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ABSTRACT

Osmotic adjustment (OA) contributes to plant tolerance of water deficit (WD). This
study evaluated OA in three wheat (Triticum aestivum L.) cultivars under WD, in
controlled-environment, field, and laboratory studies, with the objective to identify the
solutes involved with regard to differences in duration of WD, stage of plant
development, and cultivars, and whether with development of WD the patterns of
accumulation differ amongst solutes.

Leaf OA and solutes in cultivars Hartog (high OA) and Sunco (low OA) were evaluated
at the reproductive stage in a controlled environment (Chapter 3). OA in Hartog was 5times greater than in Sunco. At 21 d, K+ accounted for 12% of OA in Hartog and 48% in
Sunco. Glycinebetaine and proline also increased under WD, but these were not
significant osmotica after 21 d of drying. Hartog accumulated dry matter faster than
Sunco under WD, and this was consistent with greater water use in Hartog than in
Sunco.

To identify the development of solute concentrations, WD was imposed on Hartog at
the reproductive stage in a controlled environment (Chapter 3). OA increased
curvilinearly with time during 37 d of drying. K+ increased up to 16 d and then
decreased towards 37 d. Glycinebetaine, proline, fructose, and glucose increased
gradually during the drying cycle, but each had a different pattern of accumulation. K+
was the major contributor to OA (54%) up to 30 d, whereas glycinebetaine, proline and
glucose (~20%) were major contributors later.

Leaf OA and solutes in Hartog and Sunco subjected to WD were evaluated at the grain
filling stage in a controlled environment (Chapter 4). Leaf OA was evident in Hartog
(2.1 MPa) and Sunco (2.6 MPa). K+, Na+, and Cl-, contributed (up to 27%) of leaf OA.
Data on organic solutes were unavailable.

A field experiment with Hartog and Mulgara (high OA) and Sunco (low OA), showed
leaf OA occurred in these cultivars at 14 and 28 d of WD imposed during the grain
filling stage. K+, Na+, Cl-, glycinebetaine, proline, fructose and glucose were
contributors to OA; however, K+ and Cl- were the major contributors (~40%).
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Osmotic adjustment capacity and solutes were also evaluated for leaf segments of
Hartog using polyethylene glycol (PEG) treatments in laboratory studies, and with
additional K+ or Na+ and different N supply (Chapter 5). Exposure to PEG 8000 of 0, 0.5, -1.0 and -1.5 MPa and sampling times of 0, 12, 24, 48 and 72 hours, showed the
maximum leaf OA (0.37 MPa) in PEG -0.5 MPa treatment after 48 hours. K+ did not
contribute to OA; whereas Na+ and proline accounted for ~5%. Additional 10 mM K+ or
Na+ at 48 hours resulted in 2-times higher leaf OA (0.36 MPa) in the basal solution with
PEG -0.5 MPa. Na+, Cl-, glycinebetaine, proline and total soluble sugars accounted for
up to 40% of OA. Additional N supply at 10 mM NO3- resulted in 81% higher leaf OA
(0.32 MPa) in basal solution with PEG -0.5 MPa. K+ was not involved in OA, whereas
Na+, Cl-, proline and total soluble sugars accounted for ~34% of OA.
Leaf OA was evident, and the various solutes that contributed to leaf OA accumulated
at different times as WD developed in the controlled-environment, field, and laboratory
experiments. The plants had less chance to express OA at the grain filling than at the
reproductive stage. K+ was confirmed as a major solute in OA in the controlledenvironment and field conditions, but not in laboratory-based PEG treatments with leaf
segments. Glycinebetaine was involved in leaf OA in addition to K+, Na+, Cl-, proline
and sugars, which have been reported in previous studies. The laboratory-based PEG
method can not substitute for controlled-environment and field conditions for screening
germplasm for OA capacity and contributing solutes, as the solutes differed, indicating
the mechanisms differed between these conditions. Osmotic adjustment improved water
extraction in the controlled-environment and field experiments.
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GENERAL INTRODUCTION

1.1 Occurrence of drought in the wheatbelt of south-western Australia

The climate in south-western Australia is a Mediterranean type, with cool wet winters
during the agricultural growing season, and warm dry summers. A major characteristic of
the growing season is a cyclical alternation of favourable and unfavourable conditions for
crop growth, which is called the “oscillating pattern”. This pattern varies in amplitude and
wavelength because of unpredictable „between‟- and „within‟- season variations in the
regional distribution of rainfall (Boyd et al. 1976). There are large climatic variations in the
quantity of rainfall, temperature, radiation, and evaporation (Goodchild and Boyd 1975). In
this region, crops usually depend entirely on current rainfall (Rickert et al. 1987), which is
less than 500 mm per year (Del Cima et al. 2004). The growing season for wheat in southwestern Australia varies from about 100 to over 250 days and the timing of the opening
rains is variable, depending on location (Anderson and Impligia 2002). Low rainfall
towards the end of the growing season usually limits crop production (French and Schultz
1984). In south-western Australia, wheat is grown under dryland conditions. The low
rainfall regions of south-western Australia are typically dry at the start of the cropping
season, rainfall does not fully recharge the soil profile, and crop growth normally finishes
early because of drought (Rickert et al. 1987). The annual rainfall in south-western
Australia decreases progressively from west to east and from south to north (Rickert et al.
1987). Therefore, wheat grown in the dry agricultural areas of Australia is subjected to
periodic water deficit.

Water availability is one of the critical factors that limit productivity of annual cropping
(Cramb 2000; Wood 2005). Wheat production in a Mediterranean environment is subjected
annually to terminal drought, but despite this severe constraint, cropping in such
environments can be both environmentally and economically sustainable (Turner 2004). To
sustain and increase crop production in environments with terminal drought, cultivars are
required that: (1) have vigorous early growth and high transpiration efficiency; (2)
acclimate to drought by osmotic adjustment; 3) can develop deep rooting, and (4) can use
accumulated biomass for grain filling (Turner 2004).
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1.2 Osmotic adjustment as a mechanism of drought tolerance in plants

In dryland production systems, plant adaptations are important when water deficit is either
permanent or temporary and severely limits plant growth (Pugnaire et al. 1999). A range of
mechanisms whereby plants withstand periods of dry weather is termed drought resistance
(Jones et al. 1981). There are three primary types of drought resistance:
1. Drought escape allows a plant to complete its life cycle before a severe plant water
deficit develops.
2. Drought avoidance enables plants to avoid low water status by maintaining high leaf
water potential during drought periods.
3. Drought tolerance allows plants to maintain turgor pressure at low tissue water
potential (Jones et al. 1981).
The experiments in this thesis mainly relate to drought tolerance mechanisms.

One important mechanism of drought tolerance is osmotic adjustment (OA). It refers to the
lowering of osmotic potential because of the net accumulation of solutes in response to
water deficits (Condon 1982; Chandra Babu et al. 1999a; Zhang et al. 1999). A lowering of
osmotic potential in response to water deficits can result from either the change in
concentration of osmotic solutes as water is withdrawn from the cytosol and the cell
volume decreases, or from the accumulation of additional solutes in the cell (Turner and
Jones 1980). OA occurs when new solutes are accumulated, not when existing solutes are
concentrated due to water loss. OA is a cellular response to water deficit (Zhang et al.
1999).

The development of OA in plants during water deficit is influenced by several factors, such
as the rate and duration of water deficit (Jones and Rawson 1979; Turner et al. 1986),
species and cultivar (Morgan 1977, 1984; Wright et al. 1983; Singh et al. 1985), age of
tissue and stage of plant development (Munns et al. 1979; Jones and Turner 1980; Condon
1982; Santamaria et al. 1990; Ma et al. 2006).

OA has been associated with yield production under water deficit, including in wheat
(Morgan 1983, 1995). OA could help plants to retain higher relative water content at a
given level of water potential, and therefore maintain net photosynthesis per unit leaf area
3
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during water deficit. If water deficit duration was extended, a higher capacity for OA may
be advantageous for biomass production or even survival (Morgan 1984; Kamoshita et al.
2004).

The solutes accumulated for OA in plants subjected to water deficit can differ among
species (Morgan 1992; Zhang et al. 1999). In terms of water deficit in wheat, Morgan
(1992) found that important osmolytes that contributed to OA were sugars (sucrose,
glucose and fructose), amino acids (e.g. proline) and ions (e.g. potassium). Glycinebetaine
is suggested as being one of the compatible solutes that contributed to OA during water
deficit. Compatible solutes are solutes that have no deleterious effect on metabolism at high
concentration. However, few studies have evaluated the accumulation of glycinebetaine in
wheat during water deficit; for example, the concentration of glycinebetaine was up 2-fold
higher than in well-watered leaves of spring wheat at heading and grain filling stage in the
field (Zhu et al. 2005).

The growth response, solute accumulation and OA in many wheat lines with high or low
OA capacities subjected to water deficit had been previously studied by Morgan (1984,
1992, 1995, and 2000). Unfortunately, many of the wheat lines from these studies have not
been maintained and this research direction has not been continued. In addition, these
previous experiments were conducted in northern New South Wales (NSW) with a
summer-dominant rainfall pattern; however, the results provide valuable base information
for my studies of wheat responses to water deficit in south-western Australia with a
typically wet winter growing season and dry finish limiting production (i.e. terminal
drought). For the NSW studies, OA was estimated from the linear regression of relative
water content at a given osmotic potential of -2.5 MPa, which was measured using a
thermocouple psychrometer (Morgan 1983). In this study, OA was calculated as the
difference between the measured osmotic potential and the estimated osmotic potential as a
result of concentration-effect of any decreased tissue water content in water deficit-plants.
Moreover, as described in the literature review (Chapter 2), factors influencing OA (such as
plant development stage, duration of water deficit, and types of solutes accumulated) in
wheat were the focus of the present study.
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1.3 Genotypic variation in wheat for osmotic adjustment

The capacity to adjust osmotically under water deficit is a heritable trait in wheat. Wheat
genotypes fall into 2 distinct groups with either high or low capacity for OA (Morgan 1977,
1983). Osmotic adjustment in wheat is inherited by a single recessive gene (Morgan 1991).
Three wheat cultivars were used in the present study: Hartog (high OA), Sunco (low OA)
and Mulgara, which is a near isogenic line for high OA obtained by transferring a putative
gene from Hartog to a Sunco background (Morgan 2001).

1.4 Thesis outline and objectives

In this study, the growth response, OA and solute accumulation of up to 3 wheat cultivars
were evaluated under water deficit conditions of relevance to south-western Australia. The
solutes that contributed to OA were examined with regard to differences in duration and
intensity of water deficit, stage of plant development, and cultivars. This study will identify
the patterns of accumulation for solutes involved in OA, especially glycinebetaine that has
rarely been reported. Also, OA and solutes in leaf segments and in intact plants were
compared to determine whether the simpler method using leaf segments will have
consistent results with controlled-environment and field experiments.

More specifically, the objectives of this study were to:
1. Evaluate leaf OA expression and solute concentrations in two wheat cultivars
differing in OA capacity (cv. Hartog and Sunco) at the reproductive stage under
controlled-environment conditions (Chapter 3).
2. Identify the patterns of commencement, accumulation, and cessation for solutes
involved and determine if patterns differ amongst solutes in wheat cv. Hartog
during the development of water deficit in a controlled-environment (Chapter 3).
3. Evaluate leaf OA and solute concentrations in leaves of wheat cultivars differing in
OA capacity subjected to water deficit at the grain filling stage in a controlled
environment (cv. Hartog and Sunco) compared with field conditions (cv. Hartog,
Sunco and Mulgara) (Chapter 4).

5
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4. Examine leaf OA and solutes in leaf segments of wheat cv. Hartog at different
intensities and durations of polyethylene glycol treatments with additional K+ or
Na+, and different N supply, under controlled conditions (Chapter 5).

Achievement of these objectives will provide further information on wheat responses to
water deficit at whole-plant (individual plants and community of crop plants) level as well
as at the tissue level.

6

CHAPTER 2

LITERATURE REVIEW

CHAPTER 2
Literature Review

7

CHAPTER 2

LITERATURE REVIEW

2.1 Climate and soil variability in the wheatbelt of south-western Australia

The agricultural areas of south-western Australia have a Mediterranean-type climate
(Cramb 2000) with wet, cold winters and dry, hot summers (Del Cima et al. 2004).
Generally, annual wheat crops are sown in the autumn (May-June) when rainfall
commences and grow during the cool winter and set seeds in spring and early summer
(Regan et al. 1992; Turner 2004). The winters (June-August) are wet and rainfall usually
exceeds evaporation, but cool temperatures and low incoming radiation limit plant growth.
Increasing temperature and radiation in spring (September-October) allow high growth
rates (Regan et al. 1992; Turner 2004). Even higher temperatures during late spring and
early summer, however, are not beneficial for crops that are maturing on stored soil water;
rainfall is very low after flowering in early spring (Turner 2004). Annual cropping,
including wheat production, is strongly influenced both directly and indirectly by rainfall,
solar radiation and temperature (Cramb 2000).

The soil pattern of the wheatbelt of south-western Australia ranges from deep infertile
leached sands to poorly drained clay loams, and includes transitional and duplex soils
(Rickert et al. 1987). Soil types in this area are dominated by sandy and duplex (sand over
clay) soils with some clay soils (dominated by kaolinitic minerals) in the drier, eastern
parts, whereas silty soils are rare (Del Cima et al. 2004). Iron- and aluminium-rich laterite
is distributed over a large area of the landscape (Tille 2000). The wheatbelt is characterised
by wide variation in soil types and fertility.

Characteristics of the soils can make management of cereal growing in south-western
Australia difficult. The sandy soils have low water holding capacity, so that rainfall can
quickly escape below the root zone. Some deep sands and sandy earths, particularly the
acid yellow sandy earths, have naturally acid sub-soils that tend to restrict root development
(Tille 2000). Major and minor mineral elements are deficient in the sandy surface soils and
soil organic matter is low (Tille 2000). Kaolinitic clays and oxides of iron and aluminium
can fix phosphate so that availability of applied phosphate can be low; whereas soluble
nutrients, such as nitrogen, sulphur and potassium can be leached (Tille 2000). Despite a
variety of management problems that result from the inherent properties of the soils,
progressive adaptation of farming systems to soil and climatic conditions has provided
8
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some solutions to these problems and enabled establishment of a large cropping industry of
4.4 million ha in Western Australia. Cropping industry in Western Australia is dominated
by wheat (Gooding et al. 2006) with wheat yield of 1.8 t ha-1 in 2000 and that has increased
by an average of 12-13 kg ha-1 year-1 over the past six decades (Turner 2004).

2.2 Water deficit as a major abiotic factor limiting crop yields

Abiotic stress is any environmental condition, or combination of conditions, that has
negative effects on the expression of genetic potential for plant growth, development and
reproduction (Acevedo et al. 2002).

Some abiotic factors, that have been shown to

suppress wheat yield on large areas world-wide, are water deficit, heat, low temperatures,
low soil fertility (especially N), and soil salinity (Acevedo et al. 2002).

Water availability is one of the major limitations to plant productivity (Wood 2005). Up to
45% of the world‟s agricultural lands are subject to continuous or frequent water deficit
(Ashraf and Fooland 2007). Water deficit in the agricultural regions can result in yield
losses up to 50%, or even complete crop failure when severe. Development of crops that
are more tolerant to water deficits will become a critical requirement for enhancing
agriculture in the future (Wood 2005).

Many terms have been used to define the water deficit conditions in plants, such as water
stress, drought, dehydration, desiccation, and water deficit (Table 2.1). Among these terms
used, water deficit is the most appropriate to illustrate the condition of water shortage in
whole plants in a controlled environment and in a field situation.

Dehydration and desiccation are terms that can be suitable for describing insufficient water
condition at the level of plant tissues and cells. Water stress is commonly used for the
condition when the plants grow without adequate water; however this term can be
interpreted as water deficit or waterlogging, so the term water deficit is more appropriate.
Responses to water deficits at crop, whole plant, tissue and cellular levels are considered in
sections 2.3 to 2.6.

9
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Table 2.1 Terms used to define water deficit conditions in plants
Definition

Reference

Water stress: Excessive water (waterlogging or flooding) or insufficient Levitt (1980)
water (drought or water deficit) in the plant‟s environment.
Drought: A meteorological term and generally is defined as prolonged Levitt
(1980);
period without significant rainfall and should be reserved for field-grown Hale and Orcutt
plants.
(1987);
Wood
(2005)
Water deficit: The induction of turgor pressure below the maximal potential Pugnaire et al.
pressure that lowers water potential of cells and occurs when water (1999); Acevedo
absorption by a crop is lower than the evaporative demand of the et al. (2002)
atmosphere.
Dehydration: The loss of water from cells and tissues.

Wood (2005)

Desiccation (severe water deficit): An extreme form of water loss from a
cell whereby all free water is lost from the protoplasm and leading to cell
death.

Pugnaire
(1999);
(2005)

et al.
Wood

2.3 Crop growth and responses to water deficit

The production of dry matter by a crop depends on the solar energy that it captures and uses
to convert carbon dioxide and water into dry matter in the process of photosynthesis
(Turner and Begg 1981), less carbon consumed in respiration. The capture of solar energy
depends on the interception of that energy by organs capable of photosynthesis. Crop
production is usually defined as either “biological yield” or “economic yield”. Biological
yield refers to the total plant dry matter at harvest and economic yield is the dry matter that
is economically useful. For wheat, economic yield is grain yield and biological yield equals
above ground dry matter as roots are not harvested. Economic yield and biological yield
can be related by harvest index (HI), which represents the proportion of above ground
biomass allocated to the harvested grain (Yoshida 1972; Loss and Siddique 1994): Grain
yield = Dry Matter x HI. Dry matter production of a crop is a function of the accumulation
of absorbed radiant energy by the plant and radiation use efficiency (Monteith 1977).

Water deficit reduces leaf area in most crop species, for example by 80% in maize (Sharp
and Davies 1979), 35% in wheat (Sinha et al. 1982), and 30% in rice (Siopongco et al.
10
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2006). As water deficit develops, leaf growth is inhibited resulting in the slower
development of leaf area before there is any effect on stomata or photosynthesis per leaf
area, when assessed for individual plants (Hsiao 1973). As leaf area is influenced by
phenology, stem morphology, rates of leaf emergence and potential leaf size, any effect of
water deficit on these factors would also modify leaf area (Blum 1996). Under water
deficit, leaf area was limited by degeneration of existing tillers in barley (Elalaoui et al.
1992) and by total cessation of the appearance of new tillers in wheat (Blum et al. 1990). In
mild and intermittent water deficit, where available soil water does not decrease below 50%
of total available water, reduced leaf expansion and photosynthesis affected dry matter
production in rice (Fukai and Cooper 1995). Severity of water deficit as well as rate of
application and time scale, can affect leaf area in crops by speeding the rate of leaf
senescence and abscission of the older leaves when stomata opening begins to be inhibited
(Begg and Turner 1976). Reduced leaf area, however, can be beneficial to survival of crops
under conditions of water deficit, as it reduces crop water use and thus prolongs water
availability. Changes in the production and senescence of leaves are important in the longer
term, for individual plants and also the crop canopy as leaf area is one factor that
determines whole-plant water use, as well as determining capacity for recovery if rainfall
occurs.

Water deficit may reduce leaf growth more than root growth, so that the root:shoot ratio
increases (Condon 1982). The changing of root:shoot ratio results from greater
photosynthate supply to the roots and therefore water deficit leads to a greater root
proportion up to 60-90% of plant biomass as a range for several species (Pugnaire et al.
1999). An increase in root:shoot ratio is beneficial as it improves the capacity of the root
system to extract more water per unit shoot area, by exploring a larger volume of soil than
otherwise would have been possible (Passioura 1981).

Deep rooting becomes increasingly important under water shortage (Jones et al. 1981;
Pugnaire et al. 1999). Deep rooting enables crops, such as wheat and rice to uptake water
from deeper layers of the soil profile, and thus access more soil water (Table 2.2). Also in
rice, as one response to water deficit, the proportion of photosynthate supply to deeper
layers increased and accounted for maintenance of deep root mass (Azhiri-Sigari et al.
2000). Translocation of photosynthate to deeper roots supported faster water extraction and
11
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plant growth in rainfed lowland rice under water deficit (Kamoshita et al. 2000; 2004).
However, deep roots are not advantageous when there is only a small amount of available
soil water, because there is insufficient water to extract (Siopongco et al. 2006). For
adaptation to water deficit, the advantage of a deep root system depends on the duration of
water deficit, soil water holding capacity (Kamoshita et al. 2001) and water availability in
the deeper soil layers. Successful deep rooting can also depend upon the plant being able to
develop deep roots under physical or chemical constraints in the subsoil, such as hardpan,
acid subsoil, salinity, and/or toxic ions at depth.

Water deficit reduces crop production owing to reductions in some factors, which affected
photosynthesis, such as leaf area, stomatal conductance, leaf water content and water
potential, and decreased availability of CO2. Thus, the accumulation of photosynthate and
its effective allocation to the roots determine crop productivity and yield stability under
water deficit.

Table 2.2 Proportion of roots in the deeper layer in wheat and rice under water deficit
Crops

Depth of deep Proportions of root Reference
zone
dry weight in the
deep zone (%)
(cm)
WW
WD

Rice
30-50
(rainfed lowland)
Rice
30-50
(double haploid lines)
Wheat
60-120
Winter wheat
80-180
WW: well-watered, WD: water deficit

3

12

Kamoshita et al. (2004)

2

21

Siopongco et al. (2005)

6
2

15
10

Hurd (1974)
Zhang et al. (1998)

2.4 Plant water relations

Measurements of plant water relations enable the water status of plants to be quantified,
and responses triggered by a change in soil and atmospheric water status to be determined.
Water flow (flux) is a function of water potential (Ψ) difference divided by liquid-phase
resistance (rsoil to leaf) and the equation is flux = (Ψsoil + Ψgravity – Ψleaf)/ rsoil to leaf (Kauffmann
1981). When water is adequate in a soil, the water flow is largely determined by the
evaporative demand on the leaves. During water deficit, however, the flow is a complex
12
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function of shoot water potential, soil water potential, the distribution of roots and soil
water, and the resistances to liquid flow (Kauffmann 1981; Passioura 1981). The difference
in water potential between the plant roots and soil depends on the transpiration rate and the
liquid flow resistance in the water pathway.

When plants are subjected to water deficit, there are three main progressive stages of
development in plant water relations (Sinclair and Ludlow 1986). During stage I,
transpiration and assimilation proceed as in well-watered plants until soil water content
decreases to a level at which water uptake is unable to meet the evapotranspirational
demand of the canopy. Osmotic adjustment commences at stage I (Blum 1996). At stage II,
transpiration and carbon assimilation are reduced below the potential level, so that the rate
of water uptake from the soil is reduced. Stage III commences when stomata had reached
minimum conductance and all water loss from the plants is either through the cuticle to the
atmosphere (Grantz 1990) or from roots to very dry soil (Blum and Johnson 1992). Plants
may just survive at this stage and the survival capacity depends on the rate of plant water
loss and the water-deficit tolerance of the remaining living tissues (Blum 1996).

Effective use of captured water and water use efficiency are considered as important
determinants of dry matter production in relation to drought tolerance in crops (Passioura
1996). Dry matter production is closely associated with effective water use rather than high
water use efficiency (Blum 2009), because (1) the relationship between water use
efficiency and plant production is not consistent and, according to Blum (2009), the solid
relationships that do exist are limited to narrow environmental conditions within a given
crop phenology, (2) high dry matter production of drought resistant rice under field
conditions (Kobata et al 1996) as well as rice genotypes in glasshouse experiments (Wade
et al. 2000) is related less to high water use efficiency, and more to high ability to maintain
transpiration, which is supported by a deep root system, (3) genotypic variation in water use
efficiency under water deficit is influenced more by variation in water use rather by
variation in dry matter (Blum 2005), (4) drought resistance is associated with low water use
efficiency, analysed by carbon isotope discrimination in wheat (Morgan et al. 1993).
Enhancement of dry matter production under water deficit can be achieved not necessarily
by high water use efficiency, but by efficient water use, i.e. maximising soil water
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extraction and diverting most of the available soil water towards stomatal transpiration and
minimising water loss by soil evaporation (Blum 2009).

Increase in captured water that is used by a crop in transpiration, is important to improve
dry matter production, for example the grain yield of crops under water deficits.

2.5 Plant responses to water deficit

Some authors define drought resistance by mechanisms of plant responses to water deficit.
For example, Jones et al. (1981) defined drought resistance as a range of mechanisms
whereby plants withstand periods of dry weather, whereas Turner (1979) and Condon
(1982) defined drought resistance as the ability of a plant to optimally grow and yield
during water deficit. For agronomists, drought resistance is often concerned with plant
productivity and yield, whereas ecologists are more concerned with plant survival (Jones et
al. 1981).

Three primary types of drought resistance have been reported (Jones et al. 1981). These can
be categorized as (1) drought escape; (2) drought avoidance (at high tissue water potential);
and (3) drought tolerance (at low tissue water potential).

1. Drought escape is a mechanism that allows a plant to complete its life cycle before a
severe plant water deficit develops. Drought escape includes rapid phenological
development and developmental plasticity (Jones et al. 1981; Jordan et al. 1983). This
mechanism allows the plants to produce a small amount of vegetative growth, few flowers
and few seeds in environments with severe water deficit. If rainfall is plentiful, they
produce more vegetative growth, flowers and seeds (Jones et al. 1981)

2. Drought avoidance mechanisms enable plants to avoid tissue dehydration by
maintaining high leaf water potential during a drought period (Jones et al. 1981). Lethal
leaf water potential for this mechanism is -1.5 to -2.5 MPa (Ludlow 1989). Drought
avoidance includes reducing water loss and maintaining water uptake (Jones et al. 1981;
Jordan et al. 1983). Water loss is reduced by an increase in stomatal resistance, reduction in
leaf area due to senescence and orientation, leaf rolling, increase in epicuticular wax, and
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increase in cuticular resistance (O‟Toole et al. 1979; Jordan et al. 1983). Water uptake is
maintained by an increased root depth or density, so that the plant can access a larger
volume of soil water (Kamoshita et al. 2000, 2004). A high hydraulic resistance within the
plant (Jones et al. 1981; Jordan et al. 1983) also maintains water uptake, because (1) narrow
xylem vessels in roots force plants to use more slowly the subsoil water (Passioura 1972;
Richards 2006) and (2) roots are able to distribute rain water to drier regions of deeper soil
layers before evaporation from soil surface occurs (Reynolds et al. 2005).

3. Drought tolerance allows plants to endure water deficit at low tissue water potential, i.e.
by maintaining turgor and/or tolerating dehydration (Jones et al. 1981; Jordan et al. 1983).
Lethal leaf water potential for this mechanism is -2.5 to -13 MPa (Ludlow 1989). Turgor
can be maintained by osmotic adjustment, increase in cellular elasticity and decrease in cell
size. Tolerance of desiccation is a mechanism favoring survival under water deficit (Turner
1979), which depends on the ability of the cells to withstand mechanical injury, the ability
of the membranes to withstand degradation, and the ability of the membrane and cytoplasm
to withstand denaturation of proteins (Gaff 1980). Tolerance of desiccation includes
protoplasmic tolerance and maintenance of chloroplast integrity (Turner 1979; Jordan et al.
1983).

These three types of drought resistance have been reported in wheat, in various degrees,
under water-limited conditions (Table 2.3). Plants used three mechanisms, i.e.
phenological, morphological, and physiological mechanisms (Table 2.3) that contributed to
drought resistance (Turner 1982).

Adaptive drought-resistance traits can be classified into root-related, shoot-related, and
reproductive-stage-specific traits (O‟Toole 1982; Wade et al. 2000). Root-related traits
include water uptake by increase in rooting depth, root density, and root:shoot ratio
(O‟Toole 1982). Shoot-related traits include accumulation of amino acids or growth
regulators, drought avoidance (stomatal closure, leaf rolling, increased epicuticular wax)
and osmotic adjustment (O‟Toole 1982). Osmotic adjustment should be also included in
root-related traits, as it was evident in root tips and could be greater than in leaves as shown
in maize plants under water deficit (Sharp and Davies 1979). The response of wheat to mild
water deficit between floral initiation and anthesis with a marked acceleration in maturity is
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an example of a reproductive-stage-trait (Levitt 1980). Root- and shoot-related traits are
non-growth stage specific, whereas reproductive-stage-specific traits are growth stage
specific responses (O‟Toole 1982).

In addition, some candidate traits related to drought-adaptive mechanisms are also present
in wheat: (1) pre-anthesis growth, (2) water extraction, (3) water use efficiency, and (4)
photo-protection (Table 2.4). These traits are important to increase productivity under
drought (Reynolds et al. 2005).

