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SUMMARY

The experiments in this t.hesis r,.rene conducted to investigate

the response of barley genotypes to moisture stress. The stresses were

applied to seedlings by flooding the rooting medium with polyethylene

glyco1 or by withholding water and to older plants by withholding water

at specific stages of development. The study aimed to determine if

speciflc plant characteristics, particularly ability to accumulate

proline, could be used as a tool to select cultivars resistant to stress.

The first two experiments stressed twenty genotypes at the

three-leaf stage by flooding the rooting medium with polyethylene

gl.ycol for 72 or 144 hours. In neither experiment did Xylem Inlater

Potential, Y(xy1em), fall or free proline increase as rapidly as predicted

from other studies. Genotypes differed in Y(xylem) and free proline at

the conclusion of stress in the first experiment but only for Y(xylem) in

the second. Variability associated with Lhe measurement of proline v,¡as

very high. The proline accumulated by lhe various genotypes in these

experiments did not agree with the resul-ts reported by Singh et aL. (1973d)

but this may have been due to differences in the exclusion of the osmoticum

over the extended stress period. Ability to accumufate proline was not

related to leaf survi-va1 or to any measure of recovery.

Proline accumulated to high levels in the two experiments where

stress was imposed on seedlings by withholdlng water. These experiments

suggested thal genotypes differed in their ability to accumulate proline

and that the variability associated with proline measurentent was due to

differences in the time at which accumulation commenced. Proline

differences vJere related to performance during stress but not to the

recovery on the relief of stress. Proline levels did not fal-I over the

five day recovery peri-od, however, so it could not have served as a

source of cartron or nitrogen over this period. Genotypes also differed
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in water status at the conclusion of stress in these experiments.

The differences vlere a real effect and not an interaction wi-th method

of measurement as, in one experimenf-, V(xylem) and ReJative i,'iater

Content (Rl^lC) were related (r = 9.791(r( for n = 10). The differences

in water status were related to leaf area, stomatal density and post-

stress recovery.

Stress was appli-ed to older plants to coincide with specific

developmental periods (jointing, pre-anthesis or post-anthesis) or for

specific periods of development. Stress was imposed by withholding water

until soil water potential had fall-en lo -15 bars but in some treatments

stress was only for a single cycle while in others it was cyclic.

Genotypes generally differed in Y(xylem) but the differences were not

related to those in the seedling experiments. They also varied for free

proline content but these differences vrere also not related to the

seedting experiments. Measurement of genotype reaction to stress at the

later stages was complicated by problems of escape, avoidance and poor

yield performance of the unstressed plants of the late maturing genotypes.

Important yield component responses were the late tillers which formed

on the relief of stress before anLhesis, tiller mortality in post-anlhesis

stress and percentage of fertile fforets which was important in harvest

index and grain yield responses. No particulan component, however, vlas

signÍ-ficantly more important than the others in determining genotype

response to stress at any stress stage. Neither I^Ias V(xylem) non free

proJ-ine impor'tant in determining genotype response to stress after

removing the influence of anthesis dafa.

Genotypes varled in the efficiei-rcy wÍ-th which they used water

bo procluce dry mat.ter. These diffenences were maintained across

experiments. They also varied in the efficiency with which they used

water to produce grain. This character was not as stable across water

treatments or experiments but genotype ranking tended to remain relabi.vej-y
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stable. No measured character was related to lrlater Use Efficiency for

either dry weight or grain yield but these characters could be important

in determining production in dry environments. tr^Iater Use Efficiency for

grain yie1d, however, could only be used in the sel-ection of parental

material or in the later stages of the evaluation of potential cultj-vars

as it would be difficull to measure in large populations.

lthile ability to accumulate proline was apparently related to

production during a period of stress in the seedling experiments, it did

not describe significant amounts of the vari-ability in resistance to

moisture stress in the experiments with older plants. This may have been

due to the diffiiulty in controlling escape and avoidance mechanisms j.n

these experiments. It is suggested that the most successful means of

determining the usefulness of this character in selecting cultivars

resistant to moisture stress would be to develop near-lsogenic lines and

then compare their performance when stressed.
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1. TNTRODUCTION

Moisture deflcit stress is an important yield limiting factor

in Australian cereal growing where the envj-ronment is characterised by

erratic rainfall which can be limiting for crop growth at any time during

the growing season (Sparrow, 1977). A cereal cultivar bred for thls

environment should be able to capitalise on favourable seasons and al-so

produce relatively high yields of good quality grain when moisture is

limiting.

Cereal breeding prograrunes generally select for adaptability

to this region by testing lines over years and sites in the hope that

the sampled environments wiII cover the range to be expected. The choice

of this breedlng method is dictated by poor definition of the

physiological and morphoJ-ogj-cal characters required by the ideal cultivar.

In particular, no general hypothesis exists that defines the

characteristics required by genotypes resistant to moisture stress or the

way that such resistant genotypes would react when moisture is sufficient.

Characters which have been proposed incl-ude early maturity, rootlng depth'

stomatal size and control, heat tol-erance and, more recently,

physiotogical characteristics such as chloropyll stability and ability to

accumulate proline.

This study aimed to investigate the response of a group of barley

genotypes to moisture deficit stress at vanious growth stages and to try

to rel-ate some of the plant characters to the responses obtained. It was

particularly stimulated by the work of Singh et af. (1972) which suggested

an association between ability to accumulate proJ-ine and performance

across environments including some that were moisture deficient.
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2. LITERATURE REVIEV'I

2.1 Introduction

I'later is required for all plant growth. A shortage of water

is reflected in many plant processes (Levitt, 1972; Hsiao, 1973) and

inevitably in reduced growth, or death if the shortage is sufficiently

severe. Most agricultural regions experience periods of drought

(Laude, 1971) and drought resistance has been included in the aims of

breeding programmes for many crops including rice (IRRI, 1975 ), wheat

(Hurd, 197 1 ) and barleY.

Selection for drought resistance is often hampered by the

unreliability of the occurrence of drought periods. Laboratory tests

for the character would be useful, at least in reducing the population

size to be tested under field conditj-ons (Hurd, 1971\. The identifi-cation

of plant characters which might be used in such tests has been limited by

poor definition of water status (Sulllvan, 197 1 ) or the failure to

understand the complex nature of drought resistance (Levitt, 1972\,

The first part of this review considers the definition of water

stress and the measurement of water status. The influence of water stress

on many aspects of plant growth and metabolism is then discussed. The

final section deals with resistance to water stress, its definitiont

measurement and associated plant characleristics.

2.2 Denifition of lrlater Stress

Levitt (1972) attempted to define bioJ-ogical stress in terms

analagous to physical stress and strain. Thus biol-ogical stress was

defined as trany environmental factor capable of inducing a potential-ly

injurious strain in living organismsrt. Since stress due to a deficiency

of water is more common than that due to excess, water deficit stress is
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commonly referred to as water (or moisture) stress. It is not necessary

that physical definitions should apply to the biologicaì- sysbem but

Taylor (1968) proposed a similar definibion without consideration of the

stress and strain theory of physics - frwhenever the condilions of water

are unfavounabl-e to optimum plant growth, the plant is said to be under

water stressr'. Both definitions imply that water stress is measured in

terms of water status and is recognised in terms of plant reaction to

that water sLatus.

2.3 Measurement of !'later Status

lllater status can be measured in both the soÍl and the plant.

Measurement of plant water status is more valuabl-e in the study of

plant reaction to water stress (S]-atyer, 1967) and the failure to do

so has limited progress in this field (Sullivan, 1971).

l'later Potential

Slatyer and Taylor (1960) outlined the case for using water

potential as a measure of water status in pÌants and this has become

the most widely accepted measure (Boyer, 1969; Hsiao, 1973). The

concept of water potential was developed in response to the rreed for

a unified terminol-ogy, describing the physical state of water in the

soil-plant-atmosphere system (Slatyer and Taylor, 1960; Taylor and

Slatyer, 1961). The chemical potentj-al of water in the multi-component

system containing inert solids, reactive solids, solutes, gases and

water is the partial Gibbs free energy of the water in the system

(Taylor, 1968). It is besl understood as the capacity of the water

to do work, i.e. to move from a higher to a lower potentia.l energy

(Taylor and Slatyer, 1961; Kramer, 1969), -vnlater potentiat (Yw) is

defined as the difference in the chemicaf potential of water in a system

and pure free water at atmospheric pressure and the same temperatune
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(Taylor and Slatyer, 1961). Since differences in temperatune have a

complicated effect on V", they should be avoided during evaluation

(Taylor, 1968). !,later potential is often quoted in pressure units

(usua1ly bars) which are obtained by dividing energy units by the

parti-al molal volume of water (Slatyer, 1967).

Total water potential can be expressed in terms of 1ts

component potentials (Taylor and S1atyer, 1961; Boyer, 1969).

Y* is gravitational Potential'

Y" is solute (osmotic) Potential'

Y* is matric Potential'

YO is turgor Potential.

The gravitational potential is important in water having

considerable vertical extent, such as waler in trees, but is usually

negligible for cereals (Boyer, 1969), Both osmotic and matric forces

reduce potential and are therefore negative. Distinguishing between

osmotic potential due to dissolved solutes and matric potential due to

adsorption and surface tension is often difficult, particularly at l-ow

water potentials (l'lilson, 1967), but the contribution of mati'ic potential

is frequently considered to be negligible (Barrs, 1968b). Turgor

pressure is normally a positive hydrostatj-c pressure in the cell.

As water becomes limiting and total waler potential falls, turgor

potential also falls rapidly. !üilting is a visible sign of low turgor

potential in the plant (Slatyer, 1969),

Many methods have been used to measure Y" (Barrs, 1968b;

Sullivan, 1971) but fhe thermocouple psychrometer has sleadiJ.y gained

popularity in recent years and is accepted by many as Lhe standard for

v" measurements (Sullivan, 1971). The thermocoupJ-e psychnometer requires

strict control of temperature (Barrs, 1968b) and for this reason i-s not

Y =Y +Y +V +Y--vü-gsmp
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readil-y adapted to field studies. Dewpoint hygrometers (Baughn and

Tanner, 1976) have overcome this problem to some extent, but the

pressure chamber has often been used for field studies because it

can handle a relatively Iarge number of samples and is inexpensive.

First used by Dixon (1914) and Haines (1935)' the pressure

chamber was widely accepted only after the work of Scholander eË a-2.

(1964; 1965; 1966). It has been used for many species (Boyer, 1967;

De Roo, 1969). Since the effect of pressure is thermodynarnically

equivalent to that of solutes and other components of the total water

potential, the pressure chamber can be used to give an approximation

to water potential. A leaf (or petiole) is cut from the plant and

sealed in the chamber so that only the cut end emerges. Compressed

air or nitrogen is let into the chamber and the pressure at which the

meniscus returns to the cut end is equal and opposite to the tension

in the leaf before it was excised (Barrs, 1968b). This is usually

referred to as xylem water potential. The pressure is related to water

potential by:

where Y

Y" = Y(xylem) + Y"(xylem), (Boyer, 1969),

is the water potentlal, V(xylem) is the negative component of
!,I

water potential in the cell sap which is measured as a posilive pressure

in the chamber and Y" (xylem) is the osmotic potential of solutes in the

xylem sap.

V"(xVlem) is usual-ly low and can be ignored, although it can be important

in saline conditions (Scholander et aJ., 1966; Boyer' 1967). Since

pressure changes in proportion to the Kelvin temperature, measurements

are relatively insensitive to temperature so the pressure chamber is

suited to fiel-d use (Boyer, 1969).

The pressure chamber technique has been compared with

thermocouple psychrometry for a number of species (Boyen, 1967; De Roo,

1969; Barrs et a7., 1970; Frank and Harrì-s, 1972) and with the dewpoint



6

hygromeler in five species (Baughn and Tanner, 1976). Agreenent was

generally satisfactory but the relationship does vary with species'and

physiologicalage.lrlhereabsolutemeasurementsareimportantthe

pressure chamber should be calibrated with the psychrometer but this

may not be necessary when comparison of values within an experiment is

all that is required (BoYer, 1969) '

I'later Content

tüater potential has not been measured in all studi-es of plant

water deficit and many have recorded water content directly' The most

acceptable method of measuring water content is as a function of water

content at full turgidity (Slatyer , 196T). Relative hlater content (nldc)

has been defined as:

(fresh weight - dry weight) x 100
(!ùeatherley, 1965)R!üC = (fully turgid weight - dry weighb)

Belative l,later content, formerly called Relative Turgidity (!'leatherley'

1950) is measurecl in a simitar way to the I'rtater Deficit (!'¡D) of Stocker

(1928) except R\¡IC = 100 - I¡ID'

The technique of measuring RWC has been refined many times

(Barrs and !üealherley, 1962; Catsky, 196.5; Barrs, 1968b; Hewlett and

Kramer, 1963). Futly turgid weight is obtained by floatlng tissue'

usuallyleafdiscs,ondistllledwater.Dryweightlossdueto

respiration is minimised by using a short flotation time, usually 4

hours (Barrs and l,leatherley , 1962) , with a compensating light intensity

(Barrs, 1968b). Since the turgid water content of the leaf discs is

affected by the temperature and humidity at which they are floabed

(Í,lerner , 1954) , they shoutd be treated at constant temperature and in

closed petri dishes.
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The relationship between RWC and Y" may change with plant

âgêr part of plant, season, species or previous stress (Slatyer, 1969b;

Jarvls and Jarvj-s, 1963; Knipling, 1967; Jones and Turner, 1978) and

this must be considered where Rl^lC is used to estimate Y . !ùhile the
w

components of water potential are important in governing physiological

response to water deficit, the relationship between RWC and Y" (termed

the moisture release curve) may be a useful- indicator of physiological

change. Jones and Turner (1978), for example used this relationship as

part proof of osmotic adjustment as a result of prior stress.

2.4 Effect of lrlater Deficits on PhvsioloEical Processes

Growth and development of plants is the result of many

interconnected processes and it is difficult to isol-abe the influence

of lowered water status on the individual processes. Growth, for

exampler may be restricted by the direct influence of water deficit

on cell. elongation or division or indireclly through the disruption

of carbohydrate or nitrogen metabol-ism. Metabolic processes, on the

other hand, may be inhibited by restricted growth.

Plant Growth

One of the first processes to be affected by mild stress is

cell enlargement (Hsiao, 1973). Leaf elongation in maize, soybean,

sunflowers, cotton and Ticia sp. was reduced at leaf water potentials

below about -2 bars and all- growth ceased when water potential fell

below -4 to -12 bars (Boyer' 1968; 1970a; 1970b; Shin and Lemon, 1968;

Lawlor, 1969; Acevedo et a7. , 1971). Elongation appears to be dependent

on turgor pnessure (Vaadia et aJ-.,1961; Cleland,1971). Mild stresst

while delaying elongation, appears to have little permanent effect.

Re-watering of very miIdly stressed maize resulted in virtually inslant

leaf efongati-on (Hsiao et a7.,1970; Acevedo et a7., 1971) with no net
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loss of size compared to the well watered controÌ. Green et al'.

(1g71) showed that for Nitell-a a critical turgor must be exceeded

before irreversible cell enlargement can occur. Evidence for a

critical value has also been found with soybean, wheat and rye (Green

and Cummins, 1974).

cell wal1 synthesis is also slowed by mild stress (Ordint

1958;1960) but this is probably due to feedback inhibition triggered

by reduced elongation (Hsiao et a7-, 1970\.

Cell. division is affected by mild stress (Gardner and Nieman,

1964) but is has been widely held that it is not as sensitj-ve as

elongation(VaadiaetaJ.,1961;Slavik,1966;Gates,1968;Slatyen,

1969l Cleland , 1971). This view is based on the evidence that ceII

number is frequently of the same order in stressed plants and controls

(Maximov, i929; Petinov, 1965) and may explain the rapid growth following

stress relief (Gates, 1955ai 1955b; Petrie and Arthur, 1943, Hsiao et a7',

1g7O). Gardner and Nieman (1964), however, showed that the DNA increase

in cotyledonary leaves of radish was reduced by 60% as Y* fell from 0 to

-2 bars. Since ceII number is usually closely related to DNA content

(Nieman and Poulson, 1962), ceI1 division would appear to be at least

as sensitive to water stress as is elongation, but unlike elongation'

division continued at a slow rate until- severe conditions existed'

C1ough and Milthorpe (1975) demonstrated that cells of developing

tobacco always divided at bhe same size so elongation and division are

probably closelY rel-ated.

These effects of mil-d stress on ceII elongation and division

may not be important for growbh while there is an opportunity for

recovery at night (Hsiao et a7., 1970) when turgor potential may

increase (Slatyer, 1969). ff stress is sufficiently -severe, hovtever'

or extends for a long period the reduction in feaf area resulting from



9

reduced elongation could be important in restrÍcting assimilation by

the plant (Fischer and Hagan' 1965) '

The properties of Nite-Z-za ceÌl-s changed during a prolonged

stress period and this allowed the resumption of growth at low turgor

potentials (Green et a7., 1971). Once turgor pressure has faIlen to

zero the most likely mechanism that can restore growth is osmoregulation'

a decrease in cell Y" to the extent that Yo becomes positive.

osmoregulation, or osmotic adjustment, is now weII recognised

as a process which allows plants to adjust to salinity (Bernstein, 1961;

stewart and Lee, 1974). It has not been accepted as an important

phenomenon in water stressed plants (Hsiao, 1973) although recent work

has suggested a role for osmotic adjustment in maintaining the turgor

of crop plants subjected to water stress (Begg and Turner, 1976; Hsiao

et a7. , 1976). Jones and Turnen ( 1978) provi-ded evidence for osmotic

adjustment in sorghum but suggested that there may be species differences'

Carbohyd rate Metabolism

Photosynthesis is reduced by water stress (Ashton, 1956; Brix'

1962; EI Sharkawy and Hesketh , 1964). Many studies suggest that stomatal

closure, by restricting carbon dloxide diffusion, is the dominating

infLuence on photosynthesis (Brix, 1962; Barrs, 1968a; Boyer, 1971a;

Jonesrlg13;HsiaoandAcevedo,lgT4)'Non-stomataleffectswere

important at mild stress levefs in studies with tobacco (Redshaw and

Meidner , 1972) and sunflower (Keck and Boyer, 1974) but were not

important in cotton (Troughton, 1969) ot" soybean (Boyer, 1970b) until

Severe stress level-s were reached. There is some evidence for a

criticat water potential above which photosynt'hesis is not affected

(Brix, 1962; Hsiao' 1973).
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Many studies have also shov¡n a critical threshold value of

Ieaf V, or RhrC above which leaf resistance, and hence stomatal opening,

remained constant (Sanchez-Diaz and Kramer, 1971; Turner, 1974i

Parameswaran, 1975). The actual value varied with the species

(Sanchez-Diaz and Kramer, 1971; Turner, 1974), genotype (Henzell et a7',

19T6) or environment (Jordan and Ritchie, 1971i Brown et aJ'', 1976)'

Values of Y, for stomatal closure have varied from -7 bars for tomato

(Duniway, 1971) Lo -2O bars for sorghum (Turner, 19741. Turner also

found that the turgor potentials at stomatal closure in tobacco, maize

and sorghum were similar, while the leaf water potentlals r¡Iere quite

different.

An after-effect of stress on stomata has been reported

(Stalfelt , 1955; Milthorpe and Spencer, 1957; Glover, 1959) ' the stomata

failing to open when the stress was rel-ieved. Fischer et a7' (1970)'

working with tobacco, found most of the after-effect disappeared after

one day but there v¡as a residual effect until the fifth day. It was

greater in tobacco than in Vicia faba. The after-effect of stress on

stomata is probably the reason for the reported after-effect on

photosynthesis (Schnej-der and Childers t 1941; Upchurch et a7., 1955;

Ashton, 1956),

Stomatal closure results in increased leaf temperature and

this has been i-mplicated in some plant responses to water stress (Henckel,

1961; Crafts,. 1968). The actual- rise in temperature will depend on the

environmental conditions, radiation foad and heat transfer coeffici-entt

but for most situations the temperature rise has been calculated or

measured to be only a few degrees (GaIe and Hagen, 1966). This woul-d be

unlikely to timit many plant processes (Hsiao, 1973).
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Non-stomatal effects on photoslr¡¡hesis may be due to greater

resistance to co, movement from the intercellular space to the

chloroplasts or Lo altered activity of the chloroplasts (Hsiao and

Acevedo, 1g74). In sunflowers' there is reduced activity for electron

transport in the chloroplasts of stressed tissue (Boyer and Bowen, 1970;

Keck and Boyer , 1974), while the Hill reaction appears quite resistant

to stress (Sullivan and Eastin, 1974).

Respination is also slowed by severe stress (Ilsiao, 1973;

slatyer , 1973), but the effects of mild stress are not cl-ear. Some

authors have reported an initial increase in respiration rate when

stress is imposed gradually (Stocker, 1960) followed by a reduction

(Heath and Meidner, 1961; Brix, 1962). I'lhen stress is imposed quickly,

the initial increase may not be observed (S}atyer, 1967).

l{ith increasing water stress, changes in the balance between

photosynthesis and respiration are complex and may be affected by other

plant processes. It is possible, for example, that growth reductions

could lead to an inhibition of photosynthesis through reduced sink

strength, slower translocation and accumulation of assimilates at the

source (l{ardlaw, 196T i 1969) resulting in feedback inhibition of photo-

synthesis (Burt, 1964). This chain of events is not universal' however'

as Johnson and Moss (1976) did not find reduced transl-ocation as a

result of stress and !,lardlaw (1969) found no evidence of feedback

inhibition of photosynl-hesis. Thus the situation is complex and

probably varies with many facbors such as non-stress growth rates,

sink strength, species and environment (Johnson and Moss, 1976) '

An increase in the sugar content of l,he leaves at the expense

of the starch content when stress j-s severe has been reported (I]iin'

1957i Stewart, 1g71), although this has not always been observed

(v,ladleigh and Ayer , 1945;'i,,loodhams and Kozl-owskÍ ' 1954) . Such an



12.

increase in sugan content has been attributed to increased amylase

activity (spoehr and Malner, 1939) or decreased invertase activity

(Marranville and Paulsen, 1970). Hsiao (1973) disputed the former

explanation as the sugans resulting from amylase activity would be

glucose and fructose, not the sucrose normally found. Hiller and

Greenway (1968) found that the increased sugar content probably came

from increased synthesis and not from starch hydrolysis' It has been

suggested that this increase in sugar content is a drought tolerance

mechanism, acting to protect proteins from loss of the water of hydration

(Maximov, 1929; Parker | 1972).

Nit and Nucleic Aci-d Metabolism

Most studies have shov¡n a decrease in -the protein contenl of

stressed tissue (Shah and Loomis, 1965i Stutte and Todd, 1969), although

Chen et a-2. (1964) found an initial increase in stressed citrus seedlings

followed by a decline and then another increase. Singh et al'' (1973c)

found that the protein content of barley seedlings stressed with

polyethylene glycol of -20 bars osmotic potential increased at a

declining rate for the first 20 hours, remained constant for the next 20

hours and then decreased. Reduced protein content may be due to either

increased hydrolysis or reduced synthesis. Hydrolysis does increase with

stress (Petrie and !,lood, 1938) ¡ut usually onJ-y at severe stress Level-s

(Lahiri and singh , 1969). Protein synthesis may be reduced ab mild

stresslevels(HsiaoandAcevedo,lg74)andstressed,orpreviously

stressed, tissue has a reduced capaclty to incorporate labelled amino

acids into proteins (Barnett and NayJ-or, 1966; Ben Zioni et a7', 1967) '

Ribonuclease activity increases in severely stressed tissue

(Kessler , 1961 ) and lhis probably explains lhe reduced fevel-s of RNA

(Gates and Bonner, 1g5g). This decrease in RNA is accompanied by reduced

protein synLhesis (Chen et aJ.., 1968) and injury and senescence (lrryen

ex a7. , 1969) .
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Reduced protei-n synthesj.s is probably associated with an

increase in the proportion of inactive ribosomes al the expense of

active polysomes (Bewley , 1973). This has been attributed to the

increased activity of ribonuclease (Genkel et a7',1967i Sturani et a7"

1968; Bewley, 1973) but this explanation is not supported by recent

evi-dence which has shov¡n a lack of correlation between the increase ln

ribonuclease activity and the decrease in numbers of polysomes (Hsiaot

1gT3; Dhindsa and Bewley, 1976). Polysome loss may rather be due to

polysomes failing to re-initiate after the ribosomes have run off the

RNA (Dhindsa and BewIeY, 1976).

Earlier reports of altered base ratios in the nucleic acids

(Kessler and Frank-Tishel , 1962; !'lest , 1962) have not been supported

(Hsiao, 1973) although a change in the type of protein in stressed Àvena

coleoptile ce}Is v,Ias reported by Dhindsa and Cleland (1975) '

Thereisnogeneralpatterninthereactionofenzymesto

water stress (Todd , 1g72\. Certain enzymes such as nitrate reductase

(Huffaker et a7., 1970) are very sensitive to the effects of mild stress'

while others, such as ribonuclease and amylase are resistant and may

increase in activity. The sensitive enzymes may be those with a very

short life that ane quickly influenced by a general reduction in protein

synthesis (Hsiao' 1973).

Proline Accumulation

Atong with the reduced protein synthesis induced by water

deficit, the amino acid content of the plant also changes (Kemble and

MacPherson, 1954; Petinov and Berko, 1965; Savitskaya, 1965i Singh

et a7., 1973c). The most dramatic change in the water stressed t'issue

of many species is an accumulation of proline (Barnett and Naylon' 1966;

Routley , 1966; Stewart et a7. , 1966; Singh eX a7., 1972). Free proline

content lncreased hundredfold in stressed tissue of barley and even larger

increases vrere neported in radish (Chu, 1974) '
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protine accumulates in every part of stressed plants of many

species in response to a water stress (Barnett and Naylor, 1966;

Thompson et aJ., 1966; Singh et aJ-, 1973c) and it disappears when the

stress is relieved (Singh et a7., 1973c). It does not generally

accumulate in excised roots or in isolated apical meristems (Stewart

et a7., 1966; Singh et aI., 1973b), an indication that proline is

translocated throughout the plant. It was thought that proline

accumulated only in green leaves in the light but it also accumulates

in etiolated leaves fed sugar (Stewart et aL., 1966) and in osmotically

stressed Jerusal-em artichoke tubers (!'lright et aL., 1977). Accumulation

may depend on a suitabl-e suppl-y of proline precursor and respiratory

substrate as the tubers of Jerusalem artichoke are rich in arginine

which is lhe .source of carbon for proline formatj-on (Wrench et a7',

1977) and in fructosans to supply energy.

The mechanism of proline accumulation is still the subject of

study. It apparently commences to accumulate al negative potentials

greater than those which result in reduced leaf elongation (Chu, 197+)

but bhe v at which accumulation of proJ-ine commenced varied from abouL -7 Lo
w

-g bars in barley (chu et a-2., 1976; Hanson et a7., 1977) to lower than

-20 bar in sorghum and sunflower (V'laldron et a7., 1974'). ll probably

accumulates in response to changes j.s osmotic rather than turgor potential

(Chu, ig74). It accumulates both as a result of protein hydrolysis and

of enhanced proline synthesis (Stewart, 1972), although the latter is

most important (Kemble and MacPherson, 1954; Boggess et a7., 1976a).

proline synthesis during stress requires oxygen (Thompson et a7- , 1966).

Noguchi et al-. (1966) suggested fhat Iight vlas essential for proline

formation in tobacco reaves, but Singh et a7' (1973b) found that detached

barley leaves did not require light to form proline when supplied with

precursors for proline formation. The relation between the presence of

green tissue ancl the capacity to accumulate proline may t¡e due to
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compositional differences in the tissue (!'lright et a7' ' 1977) and

neither chlorophyll nor functional chloroplasts $Iere essential when

precursors vùere supplied (Singh et a1', 1973b) '

The biosynthetic pathway fon proline formation has been studied

in micro-organisms (vogel and Davis, 1952) and higher plants (Noguchi

et aI., 1966). In micro-organisms, proline is reversibly formed from

glutamì.c acid via glutamic semialdehyde (Figure 1a). Glutamic semi-

aldehyde may also be an intermediate in the formation of ornithine

(Morris et a7.,1969). The ring closure from glutamic acid to

Atpyrroline-5-carboxylic acld (P5C) occurs spontaneously and this

compound is the most likely intermediate between glutamic acid and

proline in plant tissue (Figure 1b).

The route to proline accumulation may be species dependent'

however, as in barley i-t is predominanbly via glutamate and not

ornj-thine or arginine (Boggess et a7., 1976a; Stewart and Boggess'

1977) while the latter two may be important precursors in bean or

Jerusalem artichokes (Stewart and Boggess , 19TT; Wrench et a7', 1977) '

Accumulation of proline ì-n barley apparently occurs as a

result of increased synthesis and also reduced oxidation. Huber (1974)

suggested that abscisic acid and salÍnity induced proline accumulation

in pennjsetun resulted from increased P5C reductase activity during

stress. This is unlikeJ-y, however, as there is sufficient P5C reductase

activity in unstressed tissue to account for the accumulation of much

higher levefs of proline (Boggess et a7., 1976a) and the stimulation of

proline synthesis probably occurs via increased P5C formation. This

increased synthesis is accompanied by a loss of feed-back inhibibion in

stressed tissue (Boggess et a7- , 1976b).



Figure 1.

a) Biosynthetic pathway to proline and ornithine from

glutamic acid in nicroorganisms'

b) Probable pathway for proline forrnation from glutamic

acid in barleY P1ants.
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Proline oxidation (proline to glutamate) is reduced to

negligible rates as a result of water stress (Stewart et a7., 1977).

This inhibition apparently does not involve the activity of P5C

dehydrogenase but rather is associaled with an oxidative step l-ocated

on the mitochondnia (Boggess et aJ., 1978). It is possible, therefore,

that proline synthesis, which occurs in the cytoplasmr mâV be spatially

separated from proJ-ine oxidation, which takes place in the mitochondrion.

Plant Hormones

lrlater stress reduces the supply to the shoot of cytokinins

originating in the roots (Itai and Vaadia, 1965; 1971; If,aí et a7. '
1968). There are some reports where this has not occurred (Mizrahi

et a7., 19Tü, probably because stress was not severe (Hsiao, 1973).

Itai and Vaadia (1965) suggested that some metabolic effects and

premature senescence of stressed plants may be due to such a reduced

supply of cytokinins to the leaves. Kinetin treatments of slressed

tissue partially restored protein synthesis (Sfrafi and Loomis, 1965i

Ben-Zioni et a7., 1967).

Abscisic acid (ABA) accumulates dramatically in the leaves of

wiltlng plants (Livne and Vaadia, 1972). !'trighb (1969) noted an increase

in witted, excised wheat leaves after two hours and a forty fold increase

after four hours (Irrlright and Hiron , 1969) . Accumulation was also

demonstrated in the leaves of slnessed, intact plants (Milborrow and

Noddle, 1970; Mizrahi et aJ., 1970; Most, 1971; Zeevaart, 1971). The

accumulation of ABA in sugar cane occurred prior to wilting (Most, 197'1)

and in tomato and wheat resulted from de novo synthesis and not merely

release from a bound form (Milborrow and Noddle, 1970).

ABA accumulation, or posslbly the ABA-cytokinin balance has

been suggesLed as an important stomatal control- mechanism (Mizrahi ex a7-,

1970; Tal- and Imber, 1971i l,ivne and Vaadia, 1972). Exogenously a.pplied
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ABA inhibits stomatal opening (Cummins et aJ,r 1971; Kriedemann et aJ.,

1972). Similar1y, exogenous cytokinin applications caused stomatal

opening (tut<e and Freenan, 1968; Pallis and Box. 1970; Cooper et a7.,

1972; Kirkham et al., 1974). Cooper et al-- (1972) reported

statistical interaclions between cytokinins and ABA at concentrations

of l0-5 to lO-6¡¡. on stomatal opening as measured by transpiration rate

Ín barley. They suggested that this response may be confined to grasses

as Tucker and Mansfield (1971) found no influence of kinetin on stomata

in Connelina communis. Hsiao (1973) questioned the role of hormones in

stomatal cl-osure, particularly cytokinins, as stomata of many species

and younger leaves do not respond (Luke and Freeman, 1968; Livne and

Vaadia, 1972). lfhile hormones may not be directly responsible for

stomatal closure in response to 1ow water status, they would reinforce

the response and may be involved in the changes which occur following

closure.

It is also possible that ABA or cytokinin are assoclated with

the after-effect of stness on stomatal aperture. Allaway and Mansfield

(1970) considered the after-effect was due to the accumuLation of an

inhibitor or the deficiency of a substance which pnomotes stomatal opening.

The suggestion that the two hormones act in this respect (Livne and

Vaadia, 1972) has yet to be tested

Applications of ABA to leaf tissue have resulted in the

accumulation of proline in barley (Aspinall et a1., 1973) and Pennisetum

(Huber, 1974), Both compounds accumulate in the plant during a period

of water stress, but a direct refationship belween them has nol been

established.
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2.5 Effect of l¡'later Deficit on Cereal Grain Yield

In the cereal plant, water deficit acting through the several

effects on metabolism so far described has the general effect of

reducing plant growth and hence biomass. The general reduction in. growth

may reduce grai-n yield bub water deficit may also reduce grain yield

directly through specific effects on one or more of the components of

yield.

Grain yi-etd can be considered as the product of nrultiplicative

components. These have been separated in various ways, but they are

basi-ca11Y a combinati-on of :

1. Number of Plants Per unit area'

2. Total number of tillers per plant'

3.Proportionofthetotaltillersthatsurvivetosetgrain.

4. Total spíkelets per fertile tiller'

5. Proportion of total spikelets that set grain'

6, I'leight Per grain '

In cereals, like wheat, that have more than one floret per spikelet, the

additional component is the total number of florets per spikelet'

!,later stress at any growth stage affects that part of the

plant growing most rapidly at the time ana trrus the associated component'

of yield (Aspinall et a7., 1964). SLress during tilter formation, for

example, has its greatest effect on the number of tillers, but this can

influence the later formed components, even after stress relief, through

correlated responses (Grafius t 1969) '

The number of plants per unit area is sensitive to stress but

has been relativel-y neglected as an area of work because crops are not

normally sov¡n until there is suffici.ent water to allow germination'
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Tillering is suppressed during stress, but followÍng stress

relief there may be a large temporary increase in tiller emergence

(Aspinall et a7., 1964). The increase in tillering may not occur in

the field to the same extent as in pots but this aspect requires further

study, as it has been noticed in the field in some situations (Sparrow,

lgTT). Little information exists on the influence of stress on tiller

mortality.

Husain and Aspinall (1970) showed that slight water stress in

barley reduced the rate of initiation of floral primordia, but upon stress

relief there vlas a period of rapid initiation. Since the number of

spikelets per spike in barley is determined by the rate of primordium

initiati.on relative to the rate of fl-oral- development (Nicho1ls and May'

1963), stress reduced the final number of spikelets per spike as

development conlinued at stress levels that completely inhibited

initiation.

There appears to be a particul-arly sensitive period in the

growlh of cereals just prior to anbhesis when stress has a great

influence on yield (Salter and Goode , 1967; Fischer, 1973). This

sensitivity has been associated with male sterility caused by an

inhibition of meiosis or subsequent micrpsporogenesis (Skazkin and

Zaradskaja, 1957i Bingham, 1967). This sensitivity would be demonstrated

by a lower proportion of fertile fl-orets but this component is not

often measured and the effect is usuall-y recognised as reduced grain

number per spike. Stress at anthesis can markedly reduce fertilization

and grain-set in most cereals (Slatyer, 1969 ) Uut mai-ze seems to be the

most sensitive crop (Robins and Domingo, 1953).

Aspinall (1965) studied lhe infl-uence of stress on grain

growth in bartey. Grain weight may be reduced by stress after anthesis.

Stness early in the period of grain growth may limit final grain sízet
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even though well watered conditions are resumed beflore the completion

of grain filling. Stress may also reduce the period for grain filling'

Ï,lhere stress continued over the lthole period of grain fillÍngr grain

'wei-ght was reduced in studies reported by Salber and Goode (1967], '

tleight per grain is an Ímportant component j-n studies of water stress

because it is the final process in yield formation and there can be no

compensation for reduced grain weighl (Fischer, 1973). Grain growth is

also occurring at a time of maximum drought likelihood in many environments

(chinoy , 1962). Reduced grain weighb as a resutt of water stress has

been attributed to a decline in the area of photosynthetic tissues after

anthesis (Fischer and Kohn, 1966) but translocation out of the leaves

may also be reduced, thus lowering the supply of assimilates to the

grains from this source (V'lardlaw, 1967) '

The possible existence of a critical period when stress has

a major influence on yield has 
,already 

been mentioned. This appeared

to be five lo fifteen days before ear emergence, in wheat (Fischer, 1973) '

SalterandGoode(1967)surveyedtheliteratureformanycropsandfound

this stage to be the most critical in many of the studies' This stage

also seems to be the most sensj-tive in barley (Skazkin and Zavadskaya'

1g5Ti AspinatJ- et a7., 1964; Ïtells and Dubetz, 1966i Gardener, 1971\'

The existence of this as the only critical period is not universally

accepted. Langer and Ampong (1970) found that stress at an earlier stage

(during spikelet initiation) had a greater effect on yields of two New

Zealand wheat varieties. Jensen (1971) in a field study with barley'

found that the total dry matter, grain yield and straw yield were linearly

related to the number of water stress days during the period between the

emergence of the fourth leaf and ma.turity, suggesting that the effects

of a daily water stness were additive, which does not support the concept

of a critical period. A water stress day occurred when Y(xylem) fell
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below a critical value but Jensen did not say whether there h/as any

stress during the pre-anthesis period.

2.6 Definition of Drought Resistance

Levitt (1972) extended his comparison with the stress and

strain terminology of physics to define a measure of stress resistance

as ftthe stress (water status) required to produce a specific strainrr.

The specific strain he advocated was the LD 50 - the point at which 50%

of the tissues were klIled (Levitt,1964; Levitf et a7.,1960). He

realised that resistance in bhe broad sense could be extended to include

growth and development during stress and upon stress reliefr but he

prefemed to emphasize survival- for his physiological studies. The

definition preferred in the present study, however, is based on

measurement of growth and yield at a particular water statusr this

definition being of more use in agronomic studies (Laude, 1971).

Resistance to drought often has an even wider rneaning. It

may also describe the abilj-ty of a plant (or genotype) to avoid reaching

a water status as l-ow as other plants (or genotypes) under equivalent

conditions. This has been recognised for many years (Kearney and Shantz'

1911) but there has been a proliferation of lerminology to explain the

various components of resistance. The terminol-ogy of Levitt (19T2) will

be followed throughout this thesis but many other terms have been used

to describe equivalent components (Table 1 ).

Drought escape is apparent resistance when a pJ-ant (genotype)

is at a less sensitive stage at the time of stress. The usual situation

is where early maturing plants complete their life cycle before the

onset of stress (Derera et a7., 1968) but escape may also be due to

drought occurring at'a non-criLical time.



Table 1.

Levitt (1972)

Succulents

Non-succulents

Escape

Avoidance

Vrlater Savers

lrlater Spenders

Tolerance

Dehydration
Avoiding

Dehydration
Tolerating

True
Xerophytes

Endurance

May and
Mi-Ithorpe

(1962)

Escape or
Avoidance

Endurance with
hlgh internal
water contenf

Endurance with
l-ow internal
waler content

Alternati-ve terms used to describe the components of water stress resistance

Author ( s )

Maximov (1929) Sbocker (1960) Levitb (1956) Kearney and
Shantz
(1911)

Resistance

Ephemerals Escape

Evasion

Succulents Constitutional
drought
resistance

Protoplasmic
drought
resistance

Drought
hardiness

ru
ru



23.

