor can be neglected without loss of precision. Thus a
period of 4 hours of flotation in dark was adopted for

further relative turgidity measurements.
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APraIl I11. viater potential of the apex

The water potential of the plant tissue can be
assessed by immersing the tissue in solutions of a graded
series of osmotic potential and measuring the change in
weight, volume or length. The solution which does not cause
the tissue to change in weight or size is considered to have
an osmotic potential equal to the water potential of the
tissue. Such determinations are liable to certain errors
which may result from inadequate precautions, however, and
the vapour equilibration method has been generally preferred
(Slatyer 1962); It was not possible to use a vapour equili-
bration method for the determination of the water potential
of the grass apex because of the small size of the object.

A solution equilibration method was therefore developed for
these determinations.

Due to the configuration of the grass gpex, a
length measurement is simpler and more reproducible than any
estimate of tissue volume or any other dimension. It was
possible, however, that the technique would be subject to
error if a change in the length of tissue did not reflect
an equal change in tissue or vacuolar volume. This would
have occurred if the solute penetrated into the tissue and
would be more marked it if was metabolised. This possi-

bility wes minimized by using the non-electrolyte,
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polyethylene glycol (average e We =000} as the osmotic agent.
Chemical from the same batch was used to avoid any possible
variability. It was not possible to check whether polyethylene
glycol entered into the protoplasts and vacuoles of the apical
tissugé'but in view of the results obtained with leaf tissue
(Appendix I) this was not likely to be an importent source of
error. To minimize this, and other possible errors, it was
necessary to restrict the time of immersion of the tissue to
the shortest possible period giving length changes measursble
with s binocular microscope. This was determined as follows.
Barley aplices (morphological stage of development correspond-
ing to score 5 of the scale, measuring O.O mm) were dissected
under & binocular microscope and cut with a sharp needle at
the base of the oldest simple ridge primordium. After
measuring the initial epex length, apices were immersed in
polyethylene glycol solutions in a closed 4 cm petrl dish

and left at a constant temperature of 20°C in the derk.

Apex length was recorded after 2, 4 and & hours of immersion.
The concentrations of the osmotic solutions used were -1.9,
~3.9, =5.9, =7.9 and -9.8 bars. Kach treatment has three
replicates for each solution. Results are presented in

Tdble 1.
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TABLE 1
Concentrations Relative change in apex length over
of osmotic initiel length (%)

solutions gfter 2 hours after 4 hours after 8 hours

-1.+9 bars + 0,80 + 3455 + 3400
~3¢9 bars + 0.10 + 200 + 2480
~549 bars - U.10 - 1.58 - 2485
~79 bars - 0.15 - 250 - 2,65
~9.8 bars - 010 - 3460 - 3,60

It is agpparent that an easily measursble change in
apex length had occurred in 4 hours. There was also no
evidence of a change with time in the osmotic potentisl at
which no length change occurred; this supports the view
that the osmotic agent was not entering the tissue. Immer—
sion time was standardized at 4 hours in all further deter-
minations. The data indicated that water potentlial of the
gpices lay between -4 and -8 bars. This factor was further
investigated to observe 1if greater precision could be ob-
tained by restricting the concentration range within these
limits. The five polyethylene glycol solutions used were
~le9, =5, =59, =b.4 and -6.9 bars. Apices were dissected
in a similar manner and immersed for L4 hours in the dark at
20°C. The relative change in the apex length compared with
the initial length (C.8 mm) is presented in Table 2.
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TABLE 2

Cofomati RIS change n spex joeen
af _ssmotd over initial length (%)
~lL«9 bars + 1,00
~5el bars Ko change
~-5.9 bars - 1.05
~6.4 bars =~ 2,50
-6.9 bars = 2=

From the above results, it was clear that a con-
centration range from -4.9 bars to -6.9 bars would accurately
estimate the water potential of apices not subject to water
stress and this range was used for all the experimental

determinations.
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Statistical treatment of the data

(Analysis of Variance)

The following abbreviations have been used throughout:

De¥e Degrees of freedom
MeDe Mean sum of squares
% Significant

W Significant

RN

Significant

at 5% level of probability
at 1% level of probability
at O«1% level of probability

SHORT PERIOD OF WATER STRESS AND GROWTH (3.1)

