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SUMMARY

Barley is an important winter cereal grown in southern Australia, second only to wheat. It

is mostly grown under dryland conditions, where yield is frequently limited by drought

caused by low and variable rainfall. Therefore, increasing the yield and yield stability of

barley under water limited conditions has been a major aim of barley breeding programs

since the inception of modern plant breeding. In most cases, selection has been based

largely on yield, but it has frequently been suggested that yield per s¿ is a poor indicator of

drought resistance and that greater progress could be made by selecting for other attributes

specifically related to drought resistance. Many physiological traits have been proposed as

selection criteria for screening cereal germplasm over the last few decades, however,

except for rare studies, such tests have been ignored by plant breeders because it has

seldom been demonstrated that indirect selection for increased yield via these criteria is

more effective than direct selection for yield. Moreover, some of the traits that have been

suggested are very complicated, time consuming and expensive to measure. Hence, the

aims of the present study were to evaluate critically a number of physiological traits which

may be related to drought resistance in cereals, and to examine the feasibility of using

these screening techniques in selecting more drought resistance genotypes of barley for

South Australia.

A number of laboratory, glasshouse and field experiments were conducted. The

experiments used a set of eighteen barley varieties including twelve varieties which are

commercially grown in South Australia, and six varieties which are parents of doubled

haploid populations. These varieties showed differences in drought susceptibility index

(DSI; Fischer and Maurer, 1978) and grain yield (GY) in a severe drought yea¡ (1994).
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The traits examined were germination percentage in osmotic solutions (GP), elongation of

coleoptiles in osmotic solutions (CL), initial water content i*a, and rate of water loss

(RWL) of excised leaves, early vigour (EV), date of heading (DH) and transpiration

efficiency (TE) predicted by carbon isotope discrimination (A), specific leaf area (SLA),

and leaf ash content (LAC)

Water stress was induced by a range of methods. Solutions of polyethylene glycol (PEG)

at water potentials of -0.7 MPa and -1.0 MPa were used in the germination tests and

coleoptile elongation tests in laboratory. In the glasshouse, post-anthesis water stress was

induced by supplying only SOVo of water applied in the well-watered treatment. In the

fîeld, plants were grown under inigated and non-irrigated conditions.

The response to stress at the germination stage was evaluated by measuring GP and CL. In

glasshouse and field experiments, EV, IWC and RWL were assessed at the five leaf stage,

while 
^, 

SLA, LAC were measured on leaf samples taken at flowering. GY and DSI were

also calculated for these experiments. The usefulness of each trait and the feasibility of

screening techniques are briefly discussed in the following sections.

In an osmotic solution of -0.7 MPa, barley va¡ieties differed significantly in GP although

they had similar GP in the control treatment. This finding provided evidence that GP of

barley under water stress may be under genetic control. GP was found to be positively

correlated with GY of barley grown under water stress in the glasshouse, but it was not

correlated with either GY or DSI of barley grown under severe drought in 1994 and non-

irrigated conditions in the field in 1996. This suggests that GP may not be generally

associated with GY of barley in the environments of South Australia.
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Coleoptile length in osmotic solution (-1.0 MPa), an indicator of osmoregulation in cereals

(Morgan, 1990; l99L), differed significantly among barley genotypes. The genotypic

ranking in CL among genotypes was consistent over experiments. Interestingly, CL was

positively correlated with GY of barley grown under water stress in the glasshouse and

strongly conelated with GY and DSI of barley grown in the severe drought year of L994.

These findings lend support to the hypothesis that elongation of coleoptiles under osmotic

stress may be a reliable indicator of drought tolerance in barley. Therefore, this technique

could be used to screen a large population using a simple, rapid and inexpensive

procedure.

A large variation in tWC and RWL from excised leaves of barley varieties grown under

both glasshouse and the field conditions was demonstrated. There was no interaction

between variety and environment for both IWC and R\VL, but only genotypic ranking of

IWC was consistent between glasshouse and the field. However, RWL was only

correlated with GY under water stress conditions in the glasshouse, where severe drought

was imposed on the plants from flowering to maturity (r = -0.63, P<0.01). No correlation

was found with yield under rainfed conditions in the field, where the level of stress was

less. These results suggest that R\ryL may be beneficial for GY in severe drought

conditions, where cuticular water loss may be an important factor in reducing severe

desiccation. This technique is quite labor intensive, and further development would be

required before implementation in a breeding program.

Large differences among varieties in TE, 
^, 

SLA and LAC were detected under different

water treatments in both glasshouse and field experiments. The experimental evidence

showed that Â, SLA and LAC were negatively correlated with TE in barley, and SLA and

LAC were strongly and positively correlated with Â. These relationships and the
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genotypic ranking for SLA and LAC were consistent over glasshouse and the field

conditions. The findings suggest that while measuring Â is very expensive and

complicated, the simpler and cheaper measurements of SLA and LAC could be used as

surrogates for Â in predicting TE in barley. However, the relationships between these

traits and GY were inconsistent. 
^, 

SLA and LAC were negatively correlated with GY

under well-watered conditions, but not correlated with GY under water stress conditions'

The results suggest that selection for TE alone may not be sufficient to improve yield

under drought, but may be incorporated along with other traits such as EV and early

heading to improve yield under waterJimited conditions'

Consistent genotypic differences in EV and DH were found in both glasshouse and field

experiments. EV was negatively correlated with DsI, and DH was positively correlated

with DSI of barley grown in the field conditions. This provides evidence that under

terminal drought conditions, like that experienced in South Australia, high EV and early

heading are crucial traits contributing to drought resistance in barley' However' in this

study, there was an association between EV and DH. As well, EV was positively

coffelated with a, SLA and LAC indicating that EV was negatively correlated with TE' a'

SLA and LAC were also found to be negatively corelated with DH implying that DH may

be positively correlated with TE. These correlations were observed in both glasshouse and

field experiments and they suggest that the associations between TE and EV or DH may

constrain the development of lines which have higher TE, high EV and early heading'

Among the traits investigated, CL of barley in water stress induced by osmotic solutions

was the most promising because it was correlated with GY and DSI of barley grown under

water stress conditions. CL was measured on l50lines from the doubled haploid mapping
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population of Clipper x Sahara to identify possible quantitative trait loci (QTLs) for this

trait in barley. Forty one percent of the variation in CL in water stress was explained by 6

QTLs which are located near to the RFLP markers of XTGLOB on the chromosome lH (P

= 0.023) , 2Rl6R on the chromosome 2H (P = 0.025), WG405 on the chromosome 3H (P =

0.0087), PSR163 on the chromosome 4H (P = 0.0055), ksuAl on the chromosome 5H (P -

0.0017) and PSRI67 on chromosome 6H (P = 0.01). The QTLs for CL in water stress was

independent with the QTLs controlling CL in non-water stress. This suggests that CL in

water stress is a genetically independent trait, which is not related to CL in non-water

stress.

In conclusion, a wide range of genotypic differences in GP, CL, nVC, RWL, TE, 
^, 

SLA,

LAC, EV and DH were detected among the eighteen barley varieties. Among them, CL

was found to be the most promising for indirect selection criterion for GY under terminal

water stress conditions. CL is controlled by a number of genes and the screening

technique is rapid, inexpensive and can be used at the early stage of the development of

plant. IWC and RIWL indicated some degrees of drought resistance in barley, but the

screening technique is very labor intensive and therefore it is not suitable for routine

screening of breeding populations. The strong and consistent relationship between SLA

and LAC \r,ith 
^ 

and then TE lend support to the hypothesis that SLA and LAC could be

used as surrogates for Â in predicting TE in barley; the measurements are also simpler and

cheaper than analysing Â. However, these traits were not related to barley GY under

drought conditions either in the glasshouse or the field. This suggests that improving TE

through selecting for SLA or LAC should be considered in the context of an entire plant

ideotype for drought environments, where TE should be incorporated with other drought

resistant traits. Both EV and early heading appeared to be the most important traits
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determining DSI in barley in the field. Screening either for EV or DH is quite simple and

can be carried out in various environments. However, to avoid the low yield potential of

early maturing varieties in favourable seasons, the plant ideotype of barley in South

Australia should be the combination between high EV and early to mid-season maturity.
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CHAPTER 1

GENERAL INTRODUCTION

South Australia is the major producer of barley in Australia, contributing to about 37Vo of

the total barley grain production in Australia (ABARE, 1994). During the five year

period, 1989-1994, the average area sown to barley for grain in South Australia was

996,000 ha, and the average grain yield was 1.84 t/ha resulting in an average annual

production of 1,833,000 t (ABARE, 1994). However, based on variety testing

experiments, the yield potential under dryland conditions of the barley varieties that are

commercially grown in this area is about 3.5 to 4.0 t/ha (Jefferies and Wheeter, 1993:'

1995). This shows that grain yield of barley in South Australia is relatively low compared

with their yield potential. Many factors including both biotic and abiotic stresses limit

grain yields in this region. Among them, however, water deficit due to low and erratic

rainfall is a major environmental constraint (Nix, 1975). Therefore, improvement of yield

and yield stability of barley under rainfed conditions has been major aims of the barley

breeding activities in this region since the inception of the modern plant breeding.

Adaptation to drought in barley must be finally expressed in terms of genotypes with

improved grain yield under water limited conditions. Improving adaptation in this way

can be approached either by selecting for yield itself in a range of stress environments, or

by selecting for criteria which have been shown to improve yield in stressful

environments. The choice of approach depends on ease of measurement and rate of

progress in improving yield. While yield itself is easy to measure, yield responses to

(l
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varying stress environments are not, and may require several years of testing and

numerous sites for a proper determination. There is an obvious attraction in more easily

measured traits provided that they are shown to contribute substantially to yield

improvement either by reducing costs or by improving the ability to test more genotypes.

As well as ease of measurement, rate of yield improvement may be restricted when

selection is made for yield alone because genes for high levels of a particularly

adaptational trait are not present, or present to an insufficient extent, in the population of

genotypes used in the breeding programs (Morgan, 1989). Furthermore, selecting solely

for grain yield is more difficult because of the variability in amount and temporal

distribution of available moisture from year to year, and of low genotypic variation in

yield under these conditions (Ludlow and Muchow, 1990).

There has been a substantial increase in the number of physiologically oriented studies on

drought resistance during the last few decades, and a number of drought-related traits have

been identified and used to screen breeding populations for drought resistance in cereals.

These include extensive root system (Hurd, 1968), reduced xylem vessel size in seminal

roots (Richards and Passioura, 1981), leaf temperature (Blum et al., 1982), excised leaf

water retention (Clarke and McCaig, 1982b), epicuticular wÐ(es (Johnson et aI., 1983),

germination in osmoticums (Ashraf and Abu-Shakra, 1978), osmoregulation (Morgan,

1983), transpiration efficiency through carbon isotope discrimination (Farquhar et al.,

1982), early vigour (Turner and Nicolas, 1987) and early heading (Acevedo et a1.,1991).

However, except for rare studies, these have had little impact of physiological techniques

on breeding for higher yield of cereals in dryland areas in the past. There a¡e several

possible reasons for the modest successes. Firstly, it is very difficult for breeders to decide

which characteristics to select because the intensity and timing of drought va¡ies with
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regions and seasons, and the value of a particular trait also varies. In addition, since

drought affects many traits simultaneously, changing one trait may have an unexpected

effect elsewhere on the plant so that again, there may nt¡t be an agreement as to which

traits are likely to improve yield. Secondly, it has seldom been demonstrated that indirect

selection for increased yield via these criteria is more effective than direct selection for

yield. Furthermore, it has been suggested that the criteria proposed have been related more

to survival mechanisms under drought than to productivity, so they have minimal impact

on growth and yield over the entire life cycle (Richards, 1996). Finally, some screening

techniques ¿¡re very time-consuming, labour intensive and expensive, so they are

impractical for screening a large breeding population.

Despite these problems, some successes in the using physiological traits as indirect

selection criteria for yield under waterlimited environments have been reported when the

traits used are appropriate to the target environments. For instance, early vigour is an

important trait positively correlated with final grain yield in wheat g¡own under light-

textured soil in a Mediterranean climate in south-western Australia (Turner and Nicolas,

1987). This shows that the potential value of a particular trait depends upon the crop and

the features of the environment in which it is grown. Obviously, increasing yield and yield

stability of barley in South Australia is a challenge for all barley breeders and crop

physiologists in this region. Among the work that needs to be done, screening germplasm

for drought resistance plays an important role, and will continue to be great importance in

the future. The advantages of selecting drought-related traits for improved yield under

water-limited environments are obvious, and the number of traits proposed to relate with

drought resistance are also numerous. However, there is a lack of information on which

traits could be the most effective for screening barley breeding populations for South
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Australia environments. Therefore, the main objectives of the present study were: (i) to

evaluate critically the usefulness of some physiological traits which have been reported to

be associated with grain yield of cereals in water-limited environments; (ii) to identify the

relationships among these traits in barley under water stress conditions; (¡ii) to examine the

feasibility of the screening techniques; and (iv) to detect the quantitative trait loci for the

traits which show the most promising for screening drought resistance in barley for South

Australia environments.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The environment of southern Australia is cha¡acterised by winter-dominant rainfall, a

short spring and hot dry suÍtmer (Richards, 1991). In this environment water stress,

which develops rapidly during grain filling stage, limits yields of barley as well as other

cereals (Nix, 1975). The effects of water stress on cereal yield depend on the drought

resistance of cereal genotypes and the intensity and timing of water stress in each year.

There are basically two ways of improving crop production under drought stress: (a)

improved field water management and (å) increased genetic drought resistance of crop

plants (Bushuk et a1.,1989).

Improving drought resistance through plant breeding is an extremely complex problem.

This complexity arises because of a number of physiological, morphological and

biochemical systems in the plant related to drought resistance (Clarke, 1987). Many

morphological and physiological traits have been studied and proposed as indirect

selection criteria for improved yields of cereals under water-limited environments over the

last few decades. However, the potential value of a particular trait va¡ies with regions.

The present study is concerned with identifying the effective drought'related traits in

barley for the South Australia environment in efforts to assist barley breeders in increasing

yield and yield stability of barley in this region. This review presents some main features
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of the climate in the Mediterranean environment of South Australia, and a brief review of

the effects of water stress on growth and yield of barley in this region. It also critically

discusses the usefulness of a number of physiological traits, which have been suggested to ,/
be associated with grain yield of cereals under Mediterranean environments.

2.2 Definition of water stress

Lewitt (1972) attempted to define biological stress in terms of physical stress and strain.

Thus, biological stress was defined as " any environmental factor capable of inducing a

potentially injurious strain in living organism". Since stress due to a deficiency of water is

more co[ìmon than that due to excess, water deficit stress is commonly referred to as

water (or moisture) stress. Taylor (1968) proposed a similar definition without

consideration of the stress and strain theory of physics " Whenever the conditions of water

are unfavourable to optimum plant growth, the plant is said to be under water stress".

Both definitions imply that water stress is measured in terms of water status and

recognised in terms of the plant reaction to that water status. Physiologists and breeders

can select or screen ideotypes of plants for water stress environments by measuring the

response of plants with different physiological characteristics at particular water stress

levels.

2.3 Growth of winter cereals in Mediterranean environments

Barley is an important crop in southern Australia, an area cha¡acterised by a

Mediterranean climate. Breeding high yielding varieties of barley under the

Mediterranean conditions requires an understanding the limitations of climate which affect

grain yield and yield related characters .
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2.3.1 Major features of the Mediterranean environments

Worldwide, Mediterranean environments are found in five widely separated regions

between 30" and 40" in both the northern and southern hemispheres (Leeuwrik, 1974).

They are the Mediteranean basin, central and southern California, central Chile, South

V/est Cape Province of South Africa, the southwest of 'Westem Australia and the southern

part of South Australia (Gibbon, l98l). The major features of the climate in these regions

are long, hot, dry summers and short, mild, wet winters.

2,3.1.1 Rainfall

According to Aschmann (1973), Mediterranean environments receive between 275 and

900 mm annual rainfall, of which more than 65Vo of. annual rain falls in winter (Smith and

Harris, 1981; Buddenhagen, 1990). Figure 2.1 illustrates the winter-dominant rainfall

pattern at six sites that experience Mediterranean climate, three in the northern hemisphere

and three in the southern hemisphere.

In general, winter rainfall exceeds crop demand because of mild temperatures, low

evaporation, slow growth rates, and the relatively high reliability of these rains. Hence,

intermittent drought during winter is rare; on the contrary, waterlogging can be a problem

on some soil types in wet years. During spring, rainfall becomes less frequent,

temperature and vapour pressure deficits increase, and soil moisture is usually exhausted

by the time.the crop reaches maturity. This is often referred to as terminal drought, and its

time varies according to the last spring rain, temperature, soil types, and crop growth.

The following description of the rainfall of southern Australia is taken from Leeper

(1970), Gentilli (1971) and Nix (1975). The total annual rainfall in the cereal belt of

7
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southern Australia varies from 300 to 600 mm. Most rain falls during the winter with the

April to October rainfall comprises about SOVo of the annual total. The growing season is

determined by the beginning of effective rains and its length varies from 4 to 6 months'

However, the major limitation in this area is the large rainfall deficit during the grain

filling phase (Nix, 1975).
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Figure 2.1. Mean monthly rainfall and temperature at six locations with Mediterranean

climates:

(a) Menedin, Australia (31' 20'S ll8 " l7E); (b) Cape Town, South Africa (33' 56'5 19' 29E); (c)

Rancagna, Chile (34' 10S 70' 45'W); Aleppo, Syria (36' l lN 37" l3E); (e) Rabat, Morocco (34' 00N' 6'

50'E) and (Ð Davis, California (38" 32'N l2l " 45'W). Sites in the Southern Hemisphere are for January -

December and those in the Northern Hemisphere are for July - June. Numbers in parentheses a¡e the

numbers of years of records used to calculate the mean. (Source: Loss and Siddique, 1994)I
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2.3.1.2 Solar radíation

Solar radiation has a large influence on temperature and evaporation regimes, and hence

crop growth. In most Mediterranean environments, midday solar radiation is about 6-10

MJlm'lday in mid winter (Loss and Siddique, 1994), and it is unlikely that radiation limits

crop growth, especially because temperatures and crop leaf areas are low at this time. In

spring, when the leaf area index is about 3, the lower canopy of crops becomes shaded by

the upper leaves and ears, and solar radiation may limit photosynthesis of the lower leaves.

In mid summer, the elevation of the sunshine is high, there is a low incidence of cloud

cover, and mean midday solar radiation is about 25-30 MJtm'lday (Loss and Siddique,

1994\.

2.3.1.3 Temperature

Together with lack of rainfall, cereal growth can also be constrained by both high and low

temperatures in Mediterranean environments. In Australia, surnmer mærimum

temperatures range between 25"C and +OoC Aong the western coast and between 30'C and

45"C inland and in the more easterly regions. In most Meditenanean environments, at

least one month has an average temperature below l5'C (Figure 2.1) and less than 3Vo of

the year experiences minimum temperatures below O'C lRsctrmann, 1973). Mean monthly

minimum temperatures in midwinter range from 0'C to 7"C and in some regions,

particularly in inland areas, the temperature falls below 0"C during individual nights.

2.3.2 Water stress in Mediterranean environments

The constraints to cereal growth vary in Mediterranean environments, but inadequate

rainfall is usually the most limiting factor (Nix, 1975; Fischer, 1979). In southern

9
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Australia, the period of crop growth is usually restricted by lack of rainfall, and water

deficit always occurs at the start and the end of the growing season. Potential evaporation

exceeds rainfall for a large proportion of the year. The tiriring of the first autumn rains is

unpredictable. They may fall any time between April and June (Nix, 1975), and they are

sufficient for substantial germination, emergence, establishment and growth of seedlings'

Rainfall in the winter months (June-August) is usually adequate for plant growth but

moisture stress of unpredictable severity, duration and timing can occur any time after mid

September (French and Schultz, 1984), during the stem elongation, flowering and grain

filling phases (Hamblin et a1.,1987).

Soil type is an important factor affecting the moisture status of a crop and soils. Under

Mediterranean conditions the total water content of the soil profile increases during the

winter period, reaching a maximum in late winter - early spring. During spring when

rainfall declines and evaporative demand increases, the soil profile becomes drier through

crop extraction of water and direct evaporation from the soil surface (Cooper, 1983;

Gregory et aI., 1984). Crops grown on fine-textured soils, such as those common in

northern Syria and South Australia, tend to rely heavily on stored soil moisture.

Like other crops in Meditenanean environments, barley is not generally subjected to

severe water stress during the early period of growth because during the winter months

moisture supply from rainfall is high and evaportranspiration rate is low (Section 2.3.1).

In spring, evaportranspiration increases as the vapour pressure deficit of the air increases

and the crops become more dependent on soil moisture reserves. The rate of development

of stress depends on soil type and the amount and pattern of rainfall during season.
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2.3.3 Grain yield of cereals in Mediterranean environments

11

The pattern of development of cereal crops plays a critical role in the determination of

yield. It has a direct effect on yield by its influence on the yield components and

indirectly affects yield through its effect on the pattern of dry matter production in relation

to the seasonal changes in temperature and moisture environment. Therefore, before

proceeding to an analysis of grain yield in Mediterranean environments, it is necessary to

review briefly the broader aspects of the grain yield accumulation process in relation to the

aforementioned various environmental constraints.

2.3.3.1 Stages of development in cereals

In cereals, grain yield components can be determined at three main growth phases as

follows.

a) Sowing to ear initiation

This vegetative phase prepares the foundation for the ultimate size and efficiency of the

photosynthetic system and potential sink size, principally through tillering. The major

constraint is the time of sowing in relation to the midwinter depression in temperature,

radiation conditions and rainfall. The timing of the first autumn rains can vary

considerably, and the sowing-time may vary from year to year over a period of 8 to l0

weeks. Early sowing, generally considered early to mid May in many parts of southern

Australia, with more favourable conditions for leaf area expansion and growth, means a

larger supply of photosynthate available for root development and tiller production.

Nevertheless, there is also a risk of an extended period of dry weather after the initial

lr
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autumn rain, which can result in water stress soon after the emergence for early sown

crops

b) Initiation to anthesis

This phase determines maximum grain number through the successive development of ear

bearing tillers, spikelet number per ear and florets per spikelet. During this phase, both

inter- and intra-plant competition for available light, water and nutrients can be severe.

The major potential constraints during this phase, under Australian conditions, are low

temperature conditions during the earlier part and incipient water deficits during the later

part (Nix, 1975). However, even slight water stresses at this stage can markedly reduce

the rate of initiation of floral primordia, and yield potential (Husain and Aspinall, 1970).

c) Anthesis to physioiogical maturiry

A critical stage of development is the immediate anthesis phase to physiological maturity.

The remobilisation of reserves from shoots to grains is a crucial process in the yield

accumulation during this phase. In general, radiation and temperature conditions are

favourable, but water stress imposes a major constraint on the grain yield of cereals. The

major yield component affected by water stress is grain weight, although grain number is

still affected at anthesis and just after that.

2.3.3.2 Water sfrsss and graín yíeld

'Water supply plays a major role in the performance of cereal production in Australia.

Cornish (1950) reported that 70-80Vo of the va¡iation of wheat yield in South Australia

was due to variation in annual rainfall, and a similar relationship exists in North Africa,

West Asia, and Western Australia (Srirastava, 1987; Blum and Pnuel, 1990). In general,

{
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barley always yields better than wheat in drought conditions, but the variation of rainfall

still accounts for about 62Vo of variation of barley grain yield (Van Oosterom et al., 1993).

This variation can be explained by several effects of water stress on one or more

components of grain yield, which basically consist of plants per unit area, number of grain

per plant, and weight per grain. However, the effects of water stress on grain yield

depends on the duration and intensity of drought as well as the phenological stage of the

crop when drought occurs.

Water stress at the beginning of the growing season can decrease the number of plants per

unit area. Increased moisture stress delays germination and reduces the total germination

percentage (Helmerick and Pfeifer, 1954; McGinnies, 1960; Ashraf and Abu-Shak¡a,

1978;Bouaziz and Hicks, 1990; Mian and Nafziger, 1994). The decline in germination

rate under low moisture conditions was found to be heritable, varying with crop species

and cultivars (Hillel, 1972; Ashraf and Abu-Shakra, 1978). Therefore, the selection of

high germination percentage and vigorous seedling has been proposed as prerequisites for

the success of stand establishment of the crops in Mediterranean environments.

Grain number per plant was seriously affected by water stress during the pre-anthesis

period (Aspinall, 1964). The effect probably is associated with the process of spikelet

initiation and, later, with the formation of gametes (Aspinall, l96y'.). Early stages of

reproduction are more sensitive to water stress than any other stages of development in

reproductive crops (Claussen and Shaw, 1970; Fischer, 1973). This sensitivity exists in

part because the cells enlarge dramatically in the floral tissues during normal development

and water deficit can prevent the enlargement (Boyer, 1996). In wheat and barley,

drought during microsporogenesis causes pollen sterility, and can reduce grain number

(Morgan, 1980; Saini and Aspinall, 1981; 1982; Saini ¿l aI., 1984). The grain number
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establishes the yield potential that is realised if conditions after anthesis are favourable for

grain filling.

Water stress during grain filling reduces grain yield mainly through a reduction in grain

weight (Asana et aI., 1958, Aspinall, 1965; Warlaw, l97I: Brocklehußt et al., t978:'

Brooks et aI., 1982; Nicolas et aI., 1985; Sarvestani, 1995). Savin and Nicolas (1996)

reported that drought during grain filling reduced individual grain weight much more

(207o) than high temperature (57o) for barley. The reduction in grain weight due to water

stress is related to a reduction in endosperm cell numbers (Broklehurst ¿t al., 1978) or to a

reduction in number and size of sta¡ch granules (Brooks et al., 1982; Savin and Nicolas,

1996). Duration of grain filling is reduced by drought in wheat and barley (Wardlaw,

1967; Brooks et al., 1982; Nicolas et aI., 1984; Mogensen, 1992; Savin and Nicolas,

1996). The reduction in duration of grain growth was the most important cause

accounting f.or 12 to 25Vo of reduction in grain weight at maturity under drought

conditions (Savin and Nicolas, 1996). The rate of grain growth can also be reduced

(Nicolas et a1.,1985; Savin and Nicolas, 1996), but not always (Aspinall, 1965; Nicolas er

aI., 1984; Mogensen, 1992).

The mechanisms underlying these responses are complicated, as so many aspects of the

integrated metabolism of the plant may have been affected by increasing the water stress.

Water stress is known to reduce the rate of photosynthesis and often causes premature

senescence of photosynthetic organs (Fischer and Kohn, 1966; Ludlow, 1975; Begg and

Turner, 1976; Savin and Nicolas, 1996). Remobilisation of dry matter from shoot to grain

is reduced depending on genotypes and intensity and duration of water stress (Sarvestani,

1995). The reduction in duration of grain filling may be partly the consequence of a

reduced capacity to accumulate starch following water stress (Savin and Nicolas, 1996).
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Obviously, water deficit at a sowing time, especially during grain set and grain filling

exerts a major influence on grain yield of cereal in Mediterranean environments. This

constraint may be solved by adaptive cropping strategies such as selection of varieties

which tolerate drought or agronomy practices.

2.4 Definition and classification of drought resistance

Using Lewitt's (1930) terminology, resistance to water stress or drought can be achieved

by escape or tolerance (Frgure 2.2)

Drought resistance

Drought escape Drought tolerance

Dehydration avoidance Desiccation tolerance

Figure 2.2. Terminology used to describe drought resistance (Source: McV[illiam, 1989).

The following definitions are used in this review:

Drought resßtance: ability of a plant to live, grow and yield satisfactorily with limited

water supply or under periodic water deficits. This can be gained by various components

of resistance.

(i) Drought escape: ability of a plant to mature before water stress becomes a

serious limiting factor.
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(ii) Dehydration avoidance: ability of a plant to maintain high water status during a

drought.

(iii) Desiccation tolerance: ability of a plant to withstand water deficit as measured

by degree and duration of low plant water potential'

Drought resistance is conferred on plants by any one or a combination of the three

mechanisms: escapc, avoidance and tolerance. Each of these mechanisms includes

several traits that can be manipulated by plant breeders.

2.5 Use of physiological traits in breeding programs to improve drought

resistance in cereals

In general terms, the usefulness of physiological techniques in breeding for drought

resistance has been established from many physiological studies carried out over many

years. To be successful in screening for drought resistance in a breeding program a trait

should have the ¡ellsrving features:

- proven role in drought resistance and yield stability

- ease of measurement and suitable time of expression during life cycle

- high heritability

There are many reports in the literature of potential drought resistance traits in cereal

crops. This section critically reviews several traits which have been reported to be

associated with the growth and yield improvement of cereals in water-limited

environments and which can be used to screen a large number of genotypes non-

destructively at the early stage of the development of plant.



Chapter 2. Literature review 17

2.5.1 Transpiration effrciency (TE)

At the crop level, TE is defined as the ratio of the above-ground dry mater produced to

unit of water transpired. Passsioura (1977) proposed that when water is limited, the yield

of biomass is a function of the amount of water transpired by the crop (T) and the

efficiency of the crop uses this water (TE), where:

Biomass=TxTE

If grain is the economic product then biomass is partitioned into grain as the proportion of

biomass ie. the harvest index (HI), such that:

Grainyield-TxTExHI

This model has become a framework for examining ways to improve crop yields,

especially in water-limited environments (Acevedo, 1987; Turner et a1.,1989; Ludlow and

Muchow, 1990; Richards, 1991; 1996). When considering ways to increase yield by

breeding, this model is useful for two reasons. Firstly, the components are largely

independent of each other (Passioura, 1977). Thus, if TE is increased by breeding, little

change should occur in the other components and grain yield should increase. Secondly,

this model is useful, because it focuses directly on the processes that affect productivity in

dry environments (Richards, 1987).

2.5J.1 Genotypic variatíon in TE

Variation in TE among genotypes of the same species was f,rrst documented in the work of

Briggs and Shantz (1914), although the question of whether it can be used as a selection

trait in the breeding of drought tolerant genotypes has been argued about since (Fischer

and Turner,1978; Tanner and Sinclair, 1983). Recent evidence, however, has confirmed

Briggs and Shantz's work and has unequivocally demonstrated that substantial genotypic
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variation in TE exists among many C3 species such as wheat, barley, rice, sunflowers,

cotton, tomatoes, beans and groundnuts (Hall et aL,1993).

Studies on the heritability of TE indicate that broad sense heritability was generally high

in crested wheatgrass (Johnson et al., 1993) peanuts (Hubick e.t al., 1988) an<l wheat

(Ehdaie et aI., 199L, 1993; Condon and Richards, 1992), and low to moderate in cowpea

(Hall et aI., 1990). Some studies suggested that the genotype by environment interaction

was small for TE (Hall et a1.,199O,1992; Richards and Condon, 1993). In contrast, other

studies suggested that rankings of genotypes in TE vary with locations (Condon et al.,

1992; Hall et aI., 1993).

The accurate measurement of TE in pots is time-consuming and value may vary with

environmental conditions. Measurement of TE in the field is even more difficult and

additionally, current techniques available to estimate transpiration (T) are not very precise.

Thus, to exploit variation in TE in large scale breeding programs effectively, breeders

require an easily measured correlated trait. Such a trait was discovered, when Farquhar er

aI. (1982) showed that isotopic discrimination against C13 (^) during photosynthesis was

closely correlated with TE. This research has, therefore, raised the possibility of using Â

as a rapid and non destructive trait for selection of TE in large scale breeding programs.