Among these traits, large seed and embryo size would be important in a Mediterranean
environment with terminal drought (at the grain filling stage), such as in Western Australia,
as the vigorous plant covering the soil surface can decrease by up to 40% water loss by soil
evaporation during the early life cycle (Loss and Siddique 1994). Osmotic adjustment and
compatible solutes have been suggested as favoured candidates for genetic transformation
to improve crop performance under drought (Reynolds et al. 2005) because these traits are
genetically simple (Hanson and Grumet 1985; Reynolds et al. 2005). Osmotic adjustment is
inherited by one single recessive gene (Morgan 1991) and compatible solutes such as
glycinebetaine are traits at the metabolic or biochemical level, which are usually controlled
by very small numbers of genes (Hanson and Grumet 1985). Large seeds and osmotic
adjustment should be considered as targeted traits for breeding programs producing plants
for water-scarce environments.
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Table 2.3 Mechanisms that contribute to drought resistance of wheat under water deficit
Mechanisms of drought resistance
Drought escape
Phenological mechanisms
Changes in phenological development
(to survive)

Changes in development plasticity
(to survive)

Drought avoidance
Morphological mechanisms
Decrease in leaf area
(to reduce transpiration rate)
Decrease in radiation absorbed
(to reduce water loss)

Examples from studies of wheat (Reference)

Mild water deficit hastened flowering and maturity by a
few days in wheat, but severe conditions delayed ear
emergence and anthesis (Angus and Moncur 1977)
Tiller death in water-deficit was 3.7-times higher than in
well-watered plants and water deficit reduced the
number of fertile florets per ear from 33 to 22 (Fischer
1980)

Water deficit during reproductive development reduced
leaf area by up to 2-fold (Zhang et al. 1998)
Winter wheat with erect-leaf habit increased dry matter
production up to 10% in water deficit compared with the
lax (not erect)-leaf (Innes and Blackwell 1983)
Water deficit increased frequency of trichomes per mm2
leaf area up to 2-fold, which increased leaf reflectance
and reduced water loss* (Quarrie and Jones 1977)

Increase in cuticular resistance
(to reduce non-stomatal water loss
directly from the leaf surface)

The amount of epicuticular wax in the flag leaves in dry
condition was 50% higher than in the wet condition
(Johnson et al. 1983)

Changes in hydraulic resistance
(to use subsoil water more slowly)

With a limited volume of water in the soil, seminal root
system with high hydraulic resistance saves water (up to
30%) during pre grain filling growth for use in the grain
filling growth (Passioura 1972; Richards 2006)

Increase in root density and depth
(to explore and extract soil water)
Physiological mechanisms
Increase in stomatal resistance
(to have higher transpiration efficiency)

Reduced irrigation resulted in 4-fold higher total dry
root mass below 80 cm soil depth (Zhang et al. 1998)

Changes in allocation of assimilates
(to supply assimilates for grain filling)

Under severe water deficit, the proportion of
preflowering assimilates that moved from roots, stems,
and leaves to the grain increased from the usual 0-20%
to as high as 60-70% (Passioura 1976, 2006a)

Drought tolerance
Physiological mechanisms
Maintenance of turgor by osmotic
adjustment
(to facilitate greater water extraction)
Changes in dehydration tolerance
(to survive)

Stomatal resistance in dry top soil condition was 3times higher than in well-watered (Blum and Johnson
1993)

High osmotic adjustment capacity was associated with
enhanced yields (up to 2-fold) under severe water deficit
(Morgan 1991, 1995, 2000; Richards 2006)
Young seedling had dehydration tolerance up to the first
leaf stage (Blum et al. 1980)

* Quantitative assessment was not available
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Table 2.4 Candidate traits for drought adaptation in wheat (Reynolds et al. 2005)
Traits related to

Mechanism

Reference

Reduce soil evaporation and
suppress weeds that compete for
water

Richards et al. (2002)

Large seed and embryo size

Required to achieve early vigor

Loss and Siddique
(1994)

Long coleoptile

Allows stand establishment from
depth as deeper sowing avoids
exposure of seedling roots to dry
surface layer

Rebetzke et al. (2007)

Improved root system for water
extraction

Reynolds et al. (2005)

Remobilisation for supplying
grain filling

Passioura (2006a)

Indicate which soil water
extraction pattern in plants is
associated with cultivar
performance when water is
available in deeper layers

Reynolds at al. (2005)
Blum et al. (1989)
Zhang et al. (1998)

High osmotic adjustment capacity
was associated with greater soil
water extraction in the field and
higher grain yields

Morgan and Condon
(1986)

13

C discrimination indicates the
ranking of water use efficiency,
i.e. low CID, high WUE

Farquhar and Richards
(1984)

Spike photosynthesis capacity

Contributes up to 40% of total
carbon fixation under water
deficit in controlled environment

Evans et al. (1972); Bort
et al. (1996)

High harvest index

Allocation of dry mass in grains
for improving yields

Richards et al. (2002)

Reduce absorbed radiation to the
leaf surface, so that the risk of
irreversible photo-inhibition
decreased

Quarrie and Jones
(1977); Innes and
Blackwell (1983);
Johnson et al. (1983)

Pre-anthesis growth
Crop establishment
Early vigor/rapid ground cover

Pre-anthesis biomass and partitioning
of assimilates to stem reserves
Root assimilates partitioning

Stem carbohydrates reserves
Water extraction
Stomatal aperture related traits
High relative water content
Low canopy temperature
Deep root system with access to water

Osmotic adjustment

Water use efficiency (WUE)
13
C discrimination (CID)

Photo-protection
Leaf traits (orientation, pubescence,
cuticle wax, rolling)

18

CHAPTER 2

LITERATURE REVIEW

2.6 Osmotic adjustment under water deficit

2.6.1 Osmotic adjustment: an acclimation during water deficit

Osmotic adjustment (OA) refers to the lowering of osmotic potential because of the net
accumulation of solutes in response to water deficit (Condon 1982; Chandra Babu et al.
1999a; Zhang et al. 1999). A lowering of osmotic potential in response to water deficit can
result from the concentration of existing solutes as water is withdrawn from the cell and the
cell volume decreases, or from the accumulation of additional solutes in the cell (Turner
and Jones 1980). OA occurs when new solutes are accumulated, not when existing solutes
are concentrated due to water loss. Solute accumulation lowers osmotic potential and
creates the water potential gradient to drive water flow and tends to maintain turgor
pressure, and thus OA is of acclimative value as soil water potential declines (Chandra
Babu et al. 1999b).

OA is an important characteristic of plant drought tolerance (Levitt 1980; Jones et al. 1981;
Blum 1988; Chandra Babu et al. 1999a) and also a common cellular response to water
deficit (Zhang et al. 1999). Turgor, water content (ml water/g dry mass), higher relative
water content (%) and metabolic activity are maintained by lowering osmotic potential
(Condon 1982; Ludlow and Muchow 1990; Kamoshita et al. 2001). High OA enables the
plant to avoid dehydration of the leaf cells, and continue physiological processes, such as
cell expansion (Sharp et al. 1990), photosynthesis and soil water extraction (Chandra Babu
et al. 2001). Several mechanisms reported to enable accumulation of solutes during OA in
plants under water deficit are shown in Table 2.5. OA is an effective component of drought
resistance in several crop plants and has a positive effect on plant productivity under water
deficit (Ludlow and Muchow 1990; Chandra Babu et al. 1999b, see Table 2.6).
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Table 2.5 Mechanisms that contribute to osmotic adjustment (OA) under water deficit
Mechanisms

Example

Reference

1. Shifts in translocation patterns towards a
preferential accumulation of low-molecular weight
solutes
2. Changes in the synthesis of newly formed
compounds towards osmotically active solutes
3. Partial or complete hydrolysis of macromolecules,
such as starch
4. K+ accumulation
Mechanisms

Wheat

Munns et al. (1979)

Sorghum

McCree et al. (1984)

Wheat
Wheat
Example

Munns et al. (1979); Munns and
Weir (1981)
Morgan (1992)
Reference

5. Reducing the rate of cell expansion while
maintaining substantial solute importation or internal
solute generation (applicable only to cells undergoing
expansion growth

Maize

Sharp et al. (1990)

OA in plants has several advantages that enable them to maintain reasonable yield under
water deficit (Table 2.6). However, the benefit of OA is not clear (Munns 1988; Serraj and
Sinclair 2002) as the positive association between OA and crop yield in the field was
obtained under severe water deficit with very low yield. This condition is closely related to
plant survival rather than yield improvement (Serraj and Sinclair 2002). The one clear
benefit of OA for yield improvement under water deficit is the maintenance of root
development to capture available water in deeper soil layers (Serraj and Sinclair 2002).

2.6.2 Methods used to measure osmotic adjustment

There are various methods for measuring OA in plants under water deficit, such as:
1. The regression method
Estimation of OA from the linear regressions of relative water content (RWC) on
osmotic potential (OP) is derived from consecutive measurements during a drying cycle
(Morgan 1992). It partitions the active solute accumulation (i.e. OA) from the
concentration effect on OP of water loss from the tissues. Two linear regressions were
developed for all measurements taken during water deficit treatments in all plants. One
regression of RWC on the measured OP and the other of RWC on calculated OP due to
a concentration effect (OPo). The OPo was calculated for each RWC data point
according to Morgan (1992): OPo = OPi [(RWCi/100)/(RWC/100), where OPi is the
initial OP in well-watered plants and RWCi is the initial RWC in well-watered plants.
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Table 2.6 Advantages of OA at different levels of organization; for the crop, whole plant,
shoot, root, tissues and cells
Level
Advantages of OA
Reference
Crop

Improved yield, for example in wheat (up to 50%),
sorghum (15-30%), maize, pearl millet and oilseed
brassica

Morgan (1983, 1984, 1989);
Morgan et al. (1986); Morgan
and Condon (1986); Singh
(1989); Ludlow et al. (1990);
Santamaria et al. (1990); Zhang
et al. (1999)

Plant

a. Enables photosynthesis and growth of some parts of
the plant to be maintained under water deficit
b. Supports the growth and survival of plants under
severe water deficit

Turner and Jones (1980);
McNaughton (1991)
Turner and Jones (1980);
Geiger (1991); Pugnaire et al.
(1999)
Morgan and Condon (1986)

c. Extracted more water (1.3-fold) in wheat genotypes
with higher OA capacity than those with lower OA
capacity
d. Maintained leaf water status and productivity in rice
during flowering
Shoot

Root

a. Increases the amount of extracted soil water*and
has a significant effect on water uptake by wheat in
the field
b. Maintains leaf photosynthesis and transpiration
over a greater percentage of extractable soil water*
c. Decreases leaf rolling in unirrigated rice; for
example at leaf water potential -2.0 MPa the leaf
rolling score was half that in irrigated rice

McNaughton (1991); Turner
(1986)

a. Allows continued root growth at lower water
potential of the soil

Turner and Jones (1980);
Morgan and Condon (1986);
Turner (1986) ; Munns (1988);
McNaughton (1991); Serraj and
Sinclair (2002)
Morgan and Condon (1986);
Munns (1988); Serraj and
Sinclair (2002)

b. Increases the amount of extractable water from
deeper layer by 3-times in the soil profile

Tissues and
cells

Lilley and Ludlow (1996)

a. Increases the driving force for water uptake* and
permits the cells to retain more water at decreased
water potential
b. Protects the cells from extreme water deficit and
allows continued gas exchange
c. Supports cell enlargement and maintains open
stomata for CO2 assimilation
d. Increases leaf tissue survival on unirrigated rice so
that leaf damage was half that of irrigated plants at
leaf water potential of -4.0 MPa

Turner (1986)
Hsiao et al. (1984)

Sharp et al. (1990)

Blum (1988)
Turner and Jones (1980);
Geiger (1991); Pugnaire et al.
(1999)
Hsiao et al. (1984)

* Quantitative assessment was not available
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OA was calculated from the two regressions as the difference between OP and OP o at
RWC of 70%.
2. The full turgor adjustment method
OA is estimated from the difference in OP at RWC100 between well-watered and water
deficit plants (OP100) (Wilson et al. 1979; Ludlow et al. 1983, 1990). By this method,
OP at RWC100 is calculated from a point measurement of OP and RWC at a given level
of plant water deficit, with a correction for tissue apoplastic water. The OP100 was
calculated as follows: OP100 = OP[(RWC-B)/(100-B)], where B (proportion of bound
water) was a constant value for both well-watered and water deficit leaves, e.g. 18% for
rice (Turner et al. 1986).
3. The rehydration method
OA is estimated by a point measurement of the difference in OP at RWC100 between
well-watered and water-deficit plants (Turner and Jones 1980; Blum 1989). In this
method, OP at RWC100 of water deficit plants is measured after plants or parts of plants
are rehydrated to RWC100.
4. Modified regression method
OA is estimated from the linear regressions of relative water content (RWC) on osmotic
potential (OP), however, OA is estimated as the RWC at a given OP close to wilting,
such as -2.5 MPa in wheat (Morgan 1991). This method is a variation of the regression
method by Morgan (1992).
5. OA is calculated as the difference between the measured OP and the estimated OP as a
result of any concentration-effect of any decreased tissue WC in water deficit
treatments, i.e. OA is the net accumulation of solutes per unit water in leaf tissue. The
concentration-effect on OP is the proportional decrease in leaf OP due only to the
reduction in WC under water deficit treatments and was equal to (WCwell-watered/ WCwater
deficit

) x OPwell-watered (Colmer et al. 1995; Ma et al. 2006; Ma and Turner 2006).

The regression method is the most comprehensive (Chandra Babu et al. 1999a) and has the
best estimate of OA amongst the first four methods (Chandra Babu et al. 1999b). However,
this method, as well as the modified regression method, is labour intensive (Chandra Babu
et al. 1999a) as it requires measurement of RWC and OP at frequent intervals from the
onset of water deficit until plants are wilted (Zhang et al. 1999). Although modified
regression method reduces the amount of calculation (Chandra Babu et al. 1999b), it does
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not account for possible variation among cultivars in the concentration effect on OP during
water deficit (Chandra Babu et al. 1999a). The regression method and its modification are
suited to studies on plant water relations but are not suitable for screening large numbers of
genotypes (Chandra Babu et al. 1999a). The full turgor adjustment and rehydration methods
are less demanding of time, labour and plant tissues and more suitable for screening work
(Chandra Babu et al. 1999a, b). In these two methods, however, correction to RWC of
100% may be unrealistic as normally grown turgid plants rarely reach an RWC of 100%
(Chandra Babu et al. 1999a). Also, the plants may lose or gain solutes during a lengthy
rehydration time in rehydration method (Chandra Babu et al. 1999b). Measurement of OA
using these four methods in rice did not show consistent results using the same sets of data
(Chandra Babu et al. 1999b). Despite RWC being widely used, WC is used to calculate OA
in this study (Ma et al. 2006; Ma and Turner 2006) because using RWC has a problem that
the amount of water entering the apoplast/intercellular spaces of floating leaf tissues is
uncertain (David W. Turner, personal communication; Boyer et al. 2008). Water deficit
should develop slowly for measurement of OA by any method, so that full expression of
solute accumulation potential occurs before plants wilt completely (Zhang et al. 1999).

2.6.3 Factors influencing osmotic adjustment

The level and extent of OA in crops under water deficit is influenced by several factors,
such as rate of water deficit development (Turner and Jones 1980; Condon 1982), cultivars
(i.e. genotype) (Turner and Jones 1980), age of tissue and stage of plant development
(Condon 1982).

1. Rate of drying
OA strongly depends on the rate of development of plant water deficit (Turner and Jones
1980; Jones and Turner 1978; Turner et al. 1978; Jones and Rawson 1979), which can be
measured by the decline in tissue water potential with time. OA does not occur instantly,
and when plant water status is reduced quickly, there is insufficient time for adjustment.
OA may not be a very effective drought tolerance mechanism when the development of
water deficit is very rapid, such as when plants grow on very light tropical or sandy soils of
very low water holding capacity (Blum 1996). Jones and Rawson (1979) measured the rate
of water deficit development in sorghum as the change in predawn leaf water potential and
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reported that rapid rates of water deficit (-1.2 MPa day -1) resulted in 6-fold smaller OA
than the slow rates (between -0.15 and -0.7 MPa day -1). OA expression in plants depends
on the time available for solute accumulation under water deficit, and a rapid development
of water deficit will not result in maximum OA.

2. Differences amongst cultivars
Differences in OA within species have been found in both monocotyledons and
dicotyledons (Morgan 1984) including wheat (Morgan 1977), sorghum (Wright et al.
1983), and oil seed brassicas (Singh et al. 1985). Wheat genotypes, for example, fall into
two distinct groups with either high or low capacity for OA (Morgan 1977, 1983). OA in
wheat is inherited by alternative alleles at a single locus, with high capacity for OA being
recessive (Morgan 1983, 1991). The OA gene locus (or) was located on chromosome 7A,
based on the analysis of a single chromosome substitution series of Chinese Spring/Red
Egyptian wheat (Morgan 1991). Furthermore, Morgan and Tan (1996) confirmed a
probable position for this locus on the short arm of 7A using restriction fragment length
polymorphisms (RFLP). However, Galiba et al. (1992) reported that genes controlling OA
in wheat are primarily located on chromosomes 5A and 5D, based on low osmotic potential
(using mannitol in tissue culture)-induced free amino acid accumulation profiles in a series
of substitution lines. The loci identified by Galiba et al. (1992) are different from the locus
reported by Morgan (1991). The locus on 7A is primarily expressed as a difference in
potassium accumulation with amino acid accumulation as a secondary response, whereas
the ones on 5A and 5D regulate free amino acid accumulation. However, both studies
demonstrated that the capacity to adjust osmotically under water deficit is a heritable trait in
wheat.

3. Type and age of tissue and stage of plant development
Plant tissue of different ages may osmotically adjust to varying degrees. The response of
fully expanded leaf 4 („exposed‟ tissue) and expanding leaf 7 and 2 mm long apex
(„enclosed‟ tissues) in wheat were observed by Munns et al. (1979). In their study, water
was withheld for 13 days from 25 days after germination. The accumulation of K+, proline
and other amino acids, as well as sugars contributed to OA in enclosed tissues during water
deficit (Munns et al. 1979). Despite fairly severe water deficit, the enclosed tissues were
able to develop OA by maintaining their strength as a sink for translocated materials
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(Munns et al. 1979). Furthermore, relative water content decreased more slowly with
declining water potential in older wheat leaves (Condon 1982). As a third example, leaf age
was shown to alter the relationship between water potential and relative water content in
sunflower (Jones and Turner 1980).

The degree of OA also differed with stage of plant development, as reported for some
Brassica genotypes (Ma et al. 2006) and sorghum (Ludlow et al. 1990; Santamaria et al.
1990). A mustard genotype expressed OA at the juvenile, elongation and anthesis stages in
a glasshouse experiment, whereas canola cv. Monty showed OA at the vegetative stage
only (Ma et al. 2006). The drying rate at the elongation, anthesis and seed-fill stages were
similar; therefore the genotype difference in OA capacity was influenced by the stages of
plant development. Similarly, when water deficit was applied before anthesis in a field
experiment, sorghum genotypes with high OA capacity developed 70% higher OA than
genotypes with low OA (Santamaria et al. 1990). However, water deficit applied after
anthesis resulted in 145% higher OA in high OA genotypes than in low OA genotypes
(Ludlow et al. 1990). These studies demonstrate that OA expression was influenced by the
stage of plant development.

2.6.4 Solutes accumulated under water deficit

In response to water deficit, a decline in osmotic potential is beneficial, because
maintenance of turgor pressure as the plant water potential declines is required for cell
expansion, growth and many associated-biochemical, -physiological and -morphological
processes (Jones et al. 1981). This decrease is caused by either a concentration of existing
solutes due to tissue dehydration, or by an accumulation of additional solutes for OA (Jones
et al. 1981). Water deficient plants often have higher solute concentrations and lower
osmotic potential than well-watered plants (Sharp et al. 1990).

One of the most common plant responses under water deficit is increase in different types
of compatible organic solutes (Serraj and Sinclair 2002). The criteria of compatible solutes
are low molecular weight to favour high solubility so that high concentrations can occur,
electrical neutrality, and non-toxic at high cytoplasmic concentrations. These solutes have
an osmoprotectant function under water deficit through different mechanisms, such as
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detoxification of reactive oxygen species, protection of membrane integrity, stabilization of
enzymes/proteins, and contribution to OA (Rhodes and Hanson 1993; Hare et al. 1998;
Ashraf and Fooland 2007). Compatible solutes include proline, sucrose, polyols, trehalose
and quaternary ammonium compounds, such as glycinebetaine,

alaninebetaine,

prolinebetaine and hydroxyprolinebetaine (Rhodes and Hanson 1993). Most of the organic
solutes used for OA result from current assimilation and metabolism (Nguyen et al. 1997).
The high concentration of solutes found in plant cells maintains the driving force, i.e.
gradient in water potential that brings water into the plant cells (Boyer 1983).

Amongst the quaternary ammonium compounds known in plants, glycinebetaine is
accumulated in largest quantities in response to water deficit in some species, such as in
barley (Ladyman et al. 1980; Grumet and Hanson 1986) and wheat (Zhu et al. 2005).
Glycinebetaine is abundant in the cytoplasm of leaf cells of halophytic chenopods (Rhodes
and Hanson 1993), in chloroplasts of salinized spinach (Rhodes and Hanson 1993), and in
cytoplasm of root cells of red beet (Leigh et al. 1981). However, evidence for intercellular
localization of glycinebetaine in other angiosperm families is currently lacking. Under
controlled conditions, the concentration of glycinebetaine in shoots of soil-grown 17-22
day-old barley after 3 days of withholding additional water was 2-fold higher than wellwatered shoots (Ladyman et al. 1980). Similarly, glycinebetaine accumulation was 1.3 to
1.9-fold higher in leaves of two spring wheat cultivars in response to water deficit at the
heading and grain filling stages in the field (Zhu et al. 2005). Glycinebetaine is
hypothesized to function in OA for several plants in response to salinity and water deficit,
for example in barley treated with 300 mM NaCl (Grumet and Hanson 1986) and in wheat
treated with 200 mM NaCl (Colmer et al. 1995; Islam et al. 2007). However, the
contribution of glycinebetaine to OA under water deficit in wheat has rarely been
evaluated.

Proline occurs abundantly in many plants in response to unfavorable environments. Proline
is accumulated in plants subjected to water deficit. Proline is thought to accumulate in the
cytosol where it contributes substantially to the cytoplasmic OA (Ashraf and Fooland
2007). This water deficit-induced accumulation of proline was related to increased contents
of the precursors for proline biosynthesis, including glutamic acid, ornithine, and arginine
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(Ashraf and Fooland 2007). In wheat, the rate of proline accumulation was significantly
higher in cultivars that tolerate water deficit (Ashraf and Fooland 2007).

Sugars have long been known to accumulate in leaves of various crop plants under
unfavorable conditions (Iljin 1957). Under water deficit, the concentration of soluble sugars
increased linearly with decrease in osmotic potential in field-grown sorghum showing some
OA (Turner et al. 1978). In glasshouse-grown sorghum, sugars contributed 40-50% (i.e.
0.25-0.6 MPa) to OA (Jones et al. 1981). Under “high irradiance”, sugars accounted for all
the observed OA (0.12-0.34 MPa) in leaf 5 of glasshouse-grown wheat cv. Gameya after 5
days of water deficit (Munns and Weir 1981). Sucrose accounted for 70-90% of the total
sugars in expanded leaves and glucose predominated in growing leaves (Munns and Weir
1981). During a pre-anthesis drying cycle, sugars contributed approximately 30% of the
changes in osmotic potential (-0.9 MPa at leaf water potential of -2.6 MPa) in leaf 7 of
glasshouse-grown wheat cv. Kite (Condon 1982). Sugars accumulate when utilization
(growth, translocation and polysaccharide synthesis) is reduced relative to photosynthesis
(Munns and Weir 1981). Accumulation of sugars such as trehalose, sucrose, and raffinose
can help protect membrane integrity under cellular water deficits by replacing water
molecules (Bohnert et al. 1995). Increases in sugars, especially in the youngest growing
leaves where contributions to OA can be substantial, are an important adaptive response to
water deficit.
In addition to organic solutes, inorganic ions, such as K+, Na+ and Cl-, contribute most of
the osmotic potential under water deficit in several species (Pugnaire et al. 1999). For
example, K+ is the only inorganic cation with a greater concentration in water deficit than in
well-watered tissue in wheat (Munns et al. 1979). K+ was the accumulated solute in fullyexpanded leaves of wheat cv. Heron at mild and severe levels of water deficit (Munns et al.
1979). Similarly, K+ contributed 44-61 % of the changes in osmotic potential of wheat cv.
Kite (leaf 7 and 8) under water deficit (Condon 1982). OA of flag leaves in breeding lines
related to the wheat cv. Kite, was largely (78%) due to K+ (Morgan 1992). These studies
demonstrate that amongst the inorganic ions, K+ is a major contributor to OA in leaves of
wheat.
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The ability of leaf tissue to accumulate solutes depends on the age of tissue. For example, at
mild levels of water deficit, increases of K+, Cl-, free amino acids and sugars, contributed to
the more negative osmotic potential at full turgor in fully expanded wheat leaves (Munns et
al. 1979). At more severe water deficits, additional solute accumulation was accounted for
by carboxylic acids, sugar phosphates and amino acids, and K+ (Munns et al. 1979). In fully
expanded wheat leaves, sugars and inorganic ions, especially K+ and Cl-, were the major
contributors to OA under mild water deficit and remained significant under more severe
water deficits (Condon 1982). After 3 days without additional water, glycinebetaine (82%
of total) was accumulated in mature leaves of soil-grown 17-22 day-old barley in the
glasshouse (Ladyman et al. 1980). The accumulation of solutes can vary between
expanding and fully expanded leaves, because the magnitude of carbon sources and sinks
changes with the stage of leaf development, and the ion uptake capacities of expanding
tissues generally exceed those of fully expanded tissues (Jones et al. 1981). More solutes
were accumulated in expanded leaves rather than in expanding leaves during water deficit.
Solutes used for OA, which include K+, glycinebetaine, proline and sugars (Table 2.7),
have some positive effects on plant productivity during water deficit. For example, these
accumulated solutes allowed the maintenance of the water continuum of protoplast
throughout plant cells in wheat (Gupta and Berkowitz 1987) and were also partially used
for re-growth upon recovery in sorghum (McCree et al. 1984). These specific effects,
together with cellular turgor maintenance, are generally considered to support
photosynthesis and growth under water deficit (Dowton 1983; Seemann et al. 1986).

2.7 Screening methodologies for assessing osmotic adjustment for crop improvement

2.7.1 Field experiments

OA in response to water deficit has been observed for some crops grown in the field (Table
2.8). Field conditions allow gradual acclimation to water deficit (Fereres et al. 1978). For
example, OA could be advantageous when a high level of soil water can be exploited
through the continued development of plant roots at depth (Wright et al. 1983). However,
measurement of OA expression in the field is difficult to control, because it is influenced
not only by the relevant environmental conditions, but also by the other confounding
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factors in the field (Chandra Babu et al. 1999a). Despite the difficulties, measurement of
OA in the field will provide useful information of plant tolerance under water deficit.

Table 2.7 The contribution of accumulated solutes to osmotic potential in wheat under
water deficit (WD, water deficit; WW, well-watered; GB, glycinebetaine; n.a., not
available; OP, osmotic potential; , water potential )
Tissue
Apex

[K+]
OP =
-0.5 MPa

[Proline]
OP =
-1 MPa

[GB]
n.a.

[Sugars]
OP =
-0.6 MPa

Reference
Munns et
al. (1979)

Leaf 7

OP =
-0.5 MPa
OP =
-2 MPa
OP=
-0.4 MPa

OP =
-1.2 MPa
OP =
-0.5 MPa
OP=
-0.02 MPa

n.a

OP =
-0.6 MPa
OP =
-0.9 MPa
OP=
-0.3 MPa

Condon
(1982)

OP =
0 MPa

OP =
-0.005 MPa

n.a.

OP =
-0.04 MPa

Johnson et
al. (1984)

n.a.

OP =
-0.02 MPa*

OP =
-0.01 MPa*

n.a.

Naidu et
al. (1990)

n.a

OP =
-0.06 MPa*

OP =
-0.01 MPa*

n.a

Naidu et
al. (1990)

OP =
-0.84 MPa

OP =
-0.15 MPa

n.a.

Very low

Morgan
(1992)

n.a.

OP =
-0.04 MPa*

n.a.

n.a.

Leaves of n.a.
n.a.
OP =
7-d-old
-0.006 MPa
seedling
OP was calculated assuming water content in WD = 3 ml/g DM

n.a

Mattioni
et al.
(1997)
Alexieva
et al.
(2001)

WD treatment
10 d withholding water
after 25 d germination
(glasshouse)

Leaf 4
10 d withholding water
at pre-anthesis (leaf
at -2.6 MPa,
glasshouse)
7 d withholding water
after 28 d germination
(glasshouse)
4 d withholding water
(glasshouse)
PEG 4000 (-1.5 MPa)
for 5 d (glasshouse)
7-9 d withholding
water after flag leaves
emergence
(glasshouse)
24 h dehydration
(uncovering petri dish
in the laboratory)
10% PEG 6000 for 7 d
(glasshouse)

*

Leaf 7

Youngest
emerged
leaves
Leaves of
10-d-old
seedling
Leaves of
10-d-old
seedling
Flag
leaves of
primary
tillers
Leaves of
seedling

n.a
n.a.

2.7.2 Controlled conditions

Crops expressed OA in response to water deficit under controlled conditions, such as in
glasshouses and controlled-environment rooms (Table 2.9). Screening for OA expression
may be appropriate under controlled conditions because water management, nutrition,
photoperiod, and temperature can be controlled (Chandra Babu et al. 1999a). This has been
successfully used in wheat breeding in pots in the glasshouse (Morgan et al. 1986).
Maintenance of evaporative demand in the glasshouse results in a gradual and uniform
29

CHAPTER 2

LITERATURE REVIEW

water deficit, so that maximum expression of OA will be observed (Glinka and Ludlow
1992). However, the rate of development of water deficit under controlled experimental
conditions can be more rapid than in the field because of the limited volume of soil water
accessible to roots in small pots (Fereres et al. 1978). Thus, measurements of OA in
controlled conditions should be integrated with field measurements.

Table 2.8 Published evidence for OA expression in several annual crop species under water
deficit in field conditions
Crop
Result
Reference
species
Wheat

High OA genotypes maintained turgor at lower water potential of

Morgan (1983)

leaf and produced grain yields 1.5-times greater than the low OA
genotypes.
Wheat

1.

2.

Effects of OA on grain yield were primarily associated with

Morgan and Condon

water extraction at 25-150 cm soil depths.

(1986)

High OA genotypes extracted more water (1.3-fold) from the

Morgan and Condon

soil than the low OA one under water deficit, so that the

(1986)

plants produced more dry matter and grains (up to 50%).
Wheat

1.

Increase in dry weight (up to 1.6-fold) and yield (up to 2-

Morgan (1995)

fold) of wheat was associated with high OA across the
season.
2.

OA effects on growth were mediated through shoot

Morgan (1995)

responses (as leaf OA) to water deficit in leaf rather than root
responses to soil water deficit.
Rice

Wetland rice cultivars expressed a greater (3.5-fold) OA than the

Turner et al. (1986)

dryland cultivars. However, the leaf extension rate in wetland
cultivars was lower (up to 2-fold) than in dryland cultivars.
Rice

Expression of OA was consistent across vegetative and

Jongdee et al. (2002)

reproductive stages. Variation in OA was not related to yield
component.
Sorghum

High OA genotypes produced higher grain yields than low OA,

Ludlow et al. (1990);

i.e. 15-34 and 24% under water deficit before and after anthesis,

Santamaria

respectively.

(1990)

et

al.

2.7.3 Laboratory

Polyethylene glycols (PEGs) are a family of neutral and osmotically active compounds
available in a range of molecular weights. PEGs are highly soluble in water and have low
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toxicity to mammals (Lawlor 1970) and higher molecular weight PEGs are non-permeating
of biological membranes (Bressan et al. 1981). PEGs used in plant experiments have a
molecular weight from 200 to 20,000. PEG of higher molecular weight, such as 4,000 to
8,000, have quite commonly been used in physiological experiments to induce controlled
water deficit in nutrient solution cultures (Table 2.10).
Table 2.9 Published evidence for the OA expression under water deficit in controlled
conditions
Crop
Result
Reference
species
Glasshouse
Wheat

Genotypic variation of OA existed and solutes accumulated in
+

some genotypes. K was the major solute (78%) accounted for

Morgan (1977); Morgan
(1992)

OA in high OA genotypes. *
Wheat

OA was expressed in flag leaves and spikelets of 6 genotypes

Morgan (1980b)

used in this experiment. *
Sorghum

Canola

Genotypic variation of OA was observed and OA expression

Tangspremsri

was correlated with water potential and total dry matter.

(1991)

Leaf expressed OA at the juvenile stage and OA was correlated

Ma et al. (2006)

et

al.

with 10% increase in seed weight per plant.
Mustard

Leaf expressed OA at the juvenile, elongation and anthesis

Ma et al. (2006)

stages and OA was associated with yield increase.
Controlled-environment room
Wheat

OA (0.12 to 0.34 MPa) was expressed in the elongating and

Munns and Weir (1981)

expanded zones of leaves of plants grown at a very high
radiance (29.1 MJ m-2 day-1).*
Rice

1. Genotypic variation of OA and the range was 0.4 to 1.5
MPa.*

Lilley

and

Ludlow

(1996)

2. Indica lines had larger OA (1.7-fold) than japonica lines.*
Barley

Genotypic variation in OA up to 0.46 MPa existed. Growth

Blum (1989)

reduction by water deficit (78%) was negatively associated with
OA across genotypes

*: Association with growth and yield was unavailable

PEG has been used to induce plant water deficit in controlled environments (Lagerwerff et
al. 1961). Some properties of PEG that make it suitable for imposing water deficit on plants
include decreasing the water potential of the medium by addition of PEG (Lagerwerff et al.
1961; Lawlor 1970; Bressan et al. 1981; Steuter et al. 1981) thus decreasing the water
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availability for plants (Steuter et al. 1981), and so the water potential of the plant (Lawlor
1970). Furthermore, PEG 1000, 4000 and 20000 were considered to block the pathway of
water movement, reduce water absorption and cause desiccation of the plant (Lawlor 1970).
PEG has had widespread use as an osmotic agent in physiological experiments on plants.