PERCENTAGE OF SEEDS SOWN WHICH EMERGED FINALLY

Source D.¥F. | Me Se
Variety 1 157.78%%
Hardening | 6Ll Bl 5%
Variety x Hardening 1 185.79%%%
Error 52 16.76
NUMBER OF PRIMORDIA ON THE MAIN SHOOT APEX
Harvest 1|Harvest 2| Harvest 3|Harvest L| Harvest 5
Source |D,R M.Se |DeFelMeSe |DeFe MeSe |DeFe MoS.|DeFs MoS.
Blocks L 1.07 L 0.16 L 1.56 L 5.37 | L4 0.19
water (W)| - =~ 1 0.23] 2 48.32 | 2 13.52 |2 9.52
H o %% He i
Hardengn& 1 Q.20 1 0.63 1 2482 1 2.40 |1 0.15
Variet 1 3.20 1 1.23 1 25.35 1 M.27 |1 114.82
{V) ¥ W # o
WxH - - 1 0,22 2 5;21 2 3.95 1|2 2.15
WxV - - 3 C.22 2 LOF ] 2 2421 12 Oe 51
HxV 1 O 1 2,021 1 0,02 1 0,60 {1 6.02
WxHzxV 1 0.03 2 5.01%] 2 2.451 2 1.81
Error 12 0.67 |28 O.uly {4 1.10 jLL 243 1 44 1.55
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STAGE OF APICAL DEVELOPMENT ON THE MAIN SHCOT AP&X

Source Harvest 1|Harvest 2 |Harvest 3|Harvest L {Harvest 5
D‘Fo N{o S- Bo E‘. Iﬁn S’. DuF; IVI. Sc D.Fo M-.. So D.F. Mo So
Blocks L 0.07 | L 003 | 4 0.18 | 4 1.20¢| 4 0.26
water (W)| - - 1 0.03 2 0.80 2 2.45 2 0.60
H Rk % L2
Harden n& 1 .05} 1 0.03 ] 1 0.01 1 0.60 | 1 0.26
Variet 1 0451 1 .03 1 6.01 1 3426 | 1 Le26
{V) T s i Wk
W xH - - 1 0.02 2 0,07 | 2 1.85%| 2 0.27
WxV - - 1 0.22%] 2 0.47%| 2 0.72 2 0,07
HxV - - 1 0,02 } 1 0,03} 1 0.27 | 1 0
WxHxV| - =~ 1 0.03 | 2 0.06 1| 2 1.51%| 2 ©
Error 13 0.13 {28 0.03 {59 0413 |59 0.36 |59 0.16
SHOOT DRY WEIGHT PER PLANT (log, mg)
Source Harvest 1|Harvest 2|Harvest 3|Harvest L|Harvest 5
DeFo MoeSe|{DeFe MeSa|DeFo MaSe |DeFe MaSe|DeFo MeSe
Blocks L 034 | 4 072 | 4 .060 | 4 196 | L4 .088
R £ e 8 g B
water (W) | - 1 019 { 2 1.176 | 2 .024 | 2 .057
H By
vHardenin& L0031 1 004 | 1 001 1 020 | 1 .039
Variet{ 1 .006 | 1 002 | 1 016 | 1 .097 | 1 .LO5
v [ WA
WxH - - 1 008 2 031 2 L003 | 2 4007
WxV - - 1 .006 | 2 .001 2 022 | 2 o)
HxV 1 022 1 002 1 <001 1 0 1 080
WxHxV] - = 1 001 2 J007 | 2 L0031 2 .035
Error 122 JO017 128 013 {44 011 {44 013 [uh ,018
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CONTINUOUS WATER STRESS AND GROWTH

Zxperiment 1 (3.2.1)

TOTAL DRY WEIGHT PER PLANT (log, mgj

(1) Harvests 1 to 6 (water-stressed and non-stressed)

(ii)

(1i1)

Source. D.¥. Mo S.
Blocks L 0.009
Harvests 5 T 999k%%
Treatments 1 30, 663%%%
Harvests x -
Treatments 2 3.253%%%
Error Ll U.052

Harvests 5 to 7 (non-stressed and re-watered)

SourQE. DeFo bleSe
Blocks L 0.115
Harvests 2 Dol BT
Treatments 1 32421 Q%%
Harvests x 2 C.128