2.5.1.2 Using L as a selection trait to estimate TE

The idea of Farquhar et al. (1982) has been confirmed experimentally in many kinds of

crops. The demonstration that the values of Â are closely correlated with the integrated

values of TE (Table 2.1) has provided a potential to identify genetic variation in TE in a

range of species.
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Table 2.1. Relationship between carbon isotope discrimination (A) and transpiration

efficiency (TE) in a range of species

Crop Location Correlation

coefficient (r)

Range in Â*

(%,)

References

V/heat

Barley

Rice

Sunflowers

Peanuts

Common

bean

Tomatoes

Crested

wheat

grass

Coffee

Cowpeas

Glasshouse

Glasshouse

Glasshouse

Glasshouse

Glasshouse

Field

Glasshouse

Glasshouse

Field

Field

Pots out &
indoor

Pots in field

Glasshouse

to -0.86

to -0.75

to -0.93

to -0.83

to -0.68

to -0.84

to -0.98

-0.63

-0.52

-0.62

-o.75

-o.49

-0.66

-0.85

-0.81

-0.83

-0.93

-0.43

19.1 - 23.2 (4)

r9.r -20.9(t4)

19.6 -22.8(t6)

t9.8 -22.4(12)

20.s - 23.0 (8)

r9.7 - zr.s (9)

17.8 - 20.8 (6)

16.7 - 21.8 (9)

18.1 - 20.9 (8)

19.1 - 21.8 (8)

20.0 -23.2 (t6)

Farquhar & Richards, 1984

Condon et a1.,1990

Ehdaie et aI.,l99l
Hubick & Farquhar, 1989

Walker and Lance, 1991

Dingkuhn et aI., I99I

Virgona et a1.,1990

Hubick et aL,1986, 1988

rwright et a1.,1988

v/right et a1.,1994

Ehleringer et aI., L99l

to -0.91

to -0.8

-0.54 to -0.81

-0.73 to-0.81

24.5 - 27.9 (3) Martin &Thorstenson, 1988

19.5 -24.9 (29) Johnson et al.,l99O

Glasshouse

Field

Pots in field

-0.89 to -0.95

-0.95

-0.93

2r.0 - 24.4 (e)

t6.3 - 20.3 (s)

19.6 - zt.s (s)

Read ¿r aI.,l99l

Meinzer et a1.,1990

Ismail &.H^11,1992

*: Values of Â vary with time, sampled plant parts and conditions of growth (Condon &

Richards, 1992). Values are given to indicate the maximum range of Â observed in the

study. The number of genotypes in the study is indicated in parentheses (modified from

Turner, 1993).
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The difference in A and TE among genotypes can occur because of the difference in

stomatal conductance or photosynthetic capacity, or both (HaIl et al., 1994). Studies in

common bean (Phaseolus vulgaris L.) suggest that the variation in Â arises from

differences in stomatal conductance (Ehleringer, 1990), whereas, in peanuts the genotypic

variation in Â was largely due to the difference in photosynthetic capacity (Hubick et al.,

1936). Variation in Â of wheat appears to arise from both variation in stomatal

conductance and photosynthetic capacity (Condon et a1.,1990)'

There have been a number of genetic studies on the heritability of Â which have shown

that the broad sense heritability is usually greater than 50Vo. Broad sense heritability was

49Vo in crested wheat grass LAgropyron desertorium (Fischer ex Link) schutesl (Johnson ¿r

al., l99O),8l%o in peanuts (Arachis hypogeaea I.) (Hubick et al., 1988), 9OVo in wheat

(Ehdaie et aI., l99l: Condon & Richards,1992),8l%o in barley (Acevedo, 1993) andT6Vo

in cowpea (Hall et al., 1990). Narrow sense heritability based on the progeny of crosses is

also high in peanut (Hubick et a1.,1988) and wheat (Ehdaie et a1.,1991).

Under water limited conditions, an improvement in TE should result in higher biomass if

the total water use is similar. Thus, Â may be expected to be negatively correlated with

biomass in the field. This was the case for peanuts in the field (Wright. et al., 1988), but

not in wheat (Condon et aI., 1987; Ehdaie, l99L; Sayre et al., 1995) or barley in Syria

(Craufurd et aI., 1991) or potatoes (Jefferies, 1995). Richards and Condon (1993)

reported that in the same cultivars of wheat, Â was positive, negative or non-correlated

with biomass depending on the site and year. At dry sites and in dry seasons, Â and

biomass were negatively correlated as expected, but in wet sites and seasons Â was

positively correlated with biomass, while in intermediate sites and seasons the two were
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not correlated. In contrast, Ehdaie (1991) reported that even in a dry field experiment, 
^

was still positively associated with above ground matter and grain yield.

In most of cases there have been no associations observed between Â and grain yield ,

except for wheat under well water conditions, where both positive associations (Condon ct

al., 1987; Morgan et al., 1993) and negative ones (Ehdaie and Waines, 1994) have been

reported. Also, positive associations between Â and grain yield have been reported in

droughted barley (Craufurd et al., 1991). There are few reported consistent genotypic

associations between Â and grain yield, because grain yield is determined by many factors

in addition to those influencing TE. For water-limited environments, it is necessary to

determine whether high TE can be combined with other traits needed for plants to achieve

high grain yield.

Using Â as a selection technique for TE has been recommended for the various crops

grown in waterlimited environments because there Íìre some advantages of using this

technique in breeding programs. Firstly, it is not necessary to measure water use or

biomass, both of which are difficult and time-consuming to measure with large numbers

of lines. Secondly, only a small sample of dry matter from leaves, stems, grains or other

parts of the plant is required and the value of A obtained is an integrated value over the life

of the plant up to the time of measurement. Furthermore, the plant can be sampled at an

early stage and the information obtained is used in crossing or for seed selection. Finally,

variation in measurement is low. The coefficient of variation is typically about 2Vo

(Richards and Condon, 1993), which is much lower than the coefficient of variation in

yield.
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However, a major limitation of the technique is its expense. Measurement of Â requires

an expensive mass spectrometer and a specialised technician to run it. As a result, the cost

of analysis is expensive at about $420 per sample (Richards and Condon, 1993). While

analysis can be obtained commercially, it is a costly addition to a breeding program in

which large numbers of samples have to be analysed. Therefore, other traits, which are

simpler and cheaper to measure, but which can be a surrogate for Â and then TE, would be

more useful for the selection TE in a breeding program.

2.5.1.3. Other traìts for predicting TE

The first is plant mineral content, determined by ashing plant material. Mineral content

has been correlated with TE in a number of different species (Masle et aI., 1992). They

reported that in all the tested species, whether grown in a glasshouse or in the field,

mineral content was positively correlated to transpiration ratio (R, ratio of water transpired

to carbon fixed). Mineral content was positively correlated to Â and negatively correlated

with TE in the C3 species. This idea was confirmed by the study of Mayland et al. (1993)

which found that ash content was positively correlated with A (r - 0.69, P<0.01) and

negatively correlated with TE (r = 0.61, P<0.01) in crested wheatgrass in a well-watered

field environment. The measurement of plant mineral content, instead of A may be

particularly valuable where a ratio specftometer is not available, as its measurement only

requires a precise balance and a muffle furnace.

Specific leaf a¡ea (SLA, cm2tg¡ has also been shown to be correlated with Â. The

advantage of using SLA is that the leaves do not need to be ground. It has been observed

over many experiments in peanuts that SLA is closely and negatively correlated with TE.

Hence, SLA and A are positively correlated (Wright et al., 1988; 1994). The strong
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negative relationship existing between TE and SLA (r = 0.84, P<0.01) indicates that

genotypes with thicker leaves had greater TE (Wright et aI., 1994). The positive

relationship between SLA and A in peanuts was maintained across environments, when

data were combined over sites and treatments (r = 0.93, P<0.01) (Nageswara Rao and

Wright, 1994). This indicates that the relationship between SLA and Â is stable for

peanuts.

At this stage there is evidence that the use of Â in breeding shows considerable potential.

The studies with winter cereals indicate that low Â should result in improved TE and yield

in water limited enùironments where crops are primarily dependent on the water stored in

the soil from the previous season, or vigorous crops dependent on current rainfall.

However, measuring Â is complicated and expensive, and it is impossible to use this

technique for identifying TE in large breeding populations. Therefore, seatching for other

traits which substitute for Â is a challenge for breeders. This is a main pan of the work

which was investigated in this study.

2.5.2 Osmoregulation

Osmoregulation or osmotic adjustment is a decrease in cell osmotic potential due to the

accumulation of solutes rather than to a decrease in cellula¡ volume (Turner and Jones,

1980). Under water stress, plants that accumulate solutes within cells maintain turgor

pressure, stomatal opening, transpiration, photosynthesis, and growth, and thereby, plants

tolerate mild dehydration (Loss and Siddique, 1994). Although osmoregulation does not

affect water use efficiency, it may enable roots in a dry surface soil to survive until the

next rainfall event, or alternatively, it can maintain root growth and increase water use if

water is stored at depth (Morgan and Condon, 1986). The rate of leaf senescence may also
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be reduced, and hence, leaf area is maintained. The function of osmoregulation in

maintaining plants in water stress conditions is summarised in Figure 2.3'

maintains water potential

maintains turgor + maintains leaf conductance + maintains photosynthesis

maintains shoot seed set

maintains leaf area maintains grain yield

maintains root growth maintains water use

Figure 2.3. A simplified schematic diagram illustrating the effects of osmoregulation on

major plant process, with associated feedback relationships (Source: Morgan, 1989).

2.5.2.1 Genetic varìation

Consistent evidence of large differences in osmoregulation within species was found

initially in the expanded flag leaves of wheat (Morgan, 1977). Since then, significant

differences have been found in other crop species such as barley (Blum, 1989), sorghum

(Santamaria et a1.,1986), brassica species (Kumar et al., 1984), sunflowers (Chimenti and

Hall, 1993), and'maize (Guei and'Wassom, 1993). In wheat, the differences were found

within diploid, tetraploid and hexaploid types, including wild and domestic species.

Studies of flag leaf osmoregulation on F4 lines derived from a cross between a high and
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low osmoregulating parent showed a distinct segregation into two major groups (Morgan

1983; Morgan et al., 1986), possibly indicating simple inheritance. These measurements,

which were made in the glasshouse, were confirmed by the measurement of turgor

maintenance in the field (Morgan, 1983; Morgan and Condon, 1986).

The biochemical bases of the differences have yet to be fully understood although both

organic and inorganic solutes are accumulated during stress. These include potassium,

reduced sugars, amino acids and quaternary ammonium compounds (Munns et al., 1979).

Soluble sugars, particularly glucose, have been shown to increase in the leaf of wheat

under stress, and are considered to play an important role in osmotic adjustment (Munns

and Weir, 1981, Kameli and Losel, 1993,1995). In contrast, a study by Premachandra er

aI. (1995) showed that the concentration of K*, sugars, Cl- and P were the main solutes that

contributed to osmotic adjustment, and increased with increasing stress in drought tolerant

grain sorghum lines, but essentially remained constant in susceptible lines. It is possible

that both organic and inorganic solutes contribute to osmoregulation in stressed plants.

Genetic studies on the inheritance of osmotic adjustment in crop species are limited.

Morgan (1983; l99lb) reported that osmoregulation in wheat was controlled by a single

recessive gene that could be exploited in a crossing program. Furthermore, Morgan

(1991a; Morgan and Tan, 1996) identified the location of the recessive gene influencing

osmoregulation in wheat to chromosome 74. On the contrary, Galiba et aI. (L992)

suggested that there might be additional genes on chromosomes 5A and 5D. In grain

sorghum, Basnayake et al. (1994) also found that genetic variation for osmotic adjustment

was controlled by mlre than one gene, and this was confi;med in their later study which

showed two major independent genes controlling high osmotic adjustment in two sorghum

lines (Basnayake et al., 1995). Consistent differences in osmotic adjustment have been
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found in barley genotypes under water stress and this mechanism is thought to be an

important component of drought resistance in barley (Blum, 1989). However, there is no

information on the inheritance of osmoregulation in barley.

2.5.2.2 Relationship to grain yield

Differences in osmoregulation that are associated with growth and yield improvement

have been found in both monocotyledonous and dicotyledonous species (Morgan, 1984)

including wheat (Morgan, 1977), barley (Grumet, 1987), sorghum (Wright et aI., 1983;

Santamaria et a1.,1986) and oilseed brassicas (Singh et al., 1985). Genotype differences

in osmoregulation, measured on the flag leaf of wheat grown and stressed in pots in the

glasshouse, have been shown to be positively related to yield (Morgan, 1983). Under

drought conditions in the field, lines selected from the high osmoregulating groups

maintained turgor to lower water potential and gave grain yields which were about 1.5

times grcater than those selected from the low group at the F4 and F6 stages respectively

(Morgan, 1983). Over various levels of water stress at different field sites, the average

yield improvement was lTVo (Morgan et aI., 1986). This association was further

evaluated in bread and durum wheat breeding programs using closely related lines and

large numbers of field sites. This study showed that there was a positive association

between yield measured in the field and osmoregulation measured in the glasshouse. The

average yield improvement was 1l7o for bread and 7Vo for durum wheat, and these

differences were sustained over a range of environments with mean yields for the sites

varying from 0.25tltratoTtlha (Morgan et a1.,1986).
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2.5.2.3 Selection techniques
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One of the main factors inhibiting the use of osmoregulation in routine breeding has been

the difhculty of detection of differences between genotypes. Normally, measurements are

made on fully expanded leaves as plants are exposed to increasing levels of water stress.

A minimum of the two types of measurement is required osmotic potential and relative

water content which are repeated over the period of water stress to define a relationship.

This requires specialised knowledge of thermocouple psychrometry. It is time-consuming

because plants must be grown in pots in a glasshouse, and it takes several months to get an

answer.

Morgan (1990) developed a screening method which is more rapid and, therefore, suitable

for screening parent material and lines from F4 onwards. The only pieces of equipment

needed are a ruler or balance, petri-dishes, germination pads, and an environment with

stable temperature. The method can also be non-destructive. The basis of the technique

was described by Morgan (1988). Briefly, it involves exposing geminating seeds to

matrically induced water stress. This may be done either bv growing the seedling until the

coleoptiles are about I cm long, then applying water stress by allowing the pads on which

they are germinating to dry out, or by applying water stress from the beginning of

germination by reducing the amount of water in the pads. In both instances genotype

differences are measured as differences in coleoptile elongation or fresh weight. These

parameters are expressed as fractions of unstressed controls, to allow for differences in

growth due to other factors. It is usual to include high and low osmoregulation checks to

provide a basic of comparison.
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The test is based on the positive relationship which has been demonstrated between

genotype differences in turgor pressure and differences in coleoptile (and root) elongation

(Morgan, 1988). Although turgor pressure is not the only factor affecting elongation,

genotype differences in elongation seem to be dominated by differences in turgor pressure

(Morgan, 1990). These differences in turgor pressure are, in turn, the result of differences

in osmoregulation. The differences in osmoregulation between genotypes can be observed

throughout the life of the plant (Morgan, 1990).

The screening technique developed by Morgan (1990) is rapid, reasonably accurate and

able to handle a large number of samples during the early development stage.

Nevertheless, there are some aspects of his method which may need to be adjusted,

because of the following reasons. Morgan (1988; 1990) imposed water stress at the

beginning of germination. This can possibly result in difference in water absorption

among seeds coming from different varieties due to the various seed cha¡acteristiøs of

varieties such as seed size and husk thickness. Therefore, the different elongation of

coleoptiles under water stress in this situation may not be mainly caused by different

degrees of osmoregulation in the coleoptiles. On the other hand, if water stress is imposed

when the coleoptiles are about 1 cm, as suggested by Morgan (1990), it may also affect the

results because of a potential to injure the seedling during imposing water stress or

transferring seedling to water stress pads. In addition, his coleoptile elongation tests were

conducted in petri dishes of 9 cm diameter, which is not optimum conditions for the

elongation of coleoptiles because they tended to bend under the glass lid (Morgan, 1988).

Thus, optimising the environment for the elongation of coleoptile during incubation may

maximise the difference in coleoptile length between genotypes.
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In summary, high osmoregulation has contributed to the maintenance of growth and grain

yield under water stress in many kinds of crops, such as wheat, barley, sorghum, maize,

and brassicas. This is strong evidence to encourage breeders to use osmoregulation as a

criterion in breeding programs for water stress environments. The screening technique for

osmoregulation during germination brings some advantages in screening large population

for drought tolerance in wheat. This raises a question that, whether this technique can be

used in screening barley for drought tolerance. Hopefully, some adjustments, such as the

use of uniform pre-germinated seeds, appropriate timing to induce water stress, and the

optimum conditions for elongation of coleoptiles in both control and osmotic conditions

could make use of this technique effectively.

2.5.3 Excised leaf water retention

Rate of water loss (RWL) from excised leaves, presumably a measure of cuticular

transpiration, has been suggested as a screening technique to identify cereal genotypes for

dry environments. The suggestion is based on reported genotypic differences in RWL in

excised leaves of crops such as wheat (Dedio, 1975; Clarke and McCaig, 1982a) and

sorghum (Jordan et aI., 1984), which appeared to be related to drought tolerance. Reports

have suggested that high initial water content (IWC) or low RWL of excised leaves may

be indicative of genotypes best adapted to dryland conditions (Clarke and McCaig,

l982a,b; Winter et al., 1988; Clarke et a1.,1989; McCaig and Romagosa, 1989). In some

reports, excised leaf water status is based on measurement of IWC and RWL in a

controlled chamber or glasshouse environments (Clarke, 1983; Clarke and Richards, 1988;

Winter et a1.,1988).
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Field IWC and RWL evaluations have been conducted under both non-stress (Clarke and

McCaig, 1982b; Winter et aI., 1988) and stress conditions (Clarke and McCaiE, 1982a;

Cla¡ke, 1983; McCaig and Romagosa, 1989). There tends to be little genotype x

environment interaction for expression of these traits. Consequently, it should be possible

to screen for the traits under a variety of environmental conditions. However, the study of

Clarke (1983) indicated that RWL of some wheat cultiva¡s differed in between field and

glasshouse grown plants, so it may not be possible to screen genotypes in controlled

environments. Haley et al. (1993) reported that selection for high IWC or low RWL in

irrigated environments may not provide selections that respond similarly in dryland

environments.

Sampling and measuring IWC and RWL in excised leaves was conducted by various ways

in different studies. Nass and Sterling (1981) found a significant differences in water loss

from excised leaves of barley and wheat by sampling the three top leaves at two weeks

after anthesis and placing them on glasshouse benches for 24 h. V/inter et al. (1988)

reported that dehydrating samples at 22oC in a dark room for 24 hours showed significant

difference in RWL between wheat cultivars at tillering stage. Nevertheless, Clarke and

McCaig (1982b), and Clarke (1987) suggested that differences in RIWL between wheat

genotypes were obtained by sampling four to six of the newest, fully expanded leaves per

plot, and weighing the leaves at 6 to 10 h after excision in a lighted, controlled

environment room at 20'C and 5OVo relative humidity. The differences among cultivars

tend to disappear after anthesis, so the retention trait is operative only during the

vegetative growth stage (Clarke, 1987). It is not clear whether the change after anthesis is

due to physiological changes or to physical factors such as leaf firing. In any event, it is

preferable to screen material prior to anthesis.
I
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There have been few studies on the relationship between RWL and yield. Studies of

durum whear lines from a high retention (low RWL) by low retention (high RWL) cross

indicated a positive relationship between water retention and yield (Clarke and McCaig,

1982b). However, Clarke and Smith (1986) found that water retention was negatively

correlated with yield in a low drought stress environment, but positively correlated with

yield in a high stress environment. This suggests that the water retention trait is only

beneficial under drought conditions. This suggestion was supported by the finding of

Clarke et at. (1989) that genotypes with low RWL (high retention) yielded more than

genotypes with high RWL (low retention) in the driest environments, or that low RWL

contributed to high yield under drought growing conditions.

Only one study has been conducted to evaluate heritability of excised leaf water retention

in durum wheat. Cla¡ke and Smith (1936) found that broad sense heritability of IWC

ranged from 0.08 to 0.61 in the F4tF6 and from 0.15 to 0.41 in the F6Æ8 comparisons.

The heritability of RWL ranged from 0.ll to 0.49 in the F4tF6 and from 0.15 to 0.41 in

F6/F8.

There is little information regarding the theoretical basis for genotypic differences in fWC

or RWL (Clarke and Richa¡ds, 1988; McCaig and Romagosa, 1989). Several

morphological characteristics have been implicated as factors that may influence IWC and

RWL, such as stomatal frequency (Clarke and McCaig, 1982a; Wang and Clarke,1993),

epicuticular wax content (Clarke and Richa¡ds, 1988) and plant height (Clarke and

Richards, 1988). Physiological processes such as cuticular transpiration (Jordan et al.,

1984), complete closure of stomata following leaf excision, membrane penneability to

water and concentrations of osmotically active compounds may be involved in the causes

of the differences of IWC or RWL between genotypes (Clarke, 1987).
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In conclusion, the excised leaf water retention capability may be of interest in cereals since

it is a fast and simple way to measure a cuticular transpiration rate. This trait seems to be

heritable, and is positively related to yield under drought stress. So far, RWL and IWC

have been used as criteria for drought resistance in wheat, but very little information is

available for barley. So the usefulness of these traits in screening barley for drought

resistance were investigated in a part of the present study.

2.5.4 Barly vigour

In Mediterranean regions, the top soil is frequently wet after sowing when there is little

crop cover. The exposure of this soil surface to sunshine and wind results in a large loss of

water from the soil surface by evaporation (Richards and Condon, 1994)' Often half of the

rainfall received during the growth of the crop is lost in this way (Cooper et al-, 1983)'

The initial development of leaf area and biomass production (generally referred to as early

vigour) of barley could confer several important advantages that may lead to its high yield

of biomass and grain. First, the soil surface, which is usually moist during vegetative

development, would be more shaded by the vigorous crop and would result in less

evaporation of water from the soil surface and hence, more water for transpiration and

growth (Condon et al., 1987; Cooper et al., 1981a; Gregory et al., 1992). Second, a

greater leaf area and growth when vapour pressure deficit is low results in greater carbon

assimilation pef unit transpiration water loss than if growth occurred later when

temperature is higher (Tanner and Sinclair, 1983). Third, a greater crop biomass by

anthesis results in higher yield potential. Turner and Nicolas (1987) reported that eariy

vigour, as measured by dry matter per plant at the five leaf stage was positively correlated

with final yield in unirrigated wheat. Subsequently, Whan et al' (1991) confirmed in a

wide range of genotypes at several locations that early growth had the potential to increase
I
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grain yield. Siddique et aL (1989) showed that compared to wheat, barley had a faster

emergence rate and a more rapid development of leaf a¡ea, that was related to its higher

grain yield. Likewise, Van Oosterom and Acevedo (1992 a,b,c) found a strong correlation

between early vigour and grain yield in barley. Whan et al. (1991) reported broad sense

heritability for this trait was about 72Vo. In addition to increased production, more

vigorous crops inhibit the growth of weeds resulting in the use of less herbicides, and may

also reduce the emerging problem of herbicide resistance in weed species. Richards

(1987; l99I;1996) concluded that the overall result of increased early leaf growth would

be a greater crop mass at anthesis for little additional water use, less weed management

and therefore, the potential for greater yields and higher returns.

The expected consequence of increasing early vigour is the greater yield of biomass and

grain due to increased transpiration and V/UE. This is particularly important in

Mediterranean environments. In spite of that, caution may be required in environments

where the crop is relying on water stored in the soil from the previous season because the

faster development of leaf area may result in the premature exhaustion of soil water giving

rise to reduced yields (Ludlow and Muchow, 1990). In these environments perhaps

greater early vigour must be combined with early flowering.

Early vigour is a heritable trait which has the potential to increase grain yield in water-

limited environments. It is possible to improve early vigour genetically by selecting for

vigorous seedlings that produce higher above ground plant weight. Measuring early

vigour is very simple, either scoring by visual or weighing dry matter at five leaf stage.

lr
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2.5.5 Early maturity
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Early maturity is probably the most common and easiest character to use in plant breeding

to improve yield in areas with terminal water stress. It is an essential character for escape

from drought and high temperature. Chinnoy (1962) studied the drought resistance of

eight Triticum genotypes representing seven species. He found that escape due to early

maturity was the most important cha¡acteristic. 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 aI. (1969) found that earliness accounted for 4OVo

and 907o of the variation in drought resistance of wheat varieties in the different seasons in

northern New South Wales, a region where the crop relies on stored soil moisture to

complete grain filling. In both these studies the drought became increasingly severe as the

season progressed.

Hadjichristodoulou (1987) reported that early lines of barley produced high yields if

drought occurred late in the growing season. Similarly, Mitchell at al. (1996) found the

barley cultivar with the shortest growth duration expressed the highest grain yield under

terminal drought conditions. Acevedo et al. (1991) found that there was strong negative

correlation between days to ear emergence and grain yield for barley genotypes at dry

sites, but grain yield and days of ear emergence were positively correlated under inigation

conditions. Van Oosterom and Acevedo (1992c) suggested that early heading was

positively correlated with barley grain yield in most of the Mediterranean environments,

but especially in low-yielding environments. These suggest that the major phenological

trait, that enabled barley to yield well in stressful environments, was early heading.
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Early maturity may improve drought resistance but reduce the yield potential in

favourable seasons (Doyle and Marcellos, 1974). There would then be a balance between

time of maturity and yield potential that would be different for each region depending on

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

flowering is a major feature of adaptation in Mediterranean environment, where heat and

drought stress occurs predominantly during grain filling.

In conclusion, matching the phenology to the water supply is the primary way in which

yields have been improved under water-limited environments. Genetic va¡iation in growth

duration is usually large in crop plants and can be readily selected by observing the days to

flowering or maturity. In environments in which terminal stress is likely as in southern

Australia, selection for a shorter time to flowering could be highly successful in improving

the drought resistancr: of a crop.

2.5.6 Germination in osmoticum

Seed germination is often used in various testing and selection procedures for identifying

drought tolerant genotypes. Seeds are germinated in osmotic mediums where water stress

can be controlled by different osmotic solute concentrations. There have been many

contrasting results in using this technique for screening drought tolerant genotypes at

germination stages. Helmerick and Pfeifer (1954) found that wheat varieties which had

superior germination in osmotic solutions (-0.7 and -1.1 MPa) produced significantly

better emergence than did the varieties of low germination. William et al. (1967)

suggested a simple test for drought tolerance in corn, in which, seeds were germinated in

osmotic solutions at -1.5 MPa osmotic pressure and the selection was made for the highest

percentage of germination. Ashraf and Abu-Shakra (1978) reported significant
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differences among v¿heat cultiva¡s in germination percentage, speed of germination root

growth, water uptake and respiration under water stress induced by mannitol. They

concluded that the germination of wheat cultivars under water stress shows genetic

variation among cultivars and it can be used for selecting drought resistant cultivars.

Nautiyal (1994) reported that Spanish groundnut cultivars could be identified effectively

for drought tolerance by germinating seeds in osmotic solutions (-1.0 MPa) induced by

polyethylene glycol.

Seed germination in solutions of high osmotic tension and the selection for the highest

percentage had been shown to give a significant correlation with field perfonnance (Hurd,

1976). Recently, Akomeah et aI. (1995) reported that the differences in germination

percentage in mannitol solutions were highly correlated with grain yield, root length, leaf

area and plant height of upland rice under drought conditions. Thus, they concluded that

germination test in osmotic solutions could be reliably used as a quick and effective

method of screening rice germplasm.

On the contrary, some studies could not find the positive relationship between high

germination percenr.age in osmotica and drought tolerance of the crop at later

developmental stages. For example, there was no positive relationship between seed

germination under stress and seedling growth during stress or seedling recovery after

stress (Blum et al., 1980). Nass and Sterling (1981) reported that an unsatisfactory

tolerance test was germination in mannitol as there was no correlation in ranking with

drought survival. Similarly, there were no differences in germination percentage in winter

wheat when germinating seeds in mannitol solution at -1.0 MPa (Winter et a1.,1988).
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There are several possible explanations for the failures of these studies. Firstly, the

number genotypes used in these tests was very small, only five cultivars used in the study

of Winter et aI. (1988), eight cultivars in the study of Nass and Stirling (1981).

Consequently, there may be not enough genetic variation in these studies. Secondly,

where yield may be limited by plant establishment, the germination test could be useful, so

where plants/mt is not a limitation, then there may be no correlation between the

germination test and seedling growth or grain yield. Finally, yield of cereals under

drought conditions may be determined by many drought resistance mechanisms of which

drought tolerance is only one.

In summary, germination tests may reveal some degrees of drought tolerance in cereals.

The test is simple and not exceedingly time-consuming, and can be applied for screening

large population at the early stage of development. The uniformity of seeds, a wide range

in drought tolerance of materials, and water stress media are crucial factors contributing

to the success of the test.

2.5.7 Problems in using physiological traits in breeding programs

Obviously, these physiological attributes may contribute to increased cereal yield in water

limited environments. Nevertheless, variable results in improving yield based on these

traits have been observed in some breeding programs. There may be several reasons for

that. Firstly, there are few breeding programs which are currently selected for a single

physiological trait. Evidently, yield increases associated with a particular trait are very

small because most of the traits improve a short term plant function or characteristics

under stress rather than improve yield itself. Therefore, in such situations, different

combinations of a number of traits may produce better yield in the target environment.
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Secondly, the proposed traits may not be appropriate to the target environments because

the value of a particular trait varies with regions. Finally, the lack of suitable screening

techniques has hampered the use of physiological attributes in plant breeding programs.

Some traits like TE and Â are measured with complex, time consuming tests that are

unsuitable for screening large numbers of progeny in the entire breeding programs.

Consequently, these traits are evaluated in a small number of genotypes without testing in

breeding population. The challenge for breeders is to modify these techniques to be

simpler, less time consuming, but still accurate. The work of the present study includes a

series of experiments which try to identify the most effective traits for screening barley for

the Mediterranean environment of South Australia.

2.6 Use of molecular techniques in breeding for improved drought

resistance

The advent of molecular markers (particularly, RFLP and PCR-derived) for use as probes

for genomic DNA has revolutionised the genetic analysis of crop plants and provided not

only geneticists, but also physiologists, agronomists and breeders with valuable new tools

to identify important traits in improving resistance to abiotic stress. Drought resistance is

not controlled by a single gene (Turner, 1997) and several genes are likely to be involved

in each of the traits for drought resistance. Molecula¡ biology can aid in identifying and

selecting these genes and determining their influence on yield. O'Toole (1989) pointed

out the value of using RFLP technology as ma¡kers and selection tools for physiological,

morphological, or developmental traits for drought resistance. This freld has moved

rapidly forward with a range of markers technologies now available (Quarrie, 1996). This

has enabled high density genetic maps to be made and the location of genes regulating the
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expression of physiological and agronomic traits that a¡e inherited in a quantitative

manner to be determined using a combination of statistical analysis, multiple regression,

and maximum likelihood techniques (Jansen and Stam, 1994; Zeng, 1994). By analysing

the quantitative trait loci (QTL) for coincidence among traits, it is now possible to test

whether the characteristics are causally related (Lebreton et al., 1995).

QTL analysis has been used to identify the locations oi' genes regulating a range of

drought resistance in wheat (Quanie et al., 1994), maize (Lebreton et al., 1995) and rice

(Champoux, 1995). The locations of genes controlling some important drought resistant

traits in barley have been noted in some studies. For instance, heading date which is a

very important trait in drought escape mechanism in barley, was found under control of

genes locating on chromosomes 3H and 7H (Thomas et aI., 1995; Backes, 1995), and

ÌWUE was detected under control of genes on chromosome 4H (Handley et aI., 1994).

Although molecular genetics has not yet had a major impact on improving the drought

resistance of crops, the potential for significant gains is present. In barley most of the

economical and drought resistant characteristics a¡e quantitative, requiring replicated field

trials for accurate measurement. As this is time-consuming and expensive, breeders are

looking for more rapid alternatives to the conventional selection schemes. The use of

markers to identify and select individual loci controlling quantitative traits offers one such

possibility.

2.7 Conclusions

Barley is one of the most important crops in southern Australia, and it is cultivated in

environments where the uncertainty of the start and end of the rainy season is the

dominant factor which limits crop production. Breeding barley for drought resistance may
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contribute to high and stable yields in these environments. Perhaps physiologically-based

screening techniques can be utilised to rapidly improve the selection of parental material

and screen large segregating populations in order to <rptimise the level of drought

resistance prior to yield testing. Many physiological traits have been proposed as selective

criteria for grain yield of cereals under waterlimited environments as discussed above.

However, the potential value of a particular trait varies with climate features in each

region. So far, there has been lack of reliable information of which traits could be the

most efficient and effective for screening drought resistance in barley for South Australia

environment. Therefore, the main purposes of this study were to evaluate the usefulness

of a number of physiological traits that have been suggested to be related to drought

resistance in cereals, and to assess the feasibility of these screening techniques in selecting

more drought resistance genotypes of barley for South Australia. To be useful, the

technique must satisfy the criteria suggested by Hason and Nelson (1980):

- rapid, accurate and able to handle a large number of samples during season

- applicable early in the development of plant

- non destructive
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CHAPTER 3

MATERIALS AND GENERAL METHODS

3.1 Introduction

In 1995 and 1996 a series of seven experiments was performed to evaluate the usefulness

of using some physiological parameters to screen for drought resistance in barley. Six

experiments were conducted in either the glasshouse or the laboratory at the V/aite

Institute, and one experiment, to examine the responses of barley varieties under inigated

and non-irrigated conditions, was conducted in the field at Roseworthy in 1996. This

chapter presents the materials and general methods used in the experiments reported in this

thesis. Details and specific methods of each experiment are presented in individual

chapters.

3.2 Choice of genotypes

Eighteen barley genotypes (Hordeum vulgare L.) were used in the experiments in this

study (Table 3.1). Ten of these, Chebec, Clipper, Galleon, Schooner, Skifl Stirling,

Tallon, Yagan, WI 2868, WI2875 were chosen because of thei¡ va¡iation in grain yield in

1994, a drought year with an average rainfall during the growing season was only 182 m¡n

over nineteen sites in South Australia. These genotypes showed a range in sensitivity to

drought (Table 3.1) based on their drought susceptibility index (DSI; Fischer and Maurer,

1978). Harrington, Haruna nijo and Satrara were used because they are parents of a

number of double haploid mapping populations:
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Table 3.1. Pedigree, maturity, grain yield (GY) and drought susceptibility index (DSI) in

1994 of barley genotypes used in the experiments

Va¡ieties Pedigree Maturity* GY" DSI'

(kg/ha)

Chebec

cr3576

Clipper

Franklin

Galleon

Grimmet

Harrington

Haruna nijo

Parwan

Sahara

Schooner

skiff

Stirling

Tallon

Yagan

V/eeah

wI2868

wI2875

Orge Marti nl Clipper#l2 I I S chooner

Unknown (Egypt)

Prior AÆroctor

Triumpl/Shannon

Clipp erlHiproly/AñIl 223 l#3

BussellZephyr

Klages/3/G azellelBetzes/2/Centennial

Unkown (Japan)

Plumage Archer tPriorl lLental3 I

Research./ Lenta

Unknown

Proctor/PriorA/Æroct or I CI3 57 6

Complex(Clipper,Diamant,A.Deba)

D ampier//Prior/YmerÆirolene

Triumph/Grimmet

Unknown (CMMYT intro.)