Table 2.10 Experiments of PEG-induced water deficit on either detached leaves or leaf
discs of alfalfa, canola and rice
PEG

Plant tissue

Treatment
Period (h)
60
(sampling
every 6 h)

Measurement

Result

Reference

40% PEG 6000
(-1.9 MPa)

Detached
young fullydeveloped
trifoliate
leaves of
alfalfa

Relative water
content (RWC),
[proline], ion
leakage,
electrophoretic
mobility of
thylakoids
RWC, osmotic
potential, [proline],
[malondialdehyde
(MDA)],
[chlorophyll], the
assays of
triphenyltetrazoliu
m chloride
reduction and cell
membrane stability

No significant
differences
between the
osmotic-tolerant
and sensitive
genotypes.

Djilanov et
al. (1997)

PEG 6000
(-0.25 to -8
MPa)

Canola fully
expanded
leaf discs

24

Significant
decrease of
[chlorophyll] and a
strong
accumulation of
proline.
Accumulated
proline was not
involved in turgor
maintenance and
appeared to be a
dehydration
consequence.
RWC, protein,
chlorophyll were
lower and proline,
MDA and H2O2
were higher on
PEG-treated leaves

Gibon et al.
(2000)

PEG 6000
(-1.5 MPa)

Detached 3rd
leaf of 12-d
old rice
seedling

0, 4, 8, 12

RWC, proline,
protein,
chlorophyll a+b,
MDA, H2O2

PEG 8000
(0, -0.5, -0.7, -1,
-1.5 MPa)

Wheat leaf
segments (3
cm length)

24 and 48

RWC,
[chlorophyll],
antioxidant enzyme
activity, [soluble
antioxidant]

RWC and
[chlorophyll]
decreased with the
increase of osmotic
pressure. The
tolerant genotype
showed lesser
oxidative damage
and better response
of the antioxidant
system

Lascano et
al. (2001)

Hsu & Kao
(2003)

There are some properties of PEG that limit its suitability for use as an osmoticum to
induce and control water deficit on plants. First, PEG, even of higher molecular weights,
was taken up by plants and found in shoots and roots of cotton (PEG 4000), pepper (PEG
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4000 in root), and solanaceous plants including tomato (PEG 1500 to 6000). The rate of
PEG uptake and PEG concentration in shoots and roots depends on the species, PEG
concentration, duration of exposure and on root damage (Lawlor 1970; Janes 1974; Yaniv
and Werker 1983; Jacomini et al. 1988). Second, maize seedlings experienced hypoxia
when they were grown in hydroponic culture containing PEG 8000 (Verslues et al. 1998).
Third, commercial PEG was reported to be contaminated with various compounds, such as
phosphorus (Reid et al. 1978), magnesium (Lagerwerff et al. 1961), and potentially toxic
aluminium (Lagerwerff et al. 1961; Reid et al. 1978), hydrogen peroxide and methyl
hydroquinone (Lawlor 1970). However, impurities of PEG were not responsible for the
toxic effect when PEG was used on excised tissues and plants with root damage (Lawlor
1970). Finally, PEG can lower the surface tension and increase the viscosity of the solution
(Lawlor 1970). Therefore, these aspects should also be considered before using PEG as an
osmoticum to induce water deficit in plants, and aerating the solution, avoiding any root
damage and measuring the final osmotic potential of the solution are recommended (Blum
1998).

Detached leaves have been used as an experimental model to investigate some
physiological changes in leaf tissues of several plants subjected to PEG- induced water
deficit (Table 2.10). The experimental model using detached leaves provides some
advantages and disadvantages to evaluate the physiological responses to water deficit
(Table 2.11).

PEG can be used to induce water deficit in detached leaves or leaf segments in laboratory
experiments. The observation of responses of plant tissue to PEG-induced water deficit is
largely related to plant water relations, and the concentration of chlorophyll, antioxidant
enzymes and other accumulated solutes. However, measurement of OA and its component
solutes as a response (Table 2.10) to PEG-induced water deficit in laboratory studies are
lacking.

OA as a plant response to water deficit has been clearly demonstrated in experiments in the
field (Table 2.8), glasshouse and in controlled-environments (Table 2.9), but not in the
laboratory using detached leaves or leaf segments (Table 2.10). Comparison of field and
glasshouse measurements of OA, such as in wheat, is difficult, because of the difference in
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the pattern and extent of the drying cycle (Morgan 1980a). Thus, the level of OA should be
interpreted in relation to the temporal patterns of development of water deficit that occur
within an experiment (Glinka and Ludlow 1992). OA measurement under water deficit in
the laboratory, glasshouse, controlled-environment and field will provide information on
plant water-deficit tolerance at the levels of tissues, intact plants, and a crop community.

Table 2.11 Advantages and disadvantages of using detached leaves in experiments to
evaluate physiological responses of plants under water deficit
Advantages and disadvantages
Reference
Advantages:
duration of the experiment is shorter
well-controlled conditions
repeatable
Disadvantages:
invalid data due to the possibility of artifacts, starting with
the risks of wounding when plant tissues are excised
source-sink relationship and hormone signaling are likely to
be altered in excised tissues
solute uptake systems (e.g. direct uptake by leaves, rather
that delivery via xylem or phloem)
various issues related to use osmotica such as PEG (see text)

Gibon et al. (2000)

Gibon et al. (2000)
Davies and Zhang
(1991)

2.8 Conclusions

Crop production usually depends on climate and soil characteristics. The agricultural areas
of south-western Australia have a Mediterranean-type climate with wet, cold winters and
dry, hot summers. Sandy and duplex soils dominate the wheatbelt of south-western
Australia, also with some clay soils. The result is low water availability, low fertility and
restricted rooting for crops growing in this area. However, these problems can be reduced
by progressive adaptation of farming systems to soil and climatic conditions.

Water deficit is one of the abiotic factors that suppress wheat yields world-wide. As a
response to water deficit, OA in wheat will be evaluated in this study, as one mechanism of
water deficit tolerance. OA enables plants to maintain reasonable yield under water deficit
(e.g. wheat, Morgan 1983, 1995; Morgan and Condon 1986) and involves the accumulation
of solutes (such as glycinebetaine, proline, K+ and sugars in wheat) in sufficient quantity to
lower the osmotic potential. The degree of OA expressed depends on the rate of
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development of water deficit, differences in cultivars, type and age of tissue and stage of
plant development (Section 2.6). Solutes accumulated in OA may serve as osmoprotectants
as well as contribute to OA. OA has a positive direct or indirect effect on plant productivity
under water deficit.

Evaluation of OA in wheat under water deficit in the laboratory and controlled-conditions
should be integrated with studies in the field. These integrated measurements will provide
useful information related to plant drought tolerance at the tissue, intact plants, and
community levels.
Growth response, OA and solutes that contribute to OA (such as K+, sugars, free amino
acids including proline) in wheat as response to water deficit were observed at certain
stages of plant development, but only in glasshouse experiments (Munns et al. 1979;
Munns and Weir 1981; Morgan 1992). In addition, the concentrations of some solutes (such
as K+, Na+, Ca+, Mg+, Cl-, proline, sugars, glycinebetaine) were evaluated in wheat under
water deficit at different stages of plant development in the field (Zhu et al. 2005).
However, the contributions of these solutes to OA were not reported. Leaf segments were
used in the experimental model to investigate the wheat response to PEG-induced water
deficit (Lascano et al. 2001). However, OA expression and solutes in leaf segments were
not observed. Thus, this present study focused on evaluating leaf OA and solutes (i.e. K+,
Na+, Cl-, glycinebetaine proline, and sugars) in wheat as responses to water deficit in
controlled-conditions, in the field and in the laboratory. Water was withheld from two
wheat cultivars with contrasting OA capacity as whole plants at the reproductive and grain
filling stages in pots in controlled-conditions. Subsequent experiments were conducted to
identify the solutes involved, and whether with development of water deficit the patterns of
accumulation differed amongst the solutes. Water deficit was applied to three wheat
cultivars differing in OA capacity at the reproductive stage in a community of wheat plants
in the field. PEG 8000 was used for water deficit treatment on segments of wheat flag
leaves in the laboratory.
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Pattern of solutes accumulated during leaf osmotic
adjustment as related to duration of water deficit for bread
wheat (Triticum aestivum L.) at the reproductive stage
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3.1 Abstract

This study examined expression of osmotic adjustment (OA) and accumulation of
solutes in wheat leaves in response to water deficit (WD) imposed at the reproductive
stage. Two contrasting wheat cultivars, Hartog (putatively high in OA capacity) and
Sunco (putatively low in OA capacity), were used in a controlled environment. In
experiment 1, genotypic difference in OA was evident with 5-times greater OA in
Hartog. K+ accumulated during WD at 21 d of treatment and accounted for 12% of OA
in Hartog and 48% in Sunco. Glycinebetaine and proline also increased under WD, but
these were not significant osmotica on a whole tissue basis. Hartog accumulated dry
matter faster than Sunco under WD, and this was consistent with greater water use in
Hartog than in Sunco. In experiment 2, OA was again expressed in leaves of Hartog,
and increased curvilinearly with time up to 37 d of drying. K+ increased up to 16 d of
drying and then decreased towards 37 d. Glycinebetaine increased gradually towards the
end of the drying cycle. Proline and fructose increased gradually and reached a peak at
30 d of treatment. Glucose increased exponentially during treatment. K+ was the major
contributor to OA up to 30 d of drying, whereas glycinebetaine, proline and glucose
were major contributors later. K+ contributed to 54% of OA at d 30. Solute contribution
to OA at 37 d was 19% for glycinebetaine and 21% each for proline and glucose. The
various solutes that contributed to leaf OA in wheat cv. Hartog accumulated at different
times as WD developed. Different rates of imposing WD resulted in different patterns of
solute accumulation.

Keywords: glycinebetaine, glucose, leaf osmotic adjustment, K+, proline, water deficit.
Abbreviations: d, day; FEW, fraction of extractable soil water; OA, osmotic adjustment;
OP, osmotic potential; RWC, relative water content; TDR, time domain reflectometry;
VWC, volumetric soil water content; WC, water content; WD, water deficit; WP, water
potential; WW, well-watered; YFEL, youngest fully-expanded leaf; [ ], concentration.
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3.2 Introduction

Water deficit (WD) is a major abiotic factor limiting crop productivity world-wide.
Plants exposed to WD may have three types of responses, namely escape, avoidance
and/or tolerance. In WD escape, a plant can complete its life cycle before a serious WD
develops (Jones et al. 1981), or when it escapes the concurrence of sensitive
developmental stages with periods of severe WD. In WD avoidance, a plant is able to
maintain high water potential, i.e. by continued access to soil water through deep roots
or by decreased water loss through leaf-rolling or stomatal adjustments. On the other
hand, WD tolerance involves biochemical, physiological and morphological
mechanisms that enable plants to function during times with decreased water
availability. Osmotic adjustment (OA) is one important mechanism of WD tolerance
(Levitt 1980; Jones et al. 1981).
The degree of OA in plants under WD is influenced by several factors, such as rate
and duration of WD development (Jones and Rawson 1979), level of WD (Turner and
Jones 1980), species and cultivar (Morgan 1977, 1984; Wright et al. 1983; Singh et al.
1985), and age of tissue and stage of plant development (Munns et al. 1979; Jones and
Turner 1980; Condon 1982; Santamaria et al. 1990; Ma et al. 2006). OA requires time,
so that fast reduction in plant water status may not allow full expression of OA. OA
may, therefore, not be an effective mechanism of WD resistance when the development
of WD is very rapid, such as when plants grow on sandy soils of low water holding
capacity (Blum 1996). Jones and Rawson (1979) reported that rapid drying (-1.2 MPa
d-1) resulted in 6 times smaller OA in leaves of sorghum than slower drying (between 0.15 and -0.7 MPa d-1). Different solutes can contribute to OA over time (Blum 1988).
In terms of WD in wheat, the solutes shown to contribute to OA were sugars
(sucrose, glucose and fructose), amino acids (e.g. proline), and potassium (Morgan
1992). Few studies, however, have evaluated the accumulation of glycinebetaine in
wheat during WD. Munns et al. (1979) conducted experiments on solute accumulation
in different-aged shoot tissues of wheat (cv. Heron) grown in potting mix in a growth
chamber. Water was withheld at 25 d after germination (leaf 4 was fully expanded and
leaf 7, although elongating, had not emerged from the sheath of leaf 6 and was about 50
mm long). K+, total soluble sugars, and free amino acids including proline were
accumulated in the apex and leaf 7 during 13 d of WD, but glycinebetaine was not
measured. In a different study, higher concentrations of proline were accumulated by
WD-tolerant wheat genotypes, while more glycinebetaine was accumulated by WD39
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susceptible genotypes when subjected to polyethylene glycol-induced WD for 7 d
during initial vegetative growth (Nayyar 2003). The accumulation of glycinebetaine in
response to WD in soil-grown wheat needs to be evaluated.
The growth response and OA in wheat lines with high and low OA capacities, when
subjected to WD, has been studied by Morgan (1977, 1980b, 1983, 1984, 1992, 1995,
and 2000). These studies were largely conducted at the reproductive stage; the stage
reported to be most sensitive to WD in wheat (Fischer 1979) and in rice (O’Toole
1982). In this present study, the expression of OA in leaves and the contributing solutes
at the reproductive stage were determined for two wheat cultivars (cv. Hartog and
Sunco), previously reported to differ in OA capacity. A subsequent experiment, with cv.
Hartog only, was conducted to quantify the patterns of commencement, accumulation,
and cessation for the expected range of inorganic (K+, Na+ and Cl-) and organic
(glycinebetaine, proline, sugars) solutes related to leaf OA development in wheat. The
patterns of solutes accumulated, and their relative contributions to OA, were assessed
against the fraction of extractable soil water (FEW) remaining during development of
WD. The mechanism whereby solute accumulation provided tolerance to WD has not
been examined comprehensively (Chopra and Sinha 1998). The patterns of appearance,
accumulation, and withdrawal of these solutes will enrich the information related to OA
development under WD as a mechanism of drought tolerance in wheat.

3.3 Materials and Methods
Two experiments were conducted in controlled-environment conditions to evaluate leaf
OA and to identify solutes involved, in leaves of wheat at the reproductive stage under
WD. The first experiment compared the responses of two wheat cultivars differing in
OA capacity, i.e. Hartog (high OA) and Sunco (low OA). The second experiment
evaluated OA and solutes in greater detail in cv. Hartog.

Experiment 1: Growth response and osmotic adjustment in the youngest fully-expanded
leaves of two contrasting wheat cultivars subjected to WD at the reproductive stage

Experimental design and treatments

The experiment consisted of 2 cultivars grown in two water regimes, with 3 replicates,
in a randomized block design. The two water regimes were well-watered (WW) and
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WD obtained by withholding water from WD containers at the reproductive stage
(treatment period of 31 d). Reproductive stage was defined as the stage between ear
initiation at the 6 fully-expanded leaf stage (37 d after sowing) and anthesis. The
cultivars were chosen based on Morgan (2001) who reported they differed in OA
capacity, i.e. Sunco with low OA and Hartog with high OA. Water was withheld when
leaf stage was 6.8 in Hartog and Sunco; at 14 d of treatment main stem leaf stages of
WW-Hartog, WD-Hartog, WW-Sunco and WD-Sunco were 8.4, 9.0, 8.0 and 8.1
respectively; at 18 d of treatment main stem leaf stages of WW-Hartog, WD-Hartog,
WW-Sunco and WD-Sunco were 9.0, 9.0, 8.2 and 8.3 respectively; and at 21 d of
treatment main stem leaf stages of both Hartog and Sunco at WW and WD conditions
were 9.0. Three samplings were taken for each tissue measurement (water content
(WC), water potential (WP), relative water content (RWC), osmotic potential of
expressed sap (OP), solutes), at 14, 18 and 21 d of treatment. Five samplings, however,
were conducted for total dry matter. The first sampling for dry matter was taken when
WD treatment commenced and 4 more samplings were conducted at 14 (when leaves
first showed some rolling), 18, 21 and 31 d of treatment.

Cultural practices

The experiment was conducted in containers (25 L) in a controlled-environment room
with 10 h light and 14 h dark at 19/14oC and relative humidity of 70%. The average
irradiance in this room during light periods was 463 µmol quanta m-2s-1 at plant height.
The containers were grey polyvinyl chloride pipes (150 mm diameter, 800 mm
height) split length-wise for ease of root access later, and then resealed with polyvinyl
chloride tape. Plastic mesh net was placed at the base of each container to retain soil but
allow drainage.
Air-dried white sand (Rocla Quarry Product number 32) amended with 10% coarse
river sand (Hazelmere Garden Supplies) was used, because soil types in the wheatbelt of
Western Australia are dominated by sandy and duplex (sand over clay) soils (Del Cima
et al. 2004). The 23 kg of soil in each container was supplied, prior to planting, with a
basal fertiliser comprising 33.1 g superphosphate, 40 g ammonium nitrate, 5.5 g
Richgro® complete micronutrients, 22 g calcium sulphate (gypsum), and 9 g potash
(K2SO4); all together providing 0.4 g N, 0.06 g P and 0.07 g K for each kg soil. The
drained upper limit (field capacity) and lower limit (wilting point) of plant available
water for this soil were 9% and 2% on a volumetric basis respectively.
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Seeds of wheat were surface-sterilised with 2% commercial bleach for 2 min,
washed with deionised water, and placed on moist filter paper in Petri dishes in a dark
cabinet at 18oC. After 2 d, germinated seeds were sown at 15 mm depth. After sowing,
the top of the container was covered with plastic cling wrap to prevent evaporation and
the covers were removed after emergence (about 3 d after sowing). At 7 d after sowing,
the emerged seedlings were thinned to one per container, and 350 g of basalt gravel (1018 mm) was added to the soil surface to minimise soil evaporation.
Containers were watered to field capacity by weight every second day before
imposing treatments. The nutrient solution contained 0.1% Phostrogen® (8% N as
KNO3, 2% N as NH4H2PO4, 1.5% N as (NH4)2SO4, 2.5% N as urea, 4.4% P as
NH4H2PO4, 22.4% K as KNO3, 1.5% Mg as MgSO4, 1.43% Ca as CaSO4, 0.04% Fe as
EDTA, 0.02% Mn as EDTA, 0.012% B as H3BO3, 0.0055% Cu as EDTA, 0.0055% Zn
as EDTA, 0.0016% Mo as Na2MoO4 and 6.0% S as sulphate as concentration in the
solid Phostrogen®) to ensure nutrients were adequate. When treatments commenced,
water was withheld from WD containers, whereas WW containers were watered to
‘field capacity’ every second day with tap water (no additional nutrients were supplied).
Withholding nutrients from the well-watered treatment aimed to minimise sources of
variation other than the water treatment.

Experiment 2: Pattern of solutes accumulated during leaf osmotic adjustment of cv.
Hartog with development of water deficit at the reproductive stage

Experimental design and treatments

The experiment consisted of 1 cultivar grown in 2 water regimes, with 6 sampling times
and 4 replicates, in a randomized block design, with 1 plant per container or
experimental unit. Tissue samples for each replicate were collected from 2 plants (2
containers). The two water regimes were WW and WD obtained by withholding water
from WD containers at the reproductive stage (treatment period of 37 d). Reproductive
stage was defined as the stage between ear initiation at 6 fully-expanded leaf stage (40 d
after sowing) and anthesis. Cultivar Hartog, reported to have high OA capacity (Morgan
2001), was used. The first sampling was taken when WD treatment commenced and
then at 9 (when leaves started to roll), 16, 23, 30 and 37 d of treatment (when leaves
wilted). The samples of WW (control) were collected at 0, 16 and 37 d of treatment,
whereas WD leaf samples were collected at all sampling times.
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Cultural practices
Practices were similar to those used in experiment 1; however, Richgro® mix (50%
GinGin loam, 10% jarrah sawdust, 40% river sand, with also limestone, gypsum, NPK,
Mg, and Fe) was used. This substrate held more water than that used in experiment 1,
allowing a longer period of WD for more complete OA expression. The drained upper
limit (field capacity) was 11% and lower limit (wilting point) of plant available water
for this soil was 3% on a volumetric basis. Field capacity (upper limit) in the pot was
the maximum volumetric water content of the soil determined by watering the soil in
the pot until some water drained from the pot and then measuring the water content after
24 hours (deemed to be full darinage). Wilting point (lower limit) in the pot was the
volumetric water content of the soil when there was no more water evapotranspired
from the pot.
Measurements

Water use

Water use was measured in both experiments by weighing the containers every second
day. Cumulative transpiration was calculated by the sum of these two-daily
measurements. Evaporative demand was recorded every second day using 3 pan
evaporimeters, the same diameter as the containers, randomly placed at container height
inside the controlled-environment room. The fraction of extractable soil water (FEW)
remaining was calculated as FEW = 1 – (ΣTa/ΣTtotal), where ΣTa is the amount of total
water loss on each sampling occasion during drying cycle and ΣTtotal is the total of plant
available water capacity to extract.

Soil

In experiment 1, volumetric soil water content (VWC) was monitored every second day
using time domain reflectometry (TDR) (Campbell Scientific, Inc., Logan, Utah USA).
TDR probes were stainless-steel waveguides, which connected with the TDR using an
extension cable, and electronic wavelength was recorded. The dielectric constant, k, was
calculated from the TDR readings according to the equation k = (TDR reading/0.6) 2 *
1.0203. The three-degree polynomial equation between the dielectric constant and VWC
(Topp et al. 1980) was recalibrated as VWC (%) = -0.5353 + 0.2871 k – 0.0478 k2 +
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0.0031 k3 (r2 = 0.94). TDR probes were inserted horizontally into the soil through holes
drilled in the sides of each container at depths of 30, 50 and 70 cm below the soil
surface.
In experiment 2, VWC was calculated as 100 x (fresh mass - dry mass)/volume of
soil. Volume of soil was equal to the size of the ring core used, i.e. 66 cm3. Soil was
collected at each sampling at depths of 15, 30, 45, 60 and 80 cm below the soil surface.
Fresh mass of each soil sample was recorded, the soil was dried at 105oC for 48 h, and
the dry mass recorded.

Plant

The same measurements were taken in experiments 1 and 2. The youngest fully
expanded leaf (YFEL) was collected at each sampling for measuring WC, WP, RWC,
OP, and the concentration of inorganic and organic solutes at midday. For each
replicate, YFEL of main stem and tiller 1 (4 cm from the middle area of these leaves) of
2 plants were collected for OP and solute measurements. YFEL of tiller 2 of 2 plants
were collected for WC and RWC measurements. YFEL of tiller 3 of 1 plant was used
for WP measurement.
Leaf WP was measured at midday using a pressure chamber. For OP measurement,
the leaf tissues were placed in cryovials, frozen in liquid nitrogen, and kept in the
freezer at -20oC until analysis. Sap from samples (thawed while still in sealed vials) was
squeezed using a simple press and 10 µL was analysed using a Fiske one-ten osmometer
(Fiske Associates, Massachusetts USA). For measuring the concentration of inorganic
and organic solutes, the leaf tissues were wrapped in aluminium foil, frozen in liquid
nitrogen, freeze-dried, and then processed (described below).
Leaf WC and RWC were measured by weighing the fresh mass of excised leaf
segments, floating the samples on 0.5 mM CaSO4 for 24 h in the darkness, weighing
turgid mass, drying in an oven for 48 h at 70oC, and re-weighing the dried sample.
CaSO4 of 0.5 mM was used during the floating period to obtain turgid weight, as it can
maintain membrane integrity and minimise solute leakage into the apoplast (Mengel and
Kirby 1979). The WC (ml g-1 dry mass) was calculated as (fresh mass - dry mass)/dry
mass. RWC (%) was calculated as 100 x (fresh mass - dry mass)/(turgid mass - dry
mass).
OA was calculated as the difference between the measured OP in leaves of the WD
plants and the estimated OP as a result of concentration-effect of any decreased tissue
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WC in WD plants. The concentration-effect on OP was the proportional decrease in leaf
OP due only to any reduction in WC under WD and was equal to OPWW x (WCWW
/WCWD).

Although RWC can also be used in this calculation, WC was used to calculate

OA, because using RWC has a problem, in that the amount of water entering the
apoplast/intercellular spaces of floating leaf tissues is uncertain (Ma et al. 2006; Ma and
Turner 2006; Boyer et al. 2008).
To calculate the contribution of an individual solute to OA, the difference in
concentration of the individual solute between WD and WW (extra individual solutes)
was expressed on a molar basis of the amount of water present in leaf samples and then
calculated as OP of extra individual solute using the equation: OPextra individual solute = M
x R x T, where M is mol L-1, R is the universal gas constant and T is absolute
temperature (Chang 1981). The contribution of extra individual solute to OA (%) = 100
x (OPextra individual solute /calculated OA).
As WC and OP in WW plant were not measured at d 9, 23 and 30 in experiment 2;
OA values at these days were estimated by interpolation using a power function fitted to
values of OA at d 0, 16 and 37. To calculate the contribution of each solute to OA at d
9, 23 and 30; values of WC, OP and concentration of each solute in WW plants were
estimated by interpolating between measured values assuming a linear trend. This was
consistent with the measured values for the WD treatment. The values at d 9 were
estimated using a linear equation from d 0 to 16 and the values at d 23 and 30 were
estimated using a linear equation from d 16 to 37. Contribution of each solute to OA
was calculated as mentioned in the previous paragraph.
K+, Na+ and Cl- were measured in freeze-dried leaf tissue samples. Dried samples
were ground to a fine powder, and the ions were extracted from 100 mg in 10 mL 0.5 M
HNO3 (exact amounts of ground tissue and acid were recorded). After 0.5 M HNO3 was
added to all samples, the samples in the vials were shaken in a 30oC dark room for 48 h.
Diluted extracts were analysed for K+ and Na+ (Jenway PFP 7 flame photometer,
Sherwood Scientific Ltd, Cambridge England) and for Cl- (Buchler-Cotlove
chloridometer, Buchler Instruments Division Nuclear-Chicago Fort Lee, New Jersey,
USA). Analyses were confirmed by taking a certified reference tissue through the same
procedures.
Glycinebetaine, proline, fructose, glucose and sucrose were measured in the freezedried leaf tissues. Approximately 100 mg of lyophilized powder was accurately
weighed into a 50 mL centrifuge tube. Three mL of ice-cold 5% (v/v) perchloric acid
was added and mixed using a vortex mixer before being centrifuged at 15,000 rpm for
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30 min (Fan et al. 1993). The supernatant was collected and stored in a sealed glass vial
on ice. The pellet was extracted a second time in 3 mL of ice-cold 5% (v/v) perchloric
acid, as before. The supernatants were combined and the pH was adjusted to between
3.0-3.5 using K2CO3 to precipitate the perchlorate. The sample was again centrifuged
and the supernatant collected and the volume measured. The extract was filtered (0.22
μm) before injection into an HPLC (600 E pump and 717 plus autoinjector and 996
photodiode-array [PDA] detector, Waters Milford MA, USA) equipped with a SugarPak column as described by Naidu (1998), to measure glycinebetaine, proline, fructose,
glucose and sucrose. These compounds were quantified using authentic standards. The
same extract was used to measure the total sugars using anthrone reagent based on the
method of Yemm and Willis (1954).
Plant height, rooting depth and green leaf area (calculated after Rebetzke and
Richards (1999)), total above-ground dry mass, dry mass of total roots, and of deep
roots (45-80 cm depth) were measured, and from these, root:shoot ratio, and deep
root:total root ratio were calculated. Plant samples were dried at 70oC for 48 h and the
dry mass recorded.

Statistical analyses
Data were analysed using Genstat for Windows 10th Edition (Genstat software, VSN
International, Hemel Hempstead, UK). Analysis of variance (ANOVA) and least
significant difference (lsd) was used to identify significant differences (P < 0.05, unless
otherwise stated).

3.4 Results

Experiment 1: Growth response and osmotic adjustment in the youngest fully-expanded
leaves of two contrasting wheat cultivars subjected to water deficit at the reproductive
stage

Dry mass production and allocation

Total above ground dry mass did not differ between WW and WD before 14 d (Fig.
3.1a). Total above ground dry mass continued to increase with time in WW; however, in
WD it leveled out at 5 g/plant after 21 d of drying. In WW, at 31 d of drying, above
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ground dry mass of Hartog (19 g/plant) was 64% bigger than Sunco. In WD, Hartog
produced 23% more total above ground dry mass than Sunco at 21 d of drying. In
general, above ground dry mass production in WW was about 1.5-fold bigger than in
WD.
Root dry mass did not differ between WW and WD plants until after 14 d of drying
(Fig. 3.1b). Root dry mass continued to increase with time in WW, but in WD failed to
increase further after 21 d of drying. Root dry mass in WW (9 g/plant) was about 3-fold
larger than in WD at the end of treatment and there was no difference between
genotypes.
Differences in root:shoot ratio were observed between WW and WD treatments and
the two genotypes (Fig. 3.1c). Root:shoot ratio of both cultivars in WW and WD
continued to increase with time and reached a peak at 21 d of drying, i.e. 1.36 for WDSunco, 0.98 for WW-Sunco, 0.85 for WD-Hartog and 0.71 for WW-Hartog. At 21 d of
drying, root:shoot ratio in Sunco in WD was 40% larger than in WW and root
shoot:ratio in WD in Sunco was 60% larger than in Hartog.