Drought avoidance describes the type of resistance where a

plant (genotype) is able to maintain a higtrer tissue water potential

than other plants (genotypes) under equivalent conditions. I'later stress

avoiders have been divided into the water spenders thal absorb water fast

enough to avoid low tissue water potenti-als and the water savens that

prevent water loss (Levitt, 1972).

Tolerance to water stress describes the type of resistance that

was first described in this section - the maintenance of gnowth or yield

despite a low tissue water potential or the ability to recover and gnow

on the relief of stress. Levitt (1972) further divided drought tolerance

into,the dehydration avoiders and the dehydration tol-erators. Dehydration

avoiders prevent cell dehydralion by mechanisms such as osmoregulation.

Dehydration tolerators are able to withstand tissue dehydration with less

disturbance to growth.

In all studies of water stress resisfance, it is necessary to

recognise the component being studied. The failure to do this has

timifed the useful-ness of many studies (Sullivan, 1971r. The escape

or avoidance components can be estj-mated by measuring water status of

the plants in relation to envlronmental water status. Tolerance is

estimated by the growth or yield response to a particul-ar water status.

The mechanisms giving water stress resistance have been

extensively studied. The reaction to stress by unrelated genera have

been studied to define the basic resistance mechanisms (Parker ¡ 1968i

1972; Levi-tt, 1972). Other studies have ernphasized the resistance by

plants of the same genotype in dlfferent seasons (Parker, 1972), after

hardening (Henckel, 1961 ) or after chemical treatment (Potjakoff-Mayber

and GaIe, 1972). Differences between different genotypes wi-thin a

species or withi.n closely related species is the only variability

avail-able for plant improvement (May a.nd Milthorpe, 1962),
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The variability available within Lhe Granineae wil-l- be

emphasized for the remainder of this review and the resj-stance mechanisms

available outsi-de the grasses will only be discussed where such

mechanisms are likely to be useful for cereal improvement.

2.7 Measurement of Drought Resistance

The resistance of a genotype to a stress is measured by ils

growth or yield response to the stress in relati-on to the response of

other genotypes. The measurement of performance is not difficult once

the character to be studied has been defined but, in water stress studies,

the imposition of a defined stress is difficult.

The definition of stress under fi-eld conditlons is not simple

and plant breeders have often taken a more empirical and pragmatic

approach. A range of genotypes is grovm in a range of environments which

provide differing levels of stress. The genotypes are then eval-uated for

their abitity to perform across these environments by one of the

statistical lechniques that have been developed (Freeman , 1973). This

type of analysis provides information on resistance to combined

environmental- stresses and thus to water stress only where the mai-n

environmental Limitation is water

One method for partitioning the interaction between the genotype

and environment used the mean performance of many genotypes to provide

a measure of the environment. hlhere a range of genotypes is grown over

a range of sites, the regression coefficient of genotype performance on

the environment mean can then be used as a measure of stress resistance,

particularly where this linear response describes a large proportion of

the genotype x environment interaction. This approach is illustrated by

the work of Finlay and l,iilkinson (1963), who grew 277 barley genotypes

at eight sltes over three seasons. The main difference between the sites
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tras considered to be rainfall-. The site mean provided an indication of

site worth frwithoub the compJ-exities of defining or anal-ysing the

interacting seasonal or edaphic factorsrr. The regression coefficient

of the yield of each genotype on the site mean was called the stability

1ndex. In this study, the yields brere lransformed to J-ogarlthmic val-ues

rrto induce a high degree of linearitytt. The stability index varied

considerably for different genotypes and this has been used as an

indication of their drought resistance (Singh et aJ., 1972). Biological

interpretation of the stabitity index is difficult, however, as the

logarithmic transformation pJ-aces greater emphasis on performance at

the low yielding sites (Knight, 1970; Lawrence, 1970). Some workers

have considered the deviations from regression more important and have

termed this stabiJ-ity (Eberhart and Russell, 1965). Sparrow (1969)

overcame this confusion by suggesting that the term stabiJ-ity be

reserved for the regression coefficient and the devialion be termed

retiability. Where more than one stress is significant in the range

of environments sampled, or where the fevels of one environmental factor

range both above and below the optimum, the deviations from regression

would be large and interpretation dÍfficult (Knight, 1970). A study

of genotype x environment, whether using this regression technique or

the more complex pattern analysis of Byth et af. (1976) may be useful

for the plant breeder making a broad study or selectlon from a range

of genotypes but it does not supply informaLion on the mechanism of

the response.

Graflus (1969) describes the use of correl-ation between

sequential characters (tkre yield components) as a measure of stress.

Each component is to some extent correlated to the previously formed

components. The success of a genotype in an environment would depend

on the influence of stress on a yield component and the compensation

response of later formed components (Grafius and Thomas, 1971).
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The statistj-cal techniques are of' value where the precise

nature of the stresses of an environmenL are not knov¡n or where the

biological responses and resistance mechanisms to the stresses are not

well understood. These techniques will not replace a detailed knowledge

of the genetic and physiological basis of genotypic differences in

resistance to water stress.

Fie1d experience of performance under dry conditions has often

provided the only measures of resistance to drought. Ranking of genotypes

for a character in the same order as their ranking for resistance based

on field performance has been regarded as significant proof that the

character is related to water stress resistance (Kaloyereas, 1958;

Dobrenz et a7., 1969a). Apparent field resistance may be due to other

factors such as disease resistance (Reitz, 1974 ) and the correlations

may be misleading.

Survival in drought chambers which simulate atmospheric stress

have been used as a criterion of water stress resistance (Aamodt and

Johnson, 1936; Bayles et a7., 1937i Kenway and Peto, 1939). These

tests have not correlated well wifh field performance under stress

(Kenway et a7.,1942; Ashton, 1948, May and Milthorpe, 1962), probably

because they were measuring the wrong component of resistance.

Field evaluation of growth and yield during or fol-lowing stress

is difficult as the stress cannot be controlled. This is particularly

true where different genotypes are being compared as they are probably

at different stages of development at any one time. Rain shefters have

been used (Owen, 1958b), but these must involve some additional

disturbance to the environment. Trenches to coll-ect and divert rainfall

have also been used (Kirby, 1970 ) Uut they are only applicable in some

environments. Pot studies are of limited use (Owen, 1958a) as the stress

is imposed more rapidly than would be the case i-n the field. This may
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be an advantage in studies of lhe stress effect on plant development

(Aspinall ex aJ, , 1964; Fischer, 1973). Studies in control-led

environments are also important 1n determining the basic plant responses

to stress.

Stress may be imposed in pots by withholdì-ng water, by floodlng

the rooting medium with a solution of low osmotic potential or by

lowering the root temperature. Osmotic solutions, such as polyethylene

glycol (PEG) (Lawlor, 1969; Singh et a7., 1973c), mannitol (Slatyer, 1961)

or sodium chloride (Nieman, 1962) have been used. The usefulness of

these solutj.ons wil-l depend on their phytotoxicity and the extent to

which they are absorbed into the p1ant. Polyethylene glycols of high

molecular weight (PEG 4000 on PEG 6000) are probably the least toxic of

ühese substances (Lawlor, 1969). Lowering of root temperature may be

useful for imposing mild stresses if the facilities are available

(Ullery, 1971).

blhere growth rate following stress is the criterion of

resistance, a sufficiently Iong period should be al_lowed to separate

the genotypes. Laude (1971) considered the one week period commonly

used was insufficient and, in studies with ryegrass, a four week

recovery period was required to adequaLely measure the response

(Cor]etto and Laude, 1974).

2.8 Drought Escape

Ephemerals escape drought by surviving in the most tolerant

seed resti.ng stage (Levitt, 1972). Similarly, early maturing genotypes

complete their life cycle before the onset of stress or they can be

planted after a stress period.
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Chinoy (1962) studÍed the drought resistance of eight

Triticum genotypes representing seven species. He found that escape

due to early maturity was most important. Early maturity, rather than

any difference in the ability of the genotypes to endure wilting

accounted for most of the differences in apparent drought resistance.

Derera et aL. (1969) found that earliness accounted for 40% and 90%

of the variation in drought resistance of wheat varieties in two

different seasons in northern New South lrlales. In both these studies

the drought became increasingly severe as the season progressed.

Early maturity may i-mprove drought resistance but reduce

the yield potenti-al in favourable seasons (Doyle and MarcelJ-os, 1974).

There would then be a balance between time of maturlty and yield potential

that would be different for each region depending on the drought

expectancy, and each season depending on the onset of drought.

As the capacity of plants to resist water stress appears to

depend on the stage of growth, a genotype may escape the effecbs of

drought by being at a less sensitive stage at the tj-me of stress. This

type of resj-stance would only be important in an environment where fhe

timing of drought was predictabl-e but must be taken into account

experimentally in studies of genofypic differences in resistance.

2.9 Drought Avoidance

The existance of ttwater saversfr and rtwater spendersrt ü¡as noted

on p.23. One aspect of drought avoidance not often consldered,

however, is thal restricting water use during a period of sufficient

supply may delay the onset of stress when water becomes limiting. An

example of this is the interaction between nitrogen and water stress

(or comparison of varieties with different vegetative growth rates).

High nitrogen supply promotes vegetative development and increases
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waten use. V'lhen water becomes limiting, the hígh nltrogen treatments

are more affected, not only because they are using more water at lhe

time of stress, but also because they have exploited more of the

water before the dry period (Gardener, 1971).

Stomatal frequency and Size

There have been conflicting reports on the significance of

stomatal frequency or size in drought avoidance. Miskin and Rasmusson

(1970) found that the frequency of stomata varied from 36 to 98 per
)

mm- in the wonld collection of barley genotypes and suggested that

transpiration would be reduced where stomatal frequency was lower.

Miskin et a7. (1972) subsequently reported that in well watered barley,

the genotypes with lower stonatal frequency transpired less for the

same level of photosynthesis but attrlbuted this to the dominance of

mesophylt resistance (non-stomatal effects) in carbon dioxide exchange.

Dobrenz et al-. (1969b) reported that stomatal- frequency was negatively

correlated with the drought resistance rating of six clones of blue

panicgrass (Panicun antidotale), the clones with the lower stomatal

frequency being more resistant lo seedling drought. The stomatal

frequency was not associated with the water use efficiency of the clones.

Smaller stomata were found in drought resistant cultivars by

Birdsatt and Neatby (1944) and Asana (1962) but thelr studies did not

adequately measure resistance.

Smaller and fewer stomata woul-d therefore appear to be relal,ed

to reduced transpiration and hence would possibly deJ-ay the onset of

stress when waterh/as l-imiting. The frequency and size of stomata are

often negatively correJ-ated (Miskin and Rasmusson, 1970) and it may be

difficul-t to select for both characters. Lines of barley have been

selected for high and Iow stomataf frequency but this had little

influence on the water relations. There l^¡as a tendency for the plants
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with the higher fnequency to be more resistant to stress. Sel-ection

for fewer stomata had also increased stomatal size and cell expansion

(Jones, 1975). Thus selection for lower stomatal frequency would need

to be carefully controlled to avoid unwelcome correlated changes. There

is some hope for selection, however, as hlilson (1971) was able to select

for increased stomatal frequency in ryegrass without decreasing length.

Stomatal Control

Variations in stomalaf control- have often been associaled with

differences in drought resistance between species. Examples are maize

companed with sorghum (EI Sharkawy and Hesketh, 1964; Glover, 1959 ), maize

with soybean (Boyer, 1970b), soybean with sorghurn (Teare and Kanemasu,

1gT2) and maize and sorghum with tobacco (Turner, 1974). !Ùithin species

variability in stomatal control has not been extensively studi.ed. Stocker

(1960), working with oats and Gautreau (1970) with peanuts both considered

that early closure of stomata v,ras an important avoidance mechanism.

Conversely, two studies wj-th sorghum (Blum, 1974a; Henzell et a7., 1975)

found fhat fhe more drought resistant cultivars, based on previous drought

tests, ,h¡ere the ones with less responsive stomata. Blum noted, hoI^lever,

that these cultivars were more resistant because they had drought

tolerating mechanisms.

The stress situation will govern whether it is an advantage to

the plant if the stomata close at high water potential and so conserve

water but restrict carbon dioxide exchange or remain open at low

potentials and thereby maintain photosynthesis. The interaction between

stomaLal control and other drought resisting mechanisms will also be

important as ill-ustrated in the previous paragraph.

Delayed recovery of stomata fol-l-owing stress relief has already

been discussed. Glover (1959) showed that sorghum stomata opened earlier

than those of maize when stress was relieved and sorghum recovered growth
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more quickl-y. There is little evidence of variability of thi-s sort

within a species.

The pJ-ant hormone abscisic acid (ABA) has been implicated in

stomatal control mechanisms (Livne and Vaadia, 1972; Suarrie and Jones,

1975). A ttwiltyrr mutant of tomato only closes its stomata when ABA is

applied (Tal and fmber, 1971), It has been suggested that genotypes

that can produce ABA freely when stressed could be at an advantage in

drought since they readily close stomala (Quarrie and Jones, 19751. A

drought resistant mutant of maize had higher non-stress levels of ABA

and accumulated more of the hormone during stress than di-d a drought

susceptible variety (Larque-Saavedra and !ùain, 1974). The advantage

of this type of response to a water deficit will depend on the advantage

of early closure of stomata, an hypothesis which has still to be proved.

Roots

Genotypes with extensive, penetrating rool systems are abl_e

to extract more water from the soil and so avoid the onset of stress

(Hurd, 1971; IRRI, 1976). There appears to be significant variation

for this character in wheat (Hurd, 1964; '1968; 1974) and rice (IRRI , 1976)

and the characler has been successfully exploited in the production of two

drought resistant wheat varieties (Hurd, 1974). Derera et al-. (1969 ) also

presented limited data which showed that genotypes with deeper roob

systems üJere more drought resistant. Variation in rooting density and

distribution has been reported in barley (Hess, 1949; Lee, 1960; Hackett,

1968).

Passioura (1972) was able to improve the yield of a wheat

cultivar under stress conditions by forcing it to grow on only one

seminal root. l¡'later use was restricted by this manipulation and severe

stress was delayed untj-l after more crj-tical growth stages later in the

season. He suggested that the same result could be achieved by increasing
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root resistance to water flow by selecting for reduced root xyleni

diameter. Another afternative woufd be to select for fewer seminal

roots (Meyer , 1g76). This approach assumes bhat nodal roots will absorb

sufficient water during water-sufficient periods to maintain adequate

growth.

Levitt (1gT2) has suggested that genotypes able to penetrate

very dry soil and so exploit deeper soil reserves would be at an

advantage in rlrought periods. Drought resistant sugar cane varieties

were able to penetrate drier soil than susceptible ones (Dastane, 1957) '

lnla ter Use Efficiency

lrlater Use Efficiency is the ratio of dry matter accumulated to

evapotranspiration and differs from Transpiration Efficiency (Fischer'

1g7g) in that transpiratlon is used as the divisor in the latter ratio '

De !,lit (1958) remarked upon the predictability of !'later use Efficiency

across environments. Genotypic differences in this character could be

related to drought resistance under stress conditions, however, and

would appear as drought avoidance'

tlright and Dobrenz (1970) found I'later use Efficiency differences

in boer lovegrass (Eragrostis cutvufa) and blue panicgrass (Panicum

antidoXafe) genotypes but these wene negatively correlated to a seedling

drought tolerance test. They found a significant correlation between

seedling and mature plant !'later Use Efficiency under their conditions '

Passioura (1977) also reported differences for i¡later Use Efficiency in

wheal cul-tivars but dld not attempt to relate this to resistance' other

studies have not demonstrated genotype differences for !'later use Efficiency'

however, as discussed by Fischer and Turner (1978).

l,later use Efficiency for grain yield is related directly to

!,later Use Efficiency as defined above by the harvest index and in his

study, Passioura (1gT7) found that the harvest inclex was related to the

percentage of the total water supply which was availal¡le after anthesis '
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2.10 Dr t Tolerance

Drought tolerance mechanisms enable plants to survive periods

of low tissue water potential and to resume growth when conditions

improve. Tolerance mechanj-sms lhat enable xerophyti-c species to

withstand drought have been extensively studied but no general hypothesis

on tolerarr." ft." been widely accepled (Parker, 1972; Levitt, 1972) ' The

significance of tolerance mechanisms within species, particularly wilhin

the grasses has not been established.

There have been suggeslions that mechanisms giving tolerance to

one form of stress may also give tolerance to others. The associations

between heat, drought and freezing tolerance in particular have been

consj-dered (Levitt , 1956; Parker, 1968; Levitt, 1972) as each stress may

cause internal water deficits. The evidence for such a relationship is

not strong, however (Chu, 1974) and the literature associated with

reslstance to other forms of stress will not be reviewed.

Sullivan and co-workers established a relationship between field

drought resistance and the heat tolerance of leaf discs in grain sorghum

(sullivan et a7., 1968). Survival after severe drought stress in pot

grovfn plants was also correlated with the results of the heat tolerance

test (sullivan and Eastin, 197q. The heat tolerance test is similar to

the heat test used for pine needles by Kaloyereas (1958) to determj'ne

chlorophytl stabiJ-ity. This test was used successfully by Murty and

Majumder (1962) to predict the drought resislance of rice genotypes, while

Fanous(1967)failedtofindanyrelatlonshipinmillet.Boydandl,Ialker

(1gT2) used a controlled wilting of wheat leaf sections to determine

chlorophyll stability and found it to be related to the ranking of

cultivars for drought resistance based on field experience' A similar

test was related to a crude drought resistance index for rapeseed by

Richards (1978). Singh et a7' (1973d), however, found no difference



34.

between barley genotypes i-n the rate of chlorophylL loss when the

seedlings were stressed osmotically.

Kessler and Frank-Tishel (1962) suggested an altered nucleotide

base ratio in the RNA of stressed tissue may indicate drought resistance.

Stutte and Todd (1968) lnvestigated this proposal in wheat but found the

Lechnique to be too variable to be useful in selecting for drought

resistance.

Increased capaciby to bind water has been suggesled as an

important drought tolerance mechani-sm by some Russian workers (Henckel'

1964; Shchukina, 1969). Newton and Martin (1930) also found such a

relationship but later workers were unable to establlsh its usefulness

(Whitman, 1941; Carroll, 1943).

An increase in the sugar content at the expense of starch under

dry conditions has been suggesled as a tolerance mechanism (Levitt, 1972).

This was largely based on the evidence of Iljin (1929 ), who found that

when plants were grouped ecologically, their sugar content increased with

the dryness of the habitat. The difference in drought resj-stance of two

rice varieties was related to sugar concentration (Murty and Srinivasulu,

1968) but other studies have failed to find any relationship (Levitt 
' 1972) '

Levitt (1gTZ) proposed a gener"t tot"""nce hypothesis based

on the content of sulphhydryl groups (SH) in tissue protein. He proposed

thab protein aggregation and denaturation on dehydration is probabJ-y

associated with the formation of disulphide bonds (SS) and loss of SH

groups. A dehydration resistant plant woul-d be able to prevent oxidation

to SS bonds or prevent protein aggregation by splitting the intermolecular

SS bonds which may occur. There is more evidence for a relationship

between freezing resistance and SH content than for the relationship

with dehydration resistance but Kaloyereas (1958) obtained a correlation
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between dehydration resistance and SH content in pine. This

proposition still awaits critical eval-uation.

Proline Accumulation

Singh et af. (1972) reported a high negative correlation

(r = -g.B!xx) between the proline accumulated by ten barley genotypes

under stress and the slability index cafculated for these genotypes by

Finlay and ülil-kinson (1963). The use of the log yield in the latter

authorsr statistical method emphasizes the performance of vari-eties at

the lower yielding, drier sites (Knight, 1970), In the study by Singh

et aL. (1972), proline was measured in the first leaf of three week

o1d barley seedlings stressed with a PEG solution of -20 bars osmotic

potential. The proline was measured 60 hours after imposing stress.

This result was supported by another experiment (Singh et a7., 1973d)

which showed that proline accumulated by five barley genotypes when

stressed osmotical-1y was related to recovery when the stress was relieved

by washing the PEG from the rooting medium. The cultivars that had the

higher relaLive growth rates for the first four days after stress relief

were those that, had accumulated most proline during the stress period.

They also had less leaf senescence.

Conflictlng data were presented by Hanson et al-. (1977) in a

study whlch used two of the genotypes studied by Singh (1970). They

were unable to show a simil-ar potential for proline accumulation. It

was unfortunate, however, that in their study they were not able to

compare the genotypes directly at a simiLar water potential as Proctor

always reached a l-ower l-evel than Excelsior. Similarly, they found

that that Lhe genotype accumulating most proline was more affected by

stress but it was also more stressed. They were abl-e to demonstrate a

tttrappingrt of proline in necrotic tissue thus suggesting some loss of

nitrogen to the plant by this means.
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Blum and Ebercon (1976) worked with grain sorghum genotypes

and found lhat the free proline content commenced to accumulate at Ìeaf

water potentials of -14 Lo -16 bars in plants stressed by withholding

water. The genotypes differed considerably in the amount of proline

accumulated at the end of the sbress period. They also found that

the ability to recover after relief from the stress was highly

corr.elated with proline accumulated during the stress period, buL not

with the resistance of isoLated tissues to desiccation.

Barnett and Naylor (1966) also found a rel-ationship between

the drought resistance of bermuda grass (Cgnodon dactgTon) cfones and

the ability to accumulate proline during stress. The clones which came

from drier habi-tats were able to accumulate more proline when subjected

to stress. Similar results were obtained with carex sp. by Hubec et af.

(1969) and Palfi and co-workers have suggested that drought resistant

crop varieties could be selected by screening for abil-ity to accumulate

proline. They present very little critical evidence in their papers

other than showing differences in ability to accumulat,e proline under

stress (Palfl and Juhasz, 1971; Palfi et a7- , 1973).

!'laldren et a7. (1974) disputed bhe suitability of proline

as a seLection tool based on their studies with sorghum and soybean.

They claimed that proline accumufates only at high stress l-evels and

is therefore not a sensitive indicator of stress. They implied that,

there were not sufficient differences between the species to be useful,

but they did not, examine the variabiJ-ity within a species.

Richards (1978) and Richards and Thurling (1979) studied

the drought resistance of rapeseed and concluded that the accumulation

of proline was highly related fo yield under water stress conditions

in five vanieLies. This was more apparent in B¡assica napus than 1n

B. campestris. They found a broad sense heritabiÌil,y of 43% when
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genetic analysis for ability to accumul_ate prorine was made in I 12

rerated families but narrovü sense heritability was only 1B%. The

use of pnoline as a selection criterion was more promising in ¡. napus

than Ín Ð. campesËris. The corretation between performance under dry

fierd conditions and proline measured in a glasshouse seedring test

was significant (r = 0.351Ê).

The particular role of proline in drought resislance has not

been established. It is also accumulated i-n a non-halophybic bacteria

(Measures, 1975), marine bi-valves (pierce and Greenberg, 1923) and

plants exposed to sarinity stress (chu, 1974; stewart and Lee , 1gT4).

Ïn these cases proline appears to act as an osmoregulator, where due to

its low toxicity at high concentration, it prevents damage while

allowing growth. There is little evidence for proline acting in this

way ì-n water stressed plants. It is possible that proline serves as a

less toxic r^jay of storing nitrogen i_n stressed tissue (Levitt, jg72i

Slukhai and Opanasenko, 1974). Hencke] (1964) claimed that the

accumulation of ammonia in stressed tissue may be toxic. It has been

shown that prollne is non-toxic at high concentralions (Stewart and Lee,

1974) and probably exerts the least inhibitory effect on cell growth of

all amino group donors (Palfi et a7.,1974). Singh et al-. (1923d)

did find l-east tissue damage in stressed barley seedlings which

accumurated most prol1ne, while Blum and Ebercon (1976) found no

rel-ationship between tissue survival and proline accumul-ation, nor

did they find an accumulation of ammonia in stressed tissue. Barnett

and Naylor (1966) suggested that proline may act as a reserve of

reduced carbon and nitrogen compounds which can be used when conditions

are more favourabl-e to growth. rn support of this hypothesis, proline

appears to be used for this purpose in maÍze root tips (Barnard and

Oakes, 1970 ) and porJ-en grains of rice (rto, 1972). This appears to

be the reason for better recovery of the higher proline accumulators
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in the study by BIum and Ebercon (1976). l'lhile Singh et al-. (1973d)

also demonstrated increased ability to grow following stress relief

in the high proline accumulators, this may have been related to better

survival of leaf tissue in these genotypes. TuIIy et a7. (1979) dispute

these claims, however, as they did not find proline to be a major reserve

of nitrogen after stress nor a major translocated nitrogen species during

stress. They also found that proline was trapped in senescent tlssue afler

stress (Hanson et a7.,1977). These differences have still. to be resolved.

2.11 Conclusi-ons

I'Iater stress and stress resistance are complex characters

that are not easily evaluated. A water stress must be measured in terms

of water status of the plant and for this, the water potential or possibly

the relationship between water potential and wat.er content are the mosl

suitable criteria.

It would be more precise t.o measure resistance to water stress

by measuring tissue survival at a particular waten sLatus but this may

not be a useful cri-terion in studies that aim to improve crop yield

(Laude, 1971). In such studies it is the growth and yield response to

the stress and following the relief of stress that are important.

It has been suggested that drought escape and avoidance are

far more important than tolerance in crop varieties (May and Milthorpe'

1962). The signlflcance of tolerance mechanisms in improving the drought

resistance of a crop such as barley have not been adequately determined.

BIum (1974a) has suggested that drought resistant sorghum genotypes

combine both drought avoidance and tolerance and such combinations

are likely to be important for drought resistance in other specles.



39.

Most aspects of metabolism are affected by water stress

(Hsiao, 1973), It is not surpirising, then, that a number of these

responses have been related to drought resistance. The work on

proline accumulation, particurarly that by singh and co-workers is

most interesting. rt has been suggested that, at reast for some

dpecies, abitity to accumulate proline may indicate drought tolerance

if not actualry being a part of the tol-erance response. prorine

accumulatÍon, either alone or in combination with other characters

may then be a valuabl-e selection tool in developing drought resistant

cultivars.
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3. MATERÏALS A}ID METHODS

3.1 Choice of Genotype

Twenty-one genotypes were used for the experiments in this

study (Tabte 2). Twelve of these, (Arivat, Asahi 2, Bankuti Korai,

BR 1239, CI 3576, Excelsior, Ketch, Maraini, Princess, Prior A,

Proctor and Velvon II) were chosen because they had been used in the

studies of Singh et aL. (1973d). These genotypes with the exception

of Asahi 2 and Ketch, r^¡ere also used in a study of genotype response

to agronomic manipulation by Gardener (1971 ), which provided useful

information on their reaction to changing environments. CJ-ipper hras

added to the list as it is currently the most popular barley cultivar

in Australia. These genotypes covered a very wide range of maturity

types and the other genotypes were added to the list to allow comparison

of different genotypes within maturity groups. Thus Mona was added to

complement Bankuti Korai as a very early maturing two-row type. Cyprus

Black, Greenough and Stewart were added as examples of early matuning

six-row types. CPI 18197, a mid-season, two-rowed genotype r^ras added

for comparison with Clipper. Dore was chosen for early maturity but

proved to be l-ater flowering than expected. Zephyr, a two-rcwed

genotype was added to the list of late maturing genotypes. Hiproly,

the high lysine genotype was chosen to determine whether the metabolic

difference which results in high lysine grain was imporbant to other

aspects of nilrogen metabolism.

3,2 Measurement of Plant hlater Status

Xylem lrlater Potentj al

A pressure chamber was used to estimate water potential.

It was used in preference to a thermocoupJ-e psychrometer to ensure
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Table 2.

Genotypes used in the experiments, showing origin (where known), head

type and maturity rating when sou¡n in Jul_y 1n South Australia

Number Genolype 0rigin Head Type Maturity

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Arivat

Asahi 2

Bankuti Korai

BR 1239

cr 3576

Cì-ipper

cPr 18197

Cyprus B1ack

Dore

Excelsior

Greenough

Hiproly

Ketch

Maraini

Mona

Princess

Prior A

Proctor

StLwart

Velvon Iï

Zephyr

U. S. A.

Japan

Hungary

Canada

Egvpt

Australia

Algeria

Cyprus

U.S.A.

Ethiopia

Australia

Italy

Sweden

Sweden

Australia

England

Canada

6

2

2

6

2

2

2

6

2

6

6 (hooded)

2 (naked)

2

6

2

2

2

-

6

6

2

Mid.

Late

Very earl-y

Mid.

Early

Mid.

Barly to Mid.

EarIy

Mid.

Late

EarIy

Mid.

Early

Very late

Very early

Late

Mid.

Late

EarIy

Late

LateNetherlands
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there woul-d be no restri-ction on the number of samples that coul-d be

sampJ-ed daiIy. A smal-I chamber was used to enabl-e measurement of

single leaves to be carried out rapidly. The leaf to be measured was

excised from the plant at the junction of the lamina and sheath with a

sharp blade and immediately sealed within the chamber which was sited

close to the plants. Compressed Medical Air was let into the chamber

quickly until the pressure u¡as just below the expected equilibrium;

the pressure bJas then increased slowly until a droplet of water appeared

at the cut surface. The whole operation was always completed within one

minute to minimise evaporation from the cut surface. In most experiments

only one leaf from ea.ch plant was selected to be measured. For the

glasshouse experiments the xylem water potentials blere recorded between

11.30 am and 1.30 pm; this measured the potential when it was at its

lowest.

Relative Vlater Content. (RI,IC)

RIrIC was measured in only one experiment. The leaf lamina to be

measured was cut from the plant at the junction of the l-amina and sheath.

It was then quickly cut into 2 cm sections and placed in a weighing

bottle which was sealed. The bottl-es r^¡ere then stored in cooled,

insulated containers, until all sampJ-es had been collected (about 15

minutes). After the firsb weighing, the leaves r^¡ere floated on distil-led

water in closed petri dishes. The dishes were maintained at zOoC under

fluorescent J-ights at the previously determined compensating light

intensity. After floating for four hours, the leaf seclions were dried

between sheets of tissue paper, weighed, dried at B5oC for 24 hours and

weighed again. RhlC was calculated from the formula,

R!ùC = fresh weight - dry weight x 100
turgid weight - dry weight
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3.3 Plant Morphological- Measurements

Dry lrlelght

PIanü or leaf dry weight was always determined by drying in

a forced draught oven at B5oC for 24 hours.

Relative Growth Rate

Relative growth rate was determined from the formula:

RGR =

Iog" dry weight (final) - 1og" dry weight (initial)

time

Seedling Measurements

Un1ess otherwise stated in the individual experiments, seedling

measurements were made on three plants from each pot.

AII tillers and leaves that were visible were included in the

total filler number and total leaf number. This included those tillers

or leaves that had just begun to emerge. No distinction was dral'm

between expanding tillers or leaves and those that were fully formed.

Plant height hras measured from the soil surface to the tip

of the tallest leaf on the plant when it was fuIly extended. The

tallest leaf was not always the youngest leaf.

Leaf area was measured with an electronic planimeter which

had been calibrated with a metal- disc. Leaf area was measured only on

leaf lamina and ü/as recorded as leaf area per pot and not the leaf area

index.

Leaf survival was measured on a length basis. Leaves began to

senesce at the tip and the length of the region of living tissue was

measured and expressed as a percentage of the totaÌ lamina length.

and LenethStomatal F

Stomatal frequency and length were measured on the abaxial surface
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of seedl-ing leaf laminae at a point 2 cm from the auricle. An imprint

of the l-eaf surface was taken with cellulose acetai,e fitm (cl-ear nail

varnish) which was then mounted between two microscope sl-ides for later

measurement. The magnificati-on for stomatal measurements was chosen to

give 40 to 90 stomala per microscope field. Three fields rvere counted

for each ì-eaf repJ-ica. Stomatal length b¡as measured at higher

magnification using a cal-ibrated ocular microrneter. Total guard ce1l

lengbh bras measured on five stomata per replica.

Mature Plant Measurements

The height of mature pJ-ants r,ias measured from the soj-l surface

to the tip of the uppermost spikelet (sterile or fertile) excluding the

av,¡Iì.

Total tiller number, including bofh fertile and infertile

tillers was recorded at harvest. It is possible that this measurement

did not reflect the maximum number of til-l-ers formed as till-er number

was not recorded throughout the experiments. The number of fertile

tillers was also recorded, a fertile tiller being defined as any tillen

producing a spike, whether its florets were fertile or not.

The total number of florets (both fertil-e and steril-e) was

counted on the spikes before threshing. Spikes were then threshed

using a rubhring board, the chaff removed and the number of grains

counted. Floret fertillty was bhen calculated from :

Floret fertility = (Number of grains/LoLaI f]orets) x 100.

The wei-ght of grain on each spike $¡as recorded after drying at

B5oC for 24 hours and this was used to cal-culate both grain yield and

grain weight (rveight per 1000 grains).
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3.4 Plant Biochemical Measurements

Total Chlo l1 Content

Leaves to be analysed for chlorophyll content were removed

from the prant, cut into 2 cm sections, plunged into liquid nitrogen

and stored at -2OoC for l-ater chlorophyll analysis. Prior to analysis,

the sarnple was divided into two portions, one being used to determine

leaf moisture content and the othen for chlorophyrl determination.

Leaf sections were extracted in acetone and chlorophyll

estimated from the optical density aL 645 nm and 663 nm (MacKinney, 19411

The total chlorophyÌ1 content (chlorophyJ-Io plus chlorophyllg) was

cal-culated from the formula:

Chlorophyll (o + g) 1 (643.22 A663 + 1623.84 464 5)
dry weight

where 4663 and A645 are the optical densities at

663 or 645 nm respectively.

Free Proline Content

Free proline was measured by the method of Faber and Aspinall

(pers. comm.) which is a refinement of the technique of Singh et a-2.

(1973c) based on that of Troll and LindsJ-ey (1955).

Leaves to be measured were removed from the plant, cut into

2 cm sections, plunged into liquid nitrogen and stored at -2OoC prior

to analysis. The frozen tissue was divided into two portions, each

portion being weighed. one portion was dried ab B5oc lor 24 hours and

weighed again to determine moisture content. This factor was then used

to calculate the dry weighl of the portion used for proline analysis.

The sample used for proline estimation was homogenised with

1500 mg Permutit resin (Decalso-F, Permutit Co. of Aust. ) and 10 mI of

a solution of re-distilled methanol-, re-distil-Ied chloroform and water

in the proportions 12:5:3. The emul-sion which fonmed was broken with
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fhe addition of B ml water and the layers mixed thoroughly before

centrifuging at 7000 rpm for 5 minutes. The upper aqueous layer was

transferred to a boiJ-ing tube, 5 ml of gJ-acia1 acetic acid was added

followed by 5 m:- ninhydrin reagent (0.125e ninhydrinr 3ml glacial

acetic acid and 2ml orthophosphoric acid per sample). This was boiled

for 45 min. in a boiling water bath and then cool-ed to room temperature.

A measured aliquot of toluene, varying from 5-10m1 depending on the

proline contenl was added, the layers mixed lhoroughly and al-Iowed to

stand at least 30 min. The optical density of the ninhydrin product

dissolved in tol-uene was read at 520 nm and the proline content estimated

from a standard curve constructed from L-proline standards treated in a

similar way. The free proline content was fhen cal-culated in mglg dry

weight

3.5 ExPeriments

Experiment 1. Csmotic stress of barley seedlings - growth cabinet.

Seeds of 20 genotypes (all from Table 2 omitting Asahi 2) were

germinated for 24 hours at 20oC. Ten pre-germinated seeds were soi^¡n j-n

each 1Ocm plastic pot of perlite and thinned to five seedlings three

days after sowing.

The plants vvere grown in the growth cabinet at 2OoC + 1oC and

a 16 hour photoperiod at a J-ight intensity of 2 x 104 lux (fl-uorescent,

plus 10% incandescent). The seedl-ings were watered daily with 50ml

nutrient solution (Table 3) for the first 14 days and 100mI per day

thereafter.

There were five pots of each genotype. Three of these were

randomly assigned to be stressed and two to be unstressed controls.

The pots vüere re-randomised daily.
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Table 3

Nutri-ent solution used for all experiments.

Nutrient Source ppm in Solution

N

KandN

l€

PandK

B

Ml

Zn

Cu

Mo

Fe EDTA

Ca(NOrl.4lHzo

KN03

MeSoO.THZ1

KH2P04

H3803

4H20

7H20

5H20

MnCl

ZnS0

CuS0

2

4

4

1180.00

260.00

490.00

68.00

0.50

0.25

0.25

0.02

0.02

0. 50

NarMoOO.2H2O

NaTEDTA + FeSOO THzo
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Stress was applied by replacing the nutrient solution wiLh

250m1 of a polyethylene gl-ycol solution (mo.lecular weight 4000) of -20

bars osmotic potential (32.49 PEG/100m1-) when seedlings of all genotypes

were at the three-leaf stage, 21 days after sowing.

lrlater potential and free proline content were measured on

the first leaf of sampÌe plants 24, 72 and 144 hours after stress

imposition. A single leaf was divided longitudinally for determination

of V(xylem) and free proline in the 24 hours sample. The unstressed

controls b¡ere measured for Y(xy1em) and free proline content 24 and

144 hours after stress imposition, whilst the former ü/as measured for

all planfs before stress was imposed.

The osmoti.cum was washed from the rooting medium afLer 144

hours of stress with six changes of distilled water and this was finally

repl-aced with 100mI of nutrient solution. The plants were watered daily

with nutrient solution for the subsequent 3 days (/2 hours). Leaf

survival, tiller number and plant height were then measured on five

plants in each pot of two of the three stressed pots and the two

unstressed pots of each genotype. The first leaf of all plants had

been used for determination of Y(xy1em) and free proline at this stage.

Experiment 2. Osmotic stress of barley seedlings - gJ-asshouse.

The experiment aimed at quantifying free proline accumul-ation

in twenty genotypes in response to an osmotical-1y induced moisture stress.

The genotypes. were those used in Experiment 1. Five seedlings per 10cm

pot were sornrn in perlite and watered with nutrlent solution but the pots

were placed in a naturally lit glasshouse.

Seedlings were stressed at the three-l-eaf stage, 21 days after

sowing. Stress was applied osmotically as i-n Experiment.'1 . There ¡¡ere

four pots of ea.ch genotype and these were randomised within four bl-ocks
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and al-I vtrere stressed for 72 hours when the first leaf of plants were

sampled for Y(xy]em) and free proline.

Experiment 3. Seedlings stressed by withholding water - growth cabinet.

Ten germinabed seeds of 20 genobypes (as for the previous two

experiments) were sown in washed river sand in each lOcm plast,ic pot.

Three days after sowing, the seedlings wene thinned to five per pot.

There were three pots per genotype and they were arranged in three

replicates in a growth cablnet. The temperature i-n the cabinet was

zOoC t 1oC and there was a 16 hour photoperiod at a light intensity

of 2 x 104 lux. (fluorescent plus 10% incandescenl).

The pots were watered with 50m1 nutrient solution (Table 3)

daily for the first 14 days and 100m1 thereafter. They were re-randomised

within the repJ-icates each day. lrlater was withheld on day 21 when the

plants of all genotypes were at the three-leaf stage. Leaf xylem water

potential and free proline were measured fÍve days later on the first

Ieaf of one plant in each pot and these measuremenLs were repeated on

the followlng day. There hras no recovery period.

Experiment 4. Seedlings stressed by withhoJ-ding water - glasshouse.

Ten genotypes r^rere chosen for thus study (Asahi 2, Bankuti

Korai, CI 3576, Clipper, Cyprus Black, Dor.e, Excelsior, Maraini, Proctor,

Stewart), based on previous information of abilj-ty to accumul-ate proline

and likely differences in ability to recover after stress.

The soÍI used for thls experiment was a 1:1 mixture of coarse

river sand and alluvial loam. Fertilizer was added during soil

preparation to provide sufficient nutrients for plant growth.

