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ABSTRACT

Winter wheat (Triticum aestivum L.) 1s the most extensive arable crop in the UK grown
on about 2 M ha p.a. There 1s a need to identify traits to ameliorate yield losses to
drought which are on average about 15% per year. These losses will be exacerbated with
predicted climate change. The overall objectives of the present study were to investigate
the physiological and genetic bases of water-use efficiency (ratio of above-ground dry
matter production to evapotranspiration; WUE) in winter wheat grown in UK conditions

and to quantify relationships between WUE and yield performance under drought.

The present study used a doubled haploid (DH) population of 33 lines derived from a
cross between Beaver and Soissons, known from previous work to contrast for WUE.
Two glasshouse experiments (2002/3 and 2003/4) and two field experiments (one at
ADAS Gleadthorpe, Nottinghamshire in 2002/3 and the other at Sutton Bonington,
University of Nottingham in 2004/5) were conducted. In the glasshouse experiments,
two 1rrigation treatments (with and without irrigation) were applied to four genotypes
(two parents and two DH lines), and in the field two 1rrigation treatments (rainfed and
fully mrrigated) were applied to the two parents and the 33 DH lines. A range of
physiological traits was measured, including developmental stages, carbon isotope
discrimination (A'°C), leaf gas-exchange variables, green areas and biomass at
sequential samplings, and these traits were related to grain yield. Transpiration
efficiency (ratio of above-ground dry matter production to transpiration; TE) was

assessed using the established inverse relationship between TE and A" C.

In the glasshouse, WUE measured as the regression slope of dry matter on water use,
did not differ amongst genotypes 1n 2003, but did in 2004. Soissons showed higher
WUE than other genotypes under irrigation, and also higher WUE than Beaver under
drought. For measurements of TE according to A°C, Soissons and line 134G showed
lower APC values (higher TE) than line 134E and Beaver (P<0.05) in 2004 under both
irrigation and drought. Soissons and line 134G showed consistehtly higher TE on
account of lower stomatal conductance (g;) and sub-stomatal CO, concentration (C))
values. The early developing Soissons and line 134G exhibited greater flag-leaf green

area persistence under drought than the late developing Beaver. Beaver tended to use



more water than Soissons under both irrigaﬁon and drought, but reductions in water use
under drought were similar amongst genotypes. Lower seasonal water use for Soissons
than Beaver was associated with a smaller root system. There was a tendency for dry
matter of Beaver to be more depressed under drought than Soissons in both the years.
Overall, it was not possible to detect significant differences in biomass responses to

drought amongst the genotypes, but there were consistent genetic differences in WUE

and TE observed under both irrigated and droughted conditions.

In the field experiments, the onset of drought coincided broadly with anthesis. The
average grain vield losses under drought were 0.5 t ha™ in 2003 and 1.6 t ha™' in 2005.
Averaging across site/seasons, APC correlated positively with grain yield amongst the
35 genotypes under irrigation (r=0.35; P<0.05) and under drought (r=0.54; P<0.01),
indicating a negative trade off between TE and yield. A"°C decreased under drought and
a higher TE was associated with a reduction in average tlag-leaf g, measured from flag
leaf emergence to anthesis + 4weeks. Stomatal conductance was measured for eight of
the 33 DH lines including the parents, and there was a trend for lower A'°C (higher TE)
to be associated with lower g,. The genetic differences 1n g, were generally associated
with corresponding decreases in C; and net photosynthetic rate (4). Therefore results
suggested that the negative relationship between TE, as indicated by A'°C and yield was
associated with corresponding reductions in seasonal water use. There was a non-
significant 1rrigation X genotype interaction at Gleadthorpe i1n 2003 and Sutton
Bonington in 2005 for A'°C indicating that this trait was of high heritability. There was
an irrigation x genotype interaction for grain yield (P<0.05). A small number of
genotypes showed higher yield associated with low A’C and these outlier lines could
potentially be identified for breaking the negative linkage between yield and delta. In
summary, WUE was negatively correlated with yield under drought in this population;
and season-long water use appeared to be the most important component affecting yield
levels under drought. It is suggested that selecting genotypes indirectly for high A"°C
(low WUE) may be a strategy to improve grain yield under drought.

In the quantitative genetic analysis, the putative QTLs 1dentified for target physiological
traits were generally different at Gleadthorpe in 2003 and Sutton Bonington in 2005.

The most confident putative QTLs for APC were mapped on chromosomes 3B

11



(LOD=2.32) and 2D (LOD=1.43). The identification of QTLs as potential éandidate
genes on these chromosomes may be associated directly with WUE in the Beaver x
Soissons DH mapping population. The A”’C QTL on chromosome 3B was detected
commonly in both the irrigation environments and the direction of allelic effects was
consistent with the parental differences in A’C. This QTL may therefore represent a
novel gene for optimising WUE. It 1s suggested that breeders could optimise TE by
selection according to a markerl for this gene involving further fine-mapping to identify

a marker tightly linked to the gene. Such a marker would also provide a target for gene

discovery 1n future work.