Prior/Research

Triumph/Galleon

Complex (including Schooner, Triumph,

Norbet, Golden,Promise)

M

E-M

M

L

M

M

M.L

VE

M-L

M

M

M-L

E-M

M

VE

M

M

M

1753

n.g

t652

n.g

1724

n.g

n.g

n.g

n.g

n.g

1833

t82I

1736

l54t

1873

n.g

19t4

t762

1.03

0.99

1.07

0.86

t.t4

1.05

1.1 I

0.68

0.98

1.03

*: VE = very early; E =early; M = midseason; L = late
": Average yield over 19 sites of variety trials in South Australia in 1994, a drought year with the average

seasonal rainfall was 182 mm over nineteen sites (Source: Jefferies and lVheeler, 1994)
b: 

DSI was calculated using the method of Fischer and Maurer (1978)

_Ydl--
osr=j

l-Ãtt
Xp

where DSI = drought susceptibility index; Yd = average yield of each genotype over nineteen sites in
drought year (1994); Yp = average yield potential ofeach genotype over the same nineteen sites in non-
drought year (1993, the average seasonal rainfall was 216 mm; Source: Jefferies and Wheeler, 1993); Xd =
mean of yield in drought year; Xp = mean of yield potential in non-drought year. The smaller value
indicates the greater resistance to drought.
n.g: Not grown in 1994
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Haruna nijo x Galleon; Chebec x Harrington; Clipper x Sahara. These populations may be

useful to map physiological traits relating to drought resistance if significant differences

between parents a¡e found. CI3576 was included in the study because it was shpwn to be

a drought resistance genotype in the study of Lewin (1980). The remaining cultivars,

Franklin, Parwan and Weeah are barley varieties that have been or are still grown in

southern Australia. Grimmet wa.s released in Queensland, and is not grown commercially

in South Australia, but it has shown high yield potential in Queensland.

The genotypes used in the study, despite all spring types, cover a wide range of maturity

from very early flowering genotypes like Yagan to late flowering genotypes like Franklin.

Differences in maturity between genotypes are an important criterion to evaluate the

significance of drought escape as a mechanism of drought resistance in barley genotypes

under terminal drought conditions.

3.3 Germination studies

A number of experiments were conducted to examine the effect of water stress on

germination and coleoptile elongation of barley genoqpes. The general methods used in

germination tests are presented in the following sections.

3.3.1 Surface sterilise

Seeds used in all screening tests were obtained from the Barley Improvement Program at

the Waite Institute. Seeds were surface sterilised prior to germination by submerging in

17o sodium hypochlorite (NaOCl) for 15 minutes. The seeds were then washed five times

with distilled water before being placed on wet, sterile filter papers for germination tests.
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3.3.2 Polyethylene glycol (PEG) solutions

Moisture stress during germination was induced by using polyethylene glycol-3,350 (PEG;

SIGMA Chemical Co. USA). PEG solutions of líVo and 2OVo (w/w) having a water

potential of -0.7 MPa and -1.0 MPa respectively, measured by an SCI0A psychrometer at

2OoC, were used in the screening tests.

3.3.3 Elongation of coleoptile tests by rolled filter paper technique

A sample of 2O to 30 uniform sterilised seeds of each variety was pre-germinated in a

sealed petri-dish (diameter = 9.2 cm) containing three Whatman filter papers of 9.0 cm

diameter saturated by 4 ml-s of distilled water. Petri dishes were kept in a refrigerator at

4"C for 48 h, then transferred to an incubator at l5"C for 24 h to ensure uniform

germination prior to being placed on filter paper. Ten or fifteen uniformly germinated

seeds of each genotype were placed embryo downwards at a spacing of 2 cm across the

middle of a filter paper @kwip@ grade R6 size 36 x 42 cm), which have been soaked in a

PEG solution of 207o or water for 2 minutes, then drained for 2 to 3 minutes. The filter

papers were rolled up and covered with aluminium foil, then stored upright at 20"C for

seven days, after that coleoptile length was measured (see 3.5.1).

3.4 Glasshouses experiments

3.4.1 Plant husbandry

The glasshouse experiments were conducted under natural light and controlled

temperatures (25 + 2" day and 16 + 2" C night). Plants were grown in pots of different

sizes depending on the experiments. All the pots were filled to within 2 cm of the rim

with sterilised, recycled soil (RS). The pots were randomised weekly throughout each
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experiment. A solution made up of 30 g of John Innes mix fertiliser (the rate by weight:

60 Ammonium Sulphate: 11 Potassium Nitrate : 9 Mono-Ammonium Phosphate)

dissolved in lQL of water was applied six weeks after germination and then every two

weeks thereafter until the beginning of grainfilling to provide sufficient nutrition for plant

growth. Insects were controlled by sprays of commercially available pesticide.

3.4.2 Establishment of water treatments

In general, all pots were watered to field capacity from seedling emergence to heading

(excluding Experiment 3). Two water treatments, well-watered and water stress, were

imposed on plants from heading to maturity. Water treatments were based on the water

holding capacity of soil as follows: six pots containing an equal weight of RS were

saturated with water, covered by black plastic, and allowed to drain to a constant weight.

The pots were then weighed and the moisture content of the soil was also measured. The

moisture content at this stage was 26Vo (wlw) and was assumed to represent the field

capacity of the soil in the pots. The pots in the well-watered treatment were maintained

around field capacity by frequently weighing and adding water to return them to field

capacity, while the pots in the water stress treatment were applied only SOVo of water that

was used in well-watered pots. Because of a wide range in maturity among the barley

genotypes used in this study, the water sffess treatment was imposed at different times after

sowing to each genotype, but at the same developmental stage (generaily heading; DGS 55

Zadoks et aI.,!974) and lasted for a varying length of time'
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3.5 Plant physiological measurements

3.5.1 Coleoptile length (CL)

Coleoptile length was measured after seven days of incubation in both petri dish and rolled

filter paper tests. CL was measured to the nearest 1.0 mm in a sample of ten to fifteen

randomly selected seedlings for each variety in a replication. The relative coleoptile

length (RCL) was calculated following the formula:

RCL = x l00

3.5.2 Initial water content (IWC) and rate of water loss (RWL)

IWC and RWL were measured at the five leaf stage (DGS 15, Zadoks et aI., 1974) using

the modified methods of Clarke and McCaig (1982a,b) and McCaig and Romagosa (1989).

A sample of the th¡ee or five fully expanded top leaves were collected randomly from each

pot or plot between 0830 to 0930 h for measuring IWC and RWL. Samples were

immediately placed in plastic bags (filled with a breath of ah to facilitate stomatal closure)

and stored on ice in a styrofoam ice container until all the samples had been collected.

'Samples were transported immediately to the laboratory for the first weighing. The leaf

sample of each variety was placed in a tared dish and weighed to the nearest 0.1 mg on an

electronic balance. After the first weighing, leaf samples were placed on a table in a

lighted, controlled room at a temperature of 20"C and a relative humidity of.SOVo. The

samples were reweighed24 h after excision, and then reweighed again after oven drying at

65"C for 48 h. The IWC (g tlO g-' dry-wt) and RWL (me HrO tnin-' g-' dry-wt) of excised

leaves were calculated as the formula:



Chapter 3. Materials and Methods 47

where IWC = initial water content; Wf = fresh weight; Wd = dry weight

RWL _ Wf -V/t
TxWd

where R\ /L= rate of water loss; Wf = fresh weight; 'Wt = weight at T minutes after

excision; J = period after excision; Wd = dry weight.

3.5.3 Leaf water potential (Y,)

A SC-I0A Thermocouple Psychrometer (Decagon Devices Inc., Pullman Washington,

USA) was used to estimate leaf water potential (Y,). The psychrometer was calibrated,

each time Y, was measured, by using KCI solutions at concentrations of 0.1, 0.3, 0.5, 0.7

and 1.0 mol.

The fully expanded top leaf was excised from the plant at the junction of the lamina and

sheath with a sharp blade. A proportion of about 4.5 cm at the middle of the excised leaf

was taken, then rolled and immediately placed around the wall of a sample cup of the

psychrometer. The time from excision of the leaf to the loading of the sample cha¡nber

was approximately l0 seconds. Nine samples were loaded in a sarnple changer at the same

time. The samples were equilibrated for 20 minutes before taking the measurements. The

reading $rere conected for temperature using the formula:

Y* = Y, [1 - 0.025(T, - T")]

where Y* = corrected water potential measurement; Y, = measured value;
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T , = psychrometer temperature during measurement; T. = psychrometer temPerature

during calibration. Measurements of Y, were carried out between 1130 to 1430 h , when

Y, was lowest in the plants during the day.

3.5.4 Specific leaf area (SLA)

Specific leaf area (SLA) was determined as the ratio of leaf area (cm') to oven dry weight

(g) of leaf samples. SLA was measured at the flowering stage (DGS 65; Zadoks et al.,

1974) for experiments in the glasshouse and the field. A sample of three or ten randomly

selected fully expanded top leaves (excluding flag leaves) in a pot or plot respectively was

excised from the plants at the junction of the lamina and sheath. The samples were placed

immediately in plastic bags and stored on ice in a Styrofoam container until all samples

had been collected. The area of the fresh leaves \ilas measured by a Patten Electronic

Planimeter (Patten Industries, South Australia). Dry weight was obtained from drying leaf

samples in an oven for 48 h at 65"C. Samples were weighed to the nearest 0.1 mg using an

electronic balance.

3.5.5 Carbon isotope discrimination (Â)

Ca¡bon isotope discrimination (A) was measured on the samples taken for measuring SLA

at the flowering stage. The stable ca¡bon isotope composition of dry leaves was

detennined by a ratio mass spectrometer using the techniques and equipment described by

Condon et al. (1987). Briefly, the samples were dried at 80"C for 48 h and then ground to

pass a 100pm sieve using a ball mill (SPEC Industries INC Edison NJ USA). Subsamples

of approximately 5 mg were combusted in an organic combustion preparation system. The

CO, in the effluent gas was trapped in a liquid Nr-cooled glass tube supplied by the

manufacturer and then thawed and allowed to enter the inlet of the ratio mass spectrometer
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directly for measurements. Carbon isotope discrimination of dry leaves was calculated

using the method of Hubick et aI. (1986), assuming an isotopic composition for the air of -

896o (Farquhar and Richards, 1984) relative to Pee Dee Belemnite, the international

standard:

where Â = carbon isotope discrimination; ôair = carbon isotope composition in the air;

ôleaf = ca¡bon isotope composition in leaf samples.

3.5.6 Leaf ash content (LAC)

Iæaf ash content (LAC) was determined as the ratio of ash weight (mg) and oven leaf dry

weight (g). Samples collected to measure SLA and À at the flowering stage were also used

to determine LAC. Generally, LAC was measured according to the procedure described

by Masle et aI. (1992). Subsamples of 100 to 200 mg of leaf powder were placed in

numbered small crucibles, and burned in a muffle furnace at 750t for 5 h, and the residue

was then weighed. During combustion, some elements like chloride and sulphur

disappeared, the other elements were oxidised, hence, the amount of ash left after

combustion gave a biased value of the mineral content (Masle et al. 1992). Samples were

weighed to the nearest 0.1 mg using an electronic balance.

3.6 Statistical analysis

The randomised block designs for experiments and ANOVA analysis of variance for data

obtained from all experiments were statistically analysed using GENSTAT 5 Statisticat

Program (GENSTAT 5 Committee, 1987). Data were transforme¿ to .ffi where

necessary after inspection of the fitted vs. residual plots. Means $,ere compared using
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L.s.d. (Least significant difference) at the SVo probability level (Steel and Torrie, 1960) or

S.e.d. (Standard error of differences of mean) (GENSTAT 5 Committee, 1987). Simple

linear correlation was used to determine the degree of correlation between measured

variables. Spearman's rank correlation wa^s performed to determine the consistency of

ranking in some measured traits of barley genotypes between experiments (GENSTAT 5

Committee, t987).
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CHAPTER 4

GERMINATION TESTS FOR DROUGHT TOLERANCE IN BARLEY

4.1 Introduction

A number of parameters measured on the germinating seeds and the young seedlings have

been suggested or used as criteria for screening for drought tolerance. Germination

percentage @vans and Sticklet l96t; Saint-Clair,1976; Nass and Sterling, 1981; V/inter

et a1.,1988), epicotyl length (Helmerick and Pfeifer,1954), endosperm utilisation @lum

et a1.,1980), speed of germination, water uptake, root growth, and respiration rate (Ashraf

and Abu-Shakra, 1978) have all been examined, but no single para¡neter has been accepted

as the most desirable for assessing drought tolerance because of inconsistent correlations

with grain yield under drought. Moreover, opinions and results regarding the value of

these parameters reported in the literature review are often contradictory.

However, recent studies have shown that tests based on germination under high osmotic

pressures may be used to select for drought tolerance. The ability to germinate under high

osmotic stress, based on germination percentage, has been correlated with growth and

yield under drought stress in upland rice (Akomeah et al., 1995) and rice (Perez-Molphe-

Balch et aI., 1996). Furthermore, studies of Morgan (1988; 1990; l99l) suggest that

genotypic differences in osmoregulation among wheat genotypes can be assessed in

seedlings by measuring coleoptile elongation under water stress conditions. This offers a

new and efficient non-destructive method of selecting for osmoregulation at any

generation in a breeding program.

r
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The basic mechanisms of osmoregulation in barley responding to water stress ¿ue not much

different to wheat @lum, 1989; Morgan, 1991). Although there is a lack of information

about the relationship between coleoptile length and osmoregulation in barley, a positive

relationship between coleoptile length and grain yield under drought conditions has been

reported by Gibrel (1990). Osmoregulation has been reported to be positively associated

with growth and grain yield of barley genotypes under drought stress @lum, 1989;

Grumet, 1987). Presumably, elongation of coleoptile of barley genotypes under water

stress is a result of osmoregulation in barley seedlings responding to water stress, like

wheat.

The hypothesis suggested by this work is that both germination percentage (GP) and

coleoptile length (CL) under water stress conditions can be used as criteria for screening

barley genotypes for drought tolerance. Therefore, the purpose of the experiments

repofed in this chapter $,as to determine the usefulness of using GP and CL under water

stress conditions in selection for drought tolerance in barley grown under Mediterranean

environments.

4.2 Bxperiment 1: Germination test for drought tolerance in barley in

petri dishes

4.2.1 Prelìmìnary Experíment A: Etfects of polyethylene glycol (PEG) solafions on

germinatian percentage and coleoptíle clongatíon of barley

Polyethylene glycol (PEG) compounds (Carbowax) of various molecular weights (400 to

20,000) have been found to be satisfactory osmotica for simulating drought conditions,

because PEG is not harmful to living cells and solutions can produce a wide range of water

rl
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potential regimes (Lawlow, 1969; I97O: Michel and Kaufmann, 1973; Thill el al., 1979:

Sikurajapathy et aI., 1983). Consequently, PEG has been used extensively to control the

level of water stress in experiments on plant water relations (Saint-Clair, 1976; Blum ef

al.,l98O; Morgan, 1988; Gupta, 1993; Nautiyal, 1994; Perez-Molphe-Balch et aI., 1996).

Variation in the severity of water stress during germination can be achieved by placing

seeds on filter papers soaked in PEG solutions of different concentrations, which creates

various osmotic potentials depending on the molecular weight of PEG used. This allows

precise control of the intensity and duration of water stress.

Germination and coleoptile elongation of barley genotypes under osmotic stress w¿ts

examined in petri dishes. Prior to starting the main experiment, a preliminary experiment

was conducted to define the best concentration of PEG (molecular weighc 3,350) which

could be used to screen for germination percentage and coleoptile length.

4.2.1.1 Materials and methods

Three barley cultivars, Galleon, Schooner and Yagan were used in this experiment. The

data from variety trials conducted at nineteen sites in South Australia in a severe drought

year (1994) showed that Galleon was a drought susceptible cultivar (DSI = 1.07),

Schooner was a moderately drought resistant variety (DSI = 0.86) , and Yagan was the

most drought resistant variety (DSI = 0.68).

Seeds of these th¡ee varieties with a germination percentage of more than 95Vo were

obtained from the Barley Improvement Program at the Waite Institute. The seeds were

derived from the same variety trial grown in 1994. Seeds were surface sterilised prior to

germination tests as described in Section 3.3.1.

I
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Moisture stress during germination was induced by PEG-3,350. PEG solutions of 15,20,

287o (wlw) with a water potential of -0.7, -1.0, -1.5 MPa respectively, measured by a

psychrometer at 20oC, were used to generate different water stress levels.

A sample of 30 uniform seeds of each variety was sterilised, and then placed on three 9.0

cm'Whatman filter papers in a petri dish with a diameter of 9.2 cm. Four ml-s of distilled

water or of PEG solution were added to each petri dish. The petri dishes were then sealed

by parafilm to avoid water loss, and kept in the dark in an incubator at 20"C for seven

days. The experiment was set up in a randomised complete block design with th¡ee

replications.

The number of germinated seedlings rvas counted after 7 days of incubation for both

control and water stress treatments in each genotype. Only seedlings in which seminal

roots were more than l0 mm and the coleoptiles were more than 1.0 rrm were counted.

The remaining seeds were classified as non-germinated. Coleoptile length (CL) was

measured as described in Section 3.5.1.

4.2.1.2 Results

There were significant interactions between cultiva¡ and concentration of PEG for both GP

and CL (Table 4.1). In the control treatment, there was no significant difference in GP

among three cultivats, which indicates the uniform viability of the seeds used in the

experiment. Increasing concentrations of PEG reduced GP and CL of all three barley

cultivars. GP and CL were severely affected by PEG at concentration of líVo and higher.

Seeds of the th¡ee cultivars were not able to germinate in PEG solution of 28Vo.
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Table 4.1. Effects of water stress induced by different PEG concentrations on germination percentage and coleoptile length of three barley

cultivars (germinated seeds rvere counted, and coleoptile length was measured after seven days of incubation at 20oC)

Cultivars Germination percentag e (Vo\ Coleoptile leneth (mm)

Control ISVoPEG Z0VoPEG 287oPEG Mean Control ISToPEC 20VoPEG 287oPEG Mean

Galleon

Schooner

Yagan

Mean

L.s.d.(57o)

98 (9.9)^ 27 (s.2)

e8 (e.9) s2 (7.3)

ee (10.0) 18 (4.4)

e8 (e.e) 32 (s.6)

Effect of cultivar

Effect of PEG solution

4 (2.2)

t7 (4.t)

2 (l.s)

7 (2.6)

0 (0.7)

0 (0.7)

o (0.7)

0 (0.7)

32 (4.5',)

42 (s.s)

30 (4.1)

3s (4.7)

2.4 (0.27)

2.7 (0.6s)

40.6 (21.4)

47.0 (22.8)

s4.0 (24.3)

47.2 (22.8)

7.3 (ll.r)

ll.0 (12.6)

6.3 (10.6)

8.2 (l l.s)

3.3 (e.l)

s.7 (r0.3)

2.3 (8.s)

3.8 (e.3)

0.0 (7.1)

0.0 (7.1)

0.0 (7.1)

0.0 (7.1)

12.8 (r2.2\

ls.9 (13.2)

ts.7 (12.6)

14.8 (12.7)

0.l s (0.4s)

0.17 (0.s2)

Effect of cultivar

Effect of PEG solution

Effect of cultiva¡ x PEG solution

^: Data in brackets are transformed by .ffi

4.7 l.l3 Effect of cultivar x PEG solution 0.31 9l



Cløpter 4 Germination tests 56

Significant differences in GP among three barley cultivars were observed in both solutions

of l1%o PEG and 20Vo PEG. The highest GP in these solutions was observed in Schooner,

whereas low GPs were measured for both Galleon and Yagan. CL differed significantly

among the three cultiva¡s tested in both the control and the l57o PEG solution, but not in

severe stress induced by 207o PEG. Schooner had the longest coleoptile at the líVo PEG

solution, while Yagan showed the lowest value of CL in all water stress treatments.

4.2.1.3 Discussion and conclusions

Previous studies have suggested that drought tolerance of cereal crops can be identified by

germination tests in a range of osmotic solutions having water potential from -0.3 MPa to

-2.0 MPa (Helmerick and Pfeifer,1954; Saint-Clair,1978; Ashraf and Abu-Shakra, 1978:

Blum andZiv,1980; Nass and Sterling, 1981; Winter et a1.,1988; Akomeah, 1995; Perez-

Molphe-Balch et aI., 1996). In this experiment, the best differences in both GP and CL

among three barley cultivars were found in the l57o PEG solution (-0.7 MPa). Therefore,

the l57o PEG solution could be used in studies to examine drought tolerance in barley at

the germination stage. The significant interactions between cultiva¡ and water treatment

indicate that barley genotypes responded differently to different water stress levels. In the

l5%o PEG solution, Schooner had the highest GP and the longest CL, whereas low GP and

short CL were observed in Galleon. These results are consistent with the performance of

the two cultiva¡s in the drought year (1994): Schooner had low DSI, whereas Galleon had

a high DSI (Table 3.1). However, Yagan was the most drought resistant variety in the

variety trials in 1994, but it was identified to be the most sensitive variety to water stress in

this experiment. In the field, Yagan is considered a drought resistant variety. However,
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this may be due to other traits such as early maturity or early vigour rather than due to the

traits investigated in this experiment.

The significant differences of CL in both control and water stress treatments show that CL

of barley varies not only with water stress levels but also with varieties as concluded by

Kaufmann (1968). This suggests that using CL in water stress as a trait in selecting for

drought tolerance can be more effective if it is combined with relative coleoptile length

(RCL), which is defined as percentage of CL under rüater stress conditions compared with

CL in the conhol treatment.

In summary, the l57o PEG solution is the best solution to distinguish the differences in GP

and CL among the three barley cultiva¡s. Both CL and RCL should be used to identify the

differences in elongation of coleoptile of barley genotypes under water stress conditions.

4.2.2 Experíment 1: Dffircntíatíon ìn germination percentuge and coleoptíle length of

barley genotypes in an osmotic solutíon in petri dßhes

Preliminary Experiment A showed that a PEG solution of l5%o (water potential = -0.7

MPa) could be used to characterise genotypic differences in GP and CL among three

barley genotypes. This system was therefore used to quantify differences in GP and CL

¿rmong eighteen barley varieties under water stress.

4.2.2.1 Materials and methods

Seeds of eighteen barley va¡ieties (Table 3.1) used in this experiment were also derived

from the variety trial grown in 1994. A PEG solution of líVo (w/w) with a water potential

of -0.7 MPa was used to simulate water stress. The germination test was carried out in

petri dishes following the protocol of Preliminary Experiment A as described in Section

57
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4.2.LJ. The experiment was set up in a randomised complete block design with three

replications. Germinated seeds were counted, CL was measured, and RCL was calculated

as described in Section 3.5.1.

4.2.2.2 Results

4..2.2.2.1 Germination percentage (GP) of barley varieties under water str¿ss

There was a significant interaction between variety and water treatment for GP. Under

control conditions, GP of barley varieties was more than967o, and there was no significant

difference in GP among them (Figure 4.1). This indicates that the seeds used in the

experiment were uniform in viability. Under water stress conditions, the GP of all

varieties was severely reduced, but significant differences in GP were observed among

barley genotypes. GPs of more than 50Vo were found in V/I-2875, WI-2868, Palwan,

rWeeah and Saha¡a, whereas, GPs of CI-3576, Yagan and Chebec were less than 107o.

4.3.2.2 Coleoptìle length (CL) and relatíve coleoptile length (RCL)

Coleoptile lengths of all va¡ieties were markedly reduced in the water stress treatment

(Figure 4.2). In the control treatment, CL ranged from 35.2 mm in Stirling to 53.3 mm in

WI-2875, whereas in the water stress treatment, CL varied from 4.8 mm in CI-3576 to

14.5 mm in Franklin. Variety x water treatment interactions were significant for CL.

However, significant differences in CL among the eighteen barley genotypes were

observed in both control and water stress treatments. In the water stress treatment,

relatively short CLs were observed in CI-3576, Yagan and Tallon indicating that CL of

these varieties were more sensitive to water stress than the other cultivars.
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Figure 4.3. Relative coleoptile length calculated after seven days of incubation of barley

varieties under water stress conditions induced by the l5%oPEG solution.

Coleoptile lengths of these varieties were less than 6 mm, whereas CLs of Franklin,

Saha¡a, Parwan, Schooner and Haruna nijo were more than 12 mm under water stfess

conditions

The RCLs were also significantly different among barley varieties @gure 4.3). Franklin

and Satra¡a which had the longest coleoptile in low osmotic potential also had the highest

values of RCL (more thur 30Vo), while, Yagan and CI-3576 which had the shortest

coleoptiles in osmotic solution also had the lowest RCLs (less than l57o).
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4.3 Experiment 2z Coleoptile elongation tests for drought tolerance in

barley by rolled filter paper technique

The previous germination tests were conducted in petri dishes with a diameter of 9.2 cm.

While this was a good medium for germination, there was not enough space for the

unimpeded elongation of barley coleoptiles. Coleoptiles tended to bend under the lid of

the petri dishes, which may affect the results of the differentiation of CL in both control

and water stress treatments. Therefore, a new technique needs to be developed in an effort

to maximise the conditions for the elongation of coleoptiles of barley.

Techniques involving culturing young seedlings in rolled filter papers soaked in various

dilute solutions have been developed to screen materials for other resistances, such as

herbicide resistance in barley grass (Hordewn glaucum Steud) (Powles, 1986), and boron

tolerance in wheat (Chantachume, 1994 and Jamjod, 1996). There are a number of

advantages of using the rolled filter paper technique: it is rapid, non-destructive,

reproducible and optimises the conditions for elongation of coleoptiles in a controlled

environment. Therefore, the rolled filter paper technique could be suitable for use in

screening coleoptile elongation or drought tolerance in barley.

This experiment used a rolled filter paper technique to identify the variation of coleoptile

elongation under water stress induced by PEG among barley genotypes and to assess the

consistency of CL in water stress between the seeds obtained from two growing seasons.
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4.3.1 Preliminary Experiment B: Eflects of polyethylene glycol (PEG) solutions on

coleoptile elongatíon of barley ín rolleil filter paPers

The líVo PEG solution was the best solution for germination tests in petri dishes where the

seeds were imposed water stress from beginning. However, the protocol of the rolled filter

paper technique was different to the petri dishes, since water stress was applied on pre-

germinated seeds which had uniform initial water absorption, thus the líVo PEG solution

may not be the best solution for distinguishing the different responses in CL among barley

genotypes. Therefore, a preliminary experiment was conducted to determine the optimum

PEG concentration to distinguish differences in CL among barley cultiva¡s.

4,3.1.1 Materials and methods

The three barley cultivars used in the Preliminary Experiment A were also used in this

experiment because they showed differences in grain yield and DSI in the drought year

(1994). A sample of 30 uniform seeds of each variety was sterilised and pre-germinated as

described in Section 3.3.1 and Section 3.3.3 prior to being placed on filter papers. Fifteen

uniform germinated seeds of each variety were placed embryo downwa¡ds at a spacing of

2 cm across the middle of a filter paper @kwip@ grade R6 size 36 x 42 cm), which had

been soaked in a PEG solutions of either 15,20,28Vo, or water for 2 minutes, then drained

for 2 to 3 minutes. The filter papers were rolled up and covered with aluminium foil, then

stored upright at2O"C for seven days. CL was measured after seven days of incubation on

15 seedlings as described in Section 3.5.1.
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4.3.1.2 Results

Under water stress induced by different PEG concentrations, CL of the three barley

cultivars decreased significantly as the PEG concentrations increased (Table 4.2). Highly

significant differences in CL among the three barley cultivars were observed in only the

control and2ÙVo PEG solution. In the20Vo PEG solution, CLs of both Galleon and Yagan

were significantly shorter than CL of Schooner. There were no signifrcant differences in

CL among three cultivars in the 15 and2S%o PEG solutions. CL of three barley cultivars

also differed significantly in the control treatment, which was similar to the results of

Experiment l. The interaction between cultivar and water treatment on CL was

statistically significant.

Table 4.2. Effect of PEG concentrations on coleoptile length of three barley cultivars

(coleoptile length was measured after seven days of incubation at2ÜC conditions)

Cultivars Coleoptile lengths (mm)

Control l57o PEG 207o PEG 28Vo PEG Mean

Galleon

Schooner

Yagan

Mean

L.s.d.(SVo)

70.3 30.3

79.0 32.7

89.0 31.0

79.4 3t.3

Effect of cultivar

Effect of PEG solutions

Effect of cultivar x PEG solution

18.3

27.7

20.7

22.2

4.7

7.0

5.7

5.8

30.9

36.6

36.6

34.7

2.87

3.3t

5.73
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4.3.L.3 Discussion and conclusions

Coleoptile length of barley decreased significantly with the increase of PEG concentrations

from 15 to 28Vo. In the same concentration of PEG, barley coleoptiles in the rolled filter

papers elongated longer than CL in the petri dish test @xperiment 1). The filter paper

technique was also easier for measuring and identifying the differences in CL among

barley genotypes. This is an advantage of the rolled filter paper technique as the

elongation of coleoptiles is optimised.

Among the th¡ee solutions used in the coleoptile elongation test, the 20Vo PEG solution

was the best for discriminating the difference in CL among three ba¡ley cultivars. This

result was different to the findings in Preliminary Experiment A, but it was similar to the

findings of Morgan (1988) that the PEG solution of 2OVo (wlw) is the best solution for

screening coleoptile elongation in wheat in which water stress induced by PEG was

applied on pre-germinated seeds. The difference in the results of this experiment with

Preliminary Experiment A may be due to the difference in the timing of imposition of the

water stress. Nevertheless, in the 2O7o PEG solution, the CLs of Galleon and Yagan were

significantly lower than the CL of Schooner. The ranking in CL among th¡ee cultivars

was consistent with the ranking in GP in Experiment l, and coincided with the field data

where Schooner had a lower DSI than Galleon's DSI in the drought year. Yagan, which

was a drought resistant variety in the field as measured by DSI was very sensitive to water

stress imposed by PEG in the filter paper test.

The significant interaction between cultivar and water stress treatment for CL suggests that

the results of screening coleoptile elongation in u,ater stress would be consistent if

screening tests used the same water stress levels. CL of the three barley cultivars also
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differed significantly in the contÍol, indicating that CL of barley vary with varieties. This

supports the results of Experiment I and the findings of Kaufmann (1968). Therefore,

relative coleoptile lengths (RCL) should also be used in screening for CL in an osmotic

solution.

In summary, the 20Vo PEG solution, with the water potential of -1.0 MPa, was the best

concentration for distinguishing the difference in CL among barley cultivars. Therefore,

this solution can be used to simulate water stress when screening barley genotypes by the

rolled filter paper technique.

4.3.2 Experíment 2: Differentiation in coleoptile elongation of barley genotypes under

water sfr¿ss condítíons ín rolledfilter pupeÌs

The Preliminary Experiment B showed that the 20Vo PEG solution was the best solution

for screening CL among barley genotypes by rolled filter papers technique. This solution

was therefore used to identify genetic variation in drought tolerance among eighteen barlcy

varieties based on coleoptile elongation.

4.3.2.1 Materials and methods

Seeds of eighteen barley genotypes (Table 3.1) used in Experiment I (germination test in

petri dishes) were again used in the first CL test in filter paper in 1995. These seeds were

also planted in a glasshouse to produce seeds for the second CL test in filter papers in

1996. A PEG solution of 207o (wlw) with a water potential -1.0 MPa at2D'C was used to

simulate water stress. The coleoptile elongation tests using the rolled filter paper

technique were carried out following the protocol described in Section 3.3.3. Eighteen

barley genotypes were tested for CL using seeds hanrested from the crops gro\r,n in 1994

for the test in 1995, and in 1995 for the test in 1996. Both of the tests were conducted as a
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randomised complete block design with th¡ee replications. CL was measured after seven

days of incubation on 15 seedlings and relative coleoptile length (RCL) was calculated as

described in Section 3.5.1.

4.3.2.2 Results

4.3.2.2.1 Coleoptile elongation of barley genotypes in the 20Vo PEG solution in 1995

Variety x water treatment interaction was significant for CL. Significant differences in CL

and RCL among barley genotypes were observed in both the control and water stress

treatments (Figure 4.4). In the control, CL of barley genotypes varied from 59.0 mm in

Satrara and CI-3576 to 91.0 mm in Yagan. This indicates genetic variation for CL in the

absence of water stress among barley genotypes. Under water stress conditions, CLs of all

va¡ieties were severely reduced, and ranged from 17 mm in Tallon to 31.3 mm in Saha¡a.