Ten seeds brere sovJn in five posibions (two in each posÍtion)

in 10cm pl-astic pots. The seedlings were thinned to five per pot after

emergence. They were arranged with four in an outer circle and one in
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Tab1e 4.

Schedul-e of treatments for experiment 4, showing treatment number,

treatment designation, water status, sampling time and characters

measured. Chl = chlorophyll conbent; Dlrl = dry weight; Hgt = plant

height; LA = leaf area; Lvs = number of leaves; P = xylem water

potentiali Pr = free proline content; R!üC = relative water content;

S = stomatal frequency and size; TilI = number of tillers; l¡'lU =

!.rater used during stress.

No. Treatment !üater Status Harvest Day Characters Measured
Designation

1. (a)

2. (a) (b)

Pre-stress

Pre-stress

Control

Stress

Stress

Stress

Stress

Stress

Control

Control

Recovered

Recovered

Control

3.

4.

5.

6. (a)

7. b)

8. (a)

9. (a)

10. (a)

11. (a)

12. b)

ON

ON

10N

2S

3S

4S

5S

5S

5N

5N

10R

10R

10N

0

0

10

2

3

4

5

5

5

5

10

10

10

DüI LA, S

P, Pr

P, Pr, RllC

P , Pr, RI'IC

P, Pr. RIIIC

P, Pr. RI/üC

ChI, P, Pr, RWC

DhI

Chl, P, Pr.

Dt{

P , Pr, RI,üC, l'ltl.

Dw, Hgt, LA, Lvs,

Dw, Hgt, LA, Lvs,

Hgt.

Hgt.

(a) Two treatment numbers correspond to 0N, 55, 5N 10R and 10N to

provi-de sufficient plant material for measurement.

(b) Treatment 2 was used to provide control samples for xylem water

potential and proline at day 0 and day 10.



Figure 2.

Diagram illustrating the treatment numbers assigned to

the stressed (r) and control (o) plants in Experiment 4.

Treatment numbers correspond to Table 4, p. 50.
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a central position. The pots were filled with B0g fine gravel and 5OOg

soil. They were free draining and were maintained at fietd capacity by

overwatering once per day for the first four weeks. At this time all

genotypes were at the three-l-eaf stage and the water treatments vüere

started. Stress was imposed by withholding waten, while the control

pots were watered as before. Ïrlatering of the stressed pots was

recommenced after five days and the experiment was terminated five days

later.

The three replicates I^Iere blocked in a T pattern because there

werç temperature and J-ight gradients in two directions in the glasshouse.

lrlibhin each replicate, treatments 'l to 12 were assigned at random and

the genotypes vlere randomised within treatments. The tr:eatment numbers

correspond to harvest time, water treatmenls and type of measurement

(Tab1e 4 and Figure 2).

The eleven genotypes from Table 2 LhaL were not sovm in this

experiment in its entirety were j-ncluded as part of treatment (55) to

obtain an estimate of their ability to accumulate proline under these

particular stress conditions. This treatment (55) was replicated four

times.

Experiment 5. Stress at specific devel-opment stages.

Eighteen genotypes were chosen for this experiment. They

included all genotypes of Table 2 w:-Lhr the exception of Asahi 2, Mona

and Prior A. 'They represented a wide range of types, from early to late

maturing, low to high yielding and included ten two-rowed and eight

six-rowed types. It v\ras recognised that stress woul-d not be equivalenb

for genotypes with very different maturities so they were assigned to

three groups of six genotypes of different maturity.
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The soil for thi-s experiment was a ned-brown earth topsoil

taken from the property of Mr. K. Shackley, Reeves Plains, South

Australia. It v,¡as screened to pass through a 1.25 cm mesh sieve. It

had very low l-evels of nitrogen and phosphorus (Hare, 1976). Critical

soil moisture contents corresponding to soil water potentials of

-0.1 bar, -0.33 bar and -15 bar were determined wlth a pressure plate

apparatus (Table 5).

The soil was mixed in batches sufficient to fill three pots

and the required nutrients (Table 6) added during mixing. Before mixing,

the soil was treated with Nemagon (R) as the l-arvae of the cereal cyst

nematode (Heterodera avenea) were detected in test samples.

The pots were tin-plate, non-draining and Lined with a plastic

bag. They were cylindnical with a surface area of 250 cn2 and were 34 cm

deep. They contained 11.56 kg over dry soil when packed to a bulk density

of 1 .4.

Seed was germinated for 2 days at 2OoC. Five seeds r^rere sown

in each pot, four in an outer circfe and one in a central position. The

pots were aranged in an evaporatively cooled glasshouse. Reserve seed

üras so!,Jn in a similar soil and transplants replaced the few obvious

failures.

!,trhen seedlings had establishedr 5009 of fine gravel was applied

to the surface as a mulch to prevent excessive evaporation from the soil-

and to prevent erosion of the soil during watering. A circl-e of aluminium

coated Sisalation (R), 15cm high, I^¡as used to shade the base of the

plants to control the profuse tillering normally found in pot grown pJ-ants.

The plants r¡/ere supported during growth to prevent lodging (Plate I).

The pots vrere weighed, weights recorded and filtered rain waLer

added each week. SuppJ-ementary watering was required every two to thnee

days when the plants l^tere growing actively and the amount of water



,Plate I.

One pot used in Experiment 5 showing the lined tin-plate

potr cj-rc1e of aluminium coated Sisalation and dowell to

support plants.

Similar pots were used for Experiment 6.
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Table 5.

ltater content of the red-brown earth soil used in Experiment 5 at

critical soil water Potentials.

Soil hlater Potential-

bar

I'later Content

ol
lo

-0. 10

-0.33

- 15 .00

16.0

10.2

4.6
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Table 6.

Nutrlents supplied to the red-brow: earth soil used in Experinent 5.

Element Source lrreight per pot (re)

N

P

K

Mn

B

Zn

Cu

Mo

NH4N03

CaH, (POO )

r(2s04

M]s0

H:80¡

ZnS0O

H 02' 2

THzo

5H20

4.2H2O

355.00

810.00

270.00

45.20

14.90

29.80

0.75

37.20

tr'Hzo

CuSOO.

NarMo0
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required vras determined by sample weighing. water was added to

maintain the soil water potentiar between -0.1 and -0.33 bars at arl
times other than during a stress cycle.

The experiment b/as a factorial design of four replicaLes,

the factors being genotype and water treatment which were completely

randomised within replicates. Stress was applied by withholdlng water

until the soil water potenlial felr to -15 bars as determined by pot

weight. At this stage the pot was re-watered and maintained at fleld
capacity for the remalnder of the growing season. The water treatments

were:

i'Iater Treatment 1 :

l,later Treatment 2:

The unstressed control-.

(Vegetative Stress), stress applied during the

vegetative stage with a maximum just prior to
joinfing.

(Pre-anthesis stress), stress applied to reach a

maximum just prior to anthesis.

(Post-anthesis stress), stress was applied after

anthesis and was relieved when the soil water

potential had fallen to -15 bars but water was

then withheld for the remainder of the growing

season. This cyclic stress Íras prompted by the

finding of Aspinall et a-2. (1964) tnat a single

stress after anthesis woul_d have little effect,

particularly as the plants v¡ere able to reduce

fhe soil water potential to -15 bars in a few days.

I'Iater Treatment 3:

lrlater Treatment 4:

The stage of development for the timing of the stress was

determined at, the time when three of the five main slems in the pot

were at the specified stage.
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At the end of the stress period (or after the first stress

cycle in l^later Treatment 4 ) , the youngest ful1y expanded leaf of two

plants l^¡ere sampled for measurement of xyi-em water potential and free

proline. Two leaves l^Iere sampled at the same time from the corresponding

unstressed control plants (Vrlater Treatment 1) for the same measurements.

Plants were watered until- mature and the pots no longer

required slgnificant quantities of water. This corresponded to loss of

chlorophyll from the l-eaves. Each tiller uras tagged at anthesis and the

tillers measured separately for a range of plant characters when they were

mafure. These were tiller height, totar dry weight, grain yleld, tirrer

number, number of fu-ÌI and sterile florets and graì_n weighf .

Experiment 6. Stress maintained for specific development periods.

This experiment was conducted in a glasshouse wj.th temperature

controlled aL 22oC to reduce any possibl-e interaction between temperature

and stress. The stress treatments were designed to extend over specific

developmental phases.

The experiment was restricted to eight genotypes as space was

limiting and these were chosen to provide four genotype pairs of

comparable maturity. Bankuti Koraj- and Mona vrere very early two-row

lypes; Cyprus Black and Stewart, early six-row; Dore and Clipper,

mid-season two-row; Princess and Proctor, late two-row.

The so1l was steril-ized river l-oam and coarse river sand

mixed in equal proportions. Sufficient nutrients were added during

mixing to support adequate growth (Table 6). soir water content at

specific water potentiars r^rere determined with a pressure prate

apparatus (Table 7).

The soil was dri-ed below 4% waLer content before potting. The

pots were the same as those used for Experirnent 5 ancl wene filled wibh

13.5 ke soiJ- packed to a bul-k density of 'l .5.
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Table 7.

!üater content of the soil used for Expeniment 6 at critical soil

water potentials.

ltater Potential !'later Content

bars ol
lo

-0. 1

-0.33

-1.0

-15.0

16

10

6

4
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Fourteen seeds were planted in each pot in seven positions

and after establishment were thinned to seven per pot. Three of the

water treatments required stress from establishment. These plants

were watered lightly to ensure germinaLion and the stress treatments

were imposed immedi.ately the seedlings emerged.

The water treatments were:

!,later Treatment 1: (HHH) High water reglme from sowi-ng to harvest

(conlrol).

!'Iater Treatment 2: (LHH) Low vrater regime from sowlng to joinbing

and a high regime thereafter.

!,Iater Treatment 3: (LLH) Low water regime from sowing to anbhesis

and a high regime thereafter.

Ïtater Treatment 4: (HHL) High water regime from sowing to anthesis

and l-ow thereafter.

!ùater Treatment 5: (LLL) Low water regime from sowing to maturity.

SoiI waten content was allowed to vary between 16% and 10%

in the high water regime, whiJ-e for the 1ow regime the water content

was allowed to vary between 6% and 4%. The pots were weighed and

watered every second day, the amount of water to be added being

calculated from the pot weight after adjustment for the fresh weight

of growing plants (estimated from the weight of plants growr under

equivalenl conditions). Supplementary waLer rdas required twice each

day, when plants r^rere gror^¡ing actively, to maintain the water treatments.

The amount of water given to the pots was determined from past waten

use. AlI water supplied was recorded.

The temperature in the gl-asshouse r^ras maintained aL 22oC ! zoc.

ft was controll-ed via an exchange unit and air movement wibhin the

confined space was extremely high and contributed to the very high pJ-ant

water consumption.
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There were three replicates. The water treatments 'hrere

randomised within the replicates and the genotypes randomised within

the treatments. This split plot design was chosen to minimise the

effects of competition that could result from the influence of stress

on plant heighf. The genotypes and water treatments hrere re-randomised

each time the pots were weighed.

At five separate times during the experiment, the youngest

fully expanded leaf from each stressed and corresponding control

treatment was sampled for measurement of xylem water potential and

free proline. Anthesls date of the main stem on each plant was recorded

by tagging. The mature plants were harvested individually at the

conclusi-on of the experi-ment and dried at 85oC for 48 hours. The

characteristics recorded were total dry weight, tiller number

(fertile tillers only), tolal florets per spike, percentage of fertile

florets, grain weight and grain yield per plant.
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4. RESULTS

Bxperiment '1. Osmotic stress of barley seedlings - growth cabinet

Twenty genotypes grohln in a growth cabinet were stressed at

the 3-leaf stage with a polyethylene glycol (PEG) solution of -20 bars

osmotic potential. Stress was mai-ntained for 144 hours and recovery

htas measured 72 hours after washing the PEG solution from the rooting

medium. The experiment was designed to examine the change in xylem

water potential in the 20 genotypes over the stress period and to

relate this to the accumul-ation of free proline. Recovery ü¡a.s mea-sured

i-n lerms of plant height, tiller number and l-eaf survj.val.

Plants wilted rapidly when PEG was applied but the water

potential as measured by the pressure chamber did not farr as fast

as v\ras expected over the stress period (Figure 3). The average water

potentiar after 72 hours of stress was -9 bars compared to -28.3 bars

reported by Singh et a7. (1972) when they stressed barley seedlings

for a simil-ar period. The average water potential after]44 hours of

stress had fallen to -12.1 bars.

Genotype means for xylem water potentia-l were significanfly

different but the differences were not slgnificant within times (Tabl-e B).

trlater potential was al-so measured in the unstressed replicates.

The genotypes l¡¡ere not significantly different but there were differences

between the times (Table 9 and Figure 3). Nutrient solution was watered

into the unstressed pots just prior to the measurement at 144 hours and

this r¿as probably the reason for the high V(xylem) in these plants at

that tlme.

Free proline was at a low level in all unstressed pJ_ants

(Pigure 4) and the genoLypes were not significanbJ-y different. The



Figure 3.

Xylem water potential (bars) in the first leaf

of stressed (r) and unstressed (o) plants of 20

barley genotypes 24, 72 and 144 hours after stress

imposi.tion.
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Table B.

Xylem water potential (- bars) in the finst leaf of 20 barley genotypes

stressed with PEG (-20 bars osmotic potential-) measured 0, 24r 72 and

144 hours after stress imposition. Mean of 3 replicates.

Genotype Time (hours)

24 72 144 Mean0

Arivat

Bankuti Korai

BR 1239

cr 3576

Clipper

cPr 18197

Cyprus B1ack

Dore

Excelsior

Greenough

Hiproly

Ketch

Maraini

Mona

Princess

Prior A

Proctor

Stewart

Velvon fI

Zephyr

Mean

LSD (p=.05)

6.6

6.2

7.1

7.4

6.5

6.6

6.5

5.7

6.2

5.2

6,1

6.9

6.7

6.8

6.4

6.7

6.8

6.8

6.3

6.7

6.6

n. s.

8.1

7.5

6.7

7.9

7,2

7.3

8.1

6.6

7.6

6.8

7,4

6.9

7,4

7.8

6,6

8.2

7.1

7.6

7.3

7.4

7.4

n. s.

9.0

9.3

8.5

10.0

9.0

9.0

9.5

8.0

9.1

9.6

10. 5

l.Þ

B.B

9.2

8,7

B.B

8.5

8.9

8.4

B.B

9.1

n. s.

11.2

12.5

11.8

13.2

11.1

1i.3

12. 1

12.9

11.8

12.4

13. 1

11.1

12.3

11.5

13.1

12.6

11.8

12.2

11 .2

12.3

12.1

n. s.

8.7

8.9

8.5

9.6

8.5

8.5

9.0

8.3

8.6

8.5

o?

8.1

B.B

B.B

8.7

9.1

8.6

8.9

8.3

B.B

0.9

Combined Anal.ysis: Source of Variation
Genotype
Time
Genotype x Tirne

LSD (p=0.5)
0. gr(

0.4t(x.
n. s.
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Table 9

Xylem water potential 1n the unstressed controls at the times

corresponding to 0, 24 and 144 hours aften stress imposition.

Mean of two replicates and 20 genotypes.

Time of Stress
(hours )

Xylem Ï'later Potential
(- bars )

0

24

144

Mean

LSD (p=.05)

5.9

6.2

3.3

5.2

0.4rÊr(



Figure 4.

Free proline (ne/g dry weight) in the first leaf of

stressed (r) and unstressed (o) plants of 20 barley

genolypes 24, 72 and 144 hours after stress imposition.
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accumulation of free proline after the imposition of stress was neither

as rapid nor as consistent as expected and after 72 hours many genotypes

had not accumulated significant amounts. After '144 hours, hoviever,

proline had accumulated to levels approaching those reported by

Singh et af. (1972) (Table 10).

Proli-ne leveÌ after 144 hours of stress vJas not rel-ated to

the xylem water potentia]- of each genotype. Neither vlas there a

relationship between proline accumufated in this experiment and in that

reported by Singh ex al-. (1972) for the 10 common genotypes. They

exposed seedlings to PEG of -20 bars osmotic potential for 72 hours but

found that water potential fell more quickly and proline accumulated

more rapidly than occurred here.

Leaf survival was measured by the percentage of the first leaf

that remained green and obviously healbhy 72 hours after the relief of

stress. There was no measurable senescence in the unstressed pl-ants of

any genotype but a proportion of the first leaf was necrotic in all

previously stressed plants. The genotypes varied significantly in the

percentage of l-eaf which remained viable, varying from 48% in Greenough

Lo 75% in CPI 18197 (Table '11 ) .

The number of ti.llers, number of leaves, and plant height were

atl significantly reducecl by stress (Table 11). The genot,ypes l^/ere

significantly different fon all- three characters in both the well

watered and stress treatments. There was also a significant genotype

x stress interaction, indicating bhat the genoLypes differed in their

reaction to the stress and recovery treatment. It is this interactíon

that is ofl particul-ar interest in this study.

To compare the genotypes for Lhej-r reaction to the st ress but

al-Iowing for differences between them in their non-stress values, the

stressed means for each genotype vJere expressed as a percentage of their
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Table 10.

Free proline he/e dry weight) j.n the first leaf of twenty barley

genotypes t 72 and 144 hours after stress imposition. Mean of three

stressed replicates.

Time after stress imposition (hours)

72 144

Genotype Free proli-ne

Arivat

Bankuti Korai

BR 1239

cr 3576

Clipper

cPr 18197

Cyprus Black

Dore

Excelsior

Greenough

Hiproly

Ketch

Maraini

Mona

Princess

Prior A

Proctor

Stewart

Velvon II

Zephyr

Mean

LSD (p=.05)

1.12

o.92

1 .63

1.62

5.21

1,70

0.99

2.43

0.41

2.68

0.62

0.40

0.62

0.60

2.67

0.29

0.66

0.32

0.56

2,97

7.7

15.1

16.4

8.2

11.9

12.O

6.8

21 ,1

6.3

10.5

11.1

16.0

9.4

13.6

18.3

11.8

16.2

6.3

11.4

14.2

1.42 12,2

n.s 6.6*
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Table 1 1.

Leaf survival in stressed leaves and number of tillers, number of l-eaves

and plant height in the stressed and unstressed pJ-ants of twenty ba.rley

genotypes, measured 72 hours after stress relief. Mean of two replicates'

Genotype Leaf
survi-va1

ol
lo

TiIIers/plant

Control Stress

Leaves/pIant

Control Stress

Plant height (cm)

Control Stress

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini

Mona

Princess

Prior A

Proctor
Stewart

Velvon II
Zephyr

66

61

TO

67

60

75

70

66

61

48

66

59

72

56

60

55

64

70

65

59

3.6

3.6

3.1

3.8
2.6

3.4

3.7
4.6
2.7

3.1

3.3

3.0

3.2
4.2

4.1

3.6

2?

2.3

2.2

2.9

3.0

3.0
1.5

2.7

2.4

10.2

11.4

8.0

11.4

10.3

10.9

11.6

13.5

B.B

10.0

10.3

13.1

11.2

10. B

10.3

10.7
oo

44.4

56.5

48.9

46.1

52.6

48.0

52.8

46.3

52.9

56.0

52.7

48.8

36. B

52.6

50.3

49.3

48.3

49 .4

49.3

48.4

29.4

34.6

30.7

31.5

29.2

32.6

31.5

31 .0

31.1

36.4

32.2

29.8

26.6

31 .4

29.2

30.7

29.7

29.2

30.2

30. 5

oÀ

7.3

7.2
8.9

9.1

9.1

9.1

9.0

2.9

2,7

3.0

7.2

9.1

9.9
8.4

7.6

9.7
8.1

11 .7

9.3
13 .4

9.1

6.3

2.5

3.4

2.5

2.8

3.5

3.9

3.5
3.2

2.7

3.5

2.8

2.0

10.9

7.6

7.6

Mean 63 3.5

LSD (p =. 05 ¡ ',l 1 .9* 0.6rcx

Combined AnalYsis
of variance:

Source of
variation:
Between genotYPe means

Between stress and control
Genotype x stress

2.7

0.6*åç

10. B

1 .6rçåE

8.5

1 .5r(åÊ

49.6

4. 1xx

30.9

3. 5t(

LSD

0.4

0. 121çlÈ

0.56rçå(

LSD

1 .05'xl(

0.33åßt(

1 .49tilÊ

LSD

2.57xx

0. B 1xrç

3. 64x-lÈ
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unstressed control means (Table 12). Thus TiÌler Percent (TP)

was defi-ned as

Tiller Percent =

Tiller number (mean of 2 reps. ) of ith genotype
when stressed x 100

Tiller number (mean of 2 reps. ) of ith genotype
when not stressed

Leaves Percent (LP) and Height Percent (HP) were similarly defined.

TP, LP and HP were cal-culated for each genotype from the

mean values for stressed and control plants rather than from the

individual replicates. Palring of replicates from control- and stressed

treatments for such calculations would have been necessarlly arbitrary

and could not be used to provide an estimate of error for Lhese derived

quantities. ffre vafues given were int.ended to be usecl as a guide for

further work.

Leaf survival (63%) (Tabre 11) and heighL (62%) (Table 12) were

more j-nfluenced bry the stress than were till-er number (77%\ and leaf

number fi|%). There appeared to be some compensatory growth on the

relief of stress in tiller number and leaf number, particularly for

some genotypes where lhe stressed treatments had rnore tillers and

leaves than did the confrols.

A coryelation matrix for aII four characters, together wilh

free proline and xylem water potential after 144 hours of stress

revealed only four significant correl-ations (Table 13).

The high correlation between TP and LP is indicative of the

relati-onship between lea.f number and tiller number in such young plants.

Percentage leaf survi-val was significantly correlatecl with TP and

positively, although not significanLly, related bo LP and HP. This

would indicate, but not prove, that tiller production or survival and

leaf survj.val were similarly affected by the stress treatment. The

significant negative interactions between free prollne and TP or LP
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Table 12.

Tiller Percent (TP), Leaves Percent (LP) and Height Percent (HP)

in 20 barley genotypes measured 72 hours after relief of stress'

Genotype TP LP HP

Arlvat

Bankuti Korai

BR 1239

cr 3576

Clipper

cPr 18197

Cyprus Black

Dore

Excelsior

Greenough

HiproIY

Ketch

Maraini

Mona

Prlncess

Prior A

Proctor

Stewart

Velvon II

Zephyr

92

64

71

76

104

BB

7B

65

111

48

82

83

106

57

61

78

77

90

80

63

92

64

90

78

88

83

78

67

103

63

TO

7B

106

63

5B

87

75

106

71

7T

66

61

63

6B

56

6B

60

6T

59

65

61

61

73

60

59

63

62

59

61

64

Mean 77 77 62
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Table 13.

Correlation matrix for TP, LP, HP and leaf survival 72 hours after

stress relief and V(xy1em) and free proline measured 144 hours after

stress imposition. The genotype means for free proline were

calculated over the two replicates used to measure the other

characters.

TP LP HP Leaf
Survival

Free
proline

LP

HP

Leaf survival

Free proline

V(xy1em)

. g6xlç

.01

.47*

-.50*

.24

.16

.38

-.59lEx

.11

.34

-.01

.38

-.28

.03 .12
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r^rere not consistent with the hypothesis that proline is of val-ue to

the plants either during the stress or recovery period (Singh, 1970).

Similarly, Lhere bras no significant correlalion between free proline

after 144 hours of stress and leaf survival- 72 hours after re-watering'

although one t^ras recorded by Singh et al-. (1973d).

Experiment 2. Qsmotic stress of barley seedlings - glasshouse

Cultura1 and stress conditions v¡ere similar to those used for

Experi-menL 1 except that plants were grovrn in a glasshouse' The

experiment aimed to compare the genotypes for their ability to accumulate

prol_ine after 72 hours of sbress. Unstressed controls were not included

as they could not provide useful additional information but there were

four stressed replicates. Stress was not relieved at the concfusion

of the 72 hour stress Period.

Xylem water potential was again less negative than was to be

expected from bathing the roots in a solution of -20 bars osmotic

potential (Tabte 14), although mean xylem water potential after 72 hours

of stress in this experiment was lower than after 144 hours in

Experiment 1. Genotypes were not significantty different, howeven, and

genotype ranking did nol correlate with that in Experiment i.

Free proline had accumulated to some extent in alJ- genotypes

although it was lower after 72 hours in this expeniment (Table 14) than

it was after 144 hours in Experiment'l (Tabte 10). Genotypes were not

significantly different for free proline content" Despite the lack of

significance of the results, the free proline conlents of the twenty

genotypes in Experirnents 1 and 2 were compared (Figure 5). The

correlation coefficient (r=0.53*) was not large but was significant

indicatÍng some similarity in genotype reaction.



70.

Table 14.

Xylem water potential (- bars) and fnee prol-ine (mg/g dry weighf)

measured in the first leaf of 20 barley genotypes 72 hours after

stress i-mposition. Mean of four replicates.

Genotype Y ( xylem ) Free
proline

Arlvat

Bankuti Korai

BR 1239

cr 3576

Clipper

cPr 18197

Cyprus Black

Dore

ExceÌsior

Greenough

Hiproly

Ketch

Maraini

Mona

Princess

Prior A

Proctor

Stewart

Velvon II

Zephyr

Mean

LSD (p=.05)

14 .1

13.4

12.7

13.2

13.6

14 .0

13.7

12.9

12.3

12.1

13.6

13.0

12.8

13. B

13.0

12.5

12.8

11.9

12.0

14.0

2.8

4.0

3.6

¿.1

3.2

1.7

2.5

3.2

1.4

4.1

1.6

3.2

0.6

2.8

4.1

3.4

3.8

2.7

1.7

2.7

13.1 2.9

n.s n.s



Figure !.

Free proline (ng/e dry weight) accumulated by 20 barley

genotypes when stressed with Polyethylene glycol for

144 hours in Experiment 1 compared with the free proline

they accumulated after 72 hours in Experlment 2. For the

key to genotypes see Tabl-e 2¡ p. 41. The correlatlon

coefficient for the relationshÍp is r = 0.531ç.
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These resul-ts did not agree wit'h those of Singh et aL'

11972). The resul-ts were not comparabl-e, however, as singh and co-

workers achieved more severe levefs of st ress and did not record

di-fferences in Y" at the concl-usion of lhe stress period. Stres-s was

not severe i-n Experiment 1 of this study but' roots were exposed to

PEG over a longer period and uptake of the osmoticum cannot be

discounted. Variability between replicates of the same genotype were

high for Y(xylem) and free proJ-ine in both experiments and there were

differences between genotypes for Y(xylem) in Experiment 1 which

probably also contributed to variabj-lity in free proline. These

experiments did not provide sufficient evidence to determine if the

variability measurement of free proline was due to differences between

genotypes in exclusion of the osmoticum, differences in Y*, problems

in sampling or variability in the analysis of proline. The experiments

therefore promptecl further work where stress was appl-ied by withholding

water.

Exp eriment 3. Seedlings stressed by withholding water - growth cabinet

This was a prelirni.nary experiment to examine the water

potential of the leaves and the free proline accumulaLed by the 20

genotypesusedinthepreviousexperimentinresponsel,oastress

imposed by withholding water. The experiment was conducted in a growth

cabÍnet but was li-mited by available space to three replicates aÌI of

which were subjected to water stress '

y(xylem) and free proline resul-ts are summanised in Table 15,

Five days after withholding water mean Y(xyjem) of the twenty genotypes

hadfallento-lg.lbars.onedaylatermeanV(xytem)was-22.4bars.

There \^rere no unsbressed control-s for comparison but-. the V(xylem) of

control pl-ants gro\^tn under sinilar conditions in Expeniment 'l varied
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Table 15.

Xylem water potential (- bars) and free proline (mg/g dry weight)

measur.ed in the first leaf of 20 barley genotypes five and six days

after withholding water. Mean of three replicates'

Y ( xylem ) Free Prol-ine

Genotype Day5 Day6 Mean Day5 Day6 Mean

Arivat 1g.g

Bankuti Korai 18.9

BR 1239 18.4

cr 3576 20.3

Clipper 20.1

cPr 18197 22.4

Cyprus Black 20.9

Dore 18' 1

Excelsior 21,2

Greenough 17.9

Hiproly 14.6

Ketch 19.7

Maraini 17,1

Mona 19 '2
Princess 19 '4
Prior A 19'B

Proctor 1B.g

stewart 19 '1

Velvon II 16.8

Zephyr 19.0

Mean 19 '1
LSD (p=.05) n.s.
(for analysis within daYs)

24.6

23.3

21.9

24.7

21.2

24.O

23.8

21.6

29.4

20.6

18.6

20.9

22.8

20.7

21.5

23.5

21.3

21.8

20.6

21.8

22.4

n. s.

22.3

18. 9

18.4

22.5

20.6

23.2

22.3

19.9

25.3

19.2

16.6

20.3

20.0

19.9

20.4

21.6

20.1

10.4
18.7

20.4

20 .8

2.5*x

6.7

6.8

7.1

11.2

10. 6

8.2

9.0
6.6

8.2

5.3

5.7

7.1

4.2

7.e
6.8

9.7
oÁ

5.6

5.4
8.0

7.5
n. s.

19 .4

17 .B

17. B

14.7

16. 3

14.0

14.9

15.5

17 .T

14.9

15.4

17.2

12.3

17 .4

15.3

17 .B

16.6

15.7

18. 4

20.rs

16.5

n. s.

13.0

12.3

12.5

12.9

13 .4

11.1

12.0

11.1

13. 0

10.1

10.6

12.2

8.3

12.6

11.1

13. B

13.1

10. 6

11.9

14. 3

12.0

n. s.

Combined Analysis (LSD P=.05)

Source of Variation
Genotype

Time

Genotype x time

2,5x*
0. Brçx

n. s.

n. s.

1 .4*i+

n. s.



IJ

between -3.3 and -6.2 bars. Genotypes differed for Y(xylem) 1n a

combined analysis but there r.ias no sip5nificant interaction tvith t,ime

Genotype differences for Y(xylem) could reflect differences in the

rate of water removal from the smal-I poLs or diff'erences in wal,er

potential at the sarne soil v¡ater status but there was insufficient

evidence to determine which mechanism was most irnportant. The differences

between genotypes for Y(xylem) in this experiment were not relaLed to

those in Experiment 1.

Free prollne conLent of the sl,ressed plants five days after

withholding water averaged 7.5 mg/g dry weight. There hlere no unstressed

controls for comparison but it is usual- for proline content t.o be less

than 1 mg/g dry weight in leaves of unstressed p1.ants. Free proline

had increased to 16,5 ne/e dry weight by the sixth day. The genotypes

did not differ significantl.y for free proJ-ine content but variabiJ-ity

between replicates of the same genolype was high.
\¡7. , fr.rc_

Five days afLer withhotding water there tras a highly sienificaht¡\

correlation between free proline content and xylem water potential

when calculated over the three replicates and twenty genotypes,

reflecting a relationship between the two parameLers. There was nc such

relat.ionship on the subsequent day, however. There is no strict control-

over the timing of -stress imposed by r,rlLhholding water. Proline

accumulation would nlost likel-y have cotnmenced in each plant when water

potential (or the osmotic component of potential) fell- below a

critical level (Chu et af., 1974). A correlation between Y(xylem) and

free proline would be obtained if genotypes did not vary significantly

for this characteristic. No rel-ationship would be expected on the sixth

day at greater stress Ievels, however, if genotypes accumulated proline

at different rates after the criticaf water potential. Genotypes

remai-ned not significantly clj fferent. on the sixth day when free proJ-ine

was analysed after adjusl,ment for differences in \/(xylem). Similarly,
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a comparison of the accumulation frotn day five 1,o day six did not

reveal a significant trend.

The experiment did demonstrate the general ability of a range

of b¿rley genotypes to accumulate proline rvhen stressed by withholding

water and the free pro-l-ine levels in t his experintent were sj-milar to

those reportecl by Singh et aL. (1973d) for seedJ-ings stressed osmotically.

The data was not sufficiently accurate, however, to allow a comparison

of bhe prollne accumulated between the two days of measurement and a

glasshouse experiment was designed to further investigate possible

genotypic differences in response to stress.

Experiment 4. Seedlings stressed by withholding water - glasshouse

Ten genotypes r^rere stressed by withholding water at the three-

leaf slage. The experiment was conducted in a gJ-asshouse to provide

sufficient plants of each genotype for measurements of leaf water status,

proline accumulation and plant performance. The pots I^¡ere re-I^Iatered

five days after withholding water and the plant. characteristics were

recorded after a further five days. Despite the warning of Corletto

and Laude (1974) tfrat a recovery period of five days may not be

sufficient, recovery was l-imited to this, period by the smal-l pot size

which would have restrj-cted growth if the experiment had been extended.

A consistent nomenclature has been used to describe the water

treatment, sampling tirne combination used in this experiment. Thus; 0N

is the unstressed control- pl-ants on day 0, jusL prior to withholding

water;

25, 35, 45 and 55 - sLressed plants sampled, 2' 3, 4 and 5 days after

withholding water;

5N and 1ON - unstressed controls sarnpled on the days corresponding to

5 and 1O days after withholding water in the sti"essed treatments;



t7 t:

1OR - previously si,ressed plants sampl.ed 10 days aften withholding

water bul, 5 days after re-r¿;atering.

Xv1em Vrlater Potential

The change in xylem water poLenLial in response to the stress

and recovery treatment is il-l-ustrated in Figure 6. The Y(xylem) of the

stressed pl-ants was sì-gnificantly l-ower than that of the controfs two

days after withholding water. It decreased rapidly for the next three

days and five days after withholding waLer was -29.3 bars compared to

-7 .Z bars in the control pots. Fi-ve days after re-wa.tering however, the

v(xylem) of previously stressed planLs was not significantly different

from that measured in the conLrols.

Genotypes were significantly different in separate analyses

for 45 but not 55 (Table 16). There lras some tendency for the leaves

to break within bhe seal of the pressure chamber during measurement

on the fifth day and this resutted in greater error of measurement.

The combined data was significant,Iy skewed and was transformed to

Iogarithmic values before analysis. Genotypes and water treatments

were different but there r¡ras no interaction between them. Genotypes

therefore tended to maintain ranklng fon Y(xylem) whether stressed or

not. This is supported by a significant corr"elation between the

genotype means for V(xylem) j.n the stressed and the unstressed pots

(r=0.78*x betr¡Ieen the genotype means cafculated over treatments 25,

33, 45 and 55 against those caÌculated over oN, 5N and 10N).

In addition, means for Y(xylem) in the stressed treatments

of this experiment and in Experiment 3 were slgnificanl,ly correlated

(r=0.7*) for the nine common genotypes which suggests that. genotype

differences I^Iere a real- effect. This nay be due to real differences in

water status or due bo an interaction between genctype and meLhod of

mea.surement.



Fj.gure 6.

Xylem water potential in the first leaf of sLressed (¡)

and un-stressed plants (o) over a five day period afLer

wj.thholding water and five days after re-watering.

Mean of eight genotypes and three replÍcates.
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Table 16.

Xylem water potent.ial (- bars) in all water treatments and

genotype-s in Experiment 4. Mean of three replicates. lrlater

lreatment 0N is the measurement before imposition of the

treatments: 25, 35, 45 and 55 are the stressed trealments 2,

3, 4 and 5 days after withhol-ding water respectively; 5N and

10N are the unstressed treatments comesponding to 5 and 10

days after withholdi.ng water; 10R is the re-watered treatment

5 days aft,er re-watening.

Combined analysis (after log. transformation)

Source of Variation

Genotype

!,Iater Treatment

Genotype x lllater Treatment

LSD (p=0.5)

0.041rçrß

0.046rct(

n. s.
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Genotype

Asahi 2

Bankuti Koral

cr 3576

Clipper

Cyprus Black

Dore

Excelsi-or

Maraini

Proctor

Stewart

Mean

LSD (p=.05)

lÊ Mean (1og)

ON 5N

8.2

7.5 7.2

0.884 0.853

10N

8.5

Áo

8.6

6.9

7.5

6.4

7.7

6.7

7.3

7.6

7.4

n. s.

0 .866

10R

9.4

6.7

8.8

7.3

8.0

9.3

7.9

7.9

8.0

7.2

8.1

n. s.

0.9c0

12.2

7.8

12.4

8.7

11.4

9.0

10.3

9.0

9.5

8.1

9.8

n. s.

0.977

23.5

18.3

20. 0

20.7

19.9

17 .4

23.6

17 .7

20.2

19. 0

20.1

n. s.

1.289

23.2

21.7

19.9

18. B

17 .9

18.2

24.6

20.2

23.7

17.0

20.6

4.7x

1 .307

30.8

26.0

28.8

31.1

29.9

31.2

33.3

26.0

31 .0

24.9

29.3

n. s.

15.4

12.6

14.3

13.6

13.7

13.3

15.4

12.8

14 .4

12.3

13.8

1 .114

1.022

1 .102

1.055

1 .070

1.056

1.106

1 .043

1.081

1.027

2S 3S 4S 55 Mean Mean (1og)

T.T

6.9

8.1

T

3

9

7

6

7

6.8

6

2

2

5

4

2

S

T

7

7

7

6

7

n

3

3

0

9

2

T

S

7

8

I
7

7

T

n

1.465 1 .068
--.1
Or

x Mean (log) refers to the means of the data when logarithmically transformed i.e. the means relating to the

analysis of the logarithmically transformed data.
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Bankuti Korai and Stewart tended to have higher, while

Excelsíor, Asahi 2 and Cyprus Black tended to have lower xylem water

potential. The resurts of Hansen et af' (1977 ) suggest that Proctor

should have been more stressed than Excelsior but this was not the

case.

ReIa tive !'later Content RI,úC )

RI¡]C was measured on selected days to provide further

information on water status. It followed a similar pattern to V(xylem)

(Table 17). Mean R!üC (over a1I genotypes) was reduced over the slress

period Lç 62.9% five days after withholding water. Five days after

re-watering, however, RI¡IC of previously stressed plants had returned

to the l-eveI of the unstressed controls'

The genotypes varied significantly for Rl¡JC in the combined

analysis bul only at 55 in individual analyses. There was not a

significant interaction between genotype and water treatmenf,' The

correlation between the genotype means for the stress and control

treatrnents I¡Ias not significant but there may have been greater error

associated with the control estimate as it was measured onJ-y once.

RelationshiP Between Y(xvlem) and Rl^lC

The relatj-onship between Y(xy1em) and RV,iC, termed the moisture

release curve (Jones and Turner, 1978), of Figure 7 was constructed using

al1 available genotype and replicate points for the treatments 25, 35t

43, 55 and 10N. The 1OB results were excl-uded as they may have

introduced addiLional variability due to incomplete catabolism of osmotic

components. There was considerable spread in the points at high stress

levels but variation in RIiTIC explained BB% of the variat,ion in Y(xylem).

This does not eleminate the possibility of genotype clifferences in the

nature of'the curve, howeven.
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Table 17.

Relalive lrlater Content (%) measured in 10 genotypes and 6 water

treatments in Experiment 4. Mean of 3 replicates'

Ì'later Treatment

Genotype 10N 10R 2S 3S 4S 5S Mean

Asahi 2

Bankuti Korai

CT. 3576

Clipper

Cyprus Black

Dore

Excelsior

Maraini

Proctor

Stewart

Mean

LSD (p=.05)

95.3

95.4

94.1

9T .1

9T.B

94.0

95.7

95.5

94 .1

95.5

95.4

1 .5rç

96.9

97 .0

96.6

97 .4

97.5

96.1

95.4

97 .5

96.0

97 .1

96.7

n. s.

95.1

95.1

97.o

96.1

94 .4

96.9

93. 1

95.1

94 .1

96. B

95.2

n. s.