Leaf OA capacity of Hartog and Sunco during WD

Leaf WC did not differ between the two treatments until after d 14. In WW plants, leaf
WC was maintained at ~ 5 ml/g DM at 18 d, whereas in WD it had declined (Fig. 3.2a).
At d 18 and 21 after withholding water, WC was 13% lower in Hartog (4.3 ml/g DM)
compared with Sunco (Fig. 3.2a).
Similar to leaf WC during the first 14 d, leaf RWC did not differ between cultivars
or water regimes (Fig. 3.2b). In WW, leaf RWC was stable at about 90% by 21 d,
whereas in WD, it had decreased. At 18 and 21 d of drying, RWC in WD plants was up
to 66% lower in Hartog (50%) and 40% lower in Sunco (60%), than in WW plants.
Plants in WW treatment did not show significant changes in leaf OP, so that at 21 d
of WW treatment, OP was not different between Hartog and Sunco (Fig. 3.2c). In WD,
however, leaf OP was more negative than in WW for both cultivars, but the decline was
much greater in Hartog. OP in WD-Sunco did not differ from ~ -2.0 MPa as WD
intensified from 14 to 21 d of drying, whereas in Hartog, OP declined to -3.6 MPa by 21
d of drying.
Leaf WP was much more negative in WD, compared with WW, at 18 and 21 d (Fig.
3.2d). In WW plants, leaf WP was about -1 MPa by 21 d, on the other hand, leaf WP in
WD decreased drastically to about -2.0 MPa at 18 d and to -2.5 MPa at 21 d, in Hartog.
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In WD, leaf WP was up to 3-fold more negative in Hartog than in WW by 21 d and up
to 2-times more negative in Sunco than in WW by 18 d. Leaf WP of Sunco in WD was
unexpectedly increased at 21 d. This might have happened because different plants
grown in different pots were sampled at each time point and so this might explain the
variation in the measurements at three sampling times.
As OP can decline due to either more net solutes or to lower WC, OA was
calculated so that any changes in WC were considered, as explained in the Materials
and Methods. Hartog showed higher OA capacity than Sunco under WD treatment (Fig.
3.2e). The OA in Hartog (1.2 MPa) was 5-times larger than in Sunco at 21 d of drying
(Sunco did not differ significantly from zero).
Concentrations of K+, Na+ and Cl- as related to leaf OA under WD
Leaf [K+] in WD was higher than in WW treatment at the end of the drying cycle (Fig.
3.3a). [K+] in WW (1135 mol/g DM) was not different from WD by 18 d of treatment.
After 21 d of WD, leaf [K+] in Hartog and Sunco were 29% and 18% higher,
respectively, than in WW plants. In WD, [K+] in Hartog (1082 mol/g DM) was 18%
lower than in Sunco. The extra [K+] in WD accounted for 12% of OA in Hartog (Fig.
3.9a) and 48% in Sunco (Fig. 3.9b).
Cl- did not contribute as much as K+ to leaf OA (Fig. 3.3b) and Na+ did not
contribute to leaf OA at all (Fig. 3.3c). There were no apparent differences of [Cl-] in
leaves between cultivars or water regimes (Fig. 3.3b). Leaf [Cl-] was about 50% of [K+]
and leaf [Na+] was low, i.e. around 2.5% of [K+].
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Fig. 3.1 Total above ground dry mass (a), total root dry mass (b) and root:shoot ratio
(dry mass basis) (c) in wheat cv. Hartog and Sunco (mean ± SE; n=3) (experiment 1);
and total above ground dry mass (d), total root dry mass (e) and deep root:total root
ratio (dry mass basis) (f) in wheat cv. Hartog only (mean ± SE; n=4) (experiment 2)
during WW and WD conditions. WW-Hartog □—□, WD-Hartog ■—■, WW-Sunco ∆-∆, WD-Sunco ▲--▲. An asterisk indicates a significant difference between cultivars and
water regimes (P < 0.05) on that day of treatment in experiment 1 and between water
regimes (P < 0.05) in experiment 2.
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Fig. 3.2 Water content (a), relative water content (b), expressed sap osmotic potential
(c), water potential (d), and calculated osmotic adjustment (e) for youngest fullyexpanded leaf (YFEL) between 14 and 21 days of well-watered (WW) and water deficit
(WD) at 19/14oC (10 h d/14 h n) (experiment 1). Values are mean ± SE (n = 3). WWHartog □—□, WD-Hartog ■—■, WW-Sunco ∆--∆, WD-Sunco ▲--▲. An asterisk
indicates a significant difference between cultivars and water regimes on that day of
treatment (P < 0.05).
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Fig. 3.3 The concentrations of K+ (a, d), Na+ (b, e), and Cl- (c, f) in YFEL of wheat cv.
Hartog and Sunco (experiment 1) and in YFEL of wheat cv. Hartog (experiment 2)
during WW and WD conditions. Values in a, b and c are mean ± SE (n = 3). Values in
d, e and f are means ± SE (n = 4). WW-Hartog □—□, WD-Hartog ■—■, WW-Sunco ∆-∆, WD-Sunco ▲--▲. The scale of Y axis in Fig 3a, d, c, f were 10-fold that in Fig 3b
and e. An asterisk indicates a significant difference between cultivars and water regimes
(P < 0.05) on that day of treatment in experiment 1 and between water regimes (P <
0.05) in experiment 2.
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Glycinebetaine, proline, total sugar and sucrose concentrations as related to leaf OA
under WD
Leaf [glycinebetaine] did not differ between the two treatments until after 14 d of drying
(Fig. 3.4a). The genotypic difference for leaf [glycinebetaine] was clearly observed at
18 d of treatment. At this time the highest concentration was in Hartog in WD (29.7
µmol/g DM) and the lowest was in Sunco in WW (8.7 µmol/g DM). The
[glycinebetaine] in WD was higher (1.5-fold in Hartog and 2.8-fold in Sunco) than in
WW. At 21 d of drying, leaf [glycinebetaine] in WD was 3.7-fold larger than in WW
plants in Sunco. Extra [glycinebetaine] accounted for 5% of OA in Sunco (Fig. 3.9b),
but this solute did not contribute to OA in Hartog (Fig. 3.9a).
Generally, the [proline] in WD was higher than in WW, a response similar to
glycinebetaine. Leaf [proline] did not differ between two treatments until after 14 d
(Fig. 3.4b). The genotypic difference for [proline] was observed in WD at 18 d of
drying. The [proline] in Hartog (36.5 µmol/g DM) was 2.3-fold higher than in Sunco
(15.6 µmol/g DM). The extra [proline] accounted for up to 5% of OA in Hartog (Fig.
3.9a) and Sunco (Fig. 3.9b).
The [total sugars] in WD was higher than in WW at 14 and 18 d of treatment, but
did not differ between WW and WD plants at 21 d of treatment (Fig. 3.4c). At 14 d of
treatment, the [total sugars] in Hartog (139 µmol/g DM) in WD was higher (P≤0.10)
than in WW (96 µmol/g DM). The result showed that total sugars were minor
contributors to OA in wheat under WD, i.e. 2% in Sunco at 21 d.
Leaf [sucrose] did not differ between cultivars or water regimes until after 18 d of
treatment (Fig. 3.4d). At 21 d of treatment, the [sucrose] in Hartog (69 µmol/g DM) in
WW was higher than in WD (11 µmol/g DM). Sucrose did not contribute to OA.

Cumulative transpiration and water extraction

Cumulative transpiration in WW was greater than WD (Fig. 3.5a). In WW, cumulative
transpiration continued to increase and was at the end of the experiment, 21% greater in
Hartog than Sunco. In contrast, in WD, cumulative transpiration increased to a plateau
by about 15 d of drying. It fell behind the WW treatment after 5 d of drying and at end
of the experiment, attained a maximum of 67 mm, compared with the 167 mm in WW.
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Fig. 3.4 The concentration of glycinebetaine (a), proline (b), total sugars (c) and sucrose
(d) in YFEL of Hartog and Sunco during WW and WD conditions (experiment 1).
Values are mean ± SE (n = 3).WW-Hartog □—□, WD-Hartog ■—■, WW-Sunco ∆--∆,
WD-Sunco ▲--▲. An asterisk indicates a significant difference between cultivars and
water regimes on that day of treatment (P < 0.05).

53

CHAPTER 3

REPRODUCTIVE STAGE

Hartog extracted water more rapidly and to a greater extent than Sunco. By 21 d
after treatment, VWC in Hartog decreased to 2% at 30 cm depth and 3% at 50 and 70
cm depth (Fig. 3.6a). Sunco depleted VWC to 3% at 30 cm depth and 5% at 50 and 70
cm depth by 21 d of drying (Fig. 3.6b). The upper limit of this soil was 9% and the
lower limit was 2%.

Experiment 2: Pattern of solutes accumulated during leaf osmotic adjustment of cv.
Hartog with development of water deficit at the reproductive stage

Plant growth, dry mass production and allocation during WD

During the first 16 d of drying, plant height did not differ between WW and WD plants.
In WD, plant height was relatively stable at about 500 mm; however, it increased
gradually in WW and reached 767 mm at the end of treatment. At 37 d of treatment,
plant height in WW was 1.5-fold larger than in WD.
Green leaf area in WW was larger than in WD during 37 d of the drying cycle (data
not shown). In WW plants, it increased gradually with time and in WD it was stable at
about 800-1000 cm2 per plant during the drying cycle. Green leaf area in WW was 2.4fold more than in WD at 16 d and 4-fold larger at 37 d of drying.
Total above ground dry mass and total root dry mass in WW increased
exponentially during 37 d of treatment and these fell behind in WD at 16 d of the drying
cycle (Fig. 3.1d and e). Above ground dry mass in WD were 1.5-fold and 4-fold smaller
than in WW at 16 d (14 g/plant) and 37 d of treatment (57 g/plant) (Fig. 3.1d). In WD,
total root dry mass at 16 d (3 g/plant) and 37 d (3.5 g/plant) of treatment were 1.6-fold
and 3.5-fold smaller than in WW (Fig. 3.1 e). In WD, deep root:total root ratio were
4.5-fold and 1.4-fold higher than in WW at 16 and 37 d of drying (Fig. 3.1f).
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Fig. 3.5 Cumulative transpiration by wheat cv. Hartog and Sunco (mean ± SE; n=3)
(experiment 1) (a) and by Hartog (mean ± SE; n = 4) (experiment 2) (b) during WW
and WD conditions. Cumulative transpiration was measured by weighing pots every
second day, and converting to mm water used for the pot surface area. Daily
evaporation from pots containing free water was 1.6 ± 0.1 mm for (a) and 3.2 ± 0.25
mm for (b) WW-Hartog □—□, WD-Hartog ■—■, WW-Sunco ∆--∆, WD-Sunco ▲--▲.
Cumulative transpiration was significantly different between cultivars and water
regimes (P < 0.05) on the day of measurement in experiment 1 and between water
regimes (P < 0.05) in experiment 2.
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Fig. 3.6 The pattern of soil water extraction measured as volumetric water content
(VWC) at 30, 50 and 70 cm soil layers with time by wheat cv. Hartog (a) and Sunco (b)
(mean ± SE; n = 3) under WD between 7 and 21 d (experiment 1) and by wheat cv.
Hartog (mean ± SE; n = 4) with time (experiment 2) during WW (c) and WD (d)
conditions at 0-15, 15-30, 30-45, 45-60 and 60-80 cm soil layers. The upper and lower
limits of plant available VWC were 9% and 2% in (a) and (b). Symbols in (a) and (b):
30 cm ■—■, 50 cm ▲—▲, 70 cm — . The upper and lower limits of plant available
VWC were 11% and 3% in (c) and (d). Symbols in (c): WW 0-15 cm + — +, WW 15-30
cm ∆—∆, WW 30-45 cm □—□, WW 45-60 cm —, WW 60-80 cm —. Symbols in
(d): WD 0-15 cm + --+, WD 15-30 cm ▲--▲, WD 30-45 cm ■--■, WD 45-60 cm --,
WD 60-80 cm --. An asterisk indicates a significant difference between cultivars and
water regimes (P < 0.05) on that day of treatment in experiment 1 and between water
regimes (P < 0.05) in experiment 2.
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Changes in leaf water relations during WD
In WW plants, leaf WC was maintained until 16 d of treatment and then decreased by
37 d of treatment, whereas in WD it had declined linearly throughout the drying cycle
(Fig. 3.7a). Leaf WC in WD was 64% lower than in WW at 16 d and 54% after 37 d of
drying. The smallest WC was at 37 d of treatment, i.e. 1.5 ml/g DM in WD, at which
time it was 3 ml/g DM in WW (Fig. 3.7a).
Leaf RWC was stable at around 90% for WW plants during the treatment, but it
decreased exponentially to 50% by the end of drying cycle in WD (Fig. 3.7b). Leaf
RWC in WD was lower than in WW. It was 42% of values in WW at 16 d and 86%
after 37 d of drying.
Plants in WW treatment did not show any significant change in leaf sap OP,
however, in WD, leaf sap OP decreased gradually throughout the drying cycle (Fig.
3.7c). Leaf sap OP in WD declined to –3.8 MPa by 37 d of treatment. In WD plants,
leaf sap OP was 73% more negative than in WW at 16 d and 2-times more negative
after 37 d of drying (Fig. 3.7c).
Leaf WP decreased gradually from –1.2 to –1.6 MPa for WW, whereas it decreased
more rapidly to –2.3 MPa for WD by the end of the treatment period (Fig. 3.7d). Leaf
WP in WD was about 50% more negative than in WW.
Leaf OA at 16 d of treatment (0.26 MPa) and at 37 d of treatment (0.37 MPa) was
significantly different from that at 0 d of treatment (Fig. 3.7e).
Concentrations of K+, Na+ and Cl- as related to leaf OA under WD
In WW plants, leaf [K+] was similar at 0 and 16 d of treatment, and then it decreased
(Fig. 3.3d). [K+] in WD was higher than in WW from 9 to 30 d of treatment. The
highest [K+] in WD was 1298 mol/g DM at 16 d of treatment and it was 10% higher
than in WW. The extra [K+] accounted for 21% of OA at d 16 (Fig. 3.9c).
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Fig. 3.7 Water content (a), relative water content (b), expressed sap osmotic potential
(c), water potential (d), and calculated osmotic adjustment (e), for YFEL of wheat cv.
Hartog at 0, 16 and 37 d of WW and at 0, 9, 16, 23, 30 and 37 d of WD at 19/14oC (10 h
light/14 h dark) (experiment 2). Values are means ± SE (n = 4). WW □—□, WD ■—■.
An asterisk indicates a significant difference between water regimes on that day of
treatment (P < 0.05).
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Na+ and Cl- did not contribute significantly to leaf OA. Leaf [Na+] did not differ
between WW and WD plants, and although it increased very slightly between 9 and 23
d of treatment, it then decreased towards 37 d (Fig. 3.3e). Leaf [Na+] was low relative
to leaf [K+], i.e. only 6% of [K+] in leaf. Leaf [Cl-] also did not differ between WW and
WD plants, and although Cl- increased significantly and peaked at 16 d of treatments, it
then decreased towards the end of the experiment in both treatments (Fig. 3.3f). The
decline in Cl- was less in WW, so that at 37 d of treatment [Cl-] in WW was higher
(128%) than in WD. The highest [Cl-] was 40% of the highest [K+] during the WD
treatment.

Glycinebetaine, proline and sugar concentrations as related to leaf OA under WD
Leaf [glycinebetaine] in WD increased almost linearly throughout the treatment period
(Fig. 3.8a), whereas in WW it had decreased slightly at 16 d of treatment (40 mol/g
DM). In WD, [glycinebetaine] were 2-fold higher than in WW at 16 and 37 d of
treatment. The highest [glycinebetaine] was in WD at 37 d of treatment, i.e. 160 mol/g
DM. The extra [glycinebetaine] in WD contributed 8% to OA at 16 d and 19% at 37 d
(Fig. 3.9c).
Proline did not accumulate in the WW treatment, whereas [proline] in WD increased
gradually during 30 d of drying (Fig. 3.8b). [Proline] in WD increased within the first 9
d of treatment (39 mol/g DM), and then increased again up to 30 d and remained high
at 37 d. [Proline] in WD was 24-fold larger than in WW at 16 d and 90-fold at 37 d. The
highest [proline] was in WD at 30 days of treatment, i.e. 113 mol/g DM. Furthermore,
extra [proline] accounted for 4% of OA at 16 and 21% at 37 d (Fig. 3.9c).
[Fructose] in WD plants increased gradually to 30 mol/g DM by 30 d of treatment,
but it did not accumulate in WW plants (Fig. 3.8c). Extra [fructose] accounted for 4%
of OA at 16 d and 7% at 37 d of drying (Fig. 3.9c). [Glucose] in WW and WD plants
increased throughout the treatment period, with higher values in WD. [Glucose] in WD
(120 mol/g DM) was 4-fold larger than in WW at 37 d of treatment (Fig. 3.8d). Extra
[glucose] accounted for 3% of OA at 16 d and 21% at 37 d (Fig. 3.9c). In WW,
[sucrose] increased at 16 d of treatment and decreased slightly at 37 d of treatment. In
WD, [sucrose] increased at 9 d of treatment (74 mol/g DM), then decreased to about
50 mol/g DM by 30 d of treatment and increased again at 37 d of treatment. In WW,
[sucrose] was 2.3-fold larger than in WD at 16 d and 1.5-fold at 37 d of drying (Fig.
3.8e).
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Fig. 3.8 The concentrations of glycinebetaine (a), proline (b), fructose (c), glucose (d)
and sucrose (e) in YFEL of wheat (cv. Hartog) during WW and WD conditions
(experiment 2). Values are means ± SE (n = 4). WW □—□, WD ■—■. An asterisk
indicates a significant difference between water regimes on that day of treatment (P <
0.05).
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*
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Fraction of extractable soil water

Fig. 3.9 The contributions (%) of K+, Na+, Cl- , glycinebetaine, proline, total sugars and
unknown solutes to leaf osmotic adjustment (OA) of wheat cv. Hartog (a) and Sunco
(b) (experiment 1) and the contributions (%) of K+, Na+, Cl-, glycinebetaine, proline,
fructose, glucose and unknown solutes to leaf OA of wheat cv. Hartog (c) (experiment
2), as a function of the fraction of extractable soil water remaining. An asterisk indicates
the measured point (at 16 and 37 d), remainder points are calculated by interpolation
(see Materials and Methods).
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Summary of pattern of solutes accumulated
Under WD, [K+] and [Cl-] increased gradually and reached a peak at 16 d of treatment,
then decreased gradually towards 37 d of treatment. [Na+] increased between 9 and 23 d
of treatment and then decreased towards 37 d of treatment. [Glycinebetaine] increased
linearly throughout the treatment period. [Proline] increased and reached a peak at 30 d
of treatment, then decreased towards 37 d of treatment. [Fructose] increased gradually
and reached a peak at 30 d of treatment. [Glucose] increased exponentially towards 37 d
of treatment. [Sucrose] increased and reached a peak at 9 d of treatment and decreased
towards 30 d of treatment, then increased again at 37 d of treatment. The highest
concentrations of Na+ and sucrose were observed at 9 d, for K+ and Cl- at 16 d, for
proline and fructose at 30 d, and for glycinebetaine and glucose at 37 d of treatment.

Contributions of solutes to leaf OA
Using the equation y = 0.9982x0.086 (r2 = 0.98), the estimated values of OA were 0.22
MPa at d 9, 0.27 MPa at d 23 and 0.34 MPa at d 30. The contributions of measured
solutes (at d 0, 16 and 37) and estimated solutes by interpolation (at d 9, 23 and 30) are
presented in Fig. 3.9c. K+ was the major contributor to OA at 30 d of treatment, whereas
glycinebetaine, proline and glucose were the major contributors at 37 d of treatment. K+
contributed to 54% of OA at d 30. Solute contributions to OA at d 37 were 19% for
glycinebetaine and 21% each for proline and glucose.

Cumulative transpiration and soil water extraction

Cumulative transpiration in WW was greater than in WD. While cumulative
transpiration increased exponentially in WW, cumulative transpiration fell behind WW
in WD from 4 d of drying and reached a plateau at ~ 95 mm during the drying cycle
(Fig. 3.5b). Cumulative transpiration in WW was 6-fold higher than in WD plants at 37
d of treatment. Evaporation from containers containing free water was 3.2 ± 0.3 mm/d,
giving a total of 85 mm for 37 d, so that cumulative transpiration in WW was 7-fold
larger than evaporation.
In WW (Fig. 3.6c), the patterns of water extraction were similar at 0-15 and 15-30
cm depths, where VWC declined from about 10 to 7% by 16 d of treatment. In the
middle layers (30-45 and 45-60 cm depths), there was only a gradual decline through
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the treatment period, and values were slightly higher in the 45-60 cm depth. In contrast,
VWC remained at about 17% until d 16 at 60-80 cm, and thereafter declined to about
11% by the end of the treatment. In WD (Fig. 3.6d), the patterns were quite similar for
0-15, 15-30 and 30-45 cm layers, where VWC decreased from about 10 to 3% by 9 d of
treatment, and remained at this value thereafter. Extraction was slower at 45-60 cm,
declining to about 3% by 37 d of treatment. In contrast, VWC at 60-80 cm depth was
decreased little from 16% until 16 d of treatment, decreased rapidly to 5% by 37 d, the
end of the drying cycle. The upper limit of this soil was 11% and the lower limit was
3%.

3.5 Discussion

OA expression at the reproductive stage

Leaf OA capacity, at the reproductive stage, was confirmed as being higher for Hartog
than for Sunco in experiment 1 (Fig. 3.2e); as expected based on the earlier work of
Morgan (2001). Hartog could osmotically adjust more than Sunco, so that Hartog could
extract more water (Fig. 3.6a and b). Morgan and Condon (1986) in a field experiment
supported the view that higher OA wheat cultivars extracted more water from a drying
soil than low OA cultivars. Similarly, McNaughton (1991) reported that OA in shoots
was correlated with increased extraction of soil water. Other support comes from
Chandra Babu et al. (2001), who reported that high OA enables plants to continue
physiological processes, such as photosynthesis and water extraction, in spite of some
dehydration. OA helped the plants to extract more water.
Evaluation of OA expression and solutes in greater detail in experiment 2 focused
on Hartog only. In experiment 2, the degree of leaf OA increased curvilinearly with
increased time of WD treatment.

Solutes

Plants under WD often have higher solute concentrations than WW plants (Sharp et al.
1990) and many solutes can be related to leaf OA under WD. Experiment 1 confirmed
that K+ was a major contributor to OA in leaves of wheat cv. Hartog and Sunco as
reported by Morgan (1992), but as K+ only contributed a proportion of the osmotica,
there were still other solutes. The concentrations of glycinebetaine and proline in WD
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were higher than in WW condition, both in Hartog and Sunco in experiment 1. The
contribution of glycinebetaine to OA in two wheat lines with contrasting OA was
measured here for the first time. [Glycinebetaine] increased under WD and was higher
in Hartog, but it was not a significant osmoticum on a whole tissue basis in experiment
1. In experiment 2, K+, glycinebetaine, proline, and glucose were major contributors to
OA under WD in Hartog. K+ was the major solute accumulated in fully-expanded leaves
of wheat cv. Heron at mild and severe levels of WD (Munns et al. 1979). OA of flag
leaves in breeding lines related to the wheat cv. Kite, was largely (78%) due to K+
(Morgan 1992). Accumulation of glycinebetaine (up to 1.9-fold) and proline (1.3-2.4fold) were also reported in leaves of two spring wheat cultivars in response to WD at
the heading and grain filling stages in the field, but without information about their
contribution to OA (Zhu et al. 2005). Glucose accounted for 70-90% of the total sugars
in the elongating zones of leaves in wheat cv. Gamenya grown under WD at high
irradiance (Munns and Weir 1981). K+ and sugars were confirmed and in addition
glycinebetaine and proline were identified as contributors to OA in wheat cv. Hartog.
The solutes that accumulated in this study, such as K+, glycinebetaine, proline,
fructose and glucose, presumably had positive roles for the wheat plants under WD.
Increase in [K+] was an initial response to the reduction in external osmotic potential
(Sutherland et al. 1986) and had a function in turgor maintenance (Kochian and Lucas
1988). Glycinebetaine has osmoprotective and cryoprotective effects under WD
(Rhodes and Hanson 1993). Proline accumulation predominantly resulted from de novo
synthesis (Mattioni et al. 1997). Roles of proline include stabilisation of
macromolecules, a sink for excess reductant and storage of carbon and nitrogen for use
after relief of water deficit (Raymond and Smirnoff 2002). Reduction in the utilisation
of assimilates induced by WD in relation to an inhibition of sucrose synthase or
invertase activities resulted in accumulation of fructose and sucrose (Sturm and Tang
1999). As WD intensified and photosynthesis declined, hydrolysis of the accumulated
sucrose increased the amounts of fructose and glucose and some fructose could be used
for energy metabolism (Fig. 3.8c, d and e). The capacity to accumulate these solutes is
at least partly related to the capacity of bread wheat cv. Hartog to osmotically adjust and
to tolerate WD.
Under WD, the concentrations of Na+, Cl- and sucrose in wheat leaves, on a dry
matter basis, were lower than in WW. Na+ and Cl- were present at much lower
concentrations than K+. Similar results on these inorganic solutes were observed in 6-dold seedlings of durum wheat in containers in a growth-room after withholding water
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for 12 d (Kameli and Lösel 1995). Sucrose concentration in WW was higher than in
WD plants. This result supports earlier findings that [sucrose] in the flag leaf declined
up to 50% in soil-grown drought-tolerant wheat in containers placed in a rainout shelter
after 7 d withholding water from 6 d after anthesis (Nayyar and Walia 2004). Na+, Cland sucrose did not contribute to leaf OA development in wheat cv. Hartog at different
times of WD at the reproductive stage (Fig. 3.3 and 3.8).
The contribution of measured solutes to leaf OA was more pronounced in
experiment 2 than in experiment 1. Detailed time course over a long period of WD
development resolved patterns of solute contributions to leaf OA, as shown in
experiment 2. The patterns of appearance, accumulation, and withdrawal were specific
for K+, glycinebetaine, proline, fructose and glucose related to leaf OA development in
wheat cv. Hartog at different times during WD. The same patterns were shown for
proline and fructose; and for glycinebetaine and glucose. Supporting evidence is
available from durum wheat, where the concentrations of soluble sugars and proline in
fully-expanded leaf (leaf 3) of durum wheat cultivars grown in containers in the
glasshouse were measured at 0, 5, 10 and 15 d after withholding water (Bajji et al.
2001b). The increase in sugars was significant on d 5, i.e. 2-times higher than in WW
leaves and continued to increase after d 10. Proline started to increase on d 10 or 15
(Bajji et al. 2001b). Kameli and Lösel (1996) observed the pattern of soluble sugar
accumulation in young durum wheat plants grown in a glasshouse when water was
withheld between d 17 and 31 after germination. The sugars increased slightly in WD
plants after d 17 and became significantly higher after d 24, then rose rapidly by d 31
(Kameli and Lösel 1996). The pattern of glycinebetaine accumulation was not reported
in previous studies. Different solutes, therefore, contributed to OA in wheat leaves
under WD and accumulated over different times. The pattern of solute contribution to
leaf OA in bread wheat in this present study enriched current information on durum
wheat. Furthermore, this study showed the contribution of glycinebetaine in addition to
proline and sugar to leaf OA in wheat.
Glycinebetaine was important for OA in experiment 2 but not in experiment 1. This
greater expression in experiment 2 might have happened because rate of imposing WD
in experiment 2 was slower than in experiment 1. The rate of drying in experiment 2
was -0.03 MPa d-1, whereas the rate in experiment 1 it was -0.2 MPa d-1. Similarly,
increase in [glycinebetaine] in leaves of wheat seedlings with a slower rate of
polyethylene glycol addition (-0.3 MPa d-1 to a final level of -1.5 MPa) was 3-times
higher than when a rapid rate of drying (-1.5 MPa ‘shock’) was imposed (Naidu et al.
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1990). Different rates of imposing WD resulted in different patterns of solute
accumulation.
The present study has not identified all the accumulated solutes in wheat under WD.
Other solutes, for example free amino acids in addition to proline, organic acids such as
malate, citrate, other soluble carbohydrates such as fructans, and other inorganic ions
such as NO3-, NH4+, Mg2+, and Ca2+ (Morgan 1984; Munns et al. 1979; Ma and Turner
2006), together with those already evaluated (Na+, K+, Cl-, glycinebetaine, proline, total
soluble sugars) should be further examined.

Conditions for OA expression

WD influenced the leaf water relations and dry mass production in wheat as shown in
this study. In WD treatment, WC, RWC, OP and WP of leaves decreased gradually
towards the end of the drying cycle. Similarly, reduction of soil water supply through
evapotranspiration resulted in 40% decline in leaf WP in wheat (Morgan and Condon
1986). The WC of wheat leaves decreased about 50% after 4 d of withholding water at
25 d after germination (Munns et al. 1979). Reduced water use (measured as cumulative
transpiration in this study) and higher water use efficiency are adaptive mechanisms that
reduce the impact of WD (Pugnaire et al. 1999; Blum 2005). Plant height, green leaf
area, total above ground dry mass and total root dry mass in WD were smaller than in
WW plants. The immediate slowing of the increase in green leaf area showed extension
growth was being affected at the beginning of WD, protecting the plants from extensive
water loss (Hsiao and Xu 2000; Chaves et al. 2003). Reduced plant size and leaf area
can be advantageous for survival of crops under WD as it reduces crop water use and
potential injury (Blum 1996; 2005). Thus, leaf OA and the associated changes in water
relations of leaves under WD may make a more important contribution to plant survival
than to increases in plant growth and crop yield (Wilson and Ludlow 1983; Chaves et
al. 2003).
Leaf tissue of different age influenced the amount of OA induced by water deficit.
The expanding leaf 7 of wheat adjusted more markedly than fully expanded leaf 4 in the
study of Munns et al. (1979). OA in the growth zone of primary roots of maize was
related to the position of the cells in the growth zone and was dependent on the rate of
expansion growth of the cells (Sharp et al. 1990). Cumulative transpiration began to
diverge between the WW and WD treatment 4 or 5 d after the treatment commenced
(Fig 3.5) and it was highly likely that leaf expansion growth was inhibited at this time.
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The conditions in experiment 2 (such as container size, room temperature, soil type,
age and type of tissues sampled, WD duration) were appropriate for wheat in a
controlled-environment. Complimentary experiments are required to evaluate the
unknown solutes, which might contribute to OA and which have not been identified in
this study.