The results suggest that water use 1s the most important component of Passioura’s yield
model for yield improvement under UK conditions. Nevertheless, WUE and harvest
index and their responses under drought will also likely play a role in yield improvement

through breeding in the UK targeted at drought-prone environments in future years.
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CHAPTERI1: INTRODUCTION

Wheat (Triticum aestivum L.) is an important cereal crop of the word. Globally, more

“land 1s used to produce wheat than any other commodity (FAO, 1996; Jason. 2004).
Most countries attempt to produce enough wheat to meet internal demand, to be self-
sutficient in the world’s most basic foodstuff. The world demand for wheat is growing
at approximately 2% per year (Rosegrant et al., 1995), while genetic gains in yield
potential of irrigated wheat stand at less than 1% (Sayre et al., 1997). The total area
under wheat in the world is 216 million ha producing 626 million tonnes annually (FAO,
2005) with an average productivity of 2.8 t ha'. Wheat is produced under diverse
environmental conditions ranging from well-irrigated to water-stress situations, and
wheat yields are reduced by 50-90% of their irrigated potential by drought on at least 60
million ha in the developing world (Skovmand ef al., 2001).

Globally, CIMMYT (International Center for Maize and Wheat Improvement)

recognizes 12 distinct mega-environments where wheat is produced which range from
the Mediterranean climate of west Asia to most other parts of the globe. The
Mediterranean-type climates (southern Europe, west Asia, north Africa, South Afica,
southern Australia, and in southwest North and South America) account for about 10-
15% ot world’s wheat production where the period of crop growth is usually restricted
by lack of rainfall, water deficits, and high temperatures at the start and end of the

growing season (Loss and Siddique, 1994). Thus, water stress is a major limitation to

wheat growth and yield in these environments.

Winter wheat is the most widely grown arable crop in the UK accounting for over 40 per
cent of tilled land in eastern counties of Engiand (Foulkes et al., 2001). Of the 21
million tonnes of total cereals production in UK, wheat alone contributes 15 million
tonnes (DEFRA, 2006) and the average productivity is 8 t ha™'. Of the 2 million ha of
UK wheat grown annually, about 700,000 ha are grown on drought-prone soils (Foulkes

et al., 2001). On these drought-prone soils yield loss can range between 0-4 t ha! in a

given year.

In the UK such water deficits can commonly limit wheat yield in some years (Foulkes

and Scott, 1998) and drought typically occurs late in the season, with onset of stress



broadly co-incident with flowering (Foulkes et al., 2001). Typically onsét of drought is

post-anthesis and losses are in the region of 1-2 t ha™' (Foulkes ez al., 2002).

Extreme meteorological events, such as spells of high temperature, heavy storms, or
droughts, disrupt crop production. Frequent droughts not only reduce water supplies but
also increase the amount of water needed for plant transpiration. It is obvious that any
significant change in climate on a global scale will have a strong impact on local
agriculture, and therefore aftect the world's food supply. Several uncertainties are
related to the degree of temperature increase and to the concomitant changes in the
precipitation patterns that determine the water supply to crops, and to the evaporative
demand imposed on crops by climate change. With predicted climate change (Marsh,
1996) the frequency of dry years, and therefore of droughts, will increase in eastern
counties of England where most UK wheat 1s grown. Climate change 1s predicted to lead
to drier summers. The South East of England accounts for more than half the country’s
wheat area. Wassenaar ef al. (1999) demonstrated in a modelling study in France that a
strong relation between soil water holding capacity and yield of wheat under climate
change 1n areas subject to summer droughts. When the variability of the UK climate 1s
taken into account in estimates of the range of water-limited yield under climate change
some studies suggest no change under current CO; levels and increases in yields under
higher CO, levels (Harrison ef al., 2000). However, such modelling studies may not
fully account for yield potential gains occurring through biomass production. In addition

there will still be problems with regard to water availability patterns in lighter soils.

Since seasonal drought can also be a problem in favourable environments, physiological
traits to minimise effects of drought stress, e.g. improving water-use efficiency (ratio of
aerial biomass to evapotranspiration, WUE), may also influence yield in high yielding,
rainfed environments over a run of years. Similarly, improving water-use efficiency
could also be important in 1rrigated environments 1f 1t results in less water being used to
achieve higher yields. There 1s evidence that recent genetic gains in yield of wheat in the
UK are driven by above-ground biomass production, so there may be an increase in

demand for water if there is no change in WUE (Foulkes et al., 2001).

With regard to applying irrigation water, in the UK growers give priority to crops such

as potatoes and sugar beet rather than winter wheat, as these realise better financial
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returns to irrigation (Bailey, 1990). Choice of drought-resistant cultivars is the best way

to minimise adverse effects of uncertain droughts. So future research on physiological

traits to increase the yield per unit crop evapotranspiration under drought by genetic
means to underpin breeding 1s required. Early éowing may be a useful option for winter
wheat as 1t results in larger and deeper root systems (Barraclough and Leigh, 1984), but

problems may occur in some cases related to increased incidence of take-all disease and/

or risks of frost damage to shoot apices in the spring.

Most currently used commercial UK wheat varieties apparently have similar WUE,
although there 1s some evidence that WUE may have decreased with breeding. For

example, the old tall winter wheat cultivar Maris Huntsman had higher WUE than other

five semi-dwart modern wheats (Foulkes er al., 2001). There is therefore a need to

1dentify sources ot variation in WUE for breeders to exploit and to identify the main
determinants associated with WUE in UK environments. Improvements in WUE have
been a long-standing goal of plant scientists. If genetic improvements could be made in
the amount of dry matter produced for a given amount of water transpired,
improvements 1n drought resistance or irrigation efficiency would be expected (Richard,
1994). Improving WUE 1s generally thought to be of the most value in environments
subject to severe water limitation, but higher WUE could potentially have value over a
range of environments including those subject to more moderate water stress. There
have been relatively few experimental studies relating the physiology and genetics of
WUE of wheat under contrasting soil moisture situations in the UK conditions or

relating WUE to stomatal aperture traits measured at the canopy or leaf level.