71 .4

83. 1

77 .6

83.0

79.2

80.4

81 .0

80. 1

79 .4

84.3

80. 1

n. s.

71 .5

73.8

74.6

78.6

78.4

BO. B

73.6

76.0

68.7

84.0

75.7

n. s.

55.1

61.7

62.5

69.4

62.6

59.0

61.9

67.3

60. 6

68.8

62.9

B. gx

79.0

83.7

82.9

85.7

84.2

83.8

82.T

85.2

B1 .4

86.3

83. 5

Combined analYsis

Source of variation

Ïrlater treatment

Genotype

Genotype x water treatment

LSD (p=.05)

2. Bl(lß

2.Txx

n. s.



Figure 7.

Relationship between xylem water pobential (bars) and

Relative l¡üater Content (%) for n = 140 from treatments

25, 35, 45, 55 and 10N in ExPeriment 4.

Y(xyrem) = + 0.0068 Rlnlc2 - 0.47T RI/ùc - 24.96 (R2 = o.BB).
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There were only 15 possible points (3 replicates and 5 water

treatments) for comparing RWC and Y(xylem) within genotypes and the

failure to achieve a reading for Y(xylem) at 53 fon alÌ replicates

of aII genotypes reduced the number of points.

It was possible to demonstrate a non-linear relationship

for only four of the genotypes. To fully define the curve it would

have been necessary to take readings at higher Y(xylem) values

(e.g. pre-dawn) Uut the objective of this comparison t¡as to compare

the two parameters at, greater stress levefs'

The genotypes did not vary significantly for the linear

regression coefficient (Tab1e 1B) and the lines were not significantly

displaced. That there was no interaction between genotyþe and method

of water status measurement is supported by the highly significanf

correlation between the genotype means for RlrlC and V(xylem) measured

five days after withholding water (r=0.791Êå().

The results do indicate that the genotype differences in

water status measured in this experiment (Tables 16 and 17) were a rea.l

effect and not assoclated with the method of measurement. These

differences may indicate stress avoidance but it is noteworthy that

genotype ranking tended to be maintained even in the absence of stress.

Water Use

Gen'otypes differed significantl-y in the quantity of water

used during the stress period as measured by the change in po'L weight

(Tab1e 19). This crude measure incl-udes evaporati-on from the soil

surface as weff as transpiration losses from the leaves. No attempt

was made to mulch the surface so evaporabion may have been high. In

addition, the change in pot weight would have been affected by the gain

ì-n plant dry weight but thÍs was small- rel-ative to water 1ost. The
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Table 18.

Number of points (n), l-inear regnession coefficient (b), Ii-near

correlation coefficient (r), significance of fitting a non-Iinear

eguation and 100R2 for the relationship between Y(xylem) and R!'lC

in 10 barJ-ey genotYPes.

n b r Signif.
non-linear

1 ooR2Genotype

Asahi 2

Bankutl Korai

cr 3576

Clipper

Cyprus Black

Dore

Excelsior

Maraini

Proctor

Stewart

AII 143 0.59 0.94**

14

14

15

15

14

15

14

15

15

12

0. 51

0.55

0.56

0.66

o.59

0.63

0.63

0.57

0.62

0.58

0.94rËlç

0.94rçl(

0. g6xlR

0. g5xlç

0. g6rnç

o'9Bn*

0.90r(x

0.94rßrç

o'94xx

0.961(x

n.s

**

n.s

n.s

n.s

n.s

lË

*tç

n.s

tÉ

lç t(

89

95

92

90

93

95

90

95

96

90

BB
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Tabte 19.

ttater used (ml) by pots of 10 barley genotypes during a stress period

'of 5 days. Mean of 3 replicat.es. The pots contained ! plants.

Genotype lùater Used
(mI )

Asahi 2

Bankuti Korai

cr 3576

C1-ipper

Cyprus Bl"ack

Dore

Excelsior

Marai.ni

Proctor

Stewart

Mean

LSD (p=.05 )

61.0

73.7

71.0

82. 0

69.3

62.7

66.7

72.7

73.0

79.5

70.9

10.9x
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quantity of water lost during the five day stress period ranged from

61.0 mI for Asahi 2 t'o 82.0 mI for Clipper.

Stomatal Fre uen and Size

Stomatal characters may influence water rel-ations or water

Ioss during the stress period (Miskin ex a7., 1972). Leaf impressions

for measurement of stomatal frequency and size were taken from the

first leaf of three plants and the second and third leaf of one plant

on day 0, just prior to the stress period.

The stomatal frequency varied between the leaves of the

same plant but not between the same leaves of different plants

(Table 20).

The overall correlation (3 reps x 10 genotypes x 5 leaves)

between stomatal frequency and stomatal length was highly significant

but not large (r= -O.57xx). The comelation was higher when calculated

on the genotype means (r= -0.761ç), thus supporting the finding by Miskin

and Rasmusson (1970) that the frequency and length of stomata vtlere

negatively correlated in another set of barley genotypes. The

correl-ation in this experiment was established despite the fact that

the genotypes were not significantly different for either frequency or

Iength (Table 21 ). There was no significant interaction between

genotype and l-eaf (either the same leaves of different plants or

different leaves of the same plant)

Stomatal frequency or length was not related to water

used during the stress period. Other relationships will be discussed

later.

Proline Accumu.fation

Free proline accumulated in the first leaf of all genotypes
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Table 20.

Stomatal frequency (number per microscope fietd and per *m2) and

stomatal }ength (ocular unlts and mm) on the first, second and

third leaf of barley plants. Mean of 3 reptricates and 10 genotypes'

PIant Leaf Frequency Length

per field Per mm
2 ocular units mm

1

2

3

1

1

1

1

1

2

3

72.3

67.3

58.6

72.6

74.2

29.0

27.0

23.5

29.2

29.8

17.8

20.2

19 .1

1T .T

17 .9

0.045

0.051

0.048

0.044

0.045

LSD (p=.05) tr ,*lß 2.1*x 0.7x1ß 0.0021ß*
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Tab1e 21.

stomatal frequency and length of 10 barley genotypes. Mean of 3

replicates and 5 leaves.

Genotype Frequency

per field Per mm

Length

ocular units2 ¡nm

Asahi 2

Bankuti Korai

ef 3576

Clipper

Cyprus Black

Dore

Excelsi-or

Maraini

Proctor

Stewart

LSD 1p=.05)

70.9

69.5

68.6

71 .4

69.4

71 .9

78.0

64.8

63.3

56.3

n. s.

28.5

27,9

27.6

28.7

27.9

28.g

31.3

26.0

25.4

22.6

n.s

1T .6

18.1

18.3

18.9

18.6

17.8

18.2

19.9

18.5

20.8

0.044

0.045

0.046

0.047

0.047

0.046

0.046

0.050

0.046

0.052

n. s.n. s.
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over the five day stress period. Accumulatio¡l had commenced after the

second day and by the fiftir day hacl reached l-eve]s nearly one hundred

times those in the unstressed controls (Figure B) ' ft was surprising'

however that Lhe free prolÍne content (mean of all genotypes) frao

increased ral,her than decreased five days after re-watering'

lrlhen analysed within sampling days, the genotypes dj-d not

differ significantly at any time other than the fifth day after

wil,hholding wa,ter and five days after re-watering (Table 22).

The data was transformed to logarithmic values to induce

normality prior to performing a combjned analysis on treatments 25, 35,

45, 55 and 1oR. The genotypes and water treatments were both hiehly

significant but there was no significant interac.tion. Proli-ne cont'ent

in the stressed treatments was significantly greater each day than

the previous daY.

The significant differences in proline accumulated by the

genotypes as a result of stress could be influenced by the difference in

water status. rf this were true, the rerationshì-p between free proline

and water status may have been the same for all ten genotypes. This

possibility was examined by cal-culating the regression between proline

and water status, measured as either R!'lC or Y(xylem), for each genotype,

ignoring the replicate structure and the infl-uence of sampling on

different daYs.

Thére vras a significant linear relationship between proline

and RV/C r^¡ithin all ten genotypes (Table 23), Lhe variation in Rl¡lc

accounting for between 58% and 90% of the varj.ation in proline. The

regression coefficients ranged between -0.3 (Maraini) to -1.002 (cyprus

Btack (Figure g ) . The regression coefficients were highly significanbl-y

different, indicating that 1-he differences in free proline accumulation

in the genotypes were not solely due to differences in water status'



Figure B.

Free proline (ne/e dry weight) in the first leaf of

barley seedlings 0, 2, 3, 5 and 10 days after withholding

water (r) and j-n the control plants corresponding to days

o, 5 and 10 (o). stressed plants were re*v,Iatered on day

5. Mean of eight genotypes in three replicates'
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Table 22.

Free proline he/g dry wt' ) in the first leaf of 10 barley genotypes

2(2s), a(rt), 4(4s) 
"na 

5(5s) days after withhording waber and 5 days

after re-wat,ering (1OR). Mean of 3 repl-icates. AIso the genotype and

treatment means after logarithmic transformation'

Treatment

Genotype 2S 3S 4S 55 1OR Mean Mean (1og)

Asahi 2

Bankuti Korai

cr 3576

Clipper

Cyrpus Black

Dore

Excelsior

Maraini

Proctor

Stewart

Mean

LSD (p= .05 )

Mean (Ioe)

.32

0.38

0.39

0.45

0.44

0.44

0.40

0.45

0.41

0.35

0.40

0. 15

3.26

3. 18

4.26

2.65

z. oo

1 .80

1 .33

1 .60

0. 64

0.66

2.26

hc

0.44

6.63

12.49

7.83

4.66

4.21

3.22

5 .85

5.7 4

7 .48

1.54

6.12

n. s.

o.75

13.20

22.O1

12.97

16.90

19.52

22.03

15.16

10. 28

15.11

10.00

15.72

8.26*

1 .19

24.32

33.05

27.30

17.46

36.99

19.50

24.06

18.95

22.76

19.58

24.40

11'7otç

1.39

9.55

14.22

10. 55

8.42

12.7 6

9 .40

9.36

7 .40

9.28

6.43

9.78

0.81

0.94

0. 85

o.74

0. 85

0.75

0.78

o.72

0.76

0.63

0.78

combined Analysis (after logarithmic transformation)

Source of Variation LSD (p=.05)

Genotype 0 ' 12tt'tç

Treatment 0 ' 16:(ål'

Genotype x Treatment n's'

* Mean (1og) is the mean of the logarithmicatly transformed daba i'e'

the mean relating to the analysis of logarithmically transformed data'

It is not the logarithm of the raw data mean'
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Table 23.

Regression equations for free proli-ne (y) and R!'lC (x) where y = a + b

a = intercept on Proline axis

c = intercept on RlüC axis

þ = regression coefficj-ent

r = correlation coefficient

n = number of points used to calculate regression '

Genotype a c nrb

Asahi 2

Bankuti Korai

cr 3576

Clipper

Cyprus Black

Dore

Excelsior

Maraini

Proctor

Stewart

42.3

76.9

44 .1

69.4

82.3

79.3

4e.7

28.6

46.9

46.4

80.7

BT.1

BB.2

87.2

82.2

82.7

84.6

95.1

83.3

86. B

-0.524

-0.883

-0.500

-0.796

-1.002

-0.958

-0.575

-0. 30 1

-0.563

-0.535

-0.831ßlß

_0.95*rÊ

_0.871Ëx

-0.86tt+t

-o'94**

-o'94xx

_0.931çl(

-o ' 76rç

_0.72x

-o'92**

9

9

9

9

9

9

9

9

9

T



Figure 9.

The relationship between Relative !,later Content - RIdC (%)

and free proline (ng/e dry weight) measured in the fj-rst

leaf of ten genotypes in Experiment 4. For the key to

genotypes see Table 2, p. 41.
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The trend was similan for the relationship between prol-ine

and Y(xyl-em) (Table 24). VJith the exception of Asahi 2, which had a

correlation coefficient of O.!8, all regressions were significant

and the regression coefficients, including the one for Asahi 2t were

highly signifi.cant.Iy different.

Genotype values for three measures of proline accumulation

r¡rere correlated (Table 25). The three measures were the regression

coefficient between free proline and RI¿'IC, the regression coefficient

between fnee proline and Y(xylem) and mean free proline content

measured on day 5 (5S). Such a relationship is expected because the

mean proline content on day 5 is a component of atl three quantities.

The relationship between proline and measures of water status provide

an explanation for the variabilÍty of prollne response at any particular

sampling time but mean proline content in treatment 55 is still the

best available measure of proline at that time'

Five days after re-watering, the proline content in the flrst

Ieaf of aI1 genotypes was high (Table 22), despite water status of the

Ieaves having returned to normal levels. In most genotypes the proline

content was higher in 1OR, five days afuer re-watering than in 55' at

the end of the stress period. fn one genotype (Dore) the proline content

did marginally decrease but the increase in other genotypes ranged from

0.56 me per g dry weight in clipper to 14.33 mg per g dry weight in

CI 3576. The percentage increase over this period ranged from -11% Lo

110%. This increase on the rel-ief of stress does not agree with

previous reports on the change in free prol-ine on the relief of stress

(Sineh, 1g7O; Blum and Ebercon, 1976) and was not expected' 1L would

have been valuable to fol-Iow the change in proline over a longer period

but the experiment was terminated due to the small pot size' There

are a number of possible explanations for this effect. It is possible
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Table 24.

Regression coefficient (b) and correlation coefficient (r) for the

relationship between free proline and V(xylem) in ten barley genotypes.

(n) is the number of points used to calculate the regression.

Genotype r nb

Asahi 2

Bankuti Korai

cr 3576

Clipper

Cyprus Black

Dore

Excelsior

Maraini

Proctor

Stewart

-0.72

-1,76

-0.88

-1.41

-1.51

-1.45

-1 .03

-0.70

-1 .01

-1 .01

n, s.

-0.79x

-0 .87xx

-0 .87xx

-0.94**

-0.86x1(

-0. B4lßl*

-0.84*lß

-o ' 78n

-o ' 78rß

9

9

9

9

9

9

9

I
9

7
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Tabte 25.

Correlation coefficients for three measures of proline accumulation

in Experiment 4. bRwc/proli_ne is the regression coefficient between

Rtr'lc and free prori-ne, bv(xytem)/proline is the regression coeffici'ent

between Y(xylem) and free proLine, free proline is the content

measured in 55.

bV(xytem)/proline free proline

bRvüc/prorine

bv (xytem) lprorine

a'92** -0.911ÊlÊ

-0. ggl(x
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that. the accumulation of proline continued for some time after stress

relief and actuatly did fall after a lag period. It is also possible

that plants did not metabolise the proline because there was no

recovery, either due to unrecognised tissue mortal-lty or a limitation

of some other environmental factor.

Chloro 11 Loss

Total chlorophyl-I content was measured five days after

withholding water in the first leaf of stressed plants and on the

same day in unstressed plants. Plants in different pots of each

genotype were not at the same water potent,ial- after stress and the

considerable variability in total chlorophyl-l content irrcluded this

variable. For this reason the chlorophyll content was adjusted for

differences in water status prior to analysis (Steel and Torrie, 1960 -

page 315) and it is these adjusted vafues which are presented in Table

26.

Genotypes did differ in total chlorophyll content in the

absence of stress and the five days of stress reduced the content to

an average of 66% of the control level. Genotypes did not differ

significantly in their reaction to stress, however, with total

chlorophyl-l content being reduced from 63.3% in Bankuti Koral to 68%

in Asahi 2.

Thése results did differ slightly from those of singh et a7-

(1973d) in that genotypes in thj-s study did differ in chlorophyll

content when not stressed. The results do agree, however, in showlng

no differences between genotypes in their reaction to stress.
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Table 26,

Chlorophyll- content (mglg dry weight) measured in stressed and weII

watered plants of 10 barley genotypes five <lays aft'er withholding

water. Stressed result.s are presented before and after adjustment

for water potential differences but means and analysis are presented

only after acljustment.

Genotype Control Stressed

Not Adjusted Adjusted

Mean

Asahi 2

Bankut,i Korai

cr 3576

Clipper

Cyprus Black

Dore

Excelsior

Maraini

Proctor

Stewart

Mean

13. 53

13.93

14.59

15.77

13.25

15.69

13. BB

12.91

15.70

14.46

14.24

10.10

6.63

10 .49

12.45

7.65

6.90

6.32

8.23

10.29

9.07

9.20

8.82

9 .71

11.28

8.40

10.30

9.11

8. 53

10. 59

10.11

9.61

11.37

11.38

12.15

13. 53

10.83

13.00

11.50

10.72

13. 14

12.29

11.99B. B1

Analysis

Source of VarÍation

Genotype

Treatment

Genotype x treatment

LSD (p=.05)

1.55x*

2.32xx

n. s.
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Effect of Stress and Recovery

Dry weight increase was retarded by stress (TabJ-e 27), so

that the mean dry weight following five days of stress was 0 '4929 per

five plants compared with 0.794g per five plants in the well watered

treatment at the same time. Five days after re-watering, the

previously stressed treatment averaged 0.715g per five plants compared

with 1.O7Bg per five plants in the controls. The water treatments l^Iere

highly significanbly different as were the genotypes and the interaction

between genotypes and water treatment'

The rel-ative growth rate (RGR) (Table 28) of the stressed

plants over the five days of stress averaged 0.013 e/g/day compared

with 0.110 g/e/day in the controls over the same period. In both

cases the genotypes were significantly different. The apparent

negative relative growth rale during stress could be a real effect

or due to experi-mental error. The genotype means for RGR duri-ng

stress were significantly correlated with their unstressed growth

rate(r=0.75*)indicatin8somedegreeofretativityinstressand

non-stress performance. This, however, does not eliminate the

possibility of subtle genotypi-c differences during stress.

when plants were ne-watered, the mean relative growth rate

over the five day recovery period was 0.O75 8/e/day compared with 0'060

g/g/day in the controls over the same period. This suggests some

compensatory growth over the recovery period but this may have been

confounded with the initial difference in si-ze of the plants in,,the

two treatments. v,lhen the growth rate of the stressed plants over

this period of recovery (RGR1OS) is compared with that of control

ptants of comparable inil,ial dry weight (RGR5N) ttre previous stress

is seen to have inhibited growth during this time'
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Table 27.

Dry weight @/5 plants) in stressed and control treatments of 10

barley genotypes 0, 5 and 10 days after stress imposition. Stressed

plants re-watered on day 5. Mean of 3 replicates.

Treatment

Genotype ON 5S 5N 10R 10N Mean

Asahi 2

Bankuti Korai

ct 3576

Clipper

Cyprus Black

Dore

Excelsior

Marai ni

Proctor

Stewart

Mean

LSD ( p=.05)

.464 .492 .794

n.s n.s n.s

.715 1 .078

. 139fçrç .229x

.483

.463

.423

.460

.453

.503

.433

.500

.440

.490

.433

.633

.486

.486

.476

.493

.456

.500

.466

.486

.730

.880

.800

.810

.793

.726

.760

.823

.750

.866

.613

.933

.7 40

.613

.763

.650

.616

.750

.660

.813

.853

1.573

1 .093

.973

1.247

1.O45

.903

1.110

.843

1 .127

.623

.B9T

.709

.669

.7 47

.681

.634

,737

.632

.757

.708

Combined AnalYsis

Source of variation

Genotype

Treatment

Genotypes wlth N treatments

Treatments with N genotYPes

LSD (p=.05)

0.063r(x

0.056åßx

0 . 141 nrç

0. 143rçt(
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Table 28.

Relative gro¡th rate (g/g/day) from days O to 5, the sbress period

and days 5 to 10, the recovery period for stressed and control

treatments.

Genotype RGR5S RGR5N RGRlOS RGR10N Mean

Asahi 2

Bankuti Korai

cr 3576

Clipper

Cyprus Black

Dore

Excelsior

Marai-ni

Proctor

Stewart

Mean

LSD (p=.05)

-.o23

.061

.027

.009

.010

-.004

.011

0

0.01 1

. 114

.081

.127

.127

.113

.112

.073

.113

. 100

. 107

.103

.071

.079

.085

.049

.093

.o54

.059

.082

.070

.053

.075

n.s

.033

. 117

.064

.038

.0Bg

.084

.034

.060

.o23

.053

.060

.035rÉåç

.040

.096

.076

.052

.076

.o52

.054

.060

.053

.067

.064.013

. 041 lç

.110

.0361ç

Combined AnalYsis

Source of Variation

Between Treatments

Between GenotYPes

Interactlon (Genotype x treatment)

LSD (p=.05)

.036tÊx

.o21xx

n. s,
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The genotypes did not differ significantly for RGR foJ-lowing

stress rel-ief and this is a reflection of the between replicate

variability. It is interestj-ng, however, that there hlas sbill a

significant correlation (r=0.6'1*) between the variety means for

RGR5N and RGR1OS (from about the same dry weight).

The highly significant Ínteraction for dry weight indicaled

that the genotypes differed in their response to the stress lreatment.

This interaction was invest.igated by calcu}ating the Dry V'leight

perc.entage (DI,,IP) for each genotype. Thi-s allowed a comparison of the

genotype perfonmance under stress rel-ative to its performance when nol,

stressed.

Dl'lP was defined as:

DIrrlP5 = (Dhl5is./ Dlll5ic. ) x 100' where

Dhr5. _ is the dry weight of the ith genotype (mean of three replicates)
- l_s.

on day 5 when stressed, and

Dr/,t5ic. is the dry weight of the ith genotype (mean of three replicates )

on daY 5 when not stressed.

Dl'1P10 was similarly defi.ned using the dry weights for day 10.

DVùP5 (Table 29) of the genotypes varied from 56.1% for

Stewart Lo 75.3% for Bankuti Korai, most genotypes being around 60%

while the DhlPlO of the genotypes varied between 59.3% for Bankuti Korai

to 78.3% for Proctor. There was not a signiflcant relationship between

Dhrp5 and DI/,lplO (r= -0.41 n.s. ) but the trend was for the best performing

genotypes durj-ng the stress period to be relative worse after the

recovery period.

Leaf area, number of tillers, number of leaves and plant

height were afso measured on the last day of the experiment and the

results are presented in Table 30. The l-eaf area !'¡as also measured
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Table 29.

DÌ,1P5 and Dl¡tP1O of ten barley genotypes (DlÙP defined on p. 96).

Genotype DV,IP5 DtüP 10

Asahi 2

Bankuti Koral

cr 35v6

Clipper

Cyprus Bl-ack

Dore

Excelsior

Maraini

Proctor

Stewart

59.3

75.3

60. B

60.0

60.0

67.9

60.0

60. B

62.1

56.1

71 .9

59.3

67.7

63.0

61,2

62.2

68.2

6T .6

78. 3

72.1



Table 30.

Leaf area cmz/pol- measured before stress imposition and in previously stress"d(10R) and control(10N) pots on day

10. Number of tillers, number of leaves and plant height (cm) measured in treatment 10R and 10N. LAP10, TP10,

LP10 and HP10, are the 10R means expressed as a percentage of 10N for Leaf Area, Ti1ler l\umber, Leaf Number and

Height respectively.

Leaf Area (cm2) Til-ler Number Leaf Number Plant Height (cm)

ON 1OR 1ON LAP1O 1OR 1ON TPIO 1OR 1ON LPIO 1OR 1ON HP1O

Asahi 2

Bankuti Korai

cr 3576

CJ-ipper

Cyprus Black

Dore

Excelsi-or

Maraini
Proctor

Stewart

Mean

LSD (p=.05)

160.7

140.6

123.9

138.5

129 .4

117.6

128.0

157 .9

130.3

187.3

139.8

n. s.

190.0

236.9

200.9

182.0

195.2

182. B

192.8

218.6

183.3

240.0

202.3

38. BrÊ

232.8

272.0

239 .1

223.0

244.4

227 .4

222.7

265.4

209.2

294.6

243.6

"2 
7)llç

B1 .6

87 .1

84.0

B1 .6

79.9

80. 4

86. 6

82.4

87.6

B1 .5

83.0

o'7

7.7

7.7

6.0

8.7

11 .7

9.7

t.t
8.0

9.7

8.6

2.4xx

10.3

5.3
8.3

6.7

8.3

94.2

145.3

92.8

89.6

104. B

111 .4

90.7

92.8

96.4

104.3

100.0

83. B

97 .1

88. 2

79.5
o?o

93.2

82.0

84.5

91.7

103. 1

90.0

24 .4

35.1

30. 6

31.8

31.3

27 .5

28.g

29.3

32.2

30. 1

30. 1

4.0åÊx

28.5

47 .6

33. 1

34.5

36.1
?"Q

33.7

35.8

36.4

36.7

85.6
.7'> .l
lJ. I

92.4

92.2

86.7

81 .4

B5.B

B1.B

BB. 5

82.0

25.3

23.3

31 .0

33. 7

31.3

34.0

27.3

27.3

30.0

33.0

29.6 32.9

4 . 3*tÊ 3. 7r(x

2. B*x

2.2x

n. s.

37

34

28

29

33

36

33

32

32

32

0

7

7

3

T

tr

3

3

T

0

10.5

10.7
QA

8.3

9.3

8.6

1 .5åç*

35.7 84.3

3.3åÊl(

2.44xx

2.7Ü(

3.46t'

\o
COLSD (p=.05) in Combined Analysis of Variance

Source of Variation
Genotype 24.25xx

Treatment 13.91(tÉ

Genotype x Treatment n.s.

1 .36tÊrÉ

n. s.

n. s.
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just prior to the imposition of the stress treatments and these results

are also included in this table.

The]eafareaofpreviouslystressedplantsremainedbelowthaL

of the control plants five days after stress relief. There ü/as no

significanL genotype x treatment interaction al-though bhe genotype and

treatment effects were significant. It can be concluded that the

genotypes did not differ in the reaction of their leaf area to stress'

The number of tillers on previously stressed plants was

similar to tn-e number on unstressed plants and, on the average, there

were fess than two tillers per plantr even in the unstressed control'

Although Lhe genotypes differed in the number of tillers per pot,

there was no evidence of genotype differences in response to the

stress for this character.

There were fewer leaves in the previously stressed plants

than in the controls but the differences were not great. As was the

case for tiller number, however, the genotypes were significantly

different but there hras no evidence for differences between genotypes

in reaction to the stress treatment'

Therewasasignificantinteractionbetweengenotypeand

treatment for plant height. The height of Bankuti Korai was more

infl_uenced by stress than was the height of the other genotypes'

Bankuti Korai is a very early genotype and had entered the reproductive

phaseofgrowthandcommencedtoelongateinthewellwatered

treatment just prior to the conclusion of the experiment thus

contributing to the significant interaction'

Rel-ationshiPs between Characters

The experiment was confined to the seedling stage in the hope

that l,here would be no differences between genotypes in water status at
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the compJ-etion of the stress period. This was not the case, however and

both the imporlance of the di fferences and their influence on the

response to stress must be considered '

It is possible that differences in root pattern or efficiency

were responsibl-e for the diffenences in the water status of the leaves

but neither characteristic vJas measured in thi-s experiment' Xylem water

potential was correl-ated with stomatal- frequency (r= -0.73*). The

genotypes with fewer stomata were less stressed five days after

withhotding water. The possibility fhal low stomatal frequency vilas

related to low leaf area and this was the basis of the lower levels

of sLress was not supported by the resufts. stomatal frequency was

correlated wibh only one measure of leaf area (Table 31 ) and the sign

of this correlation indicated thaf the genotypes with l-ower stomatal

frequency tencled to have greater l-eaf area. SimilarIy, the correlation

between Y(xylem) and the various measures of leaf area (Tabte 31 ) were

positive, so that those genotypes with higher feaf area were less

stressed than those with a Iower leaf area and this refationship was

reinforced throughout the stress period'

Xyì-em water potential of the stnessed and control treatments

were relaled (p. 75). Stomatal- frequency may be responsible for small

differences in Y(xylem) (Miskin et a7., 1972) which may have smal-l

cumul-ative effects on leaf area as was suggested by Fischer (1970).

This, however:, must remain specul-ation with this limited data.

RWC was not as closeJ-y relal,ed to either leaf area or

stomatal frequency as was Y(xylem) (Ta-bte 31 ), but there was a' high

correlation with water used during the stress period (r=0.88*x,

Figure 1O). Field experiments with barley have shown that genotypes

with greater l-ea.f area use more water and can become more stressed

(Gardiner , 1g7 1 ) but in this experiment those genotypes that used
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Table 31.

Correlation coefficients over the 10 genotype means for stomatal

frequency (SF), V(xylem), relative water content (RIdC), relative

growth rate of the previously stressed treatmenl from day 5 to day

10 (RGR1OS) and the vanlous measures of leaf area. LAO is the leaf

area prior to stress, LA10S and LA10N are the leaf areas of the

stressed and control plants five days after re-watering.

LAO LAlOS LAlON

SF

Y(xylem)

RtüC

RGRlOS

_.6Tx

.65x

.37 n. s.

.49 n. s.

-.60 n. s.

. g2rßlç

.45 n. s.

. B0Xlç



Figure 10.

The relationship between Relative lrlater content (%)

and water used during the five day stress period in

Experiment 4 (r = O.BBI(xr r = 10). For the key

to genotypes see Table 2, P. 41,
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l-east water during the stress period were mosL stnessecl (i'e' had

thelowestRWC).AsimilartrendbetweenV(xylem)andwaterused

was not slgnificant (r=0.44 n.s. ).

The experiment clid not provide evidence of the mechanism

of this relationship. Roo1, exploration of the poLs and differences

in root efficiency v¡ere not studied but would be unlj-kely to influence

waber use in the limited pol volume. Early slomatal closure may have

contributed to this response as this would conserve water but allow

growth to contirtue at night.

The character derived to rank genotypes for resistance to

the stress peri.od was Dr¡1P5, dry weight in the stressed treattnent

expressed as a percentage of that in the controf (defined on p' ) '

There was no relationship between DIr'lP5 and either measure of water

stabus at bhe conclusion of stress (r RlrlC. DhlP5 - -0.35 n.s.;

r y(xylem). Dhrp5 = O.O7 n.s. ). Dl'lP5 lvas significantly cornel-ated

wiLh amount of free proline accumul-ated during the stress period

(r=0.76xx, Figure 1 1 ). There was therefore a tendency for genotypes

that accumutated most proline to perform better during the stress

period relative to their own controls'

In contrast to these results there !{as a negative correl-ation

between DWPlO and proline accumulated during the stress period

(r= -0.69tÊ). DWP1O is the dry weight of the previously stressed

plants on day.10 expressed as a percentage of the dry weight in the

unstressed controls on the same day. It was not related to either

measure of water status at the conclusion of stress' It depended more

on the gro-wth ra1e of the conlrol plants from clay 5 bo day 10 (r= -0.661ç)

than on the growth of the recovering plants over t he same period

(r=0.08 n.s.). Genotypes that accumulated most proline during the

stress period tended to be those that, uns'Lressecl, grew most rapidly



Figure 1 1.

The relationship between free proline in the first leaf

of ten barley genotypes five days after wibhholding water

and D!rIP5 (dry weight when stressed relative to dry wdigfrt

in the unstressed control plants of the same genotype at

the same time) (r = o.f6x, n = 10). For lhe key to genotypes

see Table 2, p. 41.
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between days 5 and 1O although the correlation vras not significant'

(r=0.60 n.s, ). Ability to accumulate prol-ine was rel-ated to TPt

nurnber of tillers in the previously stressed treatment expressed as a

percentage of the control tiller number. TLlis correlation is of dubious

value however, as it is very depencÌent on the Bankuti Korai result'

This experiment demonstrated a relationship between feaf

area, water relati-ons and post stress recovery. In similar young

plants the dependence of relative growth rate on feaf area was shou¡n

by singh et a7. (1973d). Ability to accumulate proline was related

to performance during the stress period but not to post stress recovery'

It did not influence feaf area as there was no measurabl-e leaf

senescence and prollne was not catabolised during the post stress

recovery period so it could not contribute to post-stress performance'

An additional treatment was added to this experiment to measure

the proline accumulated by an extended range of genotypes in response to

the water stress. Eleven genotypes were added to treatment 55 within

the experiment and a further replicate of the 21 genotypes was also

added. Proline content and xylem water potential l^¡ere measured in the

first leaf of each treatment five days after withholding water'

ThegenotypesvariedsignificantJ-yforY(xylem)atthe

concfusion of the stress period and also in the amount of free proline

accumul_ated by that time (Tab1e 32). There was no cornelation between

genotype means for V(xylem) and free prollne (r=0.01 n's'), indicating

that genot ype differences in prol-ine accumulation were not solely due

to differences in water status. The genotype val-ues for v(xylem) were

significantly correl-ated with the mean values in Experiment 3 (r=0.62x)

indicating that genotypes reacted similarly for this character' There

was, hohlever, no relationship between the two experi-ments for free

proline accumulated.
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TabIe 32.

Xylem water potential (- bars) and free proline mglg dry weight in

21 genotypes, five days after wibhholding water. Mean of four

repì-icates.

Genotype Y (xylem) Free proli-ne

Arivat

Asahi 2 
.

Bankuti Korai

BB 1239

cr_ 3576

Clipper

cPr 18197

Cyprus B1ack

Dore

Excelsi or

Greenough

Hiproly

Ketch

Marai.ni

Mona

Princess

Prior A

Proctor

StewarL

Valvon fT

Zephyr

Mean

LSD (p=.05)

31.1

33.5

26.O

30. 4

29.1

30.9

37.3

29.7

31.1

33.6

26.7

23.8

32.1

28.5

30.7

34.7

32.6

31.5

24.9

32.5

32.2

31.1

4.5xx

14 .1

13.3

22.0

12. 1

13.6

17 .2

11.2

19 .1

21.6

15.3

16. 0

13.9

1T .3

10. 3

13.3

17 .8

17 .0

15.3

10.5

13.0

12.9

15.1

tr aå(l(
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Twenty genotypes vJere common t'o Experiments 1, 2, 3 and

the addj.tíonal Lreatmenl, of Experiment. 4. Genotypes were not different

in Exper¡-ment 3 but there were significant (but not high) correlations

between genotype means for proline accumulation in Experiments 1, 2 and

4 (Table 33). The errors associated wj-th proline estimation in these

experiments, probabty associatecl with differences i-n Y"r would have

contributed to the poor correlation between experiments.

These experiments did not correlate well- r¿ith those of

Singh ex af. (i973d) 1n ranking genotypes for ability to accumufate

proJ-ine. They did, howeven, suggest that proline may have been related

to survival- and growth of seedllngs during stress'

Experiment 5. Genotypes stressed at specific development stages

The response of a range of genotypes to a moisture stress

has not often been studied lat.er than the seedlj-ng stage except for

an estimate of yield under field conditions. It is often difficult to

make comparisons at the l.ater stages. The cievelopment pattern of

different genotypes are rarely synchronised and they are therefore

stressed at different ontogenetic stages which may affect their response

(Chinoy , 1962; Fischer, 1973). It is al-so difficult 1,o ensure similar

stresses for genotypes wilh different growth habits and leaf areas.

The seedl-ing experiments (Experiments 1 to 4) showed t'hat

genotypes apparently varied in their response to stress at that stage'

This experiment aimed to extend those results by comparing a range of

genotypes in their response lo water stress at later stages of

development. Imposition of equitable stress is not possible under

fiel-d conditions so the experiment was conducted in large pots and the

genotypes were stressed at sj-milar stages of development but not

necessarily at the same time. The use of pots el-iminated dif'ferences
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Tab1e 33.

Correlationmatrixofgenotypemeansofprolineaccumulatedby

20 genotypes under stress in Experiments 1, 2 and 4'

Experiment

Experiment 2 4

0.53x 0. 45x

0.55iË
2
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between genotypes due to rooting depbh and it was hoped that differences

in drought escape could also be minimised by stressing at specific

development stages.

The experiment compared 1B genotypes in four waber treatments.

SoiI water potential was maintained between -0.1 and -0.33 bars in pots

of all water treatments except during stress imposition. Stress was

not apptied in !'laber Treatmenl 1 (controt) at any time. l¡rlater was

withheld in I¿rlater Treatment 2 (vegetative stress) to reduce soil water

potential to -15 bars just prior to jointing when the pots were

re-watered. In lrlater Treatment 3 (pre-anthesis stress) water was

withheld so Lhat soil water potential feIl to -15 bars just prior to

anthesis when pots were re-watered. !üater was withheld after anthesis

in lrlater Treatment 4 (post-anthesis stress) untj-I the soil water

potential reached -15 bars. Pots u¡ere re-I^Iatered after sampling for

V(xyIem) and free prolj-ne but water was again wlthheld for the duration

of the experiment.

hlater Use

The record of water used each week (Figure 12), demonstrates

the way in which the stresses v,Iere applied and also the very different

growth patterns of the genotypes under study.

The vegetative and pre-anthesis stresses delayed maturity

and prolonged water use. This was largel-y due to the development of

later tillers foJ-lowing stress rrelief,

Anthesis in the early genotypes (e.9. Bankuti Korai and

Stewart) occurred before the period of maxi-mum water use and the graln

filling period was prolonged. Anthesis coincided with maximum water

use in mid-maturing genotypes like Clipper but for 1.he later genotypes

such as Maraini, anthesis fol-lowed after maximum water use and the



Figure 12.

üIater use pattern (water used each week) by four representative

genotypes in the four water treatments of Experiment 5 over

the 16 week recording period. The vertical arrow indicates,

for each genotype, the anthesis dat,e of the main shoot in the

unstressed control treatment. The four water treatments are:

¡ I'later Treatment 1 - unstressed control

o- 
- 

tr Íüater Treatment 2 - vegetative stress

o- '- ' o !üater Treatment 3 - pre-anthesis stress

o--- --o lrrater Treatment 4 - post-anthesis stress.

The genotypes are:

a) Bankuti Korai:- very early maturing, two-row.

b) Stewart:- early maturing, six-row.

c) Clipper:- mid-maturing, two row..

d) Maraini:- very late maturingr six row.

l-
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grain filling period was very restricted. This may have been a real

effect due to the develop¡nent pattern and climatic influences

(temperature or evaporative demand) (Table 34) or to the restrj-ction

on further expansion by the limited pot size'

The effects of water treatment, genotypes and their interacti-on

ontotalwateruse(Table35),werehighì-ysj-gnificant.lüaterusehfas

greatest in the unstressed control and was restricted most by the

post-anthesis stress. Genotypes varied in their water use even when

not stressed and genotype means were highly significantly correlated

with anthesis date (of the main tiller) (r=0.681çåË) with later genotypes

tending to use more water.

V'later Potential

xylem water potential I^Jas measured on the youngest fully

expanded leaf of one plant per pot at the end of the stress period and

on the corresponding unstressed control at the same time.

The xylem water potential of the unstressed controls

(Table 36) decreased throughout the growing season. This was indicative

of the increasing evaporative demand as the season progressed and al-so

the increasing feaf area of the plants. Evaporative demand increased

both as a direct result of the higher temperatures and the consequent

frequent operation of the evaporative coolers whj-ch increased ai-r

circulation. . At no time did the Y(xylem) of the unstressed plants

fall to l-eve1s approaching those measured in sl,ressed plants' The

genotypes varied significantly for Y(xylem) in the unstressed controls

but there was no interaction between genotype and tlme of measurement.

The xylem water potential of stressed plants afso decreased

with later stresses (Tab1e 36), with genotype and interacti-on effects

significant. Genotype means in the stressed and controf tneatments



109 .

Table 34.

weekly maximum and minimum temperatures in the glasshouse during

Experiment 5. Ternperatures in oC.

lrleek ended Maximum Temperature (oa) 

"rnr*u*

13.8

20.8

27,8

3.9

10.9

17 .9

24.9

1. 10

B. 10

15. 10

22.10

29 .10

5.11

12 .11

19 .11

26.11

3.12

10 .12

20.8

21.0

20,3

19.9

20.3

20.7

22.O

24.O

23.7

22.6

28.3

26.4

23.6

24.3

27.4

26.3

23.7

27.4

14 .1

15.1

14,9

15.6

16.0

16.3

16.3

17 .9

15.6

16.9

18.4

20.7

18.0

18. 9

19.7

18.4

19 .4

19.9
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Table 35.