Similar to CL, barley genotypes differed significantly in RCL @gure 4.5). High RCLs

were observed in Satrara, Schooner, Franklin, and Weeah (more than 407o), and low values

of RCL were seen in Yagan, and Haruna nijo. Under water stress conditions, CLs of

Saha¡a, Schooner, Franklin, Weeah, and Parwan were significantly longer than others,

whereas CLs of Tallon, CI-3576, Grimmet, and Harrington were relatively short. The

results were basically consistent with the ranking in CL among eighteen barley varieties in

Experiment I (petri dish experiment), where longest coleoptiles were seen in Franklin,

Sahara, Patwan, and Schooner, and shortest coleoptiles were observed in CI-3576 and

Tallon.
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I Control

E Water stress
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Figure 4.4. Coleoptile length of barley varieties in control and water stress induced by the

20Vo PEG solution in the test conducted in 1995 (coleoptile length was measured after

seven days of incubation at20"C and error bars are standard errors).
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Figure 4.5. Relative coleoptile length of barley varieties in water stress induced by the
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4.3.2.2.2 Coleoptile elongation of barley genotypes in the 20Vo PEG solution in 1996

The results of the test in 1996 were consistent with the results in the test conducted in

lgg5. There was significant interaction between variety and water treatment on CL.

Barley genotypes differed significantly in CL in both control and water stress treatments

(Figure 4.6). Under water stress, CLs of Harrington, Tallon, and Haruna nijo were

observed to have the shortest coleoptiles, and Schooner, Saha¡a, Skiff and Weeah were

seen to have the longest coleoptiles. The values of the shortest coleoptile group were less

than 17 mm, whereas they were more than 28 mm in the longest group. There were also

significant differenpes in RCL among eighteen barley genotypes (Figure 4.7). Genotypes

having long CL under water stress, like Schooner and Sahara, were seen to be the

genotypes having high RCL. On the other hand, genotypes with short coleoptiles such as

Harrington, Tallon and Haruna nijo were seen to have low RCL.
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Figure 4.6. Coleoptile length of barley va¡ieties in control and water stress induced by

the 2OVo PEG solution in the test conducted in 1996 (coleoptile length was measured after

seven days of incubation at20'C and error ba¡s are standard errors).
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Figure 4.7. Relative coleoptile length of barley va¡ieties in water stress induced by the

20Vo PEG solution in the test conducted in 1996 (relative coleoptile length was calculated

based on CL measured after seen days of incubation at20'C in control and water stress and

error ba¡s are standard errors).

4.4 Spearman's rank correlations among CL and RCL of three tests

conducted in 1995 and 1996

To assess the consistency of CL and RCL over three germination tests, Spearman's rank

correlation coefficients were estimated for CL and RCL among three tests, and are

presented in Table 4.3. Highly significant positive correlations between CL and RCL in

each test (r = 0.90, 0.65, and 0.86, P<0.01 for the petri dish test, the test in 1995, and the

test in 1996 respectively) indicate that assessing coleoptile elongation among barley

genotypes under water stress may only be based on the values of CL. There was a

significantly positive correlation between the ranking of CL in the petri dish test and the

ranking of CL in the rolled filter paper test in 1995 (r = 0.64, P<0.01).
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Table 4.3. Spearman's rank correlations among coleoptile length and relative coleoptile

length of barley va¡ieties in osmotic solutions in the petri dish test and the two rolled filter

paper tests

Parameters CLP CLg5 CLg6 RCLp RCL95

cLg5 0.64**

cL96 0.23 ns 0.64**

RCLp 0.90** 0.51* 0.18 ns

RCL95 0.51* 0.65** 0.58** 0.54*

RCL96 0.07 ns 0.42 ns 0.86** 0.16 ns 0.63**

CLp, RCLp: CL and RCL in the germination test conducted in petri dishes

CL95, RCL95: CL and RCL in the rolled filter paper test conducted in 1995

CL¡6,RCL96: CL and RCL in the rolled filter paper test conducted in 1996

**: Significant at P<0.01

*' Significant at P<0.05

ns: Not significant

In contrast, there was no significant correlation between the ranking of CL in the petri dish

test and CL in the filter paper test in 1996. However, significantly positive correlation was

found between CL of barley genotypes in the rolled filter paper test in 1995 and 1996

(r=0.58, P<0.01).

Generally, the ranking of CL of barley genotypes under water stress was consistent over

three tests. This indicates that CL in water stress can be a good selection criterion for

cha¡acterising the response of barley genotypes to water stress or identifying the difference

in drought tolerance among barley genotypes.

,.1

ül
ìÈ

;i

I
I

r



Chapter 4 Ge¡mination tests

4.5 Correlations between GP and CL in osmotic solution with grain yield

(GY) and drought susceptibility index (DSI) of barley gro\iln under

drought conditions

Simple linea¡ correlations between GP and CL with average GY and DSI of ten barley

varieties (Chebec, Clipper, Galleon, Schooner, Skiff, Stirling, Tallon, WI-2868, WI-2875

and Yagan) grown in nineteen sites in a drought year (1994) are presented in Table 4.4.

Both GP and CL in the th¡ee tests were not significantly correlated with GY or DSI within

the ten barley varieties grown i¡ 1994. The lack of correlation between these traits and

GY or DSI may be due to the contrasting results in these tests and the performance of

Yagan in the field. Yagan obtained a high yield and low value of DSI in the drought year,

but it had consistently low GP and short coleoptiles over the three tests. Yagan is a very

early maturity variety. Possibly, drought escape due to early maturity is the main drought

resistance mechanism in Yagan. 'When Yagan is excluded from the data set, CL was

positively correlated with GY, and negatively correlated with DSI (Table 4.5). There were

no significant correlations between GP with both GY and DSI, indicating that under

drought conditions barley grain yield may not be associated with GP. Significant positive

correlation was found between CL in the test in 1996 and grain yield (r = O.75, P<0.05),

and significant negative correlations rilere observed between CL \ilith DSI (r = -0.78;

P<0.05) for the test in petri dish, and the test in filter papers in 1995 (r = -0.79, P<0.05).

This indicates that under drought conditions barley GY may be associated with CL.
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Table 4.4. Simple linear correlations between germination percentage (GP) and coleoptile

length (CL) in osmoric solutions with grain yield (GY) and drought susceptibility index

(DSI) of ten barley varieties grown in nineteen sites in South Australia in 1994

Pa¡ameters GY (kg/ha) DSI

GPp

cLp

cL95

0.30 ns

0.28 ns

0.49 ns

0.58 ns

0.24 ns

0.05 ns

-0.49 ns

-0.1I ns

fl
,Ì

CLg6

ns: Not significant

GPp: GP in the germination test conducted in petri dishes

CLp: CL in the germination test conducted in petri dishes

CL95: CL in the rolled filter paper test conducted in 1995

CL96: CL in the rolled filter paper test conducted in 1996

Table 4.5. Simple linear correlations between germination percentage (GP) and coleoptile

length (CL) in osmotic solutions with grain yield (GY) and drought susceptibility index

(DSD of nine barley varieties (excluding Yagan) grown in nineteen sites at South Australia

in 1994

Parameters Grain yield (kg/ha)

(df = 7¡

DSI

(df = 7)

GPp

cLp

cL95

0.53 ns

0.56 ns

0.52 ns

0.75*

-0.2 ns

-0.78*

-0.79*

-0.57 nscLg6

*' Significant at P<0.05; ns: Not significant

GPp: GP in the germination test conducted in petri dishes

CLp: CL in the germination test conducted in petri dishes

CL95: CL in the rolled filter paper test conducted in 1995

CL96: CL in the rolled filter paper test conducted in 1996.
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4.6 Discussion

It is well known that the germination percentage and the elongation of coleoptiles in

cereals is markedly reduced by water stress (Ashraf and Abu-Shaka, 1978; Saint-Clair,

1978; Takahashi, 1978; Morgan, 1988; Akomeah, 1993; Mian and Nafziger, 1994). The

red.uced
results of the experiments showed that water deficit imposed by PEG inåibite'#

germination and coleoptile elongation of the eighteen barley genotypes. However, there

were significant genotypic differences in the responses to rvater stress among barley

genotypes in GP, CL and RCL.

WI-2875, M-2868, Parwan, Weeah and Sahara had the highest GP at low water potential,

whereas, the GP of CI 3576, Yagan and Chebec were low (sensitive to water stress). The

basic mechanisms for the differences in GP under water stress are not quite understood.

GP in osmotic solution was not affected by seed size (r = -O.43 ns; Appendix 4.1). This

agrees with the results in the study of Mian and Nafziger (1994) that seed size was not a

factor affecting GP of wheat cultivars under drought conditions. GP of all genotypes in

the experiments was more than 96Vo in the control treatment, therefore any reduction in

GP could be considered as water stress effect and not due to the differences in seed

viability. Thus, the wide range of GP under water stress conditions may indicate genetic

va¡iation for expression of this trait. Possibly, the differences in GP among barley

genotypes were the result of the differences in the water uptake ability by seeds during the

germination stage due to the difference in seed stn¡ctures of barley genotypes. Under

water stress conditions, significant differences in water uptake and respiration rate during

germination have been reported for drought tolerant and susceptible wheat cultivars

(Ashraf and Abu-Shakra, 1978).

li
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High GP under water stress has been associated with drought tolerance in wheat (Ashraf

and Abu-Shakra, 1918), sorghum (Saint-Clair, 1976), upland rice (Akomeah, 1995), rice

(Perez-Molphe-Balch), and peanuts (Nautiyal, 1994). In this experiment, GP was not

correlated with grain yield of the 10 barley cultivars grown in the drought yeat (1994). The

lack of correlations may indicate that high GP under water stress, a possible indicator of

drought tolerance at the germination stage, may not be associated with drought tolerance at

later growth stages. However, although GP in osmotic solution is not related to drought

tolerance at the later stages, high GP should contribute to good stand establishment, which

may result in increased yield in environments where drought occurs at the beginning of the

growing season.

rù/ide ranges of CL in the osmotic solution in the three tests show the differences in

response of barley genotypes to water stress. Spearman's rank correlations rimong CL of

different tests were significantly positive whether using the same seed source (CLp and

CL95) or conducted by the same technique (CL95 and CL96). Non-significant correlation

was observed between CL in the petri dish test and CL in the rolled filter paper test

conducted in 1996. This may be the result of errors caused by both a different seed source

and experimental methodology. Nevertheless, genotypic ranking in CL was consistent

over the tests conducted on the seeds obtained from different growing seasons. This

suggests that CL of barley in water stress was under the control of genetic factors rather

than environmental ones.

Among the eighteen barley genotypes tested by the rolled filter paper technique in 1995

and 1996, Sahara, Schooner, and rü/eeatr consistently had longer coleoptiles than the others

under water stress conditions while Tallon, Harrington, Grimmet, Haruna nijo and C[3576

consistently had shorter coleoptiles than the others. This may indicate that Sat¡ara,
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Schooner and Weeah were drought tolerant genotypes and Tallon, Harrington, Grimmet,

Haruna nijo and C13576 were drought susceptible ones.

There are several explanations for the differences in CL among barley genotypes.

Kaufmann (1963) explained that CL of barley varies with seed size, since large seeds

produce longer and small seeds produce shorter coleoptiles. In these experiments there

were no significant correlations between CL in the osmotic solution and seed size of

eighteen barley genotypes (r = -0.45 ns, -0.16 ns for CL95, and CL96 respectively;

Appendix 4.1). This shows that under water stress conditions the elongation of coleoptiles

does not depend on the seed size. Morgan (1988; 1990; 1991) argued that differences in

CL under water stress were the result of differences in osmoregulation in the seedling.

This causes differences in the maintenance of turgor pressures, a main factor affecting the

elongation of coleoptiles. Under water stress conditions CL has been positively related

with osmoregulation in wheat (Morgan, 1988; 1991). This hypothesis has not tleen

examined in barley. However the basic mechanisms of osmoregulation in barley and

wheat are not much different @lum, 1989; Morgan, l99l). Therefore, in this case the

long coleoptile genotypes under water stress conditions may indicate high osmoregulation,

which in turn, could indicate more drought tolerant genotypes.

Elongation of the coleoptile in the osmotic solutions has been reported to be positively

related to growth and GY of wheat in dry condition (Morgan, 1988; 1991). In barley, CL

was positively associated with GY in dryland environments (Gibrel, 1990). The results of

these experiments only revealed the genetic variation in CL of barley genotypes under low

moisture conditions, but the relationship between CL and growth or GY as well as other

traits relating to drought resistance of eighteen barley genotypes was not examined.
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Therefore, it would be useful to conduct further experiments to validate the usefulness of

CL in improving drought resistance in barley.

However, the correlation between CL and GY or DSI could be established (Table 4.4)

using the average grain yield and DSI of ten barley varieties grown in nineteen sites in the

drought year (1994). The results shows that both CL95 and CL96 were not significantly

correlated with grain yield or DSI due to the contrasting results observed in Yagan in these

tests and the performance of Yagan in the field. If Yagan, avery early maturity variety, is

omitted as an "outlier", in estimating the correlations, a significant positive correlation was

found between CL96 and grain yield (r = 0.75, P<0.05) and a significant negative

correlation occurred between CL95 and DSI (r = 0.79, P<0.05). This indicates that the

elongation of coleoptile under water stress may be one of the indicators of drought

tolerance in barley. However, the relationships between CL and yield were based on a

small number of varieties grown in drought environments. This limits the reliability of the

findings. Therefore, further research is needed to justify the relationship of CL under

water stress with drought tolerance in a large number of genotypes and more seasons. This

will be discussed further in Chapter 9.

4.7 Conclusions

Significant differences in GP and CL were observed among eighteen barley genotypes

under water stress conditions. The genotypic rankings in CL were consistent over the

th¡ee tests. CL was positively correlated with GY, and negatively correlated with DSI of

barley grown under drought conditions, while GP was not correlated with either GY or

DSI. This suggests that CL under water stress could be used as a criterion for screening

drought tolerance in barley. CL can be easily measured and at a low cost in a laboratory
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by the rolled filter paper technique. Therefore, it is a potentially useful selection criterion

in a breeding program for stress conditions. However, more research is needed to

associate the differences in CL observed in the laboratory with differences in GY, DSI and

other traits relating to drought resistance in barley under the field conditions.
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CHAPTER 5

TIIE RELATIONSHIP BETWEEN EXCISED LEAF WATER

RETENTION CAPABILITYAND DROUGHT RESISTANCE IN

BARLEY

78

5.1 Introduction

Restriction of water loss from leaf surfaces during periods of severe water stress is an

important drought survival mechanism (Oppenheimer, 1960). Low rates of cuticular

transpiration (residual transpiration) may reduce leaf dehydration, promote leaf survival,

and help to maintain yield under drought conditions. Measuring the rate of water loss

from excised leaves or plants has shown promise for differentiating drought resistance

among wheat cultivars (Sandhu and Laude, 1958; Salim et al., 1969; Clarke and McCaig,

l982a,b;Jaradat and Konzak, 1983; Winter et a1.,1988). These studies found that drought

resistant wheat cultivars lost water more slowly than less drought resistant cultivars.

Initial water content (ftWC) and rate of water loss (RWL) have been reported to be the best

indicators of assessing water status in excised leaves (McCaig and Romagosa, 1989).

Reports have suggested that high IWC or low RWL of excised leaves may be indicative of

genotypes well adapted to dryland conditions (Clarke and McCaig,l982a,b; V[inter et al.,

1988; McCaig and Romagosa, 1989). This was supported by the fact that wheat genotypes

with low RWL yielded more than those with high RWL in the driest environments (Clarke

and Towley-Smith, 1986; Cla¡ke et a1.,1989).
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IWC and R\ryL have been studied and used extensively in screening wheat for drought

resistance, and a number of these studies have shown encouraging results in wheat

breeding programs for dryland environments. In contrast, there is very little information

about using IWC and RïVL for selecting for drought resistance in barley. Salim et al.

(1969) reported that water retention of leaves from an intact plant was correlated with the

survival of barley seedlings under water stress conditions (r = O.79, P<0.01). Excised leaf

water loss based on water content was found to differ among seven barley cultivars in a

study of Nass and Stirling (1981). These reports suggest that excised leaf water retention

is a drought resistant indicator in barley worthy of further investigation. Therefore, the

objectives of this experiment were to develop a technique for screening barley genotypes

for excised leaf water retention capability based on two parameters IWC and RWL, and to

assess the usefulness of these traits in selection of drought resistance in barley.

5.2 Preliminary Experiment C: Effect of drying time on rate of water

loss in excised barley leaves

The RWL of excised leaves of cereals has been measured in various ways in different

studies. Differences in RWL in excised leaves among barley and wheat genotypes were

detected by sampling the fully expanded top leaves of plants from the seedling stage to

before anthesis and drying the samples at 20 ro 22*C f.or 24 h (Salim et aI., 1969; Dedio,

1975; Nass and Stirling, 1981; Winter et al.,1988). Nevertheless, with the same method

of the sampling, Cla¡ke and McCaig (1982b), and Clarke (1987) suggested that the greatest

differences in RWL between wheat genotypes were obtained by measuring RWL 6 to l0 h

after excision in a room at2O"C. It is not clea¡ which drying time after excision is the best

for distinguishing the differences in R\ryL among barley genotypes. Therefore, the aim of
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this experiment was to determine the best drying time for excised leaves, in which the

va¡iation in RWL among barley genotypes could be identified.

5.2.1 Materials and methods

Four barley cultivars Galleon, Schooner, Tallon and Yagan showing different DSI and

grain yield in the drought yea4 1994 (Table 3.1) were used in this experiment. The

experiment was conducted in a glasshouse with environmental conditions and plant

cultivation as described in Section 3.4.1. The experiment was sown on 16 May, 1995 and

terminated when all measurements were completed.

Ten seeds of each genotype were sown in a pot with a diameter of 15 cm containing 1.5 kg

of recycled potting soil. The seedlings were thinned to five uniform seedlings per pot after

emergence. All pots \Ãrere maintained at field capacity (267o Ww) by adding water

regularly based on frequent weighing. Two water treatments were imposed at the three

leaf stage (DGS 13 , Zadoks et al., 1974). In half of the pots of each variety, water stress

was imposed by withholding water, and allowing the soil to dry until the water potential of

the fully expanded top leaves of all genotypes was -1.5 MPa, measured between 1130 to

1430 h with a psychrometer as described in Section 3.5.3. The plants were maintained at

this levels of stress until the five leaf stage (DGS 15, Zadoks et al., 1974). Pots in the

control treatment were watered to maintain field capacity as before. The experiment was

set up in a randomised complete block design with 4 replications. At the five leaf stage

(DGS 15, Zadoks et al., 1974),IWC and RWL were measured on a sample of three fully

expanded top leaves from each pot as described in Section 3.5.2. RWL was measured

during 6 h and 24hafter excision.
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5.2.2 Results

IWC after excision and RWL during 6 h and 24h after excision of four barley cultivars are

presented in Table 5.1. IWC in excised leaves of all cultivars declined significantly under

water stress conditions. There u/as no signifrcant difference in IWC among four barley

cultiva¡s in both control and water stress tfeatments. No significant interaction between

cultivar and water treatment was found for IWC.

There were no significant differences among the four barley cultivars in RWL in excised

leaves after 6 h excision. RV/L of all cultivars in the well water treatment were significant

higher than that in the water stress ones (after 6 h it was líVo greater and at 24 h it was

2OVo htgher)._There \ilas no significant interaction between cultivar and water treatments

on RIVL during the first 6 h of drying.

Highly significant differences in RWL between barley cultiva¡s were found in both well-

watered and water sFess treatments when leaves were weighed 24 h after excision. The
wo,l¿r

lowest RWL (or highest excised leaf^retention) was observed in Schooner. The RWL

during 24 h of drying were lower than R'ÍWL during the first 6 h of drying. No significant

interaction between cultivar and water treatment was found for RWL at 24 h after

exclslon.

5.2.3 Discussion and conclusions

The IWC values measured in this experiment represent \rrater contents of excised barley

leaves. Immediately following excision, water is rapidly lost through the open stomates.

McCaig and Romagosa (1989) found that as stomates closed, water loss quickly declines

until the rate become linear within approximately 30 minutes of excision and remained

constant for several hours at a temperature of 25"C and a relative humidity of 5O7o.
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Table 5.1. Initial water content (IWC) in excised leaf and rate of water loss (RWL) at 20oC during 6 and 24 h after excision of four barley

cultiva¡s grown under well-watered and water stress conditions in the glasshouse

82

Cultivars

Galleon

Schooner

Tallon

Yagan

Mean

L.s.d.(57o)

ns: Not significant

10.5 8.1

10.0 8.6

l0.l 7.8

9.5 7.6

10.2 8.0

Effect of cultivar

Effect of water

Effect of cultivar x water

4.28 3.83

4.70 3.85

4.22 3.69

4.1I 3.65

4.33 3.76

Effect of cultivar

Effect of water

Effect of cultivar x water

2.96 2.2s

1.89 1.78

2.83 2.45

3.04 2.47

2.68 2.24

Effect of cultiva¡

Effect of water

Effect of cultiva¡ x water

IWC

(g H,O g-' dry-wt)

Well-water rJ/ater stress Mean Well-water V/ater stress Mean Well-water Water stress Mean

RWL during 6 h after excision

(mg HrO min'' g-' dry-wt)

RÌWL during 24hafter excision

(mg HrO min-' g-' dry-wt)

9.3

9.3

9.3

8.5

9.t

ns

0.61

ns

4.05

4.28

3.96

3.88

4.O4

ns

0.483

NS

2.61

1.83

2.64

2.76

2.46

0.372

o.263

ns
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The IWCs of the four barley cultivars were similar and declined significantly under water

stress indicating that leaf water content deceased similarly in all cultivars as water stress

progressed.

The RWL measurement, made during drying after excision, probably represents residual

water loss from the incomplete stomatal closure and cuticula¡ losses (Clarke, 1987;

McCaig and Romagosa, 1989). Genotypic differences in RWL could not be detected

during the first 6 h of drying after excision. Significant differences in RWL were

measured 24 h after excision. After 24 h of drying, Schooner had the lowest RWL, in

contrast, RWL were high in Yagan, Tallon, and Galleon. These are consistent with the

fact that Tallon and Galleon were sensitive to low rainfall (high DSI) whereas Schooner

had low DSI in the drought year (1994). RIVL was highest in Yagan, but Yagan was

considered to be a drought resistant variety in the drought year (1994). This inconsistency

indicates that the apparent resistance of Yagan to drought may be due to other traits rather

than the traits investigated in this experiment.

Although the RWL was significantly higher in leaves from well-watered than water-

stressed treatments, indicating that leaves from stressed plants lose water slower than non-

stressed ones. The non-signifîcant interaction between cultivar and water treatment for

IWC and RIVL suggest that evaluation of the excised leaf water retention capacity could

be conducted under both optimum and drought conditions. In contrast, Cla¡ke (1983)

reported that there rvas a significant interaction between genotype and environment for

water retention of excised leaves in wheat. Possibly, no interaction between genotype and

water treatment in this case may be due to the small number of genotypes used in this

experiment. Therefore, the use of excised leaf technique in varietal screening for large
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number of genotypes would be more efficient if the technique was carried out on both

well-watered and stressed Plants

In summary, the difference in RWL in excised leaves ¿rmong barley cultivars can be

detected 24 h after excision in the controlled environment room ú2OoC and 507o relative

humidity. Screening leaf water retention capacity would be more accurate if assessing

RWL in both well-watered and water stress plants.

5.3 Experiment 3: Differential water retention capacity of excised leaves

and drought resistance in barleY

The objective of this experiment was to screen barley genotypes for excised leaf water

retention capacity and to assess the usefulness of the two Para¡rieters, IWC and RWL, in

selecting for drought resistance in barley.

5.3.1 Materials and methods

Eighteen barley varieties (Table 3.1) were grown in a glasshouse to assess the variation in

excised leaf water retention. The environmental conditions, plant husbandry and water

treatments imposed on plants were simila¡ to those in Preliminary Experiment C (Section

5.2.1). The experiment was set up in a randomised complete block design with four

replications. At the five leaf stage (DGS 15, Zadoks et a1.,1974) leaf water potential (y,)

was measured as described in Section 3.5.3, IWC and RWL were meÍlsured on excised

leaves as described in Section 3.5.2. The experiment was sown on l8 July, 1995 and

terrrinated when all measurements had been completed.

84
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5.3.2 Results

S.j.2.I Leaf water potential (ty ) of barley genotypes under well-watered and water sfress

conditions

The differences in V, among eighteen barley varieties under well-watered and water stress

conditions are presented in Figure 5.1.

Barley varieties

lWell-watered

EWater stress

Figure 5.1. Leaf water potential at the five leaf stage of eighteen barley varieties grown

under well-watered and water stress conditions in the glasshouse (error bars a¡e standard

errors and the measurements were made between 1130 and 1430 h).

The ry, of all barley varieties declined significantly under water stress conditions. The

mean value of y, of eighteen barley va¡ieties was -1.14 MPa under well water conditions,

but it dropped to -2.21 MPa under water stress conditions, indicating that the barley

seedlings \Ã,ere severely affected by drought. This was consistent with the symptoms of
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the seedlings of genotypes in the water stress treatment, since they were wilting at midday.

The ry, of barley genotypes differed significantly in both control and water stress

treatments, and there was a significant interaction between genotype and water treatment

affecting y,. Under water stress conditions, low values of y, were observed in Haruna

nijo, Tallon, Harrington and CI 3576, whereas high V, occurred in Franklin, Weeah,

Schooner and Satrara.

5.5.2.2 Inítial water content (IWC) in excìsed leaves of barley varietíes under well'

watered and water súr¿ss condítìons

Figure 5.2 shows the differences in IWC in excised barley leaves in both well-watered and

\ilater stress treatments.

l$r'cll-watcrcd
E lVatcr ¡trcss

12

Barley varieties

Figure 5.2. Initial water content in excised leaves of eighteen barley varieties grown

under well-watered and water stress conditions in the glasshouse (initial water content was

measured in the leaf samples taken at the five leaf stage and error ba¡s are standard errors).
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The IWC of all barley varieties were significantly higher in well-watered than water stress

treatments. The mean value for IWC was 10.31 g HrO g'' dry-wt in the excised leaves in

the control, but it was only 7.99 g IlrO g'' dry-wt for those in the water stress treatment.

This supports the results of Preliminary Experiment C and the finding in the study of

Dedio (1975) that leaf water content decreased as drought increased. There was a

significant interaction between cultivar and water treatment affecting IWC, indicating that

barley genotypes responded differently according to moisture conditions. However,

significant differences in IWC among barley varieties were found in both control and

water stress treatments. Under water stress conditions, low IWC occurred in Tallon,

Grimmet and Chebec whereas high IWC were obseryed in WI 2868, Stirling and

Schooner.

5.3.3.3 Rate water toss (RWL) ùn excßed leaves of barley varíetíes grown under well'

watered and water sfr¿ss c ottdítìons

Highly significant differences in RWL 24 h after excision were found between barley

va¡ieties grown under both well-watered and water stress conditions (Figure 5.3). Under

well-watered conditions excised barley leaves lost water significantly faster than those

from stressed environments. This agrees with the results which have been reported in

some previous research, such as Clarke and McCaig (1982a) and Jaradat and Konzak

(1983). There was a wide range in RWL in both water treatments. In the well-watered

treatment, RIWL varied from2.24 mg HrO *in-' g-' dry-wt in Schooner up to 3.48 mg HrO

tnirl.' g-' dry-wt in Tallon. Under water stress conditions, RWL ranged from 1.48 mg 40

ttrin-' g-' dry-wt in WI 2875 to 2.29 mg IlO min'' g'' dry-wt in Yagan. This indicates that

genetic variation in RWL ¿rmong barley varieties occurred in both well-watered and water

stress conditions. However, there was a significant interaction between barley varieties
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and water treatments on RWL indicating that barley genotypes resPonded differently in

RWL to the water treatments. Based on the results of RWL under water stress conditions

illustrated in Figure 5.3, excised leaves of Yagan, Tallon, Franklin and Galleon lost water

faster than others. In contrast, WI 2875, Grimmet, Clipper and Schooner were seen to

have high water retention in the excised leaves. The differences between Yagan, Tallon,

Galleon and Schooner were the same as Preliminary experiment C (Section 5.2). This

indicates that the method is reproducible, and RWL is consistent between two tests.

lWell+vatercd

EWet€rstr€ss

Barley varieties

Figure 5.3. Rate of water loss in the excised leaves after excision 24 h of eighteen barley

varieties grown under well-watered and water stress conditions in the glasshouse (rate of

water loss was measured in the leaf samples taken at the five leaf stage and error ba¡s a¡e

standa¡d errors).
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5.3.2.4 Speannan's rank correlations between ryt, IWC and RWL of barley genotypes in

the control and water sfress treahnents

Under water stress conditions, there was a significantly positive correlation between V, md

IWC (Table 5.2) indicating that high IWC varieties had high V,. There were no significant

correlations between either V, md RWL or between IWC and RWL in both control and

water stress treatments.

Table 5.2. Spearman's rank correlations among leaf water potential (t¡r,), initial water

content (fWC) and rate of water loss (RWL) of eighteen barley va¡ieties grown under

well-watered and water stress conditions in the glasshouse

Pa¡ameters Vto Vu IWCa rfwcb RWLaI

ri
rii

I

I
I

V^

IWCa

rwcb

RWLa

RWLb

O.22ns

0.16 ns

0.01 ns

-0.34 ns

0.40 ns

0.07 ns

0.78**

-0.26 ns

-0.26 ns

-0.12 ns

0.14 ns

-0.43 ns

-0.42 ns

-0.35 ns

i

i

I

I

r
I

I

0.41 ns

**: Significant at P<0.01; ns: Not signifrcant

V,o md r¡1,": Leaf u/ater potential in control and water stress treatments respectively

fWCa, ItVCb: Initiat water content in control and water stress treatments respectively

RWLa, RWLb: Rate of rvater loss in control and water stress treatments respectively

This suggests that both ry, and IWC were not factors affecting the variation of RWL in

excised barley leaves or RWL does not depend on water status in the plants. This supports

the result in the study of Clarke et al. (1991) that residual transpiration rate was not related

to plant water status. The ranking of IWC and RWL in the control treatment was not

correlated with those in the water stress treatment indicating that genotypic ranking in

IWC and RWL varies with moisture conditions.
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5.3.2.5 Relatíonship among IIVC and RWL in excised leaves and grain yield (GY) and

drought suscept¡biry index (DSI) of barley var¡eties grown andeÌ drought conditions.

To try to validate the contribution of IWC and RWL in excised leaves from water stressed

plants to grain yield of barley grown under drought conditions, the correlation between

IWC and RWL with GY and DSI of ten barley cultivars, Chebec, Clipper, Galleon,

Schooner, Skifl Stirling, Tallon, \- 2868, Wl2875 and Yagan grown in 19 sites in the

drought year (1994) were calculated and presented in Table 5.3.

Table 5.3. Simple linear correlations between initial water content (IWC) and rate water

loss (RWL) with grain yield (GY) and drought susceptibility index (DSI) of ten barley

varieties grown under drought conditions in 1994 (IWC and RWL were measured in the

stressed plants)

Parameters GY DSI

rwc
RWL

0.61 ns

-0.03 ns

0.10 ns

-0.31 ns
'¡
ill

ti

I
I

ns: Not significant

IWC and RWL were not significantly correlated with neither GY nor DSI of the ten barley

va¡ieties grown under drought conditions. Perhaps the contrasting between the result

obtained from Yagan and the performance of Yagan in the field is one of the reasons for

the insignificant correlations among these parameters and GY or DSI of barley cultiva¡s

gro\Ã,n in the drought environment. Yagan, a very early maturity variety, which was

classified as a drought resistant variety, but this may be mainly due to the escape

mechanism rather than tolerant traits. When Yagan is omitted, a positive correlation was

found between IWC and GY (Table 5.4). The IWC was positive correlated with grain

yield, but it was not significant correlated with DSI. RWL was still not correlated with

either GY or DSI.

T
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Table 5.4. Simple linear correlations between initial water content GWC) and rate water

loss (RÌWL) with grain yield (GY) and drought susceptibility index (DSI) nine barley

varieties grown under drought conditions in 1994 (excluding Yagan; IWC and RWL were

measured in the stressed Plants)

Pa¡ameters GY DSI

IWC

RWL

0.75*

-0.36 ns

-0.49 ns

0.48 ns

.-Á

fr,{

I

*: Significant at P<0.05; ns: Not significant

5.3.3 Discussion

The experiments examined the effects of environmental conditions on the expression of

IWC and RWL in excised leaves of barley seedlings. Differences in both IWC and RWL

were observed among barley varieties under both well-watered and water stress conditions

in the glasshouse. Leaves sampled from well-watered plants had higher IWC and lost

water more quickly than those from water stressed plants. This has been reported in the

studies of Salim et al. (1969), Jaradat and Konzak (1983), Clarke and McCaig, (1982a,b)'

and Haley et al. (1993). There was significant interaction between variety and water

treatments on all parameters investigated in this experiment. These interactions caused the

changes of ranking of barley varieties in IWC and RWL in the \trater stress treatment

(Table 5.2). This supports the ideas of Cla¡ke and McCaig (1982a), Clarke (1983, 1987)'

and Haley et at. (1993) that selection for high IWC or low RWL in inigated conditions

may be different from their responses in drought conditions. Therefore, screening excised

leaf water retention capacity would be more effective if assessing these traits on water-

sEessed plants.