A combination of physiology and genetics may improve basic understanding of the
complex trait of WUE and predictions of genotype x environment interactions, offering

new avenues for optimizing WUE through breeding for specific environments.

The majority of economic traits in crop plants are quantitative in nature, each controlled
by many genes or gene complexes that are described as quantitative trait loci (QTL).

Genetic mapping of these QTL has been greatly facilitated in recent years due to two

important developments, the availability of molecular markers, and the development of

a variety of powerful and improved statistical methods. Using genetic mapping to

dissect the inheritance of different complex traits in the same segregating population can
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be a powerful means to distinguish common heredity from casual associations between

such traits (Paterson et al., 1988).

In several cereal species, genetic maps have been used to identify chromosomal regions
controlling traits related to drought stress response. Different segregating populations
from maize, sorghum, rice, wheat, barley have been studied for quantitative characters,
such as phenology, root characters, canopy architecture and growth, abscisic acid
accumulation, photosynthetic parameters, chlorophyll amount or "stay green", water
status and osmotic adjustment parameters, water-use efficiency and carbon isotope
discrimination (This ef al., 1999). Carbon isotope discrimination (A'°C) has been used

to select commercial wheat varieties recently by CSIRO (Commonwealth Scientific and

Industrial Research Organisation) in Australia. The two wheat cultivars ‘Drysdale’ and
‘Rees’ have been bred and released for commercial cultivation using scientific gene

selection criteria based on AC. There is a negative relationship between A°C and
WUE (Farquhar and Richards, 1984). In this context, the present study used APC for

assessing the relationships between WUE and genotype performance.

The overall objective of the present study was to investigate the physiological and
genetic bases of water-use efficiency in winter wheat grown under UK conditions with
the aim of 1dentifying physiological criteria and associated QTLs that can be used as
selection criteria in breeding programmes. The aim was to quantify the relationship
between WUE and grain yield under well-watered and droughted environments as well

as improved understanding of WUE.

The study was based on glasshouse and field experiments under well-watered and
droughted conditions. The main objective was to identify the physiological and genetic
bases of variation in WUE in winter wheat in an existing doubled-haploid mapping

population derived from a cross between Beaver and Soissons.

An extensive review on the key determinant physiological processes and the genetic

bases of WUE 1n relation to wheat is presented in the following chapter.



CHAPTER 2: REVIEW OF LITERATURE

The main aim of this literature review is to abstract and synthesize the existing
knowledge on water-use efticiency (WUE) particularly with regard to physiological
mechanisms associated with genetic variation with potential application for breeding.
In addition, this review will provide evidence for different hypotheses to be tested in the
glasshouse and field experiments. This review has been organised into three main parts.
The first part deals with understanding the physiological basis of WUE and associated
CO, and water vapour gas exchange processes. The major focus is on the mechanisms
underlying processes associated with either carbon uptake or water loss that bring about
changes in WUE. The second part deals with the use of the well established technique of
carbon 1sotope discrimination (A'’C) for estimating WUE, describing various
interrelationships between A"”C and WUE and grain yield. Major attention has been
placed on various environmental factors that are responsible for variation in AC across
wide range of environments. The third part deals with the genetic basis of variation in
WUE and determinant traits. The aim is to review associated quantitative trait loci for
drought tolerance traits in wheat and other cereals. At the end of this chapter, a summary

of the various hypotheses to be tested in this study 1s presented.

Water availability is expected to be the most prominent constraint to increasing
agriculture production in the future. In many parts of the world, rainfed agriculture 1s
increasingly becoming unproductive due to prolonged drought. The frequency of dry
years and summer droughts is likely to increase as a result of predicted climate change
(Marsh, 1996). In one estimate, wheat yields are reduced by 50-90% of their irrigated
potential by drought on at least 60 million ha in the developing world (Skovmand et al.,
2001). On the other hand, global demand for wheat is growing at approximately 2% per
year (Rosegrant ef al., 1995), while the genetic gains in yield potential of irrigated wheat
stand at slightly less than 1% (Sayre et al., 1997). Major research in this context 1s
focused on improving the drought-resistance traits in crop plants, wheat in particular.
Among a number of traits, improving the WUE is perhaps receiving the major attention
among the crop researchers. Breeding for specific physiological traits that are expected
to impart a yield advantage in dry environments has been difficult and associated with

slow progress in genetic gains in yield. Increases in wheat yields in rainted
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environments have been achieved during most of this century through the use of

conventional empirical breeding approaches. However, the effectiveness of conventional
breeding will depend on non-genetic factors associated with the conduct of experiments
(Richards et al., 2002). In this context, physiological approaches can complement
empirical breeding. Improved understanding of the factors regulating wheat production
and precise targeting of physiological traits to reduce the impact of drought would aid
rates of genetic progress in wheat improvement. The application of physiological
approaches to breeding has been extensively reviewed by Blum (1988) for abiotic

stresses, by Evans (1993) for yield potential, by Loss and Siddique (1994) for wheat
under drought and by Chaves et al. (2002) for photosynthesis and growth 1n relation to

water stress in the field.

In the UK wheat is the most important arable crop grown on an area of about 2 million
ha annually. About 30% of this crop acreage is under drought-prone soils (MAFF, 1999).
In the UK water deficits can commonly limit wheat yield in some years on light soils
(Foulkes and Scott, 1998) and onset of moisture stress typically coincides with
flowering (Foulkes ef al, 2001). The drought under UK conditions occurs in a less
severe form than that observed in Mediterranean or dry-land areas of the world.
However, with predicted climate change the frequency of dry years or water availability
for irrigation, and therefore of droughts, seems likely to increase. So quantification of
the effects of drought in these more marginal conditions by establishing the value ot

traits for drought resistance is important (Foulkes er al., 2001).