Conclusion

Hartog (high OA cultivar) was expected to express higher OA than Sunco (low OA
cultivar) when under WD (Morgan 2001). Experiment 1 confirmed that leaf OA in
Hartog was greater than in Sunco at the reproductive stage and K+ was a major
contributor to leaf OA. In addition, although Hartog accumulated higher amounts of
glycinebetaine and proline than Sunco, these solutes were not osmotically significant on
a whole tissue basis. Differences between the two lines of wheat under WD in dry
matter were also observed, and these were consistent with greater water use in Hartog
than in Sunco. Experiment 2 showed that the degree of leaf OA increased curvilinearly
with duration of WD. Inorganic solutes, such as K+, and organic solutes such as
glycinebetaine, proline and glucose, that contributed to leaf OA in wheat under WD
accumulated at different times. K+ was the major contributor to OA up to 30 d of
drying, whereas glycinebetaine, proline and glucose were major contributors after 37 d
of drying.
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CHAPTER 4

Osmotic adjustment and solutes in leaves of wheat
(Triticum aestivum L.) cultivars differing in osmotic
adjustment capacity under water deficit in a controlledenvironment and field conditions
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4.1 Abstract

This study evaluated the expression of osmotic adjustment (OA) and identified some
of the solutes involved in leaves of wheat cultivars differing in OA capacity subjected to
water deficit (WD) in a controlled-environment and in field conditions. Wheat cv.
Hartog and Mulgara (high OA), and Sunco (low OA) were investigated. In experiment 1
(controlled environment), leaf OA was evident in Hartog and Sunco at the grain filling
stage, but there was no genotypic difference. K+, Na+, and Cl-, contributed to leaf OA,
but these solutes only contributed a proportion of the osmotica (up to 27%). In
experiment 2 (field), leaf OA occurred in Hartog, Sunco and Mulgara at 14 and 28 d of
WD. Leaf OA in Hartog (0.47 MPa) was higher than in Sunco (0.36 MPa) and Mulgara
(0.39 MPa) at d 28. K+, Na+, Cl-, glycinebetaine, proline, fructose and glucose were
contributors to OA; however, K+ and Cl- were the major contributors. The highest
contribution of K+ was 44% (at d 14 in Hartog) and the highest contribution of Cl- was
38% (at d 14 in Mulgara), whereas contributions of other solutes were up to 18%.
Greater leaf OA in Hartog than Sunco was confirmed in the field experiment, but not at
the grain filling stage in controlled-environment conditions.
Keywords: Cl-, grain filling, K+, Na+, osmotic adjustment capacity.
Abbreviations: d, day; FEW, fraction of extractable soil water; OA, osmotic adjustment;
OP, osmotic potential; RWC, relative water content; TDR, time domain reflectometry;
VWC, volumetric soil water content; WC, water content; WD, water deficit; WP, water
potential; WW, well-watered; [ ], concentration.
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4.2 Introduction

Water deficit (WD) can result in yield losses up to 50% (Wood 2005), including in
wheat (Acevedo et al. 2002), or even crop failure. The agricultural areas of Western
Australia have a Mediterranean-type climate (Cramb 2000) with wet, cold winters and
dry, hot summers (Del Cima et al. 2004). The wheatbelt in this area is typically dry at
the start of the cropping season, rainfall does not fully recharge the soil profile, and crop
growth normally finishes early because of WD (Rickert et al. 1987). Continuing the
development of crops that are more tolerant to WD will become a critical requirement
for enhancing agriculture in the future.
Osmotic adjustment (OA) is an important characteristic of plant drought tolerance
(Levitt 1980; Jones et al. 1981; Blum 1988; Chandra Babu et al. 1999a). OA refers to
the lowering of osmotic potential caused by new solutes accumulated in response to
WD (Condon 1982; Chandra Babu et al. 1999a; Zhang et al. 1999), not because the
existing solutes are concentrated due to water loss. OA, which might assist plants to
retain higher relative water content at a given level of water potential (Morgan 1984),
has been associated with yield production in wheat under WD (Morgan 1995). The rate
of drying and the nature of solutes accumulated can influence the development of OA
(Jones and Rawson 1979; Condon 1982).
The rate of development of plant WD affected the degree of OA (Turner and Jones
1980; Jones and Turner 1978; Turner et al. 1978), for example OA in sorghum occurred
when the rates of WD were -0.2 and -0.7 MPa d-1, but it was not expressed at the most
rapid rate of WD (-1.2 MPa d-1) (Jones and Rawson 1979). Field conditions often allow
gradual acclimation, whereas the rate of drying in containers is quicker because of the
limited volume of soil water accessible to roots (Fereres et al. 1978). In addition, OA
could be advantageous in situations where high levels of soil water are available for
exploitation through the continued development of plant roots at depth (Wright et al.
1983). Although there have been several studies of OA in the field (Turner et al. 1986;
Jongdee et al. 2002), OA expression in the field was not easily assessed as it was
affected by the relevant environmental conditions as well as by other confounding
factors (Chandra Babu et al. 1999a). Nevertheless, the mechanism of OA in wheat
leaves should be observed in the field, with the larger soil volume to extend the duration
and intensity of WD, to validate the results of experiments in controlled-environments.
In terms of WD in wheat, the solutes shown to contribute to OA were sugars
(sucrose, glucose and fructose), amino acids (e.g. proline), and K+ (Morgan 1992).
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However, few studies have evaluated the accumulation of glycinebetaine in wheat
during WD. Szegletes et al. (2000) showed that salt-tolerant wheat accumulated higher
amounts of proline and glycinebetaine than drought-tolerant and drought-sensitive lines.
Nayyar (2003) reported, for wheat under WD (using polyethylene glycol) for 7 d during
initial vegetative growth, that WD-tolerant genotypes showed relatively higher
accumulation of proline than susceptible genotypes, while WD-susceptible genotypes
accumulated more glycinebetaine than tolerant genotypes. Proline and glycinebetaine
are two of the compatible organic solutes that accumulate in response to WD and have
osmoprotectant functions (Rhodes and Hanson 1993; Hare et al. 1998; Serraj and
Sinclair 2002).
Differences in OA between wheat cultivars were related to differences in water use.
For example, water use of a wheat cultivar with high OA capacity was approximately
50% higher than one with low OA capacity (Morgan and Condon 1986). A high OA
cultivar had greater root growth and maintained higher net rates of photosynthesis with
associated higher transpiration rates (Ludlow 1980). Where water supply was limiting,
plants with high OA capacity extracted more water from the soil and produced more dry
matter and grain (Morgan and Condon 1986). It was proposed that OA contributed to
yield maintenance under WD by enabling leaves to provide additional photosynthate
required for continued root growth and subsequent water uptake from unexplored and
deeper layers of the soil profile (Jordan et al. 1983).
The results in Chapter 3 showed that (1) leaf OA in Hartog was greater than in
Sunco, (2) K+, glycinebetaine, proline and glucose contributed to OA, and (3) there was
a genotypic difference in dry matter accumulation during WD and this was consistent
with faster water extraction in Hartog than Sunco at the reproductive stage (preanthesis). In Western Australian conditions, OA at the grain filling stage is important as
crops, including wheat, are subjected annually to terminal drought (Turner 2004). The
present study evaluated the expression of OA and the solute concentrations in leaves of
wheat cultivars differing in OA capacity and subjected to WD during the grain filling
stage in a controlled-environment and field conditions.

4.3 Materials and Methods

Two experiments were conducted to evaluate OA in leaves and identify solutes
involved under WD in a controlled-environment and field conditions. The first
experiment compared the response of two wheat cultivars differing in OA capacity, i.e.
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Hartog (high OA) and Sunco (low OA), exposed to WD at the grain filling stage during
the early part of the linear phase of grain growth (371 d degrees) in controlledenvironment conditions. The second experiment evaluated the response of three
cultivars differing in OA capacity to WD in the field. WD treatments commenced there
at ear emergence, so again, plants were exposed to WD during the early part of the
linear phase of grain growth (405 d degrees). The cultivars were Hartog (high OA),
Sunco (low OA) and Mulgara, which is a near isogenic line for high OA obtained by
transferring a putative gene from Hartog to a Sunco background (Morgan 2001).

Experiment 1: Growth responses and osmotic adjustment in leaves of two contrasting
wheat (Triticum aestivum L.) cultivars subjected to water deficit at the grain filling
stage

Experimental treatments and design

The experiment was a randomized block design of 2 cultivars grown in 2 water regimes,
with 2 sampling times and 3 replicates. The two water regimes were well-watered
(WW) and water deficit (WD) obtained by withholding water after 50% of plants were
flowering, i.e. at 55 d after sowing for Sunco and 65 d after sowing for Hartog. The first
sampling was taken when leaf rolling commenced and the second sampling when plants
started to wilt.

Cultural practices

The experiment was conducted in containers (volume 25 L) in a controlled-environment
room with 10 h light and 14 h dark at 21/16oC and relative humidity was 70%. The
average irradiance at plant height was 463 µmol quanta m-2 s-1.
Air-dried white sand (Rocla Quarry Product, product number 32) amended with
10% coarse river sand (Hazelmere Garden Supplies) was used, as soil types in the
Western Australian wheatbelt are dominated by sandy and duplex (sand over clay) soils
(Del Cima et al. 2004). The 23 kg of soil in each container was enriched before
planting, with a basal fertiliser comprising 33.1 g superphosphate, 40 g ammonium
nitrate, 5.5 g Richgro® complete micronutrients, 22 g calcium sulphate (gypsum), and 9
g potash (K2SO4); all together providing 0.4 g N, 0.06 g P and 0.07 g K for each kg soil.
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The drained upper limit (field capacity) and lower limit (wilting point) of plant available
water for this soil were 9% and 2% on a volumetric basis, respectively.
The containers were grey polyvinyl chloride pipes (150 mm diameter, 800 mm
height) split length-wise for ease of root access later, and then resealed with polyvinyl
chloride tape. Plastic mesh net was placed at the base of each container to retain soil but
allow drainage.
Seeds of wheat were surface-sterilised with 2% commercial bleach for 2 min,
washed with deionised water, and placed on moist filter paper in Petri dishes in a dark
cabinet at 18oC. After 2 d, germinated seeds were sown at 15 mm depth. After sowing,
the container surface was covered by plastic cling wrap to prevent evaporation and the
covers were removed after emergence (about 3 d after sowing). At 7 d after sowing, the
emerged seedlings were thinned to one per container, and 350 g of basalt gravel (10-18
mm) were added to the soil surface to minimise soil evaporation.
Containers were watered to field capacity by weight with nutrient solution, every 2
d before imposing treatments. The nutrient solution contained 0.1% Phostrogen® (8% N
as KNO3, 2% N as NH4H2PO4, 1.5% N as (NH4)2SO4, 2.5% N as urea, 4.4% P as
NH4H2PO4, 22.4% K as KNO3, 1.5% Mg as MgSO4, 1.43% Ca as CaSO4, 0.04% Fe as
EDTA, 0.02% Mn as EDTA, 0.012% B as H3BO3, 0.0055% Cu as EDTA, 0.0055% Zn
as EDTA, 0.0016% Mo as Na2MoO4 and 6.0% S as sulphate in the solid Phostrogen®)
to ensure nutrients were adequate. When treatments commenced, water was withheld
from WD containers, whereas WW containers were watered to ‘field capacity’ every
second day with tap water (no additional nutrients were supplied).

Experiment 2: Osmotic adjustment and solutes in leaves of three wheat (Triticum
aestivum L.) cultivars differing in osmotic adjustment capacity under water deficit in
the field

Experimental design and treatments

The field experiment was carried out at the Dryland Research Institute, Merredin
Research Station, WA (31o29’S; 118o12’E; altitude 315 m) from 15 May to 28
September 2007. Monthly rainfall, irrigation, monthly minimum and maximum air
temperatures, and evaporation during this field experiment were recorded (Fig. 4.1).
There were 2 treatments of WD on sandy duplex soil, i.e. mild WD and moderate WD.
The area of each plot was 24 m2 with 2 buffer rows of barley (Hordeum vulgare L.)
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around each area within a field of wheat. The sandy duplex soil was loamy sand
overlying mottled sandy clay with ferruginous nodules and is classified as a Calcic
Lixisol (Isbell 1996). The sandy duplex had a neutral to moderately acidic pH and was
well-drained (Tang et al. 2002), with an upper limit of plant available water of 11.04%
volumetric (6.9% gravimetric and bulk density 1.6 kg/m3) and a lower limit of 6.08%
volumetric (3.8% gravimetric and bulk density 1.6 kg/m3) (Rickert et al. 1987). The
experiment consisted of 3 cultivars grown in 2 water regimes, with 3 sampling times
and 4 replicates. This experiment was a split plot design, with water regime as main
plots and cultivars as subplots, but with replication only for cultivars within water
regimes. The three cultivars were Hartog, Sunco and Mulgara. Water was withheld from
ear emergence, when plants had produced 6 fully-expanded leaves on the main stem
(108 d after sowing), for a period of 28 d of WD. Flowering in 50% of plants occurred
at 4 (Mulgara), 7 (Sunco), and 10 (Hartog) d after water was withheld. Water was
excluded from the moderate WD site using a rainout shelter (for a limited time – see
below). The samples of plant and soil were collected at d 0 (108 d after sowing), at 14
and 28 d of drying, both for mild and moderate WD, with the sample at d 0 collected
prior to irrigation later that day in mild WD. Samples at d 0 were taken when plants had
produced 6 fully-expanded leaves on the main stem. At this time flag leaves had not
been already fully expanded. Fully expanded flag leaves were collected at d 14.

Cultural practices

There were 4 replicates in each WD main plot and there were 3 plots in each replicate,
with one plot for each cultivar. Five rows per 2 m2 plot were dug at 20 cm row spacing
with a sharp wooden peg. For every 2 m row, 100 seeds were planted by hand on 15
May 2007. Furrows were closed by hand and patted gently to ensure good seed-soil
contact. The plots received 70 kg/ha of urea (46% N) and Agstar ® (14.9% N, 13.6% P,
10.8% S, 1.1% Ca and 0.04% Zn) fertiliser at the time of sowing spread evenly by hand
on the soil surface.
Irrigation was applied 4 times during the field experiment: (1, 2) 20 mm to mild and
moderate WD sites on 15 June 2007 and 13 July 2007, (3) 20 mm to the moderate WD
site on 27 August 2007 and (4) 20 mm to the mild WD site on 1 September 2007 (Fig.
4.1 and Table 4.1). The rainout shelter was used from d 0 on the moderate WD site but
only for 12 d as it was destroyed by strong wind. The rainfall that fell on the moderate
WD site was 4 mm less than on the mild WD site during this period (Table 4.1). The
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plants were subjected to WD before the experimental period as outputs of evaporation
were larger than inputs of irrigation and rainfall (Table 4.1).

Rainfall and irrigation
(mm)

60
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Start of drying
treatment

Sowing date
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40
30
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100
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0

Air temperature
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Fig. 4.1 Monthly rainfall in 2007 and irrigation from 15 May to 28 September 2007
compared with the long term average from 1908 to 2007 (a) and monthly minimum and
maximum air temperature and Class A pan evaporation at Merredin Research Station in
2007 (b) (experiment 2). Irrigation (20 mm) was applied on 15 June and 13 July 2007
both in mild WD and moderate WD sites, irrigation on 27 August 2007 was applied in
moderate WD sites only, and irrigation on 1 September 2007 was applied to the mild
WD site only. Rainfall ■, irrigation □, long term average rainfall ■—■ (a). Evaporation
■, minimum temperature □—□, maximum temperature ■—■ (b).
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Table 4.1 Rainfall, Class A pan evaporation and irrigation of experimental plots at
Merredin Research Station from 15 May to 28 September 2007, and fraction of
extractable soil water (FEW) from 31 August to 28 September 2007 on sandy duplex
soil. Treatments of mild and moderate WD commenced on 1 September 2007. The soil
had a drained upper limit of 11.04% and a lower limit of 6.08% (Rickert et al. 1987).
FEW were calculated for 1, 14 and 28 September 2007 using the measured values of
VWC at 0-20, 20-40 and 40-60 cm soil depths for maximum plant available water
content of 29.76 mm to 60 cm depth of the root zone.
Days

Rainfall
(mm)

Evaporation
(mm)

Irrigation
(mm)

13
29
25
44

0.4
22.8
26.6
56.4

43.5
57.9
94.5
151.5

0
0
20.0
20.0

27 Aug-31 Aug
1 Sept-14 Sept
15 Sept-28 Sept
Moderate WD

4
14
14

5.0
13.4
7.4

19.3
68.3
73.3

0
20.0
0

0.51 ± 0.02
0.77 ± 0.04
0.64 ± 0.04

27 Aug-31 Aug
1 Sept-14 Sept
15 Sept-28 Sept

4
14
14

5.0
9.4
7.4

19.3
68.3
73.3

20.0
0
0

0.55 ± 0.02
0.46 ± 0.02
0.39 ± 0.01

Prior to Treatment
Period
15 May-28 May
29 May-14 June
15 June-12 July
13 July-26 August
Mild WD

FEW
(Mean ± SE)

Note: 15 May 2007 (planting),
28 May 2007 (16.0 mm of rain fell for germination to commence),
15 June 2007 (irrigation 1 in mild and moderate WD sites),
13 July 2007 (irrigation 2 in mild and moderate WD sites),
27 August 2007 (irrigation in moderate WD site only),
1 September 2007 (irrigation in mild WD site only),
28 September 2007 (end of the experiment).
Measurements

Water use and soil

In experiment 1, water use was measured by weighing the containers every 2 d.
Cumulative transpiration was calculated as the sum of these measurements. Evaporative
demand was recorded every 2 d using 3 pan evaporimeters. The evaporimeters, with the
same diameter as the containers, were placed at the same height as the containers, they
contained water only and were randomly placed inside the controlled-environment
room. The fraction of extractable soil water (FEW) remaining was calculated as FEW =
1 – (ΣTa/ΣTtotal), where ΣTa is the amount of total water loss on each sampling occasion
during drying cycle and ΣTtotal is the total of plant available water capacity to extract.
Volumetric soil water content (VWC) was monitored every 2 d using time domain
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reflectometry (TDR) (Campbell Scientific, Inc., Logan, Utah USA). The dielectric
constant, k, was calculated from the TDR readings according to the equation k = (TDR
reading/0.6)2 * 1.0203. The three-degree polynomial equation between the dielectric
constant and VWC (Topp et al. 1980) was recalibrated as VWC (%) = -0.5353 + 0.2871
k – 0.0478 k2 + 0.0031 k3 (r2 = 0.94). TDR probes were inserted horizontally into the
soil through holes drilled in the sides of each container at depths of 30, 50 and 70 cm
below the soil surface.
In experiment 2, rainfall and evaporation during the experiment (Fig. 4.1) were
calculated from meteorological conditions recorded by a weather station at Merredin
(http://agspsrv34.agric.wa.gov.au/climate/clig/climinfo/awsdata).
Soil was sampled using a 67 mm diameter dormer auger within the row at depths of
0-20, 20-40 and 40-60 cm in each plot for each replicate. Fresh mass of each soil sample
was recorded; the soil samples were dried at 105oC for 48 h, and their dry mass
recorded. The recorded data were used to calculate VWC, i.e. 100 x (fresh mass - dry
mass)/volume of soil. Volume of soil was equal to that of the cores taken. Samples for
soil water content were collected on 1, 14 and 28 September 2007, with first samples
taken before irrigation of mild WD treatment on 1 September 2007, thereby
characterising soil water status prior to irrigation and commencement of the experiment.
The balance from inputs of rainfall and irrigation, and outputs of evaporation (Table
4.1) indicated the crop was exposed to WD before the experimental period, with
irrigation on 27 August 2007 (moderate WD) and on 1 September 2007 (mild WD)
recharging the soil profile to 60 cm depth for the first time (plant available water
content of 29.76 mm in 0-60 cm soil depth). The FEW remaining on each sampling time
was calculated: FEW = [2 x (VWC0-20 cm + VWC20-40 cm + VWC40-60 cm) – 6 x VWClower
limit]/plant

available water content. Plants were exposed to FEW of 0.51 in mild WD and

0.55 in moderate WD before the experimental period; and 0.64 in mild WD and 0.39 in
moderate WD at the end of drying cycles (Table 4.1).

Plant

Flag leaves were collected at midday at each sampling (11 and 16 d of treatment for
Hartog and 14 and 19 d of treatment for Sunco) in experiment 1, and the youngest-fully
expanded leaves were collected at midday after 0, 14 and 28 d of treatments in
experiment 2, with samples at d 0 collected before irrigation in mild WD. The leaf
samples were used for measuring water content (WC), water potential (WP), relative
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water content (RWC), osmotic potential of expressed sap (OP), and the concentration of
inorganic and organic solutes.
Leaf WP was measured using a pressure chamber. For OP measurement, the leaf
tissues were placed in cryovials, frozen in liquid nitrogen, and kept in the freezer at 20oC until they were analysed. Sap from samples (thawed while still in sealed vials) was
squeezed using a simple press and 10 µL was analysed using a Fiske one-ten osmometer
(Fiske Associates, Massachusetts USA). For measuring the concentration of inorganic
and organic solutes, the leaf tissues were wrapped in aluminium foil, frozen in liquid
nitrogen, freeze-dried, and then processed (described below).
Leaf WC and RWC were measured by weighing the fresh mass of excised leaf
segments, floating the samples on 0.5 mM CaSO4 for 24 h and placing in a dark cabinet
at 20oC, weighing turgid mass, drying in an oven for 48 h at 70 oC, and re-weighing the
dried sample. CaSO4 of 0.5 mM was used during the floating period to obtain turgid
weight, as it can maintain membrane integrity and minimise solute leakage into the
apoplast (Mengel and Kirby 1979). The WC (ml g-1 dry mass) was calculated as (fresh
mass - dry mass)/dry mass. RWC (%) was calculated as 100 x (fresh mass - dry
mass)/(turgid mass - dry mass).
In experiment 1, OA was calculated as the difference between the measured OP in
leaves of the WD plants and the estimated OP as a result of concentration-effect of any
decreased tissue WC in WD plants, i.e. OA is the net accumulation of solutes per unit
water in leaf tissue. The concentration-effect was estimated as (WCWW / WCWD) x OPWW.
In experiment 2, OA was calculated as the difference between the measured OP leaves
of the moderate WD plants and the estimated OP as a result of concentration-effect of
any decreased tissue WC in moderate WD plants relative to mild WD, i.e. OA is the net
accumulation of solutes per unit water in leaf tissue. The concentration-effect was
estimated as (WCmild WD / WCmoderate WD) x OPmild WD. Although RWC can also be used in this
calculation, WC was used to calculate OA because using RWC has a problem, in that
the amount of water entering the apoplast/intercellular spaces of floating leaf tissues is
uncertain (Ma et al. 2006; Ma and Turner 2006; Boyer et al. 2008).
To calculate the contributions of an individual solute to OA, the extra individual
solute were expressed on a molar basis and calculated as OP using the equation: OPextra
individual solute

= M x R x T, where M is mol L-1, R is the universal gas constant and T is

absolute temperature (Chang 1981). In experiment 1, the extra individual solute was
calculated as the difference in concentration of an individual solute between WD and
WW. In experiment 2, the extra individual solute was calculated as the difference in
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concentration of the individual solute between moderate WD and mild WD. The
contribution of extra individual solute to OA (%) = 100 x (OPextra

individual solute

/calculated OA).
K+, Na+ and Cl-, were measured in freeze-dried leaf tissue samples. Dried samples
were ground to a fine powder, and the ions were extracted from 100 mg in 10 mL 0.5 M
HNO3 (exact amounts of ground tissue and acid were recorded). After 0.5 M HNO3 was
added to all samples, the samples in the vials were shaken in a 30oC dark room for 48 h.
Diluted extracts were analysed for K+ and Na+ (Jenway PFP 7 flamephotometer,
Sherwood Scientific Ltd, Cambridge England) and for Cl- (Buchler-Cotlove
chloridometer, Buchler Instruments Division Nuclear-Chicago Fort Lee, New Jersey,
USA). Analyses were confirmed by taking a certified reference tissue through the same
procedures.
Glycinebetaine, proline, fructose, glucose and sucrose were measured in the freezedried leaf tissues. Approximately 100 mg of lyophilized powder was accurately
weighed into a 50 mL centrifuge tube. Three mL of ice-cold 5% (v/v) perchloric acid
was added and mixed using a vortex mixer before being centrifuged at 15,000 rpm for
30 min (Fan et al. 1993). The supernatant was collected and stored in a sealed glass vial
on ice. The pellet was extracted a second time in 3 mL of ice-cold 5% (v/v) perchloric
acid, as before. The supernatants were combined and the pH was adjusted to between
3.0-3.5 using K2CO3 to precipitate the perchlorate. The sample was again centrifuged
and the supernatant collected and the volume measured. The extract was filtered (0.22
μm) before injection into an HPLC (600 E pump and 717 plus autoinjector and 996
photodiode-array detector, Waters Milford MA, USA) equipped with a Sugar-Pak
column as described by Naidu (1998), to measure glycinebetaine, proline, fructose,
glucose and sucrose. These compounds were quantified using authentic standards.
Total above-ground dry mass, dry mass of root, root:shoot ratio and green leaf area,
were determined in experiment 1. Total above-ground dry mass, green leaf area, and ear
dry mass were harvested from an area of 0.05 m2 selected randomly within each plot in
experiment 2. Samples were taken at d 0, 14 and 28, with samples at d 0 collected
before irrigation in mild WD. Plant samples were dried at 70oC for 48 h and the dry
mass recorded. Green leaf area was estimated as the product of leaf breadth and length
corrected for leaf shape using the multiplier 0.8 (Rebetzke and Richards 1999).
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Statistical analyses
Data were analysed using Genstat for Windows 10th Edition (Genstat software, VSN
International, Hemel Hempstead, UK). Analysis of variance (ANOVA) and least
significant difference (lsd) was used to identify significant differences (P < 0.05, unless
otherwise stated) between means in both experiments.

4.4 Results

Experiment 1: Growth responses and osmotic adjustment in leaves of two contrasting
wheat (Triticum aestivum L.) cultivars subjected to water deficit at the grain filling
stage

Dry mass production, cumulative transpiration, and soil water extraction

Total above-ground dry mass (Fig. 4.2a), root dry mass (Fig. 4.2b) and root:shoot ratio
(Fig. 4.2c) did not differ between WW and WD plants. Nevertheless, total-above
ground dry mass in Hartog was larger (~ 40%) than in Sunco and root dry mass in
Hartog was double that in Sunco at the second sampling.
Cumulative transpiration in WW was double that in WD (Fig. 4.2d), i.e. at 18 d of
treatment. In WW, cumulative transpiration continued to increase and it was always
greater in Hartog than Sunco. In contrast, in WD, it fell behind from 4 d of drying and
reached a plateau at only 38 mm by about 15 d of drying. In WD, cumulative
transpiration was also greater in Hartog than in Sunco (Fig. 4.2d).
Hartog removed more water than Sunco, especially at 50 and 70 cm, and depleted
VWC to 4.5% at 50 cm and 5.1% at 70 cm depth (Fig. 4.2e and f). In contrast, Sunco
removed little water from 70 cm depth, but dried the 30 cm layer to nearly the lower
limit of plant available water.
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Fig. 4.2 Total above ground dry mass (a), root dry mass (b), root:shoot ratio (c) and
cumulative transpiration (d) for Hartog and Sunco between 7 and 21 d of WW and WD
conditions. Patterns of soil water extraction measured as volumetric soil water content
at 30, 50 and 70 cm soil layers for Hartog (e) and Sunco (f) between 7 and 21 d of WD
conditions at the grain filling stage at 21/16oC (10 h d/14 h n) (experiment 1). Values
are mean ± SE (n = 3). Symbols for (a), (b), (c) and (d): WW-Hartog □—□, WD-Hartog
■—■, WW-Sunco ∆--∆, WD-Sunco ▲--▲. Symbols for (e) and (f): 30 cm ■, 50 cm ▲,
70 cm .
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Changes in leaf water relations during WD

The sampling times were different between the cultivars; because they differed in
flowering date, plant size and used water differently. Hartog was higher in dry mass and
water use so its leaf rolling was earlier. WD reduced leaf WC after 16 d of drying in
Hartog and 19 d in Sunco (Fig. 4.3a). At the end of the drying cycle, leaf WC in WD (2
ml/g DM) was 1.5-fold lower than in WW (Fig. 4.3a) and leaf WC in Hartog (2.7 ml/g
DM) was 1.8-fold higher than in Sunco in WD.
Mean values of RWC were lower for the WD treatments, but due to variability the
means of WW and WD were not significantly different (Fig. 4.3b).
WD resulted in more negative leaf OP in both cultivars and they differed in leaf OP
at the beginning of drying cycle (Fig. 4.3c). Leaf OP in Hartog at 11 d of WD (-2.9
MPa) was 60% more negative than in WW. At the end of the drying cycle, leaf OP in
WD was 2-times more negative than in WW (-1.8 MPa) for Hartog and 3-fold more
negative than in WW (-1.7 MPa) for Sunco.
WD reduced leaf WP at the beginning of the drying cycle in both cultivars (Fig.
4.3d). At 11 d of WD, leaf WP in Hartog (-1.9 MPa) was 2.4-times more negative than
in WW. At 16 d of WD, leaf WP in Hartog (-2 MPa) was 2.5-times more negative than
in WW and at 19 d of WD, leaf WP in Sunco (-2.1 MPa) was 90% more negative than
in WW (Fig. 4.3d).
WD resulted in expression of leaf OA in both cultivars at the end of the drying
cycle. Leaf OA was expressed in Hartog at 11 d of treatment (0.8 MPa); however, it was
not expressed in Sunco at 14 d of WD treatment (Fig. 4.3e). At the end of the WD
period, leaf OA in Sunco (2.6 MPa) was not statistically different to that in Hartog (2.1
MPa) (Fig. 4.3e).
The results of leaf WC (Fig. 4.3a) and OP (Fig. 4.3c) were unexpected because the
values were very low even in the WW treatment relative to Chapter 3. The values of
WC and OP, however, consistently decreased even though they were determined using
different methods. At the end of drying cycles (16 d in Hartog and 19 d in Sunco), the
plants were close to the end of stage 2 of drying as the relative transpiration rates were ~
0.1 (Sinclair and Ludlow 1986). During stage 2, stomatal conductance declined as water
was less able to move to the plant roots at the rate required by transpiration (Sinclair
and Ludlow 1986). Therefore, these results for WC and OP as well as calculated OA are
not considered further for experiment 1.
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Fig. 4.3 Water content (a), relative water content (b), expressed sap osmotic potential
(c), water potential (d), and calculated osmotic adjustment (e) for flag leaves of wheat
(cv. Hartog and Sunco) between 7 and 21 d of WW and WD conditions at the grain
filling stage at 21/16oC (10 h d/14 h n) (experiment 1). Water was withheld when 50%
of plants were flowering. Values are mean ± SE (n = 3). WW-Hartog □—□, WD-Hartog
■—■, WW-Sunco ∆--∆, WD-Sunco ▲--▲. Asterisk (*) indicates significant difference
between the treatments and/or between cultivars (P < 0.05).
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Concentrations of K+, Na+ and Cl- in leaves as related to leaf OA under WD
WD increased [K+], [Na+] and [Cl-] in leaves. These ions contributed to leaf OA and the
contribution of K+ was the largest amongst them.
Leaf [K+] in WD was higher than in WW treatment at the end of the drying cycle
(Fig. 4.4a). At the end of drying cycle, leaf [K+] in Sunco in WD (1327 mol/g DM)
was 58% higher than in WW. At 11 d of treatment, extra [K+] contributed to 27% of OA
in Hartog (Table 4.2). At the end of drying cycle, extra [K+] accounted for 5% and 16%
of OA in Hartog and Sunco (Table 4.2), respectively.
Na+ did not contribute as much as K+ to leaf OA. Leaf [Na+] was low, i.e. around
10% of [K+]. At 11 d of WD, leaf [Na+] in Hartog (147 mol/g DM) was 14-fold higher
than in WW (Fig. 4.4b). At the end of WD period, leaf [Na+] in WD was higher than in
WW for Hartog (8-times) and Sunco (41-times). In WD, leaf [Na+] was 91 mol/g DM
in Hartog and 50 mol/g DM in Sunco. At 11 d of treatment, extra [Na+] contributed to
12% of OA in Hartog (Table 4.2). At the end of drying cycle, extra [Na+] in Hartog and
Sunco (Table 4.2) only accounted for up to 3% of OA.
Cl- accounted for less OA than K+ and leaf [Cl-] was around 40% of [K+]. At 11 d
of WD, leaf [Cl-] in Hartog (470 mol/g DM) was 1.7-fold higher than in WW (Fig.
4.4c). At the end of the WD period, leaf [Na+] in WD (533 mol/g DM) was higher than
in WW for Sunco (1.7- times). At 11 d of treatment, extra [Cl-] contributed to 18% of
OA in Hartog (Table 4.2). At the end of drying cycle, extra [Cl-] in Hartog and Sunco
(Table 4.2) accounted for 3-7% of OA.
Table 4.2 Contributions of extra solutes to OA in wheat under WD in the controlledenvironment experiment. Extra solutes were calculated as the difference of the
concentration between the treatments of WW and WD. The fraction of extractable soil
water (FEW) remaining is also given.
Cultivar FEW
Days
Hartog
11 d
16 d
Sunco
14 d
19 d

OA

Contribution to OA (%)

(MPa)

K+

Na+

Cl-

0.21
0.15

0.78
2.05

27
5

12
3

18
3

43
89

0.12
0.08

-0.17
2.56

0
16

0
2

0
7

100
75

Unknown

Note: Organic solutes data were unavailable, owing to not having sufficient tissue
samples to run these analyses.
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Fig. 4.4 The concentrations of K+ (a), Na+ (b), and Cl- (c) for flag leaves of wheat (cv.
Hartog and Sunco) between 7 and 21 d of WW and WD conditions at the grain filling
stage at 21/16oC (10 h d/14 h n) (experiment 1). Values are mean ± SE (n = 3). WWHartog □—□, WD-Hartog ■—■, WW-Sunco ∆--∆, WD-Sunco ▲--▲. Asterisk (*)
indicates significant different between the treatments and/or between cultivars (P <
0.05).
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Experiment 2: Osmotic adjustment and solutes in leaves of three wheat (Triticum
aestivum L.) cultivars differing in osmotic adjustment capacity under water deficit in
the field

Dry mass production and allocation during WD

At d 0, total above-ground dry mass was not different between the treatments or
amongst the 3 cultivars (Fig. 4.5a). In mild WD, total above-ground dry mass increased
from 128 g/m2 at d 0 to 356 g/m2 at d 28 with the highest total above-ground dry mass
in Hartog being 438 g/m2 at 28 d. Total above-ground dry mass was reduced by
moderate WD at 28 d.
Green leaf area increased initially (0 to 14 d) and then decreased later (14 to 28 d) in
both treatments for the 3 cultivars (Fig. 4.5b). Green leaf area at d 0 was not different
between the treatments or amongst the 3 cultivars. In mild WD, the increase in green
leaf area of Hartog and Sunco was 60% greater at 14 d, and both these genotypes
retained green leaf area better than Mulgara, whose green leaf area decreased to less
than half of that of Hartog and Sunco at 28 d. Green leaf area in moderate WD increased
to 1.5 m2/m2 at 14 d in all cultivars, but fell dramatically in Sunco and Mulgara by 28 d.
Ear dry mass increased gradually from 14 to 28 d in both treatments and for the 3
cultivars (Fig. 4.5c). Ear dry mass at d 14 did not differ between treatments or among
the 3 cultivars. In mild WD, ear dry mass of Hartog increased 5-fold, but in Sunco and
Mulgara, only doubled. Moderate WD reduced ear dry mass at d 28 in Hartog and
Sunco, but not in Mulgara. Nevertheless, ear dry mass in Hartog (98 g/m2) was larger
than Mulgara (1.4-times) and Sunco (2.5-times).