}rlateruse(titre/pot)bylBbarleygenotypesin4watertreatment,s.

Mean of 4 replicates. 1=controf; 2=veg.; 3=Pre-Anth.;  =Post-Anth'

t'later Treatment

Genotype 4 Mean321

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
CPI 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess 

i

Proctor
Stewart
Velvon II
Zephyr

Mean

15.6

9.3
14.6

12.5

13.1

13.0

11.8

15.2

14.5

12.O

13.3

14.6

13.6

14.8

14.6

12.9

17.2

16.9

13.9

13. 9

7.6
12.0

12.3

10.9

11.1

11.2

14.9

14 .1

10.2

11.0

12.O

15.5

12.9

11.7

10.9

14.9

15.1

13.6

8.1

12.0

11.5

12.5

10. B

10.5

14.3

14 .1

10. g

12.2

12. 1

14.0

10.6

12. 1

10.2

15.6

14 .4

11.0

6.4

10.2

10.2

11 .1

9.8
9.8

12.8

13.5

8.8

11.4

9.7
14.6

13.3

11.6

9.0
13.9

12.8

13.5

7.8
12.4

11.6

11.9

11.2

10. B

14.3

14.0

10.5

1?.0

12. 1

14 .4

12.9

12.5

10.8

15.5

14. B

12.4 12.2 11.0 12.3

LSD (p=.05)

Between GenotYPes

Between lüater Treatments

Genotype x !'later Treatment

0. BxlE

0.4xrÉ

1 .6x.lc
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Table 36.

Xylem water potential (- bars) measured in 1B genotypes when stressed

at three stages of development and in unstressed plants at the same

time. Mean of 4 rePlicates.

Unstressed Stressed

Genotype veg. Pre-
Anth.

Post-
Anth.

Pre-
Anth.

Post-
Anth.

MeanMean Veg.

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsi-or
Greenough

Hiproly
Ketch

Maraini

Princess

Proctor
Stewart

Velvon II
Zephyr

Mean

12.1

1ì.0
10.8

11.3

12.3

12.2

12.4

9.4
11.1

10. 4

12.2

11.0

11.2

10.9

10.2

10 .3

9.7

11.9

12.2

13. 9

9.6
14.5

13.3

11.6

11.9

11 .3

13.4

11.9

15.6

11.8

11.5

11.4

12.4

15.2

11.8

11.5

14.3

14.2

13.3

17.3

14.8

14.0

17.0

14.2

15. 0

14.6

15.5

16.0

16.7

14.8

13.2

15.6

17 .3

14.9

12.8

13. 0

11.2

14 .4

13 .4

12.6

13.7

11.6

13.1

12.3

14.4

12.9

13. 1

12.3

11.9

14.6

12.9

12.7

21.9

21.5

21.5

24.8

23.5

23.2

23.2

20.9

19.9

23.6

23.3

24.0

21 .1

22.2

21.0

23.5

22.1

22.5

28.3

22.6

29.8

26.9

28.8

29.8

28.0

26.6

28.6

24 .1

27.4

27.t
27.6

23.3

26.6

29.6

25.7

26.3

37.4

24.1

29.2

22.7

30.4

28. B

28.5

31 .4

31.1

26.5

28.1

26.4

27.7

28.9

30.0

26.5

28.1

31.5

29.8

28.5

.0

.B34

40

33. 1

41 .1

42.2

31 .9

35. B

31.5

32.5

35.6

41.3

34 .1

36.7

41.4

41.5

36. B

11.1 12.5 15,3 13.0 22.4 27 -1 36.2 28'6

LSD (p= .05 )

Between Genotypes

Between Stages

Genotype x Stage

1 .611(lç

0. 66å(å(

n. s.

2.66xx

1 .0grÈlÊ

4 . 61 l(l(
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$Jere not corel-ated (r=0.2 n.s. ) nor was there a significant correlation

belween genotype means for xylem water poLential in this experiment and

Experiment 4. Genotype differences in xylem water potential at the same

soil water potential may be due to many factors including stress

history, timing and compl-eteness of stomatal closure, leaf area'

differences in rooting pattern or differences in environmental

conditions at the time of measurement. The fact that genotypes differed

for v(xylem) at the conclusion of stress, however, must be considered in

any discussion of responses to the stresses 1n this experiment'

Free Proline

Free proline content of the leaves 'hias measured in both

the stressed treatment and the corresponding unstressed control at the

conclusion of the stress Period.

The free proline contenb of the leaves of unstressed plants

remained at a very low leve} at all times and there vüere no significant

differences beLween the times of measurement or genotypes. Only the

genotype means are presented in Table 37 '

Free proline increased in the leaves of atl- stressed plants at

al1 stress stages, the fevel-s being higher after the vegetative stress

and l-ower after the post-anthesis stress when the leaves blere approaching

maturity. Leaves sampled in the vegetative stress treatment had been

stressed for a longer period and this may be lhe reason for the higher

free proline levels, rather than a greater potential for accutnu]ation'

Thegenotypesvariedsignificantlyintheamountofproline

they accumulated during the stress and the lnteraction between genotype

and stress treatment was also highJ-y significant. There was no

relationship between the free proline fevels and xylem water pol-entlal

for each genotype at any st,ress stage. The correlation coefficients
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Table 37.

Free proline content (ng/e dry weight) in youngest fully expanded

Ieaf in plants of 18 genotypes stressed at three stages' Also mean

of unstressed plants at same sbage. Mean of 4 replicates.

Unstressed Stressed

Genotype Mean Veg. Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini

Princess

Proctor
Stewart

Velvon II
Zephyr

0.5
0.8

o.T

0.5
0.7

0.8
0.7

0.9

0.5

0.6

0.8
0.8

19.7

18.5

13.1

1B. g

11.6

18.0

16. 3

11 .6

10. 3

12. 1

13.5

13.3

11.4

9.7
10.7

T.e
8.0

9.9
10.0

10.9

5.4
8.0

10.4

13.6

8.0

8.7

9.8
13. 6

9.6
12.0

6.4

10. 5

11.5

8.5

7.1

5.5

5.9

9.4
1.3

3.1

7.6
10. 9

7.1

8.5

12.8

16. 3

10.0

14 .8

9.8
12.7

12.8

9.3
10. 6

9.2

9.8
10.5

5.0

9.1

8.4

10.0

8,2

9.3

8.9

16.7

7.4

11.1

8.40.5
0.8

0.7

0.3

0.9

0.6

16.3

7.2
5.4

9.5
10.8

Mean O.T i 12.9 10.0 8.2 10. 4

LSD (p=.05)

Between genotYPes

Between water treatments

Genotype x water treatment

Unstressed

n. s.

n. s.

n. s.

Stressed

2. 0rç*

1 .orçx

4. 1x*
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for this comparison for the vegetative, pre-anthesis and post-anthesis

sbresses were 0.20, 0.22 and O.10 respectively. There 1^/as a significant

correlation between the date of anthesis (of the main till-er in the

unstressecl control) and free proline accumulated by the end of the

stress period. The correÌation coefficients for the 1B genotypes means

for the vegetative, pre-anthesis and post-anthesis stresses l^rel"e -0.50x,

-0.78** and -O .72xx respectively. Thus earlier genotypes tended to

accumulate more proline during stress than did the l-ater ones.

There was no significant relationship between free proline

measured in this experiment and for the same 18 genotypes in Experiment

4(r=0.36n.s.)norwasthereasignificantrelationsliipwiththe

results published by Si-ngh ex al-. (1972) for the nine common genotypes'

It is possible that proline accumulated in this experiment represents

stress history modified by genotype potential to accumul-ate it' If

proline is useful during stress as suggested by the seedl-ing experiments 
'

then differences in accumulation may be reflected in performance.

Shoot Weieht

shoot dry weight is here defined as the weight of all dry

matter excluding roots but including bhe. weight of the inferti]e tillers

which remained at the time of harvest. !üater treatment, genotype and

interaction effects brere all significant for this character.

AII water treatments (averaged over genotypes) were

significantly different from each other and al-l stress treatments \^Iere

Iower than the unstressed control (Table 38) ' Post-anthesis stress

redu-ced dry weight more than stress at the earlier stages' If dry

weight of the main tiller alone is considered' however, the pre-an|hesis

stress had the greatest effect. The main tiller I¡Ias at the stage

commonly negardecl as most critical- during t his period while oLher
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Table 38.

Shoot dry weight (g/plant) of the whole plant and of the main

tilIer only 1n four waber treatments. Mean of 18 genotypes and 4

replicates.

Character lrlater Trealment

Conbrot Vegetative Pre- Post-
anthesis anthesis

Plant dry
weight

Main tiller
dry weight

10.9

4.1

10.0

3.6

9.8 9. 1 0. 3x*

0.2*lç3.3 3,7
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ti-ller-q of the plant were a1, this critical stage during the post-anthesis

st.ress.

The dry weight of the unstressed controls varj-ed from 6.59

per pJ-ant to 13.89 per plant (Tabte 39) and there vfas a tendency for

the dry weight of the later genotypes to be greater (r=0'64x* for the

correlation between the dry weight of the unstressed control plants and

the date ofl anthesis of the mai.n tiller in those plants).

The genotype x water treatment interaction for dry weight

indicated that genotypes differed in response to stress. There f^Ias no

interaction, however, if the unstressed controls l^¡ere excluded from the

analysis i-.e. the analysis was performed only using water treatments 2'

3 and 4. Genotypes therefore differed in their overall reaction to

stress but not necessarily differently to stress at separate stages.

Since genotypes differed for total- dry weight even when not

stressed, little additional information on their resistance to stress

can be achieved by examining their stress performance directly' For this

reason Dry hleight Percentage (DI,üP) was derived to compare genotype

response to stress after correction for unstressed performance'

Dry !,leight Percentage (Dl^lP) was derived for each water

treatment, genotype, repJ-icate combination by the formul-a

o"trju = (Dt'l'jx/DWitt ) x 100' where otr.iu is the shoot dry

weight of the i-th genotype in the jth water treatment (i= 1

is the un"t"""""d control ) in the kth replicate ' D!'lP was calcual-ted

only for i = 2 Lo 4.

Genotypes varied significantly for DI|IP (Table 39) and

comparisons of the genotype means are appropriate as there $Ias no

significant interaction beLween genotype and rvater treatment' The DWP

of the variours genotypes varied from 74.9% f'or Bankuti Koraj- to 105.3%

for Excefsj-or. values greater 1-han 100% are possible when sf'ress
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Table 39.

Total dry weight (g/plant) of 18 barley genotypes when not stressed

and DirüP (dry weight when stressed as a percentage of control dry weight)

for three stress treatments. Mean of 4 replicates'

Dry V'leight D!ùP of Stress Treatmenbs

Genotype Control Veg. Pre-Anth. Post-Anth' Mean

Arivat
Bankuli Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini

Princess

Proctor
Stewart

Ve1von II
Zephyr

11.0

6.5

12.1

10.2

9.7
11.0

10.3

12.1

10.9

9.1

10.4

11.4

10.3

12.5

11.3

11.2

13.8

11.7

97 .7

80.2

86. 0

92.2

94.0
82.g

98.5
100.1

109.5

90.0

91.2
B1 .3

,IOB 
. B

98.7

87.4

79 .1

87.5

94.9

94 .1

77 .2

85. B

94.6

102.9

79.4

94.0

98.6
103. B

92.6

92.3
85. 4

96.5

83.0

91.3

73.9

92.3

96.9

71 .3

67.3

73.1

BB.5

95.2

81 .0

e4.6

88. 1

102.6

73.5
89.4

74.1

101 .6

95.6

90.3

71 .9

79.8
85. B

87.7

74.9

82.4

91 .8

97.4

81. 1

92.4

95.6

105. 3

85.4

91 .1

80.3

102.3

92.4

89.7

75.0

87 .1

92.5

Mean 10.9 92.2 90. B 84.2 89.2

LSD (p=.05)

Between GenotYPes

Between Vriater Treatments

Genotype x V,later Treatment

4 lrlater Treatments 3 Stress Treatments

D!,1 DVü DhrP

o. 6xåç o. Bxlç 9 .1x

0. 3l(å( 0. 4x* 3. 7xx

1 .zx{' n. s. n. S.
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perfonmanceexceedscont.ro]-performance.Thismaybearealeffect

where stress induces improved performance; due to depressed contro]

performance when stresses other than those imposed are operating or

due to an accumuLation of errors in deriving the character'

DWP values represent a measure of resislance to the stresses

imposed in the experiment. The differences between genotypes could

represent the effect of escape, avoi-dance or tolerance' The experj-ment

was planned to minimise differences in escape by stressing at specific

development stages but the hishly significant correlation between the

genotype means for Dl^lP and the date of anthesis (of the main tiller in

the unstressed control (r=0.71x;() ) suggests that this may not have been

successful-.

A correlation matrix constructed on the genotype means for

eac.h stress stage revealed a complex refationship between anthesis date'

v(xylem), free pnoline accumulated and DlnlP (Table 40).

DI/,lp was positively retated to anthesis date withín each stress

treatment. Free proline was also related to D!'lP after the pre- and

post-anthesis slress but those genotypes accumul-aling most proline were

apparently less resistant to stress. This, however' f,^Jas influenced by

the negative refationship between anthesis date and free proline which

was much greater for the pre- and post-anthesis stress' There was also

a small negative correlation between anthesis date and Y(xylem) for the

post-anthesis stress. only anthesis date was important in explaining

the variabitity associated with DI,IP. lrlhen its effects were excfuded,

neither Y(xy1em) nor free proline contributed significantly to the

between-genotype variability as indlcated by fhe partial regressj-on

coefficients (Table 40)'



119.

Table 40.

Coryelation matrix and partial regression coefficients for D!'iP

(dependenL variable) and anbhesis date (of the main tiller in the

unstressed control treatment), Y(xylem) and free proline' Calculated

for the three stress treatments using the genotype means.

Anthesis Date Y(xytem) Free Proline

VEGETATIVE STRESS

DIdP

Anthesis Date

Y (xylem )

ß

t

PRE-ANTHESIS STRESS

Dl¡¡P

Anthesis Date

Y(xylem)

ß

t

POST-ANTHESIS STRESS

DI/,lP

Anthesis Date

Y ( xylem )

ß

t

0. 6 1 tÊl*

0.54

3.30rçlç

0.501ç

0.26

0.97

0.75xt(

0. 84

3.zgxx

0.46

0.36

2.15

1.64

-o .12

-0.33

-0.02

-0 .51x

-0.24

0. 88

2.O2

-0.47x

-o'78*x

0.22

-0.59

-0.51

-0. 631(x

-o'T2n*

0.09

-0.02

-0.03

o.17

o.17

-0.10

-0. 4grç

0. B1

1 .80
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Grain Yield

Post-anthesis stress reduced grain yield per planb more

than stress at any othen stage but the pre-anthesis stress reduced

thegrainyieldofthemainshootmorethandidthepost-anthesis

stress (Table 41 ). This was simj-Iar to the result for shoot dry weight'

There was a tendency for the earlier genotypes to be lower

yielding (Table 42) but, in conlrast to the results for shoot dry weight'

Iate genotypes did not yietd as well as those of intermediate maturity

(Figure 13).

Hiprolyhasbeenexcludedfromalldiscussionofyieldand

its components. Low yield in all treatments !'Ias due to i-nfertility

and its naked grain. Yield dj-d nob vary with water treatment, suggesting

that its inherent inferfility dominated the water treatment effect'

since genotypes varied for yield in the unstressed control, the

significant water breatment interaction with genotype was investigated

by calculating the Yietd Percentage (YP) by:

ttrju = (Yiju/Yir-u) x 100' where t'jn t" the grain yierd of

theithgenotypej.nthejthwatertreatment(j=].isthe

unstressed cont'rol) in the kth replicate' ttriU was cafculated

forj=2,3and4.

There r^ras no genotype x water treatment interaction for YP

although the genotype and water treatment effects were highly significan'¿'

The analysis was perforrned both with and without the results for

Hiproly but this had little bearing on the conclusions'

ThegenotypedifferencesforYPrepresentdifferencesin

genotypereactiontothestressand,asforshootdryweight,therewas

a relationship between YP and anthesis date' The correlat'ion over the

1Z genotypes was positive and highly significant (r=O.63xx), the l'ater

genotypes yieldi-ng relatively more when stressed than did the earl-ier orres'
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Table 41.

Grain yield/plant and grain yl.eld/main shoot in four water treatments.

Mean of 18 genotypes and four replicates'

Grain Yield

llater Treatment g/PIant g/main shoot

Control

Vegetative

Pre-anthesis.

Post-anthesis

LSD (p=.05)

4.15

3.99

3.64

2.19

0 . 161ßx

1,52

1.41

1 .16

1.21

0.071$ß
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Tabl-e 42.

Grain yield (g/plant) of 1B barley genotypes when not stressecl and

YP (yield when stressed as a percentage of control yield) fon the

three stress treatments. Mean of four replicates.

YieId YP of Stress Treatments

Genotype Control Veg. Pre-Anth, Post-Anth. Mean

Arivat
Bankuti Morai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini-

Princess
Proctor
Stewart

Velvon II
Zephyr

Mean

4

3

4

4

4

T3

23

82

39

3B

4.07

4.51

3. 69

3.48

1.42

5.11

2.95

4.78

4.33

4.97

4.90

4.43

4 .15

107.1

80 .8

94.2
101 .5

91 .8

89 .8

112.1

112.3

1 18.5

88.8

100. 2

87.t
106.7

96.9

92.8

86.0

94.0

101 .9

97.9

89 .4

76.6
81 .4

95.3

101.g

75.9
BB. 1

115.3

108. 5

89.7

99.6

77 .5

100.3

67 .9

91.3
64.5
-95.9

.97 .3

89.B

46.6

63. 3

55.0

T9.B

80.7

74.4

73.2
69 .8

99.0

55.7

103. 4

57.4

96.1

82.4

77.6

57.5

62.9

72.0

72.5

80. 1

73.6

78. B

92.2

91.5
80. 1

91 .1

99 .1

108. 5

78.1

100.9

7 4.0

101 .0

82.4

87.2

69.3

86.2

90. 4

86.9

4.45

Analyses

Source of Variation

Genotype

I,'later Treatnent

Genotype x !,later
Treatment

LSD (p=.05)

Yield

0.34xåç

0 . 16xrß

0.69rçtÊ

YP

Include Hiproly
15.5xx

6.3|çx

n. s.

Exclude Fliproly
13. 1xrç

5.5xx
n. s.



Figure 13.

The relationship between grain yield (g/plant) and anthesis

date (days after 1o/B) of the main shoot in the unstressed

control treatment in 18 genotypes in Experiment 5. Mean of

four replicates. The key to genotypes see Table 2, p' 41'
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A correlation maLrix (Table 43) for YP, anthesis date'

Y(xylem) and free proline was constructed for the 17 genotypes

excluding Hiproly. YP was associated with anthesis date and the

other relationships were similar to those for D!'lP (see Table 40).

MuÌbipJ-e regression confirmed as it did for_,dry weight, that anthesis

date was apparently the only character associated with the genotypic

differences in reaction to the stress treatments in terms of grain

yield.

Yield Components

.Grain yield is often considered as the end product of the

multiplicative action of various components. The components measured

in this exPeriment were:

Grain Yiel-d (Y) = Number of fertil-e titlers per plant (X1) x

Number of florets per tj-Iler (X2) x

Percentage of florets to set seed (X3) x

Grain weight (X4).

Theinfluenceofthecomponentsonyieldisalwaysof

interest but they a-ssume greater significance in this study because the

stress was aimed at specific stages of development and was expected to

influence the components differently at each stage. The final grain

yield would then be the end result of stress on a particular component

and the importance of later component compensations. The average

response of all genotypes wiII be dÍscussed before comparing individual

genotype responses to the imposed stresses'

The responses of lhe whole ptant and the main shoot only are

summarised in TabIe 44.

Re1ief of the two stresses applied before anl,hesis resulted

in the formation of late tillers. This is much more obvious in the
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Table 43.

Corre]-ationmatrixandpartialregressioncoefficientsforYP

(dependent variable) and anthesis date (of the main shoot in the

unstressed control treatment), Y(xyrem) and free proline. Calculated

for the three stress treatments on the genotype means'

Anthesis Date Y(xylem) Free Proline

VEGETATIVE STRESS

YP

Anthesis date

Y ( xylem )

ß

t

PRE-ANTHES]S STRESS

YP

Anthesis date

Y (xy1em )

ß

t

POST-ANTHESIS STBESS

YP

Anthesis date

V ( xylem )

ß

L

0. B0*lË

1 .45

4 . 10nlç

0.43

0.36

0.76

0.56åç

0.94

2.02

0.11

0. 15

-0.04

-0.24

-0.09

-0.33

0.36

o.21

-0.42

-o.47

-0.46

-0;14

-0.40

,0. 41

-0.79xr(

0.22

-0.89

,0. 44

-0 .46

-0.711çlç

0. 14

0.20

0. 13

-0.05

-0.531ß

1

1

09

29
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Tabl-e 44.

stress means for yield and its components expressed as a percentage

of the non-stress mean. For aII tllters and the main shoot only'

Y is grain yield, x1 is tillers per plant, x2 is florets per tiller'

x3 proportion of the total florets that set seed and x4 is the grain

weight.

Treatment Y X1 x2 x3 X4

MEAN OF ALL TILLERS

Vegetative

Pre-anthesis

Post-anthesís

MAIN SHOOT ONLY

Vegetative

' Pre-anthesis

Post-anbhesis

96.1

8T .7

70. 1

92.8

76.3

79.6

102.3

1 10.7

91 .9

93.5

90.0

98. B

93. 3

89 .9

98.0

99.0

95.3

86.3

101.5

92.3

93.7

102.2

95. 3

89.9

99.5

94.8

BB. 1
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resufts for the pre-anl,hesis stress than for the vegetative stress but

observation suggested that 1,he earli.er st,ress resufted in tiller

mortality with increased tilJ-ening when the stress was relievecl'

Stress after anthesis decreased tiller number through increasing the

number of tillers which were sterile'

The total number of florebs per spike was influenced by stress

at all stages but more particularly by stress prior to anthesis' This

is reinforced by the negative statistical- association after the tillering

response. There was Iittte difference betl^¡een main shoot response and

the whole plant response for this character'

Floret fertility was depressed by the pre-anthesis stress and

also by the post-anthesis stress, with the latter most important for the

whole plant and slightly less important for main shoots. Many reports

(e.g. saÌter and Goode , 1969; Fischer, 1gT3) have indicated that floret

fertility is reduced by stress prior to anthesis and this is supported

by these results. Stress was timed on the stage of development of the

main shoot. This shoot would have been at the most cril,ical stage for

the pre-anthesis stress while the other tillers of the plant, which were

slower to develop, were at the critical stage for the post-anthesis stress'

Grain weight was most reduced by the post-anthesis stress in

both the whole plants and the main shoots, while the pre-anthesis stress

restricþedgrainfillingtosomeextent.Thismayhavebeenduetothe

compensatory effects resulting from the increased tillering rather than

a direct effect of stress on the component'

It has often been stated that the component most affected by

stress is that growing most rapidly at the time (AspinalJ- et af" 1964) '

This statement is J-argely supported by these results. Post-anthesis

stress reduced fertile Liller number, however, and this was due t'o

higher tiller mortalitY.
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Genotypes varied in the expression of the various yietd

components ancl to compane their nesponse to stress, the character

percentage values were calculated for the three stress stages by:

x(A)Pijk = (x(o)rju / x(A)ilk ) x 100' vrhere A can take the

value 1 Lo 4 indicati.ng the yield component X1 to x4 and

X(A)ijk is the yield component of the ith genotype in the

jth water treatment (i - 1 is the unstressed control) in the

kth rePlicate.

Two-rowed genotypes produced more tillers in the unstressed

control treatment than did the six-rowed types. There I^Ia's no relation-

ship between the number of tillers and anthesis date' The tillering

response of the different genotypes to stress'iüas complicated (Table

45). Some genotypes, particularty Ketch, Maraini and clipper responsed

to the relief of the vegetative stress by the production of a greater

number of til-Iers than they did when not stressed and many genotypes'

including Ketch, Clipper and CPI 18197 nesponded in this way after

the reLief of the pre-anthesis stress. TiIIer mortality I^Ias apparently

greater after the post-anthesis stress, particul-arly in BR '1239 and

Ketch. The tiltering response of the various genotypes was not

related to either Y(xyl-em) or free proline'

Genotypes had dÍfferent numbers of florebs per tiller even

when not stre-ssed (Table 46). This was largely due to the difference

between the two- and six-rowed types but there was al-so variation

within head type, There i^ras no clear distinction between the two head

types for xZP (total florets when stressed as a percentage of control-

performance) but it was negaLively associated with X1P (tiller number

when stressed as a percentage of the control). The correl-ation

coefficients in the vegetative stress and pre-anthesis stress were

r= -0.641çt( and r= -0.651(å( respectively. This relat-ionship was probably
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Table 45.

Number of tilters/plant (x1 ) of 1B barley genotypes when not stressed

and X1p - the number of tillers/plant when stressed as a percentage of

the unstressed cont,rol for the lhree slress treatments' Mean of 4

replicabes.

Head X1 X1P at Stress Stage

Genotype Type Control Veg. Pre-Anth. Post.Anth' Mean

Arivat
Bankuti Korai

BR 1239

ct 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini

Princess
Proctor
Stewart

Velvon II
Zephyr

6

2

6

2

2

2

6

2

6

6

2

2

6

2

2

6

6

2

3.1

3.3
2.7

4.1

4.1

3.7

3.0

96.7

112. 1

100 .8

108.2

111.5

93.5

101.7

106.2

109.4

1 10.7

78.5
123.4

120.6

103.2

103. 4

112 .4

96.3
85. 1

105.6

135.6

106. B

87.3

109.3

129.5

125.3

99.0
112.7

108.8

109 .5

83.9

145.3

1 03.8

101.g

112.7

113.3

111.9

106.3

80.7

85.0

B 1.3

93.5

94.3

96.9
89. B

94.1

96.9

83. 1

86. B

83.9

115.7

106.2

94.3
103. 7

91.6

91.6

92.9

104. 3

101.3

89.7

103.

105

96. B

104. 3

105.0

101 .1

82.7

117 .5

113.4

103. B

103. 5

109 .8

100 .7

94.3

103.9

111.

7

T

2

3.3
4.4

2.0

3.8
4.3

1.8

4.1

4.4

2.5

2.9

4.8

Mean (exclucling HiProIY ) 3. 4 105.6

Analyses (Exlcuding HiProlY)

Source of Variation

Genotypes

llater Treatment

Genotype x I,'later Treatment

LSD (p=.05)

X1

0.5xrÉ

0.zxx

0. gtËåc

X1P

n. s.

6. 0xx

24.8x
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Table 46.

Total florets per titler (x2) of 1B barley genotypes when not stressed

and X2P (florets per tiller as a percentage of the unstressed control)

for three stress treatments' Mean of four replicates'

Head Xz X2P for Stress Treatments

Genotype Type Control Veg. Pre-Anth' Post-Anth' Mean

Arivat 6 37 '0

3ankuti Korai 2 19'0

BR 1239 6 50.9

cr 3576 2 19.3

Clipper 2 23'0

cPr 18197 2 22'2

Cyprus Black 6 34'1

Dore 2 24'6

Excelsior 6 34' 1

Greenough 6 53'3

HiprolY 2 16'0

Ketch 2 22'9

Maraini 6 52'7

Princess 2 26'5

Proctor 2 28'B

Stewart 6 39 '4
Vetvon II 6 46'2

Zephyr ? 27 '7

Mean (excludingHiProIY) 33'0

103.2

BB.7

105. 3

90.2

79.2

93. 1

93.4

94.4

109.5

93.4

104 .6

75.3
87.7

96.4

89.3

80.2

96.6

101 .7

92.8

7 4.6

83.0

108. 2

92.4

86.5

80.2

BB.8

99.2

94.6

97.2

106.2

76.2

95. B

91 .6

87.5

66.3

92.9

91.4

105.6

107.0

106.9

104.1

102.5

100. 1

99.3
103. 9

103. 3

89 .9

102.6

101.1

98.3

i01 .3

101 .2

87.9

101.6

103. 6

94.4

92.9

106.8

95.6

89.4

91.1

93. B

99 .1

102.5

93.5

104.6

84.2

93.9

96.4

92.7

78.1

96.6

98.9

BB.6

LSD (p=.05)

101 .0 94 .1

Analyses (exctuding HiProIY)

Source of Variation

GenotyPe

l,later Treatments

GenotyPe x V'later Treatment

x2

2,3xx

1.11çl(

4.6xx

X2P

B. 4ril+

3.51Ëlç

14.5x
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due 1,o later formed tillers having fewer florets as the correlation

coefficient for the post-anthesis sLress was not significant (r=0.28 n.s.).

The percentage of fertile florets (X3) is rarely measured in

experiments and yet it is regarded as the most sensitive component to

stress (Fischer, 1973). The effects due to genotype, water treatment

and interactic'n were all significant for this component (Table 47).

Hiproly was less fertil-e than the other genotypes with only 58.5% of

the spikelets fertile when not stressed. The six-rowed genotypes tended

to have a lower percenLage of fertile florets but this was not universal

as Stewarl (Six rowed) was highly fertile and Zephyr (two-rowed) was not

as fertile as many of the six-rowed types.

Genotype, water trealment and j-nteractlon effects were a11

significant for X3P (floret fertility when stressed expressed as a

percentage of control performance). Genotype means for this character

vrere correl-ated wibh the date of anthesis (of the main shoot in fhe

unstressed control) (r=0.67**), indicatlng that the later genotypes

withstood stress better for thj-s character. The percentage of fertile

florets (X3) in the unstressed control, however, was negatively related

to anthesis date (r= -0.57x). Thus the genotypes that were most fertile

when not stressed appeared to be the most sensitive to stress for the

character. The later genotypes flowered at a time when water use, and

probably leaf area, vlas declining in the welf watereci contrcl-s. The

resultanl stress on the plants may have recluced fertilit,y. Stress prior

to anthesis delayed senescence of these later genotypes resulting in

higher fertility relative to their own control-s than in the earlier

maturing types.

Mean thousand grai.n weight varied between the genotypes but

there üras no consistent pattern (Table 48). Neither grain weight nor

X4P (grain weight when stressed as a percenl-age of control performance)

were significantJ-y rel-ated r;o the other yieì-cl comporrents or to anthesis
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Table 47.

Percentage of total florets that produce grain (X3) in 1B barley genotypes

when not stressed and X3P (fertility as a percentage of the unstressed

control) for the three stress treatments. Mean of four replicates.

X3 X3P for -Stress Treatments

Genotype Control Veg. Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 181967

Cyprus B1ack

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess

Proctor
Stewart

Velvon TI
Zephyr

Mean (excluding Hiproly) 99.0 95.3

80.0

94.2
82.7

97 .4

91.4

95.1

84 .4

90. 9

80.6

TB.3

58.5

94. B

62.0

91 .4

75.2

91 .4

73.5

73.5

84.5

110.1

88.3

99 .1

9e.7

101.2

100.5

101.7

103.7

99,0

82.0

108.5

94.3
86.6

99.2
103. 6

99.3

105 .0

111.2

101.8

BB. 1

94.0
85.9

100.6

91.2
86.3

105.5

105 .0

81.9

111 .B

83.7

92.5

90.4
107 .9

91.8
101 .4

111.7

70.1

7T .4

74.2
86.5

96.2

90. 5

78.0
83. 1

100. 2

76.3
110.2

75.7

99.6

92.5

96. B

66.1

99.0

94.6

e5.7

94.0

84.6

90.4

90.4

99.3

94 .1

BB.6

97.4

101.7

80. 1

110.2

84.5

92.9

94.0
102.8

85.7

102.0

105.9

93.4

Analysis (Excluding Hiproly).

Source of Variation

Genotypes

V'later Treatments

Genotype x lùater Treatment

LSD (p=.05)

X3

5,zxx
2,5xx

10 . 4xrc

x3P

7.6rçx

3. 2xlt

13. 1|ilÊ
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Table 48.

Thousand grain weight (g) (X4) in 18 barley genotypes when not stressed

and X4P (grain weight when stressed as a percentage of the unstressed

control) for the three stress treatments. Mean of four replicates.

X4P for Stress Treatments

Genotype Control Veg. Pre-Anth. Post-Anth. Mean

X4

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess
Proctor
Stewart

Velvon II
Zephyr

Mean (Excluding HiproIY)

54.0

55.0

40.9

56.3
49.8

57.2
43.9

44.5

44.2

41.4

41 .0

51.8

52.3
48.3

45.1

55.5

50.0
45.2

49 .1

100.9

93.4

95.9

108. 1

108.5

105. 9

112.5

105.2

102.7

105.9

104. B

94.3

115,1

100. 1

9T .6

95. B

95.7

108.2

102.7

82.9

97.7

100 .8

110.1

96.8
81 .9

112.4

100. 6

101 .7

107.0

106 .8

BB.2

104.5

80.4

BB.6

87. B

89.3

93.5

95.5

93.0

91.6

96.4

96.0

90.6

91 .1

99 .8

89 .3

96.9

9T .3

102.3

90. 1

83.9

85.9

85.5

84.4

70.5
80.3

92.3

94.3

97.e

104.7

98.7

93.0

108.2

98.4

100.4

103. 4

104 .8

90. g

101.2

88.8

90.6
89.4

86.5

94.0

96. 089. 6

Analysis (excluding Hj-ProlY)

Source of Variation

Genotypes

Ï'later Treatments

Genotype x lùater Treatment

LSD

x4

2. Bxrç

1 .3xr+

5.6xx

(p=.05 )

X4P

o 2lçlß
J.ç

" 
olê*J' J

n. s,
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date.

Yield Components - genol,ype effect s

The importance of the various yield components in determining

the response of the genotypes to the various stresses I¡Jas tested by

multiple regression where YP (yiel-d when stressed as a percenbage of

conbrol yield) was the dependent variable a-nd componenb percentage

values were the independent variables. The irnportance of the component

response was tested by the magnitude of the standardised partial

regression coefficient (Table 49) which aflows comparison at equival-ent

units.

The relative response of all components was highly significantly

related to relative yield response in all water treatments. The relative

response of no component, however, I^Jas uniquely responsible for genotype

response in berms of YP. The two earlier forned components were more

important for lhe vegetative stress but there was little difference in

importance between any component for the pre-anthesis stress, the two

Iater formed components being slightly mone important. Floret number per

titler (X2) was refatively unimportant in determining yiel-d response

after post-anthesis stress while thousand grain weight was slightly less

importanl than the two remaining components.

The relative importance of the yield components at each stress

stage indicates that the stress affect of yield is not mediated by fhe

response of particular components but reflects underlying plant responses.

This is particularly iJ-lustrated for tl-re posl--anthesis stress where

timing was definitely equival-ent for all genotypes and yet response j-n

terms of yield was influenced to some extent by all- components (after

adjustment for the rel-ationshì-ps between theni) with till-er number and

floreL fertiJ-ity only slightly more important.
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Table 49.

Standardised partial regression coefficients for the yield component

percentage values when regressed on YP at three stress stages,

Component

tüater Treatment

Vegetative Pre-anthesis Post-arllhesis

XJP

xzP

X3P

x4P

0.89xx

o.g4xx

0.69l3iç

0. 54rÊrÊ

0.90

0.59xrê

0.46rçx

0.68rçrÉ

0.65rËrß

0.92

0.61rÊrÉ

0 . 14rilç

0. 63*x

0.43rçn

0.98R2
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I¡üeater Use Efficienc and Harvesl. Ind

Dry weight lvas bighly coi"related rvith water used, ülhen

caÌculated on the genotypes means the correlation was 0.90xx. The

correl-ations between waten use and dry weight were also high within

each water treatment (Figure 14). It is not surprising thal these

two Characters should be related as, to some extent, each woul-d be

dependent on the other; stress would restrict dry weight expansion

which on the relief of stress would nestrict water use. The high

correlation does not el-iminate the possibÍlity of genotypic differences

in the relationship and to examine this possibility, the l¡later Use

Effj-ciency for dny weight producti-on was calculated. It r,vas derived from:

I^IC1 +ú er
hIUE (dry weight ) - 

V,la er use per o tre

llater Use Efficiency for dry wei.ght was i.ncreased by stress

and-pa+t-ieularly -so fon bhe pos-t-anLhesis'slress (Table 50). Genotypes

aÌso varled for Ir,lUE (dry weight) but there utas no significant interaction

with water treatment. lnlater Use Efficiency for dry weight varied from

3.38 for Bankut.i Korai. to 4.64 for Princess but. the genotype diffenences

were not significantly rei-atecl to dry weight, anthesis date, Y(xy1em) or

free proline.

There was also a signì-ficant correlaLion between water use

and grain yleld for aÌI water treatments (figure 15) atthough not as

close as those between water use and dry weight'

V,later Use Efficiency for grain yield hrUE (yield) was

calculated as fon WUE (dry weight) with grain yield per pot replacing

dry weight as the numerator. All effects were significant (Table 5'l ).

The vegetative and pre-anthesis stress both increased inlUE (yield) while

the post-anthesis stressed decreased it relative to the control- '

Despite the statistical interaction, the correlation coefficients between

Shoob r(



Figure 14.

The relationship between dry weighL (e/pot) and water used

(litres/pot) by 18 genotypes in four water treatments in

Experiment 5. For the key to genotypes see Table 2, p. 41.

a) Ïfater Treatment 1 (unstressed control) - r=O.B7xx

b) l'later Treatment 2 (vegetative stress) - r=O.9Oxx

c) l,later Treatment 3 (pre-anthesis stress) - r=0.B8xl(

d) Ï'later Treatment 4 (post-anthesis stress) - r=0.91tçl(

e) The calcul-ated regression lines for figures (a),

(b), (c) and (d).



2070
clal

r¡5

b)

20

9

t02l

tô

2t

tó
ae
t¡
tl
to

t0

9
20

2t 14t9
7
l2

tt la
ô

ll

ì2

a t" f,
, , ttj'

l4
50

30

t
t2

Tt

6,
t9 ,

t9 llll

I

!

o

ì8 ô I8 6

e)

tnues / oot)

t2 r8
ô t2

tô

d)70

Þ
I
9

Ì

É.
o

þ2oI
ll ta

l8

WATER USED

50 tl
ol2

5
a,

I
IS

lc

It

30

¡

6ó t2t2 t8



136.

Table 50.

lrlater Use Efficiency for dry weight production in 18 genotypes in the

unstressed control and at three stress stages. Mean of four replicates.

Genotype Control
hrater Treatment

Veg. Pre-anth. Post-anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPT 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess

Proctor
Stewart
Ve1von II
Zephyr

Mean

3.50

3.51

4.16

4.09

3.70

4.24

4.39

4.02

3.82

3. 83

3.90

3.92

3.82

4.24

3.88

4.35

4.03

3.46

3.83

3.45

4.32

3. B1

4. 13

4.O7

4 .44

4.06

4. 18

3.99

4.30

3.87

3.59

4.79

4.24

3.65

3. B1

3. 13

4. 31

4.14

3.92

4.10

4.53

4.17

4.03

3.90

3.92

4.02

3.56

5.01

4.25

4.02

4.08

3.91

3.57

3.44

4.31

4.38

4. 18

4.57

4.36

4 .17

4.08

3. B1

4.01
L l!)

3.59

4.52

4 .41

4 .42

3.94

3. 84

3.68

3.38

4.27

4. 10

3. 98

4.24

4.43

4. 10

4.00

3. BB

4.03

4.19

3.64

4.64

4 .19

4.19

4.04

3.72

4.04

3.

4.