I

r
I
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Under water stress condiúons, the y, of all barley varieties ranged from -1.96 MPa in

Franklin to -2.45 Mpa in Haruna nijo indicating that barley seedlings were severely

stressed. Thus, these materials should be suitable for screening fWC and RWL.

Significant correlation between V, md IWC in drought conditions suggests that ry, is a

reliable trait to assess the water status in stressed plants. However, measuring y, with a

psychrometer is very time consuming, so it cannot be used to screen a large number of

genotypes in a breeding Program.

IWC represents the water content in the excised leaves when stomates closed immediately

following excision. There was a substantial decline in the IWC in excised leaves under

drought conditions, indicating that water shortage caused a reduction in water content in

seedling plants. Barley va¡ieties differed significantly in the IIWC under water stress

conditions. High IWCs were observed in V/I 2868, Stirling and Schooner whereas low

IWCs were seen in Tallon, Grimmet, and Chebec. It is not quite clear which physiological

or morphological reasons caused the differences in IWC from excised leaves. IWC have

been reported to vary as the season progressed or IWC decrease as the leaf age increases

(Clarke and McCaig, 1982b, McCaig and Romagosa, 1989). This means that if the

selection is based on high nVC, later maturing varieties may exhibit higher water content

because they are not as phenologically advanced. However, the cunent experiments, fWC

u/as measured at the five leaf stage, and therefore, leaf age was not a factor affecting the

differences among barley genotypes. \ilang and Clarke (1993) reported that IWC was

negatively correlated with stomatal frequency in tetraploid wheat genotyPes (r = -0.85,

P<0.01). This is consistent with the finding of the study of Haley et aI. (1993) who found

a significant negative correlation between stomatal frequency and IWC in wheat grown in

a drought environment (r = -0.78, P<0.001). These results suggest that genotypes with

t



Chapter 5 Excised leaf water retention 93

fewer stomata per unit area maintain a relatively greater degtee of leaf hydration under

stress field conditions. This points out that stomatal frequency is perhaps one of several

factors involved in determination of IWC. A wide range of genetic va¡iation in stomatal

frequency has been found in a subset of the V/orld Barley Collection, which consists of

649 cultivars, in the study of Miskin and Rasmusson (1970). Furthermore, Miskin ør ø/.

(1972) reported that barley lines having low stomatal frequency had higher stomatal

resistances, and transpired less water than lines with more stomata. Therefore, one of the

possible reasons for the differences in IWC between barley genotypes is stomatal

frequency.

There was also a wide range of genetic variation in RWL among barley genotypes in the

water stress treatment. There are a number of physiological and morphological reasons for

the differences in RIWL among genotypes. Although u/ater loss from excised leaves have

been referred to as cuticular transpiration (Jordan et a1.,1984), and Sinclair and Ludlow

(1986) noted that stomatal transpiration due to incomplete closure of stomata may

constitute part of the loss. Consequently, the water loss from detached parts has been

termed epidermal transpiration (Muchow and Sinclair, 1989) or residual transpiration

(Clarke and Richa¡ds, 1988). Both terms refer to transpiration rate from detached leaves

with minimum stomatal aPerture.

The causes of genotypic differences in residual transpiration have not been fully

determined. Cuticle thickness does not appear to be involved (Schonhen, 1976). Residual

transpiration was negatively correlated with epicuticular wax load in sorghum (Jordan er

al., 1984) but not in barley (Larsson and Svenningsson, 1936) or oat (Svenningsson and

Liljenberg, 1986). Clarke and Richards (1988) reported that in wheat, glaucousness

reduced residual transpiration by an average of lOVo, the rates of residual transpiration
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were337o greater in low twax, nonglaucous lines than in high wÐ( and glaucous lines. In

contrast, Haley et aI. (L993) reported that epicuticular wÐ( was not associated with RIWL

in both non-tressed and stressed environments. The rate of residual transpiration or RWL

was reported to be greater in tall than dwa¡f wheat genotypes (Clarke and Richards, 1988;

Haley et a1.,1993). The tall plants lost water faster than short plant because the tall ones

were subjected to more movement by wind, a factor which may cause cracking and/ or

removal of the epicular wÐ(es or cause damage to the cuticle itself. This may have

resulted in the differences in RWL between tall and short plants (Clarke and Richards,

lgSB). However, RIVL in this experiment was measured in the young plants (five leaf

stage) and in a glasshouse, thus the plant height of barley genotypes at this stage was not

much different, and there were no environmental factors which can cause the damage of

either epicuticular wðres or cuticle of seedlings. This means plant height was not a factor

causing the differences in RWL among barley genotypes in this case. As with fWC, the

RWL from excised leaves has been reported to decrease through the growing season, or

R\ryL decreases as the leaf age increases (McCaig and Romagosa, 1989). This means that

if the selection is based on low R\ryL then early maturing genotypes will be favoured

because they are further advanced. However, in this experiments, the effect of leaf age on

RWL could be eliminated because the leaf samples were collected at the five leaf stage.

Stomatal frequency in wheat leaves have not been correlated with RIWL in the field

conditions (Wang and Cla¡ke , 1993; Haley et a1.,1993). The study of Haley et al., (1993)

showed that there were strong positive correlations between flag leaf area and RWL (r =

0.71, P<0.01), indicating greater RV/L with larger flag leaves. The leaf a¡ea may be one

of the factors involved in determining the variation of RWL, however, in this experiment,
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leaf area was not measured because the water loss cha¡acteristics may be altered if the

surface structure of the leaf is disturbed by the area measurement.

There were no available data of other traits relating to RWL for the eighteen barley

genotypes used in this study. Therefore, the main factors which cause the differences in

R\ryL among barley genotypes in this experiment cannot be determined. Presumably,

many factors, in including physiological and morphological traits of plants such as leaf

characteristics, leaf water status and osmotically active compounds, may be involved in

determining the variation in RWL among barley genotypes.

Although only nine of the barley varieties were used to estimate the relationship between

IWC and RIVL with grain yield and DSI, there was positive correlation between IWC and

grain yield of these varieties grown in drought environment (r - 0.75, P<0.05). This

indicated that high IWC in excised barley leaves may be associated with high yield under

drought conditions. However, no significant correlations were observed between RWL

and grain yield of the nine barley varieties grown in the drought year. This contrasts with

the observation in wheat that water retention in excised leaf was positively correlated with

grain yield in wheat (Clarke and McCaig, 1982b. Jaradat and Konzak, 1983; Cla¡ke and

Town-Smith, 1986; Clarke et al., 1989; and Haley et al., 1993). The lack of significant

correlations are not unexpected given the number of physiological and environmental

factors interacting to determine the yields of barley genotypes in the field. In addition, the

results could be limited due to the small number of genotypes used (only nine barley

genotypes grown in 1994 were used to estimate the correlations). Finally, as with other

cereal crops, there a¡e many possible traits involved in determining drought resistance in

barley, of which leaf water retention is only one. Therefore, although it may play an

important role in plant survival during stress, it may only contribute a small part to final

95
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grain yield. The relationships between leaf water retention with other traits relating to

drought resistance in barley will be further discussed in Chapter 9. Even though no

significant correlations tvere found between leaf water retention and grain yield, in general

varieties with high leaf water retention like WI 2875, Clipper, and Schooner, tended to be

widely adapted (low to moderate DSI) in drought environments whereas varieties with low

Ieaf water retention tends to be more sensitive to low rainfall and have a high DSI (Tallon,

and Galleon). Yagan, a very early maturity variety was the lowest leaf water retention

variety, but it still yielded well under drought conditions. This indicates that the high yield

of Yagan under drought conditions may be mainly due to drought escape mechanisms

rather than other drought tolerant traits.

Genetic va¡iations in I1VC and RWL among barley genotypes were detected at the five leaf

stage. Other researchers suggested that screening for leaf water retention should be done

prior to heading. Although the drought stress in South Australia tends to be stronger

during the postheading period, more genotypic discrimination for RWL is possible before

heading. However, barley genotypes that exhibit low RWL may conserve soil moisture

during the pre heading period so that more water is available during grain filling.

In this experiment, screening for IWC and RWL was ca¡ried out in the glasshouse. The

results may differ from the field conditions due to the interaction between genotypes and

environments. Although McCaig and Romagosa (1989) suggested that IWC and RWL

measured in plants grown in growth chamber were generally similar under dry, field

conditions, this contrasts with the report of Clarke (1983) that RWL of some wheat

cultivars differs in the field compared to glasshouse grown plants. Therefore, funher

research needs to be concluded to justify the consistency of the ranking in IWC and RWL

among barley genotypes in the field conditions.
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5.4 Conclusions

Water loss at minimum stomatal aperture (residual transpiration) from leaves accounts for

a substantial proportion of total transpiration during periods of water stress and at night.

Selection for reduced R\ryL could be a desirable objective in water limited environments.

This experiment has demonstrated a large variation in IWC and RWL from excised leaves

among barley genotypes under water stress conditions. There was a positive correlation

between IWC with barley grain yield under drought conditions, but not for RWL and grain

yield. The lack of correlation between RIVL and yield may be the result of the small

number of genotypes used in estimating the correlation. Alternatively, barley grain yield

under drought conditions would have been determined by many other drought resistant

traits and the effect of RWL may be small relative to these. Therefore, further research is

needed to justify the relationships between IWC and RWL with other traits relating to

drought resistance in barley, and then to assess the usefulness of the excised leaf water

retention trait in the drought resistance of barley.
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CHAPTER 6

RELATIONSHIPS AMONG TRANSPIRATION EFFICIENCY,

caRBoN rsoropE DrscRrMrNATroN, sPEcrFrc LEAF AREA AND

LEAFASH CONTENT IN BARLEY

6.1 Introduction

Transpiration efficiency (TE) is an important characteristic in water limited environments.

Variation among cultivars in TE has been demonstrated for a number of crop species such

as wheat, barley, rice, sunflowers, cotton, tomatoes and peanuts (Hall ¿r aI., 1993). The

accurate measurement of TE in pots is very time consuming, and it becomes more difficult

if TE has to be measured in field conditions. This is the main obstacle in exploring TE

variation in large scale breeding programs. Therefore, the identification of simple traits

for predicting improved TE would be useful in plant breeding.

Farquhar et al. (1982) found that ca¡bon isotope discrimination (Â) in plant parts during

photosynthesis was strongly correlated with TE. This idea has been studied intensively in

many kinds of crops including barley (Hubick and Farquhar, 1989), wheat @arquhar and

Richards, 1984), peanuts (Hubick et aI., 1986), and cowpeas (Ismail and Hall, 1992).

These studies have shown that differences in TE of C3 plant genotypes can be predicted

accurately from the variation of A. This raises the possibility of using Â as a rapid and

non-destructive trait for selection of TE in large scale breeding programs. However,

measurement of A is very expensive and requires an expensive mass spectrometer and a
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specialist to run it. This limits the number of samples which can be analysed in a breeding

program. Therefore, other cheaper and simpler traits in measurement than Â are required

to select for TE in crops in water-limited environments.

Recently, a number of other traits have been suggested to predict the variation of Â or TE'

Leaf ash content (LAC) or mineral content based on dry matter was significantly

correlated with TE in several C3 species (Masle et a1.,1992: Mayland et a1.,1993:' Brown

and Byrd, 1997). Specific leaf area (SLA) has also been shown to be strongly correlated

with TE in peanuts (Wright et aI., 1988, 1994: Brown and Byrd, 1997), and pearl millet

@rown and Byrd, 1997). These studies suggested that both LAC and SLA can be used to

substitute for A in predicting TE for C3 species. However, there \tras a lack of information

about the relationship between these traits with A and TE in barley. Therefore, this

experiment @xperiment 4) was conducted to examine the relationship among SLA, LAC,

À and TE in barley and to identify the best sturogate for TE in barley.

6.2 Materials and methods

Eight barley cultivars, Chebec, CI-3576, Clipper, Galleon, Harrington, Haruna nijo,

Saha¡a and WI-2875 were used in this experiment. These varieties showed different

F¿T¡o ns¿s to nois tr¡r¿ lre,o,tr¡¿-[
¿rotrghtsteleraa€€ in Experiments 1, 2 and 3. Six of these were parents of the double

haploid mapping populations (Chebec x Harrington; Clipper x Satrara; Haruna nijo x

Galleon). The experiment rÃ'as conducted in a glasshouse with the conditions described in

Section 3.4.I. The plants were grown in plastic pots with a diameter of 25 cm and a height

of 25 cm filled to within 3 cm of the rim with 8 kg of sterilised, recycled soil. Each pot

was lined with a plastic bag to prevent drainage to enable water use to be measured.
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Ten seeds were sown per pot. After emergence a mulch of plastic beads about 2 cm thick

was placed to cover the surface of the pots to minimise water evaporation. Two weeks

after sowing, the seedlings were thinned to five plants per pot. The plants were cultivated

as described in Sectio¡3.4.1. In each replicate there was one pot with no plants, but with

a layer of ptastic beads, to estimate evaporation. The pots were re-randomised regularly

during the growing season. The experiment was set up as a randomised complete block

design with 4 replications. The experiment was sown on 17 July, 1995.

All the pots were watered to maintain field capacity from seeding to the heading stage by

frequently weighing the pots and adding water or nutrient medium. At heading (DGS 55,

Zadoks et al., 1974), ttvo water treatments were imposed. Water stress was imposed on

half of the pots of each variety by applying only SOVo of the water that was used in the

well-watered plants. Plants in the well water treatment were watered as before to maintain

the freld capacity. These water treatments were maintained until maturity.

After two weeks water stress, Y, was measured using the protocol described in Section

3.5.3. At the same time, a sample of three fully expanded top leaves (excluding flag

leaves) was taken randomly in a pot to measure SLA as the described in Section 3.5.4, Â

as described in Section 3.5.5 and LAC as described in Section 3.5.6. Plants were

harvested at maturity when leaves had lost all the green colour. Plants were dried at 65"C

for 48 h, then weighed for dry matter. The individual plant was separated into head and

straw, then threshed to obtain the grain yield per plant.

Drought susceptibility index (DSI) was calculated using the method of Fischer and Maurer

(1e78).
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Yd
I

DSI =

Xp

where Yd - yield of each cultivar under water stressed conditions; Yp = yield potential of

each cultivar under well-watered conditions; Xd = mean of yield in water stress; Xp =

mean of yield in well-watered conditions.

Pots were weighed at seeding and at the maturity, and the total water use was calculated as

difference together with any water added during growth. Transpired water was estimated

as \ilater lost by plants and pots minus water lost by pots without plants. TE was

calculated by dividing total dry matter (above-ground) by transpired water.

6.3 Results

6.3.1 Transpiration efficiency (TE)

Value of TE of all cultivars except Haruna nijo under stress conditions were significantly

greater than that in well-watered conditions (Table 6.1) indicating that under water-limited

conditions, plants were forced to use water more efficiently than those in non-water stress

environments. There was a significant interaction between cultiva¡ and water treatment

for TE. This suggests that TE should be selected in specific environments. Differences in

TE among the eight barley cultivars were significant in both well-watered and water stress

treatments. Sahara, WI 2875 and Ha¡rington had the highest TE under well-watered

conditions, but under stress the highest were Harrington and WI 2875. Haruna nijo had

the lowest TE under both water treatments.

N ERS/
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Table 6.1. Transpiration efficiency of the barley cultivars grown under well-watered and

water stressed conditions in the glasshouse (water stress was imposed from heading to

maturity)

Cultivars Transpiration efficiency (g kg-')

'Well-watered Water stress Mean

Chebec

cr3576

Clþer
Galleon

Harrington

Hanrna nijo

Sahara

wI2875

Mean

L.s.d. (SVo)

4.941

4.856

5.081

5.M2

5.361

4.t75

5.145

5.267

4.984

0.183

0.091

0.258

4.797 5.086

4.627 5.085

4.899 5.262

4.841 5.243

5.056 5.666

4.t54 4.195

5.160 5.131

5.103 5.431

4.830 5.137

Effect of cultivar

Effect of water treatment

Effect of cultivar x water treatment

6.3.2 Carbon isotope discrimination (Â)

Carbon isotope discrimination (Â) varied significantly among barley genotypes, but there

was no significant interaction between cultiva¡ and water treatment for À (Table 6.2).

Hamna nijo had the highest value of A in both well-watered and water stress treatments.

Harringlon and Satra¡a had the lowest values of A, but these were not statistically different

from rWI2875 and Clipper. There were no significant differences in Â between two water

treatments indicating that two weeks of water stress imposing on the plants reduced Y,

(Appendix 6.1), but it did not affect the value of A in leaf samples.
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Table 6.2. Ca¡bon isotope discrimination (Â) in leaves of barley cultivars under well-

watered and water stressed conditions in the glasshouse (water stress was imposed from

heading to maturity and Â was analysed in the samples of the fully expanded top leaves

taken two weeks after heading)

Cultivars Ca¡bon isotope discrimination (À x 103)

'Well-watered Water stress Mean

Chebec

cr3576

Clipper

Galleon

Harrington

Hartrna nijo

Saha¡a

wr2875

Mean

L.s.d.(íVo)

23.2 22.4

22.8 22.7

22.4 22.7

22.6 22.8

22.4 21.6

23.6 23.4

22.1 21.9

22.4 22.2

22.1 22.4

Effect of cultivar

Effect of water treatment

Effect of cultivar x water treatment

22.8

22.7

22.4

22.7

22.0

23.5

22.O

22.3

22.6

o.57

ns

ns

ns: Not significant

6.3.3 Specific leaf area (SLA)

Plants gro$,n under the well-watered conditions had SLA significantly higher than those

grown in water stress (Table 6.3). This indicated that under water-limited conditions,

leaves of barley cultivars become thicker than those in non-water stress. There was no

significant interaction between cultivar and water treatment on SLA suggesting that the

value of SLA was mainly affected by genetic factors. The significant differences in SLA

among the eight barley cultiva¡s were found in both well-watered and water stressed

treatments. In glasshouse conditions SLA varied quite widely among the eight barley
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cultivars. The lowest value of SLA was observed in Harrington, but this value was not

statistically different from Clipper whereas, Haruna nijo had the highest mean values of

SLA.

Table 6.3. Specific leaf area of barley cultivars grown under well-watered and water

stressed conditions in the glasshouse (water stress was imposed from heading to maturity,

and SLA was measured in the samples of the fully expanded top leaves taken two weeks

after heading)

Cultivars Specific leaf area (cm' g-' dry-wt)

Well-watered V/ater stress Mean

Chebec

cr3576

Clipper

Galleon

Harrington

Hanrna nijo

Saha¡a

wr 2875

Mean

Ls.d.(S7a)

306 279

318 265

274 266

307 291

276 24t

329 308

300 273

284 273

299 275

Effect of cultiva¡

Effect of water treatment

Effect of cultiva¡ x water treatment

293

292

270

299

258

318

286

279

287

t9.9

9.9

ns

ns: Not significant

6.3.4 Leaf ash contents (LAC)

There were significant genotypic differences in LAC, but water stress had no significant

effect on the values of LAC (Table 6.4). There was no interaction between cultivar and

water treatments. Consequently, genotypic ranking in LAC under water stress conditions

was generally similar to that under well-watered ones. Large variation in LAC was
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observed among the eight barley cultivars. It wa^s lowest in Harrington, and highest in

Haruna nijo and Chebec. The ranking rimong cultivars in LAC tended to be similar to the

ranking observed in SLA.

Table 6.4. Iæaf ash content of barley cultivars grown under well-watered and water

stressed conditions in the glasshouse (water stress was imposed from heading to maturity,

and LAC was measured in the samples of the fully expanded top leaves taken two weeks

after heading)

Cultivars Leaf ash content (mg g'' dry-wt)

Well-watered Water stress Mean

Chebec

cr3576

Clipper

Galleon

Hanington

Haruna nijo

Sahara

\vI2875

Mean

L.s.d.(S7o)

t24 ll7
tt2 ilt
118 109

l2l lll
96 105

t24 1r9

ll2 It2
lt8 113

116 tt2
Effect of cultiva¡

Effect of water treatment

Effect of cultivar x water treatment

t20

tt2
113

116

101

tzt
tt2
116

tt4
8.4

ns

ns

ns: Not signifrcant

6.3.5 Grain yield (GY) and drought susceptibility index (DSI)

GY of all barley cultivars declined substantially due to water stressed treatment (Table

6.5). The cultivar x water treatment interaction was not significant for GY, however,

barley cultivars differed significantly in GY in both water treatments. The highest GY

occurred in Sahara, CI3576 and WI 2875, whereas lowest GY was found in Hanrna nijo

and Harrington.
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Table 6.5. Grain yield and drought susceptibility index (DSI) of barley cultivars grown

under well-watered and water stressed conditions in the glasshouse (water stress was

imposed from heading to maturity)

Cultivars Grain yield (g plant') DSI

Well-watered Water stress Mean

Chebec

cr-3s76

Clipper

Galleon

Hanington

Haruna nijo

Sahara

wr2875

Mean

L.s.d.(S7o)

15.83 11.37

18.19 13.92

17.43 10.81

15.91 10.78

15.38 9.6s

t4.53 9.28

18.86 14.32

17.37 13.20

t6.69 11.67

Effect of cultivar

Effect of water treatment

Effect of cultiva¡ x water treatment

13.60

16.05

14.12

13.35

12.5t

11.90

16.59

t5.29

14.18

1.1 18

0.558

ns

0.93

0.73

r.29

t.07

t.24

L.2t

0.80

0.80

1.00

o.329

ns: Not significant

Low values of DSI, indicating greater drought resistance, were observed in CI-3576,

Sat¡ara and WI-2875, but it was not statistically different from Chebec and Galleon (Table

6.5). This supported the results of the tests in Chapter 4 and 5 that both Sahara, and'WI-

2875 were considered as drought tolerant varieties. The value of DSI of Clipper,

Harrington and Haruna nijo showed that they were more sensitive to water stress than the

other cultivars.
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6.3.6 Above-ground dry matter (DM) and harvest index (HI)

DM of all cultivars was reduced signifrcantly by water stress, but there was no interaction

between cultivar and water treatment on DM (Table 6.6). There were significant

differences among the eight barley cultivars in DM. Harrington produced the greatest

DM, while the lowest DM was produced by Haruna nijo.

There was significant interaction between cultivar and water treatment on HI indicating

that the responses of barley genotypes in HI varied with water conditions (Table 6.6).

Table 6.6. Aboveground dry matter and harvest index of barley cultivars grown under

well-watered and water stress conditions in the glasshouse (water stress was imposed from

heading to maturity)

Cultiva¡s Dry matter (g plant') Ha¡vest index(Vo)

107

Well

watered

Water

stress

Mean rilell

watered

Water

stress

Mean

Chebec 38.75 32.01

cr-3576 38.24 32.30

Clipper 40.28 31.65

Galleon 38.42 31.20

Harrington 41.86 36.14

Hanrna nijo 32.98 24.74

Saha¡a 40.& 31.58

wI2875 39.01 32.t0

Mean 38.77 31.46

L.s.d.(57o)

Effect of cultivar

Effect of water treatment

Effect of cultivar x water treatment

35.38

35.27

35.96

34.81

39.00

28.86

36.11

35.56

35.r2

40.8

47.5

43.2

4r.3

36.7

4.1
46.4

4.1
43.1

35.5

43.O

34.1

34.5

26.7

37.5

45.4

4t.t

37.2

38.2

45.3

38.7

37.9

31.7

40.8

45.9

42.8

40.1

1.563

0.781

NS

2.41

L.2t

3.42

ns: Not significant
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This suggests that selecting for high HI should be conducted in specific environments'

Significant differences in HI were found among the eight barley va¡ieties in both well-

watered and water stressed treatments. Under water stress, the substantially low values of

HI occurred in Ha¡rington, whereas high HI appeared in Satrara, Cl-3576 and WI-2875.

HI of all genotypes were markedly reduced by water stress, indicating that water stress at

the grain filling stage greatly affected the accumulation of DM in grains'

6.3.7 Phenology of barley varieties

There was no significant interaction between cultivar and water treatment on phenology of

barley cultiva¡s. (Table 6.7).

Table 6.7. Phenology of barley cultiva¡s as measured by heading and maturity of plants

grown under well-watered and water stress conditions in the glasshouse (water stress was

imposed from heading to maturity)

Cultivars Heading

(DAS)

Maturity (DAS)

Well-watered 'Water stress Mean

Chebec

cr-3576

Clipper

Galleon

Harington

Hamna nijo

Sahara

wr2875

Mean

L.s.d.(S7o)

82

8l

84

82

87

76

81

83

82

1.6

129 119

t24 ll7
t29 119

130 l2l
t36 t26

116 ro7

t25 118

130 t20

127 118

Effect of cultivar

Effect of water treatment

Effect of cultivar x water treatment

t24

t20

t24

125

131

lll
122

t25

t23

1.3

0.7

ns

DAS: Days after sowing
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The earliest heading and maturity were observed in Haruna nijo, while ear emergence and

maturing in Harrington were later than the others. The remaining six varieties, Chebec, CI-

3576, Clipper, Galleon, Sahara and WI-2875 were intermediate heading and intermediate

maturing va¡ieties. Under water stress conditions, the eight barley va¡ieties matured

earlier than those under well-watered conditions.

6.3.8 Relationships between 
^, 

SLA and LAC rvith TE

There were strongly negative correlations between Å and TE among the eight barley

varieties in both well-watered and water stressed treatments (Figure 6.1). The correlation

coefficients were -0.90 (P<0.05), and -0.80 (P<0.01) for the plants glown under well-

watered and water stressed conditions respectively indicating that genotypes with lower A

had higher TE. This confirmed the theory of Farquhar et al. (1982) and supported the

results which were found in other studies with barley by Hubick and Farquhar (1989) and

Walker and Lance (1991).

SLA was also negatively correlated with TE for the plants glown in both water freatments

(Figure 6.2). The correlation between SLA and TE was as strong as the correlation

between Â and TE. This indicates that genotypes with high SLA have low TE.

There was no significant correlation between LAC and TE for plants grown under well-

watered conditions (Figure 6.3), but a strong negative correlation was found in the

relationship between LAC and TE in the water stressed treatment (r = -0.82, P<0.05). This

finding was simila¡ to the results in the studies of Masle et al. (1992) and Mayland et al.

(lee3).



Chapter 6 Relationships among TE, 
^, 

SIy'. and IAC

(a)

o

a

y=-0.593Ex+18.303
r = -0.90, P<0.01

zt.o 22.0 23.0 24.0

Carbon isotope discrimination
( 

^x103)

(a)

o
o

a

y=-0.012Ex+8.6701
¡ = -0.78, P<0.05

(b)

-O

a

y=-0.6061x +18.752
¡ = -0.80, P<0.05

2r.0 22.O 23.0 24.0

Ca¡bon isotope discrimination
(Àx103)

(b)

o
o

a

o

y={.0l8lx+ 10.093

r = 4.83, P<0.05

1r0

¿l

il
ìtl

i

I
t

6.0

9^bos.5
EF,oo 'äo
El¿
.9 = 4.5Ë4
'F 

€'o.o

.E e r.,F

3.0

6.0

>\
P^ 5.5
.Ð o^
(.ì r+{
t.= r¡{ 5.0
o 'èo
é&
Oe4.)'Ë?
ä -? 4.0

ÉàoE- 3.5F
3.0

Figure 6.1. Relationship between transpiration efficiency and leaf carbon isotope

discrimination under (a) well-watered and (b) water stressed conditions for barley cultivars

grown in the glasshouse (water stress was imposed from heading to maturity).
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Figure 6.2. Relationship between transpiration efficiency and specific leaf area under (a)

well-watered and @) water stressed conditions for barley cultiva¡s grown in the glasshouse

(water stress was imposed from heading to maturity).
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Figure 6.3. Relationship between transpiration efficiency and leaf ash content under (a)

well-watered and (b) tvater stressed conditions for barley cultivars grown in the glasshouse

(water stress was imposed from heading to maturity).

6.3.9 Relationships between SLA and LAC with Â

Significant positive conelations were found in the relationship between SLA and Â in both

well watered (r = 0.74, P<0.05) and water stress (r = 0.81, P<0.05) treatments @gure 6.4).

The correlation between SLA and À tended to be stronger in plants grown under water

stress conditions. This suggests that SLA may have a potential for estimating Â in barley

gro\ryn under drought conditions. Although there was a positive trend in the relationship

between LAC and A, it was not significant in both water treatments (Figure 6.5). Possibly,

the small number of genotypes used in this experiment may be one of the reasons for the

non-significant correlations between LAC and Â.
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Figure 6.4. Relationship between carbon isotope discrimination in leaves and specific leaf

area under (a) well-watered and (b) water stressed conditions for barley cultiva¡s grown in

the glasshouse (water stress was imposed from heading to maturity).
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6.3.10 Relationships between 
^, 

SLA, LAC and TE with Srain yield (GY)' dry

matter (DM), drought susceptibility index (DSI), harvest index (HI) and days to

heading (DH)

Carbon isotope discrimination, SLA and LAC were significantly correlated with DM

under both water treatments except LAC under well-watered conditions (Table 6.8).

However, none of these traits were significantly correlated with GY, DSI and HI. Under

water stress conditions, these traits were strongly correlated with DH indicating that

phenology of barley genotypes may be an important characteristic associated with 
^, 

SLA,

LAC and TE even when stress is imposed at the same physiological stage. Under well-

watered conditions, these relationships tended to be weaker, and only SLA and TE were

significantly correlated with DH. These results suggest that later flowering barley

genotypes tended to have lower 
^, 

SLA, LAC (high TE) and also produce higher DM.

None of the traits investigated in this experiment was significantly correlated with HI.

This may be a reason for non-significant correlations between these traits with GY

i

I
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Table 6.8. Simple linear correlations between transpiration efficiency (TE) carbon isotope discrimination (Â), specific leaf area (SLA) and leaf

ash content (LAC) with grain yield (GY), dry mater (DM), ha¡rest index (HI), drought susceptible index (DSI) and days to heading (DH) of

barley varieties g¡own under well-watered and water-sfessed conditions in the glasshouse (water süess was imposed from heading to maturity)

Traits \Vell-watered Water stress

Yield DM HI DSI DH Yield DM HI DSI DH

0.67 ns -0.85** -0.02 ns 0.18 ns -0.68 ns 0.31 ns -0.84** 0.15 ns 0.21 ns -0.76*

SLA -0.22 ns -0.81* 0.43 ns -0.28 ns -0.88** -0.18 ns -O.92** 0.33 ns 0.02 ns -0.88**

LAC -0.l3 ns -0.65ns 0.37 ns -0.1 I ns -0.67 ns 0.00 ns -0.83* 0.46 ns -0.22 ns -0.87**

TE 0.54 ns 0.91** -0.18 ns -0.26 ns 0.77* 0.23 ns 0.95** -0.32 ns -0.10 ns 0.95**

* Significant at P<0.05; **: Significant at P<0.01; ns: Not significant

^
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6.4 Discussion

Under glasshouse conditions, significant genotypic variation in TE was observed among

the eight barley cultivars in both well watered and water stressed conditions. Genotypic

variation in TE in barley has been reported in several studies such as Hubick and Farquhar

(1989) and Walker and Lance (1991). This suggests that there is a potential for improving

TE in barley. There were both genotypic and environmental effects on TE, and TE was

greater in the water stress conditions. This pointed out that under water-limited conditions

the plants tended to use t4rater more efficiently than those in nonlimited water conditions.

Therefore, the selection for high TE would be more effective for a breeding program, if

the screening for TE was carried out under drought conditions.

Genetic differences in Â were detected among the eight barley cultivars under both well-

watered and water stress treatments. The differences in Â among genotypes in a species

can occur because of differences in stomatal conductance or photosynthetic capacity, or

both (Turner, 1993). In wheat and barley, variation in Â arises from both differences in

stomatal conductance and photosynthetic capacity (Condon et aI., 1990; Acevedo, 1993),

and it is likely that this may be the causes of the variation observed in the present

experiment. However, without measurements of stomatal conductance or photosynthesis

rates, it was not possible to verify which was the dominant process causing on the

variation of Â in this case.

As predicted by theory (Farquhar et aI., 1982; Farquhar and Richards, 1984) a negative

relationship between Â and TE was demonstrated among the eight barley genotypes under

both well watered (r = -0.82, P<0.05) and water stress (r = -0.80, P<0.05) conditions. This

supports the results reported for barley by Hubick and Farquhar (1989), and V/alker and

115
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Lance (1991). The strong negative correlation observed in this case was a further

confirmation that Â may provide a useful indirect measure of genetic variation in TE in

barley.