Treatments
Error 20 0.095
Harvests 5 to 6 (non-stressed, re-watered and

water-stressed)

Source. D.F. Mo Se
Blocks L 0.024
Harvests 1 0. 820%%
Treatments 2 20,073%%%
Harvests x

Treatments 2 0. 347
Error 20 0.087

SHOOT DRY WEIGHT (loge mg)

(1)

Harvests 1 _to 6 (water-stressed and non-stressed)

Source. Dol MeSe
Blocks }4 0.04 6
Harvests 5 g, 665% %%
Treatments 4 394 997%%%
Harvests x ‘
Treatments 5 3o 68246 %%
Error Lh 0.088
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(11) Barvests 5 to 7 (non-stressed and re-watered)

Source. Dele WMo Se
Blocks 4 0.079
Harvests 2 0.687+%%
Treatments 1 20, 891 % %%
Harvests x

Treatments 2 0.122
Error 20 0.123

(1ii) Harvests 5 to 6 (non-stressed, re-watered and
water-stressed)

Source. D.F. MeSe
Blocks L 0.011
Harvests 4 1. 068%
Treatments 2 2. BRH% &%
Harvests x

Treatments 2 0.525
Error 20 O.144

ROOT DRY WEIGHT PER PLANT (loge mg)

(1) Harvests 1 to 6 {water-stressed and non-stressed)

Source. D. P, M. S,
Blocks 4 0.081
Harvests 5 Ge]B1bk%
Treatments 1 17 Olyly
Harvests x s

Treatments 5 24173
Error Ll 0. 049

(ii) Harvests 5 to 7 (non-stressed and re-watered)

source. VeFe M S
Blocks Ll- e 079
Harvests 2 Q.68 7% %%
Treatments 1 20,891 %5 %
Harvests x

Treatments 2 G.121

Error 20 C.058



(1i1)

LEAF
(1)

(11)

(i141)
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Harvests 5 to 6 (non-stressed, re-watered and

water-stressed)

Source. D.Ite fle Se
Blocks 4L 0111
Harvests 1 0.160
Treatments 2 11 .978%*%
Harvests x .

Treatments 2 U.202
Error 20 0.070
DRY WEIGHT PER PLANT (logg mg)

Harvests 1 to 6 (water-stressed and non-stressed)

_E::_(_)_u__:g‘_g_g. p—-’—E—’ M. Se
Blocks L C.021
Harvests 5 3, 38 B H%
Treatments 1 9, 759% W
Harvests x '

Treatments 5 0o 5508% %
Brror Ly 0.065

Hervests 5 to 7 (non-stressed and re-watered)

Source. D.F. Mo Se
Blocks I 0.088
Barvests 2 0.219
Treatments 1 He Bl Oru
Harvests x

Treatments 2 0.149
Error 20 0.084L

Harvests 5 to 6 (non-stressed, water-stressed
and re-watered)

Source. Dele Mo D6
Blocks 4 0o 001
Harvests 1 0.029
Trestments 2 Lo QlO% s
Harvests x

Treatments 2 0.173

EBrror 20 0.095



NUMBER OF EXPANDED LEAVES PER PLANT
(1) Harvests 1 to 7 (water-stressed

197.

and non-stressed)

Sourcee. D.Fe Mo Se
Blocks L 0.039
Harvests 6 8.031%%¥
Treatments 1 6o 281w
Harvests x G o

Treatments 6 O 39l 3
Error 52 0.046

(11) Harvests 6 to 8 (non-stressed and re-watered)

SQurgeo DeFe HeBe
Blocks L 0.031
Harvests 2 0. 059
Treatments 1 Cal181%%
Harvests x

Treatments 2 0.038
Error 20 0,018

(111) Harvests 6 to 7 (non-stressed, water-siressed
and re-watered)

Sgurce. DOiat Bfi. S.
Blocks L 0.032
Harvests 1 0.1386%
Treatments 2 2.6 3390k
Harvests x

Treatments 2 0.039
Error 20 0.021

NUMBER OF UN-EXPANDED LEAVES PER PLANT

(1) Harvests 1 to 7 (water-stressed and non-stressed)

Source. Do X, M, S.