96

06

3.94 4.04 4.05 4 .11

Analysis

Source of Variation
Genotype

I'later Treatment

Genotype x l¡Jater Treatment

LSD (p=.05)

0.22xx

0.11x

n. s.



Figure 15.

The relationship between grain yield (e/poL) and water used

(Iitres/pot) by 17 genotypes (Hipro1y excluded) in the four

water treatments of Experiment 5. For the key to genotypes

see Tab1e 2, p. 41. The water trea.tments are:

a) l,Iater treatment 1 (unstressed control) - r=0.55x

b) Vüater Treatment 2 (vegetative stress) - r=0.55x

c) !'Iater Treatment 3 (pre-anthesis stress) - r=Q.fl*tß

d) lrlater Treatment 4 (post-anthesis stress) - r=0.57*

e) The calcutated regression lines for figures (a) t

(b), (c) and (d).
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Table 5'l .

lrlater Use Efficiency for grain yietd - [,]UE (yield) - in 17 barley

genotypes (HiproJ-y excluded) when not stressed and when stressed at

specific developmental stages. Mean of four replicates.

Genotype

lrlater Treatment

Control Veg. Pre-anlh. Post-anth. Mean

Arivat

Bankuti Korai

BR 1239

cr 3576

Clipper

cPr 18197

Cyprus Black

Dore

Excelsior

Greenough

Ketch

Maraini

Princess

Proctor

Stewart

Velvon ïI

Zephyr

Mean

1¡51

1.75

1.65

1.75

1.67

1 ,71

1.72

1.49

1.29

1 .46

1.75

1 .09

1.62

1 .48

1.95

1 .43

1.31

1.57

1.79

1.72

1 .88

1.77

1.82

1 .78

1.95

1.69

1.51

1.51

1 .86

0.99

1.79

1.72

1 .93

1.54

1.48

1.69

1,54

1.54

1.62

1.76

1.76

1.57

1.64

1 .80

1 .40

1.44

1 .63

1 .05

1.57

1 .60

1.57

1 .50

1 .48

1.56

1 .01

1.61

1.29

1 .67

1 .60

1 .68

1 .50

1.23

1 .31

1.11

1.52

0.99

1.48

1 .43

1.57

1 .12

1.18

1 .38

1 .46

1.66

1 .63

1.74

1 .71

1 .69

1.70

1.55

1 .38

1 .38

1.69

1 .04

1.61

1.56

1.75

1.42

1 .36

1.55

Analysis
Source of Variation
Genotype

lrlater Treatment

Genotype x l,later Treatment

LSD (P=.05)

0. 1 1 tçlÉ

0.06;(,(

0. 23x*
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the genotype values for all treatments were signj-ficant (Table 52) so

genotype ranking tended to be maintained in all water treatments.

The greater complexity of the response in terms of i¡lUE (yield)

compared to I,{UE (dry weight) is a reflection of the response of Harvest

Index to stress. Harvest Index in this experJ-ment is defined as:

HI = Grain Yield/Total dry weight (shoot dry weight only),

and it links the two measures of water efficiency directly = i.e.

hlUE (yield) = WUE (dry weight) x Harvest Index.

Genotypes differed in Harvest Index in this experiment

(Table 53) while the interaction between genotype and water treatment

was also significant. The mean of al-I genotypes also variecl over the

four water treatments wiLh the post-anthesis stress reducing the index

below that of the other treatments. The -straw weight component of

harvest index had al-ready been det.ermined by the time of stress and

only the grain yield component was significantly affected.

Genotype vafues for Harvest Index i¡Jere negatlvely correlated

with the anthe.sis date of the unstressed control. The correlation

coefficienl of the control- treatment was r= -0.?Bxx with the later

genotypes having lower harvest indices. There was also a significant

correlation between harvest index and X3' (percentage of fertile florets).

The correlation coefficienL for the unstressed control treatment was

r=Q.l\xx indlcating thaf the more fertlle genotypes also had the higher

harvest indices. There was also a correl-ation for the vegetative stress

(r=0.731çll) and a weak one for the pre-ant,hesis stress (r=0.45 n.s.).

Thus, when not stressed, the later flowering genotypes tended to have a

higher percentage of sterile florets and to have a lower harvest index

than the earlier genotypes but, if sf"ress occurred after anthesis,

other components became more important.
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Table 52.

Correlation coefficients between the four water treatment.s for

!'Iater Use Efficiency for grai-n yield calculated over 17 genotype

means (Hiproly excluded).

!'Iater Treatment Vegetative stress Pre-Anthesis
Stress

Post-Anthesis
Stress

Control

Vegetative stress

Pre-anthesis stress

0.88rçrc 0.79r{rÊ

0.76*r(

0.58r(
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Table 53.

Harvest Index of 1B genotypes when not stressed and when sl.ressed

at specific devel-opmental stages. Mean of four repJ-icates.

Genotype Control
l.later Treatment

Veg. Pre-anth. Post-anth. Mean

Arivat
Bankufi Korai

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess

Proctor
Stewart
Velvon II
Zephyr

Mean

0. 43

0.50

0.43

0.45

0.40

0.39

0.37

0.34

0.38

0. 14

0.45

0.29

0.38

0.38

0.45

0.36

0.38

0.47

0.49

0.47

0.44

0 .44

0 .44

0 .42

0.36

0.38

0. 14

0.48

0.28

0.38

0. 41

0.49

0.38

0. 41

0. 41

0.39

0.43

0.45

0.38

0.36

0.43

0.35

0.37

0. 15

0.41

0. 30

0.31

0.38

0.39

0.37

0.38

0.28

0.36

0.38

0.38

0.37

0.34

0.29

0.32

0.29

0. 14

0.35

o.27

0.33

0.33

0.36

0.28

0.31

0.31

0.40

0 .42

0.43

0.43

0.40

0.39

0. 38

0.34

0.36

0. 14

0.42

0.28

0.35

0.37

o.42

0.35

0.37

0.370.35 0.41 0.38

Analysis

Source of Variation

Genotype

ttrater Treatment

Genotype x I'later Treatment

LSD (P=.05)

Incl-ude Hiproly Exclude'Hiproly
0.031(x 0.021ßx

0.01 rçå( 0.01 l(x

0.05xtÊ 0.05xx.
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Performance of genotypes in response to st ress was estimated

by Dir,lP, the dry weight when stressed reÌative to the unstressed control.

DlùP suggested that later genotypes performed relativel-y better than the

early ones. A singì-e cycle of stress was applied at the vegetatj-ve and

pre-anthesis stages and the later genotypes were stressed for a shorter

proportion of thej-r growing period. Similarly, later genotypes were

stressed for a shorter period aften anthesis (Figure 12) and this may

account for the relationshiP.

. Dry weight was significantty related to water use in all water

treatments but genotypes did diff'er for lrlater Use Efficiency (for dry

r^reight production). For the control and two stresses before anthesis

it is likely that the dry weight differences (i.e. leaf area) dictated

the quantity of water used. This does not explain why bhe relatì-onship

held for the post-anthesis stress where water was not supplied bo satisfy

demand.

Grain yield is related to dry weight and !'lEU (yield) to !'iEU

(dry weight) by Harvest Index. Harvest Tndex was affected by stress but

was reduced by stress only after anthesis. It was signiflcantly reJ-ated

to X3 (percentage of fertile florets) for the control and two stresses

before anthesis but not for the post-anthesis stress. The late

maturing genotypes were not uslng water as quickly by anthesis and leaf

area was probably falling by that time. It could be expected, then, LhaL

Harvest Tndex would be lower in these genotypes and that the component

most important in determining bhis response would be percentage of fertile

florets. Post-anthesis stress reduced Harvest Index more than any other

treatment but ib was not determined by the percentage of fertlle florets.

These relationships suggest that the dj-fficulty in

realistically ranking genotypes for resistance to stress ldere associaLed

with

I



a) the proportion of the growth peniod that was

genotypes of different maturity and

b) the later genot,ypes in the conLrol treatment

to stress before anthesis as demonstrated by

area at that time. The stress may have been

evaporative demand, nutrient availability or

142.

stressed for the

being subjected

a declining leaf

due to temperature,

pot size.

Experiment 6. Genotypes stressed for speciflc development periods

The genotypes in Experiment 5 were stressed al specific

development stages. This meant fhat they were stressed at different

times, under different envlronmental conditions and for differing

proportions of their development periods. The stress vras not severe

and ample opportunity was al-lowed for recovery, particularly after

the early stresses.

Experiment 6 was designed to complement these results by

applyi-ng stress throughout specific development periods and to mi-nimise

differences due to the environmenl, particularly those due to temperature,

by growing the plants in a small glasshouse in which temperature r^¡as

maintained at 22oC t ToC. The soj-l- was dried prior to bhe experiment

and the water treatments were

l,later Treatment 1 (HHH): High regime from sowing to harvest.

2 (LHH): Low regime from sowing to jointing and

high therea.fLer.

3 (LLH): Low regime from sowing to anthesis and

high thereafter.

4 (HHL): High regime from sowing to anthesis and

low thereafter.

5 (LLL): Low regime from sowing to maturity.
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SojI water potential- was al-Iowed to fluctuate between -0.'l and -0.33

bars in the high regime. !,later was required twice each day to maintain

the regimes when the plants h¡ere actively growing. Inlater was added to

the pots on the low regime when soil water potential had fallen to

-15 bars as cafcufated by pot weight. Sufficient water was added to

rai-se the average soil water potential- in the pot to -1 bar but, i-n

reality, the surface of the soil. varied from field capacity to -15

bars while the soil at depth woul-d have been permanently dry. !üater

was requlred twice each week to maintain this regime wilen the plants

were actively grov¡ing.

Eight genotypes were used in this experiment. Mona was used

as an early maturi-ng two-row type to complement Bankuti Korai.

Unfortunately seed for thÍs cultivar proved to have been mj-xed and some

late maturing plants dominated the pots in which they occurred. For

this reason Mona results have been excluded from many of the analyses

and this will be stated where it has occurred. Cyprus Black and Stewart

were included as ea.rly-mid maturing six-row types; Clipper and Dore as

mid-maturing two-row types and Princess and Proctor as l-ate maturing

two-row types.

!ùater Use

Figure '16 illustrates the water use pattern of four of the

genotypes in the five water treatments. tr'laterusewas extremely hì-gh

in this experiment as a result of the large vol-ume of air movement

required to maintain the sel-ected temperatu.re in the confined glasshouse

space. The grain filling period of the earl-ier genotypes was longer

than in Experiment 5 and took up a greater proportion of the total

growing period. Unlike that experiment, however, anthesis occurred in

all genotypes before the period of most rapid water use.



Figure 16.

V'Iater use pattern (water used each day) by four representative

genotypes in the five water treatmenls of Bxperimenl 6. The

vertical- arrow for each genotype indicates anthesis date of

the main shoot in the unstressed control treatment. The five

water treatments are:

¡--l Unstressed control (HHH)

a- 
-À 

I'Iater Treatment 2 (LHH)

y--- -y lüater Tneatment 3 (LLH)

O-- - --{ Water Treatment 4 (HHL)

o o trlater Treatment 5 (LLL).

The genotypes are:

a) Bankuti Koraj.:- very early maturing, two-row.

b) Cllpper:- mid maturing, bwo-row. 
/

c) Stewart:- early maturing, six-row.

d) Proctor:- late maturing, two-row.
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llater use increased quicl<ly when the pots were transferred

from bhe l-ow t,o the high regime (i.e. at jointing in treatment 2 (LHH)

and at anLhesis in treatment 3 (LLH)). The rate of increase l¡ras

equivalent to that of the control pots but maximum water use r^¡as never

as great. Sim1lar1y, water use fel-l when pots were transferred from

the high to bhe low regime so that it stabilized a.t about the same leveL

as in pots of the same genotype in treatment 5 which were mai-ntained on

the low regime throughout the experiment.

Genotype, water treatmenL and interaction effects on water use

were all statistically significant (Table 54). Treatment 2 (LHH) and

3 (LLH) restricted total water use to 78.1% and 68.9% of the control-

respectively while treaLment 4 (HHL) and treatment 5 (LLL) reduced total

wat.er use to 59.1% and 29.7% respeclively. Genotypes varied in the

amount of water they used when not stressed, varying from 12,4 LiLres per

pot for Bankuti Korai to 50.6 litres per pol by Dore. These differences

v¡ere an indication of the extreme differences in growth. The water

treatment x genotype interaction was significant for wat,er use but these

results were related to differences in dry weight and will be discussed

under the section on Water Use Efficiency

Xy1em lriater Potent.ial

Measunement of xylem water potential was not as cJ-earJ-y a

measure of imposed stress in this experiment as in Experiment !. Plants

were subjected to cyclic stresses for specific periods and xylem wa.ter

potential would vary with water status of the soil. It was mea-sured

either on the same day for plants of all genotypes in Treatment 1 (HHH)

and 5 (LLL) or at the same stage of development bul, not on the same day.

In the first case V(xy1em) represents the effect of the treatments

because soiL in aI1 pots on the same regime r{as not necessaril-y at the
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Table 54.

Water used (lit.relpot) by eight barley genotypes in five water treatments.

Mean of three replicates.

!ùater Treatment
L

Genotype Maturity HHH LHH ,1" HHL LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart
a r, Þl)en
e+içBee )or¿

Princess

Proctor

Mean

25.8
t7 'T
33.5

VE

VE

E

E
f'l
M

L

L

12.4

23.1

32.8

36.7
12'5
50.6

45.9

41.8

9.1

24.1

26.2

27.6
t6, 6
41.7

33.2

33.3

10. 5

19.5

26.4

25.7
1o '7
29.5

27.8

27.3

4.1

8.0

21.4

28.6
lo'6

31 .3

31 .6

29.0

4.0

6.5

13.6

8.0

13.3

24.4

12.O
{.?

14.2

13.5 30.4

12.7 27 .9

34.7 27.1 23.9 20.5 10.3 23.0

Analysis

Source of Variation

ttater Treatments

Genotypes

Genotypes within water treatments

LSD (p=.05)

2 0l*lÊ

2.4xx

5.2x*

*
VE = Very Early, E = Early, M = Midseason, L = Late.
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same V(soil). !'ihen measured at the same critical stage of developmemt,

Y (xylem) reflected the pJ-ant response at simil-ar l-evel-s of Y(soil) and

r^ras more like the measurements in Experiment 5. It was st,ill- not a

complete measure of the water treatment however, because stress was

cyclic after Y(xylem) measurement.

lüater potential was first measured one week after the two

earliest genotypes (Bankuti Korai and Mona) were transferred from the

l-ow to the hì-gh regime ab jointing. At this time Y(xylem) of all
genotypes vüas recorded in lriater Treatments 1 (HHH) and 5 (LLL). The

differences between water treatments r^/ere significant but not large

(Table 55). Plants maintained on the low regime rùere small-er than at

the first time of Y(xyJ-em) measurement in Experiment 5 and this is

refl-ected in higher V(xylem) va]ues 1n this experiment. Xylem water

potential measurements were made on four other occasi-ons to sample

critical times of development fon all genotypes. 0n each occasion

V(xylem) in treatment 5 (LLL) was significantly bul.only stightly

below treatment 1 (HHH).

Xylern water potentiaÌ was

were transferred from high to low wa-

was not significantly different from that of the control-s. When plant,s

were transferred from high to ]ow status (TreatmenL 4 - HHL), however,

xylem water potential- fell much l-ower than in the t,reatment maintained

on the 1ow vrater regime (LLL) (Table 56). Genotypes variecl significantly

at this stage but the differences between them were not related to t,hose

measured in other experiments.

Free Prol-ine

Free proline was measured in the youngest fully expanded leaf
at Lhe time of each sa,mpJ-ing for Y(xy]-em). The fjrst sample was taken
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Tab1e 55.

Xytem water potenlial (- bars) 1n plants maintained on the high and

Iow regime. Measured in all plants when Bankuti Korai- a.nd Mona were

one week after jointing. Mean of three replicates.

Genotype

tr'later Treatment

Maturity High Regime (HHH) Low Regime (LLL) Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VB

VE

18. 1

16.3

12.8

9.9

12.4

11.0

10.0

10.4

12.6

24.8

20.1

18.0

16.6

17 .7

14.8

16.3

16. B

18. 1

21.5

18.2

15.4

13.3

15.1

12.9

13.2

13.6

15.4

E

E

M

M

L

L

Analysis

Source of Variation

t'later Treatment

Genotype

Genotype within water treatment

LSD (p=.05)

2.31çlÊ

1 . BlÉlç

n. s.
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Table 56.

Xy1em water potential (- bars) in eight genotypes and five water

treatments one week after transferrence from high to low waten status

in !'later Treatment 4 (HHL). This coresponds to one week after

anthesis of the main shoot in the unstre-ssed control.

Genotype Maturity HHH

hlater Treatment
LLHH r,lH HHL LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VE

VE

E

E

M

M

L

L

19 .0

16.0

17.0

17 .7

20.1

12.6

10.0

12.4

20.1

17.8

17 .2

18.0

23.5

13.0

11.5

14.3

19.0

18.5

16.0

17 .4

25.3

13.7

12.4

14.1

37 .1

33.3

40.2

38. 1

35.0

38.0

34.5

35.2

24.7

23.4

26.2

25.1

27.6

22.6

19.5

21.O

23.9

21.8

23.3

23.3

26.3

20.0

1T .6

19 .4

15 .6 16 .9 16 .6 36 .4 23 .T

Analysis

Source of Variation

tlater Treatments

Genotypes

Genotypes within water treatments

LSD (p=.05)

1 .71çx

1 .51çtç

3.0åçrç
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when Bankuti Korai and Mona $iere sampl-ed one week after jointing

(corresponding to Lhe V(xylem) sampl-e of Table 55). AlL genotypes tlere

sampJ-ed on the same day but it fol-lowed that they were al different

stages of development. Proline had accumul-ated j-n those plants

maintained on the low regime by thi-s time (Table 57) but the genoLypes

were not found to differ slgnificantly. SoiI in the pots maintained

on the low regíme was not necessarily aL -15 bars at the time of samplingt

however, and genotypes had different stress histories which may have

influenced the response by increasing variability (Si-ngh et a7., 1973d).

Only those plants transferi"ed from the high to the low regime

had accumul-ated significant amounts of proline when plants r,vere measured

at,equivalent developmental stages (TabIe 58). The free proline of

previously stressed plants had returned to levels which were equivalent

to the cont.rols and the plants in the treatment maintained on the 1ow

regime (LLL) had relatively low free proline leve1s. These plants

wet e small at the time of measurement, were relatively unstressed

(Table 56) and therefore had Lower free proline levefs than those in

treatment HHL which r^/ere recently transferred to the low status and

had high leaf area but wj.th low leaf water potential.

The genotypes vrere significantly different for free proline

one week after transferrence from the high to 1ow water regime Ín

Treatment 4 (HHL) (Table 59) but variability l¡¿as very high. There was

no relationship between proline accumufated by the different genotypes

in the experimenl with that of the same genotypes in other experimentst

nor ürere free prol.ine andY(xylem) related.

Shoot Dry Weight

Shoot dry weight vanied frorn 7.7 g per pot to 150 e per pot

over the genotypes and water treatments with effects due to genotype'
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Table 57.

Free proline (ne/g dry weight) in eight genotypes in two water

treatments on the same day. Measurements made one week after jointing

in Bankuti Korai and Mona, the two earliest genotypes. Mean of three

replicates.

Genotype Maturlty

lrlater Treatment

HHH LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VB

VE

E

E

M

M

L

L

0.7

0.5

0.3

0.6

0.4

0.2

0.5

0.7

0.5

3.4

2.2

4.1

4.8

3.2

2.8

3.4

5.2

3.6

2.1

1.4

2.2

2.7

1.8

1.5

2.0

3.0

3.0

AnaLysis

Source of Variation

lüater Treatments

Genotypes

Genotypes within water treatments

LSD (p=.05)

2.5x

n. s.

n. s.
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Table 58.

Free proline (ne/e dry weight) in the youngest fu1ly expanded leaf in

fÍve water treatments mea.sured one week after anthesis of the maln

shoot in the unstressed control. Genotypes not measured on the sarne

day. Mean of eight genotypes and three replicates.

lrlater Treatment Free proline

1 (HHH)

2 (LHH)

3 (LLH)

4, (HHL)

5 (LLL)

Mean

LSD (p=.05)

0.9

0.7

1.1

6.9

2.8

2.4

1 .6rÉlç
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Table 59.

Free proline (me/e dry weight) in eight genotypes in water treatment

4 (HHL). Measured in the flag leaf one week after Lransferrence from

the high to the 1ow water regime. Mean of three replicates.

Genotype Maturity Free proline

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

LSD (p=.05)

VE

VE

8.4

5.6

9.1

6.2

7.4

6.8

6.5

4.8

E

E.

M

M

L

L

6.9

3. grÉ
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water treatrnent and interaction all highJ-y significant (Table 60).

Ranking for dry weight accumulation of the water treatments bras 1 (flHH)

greater than 2 (LHil) and 3 (LLH) which were equal to 4 (HHL) and al-l-

treatments greater than 5 (LLL). If l,fona results are excl-uded from

the analysis, however, treatment 2 (LHH) produced significantly more

dry weight than 3 (LLH).

Bankuti Korai produced only 25.9 g per pot. when not stressed

and this contrasts with the 149.6 g per pot produced by Dore. There

was some tendency for the l-ater genotypes to produce more dry weight

but bhe significant correlation was solely due to lhe extreme result

of Bankuti Korai (i.e. this genotype was very early and produced very

, low dry matter yields ) .

The significant interaction between genotype and water

treatment for dry weight suggested that genotypes varied in response

to the water treatments but they varied substantially for total dry

weight when not stressed. Thei-r response to the water treatments u/as

examined by calculating Dry Vrleight Percentage (DWP), the dry weight when

stressed as a percentage of that in the control treatment, as defined on

p. 116. There bra-s a genotype x water lreatment interaction for D'yüP

(Tabl-e 60) and genotype responses to the various stresses was complex.

ProcLor, Princess and Cyprus Bl-ack performed relatively better over af1

treatmenbs but genotype ranking for Dl^lP varj-ed with water treatment.

There was not. a relati-onship between DhlP and anthesis date for any

treatment in contrast to the results in Experlment !. Nor was there a

relationship between Dtrr/P and either free proline or xylem water potential.

Grain Yield

lrlater treatment, genotype and intera.ction effects on yieì-d

were all highly significant (Table 61 ). Stress after anthesis limited
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Table 60.

Total shoot dry weighL (e/pob) in water treatment 1 (HHH) and the mean

of all treatments. Also Dllp (dry weight percentage) for water

treatments 2, 3, 4 and 5. Mean of three replicates.

Genotype Maturity

Dry hleight

HHH Mean LHH

Dry lleight Percent

LLH HHL LL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

P¡'octor

Mean

VE

VE

25,9

65.2

106.5

118.2

79.3

149.6

141 .1

112.6

100 .8

16.3

32.1

74.5

80.3

46. B

98.6

99.8

81.2

69.7

68.8

64.2

80.6

67.7

64 .1

75.8

7e.5

89 .5

73.6

80.6

112.7

68. B

63.2

67.4

61 .4

64.1

80.7

74.8

33. 9

41 .1

62.6

75.8

46.7

60.6

73. B

71 .2

58.2

29.7

28.8

38. 1

33. 1

22.5

32.6

37.5

42.2

33. 1

53.2

61 .7

62.5

60.0

50.2

57.6

63.5

70.9

59.9

E

E

M

M

L

L

Analysis

Source of Variation

!,later Treatment

Genotype

Genotype x !,'later Treatmenl

LSD (p=.05)

a

Di/'l

10. 4åc¿(

8. 3xrç

18. 6rÉx

DVüP

6. BrçrÊ

6. Brßrç

16. gr(

" ttD val-ues for the interaction only appropriate for comparisons

of genotypes wibhin water treatments.
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Tab1e 61.

Grain yield (g/pot) in the unstressed control (HHH) and the mean yield

of all treatments. AIso YP for the four stress treatments, YP (defined

on p. 120) is the yield when stressed expressed âs a percentage of

control yield. Mean of three replicates.

lrlater Treatment

YieId Yield Percent (YP)

LLH HHL LLL MeanGenotype Maturity HHH Mean LHH

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VE

VE

14 .16

25.62

38.35

48.51

34.65

54.44

46.89

35.28

37.86

8.39

11.72

27.02

32.76

19.75

36.O4

32.60

25.7 4

24.83

66.9

76.6

104 .8

82.5

59.9

84. 1

83.5

104.9

82.9

76.0

100.4

91 .1

7 4.6

72.7

71.4

T 4.4

94.0

B1.B

26.1

26 .1

31.8

47 .3

36.0

35.0

44.9

45.6

36.6

26.3

33.7

30. 1

33.3

24.2

?oo

45.6

44.5

34.7

48. B

tro,

64.5

59 .4

48.2

57.6

62.1

72.2

59.0

E

E

M

M

L

L

Analysis

Source of Variation

trlater Treatment

Genotype

Genotypes within water
treatments

YieId

? o2lçtç

3.57xx

B.73xx

LSD (p=.05)

+ Mona

n.s

11.25xx

YP

- Mona

12.6tk

8. 5rçx

n. s.n.s
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grain yield more than stress before this stage so that the graLn yield

in the stress treatmenL applied only after anthesis h/as not significantJ-y

different from that in the treatment where sLress was applied throughout

the total experiment.

Genotypes varied in their yield in the absence of water stress

with Bankuti Korai producing only 1 4.2 g per pot at one extreme and Dore

with 54.4 g per pot at the other. There r^ras no re]ationshlp between

anthesis date and grain yleld in this data.

The significant interaction between the effects of the water

treatments and genotypes suggest that the genotypes differed in response

to stress. This was examined by calculating Yield percentage (yp) -
the yield when stressed as a percentage of the controÌ yield (defined

on p. 120). The slgnificant interaction for grain yield when only the

four stress treatments were used j-n the anatysis was rost when the

analysis was performed on YP. This was probably due to the increased

varlability associated with combining the two variabl-es in calcul-ating

the derived character.

Proctor yielded more when stressed rel-ative to its own control

than did the other genotypes, although it was not significantly different

from cyprus Black or Princess. Bankutl Korai and cJ-ipper performed

relatively poorry. There was no apparent rel-ationship between yp

and anthesis date, Y(xyl-em) or proline.

Yiel.d Components

The general pattern of yield component response ü¡as similar to

that for Experiment 5. rn generaÌ, stress at any stage infruenced the

component formed durj-ng that stage (Table 62). As for Experiment !,
howeven, relief of pre-anthesis stress resul,ted in the formation of

late tillers which modified the result at harvest, while post-anthesis
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Table 62.

Yield component percentages (yierd component when stressed as a

percentage of control perfonnance) over alr genotypes when stressed

for various development stages. Mean of three repricates and eight

genotypes. x1 is tiller number (fertile only), x2 is frorets,/t,i11er,

X3 ls the percentage of florets that set seed and X4 is thousand grain

weight.

lrlater Treatment

ïield Component Percentage

X1P XzP X3P x4P

2 (LHH)

3 (LLH)

4 (HHL)

5 (LLL)

85. 1

104.2

57 .9

5e.7

93.5

84.4

97.6

74.3

111.8

101.2

78. 3

91.0

100. 1

95.8

e7.7

89. 1

t

i
I

I
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stress inhibited tillers from forming grain.

TiIler number was the component rnost affected lvhen plants were

malntained on l-ow water status to jointing. It was reduced more during

stress than is apparent in Table 62, but the relief of stress induced

late til-ler devel-opment. Total floret number per ti1ler was al_so

reduced by this treatment despite stress having been relier¡ed at the

time of its determinabion. Floret fertility was higher than in the

controls, however, while grain weight was little different. Till_er

number was greater in the treatment maintained on 'r,he l-ow water regime

to anthesis than in the unslressed controÌs, but fl-oret nurnber per tilJ-er

was lower. The later formed components were 1ittle affected by the

stress treatment.

Transfer of plants from the high to the low water regime after

anthesis (Treatment 4) resulted in lower floret fertil-ity and lower grain

weight but the component most affected was the number of fertlle til-lers.

AIJ- yield components were reduced bel-ow those of the contro]s

j-n plants maintained on the low water regime from sowing to rnaturity.

The first formed components were the most affected, however, with the

number of fertil-e til.l-ers reduced relatively more than the other

components. Observations suggested that fertile tiller number was

reduced by suppression rather than fa.ilure to deveLop after initiation.

Yield Components - genotype effects

The number of fertile tillers per plant was much greater in

this experiment than in Experinlent 5. There b/as no clear distinction

between two-row and six-row genotypes in nunlber of tillers but only

Bankuti Korai of the two-row types had a lower tiller number than Cyprus

Bl-ack and Stewart (Tabl-e 63). The genotype x water treatment interaction

for tiller nurnber was not significant which provi-des.l-itt1e evidence for
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Tab1e 63.

Number of tillers per plant (X1 ) of eight genotypes in the unstressed

control and the mean of all- water treabments. Also X1P (number of

tillers as a percentage of control performance) for the water treatments

2 to 5. Mean of three replicates.

X1 X1P

HHL LLL MeanGenotype Maturity HHH Mean LHH LLH

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VE

VE

20.2

38.0

33. 1

33.9

36.6

51.5

39.5

44.6

1't.7

31.7

29.3

26.0

17.3

38.0

29.0

37.0

92.9

37.0

114.2

94.6

62.4

87.9

77 .2

81. 1

117.0

140.7

140.2

121.5

89.0

86.T

77.5

68. 9

47 .1

54.6

55.3

94.3

47 .6

50.6

51.6

67.2

47 .1

66.7

83. 1

74.7

30. 6

55.8

53.5

61.7

76.0

70.0

07Ã

96.2

54.6

70.3

64.9

69.7

E

E

M

M

L

L

37 .1 27 .5 85. 1 104.2 57 .9 58.7 75.7

Analysis

Source of Variation

X1

+ Mona

I'later Treatment 2.99xx

Genotype 3.141çx

Genotype x water treatment n.s.

- Mona

LSD (p=.05)

+ Mona

6.2xx

7.zxx

14.5x4

- Mona

5.3tçt{

7'oxx

1 4 .0*a

X1P

).7**

3. 0**

n. s.

a Appnopriate only for comparisons of genotypes within water treatments.
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a difference between genotypes in their response to sfress. Analysis

of X1P (tiller nurnber when stressed as a percentage of control.

performance - defined on p. 127) t however, revealed a significant

interaction. Tillering in Cllpper vias reduced by each of the stress

treatments which was unl-ike its perfonmance in Experiment 5. The two

six-row genot,ypes, Cyprus Bl-ack and Stewart, responded to the relief of

early stresses by producing later tillers and they were less affected

by the low regime throughout growth. Bankuti Korai responded to the

relj.ef of stress before anthesis by the production of late tillers

but fertile tlller number was reduced by sLress after anthesis.

The two six-rowed genotypes produced more florets per tiller

than the others (Tab1e 64) and since !fr""" r^ras a significant interaction

between genotype and water treatment, differences in response for this

character were indicated. There vJas no genotype x water treatment

interaction for X2P (number of fl-orets per tiller when stressed as a

percentage of control performance - defined p. 127) but Bankuti Korai,

Stewart and Cyprus Black had lower values than the others. There hras a

negative correlation between X1P and X2P when calculated on the genotype

means for lrlater treatment 3 (LLH) (r= -0.9'llçlç) but not for the other

water treatments, suggesting that those genotypes that formed late

tillers on the relief of stress had reduced numbers of florets per

tiller, probably because the later formed tillers had few florets.

Stress after anthesis generally reduced the percentage of

fertj.le fl-orets in aI1 genotypes but there was no genotype x water

trealment interaction (Table 65). The percentage of fertile florets

(genotype means for all- water treatments) was re]ated to mean YP (yield

percent). The correlation (r= -0.841() suggested that the most fertile

genotypes yielded less when stressed relative to their own control

performance.
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Table 64.

Number of florets per tiller (X2) in eight genotypes in the unstre-ssed

controf and the mean of all water treatments. Also X2P (florets per

tiller when stressed as a percentage of the unslressed control

performance) for water treatment 2, 3, 4 and 5. Mean of three

replicates.

x2 x2P

Genotype Maturity HHH Mean LHH LLH HHL LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VE

VE

E

E

M

M

L

L

15.1

16.3

41.2

35 .0

15.5

20.3

23.9

21.7

10. B

8.8

29.2

22.0

13.2

15.8

20.9

17 .7

T6 .1

108.7

85.6

81.4

95.1

94.9

101.1

105.1

71 .2

91 .0

73.9

'68.0

86.2

93.4

90. B

100.7

98.6

86. 1

109.4

81.8

100.9

94.9

107 .7

101.2

71 .7

56.5

70.9

63. 1

84.8

78.5

87 .4

81.5

79.4

85.6

85.0

73.6

91.7

90.4

96. B

9T .1

23.6 21.0 93.5 84.4 9T .6 74.3 87 .4

Analysis

Source of Variation

x2

+ Mona - Mona

l,later Treatment 0.95tçlÊ 1 .25xx

Genotype 1.701(åÊ 1.62xx

Genotype x water treatment 3.BO**a 3.661ç*a

LSD (p=.05)

xzP

+ Mona

3.031il(

10.08**r'

n. s.

- Mona

5.431Ël(

g.5gxx

n. s.

" Approp"iate only for comparisons of genotypes wif;hin water treatments.
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Tabte 65.

Percentage of fertile florets (X3) of eight genotypes in the unstressed

control treatment and the mean of all water treatments. Also X3P

(fertile florets when stressed as a percentage of the control

performance) for water treatments 2, 3, 4 and 5. Mean of three

replicates.

X3 x3P

HHLGenotype Maturity HHH Mean LHH LLH LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VB

VE

84.2

63.4

51.2

70.4

82.2

82.4

71.8

5T .9

74.6

57.2

48.6

68.0

78.9

78.6

69.4

59.1

93. B

186.0

127 .5

116 .5

99.7

102.1

97.4

125.3

89.5

96.0

109.2

106.6

105 .8

97 .3

99 .8

104.9

65.9

71 .6

74.9

73.8

84. B

83. B

86. 1

86.4

93. B

96.0

69 .1

87 .7

93.2

94.7

102.5

93.3

Qtr.,

102.8

95.2

96.1

95.0

94.5

96.4

102.5

E

E

M

M

L

L

71 .3 67 .2 1 1 1 .8 101 .2 78. 3 91 .0 95.3

Anal.ysis

Source of Variation

!{ater Treatment

Genotype

Genotype within water treatment

+ Mona

3. 3t3lß

3.oxrç

n. s.

LSD

- Mona

3.2x*

2. Bxr+

n. s.

(p=.05)

r3P

+ Mona

6. gr(x

n. s.

n. s.

Mona

6.2*x

n. s.

n. s.

X3
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This relationship held for only the two pre-anthesis stress

treatments, however. The correlatlon coefficients between X3 and YF

for lrlater Treatments 2, 31 4 and 5 were r= -0.90**, r= -0.88**,

r= -0.31 n,s. and r= -0.30 n.s. respectively. As for Experiment !, there

r¡ras a tendency for genotypes r^Ihich were most fertile when not stressed

to þe rel-atively more affected by stress. Thus for lnlater Treatment 2

(LHH) there hlas a highly significant negative correlation between X3 and

X3P of r= -0.91'xx. The trend was similar but the comelation coefficient

not significant (r= -0.f0 n.s.) for ülater Treatment 3 (LLH). There

r¡Jas no relatj-onship for the two post-anthesis stress treatments

(r= -0.10 n.s. for inlater Treatment 4 and r=0.72 n.s. for !,Iater Treatment

5). It is not possibte to determine if the relationship between YP and

X3 is due to either

(a) the genotypes with the highest proportion of fertÍ1e fforets

when not stressed being more sensitive in terms of floret

fertility to the stress treatments, or the less tikely

explanation that

(b) some genotypes wene stressed even in !,later Treatment 1 (HHH)

and thus appeared more resistant to further stress.

Genotype and lrlater treatment effects were statistically

significant for thousand grain weight (X4) (Table 66). Bankuti Korai

and Clipper had l-ighter grains in this experiment, unlike their
performance in Experiment !.

There v'¡as no slatistical i-nteraction between genotypes and

water treatments for thousand grain weight in this experiment but the

genotype differences for X4P (Grain weight when stressed a-s a percentage

of grain weight in the unstressed control ) suggested that Cyprus Black

and Stewart had heavier grains when not stressed but were rei-atively

more affected by the stress trea.tments. Princess, however, was ress
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Table 66.

Thousand grain weight (X4) of eight genotypes in the unstressed control-

treatment and the mean over all water treatments. Also X4P (grain

weight when stressed as a percentage of control performance) for

water treatments 2, 3, 4 and 5. Mean of three replicates.

x4 x4P

Genotype Maturity HHH Mean LHH LLH HHL LLL Mean

Bankuti Korai

Mona

Cyprus B1ack

Stewart

Clipper

Dore

Princess

Proctor

Mean

VE

VE

44.7

43.7

54.7

56.3

46.9

48 .1

49.5

46.8

41.9

41.9

46.2

50.0

45.8

46.2

50.7

44.3

102.2

109.9

86.2

91.6

104. B

100.7

110 .7

101 .5

101.8

116.6

B1 .6

86. 1

93.1

93.7

106.9

101.3

80.7

97.2

76.6

83.5

94.4

90.6

95.2

86. 5

83.5

92.2

77 .5

82.2

93.4

96.7

99.4

89. 1

92.0

100 .9

80. 5

85. B

96 .8

95.4

103.0

94.4

E

E

M

M

L

L

49.2 46.0 100.1 95.8 e7.7 89.1 93.0

Analysis

Source of Variation

+ Mona

llater fr""tr"nt 1 ,91ç

Genotype 1.81Ê

GenoLypes withln water treatments n.s.

x4

- Mona

1 .8*

1 .81Ë

n. s.

LSD (p=.05)

+ Mona

2.7x

3. 4xr(

n. s.

- Mona

2.6x

3.4å(x

n. s.

X4P
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affected by stress in terms of grain weight. Performance in terms of

X4P was not related to the other yield components or to YP for any

waber treatment. The component is often considered the most important

in determining response Lo stress in an environment where stress

becomes j-ncreasingly severe throughout grovrth. lrlirile it was influenced

by post-anthesj-s stress in this experiment, genotype response in

terms of fertile tiÌIer number appeared to be more important in

determining relative response of grain yield to the water treatnents

imposed.

Additional- informatj-on on the importance of the response of

varj-ous yieJ-d components to the water treatments in determining yieJ-d

response may have been gained from multlple regression but the data

was too limited to realistically use the method.

Water Use Efficiency and Harvest Index

There was a close correl.ation between total water used and

total dry weight when calculated on genotype means over all water

treatments (r=0.99xx). It was also high when calculated within water

treatments (Figure 17), the correl-ation coefficients being r=0.97x*,

r=Q.!lxxr F=0.94xx, r=0.99** and r=0.98xx for LreaLments 1 Lo 5

respectively, when l,lona dat.a was excl-uded.

!,later trea-tments üIere not significantly different, for l¡lat,er

Use Efficiency for dr:y weight production - IIIUE (dry weight) but the

genotypes did vary (Table 67). Bankuti Korai had a low efficiency

while Princess vras more efficient than the other genotypes. The

genctypes did not respond simiJ,arly to all water treatments and thi-s

i-s reflected in the highly si.gnificant genotype x water treal,ment

interacti-on. Clipper, for example, had the h-ighesb l^lUE (dry wei.ght)

in TreatmenL 4 (tli'll) while Proctor did so in Treatrnent. 5 (l-LL).



Figure 17.