Large va¡iation in SLA was also obsened among the eight barley cultiva¡s indicating the

potential for genetic improvement in SLA in barley. This probably reflects the differences

in photosynthetic machinery among barley cultiva¡s. The SLA was strongly and

negatively correlated with TE in both water treatments indicating that variation in Â may

be attributed to variation in SLA. A significant positive correlation between SLA and Â

under both well watered (r = O.74, P<0.05) and water stress (r = 0.81, P<0.05) provides

indirect evidence for the importance of assimilatory capacity in influencing the TE

characteristics of ba¡ley. These observations were consistent with some previous studies in

peanuts (Wright, 1993; Wright et aI., 1994; Brown and Byrd, 1997) and in wheat and

barley grown in the glasshouse or outdoors (Lopez-Castaneda et aI., 1995), which showed

that cultiva¡s with high TE have higher photosynthetic capacity. It is assumed that

cultivars with thicker leaves have more photosynthetic machinery and the potential for

greater assimilation per unit of leaf area. A high SLA resulted in a higher Â as would be

expected if stomatal conductance does not co-vary to the sarrc extent as assimilation

capacity. Although the magnitudes of SLA were influenced by the environmental

conditions and genotypes, there was no significant interaction between cultivar and water

treatment indicating that SLA can be selected under various water conditions. The

relationships between SLA and Â or SLA and TE have been reported to be consistent

across environments in peanuts (Nageswara Rao and Wright, 1994). The strong

correlations between SLA with TE and with À observed under glasshouse conditions in the

present study suggest that SLA could be used as a rapid and inexpensive selection index to
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identify genotypes with high TE (low A), if these relationships still exist in the field

conditions.

Strong correlations between LAC and TE have been reported in a number of studies

(Masle et aI., 1992; Mayland et aI., 1993; Brown and Byrd, 1997). In this experiment

substantial differences in LAC were found among the eight barley genotypes in both water

treatments, but a negative correlation between LAC and TE occurred only in the water

stress treatment (r = 0.82, P<0.05). The theoretical basis for this relationship is not clea¡.

If mineral nutrient uptake were proportional to transpiration, the relationship of mineral

content with TE would be expected as follows (Masle et a1.,1992)

m=VM=VExE/M=xR

where m = mineral concentration in the dry matter,Z=mineral mass, M = dry mass, E =

water transpired, and R = transpiration ratio (1ÆE). If no recycling of minerals from

tissue to the xylem stream occurred, then x would represent the average mineral

concentration in the transpiration stream during the period represented by m,and R would

be linearly related to m. Mineral uptake is not a function of transpiration when

atmospheric conditions are the cause of variation in transpiration (Masle et aI., 1992) and

thus ¡ varies with environment. However, genotypic variation in x may be small enough

when compared under the same environment to allow prediction of TE from rn. A strong

correlation between mineral content and ash concentration (r = 0.97; P<0.01) was reported

in the study of Masle et al., (1992), thus TE can be predicted from ash content. In this

experiment, there was a positive trend in the relationship between LAC and Â, but LAC

was not significantly correlated with A in both water treatments. The non-significant

correlations between LAC and A were unexpected and different from the results found in
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the studies of Masle et aI. (1992), Mayland et aI. (1993) and Brown and Byrd (1997).

This may be due to the small number of cultiva¡s used to estimate the relationship between

LAC and Â. Although the mechanisms underlying the genetic associations between LAC

and TE or A are unclear, the strongly negative correlation between LAC and TE found in

this experiment pointed out that LAC appears to be a promising breeding tool for selecting

barley genotypes with high TE.

DM was positively correlated with TE or negatively correlated with 
^, 

SLA and LAC in

both water treatments. This showed that barley genotypes with higher TE (or lower Â,

SLA, and LAC) produce more biomass under both well watered and water stress

conditions. These results contrast with the findings in the study of Acevedo (1993) that

TE was negatively correlated with total biomass among barley genotypes grown under

different water treatments in a glasshouse. When plants are grown in pots with a limited

supply of water, it would be expected that genotypes with higher TE (or lower 
^, 

SLA,

LAC) should produce more biomass because all plants are forced to use a limited quantity

of water. 'Where total water use is not constrained in this manner, the relation between TE

and biomass production may vary depending upon the physiological and morphological

factors responsible for genotypic differences in TE. Where genotypic differences in TE

have been associated with genotypic differences in mesophyll photosynthetic capacity, TE

was positive correlated with biomass production (Hall ¿l al., 1994). These were cases in

peanut (Wright et al., 1993), sunflower (Virgona et al., 1990), and wheat (Ehdaie et al.,

1991; Ehdaie and Waines, 1994). In contrast, a negative correlation between shoot

biomass and TE (or positive correlation between Â and shoot biomass) was observed in the

near-isogenic wheat lines grown under well-watered field conditions (Richards, 1992) or

no association between dry matter production and TE in wheat, where total water use was
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not constrained (Condon et aI., 1990). The latter results were explained by genotypic

va¡iation in both photosynthetic capacity and stomatal conductance. Genotypes varying

only in stomatal conductance would be expected to exhibit a negative association between

TE and biomass production where total water use is not constrained (Hall et aI., 1994).

The strong association between SLA and TE observed in this experiment implies that

photosynthesis capacity probably plays a dominant responsibility for the variation of TE in

barley. Hence, the positive relationship between TE and DM appeared under well water

conditions.

From the strong correlations between TE, A, SLA and LAC with DM, it would be

expected that these traits may also correlate with GY because barley genotypes with higher

TE ( or lower 
^, 

SLA, and LAC) produced more DM, which may be an advantage for

higher GY. However, in this experiment, GY and DSI were not significantly correlated

with either TE or 
^, 

SLA and LAC for the eight barley genotypes under well-watered and

water stress conditions in the glasshouse. There have been a number of the contrasting

results about the relationship between TE (or Å) and GY. Positive associations between A

and GY (or negative associations between TE and GY) have been reported in wheat

(Condon et a1.,1987; Morgan et aL,1993), and in barley (Craufurd et a1.,1991), whereas

negative associations between A and GY in wheat were reported by Ehdaie and Waines

(1994) or no association between Å (or TE) and pod yield was the case of peanut (Wright

et aI.,1988; 1993).

There may be several explanations for the non-significant associations between TE and

grain yield in this case. Firstly, the impact on yield of selecting for higher TE (by indirect

selections for lower A, SLA, or LAC) will depend on any genetic associations between A,
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SLA, and LAC with other physiological and morphological cha¡acteristics such as HI.

The non-significant correlations between TE, 
^, 

SLA, and LAC with HI (Table 6.8) in

both water treatments indic4te that HI may be one of the reasons for the non-significant

correlations between these traits and GY. For instance, Harrington had the highest DM

(lowest 
^, 

SLA and LAC), but it had the lowest HI. This showed that both TE and HI

should be considered together in improving grain yield in water limited environments.

Secondly, barley grain yield was determined by many factors, and TE was only one of

them. Finally, too few genotypes used in this experiment (eight genotypes) may also be

another reason for the lack of a significant association between TE and GY.

Strong positive correlation between TE and DH or negative correlations between 
^, 

SLA,

and LAC to DH in both water treatments indicate that these traits vary with phenology of

barley genotypes. For example, later heading genotypes like Hanington had the highest

TE and the lowest 
^, 

SLA and LAC, whereas early heading genotypes like Haruna nijo

had the lowest TE and the highest 
^, 

SLA and LAC. Early heading has been reported to

be associated with high leaf A (low TE) in wheat and barley @hdaie et al., 1991; Richards

and Condon, 1993). The main reasons for this relationship are still unknown. Probably, it

is due to the genetic linkage between Â and early heading (Hall et aI., 1994), hence this

association could constrain breeding for adaptation to some water-limited environments

where both ea¡liness and high TE could be beneficial.

6.5 Conclusions

The experimental evidence showed that Â, SLA, as well as LAC were strongly correlated

with TE in barley. Hence the selection for these traits may provide a worthwhile means to

improve TE genetically. Among these traits, measuring Â is expensive and complicated
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tvhereas measuring SLA and LAC are much simpler and cheaper. Therefore, both SLA

and LAC may be more useful in predicting TE in barley than Â. However, the

relationships between SLA and LAC with TE were derived in a small number of the

genotypes in the glasshouse. This may limit the application to a large number of

genotypes screened in the field. Therefore, these relationships should be evaluated further

with large field populations in several environments. If such relationships can be

substantiated, large populations could be screened relatively and cheaply for either SLA or

LAC in the early phases of a breeding program. Lines selected from this initial screening

could then be analysed for Â by the more precise, but more costly, mass spectrometer

analysis.
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CHAPTER 7

EFFECTS OF GROWING ENVIRONMENTS ON SOME

PHYSIOLOGICAL TRAITS RELATED TO DROUGHT RESISTANCE

IN BARLEY

7.1 Introduction

The choice of environment under which to select for physiological traits relating to drought

resistance in cereal crops is one of the most frequently debated and still largely unresolved

questions in plant breeding, A number of traits can be selected in controlled environments

such as glasshouses and growth chambers. This is basecl on the assumption, often (but not

always) validated by data, that in the controlled conditions there is more efficient control of

environmental variation, better expression of genetic differences and hence higher

heritability than in uncontrolled environments. The assumption ignores the possibility that

the genetic differences and higher heritability found in controlled conditions can be largely

irrelevant when the same genetic material is tested in uncontrolled environments. For

example, genotypic ranking in excised leaf water retention capacity of wheat differs

substantially between plants grown in controlled conditions and the field conditions

(Clarke, 1983; 1987). Therefore, identifying the optimum environment for the selection of

a specific physiological trait relating to drought resistance would be necessary before a

large number of genotypes are screened.

Initial water content (IWC), rate of water loss (RWL), specific leaf area (SLA), leaf ash

content (LAC) and A have shown promise for characterising drought resistance in barley
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Initial water content (tWC), rate of water loss (RWL), specific leaf area (SLA), leaf ash

content (LAC) and Â have shown promise for characterising drought resistanpe in barley

grown under glasshouse conditions (Chapters 5 and 6). However, there was lack of

information about the performance of these traits in the field conditions. Therefore, it is

necessary to examine the effect of growing environments on the expressions of these traits.

There are a number of other developmental and physiological traits which have been

associated with high grain yield in barley under water limited environments such as early

vigour (Craufurd, l99l; Lopez-Castaneda et al., 1995; Van Oosterom and Acevedo,

1992a) and early heading (Acevedo et al., l99L; Van Oosterom and Acevedo, l992a,b,ci

Mitchell et al., 1996). Potential traits to be used as indirect selection criteria for grain

yield in water-limited environments must also be considered as a part of the entire plant

ideotype (Ceccarelli et aI., 1991) because they are often mutually conelated (Van

Oosterom and Acevedo,l992a). Therefore, fWC, RWL, 
^, 

SLA, LAC and then TE can

only successfully be used as selection criteria for drought resistance in barley if they

combine with other traits which a¡e associated with grain yield under water stress, like

early vigour and early heading.

There were two objectives of these experiments. The first \r'as to identify the effect of

growing environment on fWC, RWL, A, SLA and LAC of barley genotypes. The second

uras to assess the association between these traits and several other traits including early

vigour and early heading which are correlated to ba¡ley grain yield under water limited

environments.
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7.2 Materials and methods

Two experiments were carried out under two growing conditions in 1996: one was

conducted in the glasshouse at the V/aite Institute while the other was conducted in the

field at the Roseworthy Campus of the University of Adelaide. Eighteen barley varieties

used in Experiments 1, 2, 3 (Table 3.1) were used in these experiments. Both experiments

were sown at the same time on 2l June, 1996, and therefore the plants developed under

similar daylengÍh conditions.

7.2.1 Glasshouse experiment (Experiment 5)

This experiment was conducted under the same conditions described in Section 3.4.1. The

plants were grown in plastic pots with a diameter of 2O cm and a height of 2O cm filled to

within 2 cm of the rim with 3.5 kg of sterilised, recycled soil. A layer of wood chips was

placed at the bottom of the pots to assist drainage.

Ten seeds were sown per pot. After emergence, the seedlings were thinned to six plants

per pot. At the five leaf stage (DGS 15, Zadoks et al., 1974), th¡ee randomly selected

plants were sampled to assess early vigour. The remaining plants were cultivated as

described in Section 3.4.1 until maturity. The experiment was set up as a split block

design with three replications.

All the pots were maintained at field capacity from seeding to flowering by frequently

weighing the pots and adding water or nutrient solution. At the flowering stage (DGS 65,

Zadoks et al., 1974) of each variety, two \ilater treatments were imposed on the plants of

all the cultivars. Thus, the date when the different water treatments was imposed varied

between genotypes due to the difference in their maturity. Half the pots for each variety
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were stressed by being given only SOVo of water that was used by the well-watered plants.

The plants in the well water treatment were watered as before to maintain field capacity.

The two water treatments were maintained until maturity.

7.2.2 Fieß experiment @xperiment 6)

The field experiment was conducted at Roseworthy Campus of the University of Adelaide

on a solonised brown soil (US soil Taxonomy: Xerochrept) with silty clay loam (pH = 8.5)

at the top and clay loam, grading into calcareous rocks (pH = 9.0) at lower depths. The

experiment was sown with a 15 cm row spacing by using a small plot, cone seeder. The

plot size was 6 rows in width and 6 m in length. A basal fertiliser of 25 kg N/ha and 13 kg

P/ha was applied with the seeds at sowing. An irrigation system using perforated plastic

tape (T-tape) was laid out in the inigated plots seven weeks after emergence in preparation

for the irrigation treatment imposed at the grain filling. V/eeds were controlled by

applying a herbicide solution made up by l.4Uha of Buctril MA (200 g/L bromoxynil and

200 glL MCPA ester), 1.0 L/tra of Hoegrass (375 g/L diclofop methyl) and 100 mIJlOO L

of wetter at five weeks after emergence. Plants were grown under natural conditions

(rainfall and temperature are presented in Appendix 7.1) until the flowering stage of the

midseason va¡ieties. At that time, 15 October, 1996, half of the plots were irrigated (when

there were no rains) until physiological maturity by T tape inigation system set up

automatically to water twice a week with approximately 70 mm per week, whereas non

irrigated plots were maintained under rainfed conditions. The experiment was set up as a

split plot design with th¡ee replications.
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7.2.3 Measurements

Early vigour (EV) was assessed by measuring dry matter per plant at the five leaf stage

(DGS 15, Zadoks et aI., 1974) in both experiments, as suggested by Turner and Nicolas

(1987). A sample of three randomly selected plants per pot in the glasshouse or ten

randomly selected plants per plot for the field experiment was taken, excluding roots.

These samples were washed with water before drying in an oven at 65"C for 48 h, and then

EV was calculated based on the dry weight of a plant. Days to heading (DH) were scored

on individual pots or plots when the awns appeared in 507o of the plants in a pot or plot.

IWC and RIVL were also measured at the five leaf stage (DGS 15, Zadoks et al., 1974) in

both experiments. IWC and RWL were assessed in the samples of th¡ee or five fully

expanded top leaves per pot or plot respectively following the protocol described in

Section 3.5.2. However, it took about 1.5 h to transport the samples to the laboratory, and

as a result, the IWC for these samples a¡e therefore less than the true initial value. RWL

was measuredz4h after excision excluding the fust 1.5 h.

Carbon isotope discrimination (Â) , SLA and LAC were measured in the samples taken at

flowering (DGS 65,Zadocks et aI., 1974), before imposing water treatments. A sample

of th¡ee or five fully expanded top leaves (excluding flag leaves) was taken randomly in a

pot or a plot respectively for measurement of SLA as described in Section 3.5.4, Â as

described in Section 3.5.5 and LAC as the described in Section 3.5.6.

The plants were han¡ested at maturity when the leaves had lost all the green colour. In the

glasshouse, individual plants were separated into head and straw for threshing to obtain the

grain yield per plant. In the field, grain yield (GY) was harvested in a quadrat sample of

0.2 m'per plot when leaves had lost all the green colour.
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Drought susceptibility index (DSI) was calculated using the method of Fischer and Maurer

(1e78)

where Yd = yield of each cultivar under water stressed conditions; Yp = yield potential of

each cultivar under well-watered conditions; Xd = mean of yield in water stress; Xp -

mean of yield in well-watered conditions.

Analyses of variance of Â, SLA, LAC, fWC, RWL, EV and DH were carried out based on

the combined data measured in the glasshouse and in the field by GENSTAT 5 program

(GENSTAT 5 Committee, 1987).

7.3 Results

7.3.1 Carbon isotope discrimination (Â)

There was a significant interaction between envi¡onment and genotype on A (Table 7.1)

indicating that barley genotypes responded differently in Â to growing environments.

Genotypic differences in Â were found in plants both grown in the glasshouse and in the

field @gure 7.1) indicating that genetic variation in Â in barley could be exploited in

various environments. In the glasshouse, substantially lower values of Â occurred in

Schooner, Franklin, Harrington and Weeah while in the field lower values of Â appeared

in Tallon, Franklin, Harrington and Weeah.
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Error b

128

Table 7.1. Summary of analysis of variance for leaf carbon isotope discrimination (Â), specific leaf area (SLA), leaf ash content (LAC), initial

water content (IV/C), rate of water loss (RWL), early vigour (EV), and days to heading (DH) of barley genotypes grown in the glasshouse and

the f,reld conditions

Source of variation df Mean square

^
SLA LAC N/C RWL EV DH

Environment (E) 2.03* 75240.0** 67.37 ns 51.06** 16.47** 0.5480** 1503.78**

Error a 0.14 t346.7 67.16 2.17 0.18 0.0038 2.26

Genotype (G) l.3l ** 3100** 335.6** 1.70** 0.27* 0.0673** 175.57**

GxE t7 0.43* 1308.4** 74.58 ns 0.76 ns 0.14 ns 0.0151** 8.55**

0. r9

I

4

t7

68 483.4 79.24 0.54 0.15 0.0067 2.50

^: Degrees of freedom; **: Significant at P<0.01; *: Siginificant at P<0.05; ns: Not significant
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Figure 7.1. Carbon isotope discrimination in leaves of barley genotypes grorvn in the

glasshouse and the field conditions (carbon isotope discrimination was analysed in the

samples of the fully expanded top leaves at the flowering stage and error bars are standard

errors).

Table7.2. Spearman's rank correlations between glasshouse and freld derived estimates

of ca¡bon isotope discrimination (Â), specific leaf a¡ea (SLA), leaf ash content (LAC),

initial water content (IWC), rate of water loss (RWL), days to heading (DH), early vigour

@V) and drought susceptibility index (DSI) for eighteen barley genotypes

Traits Coefficients

ŜLA

LAC

IWC

RWL

EV

DH

DSI

0.58**

0.60**

0.69**

0.49r

0.40 ns

0.74**

0.83**

0.05 ns

**: Significant at P<0.01, *: Significant at P<0.05, ns: Not significant
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CI3576 and WI 2868 had the highest Â in the glasshouse, while in the field significantly

high Â was observed in Haruna nijo and CI 3576. Plants grown in the glasshouse had Â

values statistically higher than those in the field conditions. However, Spearman's rank

correlation showed a significantly positive trend (r = 0.58, P<0.01) between Á in the

glasshouse and Â in the field (Table 7.2). Hence, the magnitude of Â may vary with

environments, but the ranking among barley genotypes in A was consistent.

7.3.2 Specific leaf area (SLA)

Genotype x environment interaction was significant for SLA (Table 7.1) indicating that

the values of SLA in barley not only va¡ied with genotypes, but also depended on

environmental conditions. Barley genotypes differed significantly in SLA both in the

glasshouse and in the field environments @gure 7.2). Under glasshouse conditions, SLA

of Harrington, Clipper, 'Weeah, Grimmet and Tallon were significantly lower than the

other varieties whereas, CI 3576, Yagan and Haruna nijo had the highest values of SLA.

In the field experiment, Harrington, Weeah, Tallon and Pa¡wan had the smallest values of

SLA whereas the largest SLA was observed in CI 3576, Galleon and Haruna nijo. SLA of

barley genotypes grown in the glasshouse was significantly higher than the SLA of those

planted in the field conditions. However, there was positive Spearman's rank correlation

between SLA of the plants grown in the glasshouse and the SLA of those in the field

conditions (r = 0.ó0, P<0.01; Table 7.2) indicating that environmental conditions may

change the magnitude of SLA, but it did not affect the genotypic ranking greatly in SLA in

barley.
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I Glasshouse

EFietd

150

r00

Barley genotypes

Figure 7.2. Specific leaf a¡ea of barley genotypes grown under the glasshouse and the

field conditions (specific leaf area was measured in the samples of the fully expanded top

leaves at the flowering stage and error bars are standard errors).

7.3.3 Leaf ash content (LAC)

There was no significant interaction between environments and genotypes on LAC (Table

7.1). Spearman's rank correlation between LAC in the glasshouse and in the field was

significantly positive (r = 0.69, P<0.01; Table 7.2). These results suggest that LAC is a

consistent physiological trait over different growing conditions, and therefore it could be

selected in either controlled or field conditions. There was a wide range of LAC among

the 18 barley genotypes (Figure 7.3). Based on the values in both environments, low

values of LAC occurred in WI2868 and rù/eeah whereas high LAC were found in CI3576

and Haruna nijo. LAC of barley genotypes grown under glasshouse conditions did not

differ significantly from those grown in the field conditions (Table 7.1). These results

were different from the findings in the studies of Mayland et aI., (1993) that the value of

LAC varied with environmental conditions.
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Figure 7.3. Leaf ash content of barley genotypes grown under the glasshouse and the field

conditions (leaf ash content was measured in the samples of the fully expanded top leaves

at the flowering stage and error bars are standa¡d errors).

7.3.4 Initial water content (IWC)

There was no significant interaction between environment and genotypes on IWC (Table

7.1). In addition, Spearman's rank correlation was significantly positive for IWC between

two growing conditions (r = 0.49, P<0.05; Table 7.2). These results suggest that IWC may

be measured in either glasshouse or field conditions. Genotypic differences in IWC were

found under both growing environments (Figure 7.4). Based on the average values of both

environments, Parwan, Checbec, Franklin and Stirling had significantly higher IWC than

other varieties. On the other hand, the lowest fWC was found in Haruna nijo, Tallon and

Yagan. IWC of the plants grown in the glasshouse was significantly higher than those in

the field indicating that the values of IWC in barley varied with environmental conditions.
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I Glasshouse

E pietd

Barley genotypes

Figure 7.4. Initial water content in excised leaves of barley genotypes grown under the

glasshouse and the field conditions (initial water content was measured in the leaf samples

taken at the five leaf stage and enor bars are standard errors).

7.3.5 Rate of water loss (RWL)

There was no significant interaction between genotype and environment for RWL (Table

7.1). A large va¡iation in RWL was observed among the eighteen barley genotypes

(Figure 7.5). The excised leaves of Skiff, Yagan, and Galleon lost water faster than the

others, while Patwan, Weeah and Schooner had the lowest RIVL in both environments.

RWL from excised barley leaves differed markedly between the field and controlled-

envi¡onment material. Excised leaves from plants grown in the field lost water faster than

those in the glasshouse conditions (about 26Vo). Spearman's rank correlation was not

significant for RWL between two growing conditions (r = 0.40 ns; Table 7.2) indicating that

the genotypic ranking in RWL varied with environmental conditions.
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I Ghsshouse

E Field

Barley genotypes

Figure 7.5. Rate of water loss in excised leaves of barley genotypes grown under the

glasshouse and the field conditions (rate of water loss was measured in the leaf samples

taken at the five leaf stage and elror bars are standard errors).

7.3.6 Early vigour @V)

Large variation in EV was observed among the eighteen barley genotypes in both the

glasshouse and in the field experiments @gure 7.6). The variety x environment

interaction was significant for EV (Table 7.1). In the glasshouse, Sahara, Franklin, Skiff

and Clipper had the lowest values of EV, while the lowest EV in the field were observed

in Franklin, Grimmet, Tallon, Saha¡a and \VI 2868. Substantially higher values of EV

were found in both environments in Yagan, Haruna nijo and Stirling. Early vigour of

barley in the glasshouse was significantly higher than that of barley in the field. However,

Spearman's rank correlation between EV in the glasshouse and EV in the field was

significantly positive (r = O.74, P<0.01; Table 7.2), indicating that environment conditions

may change the magnitude of EV, but they did not change the genotypic ranking in EV

among barley genotypes.
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I Glasshouse

E Field

Barley genotypes

Figure 7.6. Early vigour of barley genotypes grown under the glasshouse and the field

conditions (early vigour was measured in the samples taken at the five leaf stage and error

bars are standard errors).

7.3.7 Days to heading (DH)

The genotype x environment interaction was significant for DH, indicating that phenology

of barley genotypes varied with environmental conditions (Table 7.3). There were

significant differences in DH ¿rmong barley genotypes both in the glasshouse and in the

field. Ea¡ly heading varieties in both growing environments were Haruna nijo, Yagan and

Stirling, and late heading genotypes were Franklin and Harrington. These results may

imply that the DH of the moderate heading genotypes were the most influenced by the

interaction between genotype and environments. The range of DH among the eighteen

barley genotypes revealed the different potential of drought escape mechanism among

barley genotypes in this study. In the field experiment, ear emerged later than that in the

glasshouse. However, the ranking in DH among barley genotypes was consistent over two

environments (r = 0.83, P<0.01, Table7.2).
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Table 7.3. The differences in days from sowing to heading Írmong barley genotypes

grown under the glasshouse and the field conditions

Genotypes Days from sowing to heading (days)

Glasshouse Field Mean

it

I

Chebec

cr3576

Clipper

Franklin

Galleon

Grimmet

Harrington

Haruna nijo

Parwan

Sahara

Schooner

skiff

Stirling

Tallon

Weeah

wI2868

\ryI2875

Yagan

Mean

L.s.d.(S7o)

96 r02

92 101

96 r05

t07 tt4
97 104

95 tM
r05 109

81 92

102 106

96 t07

94 105

95 105

93 99

100 lo7

96 104

t02 106

97 104

89 94

96 tM

Effect of variety

Effect of environment

Effect of environment x variety

99

97

100

111

100

99

107

86

104

l0l
100

100

96

103

100

IM
100

9L

100

1.8

0.57

2.6

I
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7.3.8 Grain yield (GV¡

Under glasshouse conditions, there was significant genotype x water treatment interaction

for GY @igure 7.7). GY of all barley genotypes decreased markedly under water stress,

indicating that water during the grain filling stage plays an important role in maintaining

GY in barley. Barley genotypes differed significantly in GY under both well-watered and

water stress conditions. Under well-watered conditions, high yields were found in'Weeah,

Franklin, Stirling and WI2875 whereas low yields were observed in CI 3576 and Haruna

nijo. Under rryater stress conditions, the highest yield occurred in rüeeah and WI 2875

whereas, significantly lower yields were seen in Haruna nijo and CI3576.

There was no signifrcant interaction between genotype and water treatment for GY in the

field experiment @igure 7.8). GY of barley genotypes was significantly lower in the non-

inigated treatment. Because the irrigation was initiated from the flowering stage of the

moderate maturing genotypes, GY increased only in moderate and especially in late

maturing genotypes. On the other hand, GY of the early maturing genotypes like Haruna

nijo and Yagan under irrigated conditions did not differ from those in non-irrigated

conditions. A large range in GY was detected among the eighteen barley genotypes. The

highest GY in both water treatments was found in V/I2868 and Chebec whereas the lowest

GY was seen in Sahara, Haruna nijo and CI3576. The difference in GY among genotypes

may reveal the adaptive ability of each genotypes to the a¡ea where the experiment was

conducted.
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7.3.9 Drought susceptibility index (DSI)

The difference in DSI among eighteen barley genotypes in the glasshouse and in the field

are presented in Table 7.3. The ability to maintain grain yield in the water stress treatment

imposed after flowering was markedly different among barley genotypes. Under

glasshouse conditions, Franklin, Haruna nijo, Grimmet, Harrington, Tallon, and Yagan

had higher DSIs than the other genotypes, indicating that these genotypes were sensitive to

drought. In contrast, low DSI, indicating drought resistance was found in CI 3576,

Galleon, Schooner, V/I2875 and V[eeah.

Under the field conditions, there was also a significant difference in DSI among the

eighteen barley genotypes. Harrington, Franklin, Galleon, Skifl Tallon, and Weeatr had

higher DSI than other genotypes implying that these genotypes were more sensitive to

terminal drought than the others. The lowest DSI was found in Yagan, Hanrna nijo,

Chebec and Sti¡ling indicating that these genotypes were the most resistant to terminal

drought among the eighteen genotypes tested in the field. Spearman's rank correlation

between DSI in the glasshouse and DSI in the field was not significant (r = 0.05 ns; Table

7.4). The non-significant correlation may due to the difference in timing of applying

water treatments in two experiments. In the field experiment, the water treatments were

applied at the same time at the flowering stage of the moderate maturing genotypes. In

contrast, water stress was imposed on the plants at the individual flowering stage of each

genotypes in the glasshouse experiment.
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Table 7.4. The difference in drought susceptibility index (DSI) ¿rmong barley genotypes

grown under the glasshouse and in the field conditions

Genotypes DSI

Glasshouse Field

Chebec

ct3576

Clipper

Franklin

Galleon

Grimmet

Harrington

Haruna nijo

Parwan

Sahara

Schooner

skiff

srirling

Tallon

V/eeah

\vI2868

wI2875

Yagan

Mean

L.s.d.(57o)

0.85

0.48

0.84

1.40

0.81

1.29

t.20

t.37

0.84

0.82

0.75

r.09

0.89

r.20

0.82

1.05

0.82

1.20

0.99

o.42

0.25

1.06

0.99

1.63

r.47

0.81

2.04

-0.04

0.83

0.82

0.92

1.24

0.61

t.3l

1.30

1.16

1.06

-0.43

0.95

L.t7

I
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7.3.10 Correlations among physiological traits in barley

Strong positive correlations between SLA, and LAC with Â were found in barley

genotypes grown in both glasshouse and in the field (Table 7.5). These results were

consistent with the findings in Experiment 4 (Chapter 6). The consistency of the

relationships between SLA and Â or LAC and Â over two environments suggests that both

SLA and LAC could be used as surrogates for Â in predicting TE in barley in diversity

environments.

Ca¡bon isotope discrimination was negatively correlated with DH in the field conditions,

but it was not significantly correlated with DH in the glasshouse. SLA was negatively

correlated with DH in both the glasshouse and the field environments. LAC was

significantly and negatively correlated with DH in the glasshouse only. The negative

trends in relationships between Å, SLA, and LAC with DH in both growing environments

indicate that high A, SLA and high LAC, indicating low TE, may be associated with early

heading in barley.

Ca¡bon isotope discrimination, SLA and LAC were positively conelated with EV in the

field conditions, but these relationships were not significant in the glasshouse. This shows

that in the field high Â, SLA and high LAC, indicating low TE, were also associated with

high EV. EV was strongly and negatively correlated with DH indicating that in barley

early maturity was also associated with high early vigour.

There were no significant correlations between IWC and R\ryL with A, SLA, LAC and EV

in both growing envi¡onments. However, there was a positive correlation between IWC

and DH under glasshouse conditions indicating that late maturing genotypes had an

advantage in IWC in the controlled environments.
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Table 7.5. Simple linear correlations among physiological traits in barley grown in the glasshouse and in the held

Glasshouse Field

Traits A SLA LAC TWC RWL EV
^

SLA LAC IWC RWL EV

sLA 0.83** 0.79**

LAC 0.48* 0.71** 0.60** 0.61**

nVC -0.08 ns -0.17 ns 0.32 ns -0.14 ns -0.31 ns -0.08 ns

RWL -0.13 ns 0.13 ns 0.17 ns -0.69** 0.17 ns 0.26 ns 0.33 ns -0.18 ns

EV 0.21 ns 0.36 ns 0.23 ns -0.24 ns 0.1 I ns 0.56** 0.52* 0.56** -0.24 ns 0.17 ns

DH -0.29 ns -0.55* -0.70** 0.53* -0.1I ns -0.41 ns -0.59** -0.50* -0.36 ns 0.44 ns -0.10 ns -0.84**

Â: Carbon isotope discrimination; SLA: Specific leaf a¡ea; LAC: Leaf ash content

IWC: lnitial water content; RWL: Rate of water loss; EV: Early vigour; DH: Days to heading

**: Significant at P<0.01; *: Signihcant at P<0.05; ns: Not signihcant
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7.3.11 Relationships between physiological traits with grain yield (GY) and drought

susceptibÍlity index (DSI)

Under glasshouse conditions, none of the physiological traits investigated were

significantly conelated with DSI (Table 7.6). However, there were significantly negative

correlations between 
^, 

SLA, and LAC with ba¡ley grain yield under well-watered

conditions, but undertwater stress conditions only LAC was significantly correlated with

GY. These results show that barley genotypes with low Â or low SLA and LAC,

indicating high TE, yielded better than those with high A or high SLA and LAC under

well-watered conditions. These results were similar to the observations in the studies of

Acevedo (1993) for barley. RWL was negatively correlated with GY of barley in the

water stress treatrient (r = -0.63, P<0.01). This association infers that excised leaf water

retention capacity may be a useful trait for drought resistance in barley.