For any trait to be included in crop improvement programmes as a selection criterion, 1t
should have sufficient genetic variability, a low genotype x environment Interaction
effect and be heritable. Existence of genetic variability in water-use efficiency has been
known for almost a century (Briggs and Shantz, 1914). The framework proposed by
Passioura (1977; 1983) has proved very useful for identifying important traits
underlying yield of cereal crops growing in water-limited environments. This
framework is based on grain yield alone, and not on drought protection or on survival
under drought which were popular concepts in the past but which have been largely

unsuccessful as selection criteria (Richards et al., 2002).



Passioura proposed that, when water is limiting, the grain yield is a function of: (i) the
amount of water used by the crop, (ii) how efficiently the crop uses this water for
biomass growth (1.e., the water-use efficiency as above-ground biomass/

evapotranspiration), and (111) the harvest index, (i.e., the ratio of grain yield to above-

ground biomass). This framework is shown below.

Grain yield

i g p——— e g e S ey L - — —rr— . -

Crop water
use

Since each of these components 1s likely to be largely independent of the others, an

improvement in any one of them should result in an increase in yield. The review

structure will follow this framework.

2.1 CROP WATER USE

2.1.1 Root size and morphology

About 30% of UK wheat crops encounter drought. So improved rooting could enhance
additional capture of water to increase yields of droughted crops. Roots support the
above-ground portion of a plant and supply water and nutrients by exploring a large soil
volume. The ability of a plant to grow its root system and its capability to extract water
and nutrients in different soil environments have profound effects on the above-ground
growth as well as on the water and nutrient balance in the soil. Wheat exhibits
remarkable plasticity in root growth, which adjusts to soil nutrient and water status
(Vlek et al., 1996). Good root growth is a prerequisite for improved shoot growth and
higher yields, especially in marginal environments (Manske and Vlek, 2002) and a deep

root system is often synonymous with drought resistance and with more water uptake

from the soil (Richards et al., 2001).

The size of a wheat plant’s complete root system depends on the environment. Root
systems consist of ‘seminal’ roots that arise from primordia in the embryo and ‘nodal’
roots, also referred to as ‘crown’ or ‘adventitious’ roots that arise from the basal nodes
of the main shoot and tillers. Winter cereals in the UK typically produce about 6 seminal

axes and about 20 nodal axes (Gregory et al., 1978). Root and shoot production are
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synchronised, with nodal axis appearance linearly related to leaf production in wheat

(Klepper et al., 1984; Vincent and Gregory, 1989) and barley (Wahbi and Gregory,
1995). The first nodal axes typically appear when about 3 main shoot leaves have
emerged, and axes continue to be produced until stem elongation carries the nodes

above the soil surface (Klepper et al., 1984). Extension of both the seminal and nodal

roots usually continues to flowering (Belford ef al., 1987).

The horizontal spread of wheat roots is usually 30-60 cm (Russell, 1977); and roots
grow to a depth of up to 200 cm (Gregory et al., 1978; Barraclough and Weir, 1988;
Ford et al., 2002). However, about 70% of total root length 1s found within top 0-30 cm
of soil. This is because of proliferation of lateral axes and because roots grow towards
areas of higher nutrient and water concentrations, where rooting can take place. In wheat,
root dry matter growth attains its maximum value at anthesis and net translocation of
carbon to the roots stops after anthesis (Gregory, 1994). Three root characteristics are
considered critical to moisture extraction: (i) the rate at which the root system descends
in the soil, (ii) the maximum rooting depth, and (iii) the root length density (the root

length per unit volume of soil; RLD) (Azam-Ali and Squire, 2002).

Mineral nutrients and water availability are considered together in the majority ot root
studies. Experiments conducted on a silty clay loam soil at Rothamsted revealed that
drought reduced the amount of root growth in the top soil although there was some
compensatory growth in the subsoil as long as there was available nitrogen (Barraclough
and Leigh, 1984). Roots also acquire a range of other nutrients like phosphorous which
are less mobile in the soil than N. Theoretical estimates by van Noordwijk (1983) for P
transport in soil and root uptake suggest that ten times more roots are required to capture
all the P in soil solution compared with water. So a reduction in the root length in the
surface layers is likely to have some effect on the ability of the crop to take up P.
Reductions in root length due to soil drying have been reported by Blum and Sullivan
(1997). They examined the effect of plant size (plant height and shoot biomass) on plant
performance under the effect of various agents of stress and top-root drying using Rht
(tall), RAt1 and Rht2 (semi-dwarf) and Rht3 (dwarf) isogenic lines of spring wheat cv.
Bersee. Top-soil drying resulted in decreased shoot biomass but increased total root

length. Stomatal closure was the primary response to top soil drying. The dwarf plants



had relatively higher grain yields under stress indicating their resistance to top-root
drying while tall plants showed no variation. Other experiments showed that barley is
able to tolerate extreme drying of the top-soil without affecting photosynthesis
providing that at least 50% of the root system is well supplied with water (i.e. soil

moisture contents close to field capacity) (Bingham and McCabe, 2003).