Soil water extraction

VWC at d 0 represented soil water status of both treatments prior to irrigation of mild
WD treatment on 1 September 2007 (d 0). By 1 September 2007 (d 0), VWC in
moderate WD had declined to 8% in the 0-20 cm layer and was about 9% in the 20-40
and 40-60 cm layers (Fig. 4.5 d, e, f). In mild WD, VWC were similar to moderate WD
at d 0 before irrigation was applied, which again replenished that soil profile to field
capacity. As a result of irrigation on 1 September 2007 and the extra 4 mm of rainfall in
the absence of the rainout shelter, VWC in mild WD only decreased to 9.5% at 0-20 cm,
and 10.5% at 20-40 cm, but remained about 9% at 40-60 cm depth (Fig. 4.5 d, e, f). By
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28 d VWC at 0-20 cm had returned to 8.2%, but remained around 10% at 20-40 cm. In
contrast, the moderate WD treatment was not irrigated again, and the rainout shelter
excluded the 4 mm of rain on d 8, so VWC dropped to 7.3% at 0-20 cm, 8% at 20-40
cm and 8.8% at 40-60 cm by 28 d. Before irrigation of mild WD treatment on 1
September 2007, FEW were 0.51 in mild WD and 0.55 in moderate WD (Table 4.1). By
28 d FEW increased to 1.0 before declining to 0.64 in mild WD, while FEW continued
to decline from 0.55 to 0.39 in moderate WD (Table 4.1).

Changes in leaf water relations during WD

Moderate WD reduced leaf WC after 28 d of drying. The cultivars differed in their WC
even before moderate WD commenced and this difference tended to be maintained
during the drying cycle (Fig. 4.6a). At d 0, leaf WC in mild WD tended to be higher
than in moderate WD, and after 14 d of drying leaf WC was not affected by moderate
WD. After 28 d of drying, however, leaf WC in moderate WD (2.4 ml/g DM) was 30%
lower than in mild WD for 3 cultivars.
Leaf RWC increased by 14 d and then decreased by 28 d of drying. Similar to leaf
WC, leaf RWC at d 0 in mild WD was lower than in moderate WD, however, at d 14
and 28 d after drying, leaf RWC in moderate WD was lower than in mild WD (Fig.
4.6b). At d 0, leaf RWC in mild WD (69%) was 20% lower than in moderate WD. At
28 d, leaf RWC in moderate WD (76%) was 20% lower than in mild WD.
Moderate WD resulted in more negative OP after 14 d of drying than mild WD and
the cultivars differed in OP at 14 and 28 d of moderate WD (Fig. 4.6c). At d 0, leaf OP
in mild WD was more negative than in moderate WD, however, at 14 and 28 d, leaf OP
in moderate WD was more negative than in mild WD. The crop was exposed to WD
before the experimental period (Table 4.1), so OP was already -2.2 MPa in mild and 1.8 MPa in moderate WD. At 28 d, OP in moderate WD was more negative than in mild
WD for Hartog (50%), Sunco (70%) and Mulgara (65%). OP in moderate WD treatment
was -2.5 MPa in Hartog, -3.1 MPa in Sunco and -3.0 MPa in Mulgara.
Leaf WP decreased over 28 d of drying. Leaf WP at d 28 in moderate WD (~ -2
MPa) was 20% more negative than in mild WD (Fig. 4.6d).
Leaf OA was not evident and calculated to be negative for d 0, but it was expressed
at 14 and 28 d of drying for all cultivars (Fig. 4.6e). Leaf OA in Hartog was different
across the time, but it was not for Sunco or Mulgara. At d 28, leaf OA in Hartog (0.47
MPa) was 20-30% higher (P<0.05) than in Sunco (0.36 MPa) and Mulgara (0.39 MPa).
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Fig. 4.5 Total above ground dry mass (a) and green leaf area (b), ear dry mass (c) of
wheat (cv. Hartog, Sunco and Mulgara); the pattern of soil water extraction measured as
volumetric soil water content at 0-20 (d), 20-40 (e), and 40-60 (f) cm soil layers at 0, 14
and 28 d of mild and moderate WD treatments in the field (experiment 2). Volumetric
soil water content at d 0 in mild WD was recorded before irrigation was applied later
that day. Values are mean ± SE (n = 4). Vertical bars represent lsd (P < 0.05) between
the treatments and/or amongst three cultivars.
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Concentrations of K+, Na+ and Cl- in leaves as related to leaf OA under WD
[K+] tended to decrease over time whereas [Na+] and [Cl-] were more stable (Fig. 4.7).
Water deficit affected ion concentrations at 14 or 28 d of drying and cultivar had little
effect.
Moderate WD resulted in higher [K+] at d 14 for 3 cultivars (Fig. 4.7a). At d 0, [K+]
in moderate WD was larger than in mild WD for Hartog (30%), Sunco (45%) and
Mulgara (25%). In moderate WD, [K+] was 558 mol/g DM in Hartog, 517 mol/g DM
in Sunco and 529 mol/g DM in Mulgara. K+ contributed OA in the 3 cultivars at 14 d
of drying, but much less so at 28 d (Table 4.3). Contribution to OA of K+ at d 14 was
44% for Hartog, 29% for Sunco and 9% for Mulgara. Contribution to OA of K+ at d 28
was 1% for Hartog and 8% for Sunco.
[Na+] of 3 cultivars at d 0 were higher in moderate WD than in mild WD (Fig. 4.7b),
i.e. 47% for Hartog, 75% for Sunco, and 35% for Mulgara. In moderate WD, [Na+] was
61 mol/g DM for Hartog, 59 mol/g DM each for Sunco and Mulgara at d 0. [Na+]
was about 10% of [K+] and the contribution of Na+ was only 4% of OA (Table 4.3).
Moderate WD increased [Cl-] at 14 and 28 d of drying (Fig. 4.7c). At 14 d of drying,
[Cl-] in moderate WD (224 mol/g DM) was 58% larger than in mild WD treatment.
[Cl-] was nearly 45% of [K+]. In Hartog, Cl- accounted for 34% of OA at 14 d and 4% at
28 d (Table 4.3). In Sunco, Cl- accounted for 19% of OA at 14 d and 14% at 28 d (Table
4.3). In Mulgara, Cl- accounted for 38% OA at 14 d and 0.2% of OA at 28 d (Table 4.3).

Table 4.3 Contribution of extra solutes to OA in wheat under WD in the field
experiment. Extra solute was calculated as the difference of the concentration of solute
between the treatments of mild and moderate WD. The fraction of extractable soil water
(FEW) is also given.
Cultivar FEW
Days
Hartog
14 d
28 d
Sunco
14 d
28 d
Mulgara
14 d
28 d

OA

Contribution to OA (%)

(MPa)

K+

Na+

Cl-

GB

Proline Fructose Glucose Sucrose Unknown

0.47
0.41

0.15
0.47

44
1

0
0

34
4

14
2

0
2

5
8

0
12

4
0

0
71

0.43
0.37

0.27
0.36

29
8

4
2

19
14

18
7

3
6

4
6

0
12

0
0

23
45

0.48
0.38

0.38
0.38

9
0

1
0.4

38
0.2

11
7

1
6

1
4

0
7

0
0

39
75.4

Note: GB, glycinebetaine
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Fig. 4.6 Water content (a), relative water content (b), expressed sap osmotic potential
(c), water potential (d), and calculated osmotic adjustment (OA) (e), for youngest fullyexpanded leaves of wheat (cv. Hartog, Sunco and Mulgara) at 0, 14 and 28 d of mild
and moderate WD treatments in the field (experiment 2). Values are mean ± SE (n = 4).
Vertical bars represent lsd (P < 0.05) between the treatments and/or amongst three
cultivars.
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Fig. 4.7 The concentrations of K+ (a), Na+ (b), and Cl- (c) in youngest fully-expanded
leaves of wheat (cv. Hartog, Sunco and Mulgara) at 0, 14 and 28 d of mild and
moderate WD treatments in the field (experiment 2). Values are mean ± SE (n = 3).
Vertical bars represent lsd (P < 0.05) between the treatments and/or amongst three
cultivars.
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Glycinebetaine, proline and sugar concentrations as related to leaf OA under WD
[Proline], [fructose] and [glucose] decreased by 14 d of drying and then increased later.
[Glycinebetaine] was more stable over time and [sucrose] increased towards 14 d and
decreased later. At the beginning of the drying cycle, [glycinebetaine], [proline],
[fructose], and [glucose] in mild WD was larger than in moderate WD.
The effect of moderate WD on [glycinebetaine] was evident at both 14 and 28 d of
drying (Fig. 4.8a). At d 14, [glycinebetaine] in moderate WD (95 mol/g DM) was 60%
larger than in mild WD. At d 28, [glycinebetaine] in moderate WD (104 mol/g DM)
was 25% larger than in mild WD. Glycinebetaine accounted for 11-18% of OA at d 14
and 2-7% at d 28 (Table 4.3).
Moderate WD increased [proline] at 14 and 28 d of drying (Fig. 4.8b). At d 28,
[proline] in moderate WD (27

mol/g DM) was 9-fold greater than in mild WD.

Contribution of proline to OA at 14 and 28 d was ~ 6% (Table 4.3).
The effect of moderate WD on [fructose] was greater at 28 d of drying than at d 14
(Fig. 4.8c). In moderate WD, [fructose] at d 28 was 63 mol/g DM for Hartog, 41
mol/g DM for Sunco and 39 mol/g DM for Mulgara. At d 28, [fructose] in moderate
WD was larger than in mild WD for Hartog (7-times), Sunco (3-times) and Mulgara
(double). Contribution of fructose to OA at 14 and 28 d was 1-8% (Table 4.3).
Moderate WD increased [glucose] at d 28, and there was genotypic variation in
[glucose] (Fig. 4.8d). At 28 d, [glucose] in Hartog (114 mol/g DM) was 37% higher
than in Sunco, but it was not different from Mulgara. At d 28, [glucose] in moderate
WD (103 mol/g DM) doubled as in mild WD. Contribution of glucose to OA at 28 d
was up to 12% (Table 4.3).
Moderate WD decreased [sucrose] at 28 d of drying (Fig. 4.8c). At 28 d of moderate
WD, [sucrose] was 60 mol/g DM for Hartog, 50 mol/g DM for Sunco and 44 mol/g
DM for Mulgara. [Sucrose] in moderate WD was lower than in mild WD for Hartog
(50%), Sunco (10%) and Mulgara (40%).
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Fig. 4.8 The concentrations of glycinebetaine (a), proline (b), fructose (c), glucose
(d) and sucrose (e), in youngest fully-expanded leaves of wheat (cv. Hartog, Sunco
and Mulgara) at 0, 14 and 28 d of mild and moderate WD treatments in the field
(experiment 2). Values are mean ± SE (n = 4). Vertical bars represent lsd (P < 0.05)
between the treatments and/or amongst three cultivars.
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4.5 Discussion

OA expression and conditions for OA expression

In experiment 1, leaf OA of Hartog and Sunco was expressed at the grain filling stage in
the controlled environment. At the end of the drying cycle, Hartog and Sunco did not
differ significantly in final OA. At issue is timing, with OA increasing in Hartog at 1116 d, but Sunco only at 19 d. The WD period in this experiment was determined by the
time plants commenced to wilt. WD duration influenced leaf OA expression in wheat
and time is a critical variable for the development of OA. Presumably OA requires time
and fast reduction in plant water status might not allow time for adjustment (Condon
1982; Blum 1996; Chandra Babu et al. 1999a). In sorghum, the maximum OA of 1.1
MPa was reached when the plants grown in 20 kg of soil experienced WD for 40-48 d
and the rate of development of WD was 0.1 MPa d-1 (Basnayake et al. 1996). The WD
treatment was relatively mild for Hartog as the leaf WC in Hartog was higher than
Sunco at the end of drying period. Also, soil water extraction from the deeper layer (70
cm depth) at the grain filling stage was still low compared with at the reproductive stage
(Chapter 3). The VWC in Hartog was 5.1% at the grain filling stage (present chapter)
and 3.2% at the reproductive stage (Chapter 3). The plants had less chance to express
OA at the grain filling stage because of shorter duration of WD and less water absorbed
from deeper layers.
In the field (experiment 2), leaf OA was expressed in Hartog, Sunco and Mulgara at
14 and 28 d of WD. The change of OA from d 14 to 28, however, was larger in Hartog
than in the other two cultivars. The change of OA from d 14 to 28 was 0.32 MPa in
Hartog, 0.09 MPa in Sunco and 0.01 MPa in Mulgara. This result indicated Hartog
increased OA during this period when OA was essentially stable in the other two
cultivars. At 28 d of drying, leaf OA in order from the largest to the smallest was:
Hartog (0.47 MPa) > Mulgara (0.39 MPa) > Sunco (0.36 MPa), but OA in Mulgara did
not differ from that in Sunco. Although Morgan (2001) reported that Hartog and
Mulgara were cultivars with high OA capacity and Sunco was a cultivar with low
capacity, these results only confirmed that Hartog, but not Mulgara, was high OA
cultivar and Sunco was low OA cultivar. Also, leaf RWC in Hartog was higher than
Sunco and Mulgara at 28 d of moderate WD (Fig. 4.6b). This result indicated that
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higher OA in Hartog assisted plants to retain higher RWC at leaf WP ~ -2.0 MPa (Fig.
4.6d) than the other 2 cultivars as reported by Morgan (1984).
In the field study, the minimum VWC at 3 soil depths differed between mild and
moderate WD, but significant differences amongst the 3 cultivars within watering
regimes could not be detected, down to the 60 cm depth sampled. Nevertheless,
differences in above-ground dry mass were observed, suggesting that cultivars differed
in how they used the water available in these difficult growing conditions. The crop was
exposed to WD before the experimental period (Table 4.1), so OP was already -2.2 MPa
in mild and -1.8 MPa in moderate WD. The greater response in above-ground dry mass
of Hartog is consistent with its higher OA assisting water extraction from soil layers
below 60 cm. High OA could also assist the plant in efficiently using water under
frequent rewetting events. The expression of OA in leaves might develop further with
longer duration of WD as water may be taken from deeper layers, so that any
differences in soil water extraction between genotypes with high and low OA capacities
may be more fully expressed. High OA genotypes extracted more water (1.3-fold) from
the soil than the low OA genotypes under WD (Morgan and Condon 1986). Leaf WP
was -2 MPa in Hartog, -1.9 MPa in Sunco and -2.1 MPa in Mulgara at 28 d of drying. In
an earlier field study by Morgan (1983), leaf WP reached -3.0 MPa in high OA wheat
line and -2.5 MPa in a low OA wheat line. Further research is needed to determine
whether higher OA capacity could enhance water uptake from frequent light rewetting
in shallow soil layers under a Mediterranean-type environment, or from deeper soil
layers below 60 cm depth, as WD progressed on these light-textured soils.
Type and age of tissue and stage of development were factors that influenced the
expression of OA (Condon 1982). Cumulative transpiration of the WW treatments in
experiment 1 (Fig. 4.2d) showed that Hartog developed foliage faster than Sunco,
leading to faster depletion of soil water and faster development of water deficit. Results
of total above-ground dry mass, green leaf area and ear dry mass in experiment 2 (Fig.
4.5) indicated strongly that Mulgara reached maturity considerably earlier than Hartog
and Sunco. Senescence of plant foliage and difference in phenology among cultivars
affected OA development.
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Solutes

Plants experiencing WD often have higher solute concentrations than plants in WW
conditions (Sharp et al. 1990) and many solutes can be related to OA under WD.
Inorganic ions, such as K+, Na+, and Cl-, are responsible for most of the tissue OP in
several species (Pugnaire et al. 1999) and were measured in experiment 1. In WD, leaf
[K+], [Na+] and [Cl-] were higher than in WW by the end of the drying treatment. This
study confirmed that K+, Na+, and Cl-, can contribute to OA in leaves of wheat (Hartog
and Sunco at the grain filling stage), but these inorganic solutes only contributed a small
proportion of the osmotica (up to 27%).
Amongst the inorganic solutes measured in experiment 2, K+ and Cl- accumulated in
the 3 cultivars at 14 and 28 d of moderate WD; however, their contribution was
significant at d 14. Similarly, K+ and Cl- increased under WD in fully-expanded wheat
leaves in controlled-environment conditions (Munns et al. 1979). Under WD in the
field, K+ and Cl- were major contributors to OA (up to 44%). Leaf [K+] decreased across
time, especially in moderate WD. This decrease might have been caused by K+
translocation from leaves to the growing spikelet as ear dry mass increased from 14 to
28 d of WD (Fig. 4.5c).
Glycinebetaine, proline, fructose and glucose contributed to leaf OA at 14 and 28 d
of moderate WD for the 3 cultivars in the field. Contribution of glycinebetaine at d 14
was higher than at d 28, whereas contributions of proline, fructose and glucose were
higher at d 28 than d 14. Water deficit induced the accumulation of some organic
solutes in wheat, such as glycinebetaine (Zhu et al. 2005), proline (Munns et al. 1979;
Condon 1982; Johnson et al. 1984; Patel and Vora 1985; Morgan 1992; Mattioni et al.
1997; Alexieva et al. 2001; Zhu et al. 2005), and sugars (Munns et al. 1979; Condon
1982; Johnson et al. 1984; Zhu et al. 2005). Contribution of these organic solutes to OA
was not reported by Patel and Vora (1985), Mattioni et al. (1997), Alexieva et al. (2001)
nor Zhu et al. (2005). When WD became more severe at d 28, although photosynthesis
decreased, the concentration of accumulated fructose and glucose increased (Fig. 4.8c,
d, e) presumably as the accumulated sucrose was hydrolised (Sturm and Tang 1999).
The amount of fructose was lower than glucose as more fructose might have been used
in metabolism. In addition to decreasing cell OP, thus allowing the maintenance of
water absorption and cell turgor under WD, these solutes may protect the cell membrane
and the metabolic machinery under dehydration (Chaves et al. 2003).
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Future experiments with longer duration of WD and on the contrasting soil types
(such as sandy duplex and red clay), in both controlled and field conditions are still
required to evaluate leaf OA expression and identify unknown solutes in wheat under
WD. Some candidates for unknown solutes are free amino acids in addition to proline,
malate, citrate, NO3-, NH4+, Mg2+, Ca2+ (Munns et al. 1979; Morgan 1984; Ma and
Turner 2006).
In conclusion, the present study showed leaf OA was expressed in Hartog (by 16 d
of WD) and Sunco (by 19 d of WD) at the grain filling stage in a controlled
environment (experiment 1). In this case, K+, Na+ and Cl- accounted for up to 27% of
OA in Hartog and Sunco. In the field (experiment 2), leaf OA was expressed in Hartog,
Sunco and Mulgara at 14 and 28 d of WD. K+, Na+, Cl-, glycinebetaine, proline,
fructose and glucose all contributed to OA; however, K+ and Cl- were major
contributors. In experiment 1, leaf OA in Sunco tended to be larger than in Hartog,
which was contrary to the report of Morgan (2001). This may have occurred because of
shorter duration of WD and less water taken from deeper soil layers. In experiment 2,
leaf OA in Hartog was larger than in Sunco, which was consistent with Morgan (2001).
Nevertheless, the expression of OA in Mulgara, which has a gene for high OA from
Hartog, was similar to Sunco and this was inconsistent with Morgan (2001).
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Osmotic adjustment and solutes in leaf segments of wheat
(Triticum aestivum L.) exposed to polyethylene glycol-induced
water deficit
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5.1 Abstract
This study examined osmotic adjustment (OA) expression and solutes accumulated in leaf
segments of wheat cultivar Hartog (with high OA capacity) exposed to polyethylene glycol
(PEG)-induced water deficit (WD) in laboratory experiments. In experiment 1, exposure to
PEG 8000 treatments of 0, -0.5, -1.0 and -1.5 MPa and sampling times of 0, 12, 24, 48 and
72 h, showed that maximum leaf OA (0.37 MPa) was induced by PEG -0.5 MPa after 48 h
of treatment. K+ did not contribute to OA; and Na+ and proline only accounted for 5 and
1%, respectively. In experiment 2, additional 10 mM K+ or Na+ (both supplied with Cl-)
added to the basal solution with PEG -0.5 MPa at 48 h resulted in 2-times higher leaf OA
(0.36 MPa) than segments in the basal solution with only PEG -0.5 MPa. Na+, Cl-,
glycinebetaine, proline and total soluble sugars accounted for up to 16, 15, 4, 6 and 40% of
OA, respectively. In experiment 3, whereas K+ did not contribute to OA, additional supply
at 10 mM NO3- in the basal solution with PEG -0.5 MPa at 48 h resulted in 81% higher leaf
OA (0.32 MPa) than in basal solution with PEG -0.5 MPa. Unlike glasshouse experiments
in which K+ was the major solute in OA of soil-grown plants (Chapter 3), the present study
using excised leaf segments and PEG treatments showed that K+ was not involved in OA in
leaf segments, whereas Na+, Cl-, proline and total soluble sugars accounted for up to 21, 20,
7 and 34% of OA, respectively. Although OA was expressed in leaf segments of wheat
subjected to WD under PEG -0.5 MPa, the laboratory-based PEG method with leaf
segments can not substitute for glasshouse and field trials for screening germplasm for OA
capacity, as apparently the mechanisms differ under these conditions.
Keywords: Cl-, glycinebetaine, leaf segment, osmotic adjustment, Na+, proline, water
deficit.

Abbreviations: FEFL, fully-expanded flag leaves; PEG, polyethylene glycol; OA, osmotic
adjustment; OP, osmotic potential; RWC, relative water content; WC, water content; WD,
water deficit; [ ], concentration.
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5.2 Introduction
Water deficit (WD) is common in dryland wheat farming, and is the major abiotic factor
limiting crop productivity (Morgan 2001). Understanding the physiological, genetic and
biochemical mechanisms of WD tolerance is required for crop improvement (Sharp et al.
2004). One important component of plant WD tolerance is osmotic adjustment (OA) (Levitt
1980; Jones et al. 1981; Blum 1988; Chandra Babu et al. 1999a). OA is the lowering of
osmotic potential in cells caused by the net accumulation of solutes in response to WD
(Condon 1982; Chandra Babu et al. 1999a; Zhang et al. 1999). OA allows plants to
maintain turgor at low tissue water potential (Jones et al. 1981).
Polyethylene-glycol (PEG) of high molecular weights has been used in controlledenvironment experiments as a non-permeating osmotic agent to lower the external water
potential to induce WD in plants (Bressan et al. 1981). The osmotic potential of the
medium is decreased due to the dissolved solute (Lagerwerff et al. 1961; Steuter et al.
1981). PEG 6000 applied to roots of 3-month old pepper plants (Capsicum frutescens L.) in
half-strength Hoagland’s solution plus 0.5 mM NaCl, resulted in changes in plant water
relations similar to those caused by drying soil at the same water potential (Kaufmann and
Eckard 1971). Some aspects, however, should be considered in using PEG as an osmoticum
to induce WD in plants, such as using high molecular weight PEG (6000 to 8000), aerating
the solution, and avoiding any root damage (Blum 1998).
Detached leaves, including leaf discs and leaf segments, have been used as
experimental models to investigate some physiological changes in leaf tissues of several
plant species subjected to in vitro PEG-induced WD. Djilanov et al. (1997) induced WD on
detached, young, fully-developed alfalfa (Medicago sativa L.) leaves using 40% PEG 6000
(-1.9 MPa) and took samples every 6 h during 60 h of treatment. The results showed no
differences in relative water content (RWC), proline concentration, ion leakage, or
electrophoretic mobility of thylakoids, between an osmotic-tolerant and osmotic-sensitive
genotype. Gibon et al. (2000) reported a decrease in chlorophyll concentration and increase
in proline concentration in leaf discs of fully-expanded canola (Brassica napus L.) leaves
treated with PEG 6000 (–3 MPa) for 24 h, a severe osmotic treatment. Lascano et al. (2001)
reported that antioxidant enzymes (superoxide dismutase, ascorbate peroxidase, glutathione
reductase), that can mitigate oxidative damage, were induced in leaf segments of droughttolerant wheat subjected for 48 h to –1.5 MPa PEG 8000. Hsu and Kao (2003) treated
101

CHAPTER 5

LEAF SEGMENTS ON PEG

detached 3rd leaves of 12-d-old rice (Oryza sativa L.) seedlings with PEG 6000 (-1.5 MPa)
for 12 h and reported a decrease in RWC, protein, chlorophyll and an increase in proline.
Thus, at least some aspects of tissue-level responses to WD can be studied in vitro, using
PEG treatment.
Different rates of imposing WD using PEG solution resulted in different characteristics
of solute accumulation. Naidu et al. (1990) used PEG to induce WD in wheat seedlings at a
slow (at -0.3 MPa d-1 to a final level of -1.5 MPa) and rapid rate (-1.5 MPa ‘shock’).
[Proline] in leaves with the slower rate of PEG application (120 mol/g DM) was 1.7 times
higher than with the ‘shock’ treatment. Glycinebetaine concentration in leaves with the
slower rate (44

mol/g DM) was 3-times higher than when PEG ‘shock’ was imposed

(Naidu et al. 1990). Nevertheless, in both types of treatments (slow and shock PEG),
concentrations of proline and glycinebetaine were much higher than those in the control
(0.2 and 6.7 mol/g DM, respectively). The concentrations of proline and glycinebetaine
with incremental PEG application were higher than at an abrupt osmotic ‘shock’, which is
often imposed in many laboratory experiments using PEG.
Kocheva et al. (2007) compared solutes accumulated under an osmotic potential of -1.2
MPa (25% PEG 8000) in barley seedlings in 25% and 100% Knop nutrient solution, that
respectively contained 2 mM and 8 mM (N as NO3-). After 48 h of treatment, proline in
leaf tissues (500 mol/g DM) in 100% Knop solution was 60% greater than in the 25%
Knop solution, whereas the concentration of reducing sugars (225 mol/g DM) was 50%
higher in leaf tissues in 25% Knop solution. The authors concluded that the availability of
N might have altered the synthesis of N-containing solutes.
K+ was a major contributor to OA for intact leaves of wheat under WD at the
reproductive stage (Chapter 3). The focus of the experiments reported here was to evaluate
OA expression and solutes accumulated in leaf segments of wheat exposed to WD induced
by PEG. The objectives of this study were: (1) to determine the range of PEG concentration
and PEG treatment period that was applicable for PEG-induced WD experiments with leaf
segments of wheat, including analyses of which inorganic and organic solutes accumulate.
(2) To evaluate the effect of additional K+ and Na+ (both supplied with Cl-) on the OA
expression and the accumulation of inorganic and organic solutes in wheat leaf segments
exposed to PEG-induced WD. (3) To examine the effect of N supply on the OA and the
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accumulation of inorganic and organic solutes in wheat leaf segments subjected to PEGinduced WD.

5.3 Materials and methods

General procedures

Wheat cv. Hartog was used in a series of 3 experiments using segments of fully-expanded
flag leaves (FEFL). Hartog is a wheat cultivar with high OA capacity (Morgan 2001;
Chapter 3). The plants were grown in containers (12 L) in a room with 10 h day and 14 h
night at 19/14oC, relative humidity was 70%, and the average photosynthetically active
radiation at plant height was 463 µmol quanta m-2s-1.
Richgro mix (50% GinGin loam, 10% sawdust jarrah, 40% river sand, limestone,
gypsum, NPK, Mg, and Fe) was used. The basal fertiliser supplied to the Richgro mix (6 kg
dry mass of soil in each pot with 25 cm diameter and 25 cm height) prior to planting was
33.1 g superphosphate, 40 g ammonium nitrate, 5.5 g Richgro complete micronutrients, 22
g calcium sulphate (gypsum), and 9 g potash (K2SO4); all together providing 0.4 g N, 0.06
g P and 0.07 g K for each kg of soil.
Seeds of wheat were surface-sterilised with 2% commercial bleach for 2 min, washed
with deionised water, and placed on moist filter paper in Petri dishes in a dark cabinet at
18oC. After 2 d, germinated seeds (4 for each pot) were sown at 15 mm depth. After
sowing, the top of the container was covered by plastic cling wrap to prevent evaporation;
this was removed after emergence (about 3 d after sowing). At 7 d after sowing, 350 g of
fine basalt gravel (10-18 mm) was added to the soil surface to minimise soil evaporation.
Containers were watered to field capacity by weight every second day. The nutrient
solution contained 0.1% Phostrogen® to provide a diluted fertiliser in water that contained
3.9 mM N, 0.6 mM P and 3 mM K, as well as other nutrients (listed in next sentence).
Phostrogen® contains 8% N as KNO3, 2% N as NH4H2PO4, 1.5% N as (NH4)2SO4, 2.5% N
as urea, 4.4% P as NH4H2PO4, 22.4% K as KNO3, 1.5% Mg as MgSO4, 1.43% Ca as
CaSO4, 0.04% Fe as EDTA, 0.02% Mn as EDTA, 0.012% B as H3BO3, 0.0055% Cu as
EDTA, 0.0055% Zn as EDTA, 0.0016% Mo as Na2MoO4 and 6.0% S as sulphate in the
solid Phostrogen®.
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Flag leaves were detached from 81 d-old-plants, i.e. in the middle part of linear phase of
grain growth. Leaves were rinsed with 0.5 mM CaSO4 and immersed into basal solution.
The composition of basal solution was based on being 0.1-strength for macronutrients and
0.25-strength for micronutrients of the nutrient solution used by McDonald et al. (2001) to
grow Triticeae species. Composition of the basal solution was (mM): CaCl2, 0.25;
CaSO4.2H2O, 0.25; MgSO4.7H2O, 0.04; NH4NO3, 0.0625; KH2PO4, 0.02; Fe-EDTA, 0.05;
KNO3, 0.375; KCl, 0.0125; H3BO3, 0.00625; MnSO4.H2O, 0.0005; ZnSO4.7H2O, 0.0005;
CuSO4.5H2O, 0.000125; Na2MoO4.2H2O, 0.000125; NiSO4.7H2O, 0.00025; MES (buffer),
0.25. The pH of the solution was 6.5 at commencement of experiments and 6.6-6.9 at the
end of experiments.
Leaves were cut into 1-2 cm segments and immediately transferred to 125 mL
Erlenmeyer flasks (sealed with cling wrap plastic) and incubated in 100 ml basal solution
and PEG 8000 solution depending on the treatment. All flasks were put on a rotary shaker
(100 opm) under continuous light (121 µmol quanta m-2s-1, PAR) in a 20oC room
(conditions similar to those used by Djilanov et al. 1997). Samples were taken at selected
times, depending on the treatments in each experiment (described below).