Table 7.6. Simple linea¡ correlations between carbon isotope discrimination (Â), specific

leaf a¡ea (SLA), leaf ash content (LAC), initial water content (IWC), rate of water loss

(RIVL), early vigour (EV) and days to heading (DH) with drought susceptibility index

(DSI) and grain yield (GY) in barley grown under well-watered and water stressed

conditions in the glasshouse

Traits DSI Grain yield

Well-watered Waterstress

t43

ŜLA

LAC

NC*
RWL-

EV

DH

-0.23 ns

-0.17 ns

-0.26 ns

-0.39 ns

0.46 ns

0.21 ns

0.06 ns

-0.62**

-0.61**

-0.85**

0.20 ns

-0.30 ns

0.01 ns

0.39 ns

-0.40 ns

-0.43 ns

-0.56*

0.45 ns

-0.63**

0.24 ns

0.24 ns

**: Significant at P<0.01; *: Significant at P<0.05; ns: Not significant
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In the field environment, none of the investigated traits were correlated with grain yield in

either inigated or non-irrigated conditions (Table 7.7). EV was negatively correlated with

DSI, indicating that in the field conditions EV plays an important role in maintaining GY

in barley under water limited conditions or it could reflect the relationship between EV

and early heading. DH was positively correlated with DSI (r = 0.82, P<0.01). This shows

that early maturity, a drought escape mechanism is a crucial trait for drought resistance in

barley for this type of environment

Table 7.7. Simple linear correlations between carbon isotope discrimination (À), specific

leaf area (SLA), leaf ash content (LAC), initial water content (tWC), rate of water loss

(RWL), early vigour (EV) and days to heading (DH) with drought susceptibility index

(DSI) grain yield (GY) in barley grown under irrigated and non-irrigated conditions in the

field

Traits DSI Grain yield

Irrigated Non-irrigated

ŜLA

LAC

rwc
RWL

EV

DH

-0.42 ns

-0.40 ns

-0.17 ns

0.40 ns

0.06 ns

-o.62**

0.82**

-0.23 ns

-0.41 ns

-0.18 ns

0.41 ns

0.04 ns

-0.32 ns

0.46 ns

0.06 ns

-0.13 ns

-0.05 ns

0.23 ns

-0.03 ns

-0.34 ns

-0.07 ns

**: Significant at P<0.01; *: Significant at P<0.05; ns: Not significant
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7.4 Discussion

A wide range of Â among the eighteen barley genotypes found in both glasshouse and in

the field provides indirect evidence for genetic variation in TE among these barley

genotypes. The significant interaction between genotype and environments on Â observed

in this study indicated that A, and hence TE, not only varied between genotypes but was

also influenced by environmental conditions. This result was not enthely unexpected

because TE depends upon many genes influencing both photosynthesis and stomatal

conductance. Their expression and function are influenced by environmental conditions.

Consequently, Â, and hence TE, must be affected by the interaction between genotype and

environment that could result in inconsistency of genotypic ranking for TE and Â.

Surprisingly, the genotypic ranking in Å was consistent over two growing environments

(r = 0.58; P<0.01). The consistent genotypic ranking in Â under various growing

conditions have been reported for a number of species, including peanuts (Hubick et al.,

1988; V/right et a1.,1993), barley (Craufurd et a1.,1991), cowpeas (Hall er al., 1992), and

wheat (Condon and Richards, 1992). These studies suggest that genotype x environment

interaction would not necessarily constrain practical breeding programs, which aim to

develop improved varieties for specific target environments within which genotypic

ranking appears to be consistent.

Both environment and genotype influenced the magnitude of SLA and Å. For instance,

SLA and À for each genotype were significantly higher in the glasshouse conditions where

water supplied was non-limiting, while the rain-fed conditions in the field tended to reduce

SLA and A for each genotype. These differences may be mainly due to the differences in

environmental conditions and their effects on stomatal conductance. The higher mean
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temperature and relative humidity of the air in the glasshouse relative to those in the field

during the growing season may have resulted in greater stomatal conductance in the

glasshouse, which according to the theory of Farquhar et aI. (1982) could result in higher

Â and higher SLA. Although there was some genotype x environment interaction

affecting SLA, the genotypic ranking for SLA was maintained consistently in two growing

environments (r = 0.60, P<0.01).

The strong positive correlation between Â and SLA reported in the previous experiment

(Chapter 6) again appeared in the eighteen barley genotypes grown under both the

glasshouse and the field conditions. The consistently positive correlation between SLA

and À across environments has been reported in peanuts (Wright et al., 1994), and in

wheat and barley under glasshouse and outdoor conditions (Lopez-Castaneda et a1.,1995).

The consistency in relationship between SLA and Â detected in this study suggests that the

predominant source of variation in A in barley may arise from variation in photosynthetic

capacity per unit leaf area. The physiological mechanisms involved in the relationship are

unknown and need further investigation. However, the significant application of the

relationship is obvious, in that breeders could use SLA instead of Â to screen for high TE

in barley germplasm within particular environments.

The non-significant difference in LAC between plants grown in the glasshouse and those

in the field conditions contrasts with some previous studies which found that LAC va¡ied

with growing environments and tended to be greater in non-limiting water environments

(Mayland et aI., 1993; Brown and Byrd, 1997). Their studies found that LAC of plants in

the glasshouse had higher LAC than those in the field. The similar values in LAC between

two growing environments in this study may be due to the fact that the samples for
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analysing LAC of the field experiment were taken on the plants growing under a similar

non-limiting water supply as the plants in the glasshouse due to the high rainfall in the

growing season. Therefore, the similar well-watered conditions prior to flowering may

result in no difference in LAC between the two environments. Nevertheless, these

experiments have shown positive correlations between LAC and Â both in the glasshouse

and in the field. The strongly consistent correlation between LAC and Â in this study was

a further support for the idea of Mayland et al. (1993), and Brown and Byrd (1997) that

LAC could be used instead of Â in predicting TE in the C3 species.

Although the genotype x environment interaction was not signiñcant for IWC and R'WL,

the magnitude of IWC and RTWL markedly differed in the two growing environments.

Excised leaves from plants grown in the glasshouse had higher fWC, but lost water more

slowly than those from the field experiment. This observation was consistent with the

findings reported in the studies of Clarke (1983) and Clarke and Richa¡ds (1988). It may

be due to the difference in water supply between two environments at the five leaf stage.

Under glasshouse conditions, plants were rvatered to the field capacity regularly, while

plants in the field depend totally on the rainfall. The difference in the water supply may

lead to the higher IWC in leaves of the plants in the glasshouse than leaves of the plants in

the field. It is not clear why the excised leaves from the field lost water faster than those

in the glasshouse. Possibly, leaves of the plants in the field a¡e exposed to natural

environmental factors such as rain, wind, and solar radiation, which may cause cracking

and/or removal of the epicuticular waxes or cause damage to the cuticle itself. These

changes may contribute to the higher RWL in leaves in the field compa¡ed with leaves

from the glasshouse. However, genotypic ranking over two growing environments was

consistent for [WC, but not for RWL. The inconsistency in genotypic ranking in RWL
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indicates that RWL was greatly influenced by environmental factors, which was noted in

the study of Clarke and Richards (1988). These observations suggest that IWC could be

selected in either controlled environment or field conditions, but the selection for low

RWL should be carried out in the target environments.

Good EV and early heading have been proposed to be determinants of greater grain yield

of barley in environments cha¡acterised by terminal drought (Craufurd, l99l; Ceccarelli ¿l

aL, l99t; Van Oosterom and Acevedo, l992a,b,ci Acevedo et al., 1991 Richards, 1996;

Mitchell et aI., 1996\. Terminal drought is the main climatic factor limiting barley and

other cereal crop production in South Australia (Nix, 1975). Therefore, EV and early

heading would be desirable traits for a barley ideotype in this area. In these experiments, a

wide range of EV among barley genotypes in both glasshouse and field conditions

provides the opportunity for improvements of EV through breeding. The genotypic

difference in EV was a reflection of their adaptability to each environment. Genotype x

environment interaction affected the magnitude of EV rather than changing the ranking of

genotypes in EV over two growing environments. Therefore, the selection for high EV

could be ca¡ried out in various environments.

Early heading is an important drought escape mechanism to enable adequate grain filling

before terminal drought occurred. The wide range in DH, from very early heading like

Hanrna nijo to late heading like Franklin, observed in these experiments indicates genetic

va¡iation in DH among barley genotypes. The significant effect of genotype x

environment interaction on DH implies that phenology of barley is controlled by both

genetic and environmental factors. DH was negatively correlated with EV in the field

experiment, but the correlation was not significant in the glasshouse. A negative

correlation between DH and EV has been reported previously for barley (Cu et al., 1993;
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Van Oosterom and Acevedo, 1992b). This association is an advantage for combining EV

with early heading into plant ideotype for water-limited environments.

Physiological traits for drought resistance can only be beneficial for grain yield in drought

environment if they are considered as part of an entire plant ideotype for a target

environment. Carbon isotope discrimination, SLA and LAC were positively correlated

with EV in the field conditions but not in the glasshouse. A positive association between

A and early canopy growth has been reported for wheat genotypes grown under well-

watered conditions in the field (Condon et al., 1993; Richards and Condon, 1993).

Richards and Condon (1993) suggested that va¡ieties with high early vigour develop a

canopy of leaves quickly and this leads to high leaf area to mass ratio (high SLA). This is

likely to result in lower nitrogen content per unit area, a lower assimilation capacity, and

therefore higher Â. Alternatively, where low Â is the result of low stomatal conductance,

the rate of photosynthesis per unit leaf area may also be lower thereby slowing early

canopy growth. For South Australia environments, where the barley crop receives most of

the rainfall between sowing and flowering, rapid growth or high early vigour may be

adaptive. The challenge to the barley breeder in this type of environment is to combine

rapid, early vegetative growth with low Â and high TE.

Negative correlations between 
^, 

SLA and LAC with DH observed in the previous

experiment @xperiment 4, Chapter 6) occurred again in both experiments in the

glasshouse and in the field. This indicates that early heading tvr¡s associated with high A,

SLA and high LAC. The negative association between early flowering with A has been

found in common bean (White, 1993), cowpeas (Hall et ø1., 1993) and wheat and barley

@hdaie et a1.,1991; Richa¡ds and Condon, 1993). Strong, negative correlation between A
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and DH was also noted for barley grown in various water stress levels in the field

(Craufurd et aI., l99l). The association between 
^ 

and DH may be due to a genetic

linkage of weak to moderate strength (Hall el aI., 1994). Alternatively, it may have arisen

through evolution, or from unconscious selection by breeders for faster growth, in

genorypes of short duration, especially in environments where a large leaf index is seldom

selected (Richards and Condon, 1993). Faster growth may be required to achieve high

yield as it compensates for any yield penalty associated with short duration. Developing a

large canopy quickly may only be possible if genotypes have thin leaves (high SLA) or

wide open stomata. Such genotypes are likely to have a high Â. Later flowering lines, on

the other hand, have a longer opportunity to develop their leaf area and would experience

less selection pressure for fast canopy development. The negative association between A,

SLA, and LAC with DH could constrain breeding for adaptation to terminal drought

environments where both earliness and high TE could be beneflrcial.

Generally, IWC and RIVL were not correlated with any of the other traits investigated in

these experiments except a positive association that was found between IWC and DH for

barley genotypes grown in the glasshouse conditions. The positive correlation between

IWC and DH indicates that the later heading varieties have higher IWC. It is still

unknown why IWC is associated with DH, because the samples for measuring IWC was

collected at the early vegetative growing stage (five leaf stage). Hence, fV[C would not be

affected by leaf age resulting from different maturity among genotypes. The association

between IWC and DH may also constrain the use of IWC as a selection trait for drought

resistance, because late heading is not adapted to environments featured by terminal

drought.



Chapter 7 Effects of growing environments on physiological traits 151

In the glasshouse where water stress treatment was imposed on the plants at individual

flowering stage of each variety, none of the traits investigated in these experiments were

correlated with DSI, a parameter indicating the percentage reduction in GY due to drought

compared with GY under well water conditions (potential yield). Possibly, no trait can

contribute dominantly to physiological drought resistance in barley when drought occurred

at the same grorving stage. In this situation, DSI or drought resistant ability of each

genotype, may depend on the combinations between traits which are beneficial for grain

yield under drought conditions rather than any single trait. However, in the field

conditions where water treatment was applied at the same time, DSI was negatively

correlated with EV (r = -0.62. P<0.01), but positively correlated with DH (r = 0.82,

P<0.01). This indicates that early heading and high EV were critical traits for drought

resistance in barley in the field conditions. These results provide further support for the

suggestion of a barley plant ideotype for terminal drought environments in studies of

Craufurd (1991), Ceccarelli et al. (1991), Van Oosterom and Acevedo (1992a,c), Acevedo

et al. (1991), Richards (1996) and Mitchell et aI. (1996). These experiments may also

explain the results observed in the field variety trials in 1994 (a drought year): Yagan, an

early maturing variety with the highest EV was the most drought resistant variety over

nineteen sites in South Australia, despite that it appears to be sensitive to drought

(Chapters 4 and 5).

Strong, negative correlations between 
^, 

SLA and LAC with GY occurred only under

well-watered conditions in the glasshouse, and these correlations tended to be weaker to

non-significant under water stress conditions and in the field conditions. These results

were consistent with the finding in the studies of Acevedo (1993) and Craufurd (1991) for

barley, and Ehdaie and Waines (1994) for wheat. These studies found that the positive
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correlation between À and GY occurred in the most drought affected environments while it

dropped to zero (non-correlated) in mild water-stressed environment, and the correlation

became negative when water was non-limited. Apparently, the relationship between Â and

GY observed in this case and other previous studies in barley contrast completely to the

results of Condon et aI. (1987), and Richards and Condon (1994). A possible explanation

for the negative relationship between 
^, 

SLA and LAC and GY of barley under well-

watered conditions is that the later maturing genotypes usually have higher yield potential

under nonlimited water conditions. On the other hand, these genotypes tended to have

low Å, SLA and low LAC as mentioned above. Under non-limited water supply during

growing season, these genotypes will obtain higher yields than early maturing genot)?es.

Consequently, the negative correlations exist in the relationship between Â and GY in non-

limited water environments.

The non-significant correlations between Â (or SLA and LAC) and GY under water stress

in the glasshouse may be due to the water status in the plants when sampling. All samples

used to analyse A, LAC and measuring SLA were taken before imposing water treatments

for both experiments in the glasshouse and in the freld. At that time, the tissue samples did

not experience in water stress. Therefore, the values of Â, SLA, and LAC \ilere not

affected by water stress, while GY was affected significantly due to the water stress in

both experiments. In addition, the GY of the freld experiment was not indicative of severe

stress even in non-irrigated treatment since 1996 was a quite favourable year in terms of

rainfall (Appendix 7. l).

RWL was negatively correlated with GY under water stress only in the glasshouse

indicating that high water retention capacity was associated with high GY in barley. This
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supports the findings in some previous studies that RWL was negatively associated with

GY in wheat grown under drought conditions (Jaradat and Konzak, 1983; Clarke and

Smith, 1986; Clarke et aI., 1989). However, this relationship did not exist in the field

conditions. Clarke (1937) found that water retention capacity was only beneficial to GY

when plants were grown in severe drought environments. Possibly, the year when the

experiment was conducted was not sufficiently dry due to high rainfall during the growing

season, and the non-irrigated plots were therefore not affected by drought . In this

environment, water retention capacity may not contribute effectively in maintaining GY.

The relationships between the physiological traits investigated in this study and GY are

very complex. It is dependent on stress level, and stresses are usually present in

combination. Other stresses may also influence yield in dry rain-fed Mediterranean

environments (CeccarelLi et al., l99l) where low winter temperature and terminal heat

stress are nearly always present. This fact would also complicate the relationships between

physiological traits and GY.

7.5 Conclusions

Genotypic differences in Â, SLA, LAC, fWC, RWL, EV and DH were detected among the

eighteen barley genotypes grown in both the glasshouse and the field conditions.

Genotypic ranking of these traits tended to be consistent between the two growing

conditions. Strongly positive correlations between SLA and LAC with A were consistent

over the two growing environments suggesting that both SLA and LAC could be used to

substitute A in predicting TE in barley. The associations between 
^, 

SLA, and LAC with

EV and DH detected in this study present a challenge for barley breeders in terminal

drought environments like South Australia where EV, early heading and high TE are
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adaptive. EV and early heading were found to be the most important traits for drought

resistance in barley grown under the field conditions in a single site. The strong

association between R\ryL and GY under severe drought conditions suggests that RWL

could be beneficial for barley GY in drought conditions. However, most of the traits were

not correlated with GY under water stress in the glasshouse or under non-irrigated

conditions in the field suggesting that the plant ideotype for water-limited environments

should be a combination of several traits, which are beneficial for GY under drought

conditions, rather than a single trait. The relationships among the investigated traits found

in this study may due to some genetic linkage among traits. Therefore it would be more

effective for a barley breeding program for water-limited environments if the loci of genes

that control these traits a¡e detected. Further resea¡ch is recommended on the genetic

control of these traits as well as genetic factors which could limit the combinations among

drought resistance traits in barley.
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CHAPTER 8

IDENTIFICATION OF QUANTITATIVE TRAIT LOCI FOR

ELONGATION OF COLEOPTILE UNDER \ryATER STRESS IN

BARLEY
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8.1 Introduction

Among the traits investigated in this study, elongation of the coleoptile under water stress

appeared to be the most promising trait for screening for drought resistance in barley,

because it was associated with grain yield of barley grown under water stress conditions.

Differences in osmoregulation among wheat genotypes responding to water stress is a

major factor for the differences in coleoptile length (CL) (Morgan, 1990; 1991) and it is

likely that simila¡ relationships may occur in barley. CL was a quantitative trait and

highly heritable in Experiment 2 (about 90Vo; Appendix 4.2), therefore, the genotypic

ranking for CL tended to be consistent over the tests. These results encouraged further

work to identify quantitative trait loci (QTL) for CL to assist breeders in further selection.

Molecula¡ ma¡ker maps, usually based on restriction fragment length polymorphism

(RFLP) @otstein et a1.,1980) and random amplified polymorphic DNA (RAPD) markers

(Weber and May, 1989) allow the possibility of producing dense linkage maps. Such

maps have been generated for a number of important crops such as tomatoes (Tanksley

and Rick, 1980), potatoes (Gebhardt et al., 1991), sugar beet (Pillen et al., 1992), muze

(Helentijaris, 1987), barley (Graner et al.,l99t; Langridge et a1.,1995), wheat (Liu, 1991)



Chapter 8 QTLfor coleoptile length 156

and they are now being used for the mapping of QTL (Knapp et aI., 1990). Once the QTL

locations a¡e known, their effects on other characters can be determined and the genes

involved can be manipulated for breeding purposes.

Over the past decade, many agronomically and economically important traits have been

mapped in barley such as the denso dwarfing gene (Barua et a1.,1993; Laurie et al., 1993):

the Mla mildew resistance (Hilbers et al., 1992), grain yield, heading date, plant height

(Thomas et al., 1995; Backes et aI., 19951' Bezant et aI., 1996), kernel characters (Backes

et aI., 1995) and malting quality (Thomas et aI., 1996). QTL analysis has been used to

identify a range of drought resistance cha¡acteristics in wheat (Quarrie et al., 1994) and

maize (Lebreton et aI., 1995). However, there has been little work on the use of

molecular techniques in localising QTL for drought resistance traits in barley.

The purpose of the present study was to identify QTLs controlling the elongation of barley

coleoptiles under water stress conditions. The results may assist barley breeders in

manipulating this trait with other important traits for barley grown under waterlimited

environments.

8.2 Materials and methods

Seeds of a doubled haploid population consisting of 150 lines generated using the

Hordeum bulbosum method (Hayes and Chen, l9S9) from the cross of Clipper (Australian)

x Sahara (African), generously provided by Dr. A. K. R. M. Islam at the Waite Institute,

were used to maP CL genes. This population was chosen for mapping CL because Satra¡a

differed significantly and consistently from Clipper in CL in Experiment I and 2 (Chapter

4).
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A PEG solution of 2OVo (w/w) with water potential - I .0 MPa at 2OoC was used to simulate

water stress, while distilled water was used in the control. The CL test using the filter

paper technique was ca¡ried out following the protocol described in Section 3.3.3, but only

10 uniform germinated seeds were tested in a filter paper due to the small quantity of seeds

available. The experiment was set up as a randomised complete block design with 2

replications. CL was measured as described in Section 3.5.1. The difference between CL

in control and CL in water stress (DF) was also calculated:

DIF = CL in control - CL in water stress

The data were analysed using ANOVA by the GENSTAT statistical package (GENSTAT

Committee, 1987) to detect the differences in CL and DIF among the doubled haploid

lines. A molecular linkage map for Clipper x Sahara illustrating marker order and genetic

distances between markers along chromosomes constnrcted by Langridge et a/. (1995) was

used as a basis for detecting possible QTLs regulating CL in control, CL in water stress

and DIF. To detect possible QTL, initially a simple one-way ANOVA of CL values in

control, water stress and DIF at each marker locus was ca¡ried out. A significant F-ratio

(P<0.05) for genotype mean squares for a particular locus was taken to indicate the

possible Presence of a QTL at or close to that locus. The Map Manager QT program

(Manly and Cudmore, 1994) was then used to constn¡ct a QTL location likelihood profile

for CL in control, CL in water stress and DIF along each chromosome.
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8.3 Results

8.3.1 Variation of CL and DIF in the doubled haploid population

There were significant differences in CL among the doubled haploid lines and their parent

under both control and water stress treatments (Table 8.1). This indicates the wide range

of genetic variation in CL in different moisture conditions. Under water stress conditions,

a large va¡iation in CL was detected among the 150 doubled haploid lines . Although the

mean value of CL under water stress was M.2 mm, the value of CL range from 4.2 mm in

the line 109 to 81.4 in the line 50. These results indicated the differences of drought

tolerance among doubled haploid lines. Under water stress conditions, CL of Sahara was

about 677o significantly longer than that of Clipper, while they were not significantly

different in the control treatment. This may indicate the genotypic differences in

osmoregulation and hence in CL responding to water stress between two cultivars.

Latge variation in CL in control was also observed ¿tmong doubled haploid lines. The

mean value of CL in control was 75.9, but it ranged from 42.2 mm in the line 72 to 97.3

mm in the line 81. This supported the findings in Experiment I and? (Chapter 4) that CL

of barley va¡ies with genotypes.

DIF is a para¡neter indicating the degrees of reduction in CL in water stress. The result

showed that doubled haploid lines differed significantly in DIF. This implied that there

was genetic variation in the sensitivity of coleoptile to water stress in the doubled haploid

population.
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Table 8.1 Coleoptile length (CL) under control and water stress conditions and the

difference between CL in two water treatments (DlF) of the parent and 150 doubled

haploid lines derived from the cross Clipper x Sahara (CL was measured after seven days

of incubation at 20oC)

Line CL (mm) DIF

(mm)

Line CL (mm) DIF

(mm)Control Stress Control Stress

t
I

t;

Clipper

Sahara

I

2

3

4

5

6

7

8

9

10

t1

t2

13

t4

15

l6

t7

l8

19

20

2l
,,,,

23

24

89.1

82.9

88.1

73.2

65.7

74.5

84.9

76.5

79.0

86.4

81.7

80.6

77.8

83.7

80.9

69.6

73.7

85.6

81.0

50.9

74.4

78.5

78.9

90.9

62.7

61.8

29.4

49.2

63.2

67.4

56.4

50.8

78.8

52.2

67.O

67.6

55.0

73.4

51.2

67.2

70.8

62.2

4.4
53.0

&.4

32.4

58.2

43.8

52.2

5t.4

30.6

50.8

59.7

33.7

24.9

5.8

9.3

23.7

6.1

24.3

12.0

18.8

26.7

7.2

26.6

16.5

l0.l

7.4

29.3

32.7

t6.6

18.5

t6.2

34.7

26.7

39.5

32.1

I1.0

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

9t

92

93

94

95

96

97

98

99

100

75.1

92.2

ig.t
71.3

73.7

7t.2

97.3

59.2

62.9

56.4

58.2

71.7

79.4

60.3

75.7

82.t

92.2

87.9

62.3

73.3

58.6

79.t

72.6

79.O

91.2

80.2

32.0

32.6

13.0

r5.6

38.0

28.6

38.6

42.4

27.2

49.8

4.O

27.8

47.2

62.O

34.4

67.8

30.4

58.4

2t.2

t2.4

45.O

t9.2

4.6

34.2

51.2

42.2

43.2

59.6

66.7

55.7

35.7

42.6

58.7

16.8

35.7

6.6

14.3

4.O

32.2

18.4

41.3

14.3

61.8

29.5

4t.l

60.9

13.6

59.9

68.r

4.8
40.0

38.0

r

il

I
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Table 8.1. [Continued]

160

Line CL (mm) CL (mm) DIF

(mm)Control Stress

DIF

(mm)

Line

Control Stress

4
25

26

27

28

29

30

3l

32

33

34

35

36

37

38

39

40

4t

42

43

4
45

46

47

48

49

50

51

52

53

54

8t.2

66.7

7t.t
86.1

83.0

87.7

86.1

73.3

78.2

84.5

88.4

95.0

95.0

62.r

90.5

86.4

83.7

83.2

86.3

95.1

78.1

58.9

69.5

95.0

77.8

85.0

75.3

90.0

80.5

69.0

36.6

42.6

23.8

65.0

63.6

69.2

20.6

41.8

67.2

58.6

63.0

&.4

46.6

40.6

62.0

46.6

48.2

29.4

66.0

54.2

24.4

38.6

39.8

68.2

55.4

81.4

32.2

69.6

68.4

62.2

M.6

24.2

47.3

2t.t

t9.4

18.5

6s.6

31.5

11.0

25.9

25.4

30.6

48.5

2r.5

28.5

39.8

35.5

53.8

20.3

40.9

53.7

20.3

29.7

26.8

22.5

3.6

43.t

20.4

L2.t

6.8

101

102

103

IM
105

106

to7

108

109

ll0
111

rt2
113

tt4
ll5
116

tt7
ll8
ll9
120

tzt
t22

123

124

t25

t26

t27

128

t29

130

79.6

58.9

68.2

52.0

60.9

78.0

58.8

78.8

93.8

66.8

74.3

79.0

77.5

92.5

80.5

70.9

60.6

53.6

56.9

67.4

55.1

78.6

87.1

84.5

91.3

73.9

76.8

91.5

74.O

62.8

17.8

50.2

36.8

31.8

19.8

52.2

19.6

3t.2

4.2

45.8

40.2

36.0

48.2

to.2

57.4

51.4

4t.6

23.4

t2.4

22.6

39.4

68.6

29.4

59.0

4.2
39.4

29.2

33.0

34.2

20.8

61.8

8.7

3t.4

20.2

4l.t

25.8

39.2

47.7

89.7

2t.o

34.t

43.0

29.3

82.3

23.1

t9.9

19.0

30.2

4.5
4.8
t5.7

10.0

57.7

25.5

47.t

34.5

47.6

58.5

39.8

42.t

,.)

nl
ìË

I

I

T
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Table 8.1. lContinued]

l6r

Line CL (mm) DIF

(mm)

Line CL (mm) DIF

(mm)Control Stress Control Stress

55

56

57

58

59

60

6t

62

63

&
65

66

67

68

69

70

7t

72

73

74

Mean

S.e.d.

59.3

88.8

67.6

90.4

89.9

75.9

74.6

60.9

73.0

75.9

s6.7

82.9

79.3

85.4

80.3

73.2

77.6

42.2

88.8

78.4

23.0

67.0

49.2

59.4

53.6

70.6

2t.2

26.2

56.4

41.6

40.2

24.6

41.0

47.8

56.8

53.4

22.4

t2.8

47.O

16.0

36.3

2t.9

18.4

31.0

36.3

5.3

53.4

34.7

t6.6

34.3

16.5

58.3

38.3

37.7

23.5

19.9

55.2

29.4

41.8

62.5

131

t32

133

134

135

t36

t37

138

t39

140

l4t
t42

143

t4
145

146

t47

148

149

150

66.0

80.2

7t.8

78.6

60.1

6t.3

72.6

75.6

69.6

59.4

66.0

76.5

60.7

58.6

86.2

83.8

80.7

66.2

71.4

78.6

75.9

7.79**

47.6

36.2

38.0

65.4

26.4

54.0

33.0

39.0

60.2

54.2

36.8

56.8

2t.6

30.4

72.2

49.0

42.0

60.0

51.4

52.4

M.2

6.61**

18.4

4.O

33.8

13.3

33.7

7.3

39.7

36.6

9.4

5.2

29.2

t9.7

39.2

28.2

t4.t

34.8

38.7

6.2

20.o

26.2

31.6

9.95**

**: Significant at P<0.01

i
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S.3.2 QTL mapping for CL in control, CL in water stress and DIF

QTLs for CL in control, CL in water stress and DIF were separately located in the genome

of barley (Figure 8.1) indicating the independent genetic effects on CL in control, CL in

water stress and DIF. QTLs for CL under water stress conditions were widely distributed

over the genome, they located on all chromosomes except chromosome 7H. Forty one

percent of the variation in CL in water stress was explained by 6 QTLs located on 6

chromosomes of barley genomes. Chromosome 5H was the most responsible for the

variation in CL, with one QTL close to the marker ksuAl explaining 9.8Vo of the va¡iation

in CL (P = 0.0017). Chromosome lH had one QTL located at the nearest marker

XTGLOB, which accounts for 5.2Vo of the variation in CL (P = 0.0226). The most

significant QTL in ch¡omosome 2H was near the marker 2Rl6R, a physiological and

quality maker, which explained 5Vo of the va¡iation in CL (P = 0.0253). The QTL close to

the marker lVG405 on chromosome 3H accounted for 6.9Vo of the variation in CL (P =

0.0087). There was 7.7Vo of the variation in CL which was explained by one QTL near

the marker PSRI63 on chromosome 4H (P = 0.0055). On chromosome 6H, the most

significant QTL was close to the ma¡ker PSR167, which accounted f.or 6.6Vo of the

variation in CL (P = 0.01).

For CL in the control, 5 QTLs were determined on 6 chromosomes, which explains about

36.2Vo of the variation in this trait. Chromosome 2H was the most responsible for the

variation in CL in control, with one QTL close to the ma¡ker BCD339 explaining lÙVo of

the va¡iation (P = 0.0016). Chromosome lH had one QTL near the ksuA3C, which

accounted 6.IVo of the variation in CL in control (P = 0.0135). The QTL close to the

marker CDO358 on chromosome 4H explained 8.l%o of the variation (P = 0.0044).

r62
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IE

ksuDl4

55.3

ksuA3C
t 03.3

108

25.5
AWBMA34

59.4
78.4

XTGLOB

3.9
ABG373

6H

BCD2I

55.7

59.2

152.7

wG564
14.3

BCD35IA
ksuAl

163

2H

58.5

lll.8

35.7

182

3E

7E

4H

XGERMIN

74.9

PSRt63
cDo358

67.8

ABC305

Q[L forCl in
oonhol

QTL forCL in
waler su€ss

I QTL forthe DIF

AWBMA2S

2R/6R

MWC892

BCD339

BGI23

A\\'BMÀ36

PSRl67

ABG¿160

wG405

GII

\\rG789C

BCDl29

4.4

26.2

5E

0
21.2

cDo400 AWBMA2O AU/BMA9

Figure 8.1. Barley genetic map shou,ing the locations of QTLs for coleoptile lengths (CL) of
barley in control, $rater stress conditions and the difference between CL in control and CL in water
stress (DIF) (genomic regions responsible for the expression of: (t) CL in control are presented by
white bars for significant at P = 0.0135; 0.0016; 0.0044; 0.0062 and 0.0338 for chromosomes lH;
2H;4H;5H and 7H respectively; (id) CL in water stress are presented by black ba¡s at P = O.0226;
0.025; 0.0087; 0.0055; 0.0017 and 0.01 for chromosomes lH; 2H; 3H; 4H; 5H and 6H
respectively, (itt) DIF are presented by grey ba¡s at P = 0.0173; 0.0098; 0.0184; 0.0173 in
chromosomes lH; 2H; 5H and 6H respectively. Loci names are on the right and cumulative
distances in centi-Morgans on the left).
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The other 2 QTLs were close to the markers BCD35IA on chromosome 5H (P= 0.0062)

and BCDI29 on chromosome 7H (P= 0.0338), which explains for 7.5 and 4.5Vo of the

va¡iation in CL in control respectively.

There were 4 QTLs located on chromosomes, IH,2H,5H and 6H explaining23.TVo of the

va¡iation in DIF. The highest variation in DIF (6.7Vo) was explained by one QTL near the

marker MWG892 on ch¡omosome 2H (P = 0.0098). The other QTLs were close to the

makers AWBMA34 on chromosome lH (P = 0.0173), lVG564 on chromosome 5H (P =

0.0134) and ATWBMA36 on chromosome 6H (P = 0.0173), which explains for 5.7, 5.6 and

5.7Vo of the variation in DIF respectively.