Most genetic comparisons of root traits have focused on differences between old long-
strawed and modern short-strawed cultivars. MacKey (1973), examining near-isogenic
lines in wheat, found a positive correlation between plant height and rooting depth.
Some cultivar comparisons support this result (Gupta and Virmani, 1973; Brown et al.,
1987) whereas the majority of reports indicate no consistent difference between semi-

dwarfs and talls (e.g., Welbank et al., 1974; Cholick et al., 1977, Bingham et al., 2002).
Other studies have even shown that semi-dwarfs have larger root systems (Siddique ef
al., 1990; Haberle er al., 1995). In summary, there appears to be no effect of the semi-
dwarf genes on relationships between above- and below-ground parts of the crop that

has been consistently observed across environments.

A wide range of literature on varietal differences in rooting depth of wheat in response
to moisture stress (e.g. Hurd 1968; Gregory et al., 1978; Hoad et al., 2001) is available.
The effects of genotypic variations on root characteristics of crop plants were reviewed
by O’Toole and Bland (1987). Li et al. (2001) reported that under lower soil water
content thin roots extend greatly, but in well-watered treatments roots were short and
thicker. They showed irrigation promotes greater xylem vessel diameter development
which would promote faster and greater soil water uptake. Richards et al. (2001)
empha_s_ized the importance of a deep root system in extracting more water from soil for
greater drought resistance. Improvements in rooting attributes can be brought about by
increasing the rooting depth and optimizing the root distribution with depth by an
increase in the duration of the vegetative period (Brown et al., 1987, Wahb1 & Gregory,
1989: Siddique et al., 1990; Miralles et al., 1997). The developmental variation amongst
genotypes has a large influence on genetic variation in rooting traits. A genetic
comparison of six modern UK cultivars in the field detected a two-fold difference In
RLD at 80 cm depth, from about 1-2 cm cm™, with Shamrock exhibiting greater RLD

compared to the other five varieties (Ford et al., 2002). During drought, so1l water



becomes less than required for potential transpiration by the plant. 'Drying of the soil
surface may inhibit normal development of the nodal root system (Gregory et al., 1978:
Gregory, 1994). Barraclough and Weir (1988) found root and shoot growth of winter
wheat were reduced by the imposition of an artificial drought even though the water use
was not affected until after anthesis. Wheat cultivars with highest rates of root growth
tend to have the lowest rates of transpiration per unit root mass and this tends to
decrease the rate of water uptake per unit root length (van den Boogaard er al., 1996). In
a study conducted at CIMMY T, most drought-tolerant semi-dwarf bread wheats formed

more roots in deeper soil layers, whereas the non-tolerant checks had fewer roots in

deep soil (Manske et al., 2000).

Improved root biomass has been associated with the 1BL.1RS wheat-rye translocation in
spring wheat in California in pot-grown experiments (Ehdaie et al., 2003). However, the
eftect of 1BL.IRS wheat-rye translocation on root dry weight was neutral in this
investigation. Genetic differences in root dry matter may result from the extent to which
ogenotypes differ in the degree of adjustment to the onset of nutrient stress, 1.e., the
functional equilibrium between root and shoot (Brouwer, 1963; van Noordwiyk and de

Willegen, 1987). The extent of genetic diversity 1n this adjustment is largely unknown.

The development of synthetic hexaploid wheat, product of crossing between durum
wheat and wild (D genome) diploids has enabled new genetic diversity to be introduced
into the bread wheat gene pool (Villareal ef al., 1995; CIMMYT, 1996). Wide crossing
can be used to introduce stress adaptive genes from diploid and tetraploid genomes, for
example through the production of synthetic hexaploids, i.e. by crossing modern
tetraploid durum wheats with degilops tauschii, the ancestral donor of the D genome 1n
hexaploid wheat. Wide-crossing has contributed significantly to the drought adaptation
of CIMMYT wheat germplasm (Mujeeb-Kazi ef al., 1998; Reynolds et al., 2005). The
synthetic derived wheat lines have improved ability to extract water at intermediate (30-

90 cm) rooting depths (Copland et al., 2002).

The ratio between the amount of root dry mass and shoot dry mass 1s a measure of the
allocation of resources between different plant components (Hoad et al., 2001). When
WUE is expressed as the ratio of above-ground biomass to water used, then the

genotype that partitioned less to the roots would not only have a higher WUE but also
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earlier canopy closure, there by reducing evaporation. This reduction in root/shoot ratio
may be very important in superficially increasing WUE in Mediterranean-type
environments (Richards, 1987). However, studies have shown that the response of wheat
plants to hmitations of soil water is to allocate a greater amount of the carbon
assimilated to roots (Hamblin ef al., 1990; Gregory and Atwell, 1991; Palta and Gregory,
1997). Such partitioning of assimilates between roots and shoots appears to be highly
dependent on genotype (Sadhu and Bhaduri, 1984). Soﬁle experiments showed that
reducing the carbohydrate supplies to the roots tend to decrease the rate of extension of
seminal axes and first order lateral roots (Bingham and Stevenson, 1993; Bingham et al.,
1996). On the other hand, a wheat ideotype should react positively to drought by
producing a larger root biomass under droughted compared to favourable conditions
(Ehdaie et al., 2003). Many studies have demonstrated that top-soil drying resulted in
increased root/shoot ratio 1n wheat (for e.g. Blum and Sullivan, 1997). Modifying root
dry matter distribution may increase plant reproductive allocations, which may be
favourable to increasing grain yields (Weiner, 1990). Hoad et al. (2001) reviewed on the
management of cereal root systems and pointed out that the genetic variation in rooting
characteristics could be taken advantage of in breeding programmes where lodging and

drought are problems.