The relationshlp between dry weight (g/pot) and the water

used (litres/pot) by eight genotypes in the five water

treatments of Experiment 6. For the key to genotypes see

Table 2, p. 41. The water treatments are:

a) lrlater Treatment 1 (HHH) - r=0.97*x

b) Ï'later Treatment 2 (LHH) - r=0.B6xx

c) Ïüater Treatment 3 (LLH) r=Q.p$*x

d ) !Ùater Treatment 4 (HHL ) - r=Q. Ç$:tlß

e) hlater Trea-tment 5 (LLL) - r=0.Çfxlß

f) The regression lines for al.I water treatments.
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Tabte 67.

[üater Use EffÍciency for dry weight - IIIUE (dry weight) (g/litre) in

eight genotypes 1n five water treatments. l"lean of three repì-icates.

Genotype Maturity HHH

tlater Treatment

LHH LLH HHL LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Pri-ncess

Proctor

Mean

VE

VE

E

E

M

,M

L

L

2.08

2.66

3.25

3.23

2.45

2.96

3.09

2.70

2. $a
z-JE

o_.aT

3. 19

2.90

2.79

2.70

3.34

2.89

1'bó

?-r3

2.01

2.87

2.78

2.93

2.47

3. 0B

3.2q

3. 18

2.05

2.81

3.12

3.14

3. 50

2.94

3. 30

2.68

1 .91

2.38

2.99

3.26

2.96

3.40

2.92

3.55

2'12-

)-ø5

2.00

2.46

3.06

3.09

2.86

3.02

3.18

3.02

2.8ø3

1.94
t.73

2.83 2.94

Analysis

Source of Variation

Genotype

I¿üater Treatment

Genotypes wj-thin water treatments

LSD (p=.05)

+ Mona

0.24xx

n. s.

0.53*x

- Mona

0. 19ril(

n. s.

0.42x'A
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WUE (dry weight) was higher for Experiment 5 than for

Experiment 6. This reflected the different envj-ronmental conditi-ons

for the two experiments, particularly the high evaporative demand and

water use in Experiment 6. Despite the absolute difference, mean V,ILIE

(dry weight) of the seven common genotypes were correlated for the

unstressed control treatment in the two experiments (r=0.991çl(). Three

other water treatments were approximately equlvalent in the two

experimenls (TreatmenLs 21 3 and 4) and the genotype means for lrlUE (dry

weight) were rel-ated in these treatments (Figure 1B).

There was al-so a high correl-ati-on between water used and grain

yield in Experiment 6 (Figure 19). The correlation coefficient was

0.BBl(l+ over the genotype means for all water treatments and the

correlations were equal-J-y high within water treatments. The slope

for !'later treatment 4 (HHL) was apparently different from the other'

treatments and this was reflected in the lower Water Use Efficiency

for grain yield - I¡JUE (yield) in this treatment (Table 68). Genotypes

al-so varied for !,lUE (yie1d), the most efficient being Clipper and

Stewart. There was a significant interaction between the effect of

genotype and water treatment, however, so genotypes did not respond

similarl-y to all water treatments. Clipper, for exampJ-e, r^¡as little

affected by post-anthesis stress while most genotypes were very

inefficient in this treatment.

The. correlation between genotype means for I'lLlE (yield) in

the unstressed control (Treatment 1 ) in Experiments 5 and 6 was, for

the seven cornmon genotypes¡ F=0.87*lç (Figure 20). The correlation for

Treatment 2 (LHH) was also significant (r=0.95*vr) but not the two

other approximately equival-ent treatmenl,s. The absence of a relationship

for Treatment 4 (HHL) was infl-uenced by Cyprus Black whlch performed

differently in the two experiments.



Figure 18.

The relationship between tlater Use Efficiency for Dry

lüeight production in Experj-ment 5 and Experiment 6

for the seven genotypes common to the two experiments

in the approximately equivalent treatments. For the

key to genotypes see Tab1e 2, p. 41. The coruelation

coefficients for the water treatments are:

a) lrlater Treatment 1 - r=Q.Ç$xlÉ

b) I¡tater Treatment 2 - r=0.951çlÈ

c ) lrlater Treatntent 3 - r=0. B4xx

d) Ï'later Treatment 4 - r=O./Sx

e) The regression lines for all water treatments.
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Figure 19.

The relationship between grain yield (g/pot) and water

used (litres/pot) by eight genotypes in the five water

treatments of Experiment 6. For the key to genotypes

see Table 2, p. 41. The figures and correlation

coefficients are:

a) I'later Treatment 1 (HHH) - r=Q.llltx

b) t'later Treatment 2 (LHH) - r"=0.831Éx

c) hlater Treatment 3 (LLH) r=Q.!(**

d) ttater Treatment 4 (HHL) - ?=Q.)l*x

e) I¡'lat,er Treatment 4 (LLL) r=0.88*,(

f) The regression l1nes for all water treatments.
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Table 68.

l¡'Iater Use Efficiency for grain yi.eld in eight genotypes and five

water treatments. Mean of three replicates.

Genotype Maturity HHH

lùater Treatment

LHH LLH HHL LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore

Princess

Proctor

Mean

VE

VE

1 .14

1 .03

1. 18

1.32

1.07

1 .08

1.03

0 .84

1 .03

0.47

1 .46

1.45

1 .15

1.10

1.18

1 .06

1 .04

0.93

1 .31

1 .41

1 .19

1.29

1.25

1.13

0 .85

0.69

0.55

0 .80

1 .19

0.62

0.66

0.52

0.93

0. 98

0.82

1 .35

1.37

1.52

1.59

1.21

0.99

0. 85

1 .07

1.27

1 .19

1 .12

1 .14

0.96

E

E

M

M

L

L

1.10 1.17 1.22 0.73 1.22 1.08

Analysis

Source of Varlation

lrrater Treatment

Genotype

Genotypes within water treatments

LSD (p=.05)

+ Mona

0. 15tËt(

0. 1 3*x

0.30*r(

- Mona

0. 161ßx

0. 13tfi(

0.28xtË



Figure 20.

The relationship between lüater Use Efficiency for grain yield

in Experlment 5 and Experiment 6 for the seven genotypes

common to the two experiments in the approximately equivalent

treatments. For the key to genotypes see Table 2, p. 41.

The figures and correlation coefficients are:

a) lrlater Treatment 1 - r=Q.$/xx

b ) Ï'Iater Treatment 2 - r=Q. $lxtl

c ) t'Iater Treatment 3 - r=0. 17 n. s.

d) !,later Treatment 4 - r=0.61 n.s.

e) Regression lines for figures a, b and d.
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Harvest index (cal-culated on the shoot dry weight onJ-y) was

greater in the treatments maintained on the l-ow regime to jointing or

anthesis but was reduced by post-anthesis change from high to low water

status (Table 69). Stress after anthesis affects shoot dry weight

through its influence on grain yield and will therefore depress harvest

index more than at other stages. Harvest index of the treatment

maintaj-ned on the low regime from sowing to harvest was not signlficantly

different from thal, of the control.

There were differences between the genotypes for harvest index

when not stressed, with Bankuti Korai and Clipper having higher indices.

These diffenences r/ere not related to those measured in Experiment 5.

\
Harvest index was not related to anthesis date in thls

experiment. It was related to X3 (percentage of fertile florets)

only for treatment 5 (LLL) (r=0.95*l(), the more fertile genotypes

having higher harvest indices.

CoresponCence between Experiment 5 and Experiment 6 was not

close. Genotypes did not rank similarly for free proline, xyì-em waber

potential or any of the characters used to measure response to the

stresses imposed in Lhe experiments.

Bankuti Korai yielded less when stre-ssed, relative to its own

control than did Lhe other genotypes in both experiments but is

considered to be drought resistant. It may have been subjected to

disproportionaLe stress i-n Experiment 5 but its poor performance in

Experiment 6 confjrms the poor response of the genotype to stress. It

probabJ-y derive.s its apparent drought resistance from escape. The Iater

genotypes (e.g. Proctor in this experiment) are traditional-ly regarded

as susceptible to drought but they yielded more, relative to their or¡rn

conLrol than the other genotypes in these experl.rnents suggesting thab their

poor field performance is due to their fate maturity.
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Tabl-e 69.

Harvest Índex for eight genotypes Ín five water treatments.

Mean of three replicates.

!'Iater Treatment

GenoLype Maturity HHH LHH LLH HHL LLL Mean

Bankuti Korai

Mona

Cyprus Black

Stewart

Clipper

Dore)

Princess

Proctor

Mean

VE

VE

0. 55

0.39

0.36

0.41

o.44

0.36

0.33

0.31

0.53

o.47

o.47

0.50

0.41

0.40

0.35

0.37

o.44

0.52

0.35

0.48

0.48

0.47

0.42

0.39

0.37

0.42

0.25

0.48

0.26

0.33

0.21

0.20

0.20

0.48

0 .46

0.28

0.41

0.47

0. 44

0.40

0.33

0.50

0.38

0.35

0 .41

0.43

0.37

0. 33

o.32

E

E

M

M

L

L

0.39 0.44 0 .26 0. 41

Analysis

Source of Variation

lrlater Treatment

Genotype

Genotypes within water treatments

LSD (p=.05)

+ Mona

0.02*lÊ

0.02rçr(

0.04xrß

- Mona

0. 02rçrß

0. 0 1 l(lç

0. 031Ét(
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!ùUE (dry weight) was a character which linked both experiments.

Genotype ranking for this character was constant over experiments and

water treatments. I/'itlE (dry weight) may have been controllecl by water

use in response to different dry weight leveIs but evidence from

post-anthesis stress suggests that the relationship was reinforced by

dry weight change in response to water supply. lrlhil-e I¡rlUE (yield) was

also relatively constant it was affected by differential yield response

to stress, particuJ-ar1y if imposed after anthesis.

Ranking of genotypes for resistance to stress could not be

reÌated to either Y(xylem) or free proline. The complexity of the

response in these experiments suggests that such a simple relationship

would be unlikely.
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5. DISCUSSION

5.1 Introduction

Moisture deficit limits cereal production in much of the

world (Fischer and rurner, 1978). The Australian cerear bel-t, for
example, i-s characterised by erratic rainfall which can be inadequate

for crop growth at any time during the growing season (sparrow, 1gT7).

simirar condit,ions throughout the worl-d are refLected in breeding

programmes which aim to improve drought resistance of many cereals and

programmes on barley (Eslick and Carter, lgTT), wheat (Hurd, 1969) and

rice (Cfrang et a7. , 1974) are examples.

Resj.stance to drought has been defined as production in dry

environments (Boyd and I'larker, 19Tz), as a measure of resistance

disassociated from production (Chinoy, 1962) or as high effici-ency of

water use (Ferguson, 1977 ) in different studies. The relationship

between efficiency of water use and other measures is not well understood,

although some authors have suggested that they may be unrerated (Reitz,

1974; Ferguson, 19TT). The relationship was explored in this study and

is discussed in a l-ater section.

The performance of a genotype in a moisture l-imited environment

is a function of its potential to perform in a non-limiting environment

(its yield potential where grain is the character under study) and its
resistance (or susceptlbility) lo the stress (Fischer and Maurer, lgTB).

rt is desirable that potential and resistance be not negatively

correrated although this is possibre (Boyer and Mcpherson, 1975). rn

southern Austral-ia, for example, seasons can vary from those with severe

moisture deficit to those of above average rainfall that reduce yield

through a surfeit of moisture (sparrow, 1g7T). Drought resistant

cul.tivars shoul-d be able to capitaJise on favourable seasons while
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yiel-ding more Lhan others when moisture is limiting.

Selection for drought resistance under field conditions is

likely to be difficult except where the rnoisture deficit occurs with

equal intensity in lhe same part of the growing season each year (Boyer

and McPherson, 1975). There i-s, therefore a need for plant breeders to

exploit plant morphologlcal or physloJ-ogical characters which are

associated with fiel-d drought resistance (Sullivan and Eastin, 1974).

Recent reviewers of the water stress 
_l-iterature 

have emphasized, hor'rever,

that with few exceptions (l'lright u.,o H^åH, ß70; Hurd, 1971), plant

breeders have not been able to select drought resistant cuJ-t,ivars by

exploiting specific characteristics (Boyer and McPherson, 1975i Begg

and Turner, 1976). Despite the increasing information on plant responses

to water stress, the complexity of the subject has prevented a general

understanding of combinatÍons of characters which could be manipulated

by breeding and selection. Many reviewers have emphasized that

resist,ance to drought is such a complex character that no one plant

attribute will be solely nesponsible for resistance in every environment.

Recent studies have reported tests which may be related to

drought resistance (lalright rno 1å*¿"å , lgTO; Boyd and lùalker, 1972;

Singh et a1., 1972; Richards, 1978 ) Uut these have not generally been

defi.nltely associated with field resistance. In every study which seeks

to define characters associated with resj-stance to moisture stress, the

methods of stress imposition, measurement of stress and measurement of

resistance are vital- characteristics which infl-uence the resulls

obtained.

This study sought to explore the relationship between prol.ine

accumufation of'barley genotypes and ability to perform during a period

of stress or upon stress relief. The initial- seedling experiments

studied accumulation of proline in a range of genotypes in response
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to stesss and the nelationship beLween proline and performance. Other

characters measurecl included stomatal frequency (Miskin and Rasmusson'

19TO) and chlorophyll stability (Boyd and i'rialker, 19TZ). Experiments

were also conducted wl-iere stress was imposed at later stages of growth

with a view to examining genotype response to more equitable stresses

than are possible under field conditions. The resul-ts from these

experì-ments are discussed by examining methods of stress imposition,

of water measurement and of resistance measurement, PlanL characters

associated with differences in the response of the genotypes to imposed

stresses ane discussed fol-lowed by a consideration of the dlfferences

in response of individual genotypes used in the study.

5.2 Imposition of Stress

Varíous methods have been used by breeders and physiologists

to appty water stress lo plants. In addition to growing plants i-n a dry

environment (Fischer and Maurer, 1978), using rain shelters (Owen' 1958b)

and diverting run-off from field grown plants (KirUy, 1970 ), many methods

have also been used to impose stress to pot grown plants. These include

wibhhol-ding water, bathing roots in solutions of l-ow osmot.ic potential

the use of drought chambers to apply atmospheric stress, cooling roots,

and the extraction of water from the rooling medium under tension. Each

method has its ovrn relevance and the choice of method will depend on the

objective of the experiment. The success of the chosen method will

depend on how it achieves the objective.

The first group of experiments reported in this study

(Experiments 1 Lo 4) aimed at comparing a range of genot,ypes for their

ability to accumulate proline at a particular l-eaf waten potential and,

in two of the experiments, to measure perforrnance during stress or upon

stress relief.
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A sol-ution of poJ-yethylene glycoi (PEG 4000) of -20 bars

osmotic potentÍal was chosen to impose stress in the first two

experiments. PEG has been wjdely used for pot experiments and is

considered by many (e.g. Lawlor, 1969; Singh et a7. , 1973d) to be

excfuded by root systems and to be non-toxic. This view is noL

universally held, however (Begg and Turner, 1976). Growing barley

seedlings in perlite to the three leaf stage and flooding the rooting

medium with successj-ve changes of PEG 4000 (osmotic potential -20 bars)

as used in these experiments (1 and 2)v¡asalso used by Singh et al-.

(1972, 1973), They reported a fall in V(leaf) but genotypes were not

significantly different for this character after 72 hours of stress when

the plants were re-watered. Such an ideal situation was not reported by

Hanson et aL. (19TT), however, who found that two genotypes differed in

Y(Ieaf) at the conclusion of the stress period. In neither Experiment

1 nor ExperimenL 2 of this stucly did water potential (measured wjth a

pressure chamber) falt or free proline increase as rapidly as in the

sj.milar experiments of Singh et aL. ( 1973d). This behaviour is

con-sistent with fail-ure to impose stress. The c.oncentratj-on of PEG

used in these experimenLs which was simil-ar to that of other studies

(Sì-ngh, 1972; Hanson et aJ. , 1977), was equivalení Lo -20 bars osmotic

potenbial and yet V(xyJ-em) tra¿ fal-len to onì-y -12.1 bars after 144 houns

in Experiment I (p. 61) and -13.'l bars after 72 hours in Experiment 2

(p. 70). It is possibJ-e that PEG did not fulJ-y replace lhe nut.rient

solution in the root zone and this accounted for the s]ow decline of

Y(xylem). The possibility of PEG uptake cannot be discounted, particularly

over the longer exposure time in Experiment 1 butri+€bi+eas-ei+epe

rapid deeline of V (xylem) and-grea@ee-pro.l-ine- ¡*ould

he. expectcd-. There were di fferences between genotypes in V(xylem) aL

the concl-usion of the stress period in both experiments. These differences,

like those of Hanson et a.Z. (1977 ) hinder the jnterpretation of
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differences between genotypes in proline accumulation which may have

been the resuft of différences in water potential and afso differences

in ability to accumul.ate proline when stressed. The two experiments

were therefore not successful in either imposing the desired level of

stress or in imposing equivalent stress for the different genotypes.

An additional aim of Experiment 1 was Lo compare genotype

performance in response to the stress and recovery treatment. For the

reasons above, this objective was not fulIy realised.

The problem encountered with the use of PEG prompted the move

to experiments where seedlings were stressed by withholding water. The

objective of Experiment 3 was simply to examine a range of genotypes for

their ability to accumulate proline when stress was applied in this way.

Seedlings h/ere groürn in sand and watered with nutrient solution which

was withheld at the three-leaf stage. Five days after withholding

water, V(xylem) fraO fallen bo -19.1 bars and this was reduced Lo -22.4

bars one day later (p. 72). Genotypes did differ in Y(xylem) over the

stress period, however, so the absence of significant dj-fferences in

prollne accumulated could not be regarded as proof that they dld not

differ for proline accumulation potential.

Experiments 1 to 3 all failed to apply equivalent stress to

the different genotypes as reflected in differences for Y(xylem),

although the possibility of an lnteraction between genotype and method

of measurement at the same Y(leaf) could not be eliminated.

Bxperiment 4 also applied stress by withholding water at the

three-leaf stage from seedlings grobrn in small- pots filled with soil-.

The objective of this experiment, however, was to examine the within-

genotype refationship between water status and free prcline. That

genotypes would differ in water sl.atus at. the conclusion of the stress

period v¡as accepted as an undesirable but inevitable consequence of the
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method of imposition. The experirnent also sought to explore the reasons

for differences in water status al the end of the sbress period and to

study the performance of different genotypes during stress and recovery.

Genotypes differed for V(xylem) at the conclusion of the stress period.

The experiment also revealed differences between genotypes in performance

during stress and recovery on stress relief but, because genotypes

differed in Y(xylem) at the conclusion of the stress period, these

ptant responses could not be compared directly. The smal-l pot size

restricted the recovery period which coul-d be studied. That this may

have prevented bhe full manifestation of the stress effect after

prolonged recovery (Corletto and Laude, 1974) is supported by the

faj-Iure of free proli-ne l-evel to faII in most genotypes over the period.

Experiment 5 and 6, where stress was imposed at l-ater stages of

growth, aimed to compare the performance of genotypes to stress applied

in a way not possible under field condit.ions. Stress j s of an

intermittent nature in the field and differences between genotypes in

response to the stress are dominated by stress escape so that earlier

maturing genotypes often appear most resistant. These experiments aimed

to compare genotypes for their response to stress applied at the same

stage of development but not necessarily at the same time' thereby

eliminating escape mechanisms.

Stress was imposed in Experiment 5 by withholding water so that

V(soil-) fell to -15 bars just prior to jointing or anthesis. Stress was

imposed in the same ü¡ay after anthesis but plants r¡Iere re-watered

and anoth"t .y"t" of stress was imposed immediat.ely. It would have

aided interpretal,ion of tolerance differences if Y(leaf) had been

re¿uced to the same level in each pot. This could not be controlled,

however, as there v,rere insufficient leaves to a.l-Iow continuous monj-toring

of the Y(teaf) and there were too many pots to use in sjtu methods.
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The comparison of the response of differenb genotypes when stressed to

the same Y(so:LI) has its own particular relevance, however. Differences

in bolerance are not so easily measured but differences i-n avoidance can

be investigated.

Experiment 6 had slightJ-y different objectives. It sought to

complement the results of the previous experiment where temperature

effects and length of the stress cycle may have been different for each

genotype. It compared the response of genotypes when exposed to stress

for the total length of particular development periods. Stress

fluctuated throughout the development period so that genotypes could

not be compared directly at the same Y(soil) or Y(leaf), while the

limits of V(soil) were controlled. The main limitat:l-on of this

technique was that Y(xylem) could not pr'ovide a realistic measure of

the degree of stress so that performance could not be directly related

to stress level. Its main advantage Inlas, however, that differences between

genotypes in stress escape were minimised.

No one method of imposlng stress is uniquely betler than others.

Each has its or^¡n advantage and usefulness. The use of pot studies has

been cri-ticised by Owen (1958b) as the restrictive water supply in smal-I

pots does not al.l-ow time for equilibration or adjustment to stress as

is possible under field conditions. There are differences between field

and pot studies, mostly related to the speed of stress and in the

magnitude of plant response (reviewed by Begg and Turner, 1976).

Ultimately all characters must be rel-ated to field response but pot

studies, like those employed in this experiment, are an important

intermediate between experiments in controlled environment, facilities,

where there are major restrictions on experi.ment size and hence the

number of genotypes that can be studied, and field studies where the

environment cannot be controlled. It would therefore not have been
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possibl-e Lo sludy sufficient genot-ypes under controlled conditions,

nor could stress have been imposed ab will in the field. Measurement

of water use is also more difficulb in field studies.

Most of the experirnents in this study used a single stress

cycle. Plant,s may adapt during repeat.ed stress cycles (Jones and

Turner, 1978) and hardening responses may occur (Singh ex a7. , 1973d).

These mechanisms v¡ere not studied.

5.3 Measurement of Plant lrlater Status

A pressure chamber v¡as used throughout this study to estimate

plant water potential. It was chosen because more mea.surements could be

made in the one day than with other techniques.

Genotypes varied significantly for xylem water potential- in

Experiment 3 and whether stressed or not in Experiment 4, the experiments

where stress was impo-sed on seedlings by withholding water. There was

also a significant corelalion between the genotype means in the stressed

treatments of the two experiments and between the stressed and unstressed

genotype means in Experiment 4. Differences between genotypes may then

have been due to a real difference in water status or an intenaction

between genotype and method of measuremeht. Genotypes aJ-so differed in

Retative hlater Content (RllIC), however, and there was a highly signiflcant

correlatj-on between the genotype means for the two parameters (n=O.79xx

for n = 10 five days after withholding water). The differences between

genotypes were therefore a real- effect. There did not appear to be

differences between genotypes in the naLure of the relationship between

V(xylem) and Rl'lC but, since l,he experlment was not specifically designed

for this purpose, small genotypic differences could not have been

detected.
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Recent studies and reviewers (e.9. Begg and Turner,'1976i

Fischer and Sanchez, 1979) have emphasized the need to measure plant

wat.er status in all studies which seek to determine differences between

genotypes in resistance to moisture stress, particularly in those which

seek to determine fieÌd resistance. The experiments with older plants

in this study, however, have shov¡n that measurement of water potential-

reached a1, the conclusion of a stress period is not the only parameter

of importance. It is not possible to subject a plant naturally and

rapidly to a partlcular water status. !'later gradually becomes limiling

to plant growth except in the case of q!.mosRheric stress where the roots

are not able t,o supply water quickly enoughr even when the soil is at

field capacity, to prevent low leaf water potential developing. In all

other cases, the duration and rate of decline in plant water potential

may be as important as finat water potential- in determining stress

effect or recovery after stress.

It has been suggested that proJ-ine accumulation may be a useful

measure of water status (Palfi and Juhasz, 1971). Recent evidence, and

that from this study, does not support this hypothesis. Proline may not.

conmence to accumulate until stress is moderately severe {Wataiþ et a7.,

1974; McMlchael- and Elmore, 1977 and Experiment 4, p. 87), the amount

accumulated may depend on genotypes as well as prevlous stress history

(Singh et aJ.,1973d) or age of the leaf (Experimelf 5t p. 113).

Despite Lhese difficulties, it is possible that proline 1eveI, if

properly calibrated, could be used as a measure of water status in

speciflc experiments. It is simple and more accurate, however, to

estimate water status directly through one of the methods used to

estimate Y-- (Begg and Turner, 1976).
l^I
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5.4 Measurement of Stress Resistance

There is no one best method of measuring resistance to

moisture slress. The method chosen will depend on the objectives of

the particular experiment. Drought resistance may be defined as

survi-val at a particular stress level (Levitt, 1972). This is the

most easily defined and uniquely measured method. Tissue survival was

measured in Experiment 1 where the aim was to compare genotypes directly

for survival at a particular fevel of water potential. As already

discussed, however, the genotypes differed in Y(xylem) so survival
.\\

could not be directly'compared. It wab also planned that tissue survival

should be measured at the conclusion of the recovery period in Experirnent

4 but insufficient necrosis occurred five days after stress relief to

provide useful data.

At the other extrerne, however, survival may have little

relevance in practical agricul-ture where productlon ej-ther during a

period of moisture deflcit or recovery on stress relief is the most

important character (Laude, 1971). In some cases survival from a

moisture stress may be related to production (e.9. Singh et a7.,

1973d) while in other cases the two measures may be unrelated (Begg

and Turner, 1976). Resistance measurement in terms of productlon can

be made on growth rates oI" on final- levels of productlon.

Stress resistance was measured in terms of growth rate both

during and on-the relief of stress in Experiment 4 where seedlings were

stressed by withholding water. In this case the genotypes grew at

different rates even when not stressed. High growth rate of one genotype

relatlve to another may not then represent differences in resistance to

stress but to differences ln potential growth rate. This apparently

occurred in the experiment as growth rate of the stressed and conLrol

plants were related (r=0.75x, n = 10). Genotypes again grew at different



182

rates when stress was rel-ieved but this r,vas also rel_ated more to

potential. growth rate rather than to resistance to stress. For

characters other than clry weight in Experiment 4 and for all characters

in Experiment 5 and 6, stress resistance hras estimated in terms of

expression of the character at the conclusion of the experiment.

Plants were stressed, either as seedl-ings or at rater stages, and

production measured at a specified time (after a specific period in
Experiments 1 and 4 or at harvest in Experiments 5 and 6). There were

differences between the genotypes for the character expression when

stressed or unstressed for al-most every character measured in the
\experiments. Performance during stress was then a function of potential

performance and resj-stance to the stress. In this case the resistance

to stress was defined as performance when stressed as a percentage of

contror performance. This method has been used by others (e.g. chinoy,

1962; Fischer and Maurer, igTB) but it has the following limitations
which must be recognised.

First, spuriously high values for resistance wil-l be obtained

where control performance is not a true indication of potentia.I to perform.

An overestimate of stress resistance wirl be obtained, for exampre, if
the control of some genotypes are subjected to stresses not imposed on

all water treatments of that genotype or on the contro]s of others.

There was some indication that this occurred in Experiment 5. Later

maturing genotypes frowered ab a time of decreaslng water use and

probably leaf area. This was refl-ected in a lower percentage of fertile
\\

florets in the controls which led to lower yield than in the genotypes of
intermediate maturity. Additional- stress reduced the percentage of

fertile florets in the earlien maturing genotypes while it had litlle
influence on the late ones. They therefore appeared more resj_stant.

Second, the anai-ysis of percentage data usualJ-y requires

transformation before anary-sis. rn these experiments, however, basic
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statistics were calculated to estimate skewedness and kurtosis but in

no case was transformation considered necessary.

Third, interpretation of the percentage data is not simple.

It essent.ially companes final reduction (or increase) in a character

long after the resulfs of stress. It, provides nc information on the

process which has been direct1y affected by the stress. In Experiment,

4, for example, Dry lrleight Perc.entage at the conclusj-on of stress was

dependent, on the initial dry weight, growth rate of the control plants

and growth rate in the plants when stressed. Dry lrleight Percentage after

recovery was dependent on aI1 of these factors plus growth rate of the
\

control-s from day 5 to day 10 and growth rate of the recovering plants.

It does not therefore provide sufficient information on. the importance

of individual mechanisms but i.s a reflection of resistance in crude

terms where harvest data is all thal is available.

Fischer and Maurer (1978) have proposed a different method for

estimating susceptibility. They calculated rfdrought susceptibility indextl

(S) by inserting a correclion for stress 1evel by calculation of an

environmental index similar to that of Finlay and I,rlilkinson (1963). Thus,

S was derived from:

Y = Y- (t - SD), where Y is the measured yield of a genotype,
p

Y_ is the potential yield of that genotype andp

D is the drought intensity index.

D is defined as:

D = (1 - X/Xp) where X is Lhe mean yi-e]d of all genotypes in the

environment being studied and XO is the mean yield of all genotypes in

the potential environment (i.e. that environment allowing genotypes to

produce maximum possible yield). They calcul-ated S after statisticalty

adjusting raw data fon differences in escape.
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The val-ue of S will depend on the genotypes used in

calcul-ating the index and will- also depend, for j-ts validity on all

genotypes having the same environment for producing potential yield.

It is independenl of stress level and can be used for a direct

comparison between experiments. ït Ìs not very different, hov,/ever,

from YP (Yield Percent) as cal-cul-ated in this study. If the correction

factor is neglected for the dlfferent environments, the formula becomes

Y = Y_ (1 - S) and 1 - S is the same as resist.ance (R) whlch can bhenp

be defined as

Y=Y(R) orR=Y/YP þ ,r''
which is the ratio used to calculate resistance in thi.s study. (S)

therefore depends on simil-ar assumptions and has simil-ar deficiencies

as the ratio used to estimate resistance in these experiments.

The difficulties i-n measurement of stress resistance have led

to the widespread use of such statistical manipulations. Finlay and

l,Iilkinson (1963) did not propose their stability index specifically as

a measure of drought resistance ancl Singh (19T2) did not refer to it in

this way but it has since been widely interpreted to indicate drought

resÍstance (Ha.nson et a7., 1977; McMichael and Elmore, 1977). The

stabj-lity index cl-early integrates a1l environmental- factors and, while

soil moisture sLatus may have been t.he chj.ef limiting factor in Finlay

and V'lilkinsonrs study it may not have been so for all genotypes. It has

been suggested, for example, LhaL ExceLsÍor may have appeared stable

because, due to shattering, only a smal-I proportion of its yielcl in

favourable environments was recovered (Gardener, 1971). Stabitity index

cannot be used to indical,e drought resistance unLess moi-sture is the

only lirniting factor in the environment and this is unJ-ikely (Knight,

1970) .

Resistance can be due to combina.tions of characters which fa]l

under the headings of escape, avoidance and. tolerance. Irr the seedling
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experiments (l to lr) there r{as no opport.unity for escape because

genoLypes were stressed in the vegetative stage and for the same length

of tj.me. Avoidance may have been lmportant in these experiments,

however, as genotypes differed i-n water status at the conclusion of

stress. This was explored further in Experiment. 4 and will be discussed

in the next secti-on. All- mechanisms ma)' have been important in

Experiment 5. The l-ater maburing and Ieafier genotypes l'/ere stressed

for a shorter proportion of their total growth period thus representing

a form of escape not normally encountered in the field. This relationship,

measured by the corelation between anthesls date and the character under

study was removed where possibte by 'multiple regressi-on so that t,he other

components of resistance could be studied. A -simil.ar technique was used

by Fischer and Maurer (1978) for field dat.a where early maturing genotypes

escaped stress. Genotypes also differed in stress avoiclance in

Experiment 5. This was estimated by Y(xyl.em) aL the conclusj-on of the

stress period and, where possible, efflects r¡Jere removed by multiple

regression to alloü/ a measurement of tol-erance. The components of

escape and avoidance a.re i-mportant j-n themselves but. differences in

tolerance can only be compared where their effects are removed.

In Experiment 6 there ü¡ere no pignificant correl-ations between

anl,hesis date and other characters and here escape r¡Ias probably not

an important mechanism. The stresses lJere imposed in a way that did

not allow the use of water pol,ent,ial as an estimate of avoj-dance since

stress was imposed over a prolonged period. It was not possibJ-e,

therefore, to separate avoidance and tol-erance as components of

resistance in that experiment.

5.5 Plant Characters and Resistance

hlater Status

Genotypes dif'fered in water status when stress was imposed
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osnotical]y (p. 61 and p. 70 ). There did not appear to be a patLern

Ín this response norhrere the differences related io recovery abter

stress (Experiment 1 ).

Genotypes also differed in water status where stress was

imposed on seedl-ings by withholding water. There üras a relatÍonship

between the two experiments (3 and 4). l^later potential in the unstressed

controls was also related to that at the conclusion of stress in

Experiment 4. It is possible, although unlikely, that genctypes differed

sufficiently in root penetration fo account for this difference i.n a

confined pot area. This does not eliminate differences i-n root

resistance (Passioura, 1972) as tfris would delay the rate of water

removal. fn this case, however, Iower 1eaf area would be expected to be

associated with lower water use and this was not the case. The genotypes

with greatest leaf area r^rere apparently less stressed so the hypothesis

that high leaf area resulted in more rapid water use cannot be supported.

Differences between genotypes in water stafus were also

related to stomatal frequency. Those with a higher frequency of stomata

per unit of leaf area had lower leaf area but were more stressed (p. 101).

A causal relationship between stomatal frequency and water status could

- not be established but the direction of the response was similar Lo

that predicted by Miskin et aL. (1972), They claimed that genotypes

with fewer stomata would transpire fess for the same level of

photosynthesis. Jones (1975) selected barley lines for high and low

stomatal density and found litble effect on water relations.

The differences between genotypes in water status were not

related to those in the later experiments wj-th ol-der plants. No causal

relationship for difference in apparent, avoidance could be establ-ished

in these experiments but, particularl.y in Experiment 5, genotype.s did

differ j-n leaf water status at the same Y(soil). It is likely that
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differences in growth rate and patterns in l-ater experi-ments dominated

the subt1e patterns evident in the smalfer plants

The differences in waten status measured in Experiment 6

cannOt, for most treatments, be regarded as evidence of aVoiclance

differences but, in reality are confounded by the level of stress at

the time of measurement. In lnlater Treatment 4, however, when the Y(xylem)

was measured one week after anthesis, differences between genotypes l{ere

more closely related to avoidance but there \^Ias no relationship with the

results in Experlment 5.

2. Yield Component " 
/

Grafius and co-workers have publisheci a series of papers which

concentrate on the role of the yi-eld components in estimating stress and

predicting genotype response (Grafius, 1969; Grafius and Thomas, 1971).

Since components are formed in sequence, they claim an oscillatory

response can be expected. The existance of statistical interactions

between components has long been recognised (Adams, 1967 ) and was

basically supported in Experiment 5. The c1aim, however, that trthe

success of a genotype in an environment will depend on its pattern of

deployment of resources'r (Grafius and Thomas, 1971) is an oversimplification.

It may be true if genotypes are stressed at similar times but different

stages of development and the most successful one will be at a less

sensitive stage of devel-opment. In these experiments, however,

differences between genotypes in resistance tended to be maintained over

different wa.ter treatments with all components being implicated in the

response.

A dominant yield component response in these experiments was

the production of later tillers on the relief of stress before anthesis.

Not all- genotypes responded in this way and the genotypes did not perform
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similarly in the two experimenLs. Production of l.ate tillers in this

r^¡ay has been noted previously (Aspinall et a7., 1964) but has not

generally been described in fiel-d experiments although it does occur

in some circumstances (Sparrow, 19TT). In the environment of southern

Australia however, severe stress fol-lowecl by relief before anthesis

(i.e. a very dry wi-nter followed by a wet spring) is rare.

Experiment 5 and 6 were partJ.y designed. to measure the response

of the yi e1d components to stress and reLief at particular stages of

development. It was generally true thab the component most affected

was that growlng most rapidly at, the time of stress. Exceptions to this

general rule were the response of tiller'number of the relief of early

stresses and t.iller mortal-ity as a resul-t of the post-anthesis -stress.

The percentage of fertile fl-orets has not often been measured

in barley experiments and yet genotypes did vary significantly for this

component, particularly in Experiment 5, where it was related to harvest

index and YP (the relative 5ris1d when stressed). In Experiment. 6 there

was afso a relationship with YP. llo attempt was made to determine, for

these experiments, whether the percentage of fertile florets was reduced

by failures in pollination, fertil-ization or to abortion after

fertilization. It is likely that this component is imporbant in field

performance, particularly of later maturing genotypes which may be

maturing at a time of increasing temperature and evaporative demand.

The total number of florets Lras an important component in some

situations but the relationship between this and tiller number was veny

strong. Il may be that later tillers, which were produced on the relief

of stress, had lower fl-oret nttmber per spike or thal competition for

resources caused by late till-ers reduced the total number of florets

per tillen. This latter argument, is supported by the main stem data in

which the number of florets per main stem was reducecl in proportion to
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the increase in new tillers on the rel-ief of si.ness. This, holever,

may have been due to the stress effect on the main stem reducing its

dominance over the formation of late tillers.

Grain weight r.¡as not very responsive to the stresses imposed

in these experiments. In neither Experiment 5 nor ExperimenL 6,

however,'hras stress appl-ied so that it remained severe during the

period of most rapid grain growth, while this type of stress is common

in the field siLuation (Passioura, 1977).

3. Proline Accumulation

A feature of these experiments has been the variability

associated with measurement of free proline. It was possible to relate

free proline accumulated with plant water status within genotypes in

Experiment 4. This suggested that the varlability encountered was

mainly due to differences in plant water status and not directly from

errors in the estimat,icn of proline.

There was only poor agreement between experiments for proline

accumufated by genotypes during stress. In most cases, however there

was a significant correlation for the seedling experi-ments. There was

no relationship between the experiments and those reported by Singh

et al-. (1973d) for proline accumulated by the nine common genotypes.

Hanson et aL. (1977 ) also used Proctor and Excelsior and were unable

to demonsLrale differences in a-bility to accumulate proline. They were,

however, unabJ-e to compare genotypes at the same water potential. It is

possible, although un1ike1y, that a different source of seed was used in

the three experiments. AII- three obtaÍned seed of Excelsior from the

I'laite Institute barley collecti-on. There may be variability within this

genotype, however, as Hanson et al-. u-sed Excel-sior from two sources

and one was naked, contrasting with the husked one u.sed in these experi.rnents.
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Seed used in the seedling experirnents in thj-s study vras derived by

self pollination from a single plant which may a.ccount for some

genotypic dÍfferences from Singhrs material-.

Singh et al-. (1972) reported a high correlation between the

proline accumulated by ten genotypes and the stability index of Finlay

and llilkinson (1963). This correlation is of dubi-ous va]ue, however,

as a significant portion of the stability can be explained by stress

escape of early maturing genotypes (Lewin and Sparrow, 1976) and the

comelation is dependent on the result for Excel-sior which may owe its

stability to shatteri-ng (Gardener , 1971) and rty .rot accumul-ate prolì-ne

to the degree reported by Singh et aL. (1973d) (Hanson et aL. 1977),

In Experiment. 3 there bras no rel-ationshì-p between accumulated

proline and leaf survival but plants may have been exposed to PEG for

too long and differences in survival then may represent differences in

exclusion of the osmoticum. In Experiment 4 there rdas an apparent

relationship between proline accumul-ated and performance during the

stress. There r^ras no relationship with recovery. Recovery on the

relief of stress in this experiment. was related to leaf area as inferred

in the report of Singh et aL. (1973d), but there was no measurable

senescence.

It has been suggested that prol-ine may act as a source of

carbon and nitrogen during the recovery period. This could not have

been the case-in Experiment 4 as proline level was at least as high

five days afLer relief as on the last day of stress. Tt could not,

therefore, have contributed to recovery over this period. No additional

reason can be proposed for the high level after re-waterj-ng other than

latent senescence or impaired translocation, not obvious from plant

appearance.
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Proline accurnulated, or ability to accumul-ate proJ-ine as

measured in seedl-ing experiments coul-d not be related to stress

resistance in the older plant experiments. These experiments were

more compl-ex and there were environmental differences as well as

differences in e-scape and avoj-dance that may have affected the apparent

stress resistance.