Blocks L 0.029

Harvests 6 5. 069% %%

Treatments 1 16.92L%%%

Harvests x - Oy o o
Treatments 6 2359

Error he 0.035



(11)

(111)
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Harvests 6 to & (non-stressed and re-watered)

Source. LD.1. Mo 8.
Blocks L 0.121
Harvests 2 0.857%
Treatments 1 Ly BO7# %%
Harvests x 5

Treatments 2 0.857
Error 20 0. 223

Harvests 6 to 7 (non-stressed, water-stressed
and re-watered)

Source. D.F. M. S.
Blocks 4 U182
Harvests 1 0.523
Treatments 2 1. 797% %%
Harvests x

Treatments e Oolli9
Error 20 0.137

NUMBER OF PRIMORDIA ON THE MAIN SHOOT

(1)

(11)

Harvests 1 to 7 (water-stressed and non-stressed)

Source. Dei'e MeSe
Blocks L 0.096
Harvests 6 0. 169%
Treatments 1 2o HOlFEE
Harvests x

Treatments 6 0.066
Error he 0.075

Harvests 6 to 8 (non~-stressed and re-watered)

Source. LeFs WMeSe
Blocks L 0.294
Harvests 2 O« 304
Treatments 1 34 296K %%
Harvests x

Tregtments 2 0.067

Error 20 0.118



(iii)
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Harvests 6 to 7 (non-stressed, water-stressed
and re-watered)

Source. D Fo Mo S.
Blocks L 0.096
Harvests 1 0. 169
Treatments 2 2. 59h% %%
Harvests x

Treatments 2 0,066
Error 20 0. 075

APICAL DEVELOPMENT ON THE MAIN SHOOT

(1)

(11)

(1i1)

Harvests 1 to 7 (water-stressed and non-stressed)

Source. D.¥. Mo Se
Blocks I 6.027
Harvests 6 6. 776k#*
Treatments 1 D Bl
Harvests x T

Treatments 6 0. 222%%%
EEEeE 52 1.286

Harvests 6 to 8 (non-stressed and re-watered)

Source. Ligife Bie Se
Blocks L 0.010
Harvests 2 0. 048
Treatments 1 OIS ITI Ly
Harvests x

Treatments 2 0.048
Error 20 0.015

Harvests 6 to 7 (non-stressed, water-stiressed
and re-watered)

SO“rce. DoF: Mo Se
Blocks L 0.024
Harvests 1 0.156%
Treatments 2 1 e223%
Harvests x .

Treatments 2 0.042

Brror 20 0. 021



Experiment 2 (3.2.2.)
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HUMBER OF PRIMORDIA ON THE MAIN SHOOT

Harvest 1 Harvest 2 Harvest 3
Sourcs DuF.  NeS. |DeFe MeS. |DeFe  H.S.
Blocks 4 0.64 - - - -
Water (W) I 39.,77%%% | L4 189.88%%%| L 257,53%%%
Fhotoperiod (FP)| -~ - 1 2.42 1 18 00% %%
Wi x P = = b 0.92 L 24 5EEE
Error 16 O.l45 LO 0.63 Lo 0«35
APICAL DEVELOPMENT ON THE MAIN SHOOT
Harvest 1 Harvest 2 Harvest 3
<
wource DeFo M. Se D.F.  MeS. De¥o  HaSe
Blocks L 0.0u - - - -
Water (W) i 3o 8lmak | L 1 73%5% L 1Ly, 58%%
Photoperiod (P} - - 1 L. 58w 1 L2, 08%%*
W xP - - L 36 3FE%H L 0.08%
Brror 16 0.0L L0 0.55 Lo 0.30




Exgeriment 3

(3e2430)
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NUMBER OF PRIMORDIA ON WHE MAIN SHOOT

Harvest 1 Harvest 2 Harvest 3
Source DuF. HeSe |DeF. MeS. |DeFo  MeSs
Bloeks L 2.13 - = . -
viater (V) 2 BB 27 ew% | 4 63U.69EwE| L4 967.85FwF
Photoperiod (¥) | - - 1 192.58%%%| 1 151.38%k%%
W x P - e Ll- 18-80*% Ll- 20, 53"'
Error 8 1451 LO 3e148 LO 6. 64
APICAL DEVELOPMENT ON THE MAIN SHOOT
Harvest 1 Harvest 2 Harvest 3
BOUSEo DuF,  MeSe DeFe  MeS. DeFe  MeS.
Blocks L 0 = -
Water (W) 2 1.67 i 12,8%=% | L 28,97 %%
Photoperiod (¥} | - - 1 5l O8%%%| 1 35e B2
WxP = . L 2.73 L 14 3%%
Error 8 0 4O 3.40 4o 0. 30
SHOOT DRY WEIGHT PER PLANT (loge mg)
Harvest 1 Harvest 2 Harvest 3
Source DeF.  HoS. DeFe  MoS. DeFe  HaBe
Blocks L 0,070 | L 0.152% L 0.154
water (W) b 1 427k%x| L 6oL 25w L Balyd Otk
Photoperiod (P) | 1 - 1 .04 4 0.05%
Error 36 0.025 36 0,040 36 0. 063
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WATER STRESS AND PHOTOPERIODIC INDUCTION