The synthesis and accumulation of chemical signals such as abscisic acid (ABA) are a
natural drought avoidance mechanism in most plants (Turner, 1986). ABA production
by dehydrating roots is also known to cause variations in stomatal responses, whilst leat
water status is kept constant (Gowing et al., 1990; Davis and Zhang, 1991). These

investigations provide an understanding of root-to-shoot signalling through the hormone

ABA under water stress conditions. -
2.1.2 Relationship between root length density and resource capture

Greater root length density has been associated with higher water absorption from the
soil and subsequent improved performance of cereal crops (Passioura, 1983; Hamblin
and Tennant, 1987; Gregory et al., 1992; Hoad et al., 2001). In rainfed wheat, root
length densities are much higher in drier years (Hamblin ef al., 1990) and wheat grown
under residual moisture depends on deeper roots to access moisture from deeper soil

layers (Jordan et al., 1983; Mian et al., 1993). Studies at Rothamsted, UK have
11



demonstrated that drought increased the depth of rooting from 140 cm to 160 cm
although the RLD was less than 0.1 cm cm™ compared to the RLD of 5-10 cm cm™ in

the top soil (Barraclough, 1984). In droughted conditions and with an adequate supply
of nitrogen, RLLD of 1 cm cm™ was found sufficient to allow all the available water to be
extracted; below 80 cm depth water uptake was limited by root growth as RLD was
below 1 cm cm™. Barraclough (1989) found that irrigated wheat used no water from
below 80 cm whereas droughted plants removed water from the entire soil profile where
roots were found. Root diameter is also important because small diameters with high
resistance may limit the rate of transport of water and solutes towards the shoot.

Calculations by McCoy ef al. (1984) and Passioura (1983) for theoretical situations In

which RLD, initial water status and root diameter were varied suggested that RLD

3

values <0.1 cm cm™ would require between 12 and 20 days to deplete various soils of

available water. In another study in barley, it was reported that a RLD of about 1 cm cm'
’ is required for extraction of 90% of the available water, and about 2 cm cm™ for
complete extraction as field-based estimate (Gregory and Brown, 1989 cited in Bingham
et al., 2002). This estimate was found to be similar with that predicted from theoretical
considerations of water uptake by single roots (Van Noordwijk, 1983). Theoretically,
the RLD of cereals in surface layers of most soils are adequate to access most of the

3

available soil water and densities more than 1.0 cm cm™ are associated with only small

increases in the total amount of water taken up during yield forming period (Gregory et

al., 1978; King et al. 2003).

Wang and Smith (2004) reviewed simulation modelling studies of the above-ground
growth, crop yield, below-ground root system formation, and root function for optimally
supplying water and nutrients to the plant. Modelling root erowth and function has been
simplified in most crop simulation models due to limited root data. There are studies in
UK winter wheat on root-modelling for simulating the root system functionality in terms
of nutrient and water resource uptake and interaction with the above-ground organs (for
e.g. King ef al., 2003; Bingham et al., 2002). In this context, King et al. (2003) working
in UK on cereal root modelling lemphasized that a more uniform distribution of the roots
with depth gave a greater economic return through improved water and nutrient capture.

However, there are relatively few examples of breeders selecting for improved drought

resistance according to rooting traits.
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Since root studies are very labour-intensive most breeding programmes have largely
avoided using root traits as selection criteria. The methods used in root research are (i)
descriptive (e.g. core break method, mesh bag method, electrical capacitance method,
rhizotrons, wax layer method, root angle method or assessing root pulling strength) and
(i1) quantitative (manual sampling in the field and measuring root parameters). However,
for screening large numbers of wheat genotypes indirect and practically feasible
methods are required for use in selection programmes (Manske et al., 2001). Hence,

there is a need to develop precise, high-throughput screens for roots in future studies.

2.2 WATER-USE EFFICIENCY

2.2.1 Definitions

The term water-use efficiency (WUE) is generally used to express the ratio of aerial

biomass to evapotranspiration. It can be expressed as [Equation 2.1]:

WUE (biomass) = TE/ [1+ (E/T)]..ccooiiii Equation 2.1

Where TE is the transpiration efficiency (above-ground dry weight/transpiration), Es 1s

the water lost by evaporation from the soil surface, and T is water lost through

transpiration by the crop (Richards, 1991). An increase in transpiration efficiency and/or

“a reduction in soil evaporation will increase WUE. Increasing TE and decreasing soil

evaporation can be achieved through both management and genetic improvement.

A number of selection criteria or screening tools have been developed for fast reliable

screening of TE and its determinants in breeding programmes, e.g. the B/ isotope
discrimination technique (Farquhar and Richards, 1984) for estimating TE and the

viscous-flow porometer for estimating stomatal conductance (Richards et al., 2002).

In this thesis, the gravimetric calculation of above-ground biomass WUE (g dry matter

litre water”) has been standardized as the ratio of cumulative above-ground dry matter

to cumulative water use [Equation 2.2 ]

WUE (above-ground biomass) = (Wo-W i)/ (Co=Cp)uvenviiiieiiiia, Equation 2.2
Where, W= total crop dry matter (g plant'l) at sampling time 1
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W,= total crop dry matter (g plant) at sampling time 2
C;= cumulative water use (1) at sampling time 1

C,= cumulative water use (1) at sampling time 2

With regard to gas-exchange,
TE (instantaneous) = ITEi,s= Net photosynthetic rate/ Transpiration ......... Equation 2.3
TE (intrinsic) = ITEj,= Net photosynthetic rate/ Stomatal conductance.......Equation 2.4

2.2.2 Determinants of WUE in crop plants

It is well known that the process of photosynthesis involves two separate steps: diffusion
or CO; input through the stomata, and carboxylation. The CO, gradient from atmosphere
to sub-stomatal cavity 1s mainly a function of plant biological processes affecting C;
(partial pressure of CO, inside the sub-stomatal cavity), since C, (partial pressure of
CO, in the air surrounding the leaf) is relatively stable. In contrast, the water gradient 1s
mainly a function of weather variables and leaf surface temperature. The principal
processes involved in determining C; are carboxylation as influenced by the content and
activity of Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) enzyme; and the
stomatal conductance (g;), as regulated by stomata. There are therefore several

biochemical and physiological processes influencing C;, hence the CO; gradient from

atmosphere to sub-stomatal cavity, by wheat canopies.