The surest way of determining the significance of proline

accumulation woul-d be to compare near-isogenic lines which differ only

for this characteristic. Selection of such l-ines coufd be achieved by

seeking differences within a single cul-tivar or by selecling for the

characteristi-c after backcrossing. Singh et aL. (1972) suggested that

testing genotypes by stressing osmotical-ly in small pots would provide

a useful selection tool. The population size that coul-d be managed

in a controlled environment cabinet wou]d be limited and differences

in environment can modify the accumulation of proline. Richards (1978)

and Richards and Thurling (1979) found a broad sense heritability of

43% when genetÍc anal-ysis for the abllity to accumulate proline was
r"r ',ri'i''' i ral!rl'

made in 112 relaLed familiesf,Uut narrol/ü sense heritability was only

1B%. I¡lhile proline accumulation is apparently a heritable character,

the variability encounlered in its measurement in these experiments would

need to be improved if sefection were to be successful.

4. hlater Use Effj ci-ency and Harvest Inclex

There r./as a close association between water used and dry

matter accumulated in Experiment 5 and Experiment, 6. It cannot be

assumed, honever, that dry weight was governed by available water.

The unstressed control and Inlater Treatments 2 (vegetative stress ) and

3 (pre-anthesis stress ) in Experiment. 5 were watered to reptace that

used at all t,imes except during the stress treatment. Thus wa.ter used
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may have been governed by the response of dry weight to the water

treatments. This does not apply to the post-anthesis stress in

Experiment !, however, where hlater suppl-ied was equivalent for the

different genotypes but the relationship between dry weight and water

use still- held. No at.tempb was made in Experiment 6 to supply

equivalent arnounts of water to the different genotypes when maintained

on the ]ow water regime. I¡rlater was added to replenish water used so

that the average V(soitr) was reduced to -1 bar. l'lhen transfemed from

high to low waber status after anthesis (Treatment 4 in Experimenb 6),

pot wal,er use feLl- to become nearly equivalent to that of pots

mainta:'-ned on the 1ow regime throughout the experiment. A valuable

aclditional treatrnent would have been to supply all genotypes with lhe

same amount of restricted water throughout growth. Results with wheat

genotypes (Passioura, 1977) suggest that the relationship between dry

weight and water use would still hold.

Despi-te the close relationship between water use and dry

weight, genotypes did differ for Water Use Efficiency (for dry weight

accumulation) - I'IUE (dry weight). Genotypes and water treatments varied

for bhis character but the genotype response tended to be constant

across environments. The genotype means. for l^lUE (dry wei-ght) were

significantly corelated in all roughly equivalent treatments in

Experiments 5 and 6. Passioura (1977 ) also reported stability for this

character across envi-ronments in fourteen wheat cultivars when a fixed

amount of water was supplied.

There was afso good agreement between grain yield and water

used in the two experiments but there \^/as a genotype x water treatment

interaction for l¡rlUE (yield). The two experiments were not equivalent

for lrlUE (yield) except i-n the unstressed control- and the vegetative

stress treatment (Treatments 'l and 2 in both experiments). Grain yield

is 1ike1y to be directly related to water used only through its
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associaLion üiith total- dry weight. Grain yield is linked to dry weight

and !'lUE (yield) to I¡JUE (dry weight) through harvest index. Thj-s

characteristic was most influenced by stress after anthesis. The

straw component of total- dry weight had been determined by this stage

and only the grain component could be varied by stress. Genotypes

varied for harvest index but there were differences in response to lhe

various water treatments. In Experiment 5, harvest index response vüas

related to the response in terms of seed set (percentage of fertil-e

florets ) .

5.6 Implications for Plant Selection

, The overall objective of this project was to lnvestigabe

genotypic differences in response to moisture stress and, where

possible, to relate these differences to characters which could be

manipulated in a breeding programme to select drought resistant

cul-tivars.

Survival when water is limiting is an important character

in plant evolutionary terms but is is importanf in agriculture only

if it affects production - either during or on the relief of stress.

It is graj-n production that is the economj-cally important character

and breeding for drought resistance is directed to this character.

Most drought prone environments, including tlte cereal areas

of southern Australia, are characterised by favourable as welJ- as dry

seasons and variability within seasons. Any character whlch contributes

to drought resistance for these environments must not lÍmit production

in the absence of stress a.s most economic advantage can be made by

capitalising on the favourable seasons.

The ability of ten genotypes to accumulate proline when

sfressed in the seedl:'-ng stage appeared to be realted to their ability
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to penform during a period of stress but not necessarily to their

abilily to grow on stress relief. Proline may then have an important

rol-e in survival although this has been disputed by Hanson et aL. (1977).

ln the experiments of Singh et aL. ('1973d), proline was related to

leaf survival which, in turn, was related to recovery on stress relief.

Growth rate ou stress relief in Experiment 4 was also rel-at,ed to l-eaf

area but thene I^Ias no measurabl-e l-eaf senescence so proline was not

related to either leaf survival or recovery. It has also been

suggested that proline could be a valuabl-e source of carbon and

nitrogen on the relief of stress. This could not be tested in

Experiment 4 because proline level had not decreased five days after

re-watering.

Performance of ol-der plants lo stress was not related to

either proline accumulated during stress or to the ability of the

genotype to accumulate proline. Performance in these experiments (5

and 6) was, however, domina.Led by problems of escape and avoidance so

subtle differences in tolerance would have been difficult to detect.

These experiments highlighted the problem of examining the rel-ationship

of a particular character to stress resistance. The surest way to carry

out such an investigation wou1d be to develop near-isogenic l-ines

differing only in ability to accumulate proJ-ine and compare these under

similar stress conditions.

The relationship between water use and dny weight which was

consistent over experiments suggests thaf water supply is a dominating

infl-uence on plant performance. Genotypes did differ in the efficiency

with which they used water, however, and genotype ranking was maintainecl

over two experiments grovrn in different seasons and under different

conditj-ons of evaporative demand. To suggest that selection for I¡JUIJ

(dry weight) would improve yield Ís an overs-i-mpfifical,ion as this woul-d
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not necessarily improve grain production. I¡later Use Efficiency for

grain yield was more infÌuenced by environment than rvas inlUE (dry vreight)

and stress after anLhesis depressed this character. lrlhile there were

genotype x water treatnent interactions for I,'luE (yield), genotype

ranking tended to be maintained across water treatments and experiments.

I/,IUE (yield) is related to !'lUE (dry weight) through harvest

index. This character provides little additional informati-on that can

be gained from the integrat.ed 1^IUE (yield), i'.I n ,,,,,',,t i., '',- ,,'u i ), t',\'!;," ',:'

It is postulated that the most successful genotype in the

drought prone southern Australian environment will have

1. Intermediate maturity to avoj-d the effects of high temperature as

far as possible but allow maximum use of avail-able water

2, High IdUE (yield), particularly when stressed after anthesis.

The genotypes Cl1pper, CT 3576 and Stewart are in this category'

when judged on the results of these experiments. Clipper is widely

cultivated in southern Austral-ia and CI 3576 has been noted for its

adaptabilily across environments (Sparrow, 19TT). There is no published

information on the adaptability of Stewart.
'¿ ".-" ^'í ' t' ",, i

None of the plant characters measured in these experiments,¡1

were related to l^lUE (yield). Selection ior tiris character would not be

easy and could only be attempted in the selectj.on of parents. It may

well be easier to estlmate l^lUE (dry weight) by growing plants on a

knou¡n quantity of stored water and bhen deriving harvest index from

other experiments. Harvest index is susceptible to interaction wj-bh

water treatmenL, however, So care would need to be exercj.sed on tile

environment in which selection is carried out.
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5.7 Responses of Indi.vidual Genotypes

These experiments provided an opportunity to assess the

response of a range of barley genotypes to particular envlronmental

constraints at the seedling and later growth stages. The response of

each genotype provides information on its worth as a parent in

programmes aimed at genotype i-mprovement.

The responses of the different genotypes in terms of many of

the characters measured in these experiments were a function of the

particular method of stress imposition and were not generally useful.

There was horvever, evidence of stress avoj-dance by seedlings of

different genotypes in Experiment 4, these differences being measured

by Y(xylem) or RVüC. This experiment also provided the best measure of

differences j.n ability to accumulate proline while differences i-n growth

rate in response to stress may have been more related to differences in

non-stress growth rate than to a direct effect of stress.

The measures of Y(xy1em) and proline accumul.ated by the

genotypes in the experiments with older plants were modified by the

experimental conditions and the physiological age of the tissue at the

time of measurement so the differences between genotypes may not

represent a real- effect of response to simil-ar stress. There were

dj-fferences in performance and di-fferences in response to stress but

some of these may have been associated with maturity. The differences

between genotypes in !'later Use Effici-ency, however, i^Iere relatively

unaffected by environmental- conditions and probably truly refl.ect the

inherrent differences between the genotypes.

Table 70 summarises genotype response in terms of V(xyl-em)

and proline accumulation by seedlings in Experiment 4 and in terms of

dry weight, grain yield, Di,'lP (after adjustment for differences in

anthesis date), YP (aIso after adjustment for anLhesis date differences)



Table 70.

Key characteristics of 21 barley genotypes in Experiments

4 and 5. The characteristics included are:

Y

proline

DI,'l

Y

DIüP

YP

l,lUE (dw)

ülUE (yld )-

Maturity -

xylem water potential (- bars) five days after
withholding wat,er in Experiment 5.

free proline he/e dry weight) measured five days

after withholding water in Experiment l+.

Shoot dry weight (g per plant) in bhe unstressed

control of Experiment 5.

Grain yield (g per plant) in the unstressed control
of. Experiment 5.

Dry irrleight Percentage (%) - the mean of all water
treatments. The raw data of Table 39 has been

adjusted for differences in anthesis date.

Yield Percentage (%) - the mean of all water

treatments. The raw data of Tab1e 42 has been

adju.sted for dj-fferences in anthesi-s date.
production

in
Experiment 5.

in yield ir:-+h€
in Experiment 5.

VE = vs¡y early; E = earlyi M = mid-maturity;

L = late and VL = V€ry l-ate maturing.



197 .

Genotype MaturitY
Experiment 4

V prollne
Experiment 5

Y DùIP YPDVJ I'lUE
(dw)

WUE
(y1d )

11.0 4.7 91.4
2
J

B1.B ø.68 1.46Arivat

Asahi 2

Bankubi Korai

BR 1239

cr 3576

Clipper

cPr 18i97

Cyprus Black

Dore

Excelsior

Greenough

Hiproly

Ketch

Maraini

Mona

Princess

Prior A

Proctor

Stewart

Velvon II

Zephyr

Lt9 (p,."r)

M

L

VE

M

E

M

B-M

E

M

L

B

M

E

VL

VE

L

M

L

E

L

L

31 .1

33. 5

26.0

30.4

29 .1

30.9

37.3

29.7

31.1

33.6

26.7

23.8

32.1

28.5

30.7

34.7

32.6

31.5

24.9

32.5

32.2

715

14 .1

13. 3

22.0

12.1

13.6

17.2

11.2

19.2

21.6

15.3

16.0

13. 9

1T .3

10.3

13.3

17 .8

1T .0

15.3

10 .5

13. 0

12.9

8'tt

6.5

12.1

10.2

9.7

11.0

10.3

12.1

10.9

9.1

10.4

11 .4

10.3

3.2

4.8

4.4

4.4

4.5

4.1

4.5

3.7

3.5

1.4

5.1

3.0

86.4

85.0

96.6

96.0

84.B

99 .8

98. 1

104.5

90.0

91.9

83. 6

93.7

87.8

75.6

86. 5

91 .3

77 .8

94.9

90.3

82. 0

95.6

96.5

102.4

85.9

76.1

3.38

4.27

4.10

3.98

4.24

4.43

4. 10

4.00

3.88

4.03

4.19

3.64

1.66

1 .63

1.74

1 .71

1.69

1 .70

1.55

1 .38

1 .38

12.5 4.8 89.3 78.3 4.64 1.61

81.2

71 .3

80.6

BT .1

1.69

1 .04

1.56

1.75

1.42

1.36

BB. 4

4 .19

4.19

4.04

3.72

t3'lut o.rz"" o.rr"

11.3

11.2

13. B

11 .7

ûå'1

4.3

5.0

4.9

4

o

,9
rJ

92

q

4

.1
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and lfater Use Efficiency for both dry weight and yield in Experiment

j. This information is inLegrated in a description of the response for

each genotype.

1. Arivat

Arivat is a'six-rowed genotype of intermediafe maturity. Its

seedling performance hras characterisecl by low leaf water potential when

stressed and intermediate ability to accumulate proline. In Experiment

5 it produced relatively high shoot dry weight and yield leve1s when

not stressed and intermediate Ievels when stressed, relative lo its

own control. Its response in terms of DhlP and YP was characterised by

very poor performance in the post-anthesis stress, where it was hlorse

than the other 17 genotypes for both characters after adjustment for

differences in anthesis date. It had relativel-y low I'IUE levels for

both shoot dry weight and grain yield

2. Asahi 2

This genotype was included only in the seedling experiments.

It was inctuded for its reported low abj.lity to accumulate proline

(Singh et a7., 1973d). This was confirmed in Experiment 4 where

its low accumulation of proline i,ùas associated with low V(xylem)

after five days of stress.

3. Bankuti Korai

This genotype was included in all- experiments. Ït is a very

early maturing two-rowed type. It accumulated high levels of proline

when stressed in the seedling experiments and this was combined with

high levels of Y(xylem) when stressed.
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In the experiments wilh ol-der plants it was characterised

by low dry matter and yield production which $Ias associated wiLh poor

apparent resistance to stress as measured by D!'lP but inbermediate

resislance as measured by YP. Thj-s was associated by very low !'lUE

(dry weight) but high lrrUE (yierd).

Bankuti r^ras a very stable variety in bhe studies of Finlay

and !üj.Ikinson (1963) and is considered to be drought resistant but it

may owe most of its resistance to escape and relatlvely high \lüUE

(yietd), rather than to reslstance to stress as measured by tolerance.

4. BR 1239

A six-rowed genoLype of intermediate maturity, BR 1239 I^Ias

included in these experiments for its relatively high potential to

accumulate proline in the experiments of Singh et af. (1973d). This

was not supported in the seedling experiments of this study.

BR 1239 had high dry weight production when stressed but

relatively low harvest index. It did not perform wel] when stressed

and had low lrlUE (yield) although its lrli]E (dry weight) was hi-gh.

5. CT 3576

This two-rowed genotype of early maturity accumulated low

leve1s of free proline when stressed Experiment 4. Its performance

in Experiment 5 was characterised by intermediate to high l,lUE (dry

weight) Uut high i/'lUE (yie]d). After adjustment for its early maturity,

1t performed relatlvely well when compared to its own control for both

dry weight and grain Yield.

5. Clipper

Clipper is a two-rowed genotype of intermedlate maturity.
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It accumul.ated high levels of free proJ-ine when stressed in Experiment

4.

Ctipper responded rel-atively well when stressed in Experiment

5 but did not respond weII in terms of either shoot dry weight or yield

in Experiment 6. It had intermediate V'IUE (dry weight) but, due to its

high harvest index, had high I'IUE (grain yield).

7. CPr 18197

This is a two-rowed genotype of relatively early maturity.

Low accumulation of proline in the seedling experiments was associated

with very low V(xyl-em) after five days of stress.

In Experiment 5, i-ts high dry matter and grain production when

not stressed was associated with poor performance in terms of DV'IP and

YP. It had high I'IUE for both dry weight and grain yield.

8. Cyprus Black

This early maturing six-rowed genotype had high proline

accumulation in Experiment 4.

Cyprus Black performed well in. the experiments with older

plants. Relatively high production of shoot dry weight and grain

yield v¡as associated with high efficiency of water use and high apparent

resistance to stress as measured by DI¡IP and YP.

9. Dore

This two-row mid-maturing genotype also accumulated high

proline levels in the seedling experiment.

In both experiments with older plants it had high production

of both shoot dry weight and grain yield, associated, in Experiment !,
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with high apparent resistance to stress for both characters. It did

not resist stress as well in Experiment 6. It was not as efficient in

its I'later Use Effi-ciency for either dry weight or grain yield as l¡Iere

many of the other genotYPes.

10. Excelsior

A six-row, Iate maturing genotype. ft was included in these

experiments for J-ts reported abil-ity to accumulate proline associated

with high stability of production when stressed (singh et a7., 1973d).

It did not accumulate high levels of proline when stressed in Experimenf

4 but did have low Y(xylem) afber five days of stress and this was

associated with high stomatal frequency.

Its performance in Experiment 5 was characterised by relatively

high dry matter productì.on but low yiel-d leve1s associated with very high

apparent resistance to stress as measured by D!'lP and YP. It had

relatively 1ow VüUE (dry weight ) in Experiment 5 but very low lnlUE

(yield ) .

Excelsior r^ras regarded by Finlay and l¡'li-tkj-nson (1963) as a

stable variety. It was the most resistant genotype in Experiment 5 as

measured by DlriP and YP but its apparent iesistance was associated with

low l¡lUE, particularly for yield and low yleld levels when supplled

with ad-lib water.

11. Greenough

This is an early-maturing six-row genotype. It had high

water potential when stressed in Experiment 4 and intermediate proline

level. It had low dry matter production and grain yield when stressed

relative to its non-stress performance and low lrlUE for both dry matter

and grain yieId.
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12. Hiproly

This is a naked, two-row genotype which is known for its high

Iysine content. It was characterised by low floret fertility in all

treatments, including the unstressed control. Hiproly had extremely

high V(xylem) when stressecl as a seedling but accunlulated low proline

Ievels.

13. Ketch

An early maturing, two-row genotype, bred i-n South Australia,

Ketch had low Y(xylem) when stressed as a seedling but had relatively high

Ieve1s of free proline.

It produced high shoot dry weight levels with high effici-ency

in the use of water in Experiment 5 and high yield levels with high

ülater Use Efficiency for grain yietd. It did not perform well for

either dry weight or grain yield when stressed Íf compared with its

unstressed performance.

14. Maraini

This is a very late maturing six-row genotype. It was

included in these experiments for Íts low potential to accumulate

proline and'this v'ras supported by the Experiment 4 resul-ts.

ït v,¡ás apparently resistant to stress as indicated by DV,IP

and YP ì-n Experiment 5 but this i^ras associated with its late maturity

as its apparent resistance was lost after adjustment for anthesis date.

It was very inefficient for water use although this r^ras associated

with infertility.



203.

15. Mona

Mona was i.ncluded only in Experiments 4 and 6 as an early

maturing comparison for Bankuti Korai. It was apparently a low

accumufator of proline although there wa.s considerabl-e variability

within the genotype and the results are not reliabÏe.

16. Pnincess

A two-row genotype of rel-atively late maturity, Princess was

similar to Ketch 1n many respects. It had low Y(xylem) in the seedling

experiments but high proline accumul-ation when stressed.

It produced high levels of shoot dry weight and graln yield

in the experiments with older plants when not stressed and did so with

high Efficiency of l¡üater Use.

17. Prior A

This two-row genotype confirmed its high potential to

accumulate proline as a seedling but was not used in the experiments

with older plants.

18. Proctor

A two-row genotype of late maturity, Proctor was included in

these experiments for its reported low ability to accumulate prollne

(Singh et a1., 1972) and poor stability of performance in the experiments

of Finlay and Ìrlilkinson (1963). It did not accumulate high levels of

proline in Experiment 4 but many genotypes accumulated less.

In the experiments with older plants it apparent,J-y resisted

stress we1l, and lhis was particularly true of Experiment 6. It had only

intermediate l¡later Use Efflciency for both shoot dry weì-ght and grain

yieId.
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19. Stewarf

This early maturing six-row genotype proved to be a l-ow

proline accumulator in Experiment 4. This was assocj-ated with low

stress leveIs as measured by V(xylem) and very 1ow stomatal- density.

In both experiments wibh older plants it produced high levels

of dry weight and particularly graln yleld with high l,later Use Effj.ciency

(yield), associated with high harvest index. Apparent resistance to

stress was low. YP, after adjustment for anthesis date, was lower

in this genotype than for any other.

20. Velvon I1

This late maturing six-row genotype was relatively highly

stressed as a seedling in Experiment 4 and did not accumulate hi-gh

proline levels.

In the experiment with older plants it produced high levels

of shoot dry weight and yield, but with low effÍciency.

21. Zephyr

This late maturing two-row genotype responded similarly to

Velvon IT in all respects except that it did not produce as much shoot

dry weight or grain yield.
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APPENDIX 1.

Experimenl 5 - Anthesis date (days after 10/e). Main shoot only.

Genotype Control Veg

l,later treatment
Pre-Anth. Post-Anth. Mean

Arivat
Bankuli Korai

BR 1239

cr 3576

Clipper
CPI 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maralni
Pri-ncess

Proctor
Stewart

Velvon If
Zephyr

6

37

3B

34.2

42.2

34.2

32.6

44.6

50.3
25.5

46 .1

36.3

62.8

47 .2

49. B

34.4

53 .0

45.7

39.3

7.9
40.2

40 .4

42.7

36.4

35.2

4T .3

50.9

30.9

50.4
41.7

62.9

50.7

54.2

36.6

55 .8

44.0

42.6

45.1

9.1

38.8

37.0

43.4

35.7

31 .6

46.7

54 .1

29.3

48. 1

36. B

66.1

54.9

53.7

37.6

56.1

48.9

42.9

38.7

6.7

36.9

34.9

44.0

33.9

34. 3

44.2

50. 1

25.2

43.5

35.0

62.4

47.0

48.9

35.5

54.6

44.3

39 .8

40.3

7.6
38. 4

36.6

43. 1

35. 1

33.4

45.7

51.3
27 .7

47 .2

37.5

63.5

49.9

51.6

36.0

54.9

45.7

41.4

.0

.7

.6

Mean 40. 1

LSD (p=.05)

Between Genotypes

Between I'later treatments
Genotype x water treatment

2.09t(x

0.97rilÊ

n. s.
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APPENDIX 2.

Experiment 5:.. Total (shoot) dry weighf (g/plant)

Genotype Control Veg

lüater treatment

Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproì-y

Ketch

Maraini

Princess

Proctor
Stewart

Velvon II
Zephyr

11.0

10.2

9.7
11.0

10.3

12.1

10. g

9.1

10. 4

11 .4

10.3

12.5

11.3

11.2

13. B

11 .7

10. 7

5.2
10. 4

9.4

9.0

9.1

11 .7

8.2

11.0

10.0

10.3

5.0

10.4

9.5

9.5
11.9

11.2

8.4

9.6

9.7

9.9
10 .4

10.2

8.2

12.8

11.2

9.8

9.0

8.5

10.7

11.0

6.7

9.2
8.5

10.4

12.0

10.2

8.0

11.0
oo

9.1

10. 5

9.5

9.4
9.4

9.5
11 .7

11.2

8.1

9.7

9.7
10. 4

11.8

10.4

9.0
12.5

11.0

oo

7.8
4.4

8.8

9.2
8.9

9.8
8.7

9.9

5.36.5

12.1

9.9
12.1

9.5

9.3
11.2

12.3

9.8
8.7

12. 1

Mean 10.9

LSD (p= .05 )

Between genotypes

Between water Lreatments

Genotype x water treatment

0.6rçx

0.3x*
1.2xx
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APPENDIX 3.

ExperimenL 5:- Grain yield (g/ptant).

Genotype Control Veg.

hlater treatment

Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr. 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Pri-ncess

Proctor
Stewart

Velvon II
Zephyr

4.73

3.23

4.82

4.39

4.38

4.45

4.07

4.51

3.69

3. 48

1.42

5.11

2.95

4.78

4.33

4.97

4.90

4.43

5.00

2.60

4.53

4.34

3.97

3.98

4.36

5.02
4.26

3.10

1.28

4.45

3.09

4.62

3.97

4.22

4.59

4.47

4.21

2.46

3.91

4.06

4,42

3.33

3.43

5 .15

3.90

3.12

1.37

3.94

2.92

3.25

3. 88

3.21

4.69

4.?l

2.21

2.05

2.64

3. 41

3.57

3.29

2.91

3. 15

3.52

1.94

1 .31

2.94

2.93

3.92

3. 34

2.84

3.11

3.06

4.04

2.59

3. 98

4.05

4.09

3.76

3. 69

4.46

3. 84

2.91

1 .35

4.11

2.97

4 .14

3. 88

3. B1

4.32

4.06

3.68Mean 4 .15

LSD (p=.05)

Between Genotypes

Between !ùater treatments

Genotype x water treatment

3.99 3.64

0. 34*lÉ

0. 16rßrÊ

0.691çl(

2.92
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APPENDTX 4.

ExperimenL 5t- Ti11er number/plant (X1 ) '

Genotype Control Veg.

hlater treatment

Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cT 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess
Proctor
Stewart

Velvon II
Zephyr

3

3

2.7

4.1

3

4.1

3.7

3.3

4.4

3.0
2.0

3.8

4.3

1.8

4.1

4.4

2.5

2.9

3,7

2.7

4.4

4.4

3.3

3.3

4.6

3.2
2.2

2.9

5.3

2.1

4.2

3.5

4.1

3.5

2.3

3.2

4.9

3.2
2.2

3.1

6.2

1.8

2.7

3.2

5.1

3:B

2.4

2.8

,2.1
3.8

3.8

3.4

3.1

3.4

2.5

4.2

4.4

3.7

3.2
4.9

2.0
4.2
4.5

2.6

2.9

4.6

4.5

5.1

4.4
2.9

4.1

3.2
4.5

3.1

2.0

4.1

4.8

2.9

1.7

3.1

3.6
2.O

4.3

4.1

2.5

2.6

4.3

3.2

4.5

2.7

2.7

4.0

2.9

4.8

Mean 3.5

LSD (p=.05)

Between genotypes

Between water treatments

Genotype x water treatment

3.5

0. 3lÊx

0. 2*rç

0.71Êlç
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APPENDIX 5.

Bxperirirent 5:- Florets/tilter ,X2)

Genotype Control

I¡later treatment

Veg. Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini

Princess

Proctor
Stewart

Velvon If
Zephyr

37.0

19.0

50.9

19.3

23.O

22.3

34. 1

24.6

34 .1

53. 3

16.0

22.9

52.7

26.5

28.8

39.4

46.2

2T .7

38. 1

16. B

53.2

17 .4

18.2

20.6

31.6

23.1

37.3

49.6

16.7

17 .3

46.1

25.4

25.7

31.1

44.3

27.0

27.6

15.7

54. B

1T .B

19.7

17 .B

29.9

24.3

32.2

51.6

17 .0

1T .5

50. 4

24.2

25.2

25.9

42.6

25.3

38.7

20.2

51.7

20.1

23.4

22.2

33. 4

25.3

35.2

47.8

16.9

23.2

52.3

26.7

29.0

34.2

47 .0

28.6

31 .4

35.4

17 .9

52.7
18.7

21 ,1

20.7

32.3

24.3

34.7

50.6

16.6

20.2

50.2
25.7

27.2

32.7

44.9

27.4

30.7Mean 32.1

LSD (p=.05)

Between genotypes

Between water treatments

Genotype x water trea-tment

30.0 28.9

2.3rß*

1.1åÊlç

4.6xx
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APPENDIX 6.

ExperimenL 5.- Percentage of fertile florets (X3)

GenoLype Control
!'later treatment

Veg. Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clipper
cPr 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess
Proctor
Stewart

Ve1von II
Zephyr

80.0

94.2
e2.T

9T .4

91.4

95.1

84.4

90.9
80. 6

78. 3

58.5

94. B

62.O

91.4

75.2

91.4

73.5

73.5

87.3

83. 1

81.7

96.1

92.4

95.5

85. 6

94.2
80.4

64.3

60.9

89 .3

53.5

90.6

77.9

90.7

76.9
81.3

81 .6

82.9

77.6
83. 7

91.9

82.6

72.6

95.9

84.6

64.1

64.0

79.3

57.4
82.6

80.9

83.9

74.5
82.1

56.1

72.8
62.2

84. 1

87. B

84 .4

66 .1

75.!
80.6

59.3

62.8

71 .7

61.6

84 .4

72.8
60.3

72.3
68. B

71 .B

76.3
83.3

77 .0

90. 4

90.9

90.8

TT .2

89. 1

B1 .6

66.5

61.5

83.7

58.6
87.2

76.7
81 .6

T 4.4

76.4

79.1Mean 83. 1

LSD (p=.05 )

Between genotypes

Between water treatments

Genotype x water treatment

82.3 79.2

5.2x
2.5x

10 . 4r*
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APPENDÏX 7.

Experimenb 5:- Thousand grain weight (e) (X4).

Genotype Control

lrlater treatment

Veg. Pre-Anth. Post-Anth. Mean

Arivat
Bankuti Korai

BR 1239

cr 3576

Clippen

cPT 18197

Cyprus Black

Dore

Excelsior
Greenough

Hiproly
Ketch

Maraini
Princess
Proctor
Stewart

Velvon II
Zephyr

54.0

55.0

40.9

56.3
49.8

57.2
43.9

44.5

44.2

41.4

41.0

51.8

52.3

48.3

45.1

55.5

50.0

45.2

54 .4

51.2

39 .0

60.0

53.8
60. 1

48.7

46.4

44.9

43.6

42,6

48. B

60.0

48.3

43.9

53. 1

47 .6

48.9

44{
53.5

41 .0

60.9

48. 1

47 .1

48.5

44.2

44.7

44.2

43.4

45.6

54.6

38.7

39.9

48.8

44.5

42:2

49.8

49.9

39.2

53. B

45.2

51.8
42.6

39.3

42.5

40.0

41.2

46.6

46.3

41.4

38.3

46.9

35.3

36.3

50.7

52.4

40.1

5T.B

49.2

54 .1

45.9

43.6

44.1

42.3

42.1

48.2

52.7

44.1

41.8

51 .1

45.0

43.1

47 .2Mean

LSD (p=.05 )

Between genotypes

Between water treatments

Genotypes x water trealment

48.7 49.8 46.4

2. Blçr(

1 .3xx

5 ,6Y'x

43.9
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APPENDIX B.

Experiment 6:- Anthesis date (days after 1O/B) - main shoot only.

Genotype HHH LHH LLL Mean

I'later Treatment

, LLH HHL

Bankuti Korai

Clipper

Cyprus Black

Dore

Mona

Pri-ncess

Proctor

Stewart

Mean

10.3-

45.3

36.0

60. 3

10.0

64.7

57.5

29.7

39.7

9.0

41.7

36.0

53.3

9.0

52.0

56.3

44.0

40.3

9.0

49.0

37.7

52.3

9.0

56.3

61.0

43. 0

42.1

10.3

44.3

35.7

55.7

10.0

52.7

67 .7

42.7

39.9

9.0

49.0

37.0

57.7

8.7

58.7

61.7

44.7

40.8

9.5

45.6

36.5

55.9

9.4

56.9

61 .1

40 .8

40.5

LSD (p=.05)

Between genotypes 5.1xx

Between water treatments 5.5*x

Genotypes within water treatments 12.4*
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APPEND]X 9.

Expenimenl 6:- Free proline (ne/e dry wt) at time 1.

Genotype HHH

!'later treatment

LHH LLH HHL LLL Mean

Bankuti Korai

Clipper
Cyprus Black

Dore

Mona /

Princess
Proctor
Stewart

Mean

0.7

0.4

0.3

o.2

0.5
0.5

0.7

0.6

0.5

0.9

2.8

3.5

2.7

0.6

3.0

4,1
't)

2.6

3.5

3.5

3.8

3.4

3.1

3.2

3.8

4.1

0.5

0.6

0.3
0.8
0.4

3.4

3.2
4.1

2.8

2.2

3.4

5.2

4.8

1.8

2.1

2.4

2.0

1.4

2.10.3
2.9

2.6

0.7

0.5

4.8 0.5 3.6 2.4

Free Proline (ne/e dry wt) at time 2.

Bankuti Korai

Clipper
Cyprus Black

Dore

Mona

Princess

Procfor
StewarL

Mean

1.1 0.6
0,7

0.8

2.7

0.8

2.4

2.2

0.5

0.8

1,2

0.8

0.9 1.3 2.6 2.2 2.7

1.2

2.8

3.1

2.2

2.8

3.2

8.4
0.4

0.7
0.3

5.6
0.8

0.7

0.7

2.8
2.5

2.1

3.3

3.1

2.8

3.9

2.4

1.6

2.1

2.8
1.4

1.9

2.4

0.9

1,2

0.7
0.6

1.5

3.6

1

1

1

B

5

9
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APPENDIX 9 cont.

Experimenb 6:- Free Proline (ne/e dry wt) at time 3.

Genotype HHH LHH

l,'Iater treatment

LLH HHL LLL Mean

Bankuti Korai

Clipper
Cyprus Black

Dore

Mona

Princess

Proclor
Stewart

Mean

0.6

1.0

0.7

0.4

1.1

0.4

0.5

o.7 1

1.2

0.6

0.7

0.8

1.3

1.0

2,4

0.6

1.4

1.5

0.9

2.5

0.3
0.8

7.4
9.1

0.7

0.6

6.2

2.2

3.3
3.4

3.1

2.8

2.3

3.0

1.4

0.8

1.6

1.7

2.4

6

5

0

0

0

2

1

2.7

2.1

1

0.9

4.2 2.9 2.1

Free proline (me/e dry wt) at time 4.

Bankuti Korai

Clipper
Cyprus Black

Dore

Mona

Princess

Proctor
Stewart

Mean

0.4
0.6

0.8
0.6

0.9

1.0

0.9

0.5

0.7

0.8
0.4

0.7
0.4
1.0

3.1

2.8

6.8

2.8

3.1

2.6

3.2

3.0
1.9

0.8

0.2

0.6
2.5

0.4

0.9

0.9

1.1

0.7

1.6

1.7

2.2

0.6

1.1

6.5

0.7

0.5

T

4

6

7

0

2

1

00

0

4

7 0.9 3.4 2.8 1.7

Free proline (ng/S dry wt) in Proctor at time 5.

Proctor 0.8 0.8 0.9 4.8 2.8 2.0
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APPENDIX 10.

Experiment 6:- Total (shoot) Ory weight - e/poL.

Genotype

hlater treatment

HHH LHH LLH HHL LLL Mean

Bankuti Korai

Clipper

Cyprus Black

Dore

Mona

Princess

Proctor

Stewart

25.92

79.25

106 .45

149.56

65.20

141.06

112.56

118.23

17 .56

51.27

85 .82

112.54

19.56

110.68

96.24

80.06

21.20

50.90

73.20

91.24

55.91

90.25

85.55

75.09

69.87

8.96

36.57

66.71

91 .00

22.83

104. 1 1

77.21

89.39

7 .67

17.49

40.51

48. 48

15.63

52.82

44.91

38.95

16.26

46.82

74.54

98.57

32.13

99.T8

81.21

80.34

Mean 100.77 76.46

LSD (p=.05)

Between genotypes

Between water treatments

Genotype x water treatment

62.10 33.61 67.75

g.3xx

10. 4xrç

18.6rilÊ
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APPENDIX 1 1.

ExperimenL 6;- Grain Yield (e/pot).

Genotype HHH LHH

!ùater treatment

LLH HHL LLL Mean

Bankuti Korai

Clipper

Cyprus Black

Dore

Mona

Princess

Prcctor

Stewart

Mean

14,2

34.7

38.4

54 .4

25.6

46.9

35.3

48. 5

9.3

21 .1

39.2

45.7

11.5

39. 1

35.1

40. 1

10.9

24.4

34.6

39.3

18.2

34. B

31 .0

36.2

3.8

12. 1

11.9

19.2

5.7

21.0

15.2

22.9

3.8

8.1

11.1

21.6

6.4

21.4

15.2

16.1

8.4

19.8

27.0

36.0

11 .7

32.6

25.7

32.8

3T .9 31 . B 29 .9 14 .0 13.0 24 .8

LSD (p=.05 )

Between genotypes , 3.6**

Between water treatments 3.9**

Genotypes within water treatments B.Bxlc
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APPENDIX i2.

ExperimenL 6:- Total tilters/pot (X1 ).

Genotype HHH LHH

Ï'later treatment

LLH HHL LLL Mean

Bankuti Korai

Clipper

Cyprus B1ack

Dore

Mona

Princess

Proctor

Stewart

Mean

25.0

57.0

34.0

68.7

56.0

55.3

61 .0

35.0

48. 1

23.3

36.0

37.3

59.3

20.0

42.3

46.0

32.7

38.7

29.3

50.5

46.3

57.0

76.0

42.7

49.3

42.6

46,6

11.7

29.7

18.3

34.7

25.6

28.3

35. 0

33.0

26.7

11 .7

17 .3

29.3

38.0

31.7

29.O

37.0

26.0

27.5

20.2

36,6

33. 1

51.3

38.0

39.3

44.6

33. 9

37 .1

LSD (p=.05)

Between genotypes

Between water lreatments

Genotypes within water treatments

3. 1*r(x

3. ox;il(

n. s.
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APPENDTX 13.

ExperÍment 6:- Total florets/tiller (X2).

Genotype

lrlater treatment

HHH LHH LLH HHL LLL Mean

Bankuti Korai

Clipper

qypnus Black

Dore

Mona

Princess

Proctor

Stewart

15.1

15.5

41.2

20.3

16.3

23.9

21.7

35.0

11.5

14.7

35.3

19.3

1T .7

24.2

22.8

28.5

10. B

13. 4

30.4

19.0

14 .B

21.7

21.9

23.8

14.9

15.6

45.1

19.3

14.0

25.7

22.0

28.6

10. B

13.1

29.2

15.9

9.2

20.9

17 .7

22.1

12,6

14 .5

36.2

1B.B

14.4

23.3

21,2

27.6

Mean

LSD (p-.05)

Between genotypes

Between water treatments

Genotypes wj.thin water treatments

23.6 21.8 15.6 23.2 17.4 20.3

1 .70xx

0.951çl(

3. Bo*x
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APPENDIX 14.

Experlment 6:- Percentage of ferLile fl-orets (X3).

Genotype HHH LHH

hlater treatment

LLH HHL LLL Mean

Bankuti Korai

Clipper

Cyprus Bl-ack

Dore

Mona

Princess

Proctor

Stewart

84.2

82.2

51.2

82.4

63.4

71 .B

57.9

70.4

79.0

82.0

63.7

83.7

87 .T

69.6

69.9

B1 .6

75.3

87.0

55.3

80.0

45.4

71 .4

63.0

74.6

trtrÃ

69.5

38.3

68.9

46.9

61 .1

50.6

52.2

78.9

76.6

34.7

78.0

57.2

73.2

53.7

61.5

74.6

78.9

48.6

78.6

57.2

69.4

59.1

68.0

Mean

LSD (p=.05)

Between genotypes

Between water treatments

Genotypes wj-thin water treatments

71.3 76.2 70.4 55.4 64.2 67.2

3.0rç*

2.3xx

n. s.
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APPENDIX 15.

ExperimenL 6:- Thousand grain weighü (e) (X4).

Genotype HHH LHiI

lrlater treatment

LLH HHL LLL Mean

Bankuti Korai

Clipper

Cyprus Black

Eore

Mona

Princess

Proctor

Stewart

44.7

46,9

54.7

48. 1

43.7

49.5

46.8

56.3

45.6

49.0

47 .2

48.3

43.2

54.7

47 .1

51.6

45.5

44.5

44.7

45.0

45.8

52.9

46.2

48.5

36.0

44.3

42.0

43.2

40. 1

4T .2

39.3

47.0

37.5

43.7

42.5

46.2

40.7

49.2

43.1

46.3

41.9

45.8

46.2

46.2

41.9

50.7

44.3

50.0

Mean

LSD (p= .05 )

Between genotypes

Between water treatments

Genotypes within water treatments

49.2 4B.B 46.8 42.4 43.6 46.0

2. oxrç

2.3x

n. s.
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