Experiment 1: Responses to increasing PEG concentrations and treatment periods
Experiment 1 consisted of 4 PEG 8000 treatments (0, -0.5, -1.0 and -1.5 MPa), 5 sampling
times (0, 12, 24, 48 and 72 h) and 3 replicates, in a randomized block design. The PEG
solutions of 0 (basal), -0.5, -1.0 and -1.5 MPa were made by adding 0, 198, 287 and 355 g,
respectively, of PEG 8000 (Michel 1983) to 1 L basal solution. PEG treatments were
imposed as -0.5 MPa steps, every 12 h. For treatment of -1.0 MPa, the osmotic potential of
solution was lowered from -0.5 to -1.0 MPa after 12 h. For treatment of -1.5 MPa, the leaf
segments were moved from PEG -0.5 to -1.0 MPa after 12 h and from -1.0 to -1.5 MPa
after another 12 h (Table 5.1).
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Table 5.1 Sampling times of leaf tissues in PEG 8000 solutions for experiment 1 () and
experiments 2 and 3 ().
PEG
(MPa)
0
-0.5
-1.0
-1.5

0

12






Hours
24





48

72











Experiment 2: Responses to potassium and sodium

Experiment 2 consisted of 2 PEG 8000 treatments (0 and -0.5 MPa), 4 nutrient solutions
(basal solution, which contained 0.4 mM K+; basal plus 10 mM K+; basal plus 0.4 mM Na+;
and basal plus 10 mM Na+), 2 sampling times (0 and 48 h) and 3 replicates. K+ and Na+
were both supplied with Cl-. The treatment of 0.4 mM K+ was within the high affinity range
for uptake and 10 mM K+ was within the low affinity range (Epstein et al. 1963). High
affinity for uptake enables absorption of ions from relatively low external concentrations.
The affinity describes the capacity of the uptake mechanism to extract the ion from the
medium and it is not directly a reflection of the amount of uptake. For Na+, the treatment of
0.4 mM Na+ was within high affinity for uptake mechanism and 10 mM Na+ was within the
low affinity range (Rains and Epstein 1967).

Experiment 3: Responses to nitrogen supply

Experiment 3 consisted of 2 PEG 8000 treatments (0 and -0.5 MPa), 4 nutrient solutions
(basal solution, which contained 0.0625 mM NH4+ and 0.4 mM NO3-; basal solution
without any N (i.e. sources of NH4+ and NO3- omitted); basal plus 0.4 mM NO3-; and basal
plus 10 mM NO3-), 2 sampling times (0 and 48 h) and 3 replicates. Both treatments of 0.4
mM NO3- and 10 mM NO3- were supplied with K+. The treatments of 0.4 and 10 mM NO3were selected as these are regarded as being in the high and low affinity ranges for uptake
(Wang and Crawford 1996; Crawford and Glass 1998). The experimental design was a
randomised block.
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Measurements
For measurements of leaf water content (WC) and relative water content (RWC), the leaves
were rinsed for 2 minutes, using 0.5 mM CaSO4 and mannitol that had the same osmotic
potential of expressed sap (OP) as the respective PEG treatment, so that leaf segments
incubated in PEG -0.5 MPa were rinsed with mannitol -0.5 MPa. For measurements of leaf
sap OP and solute concentrations, the leaves were rinsed for 2 minutes using 0.5 mM
CaSO4 and mannitol that had the same OP as respective PEG treatment (for example leaf
segments incubated in PEG -0.5 MPa were rinsed with mannitol -0.5 MPa), followed by
0.5 mM CaSO4 for 5 seconds. For OP measurement, the leaf tissues were placed in
cryovials, frozen in liquid nitogen, and kept frozen until analysis. For measuring the
concentration of inorganic and organic solutes, the leaf tissues were frozen in liquid and
freeze-dried, then extracted and analysed (described below).
Leaf WC and RWC were measured by weighing the fresh sample (excised leaf
segments), floating the sample on 0.5 mM CaSO4 for 24 h in the dark at 20oC, blotting the
sample, weighing turgid mass, drying in an oven for 48 h at 70oC, and re-weighing the
dried sample. CaSO4 of 0.5 mM was used during the floating period to obtain turgid weight,
as it can maintain membrane integrity and minimise solute leakage into the apoplast
(Mengel and Kirby 1979). The WC was calculated: WC (ml g-1 dry mass) = (fresh mass dry mass)/dry mass. RWC (%) was calculated: 100 x (fresh mass - dry mass)/(turgid mass dry mass).
For measurements of leaf sap OP, leaf segments were put immediately into cryovials
and sealed, and then vials were placed into liquid nitrogen. Sap from samples (thawed
while still in sealed vials) was squeezed using a simple press and 10 µL was analysed using
a Fiske one-ten osmometer (Fiske Associates, Massachusetts USA) to determine OP using
the method of freezing point depression.
Osmotic adjustment was calculated as the difference between the measured OP and the
estimated OP as a result of any concentration-effect of any decreased tissue WC in PEG
treatments. The concentration-effect on OP was the proportional decrease in leaf OP due
only to the reduction in WC under PEG treatments and was equal to (WCcontrol/ WCPEG) x
OPcontrol (Ma et al. 2006; Ma and Turner 2006). Despite RWC being used by others in these
calculations, WC was used in the present study to calculate OA, because using RWC has a
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problem that the amount of water entering the apoplast/intercellular spaces of floating leaf
tissues is uncertain (David W. Turner, personal communication; Boyer et al. 2008).
To calculate the contributions of an individual solute (measured as described below) to
OA, the difference in concentration of the individual solute between PEG treatment and
control was expressed on a molar basis in tissue water and then calculated as OP of extra
individual solute using the equation: OPextra solutes = M x R x T, where M is concentration in
mol L-1, R is the universal gas constant and T is absolute temperature (Chang 1981).
K+, Na+ and Cl-, were measured in freeze-dried leaf tissue samples. Dried samples were
ground to a fine powder, and the ions were extracted from 0.1 g in 10 mL 0.5 M HNO3
(exact amounts of ground tissue and acid were recorded). After HNO3 was added to all
samples, the samples in the vials were shaken in a 30oC room for 48 h. Diluted extracts
were analysed for K+ and Na+ (Jenway PFP 7 flame photometer, Sherwood Scientific Ltd,
Cambridge England) and for Cl- (Buchler-Cotlove chloridometer, Buchler Instruments
Division Nuclear-Chicago Fort Lee, New Jersey, USA). Analyses were confirmed by
taking a certified reference tissue through the same procedures.
Glycinebetaine, proline and total sugars were measured in the freeze-dried leaf tissues.
Approximately 100 mg of lyophilized powder was accurately weighed into a 50 mL
centrifuge tube. Three mL of ice-cold 5% (v/v) perchloric acid was added and mixed using
a vortex mixer before being centrifuged at 15000 rpm for 30 min (Fan et al. 1993). The
supernatant was collected and stored in a sealed glass vial on ice. The pellet was extracted a
second time in 3 mL of ice-cold 5% (v/v) perchloric acid, as before. The supernatants were
combined and the pH was adjusted to between 3.0-3.5 using K2CO3 to precipitate the
perchlorate. The sample was again centrifuged and the supernatant collected and the
volume measured. The extract was filtered (0.22 μm) before injection into a HPLC (600 E
pump and 717 plus autoinjector and 996 photodiode-array [PDA] detector, Waters Milford
MA, USA) equipped with a Sugar-Pak column as described by Naidu (1998), to measure
glycinebetaine, proline and sucrose. These compounds were quantified using standards.
The same extract was used to measure the total sugars using anthrone reagent based on the
method of Yemm and Willis (1954).
The concentrations of K+, Na+ and Cl- in the incubation solutions were also measured
for all treatments in each experiment. The purpose of these measurements was to check for
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any changes in concentration that could result from net uptake by, or losses from, the leaf
tissues.

Statistical analyses
Data were analysed using Genstat for Windows 8th Edition (Genstat software, VSN
International, Hemel Hempstead, UK). Analysis of variance (ANOVA) was used to identify
significant differences among means of treatments in Experiment 1 and to identify overall
significant differences and interactions among means of treatments in Experiment 2 and 3
(where P<0.05, unless otherwise stated). Standard errors were calculated using Microsoft
Office Excel 2003.

5.4 Results

Experiment 1: Responses to increasing PEG concentration and treatment period

Water relations in leaf segments

Leaf WC in zero PEG increased gradually from 0 to 48 h, and then remained constant to 72
h (Fig. 5.1a). The same general pattern of response was observed in -0.5 MPa PEG, but WC
had decreased slightly by 72 h. WC decreased from 24 to 72 h in -1.0 MPa and from 48 to
72 h in -1.5 MPa. At 48 h, WC in zero PEG, -0.5, -1.0 and -1.5 MPa PEG was 5.1, 4.5, 3.1
and 3.1 ml/g DM, respectively. WC in PEG -1.0 and -1.5 MPa were not significantly
different, and were both lower than in zero and -0.5 MPa PEG treatments.
Leaf RWC in zero PEG was about 95-99% from 0 to 72 h (Fig. 5.1b). RWC in -0.5
MPa PEG did not significantly change from 12 to 48 h (95-98%) and decreased slightly to
88% by 72 h. RWC decreased gradually from 24 to 72 h in -1.0 MPa and from 48 to 72 h in
-1.5 MPa. At 48 h, RWC in zero PEG and -0.5 MPa PEG were 15% higher than in -1.0 and
-1.5 MPa.
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Fig. 5.1 Water content (a), relative water content (b), expressed sap osmotic potential (c),
and calculated osmotic adjustment (OA) (d) for segments from the fully-expanded flag leaf
(FEFL) of wheat (cv. Hartog) in four PEG 8000 treatments (0, -0.5, -1.0 and -1.5 MPa) at
0, 12, 24, 48 and 72 h (experiment 1). Treatments were imposed as -0.5 MPa steps every 12
h. Values are mean ± SE (n = 3). 0 MPa □—□, -0.5 MPa ∆—∆, -1.0 MPa — , -1.5 MPa
— . Leaf sap of segments incubated in PEG -1.5 MPa was not measurable as the
osmometer ‘timed out’. Significant differences (P<0.05) amongst the PEG treatments were
indicated by an asterisk (*).
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Leaf sap OP in zero PEG increased from 0 to 24 h and reached a plateau at -1.3 MPa by
72 h (Fig. 5.1c). Leaf OP in -0.5 and -1.0 MPa PEG decreased from 12 to 72 h and from 24
to 72 h, respectively. Leaf OP in -1.5 MPa was not measurable as the samples would ‘time
out’ before freezing point was reached.
Leaf OA in -0.5 MPa PEG was expressed at 24 h (0.15 MPa), then increased and
peaked at 48 h (0.37 MPa), but decreased towards 72 h (Fig. 5.1d). Leaf OA in -1.0 MPa
PEG was not significantly different from zero at 48 h (0.014 MPa), but increased to 0.12
MPa at 72 h. Leaf OA in -0.5 MPa was 26 and 2-fold higher than those in -1.0 MPa, at 48
and 72 h, respectively.
Concentrations of K+, Na+, Cl- in leaf segments
Leaf [K+], in relation to dry weight, in zero PEG decreased in the first 24 h and was
relatively stable after that, but it decreased more in -0.5, -1.0 and -1.5 MPa PEG treatments
(Fig. 5.2a). K+ losses must have differed, as by 48 h, leaf [K+] in zero (770 mol/g DM)
and -0.5 MPa PEG (697 mol/g DM) were 1.8-times higher than in -1.0 MPa and 3.6 times
higher than in -1.5 MPa, respectively.
Leaf [Na+] was relatively stable in zero PEG, increased gradually with time in -0.5 MPa
and decreased with time in -1.0 and -1.5 MPa PEG treatments (Fig. 5.2b). At 48 h, leaf
[Na+] in -0.5 MPa (124 mol/g DM) was 48% higher than in zero PEG and the extra leaf
[Na+] contributed 5% to OA. Leaf [Na+] was only about 15% of the leaf [K+].
Leaf [Cl-] decreased gradually in zero PEG, -0.5, -1.0 and -1.5 MPa PEG towards the
end of treatment (Fig. 5.2c). At 48 h, leaf [Cl-] in zero and -0.5 MPa PEG treatments (135
mol/g DM) were 2- times higher than in -1.0 and -1.5 MPa. Leaf [Cl-] was up to 25% of
the leaf [K+] and was about 2-fold higher than leaf [Na+].
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Fig. 5.2 Concentrations of K+ (a), Na+ (b), and Cl- (c) in segments of FEFL of wheat (cv.
Hartog) in four PEG 8000 treatments (0, -0.5, -1.0 and -1.5 MPa) at 0, 12, 24, 48 and 72 h
(experiment 1). Values are mean ± SE (n = 3). 0 MPa □—□, -0.5 MPa ∆—∆, -1.0 MPa —
, -1.5 MPa — . The scale of Y axis in Fig 2a is 4-fold that in Fig 2b and c. Significant
differences (P<0.05) amongst the PEG treatments were indicated by an asterisk (*).
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Concentrations of glycinebetaine, proline, sucrose and total soluble sugars in leaf segments

[Glycinebetaine] in zero PEG was relatively constant at 100 mol/g DM during the first 24
h, but then decreased towards 72 h to be 70% of the initial value (Fig. 5.3a).
[Glycinebetaine] in -0.5 MPa PEG increased from 12 to 24 h, then decreased by 48 h and
increased slightly at 72 h to be 80% of the value at 12 h (100

mol/g DM).

[Glycinebetaine] in -1.0 MPa PEG decreased from 24 to 48 h and increased slightly by 72 h
to be 25% of the concentration at 24 h [Glycinebetaine] in -1.5 MPa PEG increased slightly
from 48 (19 mol/g DM) to 72 h (22 mol/g DM). At 48 h, leaf [glycinebetaine] in zero
PEG and -0.5 MPa PEG (up to 78 mol/g DM) were 3-times higher than in -1.0 and -1.5
MPa (Fig. 5.3a).
[Proline] was below detection prior to 48 h and was measurable at 48 and 72 h.
[Proline] in zero PEG, -0.5, -1.0 and -1.5 MPa PEG treatments decreased (up to 60%) from
48 to 72 h. At 48 h, [proline] in -0.5 MPa (30 mol/g DM) was 3-fold higher than in -1.0
and -1.5 MPa (Fig. 5.3b). At 48 h, however, extra [proline] in -0.5 MPa accounted only for
1% of OA. Leaf [proline] was only 20% of leaf [glycinebetaine].
Sucrose was measurable only in zero and -0.5 MPa PEG treatments. [Sucrose] in -1.0
and -1.5 MPa were below detection (Fig. 5.3c). [Sucrose] in zero PEG and -0.5 MPa PEG
were relatively stable at about 20-25 mol/g DM during the treatment. Leaf [sucrose] was
only 20% of leaf [glycinebetaine].
[Total soluble sugars] in zero PEG increased gradually during the treatment. [Total
soluble sugars] in -0.5 MPa PEG decreased from 12 to 48 h and then increased by 72 h to
be 10% higher than the concentration at 12 h (390 mol/g DM). [Total soluble sugars] in 1.0 MPa PEG increased 12% from 24 to 48 h (200 mol/g DM) and that in -1.5 MPa PEG
increased 20% from 48 to 72 h (100 mol/g DM). At 48 h, [total soluble sugars] in zero
PEG (460 mol/g DM) was 1.4, 2.3, and 5.5-times higher (P≤0.01) than those in -0.5, -1.0
and -1.5 MPa PEG, respectively (Fig. 5.3d). [Total soluble sugars] was about 4-times
higher than leaf [glycinebetaine].
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Fig. 5.3 Concentrations of glycinebetaine (a), proline (b), sucrose (c) and total soluble
sugars (d) in segments of FEFL of wheat (cv. Hartog) in four PEG 8000 treatments (0, -0.5,
-1.0 and -1.5 MPa) at 0, 12, 24, 48 and 72 h (experiment 1). Values are mean ± SE (n = 3).
0 MPa □—□, -0.5 MPa ∆—∆, -1.0 MPa — , -1.5 MPa — . The scale of Y axis in Fig.
5.3d is 3-fold that in Fig. 5.3a and 12-fold that in Fig 3b and c. Significant differences
(P<0.05) amongst the PEG treatments were indicated by an asterisk (*).
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Based on the results of experiment 1, -0.5 MPa PEG treatment and 48 h were selected for
use in PEG-induced WD experiments on wheat leaf segments in experiments 2 and 3. The
OA was clearly expressed in -0.5 MPa PEG. Furthermore, the differences of the parameters
measured (such as WC, RWC, [K+], [Na+], [Cl-], [glycinebetaine], [proline], [total soluble
sugars] in leaf segments), in -0.5 MPa PEG compared with -1.0 and -1.5 MPa PEG, were
clearly observed at 48 h.
Concentrations of K+, Na+, Cl- in incubation solutions
Increase in [K+] and [Na+] in solutions occurred with increasing [PEG 8000] in solutions
after 72 h, especially at -1.0 and -1.5 MPa (Table 5.2). As [K+] and [Na+] in leaf segments
were lower in -1.0 and -1.5 MPa PEG treatments than in zero and -0.5 MPa (Fig. 5.2a and
b), these results indicated leakage of [K+] and [Na+] from the tissues by osmotic shock in
PEG -1.0 and -1.5 MPa.

Table 5.2 Ion concentration in solution for experiment 1 at 0 and 72 h of treatment.
Treatments in solution (Hours)
Basal (0)
Basal (72)
Basal + PEG -0.5 MPa (72)
Basal + PEG -1.0 MPa (72)
Basal + PEG -1.5 MPa (72)

Measured [ion] in solution (mM)
[K+]
[Na+]
[Cl-]
0.60 ± 0 d
0±0c
0.28 ± 0.01 b
1.86 ± 0.09 c
0±0c
1.40 ± 0.08 a
1.83 ± 0.09 c
1.23 ± 0.04 b
1.33 ± 0.11 a
2.36 ± 0.25 b
2.22 ± 0.56 a
1.27 ± 0.32 a
2.99 ± 0.03 a
3.57 ± 0.09 a
1.41 ± 0.13 a

Values within a column followed by different letters indicate significant differences
(P<0.05)
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Experiment 2: Responses to potassium and sodium

Water relations in leaf segments

WC of the leaf segments increased with time in both zero and -0.5 MPa PEG treatments,
but less water was absorbed at the lower OP. The leaf segments in basal plus 10 mM NaCl
absorbed the most water in the 48 h of treatment. In -0.5 MPa PEG, WC in basal nutrient
solution and basal plus 10 mM KCl treatments were 16% lower than in the respective zero
PEG treatments. WC in basal plus 10 mM NaCl and basal plus 0.4 mM NaCl treatments
were 36 and 28% lower than those in zero PEG, respectively (Fig. 5.4a). The highest WC at
48 h of treatment was 5.3 ml/g DM in the basal plus 10 mM NaCl in zero PEG and the
smallest was 3.8 ml/g DM in basal plus 0.4 mM NaCl in PEG -0.5 MPa. Initial WC was
43% lower than in basal solution in zero PEG at 48 h.
There were no significant effects of treatments on RWC (Fig. 5.4b).
Leaf OP was more negative in the treatments of -0.5 MPa PEG and the addition of 10
mM KCl or NaCl resulted in the most negative OP. Leaf OP in -0.5 MPa PEG (-2 MPa)
were 40-50% more negative than those in zero PEG (Fig. 5.4c). In -0.5 MPa PEG, the most
negative OP of -2.1 MPa was in the basal plus 10 mM KCl or plus 10 mM NaCl treatments,
but these two treatments were not different. Initial OP was 26% more negative than in basal
solution in zero PEG at 48 h.
The addition of 10 mM KCl or of NaCl, doubled OA. OA in leaf segments was evident
for all PEG treatments. Leaf OA in basal plus 10 mM KCl (0.37 MPa) and basal plus 10
mM NaCl (0.35 MPa) were up to 2-fold higher than in basal solutions without these added
ions (Fig. 5.4d).
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Fig. 5.4 Water content (a), relative water content (b), expressed sap osmotic potential (c),
and calculated osmotic adjustment (OA) (d) for segments of FEFL of wheat (cv. Hartog) in
two PEG 8000 treatments (0 and -0.5 MPa) in the basal incubation solution, basal plus 10
mM KCl, basal plus 0.4 mM NaCl, and basal plus 10 mM NaCl at 0 (initial) and 48 h of
treatment. Values are mean ± SE (n = 3). 0 MPa □, -0.5 MPa ■. Some error bars are too
small to see. Significant differences (P<0.05) between PEG treatments and amongst KCl
and NaCl treatments were indicated by different letters.
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Concentrations of K+, Na+, and Cl- in leaf segments
The PEG treatments did not alter leaf [K+] in any of KCl or NaCl treatments. Adding K+
increased [K+] in the leaf segments and adding Na+ decreased [K+]. Leaf [K+] in the four
KCl or NaCl treatments was not significantly different within zero PEG or within -0.5 MPa
PEG treatments in the various solutions. In zero PEG and -0.5 MPa PEG, leaf [K+] was the
highest at 967 mol/g DM in basal plus 10 mM KCl and was least at 600 mol/g DM in
basal plus 10 mM NaCl and the difference was 60% (Fig. 5.5a).
Leaf [Na+] increased with time in -0.5 MPa PEG treatments and addition of 10 mM
NaCl resulted in the largest [Na+]. In -0.5 MPa PEG, leaf [Na+] in basal solution (130
mol/g DM) was 70% higher than in zero PEG (Fig. 5.5b). Leaf [Na+] in basal plus 10 mM
NaCl (350 mol/g DM) was up to 3.6-times higher than those in other solutions (Fig. 5.5b).
Extra leaf [Na+] in basal solution contributed 16% to OA, whereas in other solutions the
contribution to OA was only 4-6%. The highest leaf [Na+] was about 35% of leaf [K+].
Leaf [Cl-] generally decreased over time, irrespective of PEG treatment, except where 10
mM KCl was added. In this case, the KCl appears to have replaced any leakage of Cl- from
the leaf segments. The same effect was observed when NaCl was added but then, not all Clwas replaced. Leaf [Cl-] in the four KCl or NaCl treatments was not significantly different
within zero PEG or within -0.5 MPa PEG treatments in the various solutions. Leaf [Cl-] in
basal plus 10 mM KCl (389 mol/g DM) were 24, 43 and 62% higher than in basal plus 10
mM NaCl, basal, and basal plus 0.4 mM NaCl, respectively (Fig. 5.5c). Initial leaf [Cl-]
(416 mol/g DM) was 1.7- times larger than in basal in zero PEG at 48 h. Extra leaf [Cl-] in
basal solution accounted for 15% of OA and its contribution to OA in other solutions was
3-6%. The highest leaf [Cl-] was about 40% of leaf [K+] level.
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Fig. 5.5 Concentrations of K+ (a), Na+ (b), and Cl- (c) in segments of FEFL of wheat (cv.
Hartog) in two PEG 8000 treatments (0 and -0.5 MPa) in the basal incubation solution,
basal plus 10 mM KCl, basal plus 0.4 mM NaCl and basal plus 10 mM NaCl at 0 (initial)
and 48 h of treatment (experiment 2).Values are mean ± SE (n = 3). 0 MPa □, -0.5 MPa ■.
Some error bars are too small to see. Significant differences (P<0.05) between PEG
treatments and amongst KCl and NaCl treatments were indicated by different letters.
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Concentrations of glycinebetaine, proline, total soluble sugars in leaf segments

Leaf [glycinebetaine] decreased over time in all treatments, but was maintained at the initial
concentration when 10 mM KCl was added to the -0.5 MPa PEG treatment. Leaf
[glycinebetaine] in the 10 mM NaCl in -0.5 MPa PEG was 37% higher than zero PEG (Fig.
5.6a). Initial leaf [glycinebetaine] was 23% higher than in basal solution without PEG at 48
h (92 mol/g DM). The largest leaf [glycinebetaine] was in the 10 mM NaCl in -0.5 MPa
PEG (130 mol/g DM). Extra leaf [glycinebetaine] in all four treatments accounted for less
than 5% of the OA.
Leaf [proline] increased over time in all treatments and especially in the segments
exposed to -0.5 MPa PEG. The addition of 10 mM KCl or NaCl to the bathing solution
tended to increase [proline] at zero and -0.5 MPa PEG. In -0.5 MPa PEG, leaf [proline] in
basal solution (51

mol/g DM) was 91% higher than in zero PEG. In -0.5 MPa PEG,

addition of 10 mM K+ or Na+ to the basal solutions resulted in 70% higher leaf [proline]
than in zero PEG also with 10 mM K+ or Na+ (Fig. 5.6b). The largest leaf [proline] was in
basal plus 10 mM NaCl in -0.5 MPa PEG (58 mol/g DM) and was not different from that
in basal plus 10 mM KCl in -0.5 MPa PEG. Initial leaf [proline] was 84% smaller than in
basal solution without PEG at 48 h. Extra leaf [proline] in all four treatments accounted for
2-6% of OA, respectively. The highest leaf [proline] was about 50% of leaf
[glycinebetaine].
Leaf [total soluble sugars] increased when the segments were exposed to -0.5 MPa PEG.
The addition of 10 mM NaCl resulted in the largest difference between -0.5 MPa and zero
PEG. In -0.5 MPa PEG, leaf [total soluble sugars] in basal plus 10 mM NaCl (605 mol/g
DM) was 68% higher than in zero PEG, whereas, in basal and basal plus 10 mM KCl (504
mol/g DM) were 14-24% higher than those in zero PEG (Fig. 5.6c). Initial leaf [total
soluble sugars] (481 mol/g DM) was 15% higher than in basal solution without PEG at 48
h. The highest leaf [total soluble sugars] was in the 10 mM NaCl in -0.5 MPa PEG and the
smallest was in the 10 mM NaCl in zero PEG. Extra leaf [total soluble sugars] in basal,
basal plus 10 mM KCl, basal plus 10 mM NaCl and basal plus 0.4 mM NaCl accounted for
18, 13, 40 and 3% to OA, respectively. Total soluble sugars would give maximum
contribution if all sugars were assumed as mono-hexose (e.g. all glucose) and only half of
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these contributions if all sugars were di-hexose (e.g. all sucrose). The highest leaf [total
soluble sugars] was about 5-times higher (if mono-hexose) than leaf [glycinebetaine].
Concentrations of K+, Na+, Cl- in incubation solutions
[Na+] in solutions with PEG -0.5 MPa at 0 h was up to 10-times higher than in solution
without PEG (Table 5.3) and it indicated that PEG 8000 used in this experiment was
contaminated by Na+. However, calculated OP of the difference in [Na+] between solutions
with PEG -0.5 MPa and solution without PEG was only -0.006 MPa. This value was much
lower than the -0.5 MPa required for treatment. Therefore, this contamination did not have
any osmotic effect that may contribute to the expression of OA. The decrease in [Na+] (up
to 40%) in solutions after 48 h of treatment, both in zero PEG and PEG -0.5 MPa (Table
5.3), indicated Na+ uptake by leaf tissues. There was an indication that Cl- was also a
contaminant in the PEG 8000 (Table 5.3), however, its osmotic effect was -0.001 MPa,
which was unimportant. On the other hand, the increase in [Cl-] (up to 6-times) in solutions
after 48 h showed losses of Cl- from leaf tissues.
Table 5.3 Concentrations of K+, Na+ and Cl- in solution for Experiment 2 at 0 and 48 hours
of treatment.
Hours Treatments in solution
[K+] (mM)
[Na+] (mM)
[Cl-] (mM)
0

48

Basal -0 MPa
Basal - 0.5 MPa
Basal + 10 KCl - 0 MPa
Basal + 10 KCl - 0.5 MPa
Basal + 0.4 NaCl - 0 MPa
Basal + 0.4 NaCl - 0.5 MPa
Basal + 10 NaCl - 0 MPa
Basal + 10 NaCl - 0.5 MPa
Basal -0 MPa
Basal - 0.5 MPa
Basal + 10 KCl - 0 MPa
Basal + 10 KCl - 0.5 MPa
Basal + 0.4 NaCl - 0 MPa
Basal + 0.4 NaCl - 0.5 MPa
Basal + 10 NaCl - 0 MPa
Basal + 10 NaCl - 0.5 MPa

0.64 ± 0.004
0.52 ± 0.03
11.01 ± 0.1
10.85 ± 0.07
0.66 ± 0.01
0.41 ± 0.01
0.52 ± 0.06
0.41 ± 0
0.87 ± 0.17
0.71 ± 0.05
10.57 ± 0.17
10 ± 0.19
0.83 ± 0.06
0.65 ± 0.05
1.47 ± 0.22
0.92 ± 0.09

ef
f
a
ab
ef
f
f
f
e
ef
b
c
e
ef
d
e

0±0
1.39 ± 0.03
0.99 ± 0.06
2.79 ± 0.06
0.19 ± 0
1.88 ± 0.03
9.46 ± 0.75
11.75 ± 0.1
0±0
1.02 ± 0.04
1.05 ± 0.06
2.35 ± 0.08
0.25 ± 0.01
1.39 ± 0.02
8.65 ± 0.28
9.61 ± 0.46

h
fg
g
d
h
ef
b
a
h
g
g
de
h
fg
c
b

0.22 ± 0.05
0.46 ± 0.06
9.92 ± 0.04
10.20 ± 0.04
0.81 ± 0.01
0.94 ± 0.04
10.46 ± 0.02
10.86 ± 0.1
1.23 ± 0.22
1.30 ± 0.02
10.05 ± 0.1
10.5 ± 0.29
1.45 ± 0.17
1.64 ± 0.12
10.33 ± 0.18
10.85 ± 0.11

g
g
c
bc
f
f
b
a
de
e
ab
bc
de
d
b
a

Values within a column followed by different letters indicate significant differences
(P<0.05)
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Fig. 5.6 Concentrations of glycinebetaine (a), proline (b), and (c) total soluble sugars for
segments of FEFL of wheat (cv. Hartog) in two PEG 8000 treatments (0 and -0.5 MPa) in
the basal incubation solution, basal plus 10 mM KCl, basal plus 0.4 mM NaCl, and basal
plus 10 mM NaCl at 0 (initial) and 48 h of treatment (experiment 2).Values are mean ± SE
(n = 3). 0 MPa □, -0.5 MPa ■. Some error bars are too small to see. The scale of Y axis in
Fig 6c is 3-fold that in Fig 6a and b. Significant differences (P<0.05) between PEG
treatments and amongst KCl and NaCl treatments were indicated by different letters.
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Experiment 3: Responses to nitrogen supply

Water relations in leaf segments

WC increased in the leaf segments over time in zero PEG treatments and decreased when
the tissues were incubated on the -0.5 MPa PEG solutions. WC in -0.5 MPa PEG was 25%
lower than in zero PEG (4.9 ml/g DM). WC in basal plus 10 mM NO3- (4.8 ml/g DM) was
7-16% larger than other N treatments. In -0.5 MPa PEG, WC in basal solution was 11%
lower and in other treatments were 25-37% lower than in the respective N treatments
without PEG, respectively. By 48 h, WC had increased 29% above initial in basal solution
(Fig. 5.7a).
RWC decreased over time in leaf segments as they floated on the -0.5 MPa PEG
solutions. RWC in -0.5 MPa PEG was 7% lower than in zero PEG (97%). N treatments did
not result in any difference in RWC. In -0.5 MPa PEG, RWC in all treatments was 6-10%
lower than in the respective N treatments without PEG (Fig. 5.7b).
OP in leaf segments became more negative with time in -0.5 MPa PEG treatments. OP
in -0.5 MPa PEG was 32% more negative than in zero PEG (-1.4 MPa). OP in basal plus 10
mM NO3- (-1.8 MPa) was 14% more negative than in basal plus 0.4 mM NO3-. In -0.5 MPa
PEG, OP in basal solution was 24% more negative and in other treatments were 30-41%
more negative than in the respective N treatments in zero PEG, respectively (Fig. 5.7c).
There was no leaf OA expression in basal solution without N supply, whereas OA
occurred in basal solution (0.18 MPa), basal plus 0.4 NO3- mM (0.18 MPa) and basal plus
10 mM NO3- (0.32 MPa). With N, leaf OA was more pronounced (about 80%) at basal plus
10 mM NO3- than at lower N supply (Fig. 5.7d).
Concentrations of K+, Na+, Cl- in leaf segments
[K+] in leaf segments decreased in -0.5 MPa PEG and adding 10 mM NO3- increased leaf
[K+]. Leaf [K+] in -0.5 MPa PEG was 8% lower than in zero PEG (780 mol/g DM). Leaf
[K+] in basal plus 10 mM NO3- (972 mol/g DM) was 20-35% higher than in other N
treatments. In -0.5 MPa PEG, leaf [K+] in basal solution and in basal plus 0.4 NO3- mM
were 9 and 13% lower than in the respective N treatments in zero PEG (Fig. 5.8a).
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Fig. 5.7 Water content (a), relative water content (b), expressed sap osmotic potential (c),
and calculated osmotic adjustment (OA) (d) for segments of FEFL of wheat (cv. Hartog) in
two PEG 8000 treatments (0 and -0.5 MPa) in the basal incubation solution, basal minus N,
basal plus 0.4 mM NO3- and basal plus 10 mM NO3- at 0 (initial) and 48 h of treatment
(experiment 3). Values are mean ± SE (n = 3). 0 MPa □, -0.5 MPa ■. Some error bars are
too small to see. Significant differences (P<0.05) between PEG treatments and amongst N
supply treatments were indicated by different letters.
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Fig. 5.8 Concentrations of K+ (a), Na+ (b), and Cl- (c) in segments of FEFL of wheat (cv.
Hartog) in two PEG 8000 treatments (0 and -0.5 MPa) in the basal incubation solution,
basal minus N, basal plus 0.4 mM NO3- and basal plus 10 mM NO3- at 0 (initial) and 48 h
of treatment (experiment 3). Values are mean ± SE (n = 3). 0 MPa □, -0.5 MPa ■. Some
error bars are too small to see. The scale of Y axis in Fig 8a is 2-fold that in Fig 8b and c.
Significant differences (P<0.05) between PEG treatments and amongst N supply treatments
were indicated by different letters.
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[Na+] in the leaf segments increased as they floated in PEG solutions. Leaf [Na+] in -0.5
MPa PEG was 70% higher than in zero PEG (80 mol/g DM). Leaf [Na+] in basal solution
(112 mol/g DM) was 6-10% higher than in basal solution without N supply and basal plus
10 mM NO3-. In -0.5 MPa PEG, leaf [Na+] in basal plus 10 mM NO3- (118 mol/g DM)
was 38% higher, however, in other treatments leaf [Na+] were 73-81% higher than in the
respective N treatments without PEG (Fig. 5.8b). Extra leaf [Na+] in basal solution, basal
plus 0.4 mM NO3- and basal plus 10 mM NO3- accounted for 21, 18 and 5% to OA,
respectively. Leaf [Na+] was only 15% of leaf [K+].
[Cl-] in the leaf segments decreased with time in both zero and -0.5 MPa PEG. Leaf [Cl] in -0.5 MPa PEG tended was not significantly different from that in zero PEG (Fig. 5.8c).
Initial leaf [Cl-] was 60% higher than in basal solution in zero PEG at 48 h (270 mol/g
DM). Extra leaf [Cl-] in basal, basal plus 0.4 mM NO3- and basal plus 10 mM NO3accounted for 8, 20 and 4.4% of the respective OA. Leaf [Cl-] was about 30% of leaf [K+].