2.2.2.1 Stomatal conductance and Rubisco content

The rate of CO, uptake per unit leaf area relates directly to stomatal conductance, which,
in turn, is controlled by stomatal regulatory processes. As stomata close, C; decreases
and TE at the level of a single leat should increase. The canopy conductance should
broadly follow a similar pattern. In addition, C; is influenced by the carboxylation
capacity of the plant, higher Rubisco concentration decreasing C; hence increasing TE.
In cereals, there are several reports of specific leaf nitrogen content (ratio of nitrogen
(N) content to leaf area; SLN) correlating positively with TE, e.g. Borrell ef al. (2000) in
sorghum, presumably through effects on Rubisco content. Genetic variation In Rubisco
content has beeﬁ shown to correlate positively with CO, exchange rate in rice (Sarker ef
al., 2000; Sivasankar et al., 1998; Xu ef al., 1997) and wheat (Julian et al., 1998), with
light-saturated rate of photosynthesis in rice (Makino et al., 2000) and with grain yield
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in maize (Martinez-Barajas ef al., 1999). Varying the Rubisco content is suggested as a
strategy to ensure adequate N reserves for grain filling in rice (Horton and Murchie,

2000). However, there are relatively few reports of genetic variation in Rubisco content

or activity in hexaploid wheat; one recent investigation was reported by Xiao et al.

(1998).
2.2.2.1.a Rubisco activity in relation to drought stress

There 1s evidence that the decrease in CO; assimilation rates found in drought-stressed
leaves cannot be simply reversed by increasing the external CO; supply, showing that
drought stress must also affect mesophyll metabolism (Lawlor, 1995; 2002 and Tang et
al., 2002). This mesophyll response becomes progressively more important with
increasing water deficiency (Tezara and Lawlor, 1995; Udayakumar et al., 1998).
Several studies have suggested that decreased photosynthetic capacity results from
impaired regeneration of ribulose-1, 5-bisphosphate (RuBP) (e.g. Gimenez et al., 1992).
Increased severity and duration of drought stress is known to decrease Rubisco activity
and protein content in wheat (Kicheva ef al, 1994) and in some other species
(Majumdar et al., 1991). Rubisco activase expression is increased under heat stress in
wheat (Law and Crafts-Brandner, 2001). The total Rubisco activity of wheat flag leaves
was decreased when drought stress was imposed at anthesis; this decrease was
accompanied by a decrease in both soluble protein and chlorophyll (Holaday et al.,
1992; Parry et al., 2002). However, in wheat Rubisco activities were not correlated with
leaf relative water content (RWC) (Parry et al., 2002) suggesting a decrease in its
contribution to the total amount of soluble protein. Udayakumar et al. (1998)
demonstrated an inverse relationship between Rubisco content and A_’l‘?’ C among
eroundnut genotypes, suggesting that the variability 1n A’C is dependent on mesophyll

capacity rather than g;; and that therefore mesophyll efficiency is important 1n

determining A"”C and WUE.

2 2.2 1.b Stomatal conductance

Stomatal aperture density and leaf area, which are the main biological determinants of
plant transpiration, are also the main determinants of carbon accumulation by plants

because CO, flows to photosynthetic sites via the stomata. This leads to well
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documented relationships between light interception, transpiration, photosynthesis, and

biomass production as ‘water for carbon’ and ‘water for temperature’ trade-offs

(Monteith 1993; Tardieu, 2005).

Stomatal conductance relates to how easily CO, can be moved into the leaf and is

controlled by stomatal regulatory processes. Conductance to CO, is directly convertible
to conductance to H,O 1e. g, carbon = (g, water/ 1.6), where 1.6 is the ratio of
diffusivities of H,O and CO;. H,O 1s lighter and diffuses faster than CO,_In general, TE
of crops will be increased by low stomatal conductance. Measurement of g, can give an
insight into the transpiration of a crop canopy, which is closely related to biomass
production. The link between g; and transpiration is so close that transpiration could
reliably be estimated from measurements of g; (Azam-Ali, 1983). Besides this,
evaporative demand on the leaf is a major environmental determinant of transpiration

rate, which is most precisely measured as the vapour pressure gradient between the leat

and the air (Monteith, 1995).

Assuming the water vapour concentration gradient (Wi-W,) 1is an independent
environmental variable then TE at a given site is a negative function of the ratio C/C.,.
For non-stressed C; plants, the value of C/C, is around 0.7 and is determined by the
balance between g, and photosynthetic rate (4) (Condon et al., 2002). If C,/C, ratio 1S
lower as a result of increased photosynthetic capacity then there will be an increase in 4

per unit leaf area. However, if Ci/C, is lower as result of lower g; then there will be a

reduction 1n A4.