8.3 Discussion and conclusions

Many traits related to drought resistance in barley have been examined in the ea¡lier

experiments of the present study, but only CL was used to map QTL due to the limited

time available. CL of Clipper was similar to that of Satrara under control, but it reduced

markedly and was much shorter than CL of Sahara in sEess, indicating that Clipper was

more sensitive to drought than Sahara. This supported the result of the previous

experiments (Experiment I and 2; Chapter 4). A comparison of the range of values among

the doubled haploid lines with the mean value of the parents Clipper and Satrara indicated

that transgressive segregation was occurred for CL under water stress. This suggests that

each parent possessed positive and negative alleles for QTLs controlling the elongation of

barley coleoptiles in water stress.
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CL of all genotypes w¿ls markedly reduced in water stress, however there were significant

differences in DIF among doubled haploid lines. This suggests that CL of barley in water

stress is an independent trait with CL in non-water sfress, and it indicates the degrees of

tolerance to water stress among doubled haploid lines. Evidently, the QTLs responsible

for the expression of CL in control and in water stress were located in different locations

in the barley genome. This suggests that genes controlling CL in non-water stress is

different from the genes controlling CL under water stress conditions. The result

supported the idea of Morgan (1988) that CL in water stress is an independent t¡ait in

cereals, which reflects genotypic differences in response to water stress.

DIF indicates the reduction in coleoptile under water stress conditions, and hence it also

indicates the sensitivity of CL among barley genotypes to water stress. QTLs for DIF

were located in different locations with QTLs for CL in water stress. This suggests that

QTLs responsible for the reduction of CL in response to water stress was different from

QTLs responsible for the elongation of coleoptile under water stress.

The QTL analyses revealed a large number of loci controlling CL in the control, CL in the

water stress and DIF, but each QTL was only explained a small percentage of the total

variation in each trait. Nevertheless, this experiment provided some information for

understanding the genetic basis of the elongation of barley coleoptile under water stress

conditions. The 6 QTLs explained for 4l%o of the va¡iation in CL under water str€ss

conditions indicating that CL in water stress was controlled by many genes. Among the

QTLs, the QTL near the ma¡ker ksuAl of chromosome 5H was responsible for the greatest

percentage of the variation in CL under water stress (9.8Vo) and followed by the QTL near

the marker PSRI63 on chromosome 4H (7.7Vo). This finding suggests that barley CL

under water stress may have genetic linkage with many other characteristics.
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The linkage between CL in water stress with other cha¡acteristics may be predicted based

on the QTL controlling each trait in the genome map. So far, a number of agronomically

and economicalty important traits have been mapped on the same chromosomes having the

QTL controlling CL in water stress. For example, heading date, an important trait for

barley gro\ryn under water-limited environments, was assigned to barley chromosomes 2H,

3H, 4H and 6H (Hayes et aI., 1993) to chromosomes 5H and 6H by Barua et al., (1993),

and to chromosomes 3H and 4H (Thomas et al., 1995). Chromosome 4H, having one

QTL for CL in this experiment, was also found responsible for TE in barley in the study of

Handley et aI. (1994). Another example is that, barley chromosome 3H, which had one

QTL for CL, was also found to have one QTL for grain yield near the denso ma¡ker

(Thomas et aI., 1995). However, the linkage between CL with other traits depends on

genetic distance between QTLs controlling these cha¡acteristics. Unfortunately, none of

the QTLs for CL was close to the other QTLs of the traits that have been mapped in these

studies. This suggests that the QTLs for CL may be independent with the effects of these

traits.

By identifying the location of genes that regulates expression of those traits (QTLs), it is

possible to test more precisely whether two traits are likely to be causally related (Lebreton

et aI., 1995). It can be achieved by looking for the coincidence of QTL for two traits.

This approach has been reported to be very precise for identifying the causal relationships

between drought resistance traits in maize (Lebreton et aI., 1995). It suggests that the

causal relationships among drought resistance traits in barley could be predicted by this

technique. Only CL was examined in this study because of time constraints, and so the

relationship between CL and other drought resistance traits in barley could not be

examined.
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Nevertheless, the QTLs for CL in water stress detected in this study provided evidence that

CL of barley under water stress was under polygenic control. Genetic evidence proved the

independence of CL in water stress from the effects of CL in non-water stress. However,

there was not a high degree of confidence in the QTL mapping, because the QTL analysis

explained so little of the variation in the data of each trait. In addition, the QTL analysis

used a significant level of 5Vo, whercas some breeders prefer a l7o, if not O.lVo level.

Therefore, before marker assisted selection is contemplated, the experiment should be

repeated with increasing replications and population size.



Clnpter 9 General discussion and conclusions 168

CHAPTER 9

GENERAL DISCUSSION AND CONCLUSIONS

Many physiological traits have been proposed as selection criteria to increase drought

resistance in cereals, but little of the work has had an impact on breeding of higher

yielding barley for dry areas. The possible reasons for this are: (l) the value of a particular

trait to increased yield is not consistent because the intensity and timing of drought varies

with regions and season, (tÐ it has not convinced breeders that indirect selection for

increased yield via physiological criteria is more effective than direct selection for yield

and (iíi) some of the techniques suggested a¡e very complicated, time-consuming and

expensive, so they are impractical for screening a large number of genotypes. These

suggest that the success of using physiological traits to improve yield of cereals under

water-limited environments may be improved if the traits used are appropriate to the target

environments and they can be used to screen a large breeding population with a reasonable

cost. Developing reliable tests to screening germplasm for drought resistance could play

an important role in efforts to improve yield and yield stability in barley grown under

rainfed conditions. Therefore, it is necessary to evaluate the usefulness of a number of

physiological traits which have been associated with grain yield under some water-limited

envi¡onments. Also it is important to examine the feasibility of using these screening

techniques in selecting more drought resistant genotypes of barley for South Australia.

It may be helpful to restate the terminology of drought resistance proposed by Levitt

(1980). Drought resistance is conferred on plants by any one or a combination of three
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mechanisms: escape, avoidance and tolerance. This study evaluated a number of traits in

barley that have been suggested in other studies to be related to one of these mechanisms

in cereal crops. Initial water content GWC), rate of water loss (RWL) of excised leaves,

and early vigour (EV) were considered to be drought avoidance traits, germination

percentage in osmotic solution (GP), elongation of coleoptiles in osmotic solution (CL),

transpiration efficiency (TE) through carbon isotope discrimination (Â), specific leaf area

(SLA) and leaf ash content (LAC) were considered to be drought tolerance traits, and days

to heading (DH) was a drought escape trait. These traits were examined in a set of

eighteen barley varieties including twelve varieties which are commercially grown in

South Australia, and six varieties which are parents of doubled haploid populations. Ten

of these varieties showed differences in drought susceptibility index (DSI; Fischer and

Maurer, 1978) and grain yield (GY) in a severe drought year (1994; Table 3.1).

Tests involved with germination in osmotic solutions have been suggested as a simple

screening technique to identify drought tolerance in a number of species, including wheat

(Helmerick and Pfeifer, 1954; Ashraf and Abu-shakra, 1978), corn (William et al., 1967),

sorghum (Saint-Clai¡ 1976), peanuts (Nautiyal, 1994) and upland rice (Akomeah, 1995).

Barley genotypes differed substantially in GP in an osmotic solution of -0.7 MPa though

they had simila¡ GP under the control conditions (Chapter 4). This may indicate the

differences in drought tolerance among genotypes. GP was positively correlated with GY,

but not with DSI of barley genotypes grown under water stress in the glasshouse (Table

9.1), where stress was imposed on the plants at the same physiological stage (post

anthesis). However, GP was not correlated with either GY or DSI of barley grown under

severe drought conditions in the field in 1994 (Table 4.5; Chapter 4) or mild drought

conditions in 1996 (Table 9.1). The results suggest that germination ability of seeds under
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water stress indicates some degree of physiological drought tolerance, but it may not be

related to GY under rainfed conditions. In the field, barley GY is likely to be affected by

other drought resistance mechanisms rather than GP. Therefore, although this screening

technique is very simple and may identify some levels of drought tolerance in barley, it

may not be the best to use for screening barley genotypes for drought tolerance.

Table 9.1. Simple linear correlations between germination percentage (GP) and coleoptile

lengths of barley in osmotic solutions with grain yield (GY) and drought susceptibility

index (DSI) of barley genotypes grown under water stress in the glasshouse and non-

irrigated conditions in the field in 1996

Traits GY.96 DSI-96

Glasshouse Field Glasshouse Field

GP

cLp

cLg5

CL96

0.51x

0.23 ns

0.53*

0.54*

-0.01 ns

-0.15 ns

-0.M ns

0.17 ns

-0.08 ns

0.16 ns

-0.21 ns

-0.54*

0.32 ns

0.17 ns

0.03 ns

-0.05 ns

GY-96 and DSI-96: Grain yield and drought susceptibility index of the experiments

conducted in the glasshouse and in the field in 1996; GP: germination percentage in the

petri-dish test; CLp, CL95, CL96: Coleoptile lengths in the petri-dish test and coleoptile

tests in 1995 and in 1996 respectively; *: Significant at P<0.05; ns: Not significant.

Coleoptile length under water stress conditions (-1 MPa), an indicator of osmoregulation

in cereals, has been reported to be associated with growth and GY of wheat in water-

limited environments (Morgan, 1988; 1991). Large genotypic variation in CL was

detected among the 18 barley genotypes by using the filter paper technique. The

genotypic ranking for CL was consistent over different tests conducted on seeds harvested

from two growing seasons. Interestingly, CL was positively correlated with GY and
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negatively correlated with DSI of barley grown under water stress conditions in the

glasshouse (Table 9.1) and under severe drought conditions in the freld in 1994 (Table 4.5;

Chapter 4). The results were consistent with the findings in the study of Morgan (1991)

that CL was positively associated with GY of wheat under water stress conditions. The

results support the hypothesis of Morgan (1988; 1990; l99l) that elongation of coleoptile

under water stress can be used as a selection criterion for screening drought tolerance in

cereals. The frndings from the present study suggest that this technique may be suitable in

screening large barley breeding populations with a rapid, cheap screening procedure.

Water retention in excised leaves has been found to be positively associated with GY of

wheat grown under severe drought environments (Jaradat and Konzak, 1983; Cla¡ke, 1987;

Clarke et a1.,19S9). Genotypic differences in IWC and RWL were detected among the

eighteen barley genotypes used in this study. Genotypic rankings in IWC and RWL were

not consistent between the tests conducted in 1995 and the one in 1996 (Appendix 9.1),

and the RWL rankings were not consistent between glasshouse and in the field in 1996

(Table 7.4; Chapter 7). These results supported the findings of Clarke (1983; 1987) that

genotypic rankings in excised leaf water retention was inconsistent over growing

environments in wheat, and they suggest that excised leaf \Ãrater retention in barley should

be selected in the target environments. IWC, representing water content in the excised

leaves when stomates closed after excision, was not correlated with GY of barley grown

under severe drought field conditions in 1994 (Table 9.2), under water stress conditions in

the glasshouse and rainfed conditions in the field in 1996 (Table 7.6; Chapter 7). RIVL

was correlated with GY of barley under water stress in the glasshouse (Table 7.6; Chapter

7), but it was not correlated with GY of barley grown under severe drought conditions in

1994 and rainfed conditions in 1996 (Table 9.2).
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Table 9.2. Simple linear correlations between ca¡bon isotope discrimination (A), specific

leaf area (SLA), leaf ash content (LAC), initial rvater content (IWC), rate of water loss

(RWL), early vigour (EV), date of heading (DH) of barley grown in the glasshouse and in

the field with grain yield (GY-94) and drought susceptibility index (DSI-94) of barley

varieties grown in a drought year t994 (data of ten barley varieties used in variety trials at

19 sites in 1994)

Traits measured

in the glasshouse

GY-94 DSI-94 Traits measured

in rhe field

GY-94 DSI-94

ŜLA

LAC

rwc
RWL

EV

DH

0.57 ns

0.70*

0.19 ns

0.39 ns

-0.42 ns

0.44 ns

-0.26 ns

-0.07 ns

-0.24 ns

-0.29 ns

-0.07 ns

0.13 ns

-0.74*

0.61 ns

ŜLA

LAC

TWC

RWL

EV

DH

0.59 ns

0.28 ns

-0.05 ns

-0.03 ns

0.27 ns

0.32 ns

-0.34 ns

-0.23 ns

-0.34 ns

-0.2ó ns

0.42 ns

0.10 ns

-0.59 ns

0.66*

*: Significant at P<0.05; ns: Not significant

Probably, the small number of genotypes used to estimate the relationship in 1994 (ten

genotypes) and the high rainfall in growing season in 1996 were important reasons for the

non-significant correlation between IWC and RWL with GY in field, because excised leaf

water retention is only beneficial for yield under severe drought conditions (Clarke, 1987).

For example, in the glasshouse when severe water stress was imposed on the plants at the

same physiological stage, RWL was negatively correlated with GY under water stress

conditions (Table 7.6: Chapter 7). This suggests that RWL may be an useful trait for some

water-limited environments where the plants rely heavily on the soil stored water.

However, there are some difficulties in using RWL as a selection trait for drought

resistance in a large breeding population. The technique is both time-consuming and

labour-intensive. Samples need to be collected quickly to avoid the error caused by the
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changing leaf water status during sarnpling. Samples must also be taken very carefully to

avoid injury of the leaf samples. Finally, the excised leaf water status changes so quickly

after excision (McCaig and Romagosa, 1989), so it becomes difficult to screen this trait at

field sites far from a laboratory because it takes a long time to transport the samples to the

laboratory. Therefore, this trait may be incorporated in a breeding program only if there

are further developments of the technique.

Under water-limited conditions, an improvement in TE would be expected to give an

increased WIJE and hence GY, as suggested by Passioura (1977). A number of traits have

been suggested for predicting TE such as Â (Farquhar ¿t al., 1982), SLA ( Wright et al.,

1988) and LAC (Masle et aI., 1992) to overcome the difficulty in measuring TE. The

present study found that Â was strongly correlated with TE for barley grown under both

well-watered (r = -0.90, P<0.01) and water stress (r = -0.80, P<0.05) conditions in the

glasshouse (Chapter 6). This lends support to the hypothesis that Á could be used to

predict TE in a large number of genotypes. However, this technique becomes impossible

for some breeding progr¿rms, where a mass spectrometer is not available. This study

confirmed the usefulness of SLA and LAC in predicting TE instead of A. Both SLA and

LAC were positively correlated with Â and were as strongly correlated with TE as A for

barley grown under water stress conditions in the glasshouse (Chapter 6). The

relationships between SLA and LAC with Â were consistent over experiments conducted

either in the glasshouse or in the freld (Chapter 7). This provides evidence that SLA and

LAC could substitute for Â for predicting TE in barley. The relationship between SLA

and Â was stronger and more consistent than the relationship between LAC and A,

implying that using SLA in predicting A, and hence TE, may be more precise than using

LAC. Although there was a significant interaction between genotypes and environment
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for these traits, the genotypic ranking was consistent over environments. This suggests

that SLA and LAC could be selected in various environments. Measuring SLA and LAC

was much cheaper than measuring Â. The samples can also be collected during vegetative

growing stages with non-destructive procedure.

TE showed a strong positive correlation with DM, while negative correlations were found

between 
^, 

SLA and LAC with DM of barley grown in both well-watered and water stress

conditions in the glasshouse (Chapter 6). This indicated that genotypes with low Â, SLA

and LAC, high TE, produced more biomass, which may be an advantage for higher GY.

However, the relationships between these traits with GY and DSI were not consistent.

Strong negative correlations between 
^, 

SLA and LAC with GY were found under well-

watered conditions in the glasshouse (Table 7.6; Chapter 7), but there were weaker or non-

significant correlations under water stress in the glasshouse and rainfed conditions in the

freld (Table7.7; Chapter 7). In contrast, SLA of glasshouse-grown plants was positively

correlated with GY of barley grown under drought conditions in the field in 1994 (Table

9.2). This indicates that high DM or high TE was inversely related to GY under water

stress, and it wÍrs opposite to that under well-watered conditions. These results were

consistent with the observation of Craufurd (1991) and Acevedo (1993) that under

terminal drought environments, Â was positively correlated with barley GY. There are a

number of possible reasons for the contrasting relationships found between A and GY in

drought and wet environments. In severe, terminal drought field conditions (eg. 1994),

barley genotypes with early heading such as Yagan, which tended to be higher yielding

due to drought escape mechanism (Table 3.1; Chapter 3), higher A, SLA and LAC than

late heading varieties (Chapter 7). In this case, the relationship between A, SLA and LAC

with GY would be positive. In addition, early heading was generally associated with EV
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(Table 7.5; Chapter 7) and better ground cover and hence higher WLJE at the crop level

(by reducing soil surface evaporative losses) but not necessarily at the plant level (TE)

(Acevedo and Ceccarelli, 1989; Lopez-Castaneda, 1992), resulting in higher yield under

terminal drought. V/hen the level of drought in the field was mild such as in the field

experiment in 1996, the yields of the late heading varieties were advantaged relatively

more than the early heading ones, but they probably still experienced greater levels of

water stress and high temperature at grain frlling stage than early heading varieties.

Therefore, in this situation, non-significant correlations occurred between Â, SLA and

LAC with GY (Table 7.7, Chapter 7) In the glasshouse, water stress was imposed at the

same physiological stage (heading) to overcome the effect of the differences in phenology

among genotypes. Only LAC was negatively correlated with GY; neither A nor SLA was

correlated with GY. Possibly, the later heading varieties (Hanington) generally were

bigger plants compared with the early heading ones (Haruna nijo) (Table 6.6; Chapter 6),

therefore, when \Ãrater stress was imposed on the plants, the stress may develop more

quickly and affect more severely on the plants of late heading varieties than those of the

early heading varieties. Consequently, although the late heading varieties have high TE,

the GY was still low. Under well-watered conditions in the glasshouse, the late heading

va¡ieties usually have higher yield potential, but they had lower A, SLA and lower LAC or

higher TE than the early heading va¡ieties did. As a result, under non-limited water

conditions, the negative correlations occu¡red in the relationship between A (or SLA and

LAC) and GY. It is also possible that the leaf samples may have fixed most carbon at the

time when water was sufficient (samples were collected before imposing water stress in

Experiment 5 and 6), therefore, the values of Å may not be affected by water stress. This

may also lead to the weak correlations between these traits and GY under water stress in
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glasshouse and non-significant correlations under rainfed conditions in the field. In

general, the traits used to predict TE were not consistently associated with GY of barley

under water stress conditions. Probably, the inverse association TE with DH was a

fundamentally important reason for the contrasting correlations between TE and GY of

barley under water-limited environments. This suggests that the selection for TE alone

may not be adequate to improve yield under drought, but may be incorporated along with

other drought resistance traits to improve yield under water-limited conditions.

Terminal drought is the main climatic factor limiting barley production in South Australia

(Nix, 1975). Therefore, EV and early heading would be desirable traits for a barley

ideotype in this area. High EV and early heading have been reported to be strongly

associated with GY of barley grown under terminal drought environments (Craufurd,

1991; Ceccarelli et al., 1991; Van Oosterom and Acevedo, l992a,b,c; Acevedo et aI.,

l99l; Mitchell et a1.,1996). Large genetic variation in EV and DH was detected among

the eighteen barley genotypes used in this study indicating a genetic potential for selecting

these traits in barley breeding programs. However, in this study both EV and DH were not

correlated with GY of barley grown under water stress in the glasshouse (Table 7.6;

Chapter 7), in non-irrigated conditions in the field (Table7.7; Chapter 7) and under severe

drought stress in the field in 1994 (Table 9.2). There are several possible explanations for

that. In the glasshouse, water stress was imposed at the same physiological stage

(flowering to maturity), thus early heading (drought escape) could not be beneficial for

GY of barley in this situation. Furthermore, because the plants \rrere grown in the pots, all

of the advantages of EV were also limited. In the field experiment in 1996, although

barley was grown under non-irrigated conditions, the rainfall was still high (Appendix

7.1), so water was not a critical limiting factor in this experiment. The non-significant
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conelation with GY of barley grown in the drought yer (1994) may due to the small

number of genotypes (ten genotypes) used in calculating correlation. In this study, EV

was assessed on the plants under sufficient water conditions (five leaf stage), which may

also be another reason for the lack of a correlation between EV and GY of barley grown

under drought environments.

Interestingly, EV was negatively correlated with DSI, and DH was positively correlated

with DSI of barley grown undernon-inigated conditions (Table 7.7;Chapter 7) and in

severe drought conditions in 1994 (Table 9.2) in the field where the stress affected all

varieties at the same time. This indicates that under terminal drought conditions in the

field, genotypes with high EV and early heading maintained GY better than those with low

EV and late heading. On the other hand, both EV and DH were not correlated with DSI of

barley grown in the glasshouse where the stress was imposed on the plants at the same

physiological stage. The findings provide evidence that EV and early heading are

important drought resistance traits in barley for environments like South Australia. EV is

a beneficial trait for GY under water-limited environments because high EV can reduce

water evaporation from the soil surface (Cooper et aI., 1987; Gregory et al., 1992),

increase carbon assimilation per unit transpiration (Tanner and Sinclair, 1983) and yield

potential due to greater crop biomass by anthesis (Whan et al., l99l; Lopez-Castaneda,

1995). Early heading is an important drought escape mechanism to enable adequate grain

filling before \rrater stress becomes a serious limiting factor. Early heading was found to

be strongly associated with EV (Table 7.5; Chapter 7). Genotype x environment

interaction was significant for both EV and DH, however, the genotypic rankings were

consistent in both the glasshouse and the field envi¡onments. This suggests that screening

for EV and DH could take place either in controlled environments or in the field. EV
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could be assessed very simply at the early vegetative growing stage by visual score or

weighing dry matter per plant. Genetic variation in growth duration is usually large in

barley and can be easily selected by observing the days to heading. Early heading may

improve drought resistance but reduce the yield potential in favourable seasons (Doyle and

Marceelos, 1974). Therefore, the balance between early heading and yield potential

should be considered for each region depending on the drought expectancy and the onset

of drought. For environments in which terminal stress is most severe like in South

Australia, selection for early to moderate heading could be highly successful in improving

GY.

The impact of selecting for other attributes specially related to drought resistance on GY of

barley under water-limited envi¡onments may depend on the genetic associations among

traits. DH was found to be negatively correlated with 
^, 

SLA and LAC, and positively

correlated with TE (Table 6.8; Chapter 6, and Table 7.5; Chapter 7) indicating that early

heading varieties tended to have low TE. This association has also been reported in wheat

and barley (Ehdaie et a1.,1991; Richards and Condon, 1993). Probably, the association

between 
^ 

, SLA, and LAC and hence TE with DH is due to a genetic linkage (Hall et aI.,

1994), therefore it could be difficult to breed for adaptation to some water-limited

environments where both early heading and high TE could be beneficial.

A positive association occurred between A, SLA and LAC and EV for barley grown in the

field (Table 7.5; Chapter 7) which indicates that genotypes with high,EV may have low

TE. This association has also been observed in wheat (Richards and Condon, 1993). In

the South Australian environment, crops receive most of the rainfall between sowing and

flowering, and rapid growth may be adaptive. The challenge to barley breeding for this

type of environment is to combine rapid, early vegetative growth with low A and high TE.
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This may be difficult if rapid early gtowth is mainly due to genotypes with thin leaves

(high SLA) which may result in high Â (Chapter 6 and 7).

Each trait investigated in this study may contribute to one or more kinds of drought

resistance mechanisms including avoidance, tolerance and escape in barley. Based on the

ranking of the eighteen barley varieties in each trait, the drought resistance ability of the

barley genotypes used in this study can be classified (Table 9.3). The overall ranking in

drought resistance among the eighteen barley genotypes may reflect the adaptation ability

of these barley va¡ieties in southern Australia. Schooner, Weeah and Parwan, the most

drought resistant over all tests, are very widely adapted and have a high yield stability in

southern Australia. In contrast, Tallon and Skiff , the most susceptible to drought in this

study, performed very inconsistently in this area. They had very high yield potential in a

high rainfall year, but their yietd dropped markedly in low rainfall years (Jefferies and

Wheeler, 1993;1994). The ranking of varieties seems to be consistent with the findings in

the study of Fathi et al. (1997), in which Schooner, Weeah and Stirling were the most

drought resistant varieties and Skiff was sensitive to water stress, based on GY under post-

anthesis water stress. The overall results of the tests may be accurate in assessing drought

resistance in barley, but it is impossible to use all traits in screening a breeding population.

Nass and Stirling (1981) suggested that no single trait had sufficient reliability in

determining a variety's overall drought response in barley, therefore, several traits should

be used when screening for drought resistance. This suggests that the assessment of a

barley variety for drought resistance should be based on a combination of characteristics.

However, the desirable combinations of several drought resistance traits will vary

somewhat with the stage of crop development at which stress is likely to occur.
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al

Table 9.3. Genotypic ranking in various drought resistance traits for eighteen barley

va¡ieties used in the present study

Varieties Genotypic ranking for traits Overall rank

Avoidance^ Tolerance" Escape'

'l
î[l
.t:
'iJ

I

Weeah

Schooner

Parwan

\ryr 2875

Stirling

Chebec

Sahara

Grimmet

Haruna nijo

Clipper

wr 2868

cr3576

Galleon

Franklin

Yagan

Harrington

skiff

Tallon

I

7

3

6

t0

l4

4

9

t7

t2

8

18

l5

2

l6

5

13

11

4

3

2

I

6

5

8

t4

12

t0

7

l1

9

13

l5

t6

t7

18

l1

7

l4

12

4

5

13

6

I

9

t6

3

8

l8

2

t7

l0

15

I

2

3

4

5

6

7

8

9

l0

ll
t2

13

l4

15

t6

t7

18

o: Mean of genotypic ranking in initial water content (IWC), rate of water loss (RWL) and

early vigour (EV) measured in both glasshouse and field experiments.
t: Mean of genotypic ranking in germination percentage (GP) and coleoptile length (CL)

in osmotic solution, ca¡bon isotope discrimination (Â), specific leaf a¡ea (SLA) and leaf

ash content (LAC) measured in both glasshouse and field experiments.
t: Mean of genotypic ranking in days to heading scored in both glasshouse and field

experiments
t
I

;

r
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'Water conservation mechanisms (drought avoidance) tend to be more important when the

crop is grown under conditions of limited water supply and continually increasing stress

than when stress occurs in grain-filling only. Drought tolerance mechanisms are desirable

in the latter situation to ma:rimise photosynthetic productivity. Escape mechanisms are

also beneficial for crop growth and maintaining yield under terminal stress. Under South

Australia environments, coleoptile length under stress, early vigour and early heading

seem to be the most promising traits to maintain GY of barley under drought. However,

early heading may be associated with low yield potential in favourable seasons, therefore,

long coleoptile under stress, early vigour and early to moderate heading may be a desirable

plant ideotype for barley grotvn in South Australia environments.

Although, only 4l7o of the va¡iation in CL under water stress conditions was explained by

6 QTLs in the barley genome, the results revealed that CL in water stress \ilas an

independent trait, which was not affected by CL under non'water stress conditions. The

localisation of 6 QTLs on 6 chromosomes, lH, 2H, 3H, 4H,5H and 6H for CL in water

stress suggests that CL in water stress was controlled by multi-genes, therefore it could be

diffrcult to exploit this trait through a crossing program. The associations between CL

with other drought resistance traits as well as agronomically important characteristics

could be detected based on genetic distance in the QTL map. So far, there has been

relatively little work on the use of molecular techniques to identify QTL for drought

resistance characteristics in barley, so the associations between CL and other drought

resistance traits based on genetic linkage in genome map \ilere also not detected. Thus, it

would be useful for barley breeders in manipulating the linkage between CL and other

drought resistance as well as agronomically and economically important traits, if other

drought resistance traits are also mapped in the future work.
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In conclusion, a wide range of genotypic differences in GP, CL, IWC, RWL, TE, 
^, 

SLA,

LAC, EV and DH were detected among the eighteen barley varieties. Among them, CL

was found to be the most promising as an indirect selection criterion for GY under

terminal water stress conditions. CL is controlled by a number of genes and the screening

technique is rapid, inexpensive and can be used at the early stage of the development of

plant. IWC and RWL also indicated some degrees of drought avoidance in barley, but this

technique is very labor intensive and therefore it is not suitable for routine screening of

breeding populations. The strong and consistent relationship between SLA and LAC with

Â and then with TE lends support to the hypothesis that SLA and LAC could be used as

surrogates for Â in predicting TE in barley with the advantage that both are simpler and

cheaper measurements than analysing Â. However, these traits were not related to barley

GY under drought conditions either in the glasshouse or in the field. This suggests that

improving TE through selecting for SLA or LAC should be considered in the context of an

entire plant ideotype for drought environments, where TE should be incorporated with

other drought resistant traits. Although EV and early heading were negatively correlated

with TE, they nevertheless appeared to be the most important traits determining DSI in

barley in the field. Screening either for EV or DH is quite simple and can be ca¡ried out in

va¡ious environments. However, to avoid the low yield potential of early heading varieties

in favourable season, the plant ideotype of barley in South Australia should be a

combination between high EV and early to mid-season maturity.

However, there are some limitations in this study which really require further resea¡ch in the

future before applying the results to practice. Firstly, all traits were evaluated under well-

watered or water stress conditions in the glasshouse, ffid only one experiment was

conducted in the field conditions. Unfortunately, the rainfall of the year conducting that
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experiment was high (Appendix 7.1). This means that the traits and GY were assessed

under very low levels of water stress level. As a result, there was a lack of information on

the variation and the relationship of these traits with GY under drought conditions in the

field. Therefore, to increase the confidence of the findings of this study, future work should

assess the genotypic variation of fWC, RWL, A , SLA, LAC, EV and DH, and then

evaluate the usefulness of these traits to GY under drought conditions in the field.

Secondly, all traits were evaluated on only eighteen barþ genotypes. This may limit the

reliability of the results, so increasing number and broadening the genetic basis of genotypes

in screening population may also increase the strength of the results. Finally, only CL was

used to map QTL in barley genome. It should be more helpful for barley breeders, if the

QTLs for all promising drought resistance traits such as RWL, EV, SLA, LAC and DH a¡e

detected in the barley genome map, and then relating drought resistance QTLs to yield

QTLs.
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APPENDICES

Appendix 4.1. Simple linea¡ correlations between germination percentage (GP) and

coleoptile length (CL) of barley varieties under water stress conditions with 1000 seed

weight

cLg6

Correlation coefficients

-0.43 ns

-0.59**

-0.45 ns

-0.16 ns

GPp: GP in the germination test conducted in petri dishes

CLp: CL in the germination test conducted in petri dishes

CL95: CL in the rolled fTlter paper test conducted in 1995

CL96: CL in the rolled filter paper test conducted in 1996

**: Significant at P<0.01

Appendix 4.2. Heritability of barley coleoptile length under water stress conditions

(heritability was calculated following the method of Halloran et aI. (L979)

Parameters Heritability (7o)

cl,p

cLg5

CLg6

Mean

CLp: CL in the germination test conducted in petri dishes

CL95: CL in the rolled filter paper test conducted in 1995

CL96: CL in the rolled filter paper test conducted in 1996

Parameters

GPp

cLp

cL95

69

90

92

84
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Barley varieties
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Appendix 6.1. Iæaf water potential (V,) of barley varieties grown under well-watered and

water stress conditions in the glasshouse (water stress was imposed from heading to

maturity, Y, was measured two weeks after heading between 1130 h and 1430 h, and error

ba¡s are standard errors).
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Appendix 7.1. Summary of monthly rainfall and temperatures in 1996 at Roseworthy

Campus - the Universiry of Adelaide

186

Category Rainfall

(mm)

503.2

375.0

65.7

28.4

18.3

20.t

5.0

72.2

85.9

81

72.2

26.4

12.2

15.8

Temperature

(oc)

16.5

t4.o

2t.8

2t.s

23.O

15.3

t4.r

t2.8

l1.5

I1.6

t2.6

16.4

17.9

19.9

Total

(Jan-Dec.)

Growing season

(Apr-Nov)

January

February

Ma¡ch

April

May

June

July

August

September

October

November

December

Appendix 9.1. Spearman' rank correlations among initial $rater content (fWC) and rate of

water loss (RWL) in excised leaves of barley measured in Experiment 3, Experiment 5 and

Experiment 6

Pa¡ameters IWC3 IWC5 Pa¡ameters RWL3 RWL5

IWC5

rwc6

0.42 ns

0.07 ns 0.49*

RIWL5

RWL6

0.45 ns

0.21 ns 0.40 ns

IWC3; RWL3: IWC and RIVL measured in Experiment 3 (Chapter 5)

Iù/C5; RWL5: IWC and RIWL measured in Experiment 5 (ChapterT)

IWC6; RWL6: IWC and RWL measured in Experiment 6 (ChapterT)

*: Significant at P<0.05; ns: Not significant
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