Preliminary Experiment (3.3.1)
APICAL DEVELOPMENT ON THE MAIH SHOOT

Source. Del'e e Se
Blocks L 0. 587%=%
Treatments 6 0.208
Error 2L e 098

LENGTH OF APEX ON MAIN SHOOT (mm)

Source. D, . MeS.
Blocks L 0.002
Treatments 6 O 065t
LError 24 0003

WATER STRESS AND GENERATION OF FLORAL STIMULUS (3.3.2)

APICAL DEVELOPMENT OF THE MAIN SHOOT

SouUrce . Lele Mo Se
Blocks L 0.480
Treatments 4 6o LiHOw %%
Error 16 0.209
LENGTH OF APEX ON MAIN SHOOT (mm)

Source. D.F. MeSe
Blocks L 0. 0125%
Treatments L O.1175%%%

Error 16 0.0037



WATER STRESS AND TRANSLOCATION GF FLORAL STINULUS

HATHR

APICAL DEVELOPMENT OF TH& MAIN SHOOT

Sourge.
Blocks
water (W)
Time of leaf
defoliation (T)
WwxT
Error

D.F. Mo S.
I 0.005
2 1. 8LGss
2 0. LO5w*%
n 0. 2973 %
32 0. 007

LENGTH OF APEX ON THE MAIN SHOOT (mm)

Source.

Blocks

water (W)

Time of leaf
defoliation (T)

WxT

Error

&
>
&

m. S.
28

0.009%%
0. 095k 5%

0. Ol ¥%

0,01 0%%
0. 001

=

Ly
nNE NN

STRESS AND STABILITY OF FLORAL STIMULUS (3.3.4)

APICAL DHEVELOPMENT OF THE MAIN SHOOT

Source.

Blocks
Treatments
Lrror

n 0.273
15 13, 075
60 0.408

LENGTH OF APEX ON THE MAIN SHOOT (mm)

Source.

Blocks
Treatments
Error

D.F. I\i. S.

L 0. 006
15 04 307%%#%
60 0,012

203,

(3e303)



WATER STRESS AND LICHT INTENSITY

Lxperiment 14

(3.5.1)

204,

NUMBLR OF PRIMORDIA ON THE MAIN SHCOT

Harvest 1 Harvest 2
Source D.F. Mo S D.F. oS
Blocks 9 10.00 g 12.38
Water (W) 1 22h 4 5% 1 518, Lo
Light intensity (L)}| = - 1 19.60
WxL - = 1 10,00
Error 9 10,67 27 18.98
APICAL DEVELOPMENT ON THE MAIN SHOQOT
Harvest 1 Harvest 2
[
= DoFe Mo S D.F. Me Se
Blocks 9 1.80 9 2.45
wWater (W) 1 8.45 1 52,90 %
Light intensity (L) - - 1 0.10
WxlL - - 1 0.90
Error 9 611 27 2¢33
fxperiment 2 (3.5.2)
NUMBER OF PRIMORDIA ON THE MAIN SHOOT
Harvest 2
SOU.I‘CG LY Do }5‘. M. So
Blocks 9 6.72
wWater (W) 1 216,235 %%
Light intensity (L) 1 112,23%%%
"fq' x L 1 2002
krror 27 3.58



Experiment 2 (3.5.2) (cont.)

APICAL DEVELOPMENT ON THE MAIN SHCOT

Harvest 2
Sgurc » Delts y}_o__&o
Blocks 9 Ue21
Vater (W) 9 G40
Light intensity (L) 1 OeGO%
WxL 1 010
Error 27 0.18