2.2.2.2 Genetic variation in WUE and determinant plant and canopy processes

Genotypic variation in WUE determined by both photosynthetic capacity and stomatal
conductance has been reported in wheat (Condon ef al., 1990; Blum, 1990; Morgan and

Le Cain 1991: Condon and Richards, 1993; Morgan et al., 1993; Fischer et al., 1998).

Some of these studies are reviewed here.

Morgan and Le Cain (1991) in Colorado, USA investigated the genetic variation 1n 15
field-grown winter wheat genotypes under irrigated conditions and found greater WUL
in genotypes with leaves of lower g, They found no significant date x cultivar

interactions for 4, g, Ci and C/C,, indicating that similar week-to-week variations In
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gas exchange were experienced by most genotypes. Blum (1990) in Israel found that
high grain yield in spring wheat under drought was positively associated with the CO,
assimilation rate at hight saturation (4, and g;; newer cultivars had significantly
higher A, and g than the older cultivars. In winter wheat, Gent and Kiyomoto (1985)
did not observe a positive relation between grain yield and canopy and leaf CO;
assimilation rates; and higher grain yield was related to a higher HI. Ashraf and Bashir
(2003) in Pakistan demonstrated in an irrigated pot study that higher photosynthetic
capacity, measured as CO, exchange rate, at the vegetative stage in spring wheat cv.
Inglab-91 resulted in higher grain yield. Whereas, a higher post-anthesis assimilation
rate in cv. Barani-83 resulted in higher grain yield and WUE. Stomatal conductance was
- the primary factor affecting photosynthesis in Inglab-91 at the vegetative stage but not
in Barani-83. Thus, the cultivars appeared to have used different temporal patterns ot

photosynthesis for enhanced grain production.

Ritchie et al. (1990) in Texas observed in winter wheat that the most drought-resistant
genotypes (e.g. cv. TAM W-101) had a higher photosynthetic capacity and greater g in
water-stress conditions than the more susceptible genotypes (e.g. cv. Sturdy). TAM W-
101 tended to have higher WUE than Sturdy under moderate to severe stress conditions,
but not under well-watered conditions. High leaf RWC, 4, and photosynthetic capacity
traits conferred better drought resistance in TAM W-101. These two genotypes have
been the subject of several investigations into the physiological nature of their respective
responses to water-deficit stress (Schonfeld et al., 1988; Ritchie et al., 1990; Morgan et
al., 1993). Wheat research at CSIRO, Canberra, Australia showed that a decrease 1n
stomatal conductance improved TE among wheat genotypes in greenhouse and field
sttidies (e.g. Condon et al., 1990; Condon and Richards, 1992) and the genetic variation
in stomatal conductance unassociated with ABA responses has also been reported 1n
spring wheat (Condon et al., 1990). On the other hand various experiments have shown
that stomatal responses are often more closely linked to soil moisture content than to
leaf water status. This suggests that stomata are responding to chemical signals such as
ABA produced by dehydrating roots even when the leaf water status 1s kept constant
(Gowing et al., 1990; Davis and Zhang, 1991). The regulation of gas exchange may not
be a simple response to a dose of ABA coming from the root, but that the cells of the

leaf will process information received by both the roots and the shoot. A long-distance
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signal from the root and a locally generated signal within the leaf may both operate

within the leaf at the same time (Davis et al., 2002).

In cereals, for example rice, there are reports demonstrating genetic variation in
photosynthetic capacity (Murchie ef al., 1999; Horton and Murchie, 2000) and are
related to mesophyll conductance (Price et al., 2002) as a key limitation to productivity
under irrigation. Although many studies have correlated leaf gas—exchange results with
WUE, often the relationship between short-term gas-exchange variables and the actual
water-use efficiency for the whole growing season is poor, because there are a number
of factors affecting dry matter accumulation but not leaf gas-exchange (Boyer, 1996).
For example, the biomass production of a plant is not only determined by net
photosynthesis during the day but also by respiratory losses at night. Gas exchange
determination for short times during the day does not inform on dark respiration losses,
which are influenced by temperature and the molecular composition of the dry matter.
Therefore, although rapid and convenient, gas exchange measurements may not be

totally reliable to assess differences in WUE at the whole crop level.

2.2.2.3 Canopy architecture and aerodynamic resistance

Independently of leaf and canopy conductance responses working through stomatal
conductance, the canopy affects the rate of evapotranspiration according to its
aerodynamic resistance to water vapour and heat transfer to the atmosphere (Ar)
(Monteith, 1981). Crop height and surface roughness and the wind speed influence this.
In general, taller crops with rougher surfaces have reduced Ar hence lower WUE. Under
drought, where the green canopy area is usually small, eftects of Ar on
evapotranspiration are thought to be mmor compared to those of canopy conductance
(Squire, 1990). For wheat cultivars, differences in surface roughness are thought to have
relatively little impact on WUE (Sylvester-Bradley ef al., 1990). The presence of Rht
semi-dwarf genes may however have an effect on canopy conductance via Ar. In this
regard, variation in crop height has been shown to influence WUE 1n studies on 1sogenic
lines, e.g. shorter stature with the Rht-DI semi-dwarf gene conferring decreases in the
region of 10% (Richards, 1992; Ehdaie and Waines, 1994; Foulkes et al., 2001).

However, this variation would not be associated with differences 1n 4r, since shorter

stature would increase Ar hence WUE.
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2.2.3 The physiological basis of the relationship between carbon isotope
discrimination and TE

Atmospheric CO; contains the naturally occurring carbon isotopes *C, *C, and '*C in

the proportions 98.9%, 1.1%, and 10™'<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>