Concentrations of glycinebetaine, proline, total soluble sugars in leaf segments

Leaf [glycinebetaine] decreased with time, especially in PEG treatments. PEG treatment
did not result in increased [glycinebetaine] in the leaf segments. Leaf [glycinebetaine] in 0.5 MPa PEG was 23% lower than in zero PEG (100 mol/g DM). Leaf [glycinebetaine] in
basal plus 0.4 mM NO3- was 30% higher than in basal solution. In -0.5 MPa PEG, leaf
[glycinebetaine] in basal minus N and basal solutions were 51 and 39% lower than in the
respective N treatments in zero PEG (Fig. 5.9a). By 48 h, leaf [glycinebetaine] had
decreased 20% from the initial level in basal solution (108 mol/g DM). Glycinebetaine did
not contribute to OA.
Leaf [proline] increased over time in PEG treatments. PEG treatment increased
[proline] in the leaf segments. Leaf [proline] in -0.5 MPa PEG was 40% higher than in zero
PEG (25 mol/g DM). Leaf [proline] in basal plus 10 mM NO3- (24 mol/g DM) was up to
40% lower than in the other N treatments. In -0.5 MPa PEG, leaf [proline] in basal, basal
plus 0.4 mM NO3- and basal plus 10 mM NO3- were 19, 112 and 43% higher than in the
respective N treatments in zero PEG, respectively (Fig. 5.9b). Extra leaf [proline] in basal,
basal plus 0.4 NO3- mM and basal plus 10 mM NO3- accounted for 1-7% of the OA. Leaf
[proline] was about 50% of leaf [glycinebetaine].
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Leaf [total soluble sugars] increased with time in PEG treatments. In zero PEG, [total
soluble sugars] became smaller in the order basal, basal minus N, basal plus 0.4 mM NO3and basal plus 10 mM NO3-. [Total soluble sugars] in -0.5 MPa PEG was 24% higher than
in zero PEG (449 mol/g DM). [Total soluble sugars] in basal solutions (532 mol/g DM)
was 10% higher than in basal plus 0.4 mM NO3- and basal plus 10 mM NO3-. In -0.5 MPa
PEG, [total soluble sugars] was higher in all N treatments than in zero PEG (Fig. 5.9c), i.e.
in basal (11%), in basal minus N and basal plus 0.4 mM NO3- (27%) and in basal plus 10
mM NO3- (36%). Relative increases were largest in basal plus 10 mM NO3- and the lowest
in basal solution. Extra leaf [total soluble sugars] in basal, basal plus 0.4 mM NO3- and
basal plus 10 mM NO3- accounted for 18, 34 and 20% of OA, respectively. Leaf [total
soluble sugars] (if mono-hexose) was about 6-fold higher than leaf [glycinebetaine].
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Fig. 5.9 Concentrations of glycinebetaine (a), proline (b), and total soluble sugars (c) for
segments of FEFL of wheat (cv. Hartog) in two PEG 8000 treatments (0 and -0.5 MPa) in
the basal incubation solution, basal minus N, basal plus 0.4 mM NO3- and basal plus 10
mM NO3- at 0 (initial) and 48 h of treatment (experiment 3). Values are mean ± SE (n = 3).
0 MPa □, -0.5 MPa ■. Some error bars are too small to see. The scale of Y axis in Fig 9c is
3-fold that in Fig 9a and b. Significant differences (P<0.05) between PEG treatments and
amongst N supply treatments were indicated by different letters.
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5.5 Discussion

OA and solutes in leaf segments as responses to increasing PEG concentration and
treatments periods

In the present experiments, OA was expressed in PEG -0.5 MPa, but was poorly expressed
at -1.0 MPa and not expressed at -1.5 MPa (Fig. 5.2 and 5.3). These results with leaf
segments contrast with OA in intact wheat leaves when the soil water potential was
between -1.5 and -2.5 MPa (Morgan 1984). Similar to the present findings with wheat leaf
segments, canola leaf discs did not show OA in PEG 6000 treatments lower than -0.8 MPa
(Gibon et al. 2000). Two possible reasons for the failure of leaf segments to adjust
osmotically at lower water potentials might be: (1) solute leakage because of membrane
damage, such as in cowpea (Vigna sinensis [L.] Endl.) leaf discs (Leopold et al. 1981) and
durum wheat leaf segments (Bajji et al. 2001a) and/or (2) related to the limitation in
obtaining the reduced carbon necessary for OA via photosynthetic reactions which are
sensitive to WD, such as in spinach (Spinacia oleracea L.) leaf slices (Kaiser et al. 1981)
and cells of tomato (Lycopersicum esculentum Mill.) plants (Bressan et al. 1982).
Responses to increasing PEG concentration in this study included a decreased [K+] in leaf
tissue (Fig. 5.2a), decreased OP of leaf tissue (Fig. 5.1c), and increased [K+] in solution
after PEG treatments (Table 5.2). These results indicate there was net solute leakage from
the cells perhaps caused by osmotic shock in PEG treatments. Solute leakage in cowpea
leaf discs after desiccation (to 55% of initial fresh weight) was 8-times higher than in
control conditions as a result of membrane damage (Leopold et al. 1981). Electrolyte
leakage of durum wheat leaf segments treated with PEG 10,000 (-1.5 MPa) was up to 60%
higher than in normal (-0.1 MPa PEG) and K+ was the major inorganic ion amongst the
measured solutes (Bajji et al. 2001a). Photosynthesis in spinach leaf discs was inhibited
50% by sorbitol (-2.5 to -4.0 MPa) because of the effect of osmotic potential on the
photosynthetic apparatus or even damage to chloroplasts (Kaiser et al. 1981). Furthermore,
the decrease in photosynthetic capacity was proportional to the increases in the leakage of
solutes from the tissues as shown in bryophytes (Gupta 1977). Thus, OA in wheat leaf
segments was expressed under a limited range of osmotic potentials induced by PEG, and
use of PEG more negative than -1.0 MPa appeared to cause damage.
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OA and solutes in leaf segments as responses to KCl and NaCl addition

Additional KCl and NaCl supply to the basal solution for incubating leaf segments of wheat
in PEG at -0.5 MPa for 48 h affected OA expression, and leaf OA was about 100% higher
with these additional ions than in basal solution with PEG -0.5 MPa. In this present study,
Na+, Cl-, proline and total soluble sugars contributed to leaf OA in the presence of
additional KCl and NaCl supply. However, K+, despite being present in solution, was not
used by the tissues for OA. Amongst these solutes, total soluble sugars were the biggest
contributor (up to 40%) to OA. When [K+] was low, high concentrations of sugar and
possibly unknown solutes reflected the capacity to substitute for the osmotic function
normally performed by K+, such as in tomato plants (Besford and Maw 1976; Glass 1983).
However, higher K+ supply in the fertiliser of three tropical grasses grown in the field did
not enhance leaf OA under water deficit (Wilson and Ludlow 1983), because the difference
of [K+] in the soil solution at field capacity between high (0.6 mM) and normal (0.4 mM)
treatments was probably insufficient to affect OA expression. Addition of KCl and NaCl up
to 10 mM in the incubation solution here increased the development of OA in leaf segments
of wheat.
Additional KCl and NaCl supply to the basal solution influenced [K+] and [Na+] in leaf
segments. Adding 10 mM KCl to the solution resulted higher [K+] in leaf segments than
initial by uptake from solution, as shown by decreased [K+] in solution after 48 h of
incubation. This process showed low affinity of K+ uptake (Epstein et al. 1963). Addition of
10 mM NaCl decreased [K+] and increased [Na+] in leaf segments. Leakage of K+ or
possibly K+-Na+ exchange and uptake of Na+ were indicated by increased [K+] and
decreased [Na+] in solution after 48 h of incubation (Table 5.3).
PEG -0.5 MPa treatments with additional KCl and NaCl supply to the basal solution
increased [Cl-] in leaf segments. Cl- is one of the inorganic solutes which are responsible for
most of the tissue OP in several species under WD (Pugnaire et al. 1999), and [Cl -]
increased under WD in fully-expanded wheat leaves in a (Munns et al. 1979) and in the
field experiment (experiment 2 Chapter 4). Cl- contributed to OA in leaf segments (present
study) as well as in field experiment (experiment 2 Chapter 4).
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OA and solutes in leaf segments as responses to nitrogen omission and nitrate addition

The level of N supply in the solution for incubating leaf segments of wheat influenced the
leaf OA expression in PEG -0.5 MPa after 48 h. Leaf OA was not found in the basal
solution without macronutrient N, but it occurred in the other treatments, with the highest
OA in the 10 mM NO3- treatment. Nitrogen supply, at 0.4 or 10 mM NO3-, resulted in leaf
OA expression. Additional N supply as 10 mM KNO3 added to basal solution resulted in
81% higher leaf OA expression (0.32 MPa) than in basal solution in PEG -0.5 MPa. Na+,
Cl-, proline and total soluble sugars contributed to leaf OA. As in experiment 1 discussed
above, total soluble sugars were the largest contributor to OA (up to 34%), whereas proline
was the smallest (up to 7%). Similarly, in rice (Oryza sativa L.), higher N supply as
NH4NO3 (4-times) in the incubation solution resulted in 50% higher leaf OA in 2-week-old
intact plants under PEG 6000 with osmotic potential -0.06 lowered stepwise to -0.6 MPa
(Yambao and O’Toole 1984). The OA in leaves of rice were 0.26 MPa and 0.43 MPa in
low N (0.7 mM) and high N (2.9 mM) supply, respectively; however the solutes involved
were not investigated. The omission and addition of N in the incubation solution affected
the OA expression in leaf segments of wheat subjected to PEG-induced WD.
Higher supply of NO3- did not enhance accumulation of proline or glycinebetaine in leaf
segments of wheat incubated in PEG -0.5 MPa for 48 h. By contrast, leaf [proline] was up
to 60% higher in barley seedlings grown in -1.2 MPa PEG treatment with 100% Knop
solution (8 mM NO3- ) than in 25% Knop solution (2 mM NO3- ) (Kocheva et al. 2007).
Information on leaf [glycinebetaine] accumulation in response to different N supply in PEG
treatments is lacking. The accumulation of N-containing solutes, such as proline and
glycinebetaine in this study, did not occur with higher [NO3-] supply either because (1)
NO3- influx decreased and/or NO3- efflux increased (no NO3- uptake by leaf segments) with
higher NO3- supply as shown in wheat seedlings (Jackson et al. 1976), perennial ryegrass
seedlings (Morgan et al. 1973) and barley seedlings (Aslam et al. 1996); or (2) NO3- uptake
by leaf segments occurred, but it was not used for synthesis of proline and glycinebetaine.
[NO3-] in leaf tissues still need to be tested, however, there was not any tissue available
after all the other analyses, so NO3- levels in tissues could not be determined.
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Solutes accumulated in leaf segments exposed to -0.5 MPa PEG
K+ was not accumulated in the leaf segments in -0.5 MPa PEG, whereas it was the major
contributor to OA for intact leaves of wheat under WD (Munns et al. 1979; Condon 1982;
Morgan 1992; Chapter 3). Similarly, K+ was not accumulated in 6-d-old seedlings of durum
wheat grown in pots after withholding water for 12 d in growth-room conditions (Kameli
and Lösel 1995). K+ was also not accumulated in 28-d-old winter wheat in containers after
withholding water for 7 d in a growth chamber (Johnson et al. 1984). PEG 1540 treatment
(down to -0.48 MPa) decreased K+ absorption up to 60% in young bean (Phaseolus
vulgaris L.) after 5 d of treatment (Kawasaki et al. 1983). Therefore, K+ would be lost from
the cells or there was no K+ uptake by leaf segments in the PEG treatment (Fig. 5.5a and
5.8a).
[Na+] was higher in PEG -0.5 MPa than in zero PEG (Fig. 5.5b and 5.8b). The decrease
in [Na+] in solution with -0.5 MPa PEG after 48 h of treatment (Table 5.3) indicated there
was Na+ uptake by leaf tissues. Similarly, Na+ accumulated in Panicum maximum (green
panic) subjected to a continuous 35 d drying cycle in the field (Ford and Wilson 1981) and
in some forage species subjected to a low level of water supply (125 mm over 14 weeks)
compared with high level (350 mm) in containers (Rahman et al. 1971). Increase in [Na+]
might have resulted from enhanced unidirectional influx mediated by a weakly voltagedependent, non-selective cation channel in the plasma membrane such as shown by
Davenport and Tester (2000) in root segments of wheat seedlings grown in nutrient solution
with low salt (10 mM Na Cl).
[Proline] in leaf segments in -0.5 MPa PEG was higher than in zero PEG (Fig. 5.6 and
5.9), but the proline accumulation was small. Proline accumulation occurred in leaf
segments of 7-d-old barley seedlings subjected to PEG 6000 (-2.0 MPa) for 24 h (Dungey
and Davies 1982), which would have been a severe shock. Also, [proline] increased up to
36-times higher (36 mol/g DM) in leaves of barley seedlings treated with PEG 8000 (-0.8
MPa), but it accounted for less than 5% of OA after 24 h (Riazi et al. 1985). Although
proline contribution to OA was minor, the observed increase in [proline] might have other
positive roles, such as stabilization of enzyme structure and activity and protection of
membrane integrity from damage by reactive oxygen species (Büssis and Heineke 1998;
Chaves et al. 2003; Ashraf and Fooland 2007). In experiment 2, increased [proline] in leaf
segments (Fig. 5.6b) was associated with less leakage of inorganic solutes (Table 5.3).
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Thus, proline accumulated in leaf segments of wheat under WD (present chapter), intact
plants in a controlled-environment (Chapter 3), and in the field (Chapter 4), but in all cases
contributed at most 7% of OA on a whole tissue basis, so these other roles of proline might
be more important for tolerance of WD than its role in OA (Riazi et al. 1985; Hare et al.
1999; Chaves et al. 2003).
Total soluble sugars accumulated in leaf segments of wheat subjected to -0.5 MPa PEG
for 48 h. Similarly, reducing sugars comprised 45% of total measured solutes accumulated
in tobacco callus cells grown in PEG 4000 solution (the osmotic potential of solution was
unavailable) (Heyser and Nabors 1981). Sugars accounted for OA in wheat grown at high
radiance in a phytotron after 5 d of water deficit (Munns and Weir 1981), for example,
sucrose accounted for 70-90% of total sugars in expanded leaves (Munns and Weir 1981)
Increases in soluble sugars are important for acclimation during WD (Munns and Weir
1981). Accumulation of sugars such as trehalose, sucrose, and raffinose can help protect
membrane integrity under cellular WD by replacing water molecules (Bohnert et al. 1995).
Increases in [total soluble sugars] could result from degradation processes (e.g. enhanced
starch degradation), de novo synthesis (e.g. increased formation of hexose), or reduced
consumption of photosynthate as growth is impeded (Ardnt et al. 2001).

Conclusions
Hartog (high OA wheat cultivar; Morgan 2001, Chapter 3) was tested for expression of OA
in leaf segments under PEG-induced WD. This present study confirmed that OA was
expressed in leaf segments exposed to WD under -0.5 MPa PEG, but not at -1.0 MPa or
lower. Additional K+ and Na+ and NO3- at 10 mM added to basal solution enhanced leaf OA
by up to 100%. Omission of N from the basal solution suppressed the expression of OA in
leaf segments. K+ and glycinebetaine were not accumulated in leaf segments exposed to
WD under PEG -0.5 MPa during 48 h, but, Na+, Cl-, proline and total soluble sugars
contributed up to 21, 20, 7 and 40% to OA, respectively. The solutes that contributed to leaf
OA in the laboratory experiment were different from those in the field and glasshouse
experiments. For screening germplasm for its capacity to express OA, laboratory-based
PEG methods with leaf segments should be complemented with glasshouse and field
experiments (Chapter 3 and 4) because of the large difference in conditions, such as the
isolated tissues, an absence of source or sinks, and wound effects.
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6.1 Summary of key findings

This thesis evaluated leaf osmotic adjustment (OA) of wheat (Triticum aestivum L.) in
controlled-environment, field and laboratory studies, with the objective to identify the
solutes involved, and whether the patterns of accumulation differ amongst solutes with
the development of water deficit (WD). Three wheat cultivars: Hartog and Mulgara
(high OA cultivars) and Sunco (low OA cultivar), were used. This aim has been
achieved by experiments with soil WD applied to whole plants in containers in a
controlled-environment and at a field site in south-western Australia. Segments of
wheat leaves were subjected to WD using polyethylene glycol (PEG) in laboratory
experiments.

The thesis confirms that OA occurred in wheat leaves in response to WD. Controlledenvironment experiments established that wheat cv. Hartog has a relatively high OA
capacity at the reproductive stage, as expected based on the earlier work of Morgan
(2001). K+, glycinebetaine, proline and glucose were the major solutes accumulated.
The solutes shown to contribute to OA in wheat under WD in earlier studies were
sugars (sucrose, glucose and fructose), proline and K+ (Morgan 1992). A field
experiment with 28 d of either mild or moderate WD was conducted on sandy duplex
soil near Merredin, Western Australia. In the field experiment, relatively high OA
capacity was evident in Hartog. K+, Na+, Cl-, glycinebetaine, proline, fructose and
glucose contributed to OA; however, K+ and Cl- were the major contributors.
Laboratory experiments showed that OA occurred in leaf segments incubated in PEG
8000 solution and the solutes involved in leaf OA were different from those in
controlled-environment and field experiments. Na+, Cl-, proline and total soluble sugars
all contributed to OA in leaf segments, but K+ did not, even when it was supplied
externally.

The significance of these findings are discussed here in relation to comparing OA and
solutes in wheat under WD at different stages of plant development, at tissue and whole
plant levels, soil-grown plants in controlled-environment and field conditions and across
the experiments of this study. The discussion will also include a comparison of the
present study with the work of Morgan, as well as implications of the results for
screening germplasm for tolerance of WD.
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6.2 Osmotic adjustment and solutes in wheat under water deficit

Different stages of plant development

Leaf OA capacity was confirmed as being higher for Hartog than for Sunco at the
reproductive stage (Fig. 3.2e in Chapter 3). At the grain filling stage (experiment 1 in
Chapter 4), however, the difference in leaf OA expression between Hartog and Sunco
(Fig. 4.3e in Chapter 4) was less pronounced than at the reproductive stage. These
different expressions of OA at the reproductive and grain filling stages in this study
were different from those reported in sorghum (Ludlow et al. 1990; Santamaria et al.
1990). In a field experiment, sorghum genotypes with high OA capacity developed 70%
higher OA than genotypes with low OA when WD was applied before anthesis
(Santamaria et al. 1990). However, WD applied after anthesis resulted in 145% higher
OA in high OA genotypes than in low OA genotypes (Ludlow et al. 1990).

Leaf OA of wheat cultivars with contrasting OA was expressed less at the grain filling
stage than at the reproductive stage (Fig. 3.2e in Chapter 3, Fig. 4.3e in Chapter 4). The
downward progress of water extraction from the soil profile in some crops, such as
maize, sunflower, peanut, soybean, alfalfa, stopped at the beginning of the grain filling,
because root maximum length was reached at this stage (Dardenelli et al. 1997). In the
present study in containers in a controlled-environment, the deep root dry mass for
wheat at the reproductive stage was 67% higher than that at the grain filling stage (data
not shown). Deep rooting enabled crops to uptake water from deeper layers of the soil
profile, and thus increased the soil water available to the crop (Jordan et al. 1983). Deep
rooting and subsoil water extraction became increasingly important under WD
(Pugnaire et al. 1999). Furthermore, translocation of photosynthate allocated to deeper
roots supported faster water extraction and plant growth in rainfed lowland rice under
WD (Kamoshita et al. 2000, 2004). The result of the separate experiments on wheat
indicated that volumetric soil water content from deeper soil layers (70 cm depth) at the
grain filling stage was 5.1% and it was 3% at the reproductive stage. Furthermore, WD
treatment at the grain filling stage might still have been relatively mild as the duration
was less than the 21 d of drying used at the reproductive stage (i.e. 16 d for Hartog and
19 d for Sunco). Despite this difference in duration, the magnitude of the WD was the
same in each case as all the plants from which water was withheld had begun to wilt.
The WD period was shorter at the grain filling stage because the plants commenced to
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wilt earlier. The shorter WD duration might have decreased leaf OA expression in
wheat, as time is a critical variable for the development of OA. Osmotic adjustment
requires time and fast reduction in plant water status might not allow time for
adjustment (Condon 1982; Turner et al. 1986; Blum 1996; Chandra Babu et al. 1999a).
Therefore, the plants had less chance to express OA at the grain filling stage because of
shorter duration of WD and less water taken from the deeper layers.

Tissue and whole plant levels

Leaf OA occurred in Hartog at whole plant levels in the controlled-environment
(Chapter 3), in the field (Chapter 4), and at tissue level in the laboratory (Chapter 5).
Wheat cultivars with high OA capacity, such as Hartog (Morgan 2001), can continue
physiological processes, such as photosynthesis and water extraction in spite of some
dehydration (Chandra Babu et al. 2001). OA is regarded as beneficial as it can help
plants to extract more water (Morgan and Condon 1986).

The mechanisms of OA expression and solute accumulation were different between the
whole plant (Chapters 3 and 4) and leaf segments (Chapter 5). Osmotic adjustment
occurred in whole plants subjected to 2-4 weeks of WD as well as in leaf segments
exposed to PEG 8000-induced WD for 2 d. These results showed that the mechanism of
OA could be triggered quickly in leaf segments. K+ was the major solute involved in
OA in leaves of intact plants (i.e. at the whole plant level), but not in excised leaf
segments, even though K+ was added to the PEG solution. This difference indicated that
roots and/or other tissues such as dying leaves of the intact plant influenced the
development of OA in wheat and that entry of K+ to leaves of intact plants was not just
in response to a demand by the leaf tissues. Root-to-shoot and leaf-to-leaf signalling
systems were unavailable (Davies and Zhang 1991) in excised segments, compared with
intact plants. The root-to-shoot signalling system via the xylem under WD includes
abscisic acid (ABA), cytokinin, strong ion difference, anions and cations, and changing
pH in the xylem sap. Leaf-to-leaf signalling system distributes ABA from older to
younger leaves for turgor control (Davies and Zhang 1991). Duration and level of
organisation in the plant affected the mechanism of OA expression and solute
accumulation during WD.
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Soil-grown plants in a controlled-environment and field conditions

Hartog (high OA wheat cultivar) adjusted osmotically more than Sunco (low OA wheat
cultivar) at the reproductive stage, both in a controlled-environment (Fig. 3.2e in
Chapter 3) and in the field (Fig. 4.6e in Chapter 4). The field experiment with mild and
moderate WD was conducted on a sandy duplex soil near Merredin, Western Australia.
These results were consistent with Morgan (2001), who reported that Hartog had a high
OA capacity and Sunco had low OA capacity. K+ was a major contributor to leaf OA
both in the controlled-environment and field experiments and this was consistent with
earlier studies by Munns et al. (1979), Condon (1982), and Morgan (1992). Supporting
the limited information on the contribution of glycinebetaine to OA under WD in wheat,
this solute was involved in leaf OA in the controlled-environment and field experiments
in addition to proline and sugars, which were reported earlier by Morgan (1992).

Evaluation of leaf OA expression in controlled-environment conditions should be
complimented with data from the field as container-grown plants can suffer from
various side effects. As reviewed by Passioura (2006b) these side effects can include:
(1) soil in the containers does not contain many pores large enough to be drained at the
small water suctions as in the field, altering root access and nutrient availability, (2) the
soil at the bottom of freshly watered and drained containers is often saturated with
water, so that it might become hypoxic, (3) soil and root temperature in the containers
are influenced by the light, which heats the side of the containers, so that root
respiration can increase, (4) in heated controlled-environment rooms, cold tap water
added to warm containers can influence growth. In addition, duration of WD for plants
in containers is constrained by soil volume, while plants in the field should have a
greater capacity for compensation, and individual plants in containers have a canopy
that differs from a community of plants in the field. To minimise the artefacts in my
experiments with plants in containers, large grey containers (25 L) with drain holes
were used, and watering of containers to field capacity by measurement of weights was
conducted.

The contribution of measured solutes to leaf OA was more pronounced in the field
(experiment 2 of Chapter 4) than in the controlled-environment (experiment 1 of
Chapter 3). The rate of WD development in the field was slower than in the controlledenvironment condition. The rate of drying for Hartog in the field was -0.07 MPa d-1
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(experiment 2 of Chapter 4), whereas the rate in the controlled-environment it was -0.2
MPa d-1 (experiment 1 of Chapter 3). Field conditions often allow gradual acclimation,
whereas the rate of drying in containers is quicker because of the limited volume of soil
water accessible to roots (Fereres et al. 1978). Different rates of imposing WD between
controlled-environment and field conditions presumably contributed to the different
patterns of solute accumulation.

Across experiments

To compare the expression of OA during WD across experiments in this study, the
magnitudes of OA were determined using the values of leaf WC and OP in WD plants
(Turner 2006). The relationship between natural logarithm (ln) of leaf WC (dependent
variable) and leaf OP (independent variable) had a slope of 1.0 for the concentration
effect. For tissues that adjust osmotically, the slope was less than 1.0 and the OA index
was 1.0 – slope. An index of 1.0 was full expression of OA capacity, and a value of 0.0
was no expression of OA capacity (Turner 2006). In the whole plant experiments, the
index of OA in Hartog, varied from 0.35 to 0.71, for Sunco it varied from 0.21 to 0.59,
and for Mulgara it was 0.58 (Table 6.1).

Table 6.1 Index of osmotic adjustment (OA) in wheat cultivars Hartog, Sunco and
Mulgara at whole plant and tissue levels under water deficit in experiments conducted
either in a controlled-environment (CE), field (FIELD), or laboratory (LAB).
Chapter

Experiment

3

1 (CE)

4

2 (CE)
1 (CE)
2 (FIELD)

5

1 (LAB)

Wheat
cultivar
Hartog
Sunco
Hartog
Hartog
Sunco
Hartog
Sunco
Mulgara
Hartog

Slope
0.37*
0.41*
0.65*
0.33*
0.79*
0.29*
0.56*
0.43*
-0.32*

SE slope

n

0.13
0.19
0.09
0.13
0.24
0.23
0.14
0.44
0.47

8
8
9
4
4
9
9
9
8

OA index
0.63
0.59
0.35
0.67
0.21
0.71
0.44
0.58
1.32

n, number of data points; SE, standard error
* The slope is significantly different from 1.0 at P=0.05. If slope = 1.0, this indicates the increase in
solute concentration caused by the loss of water from the tissue. OA index is 1.0 - slope (Turner 2006)

Hartog and Sunco performed consistently across all experiments at the whole plant
level, except for Hartog in experiment 2 of Chapter 3, where Sunco was not included.
The lower than expected OA index of Hartog in experiment 2 of Chapter 3 was
probably caused by the different type of soil used in this experiment. A mixture of loam
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(50%), sand (40%) and jarrah sawdust (10%) was used in experiment 2 of Chapter 3,
whereas sandy soils were used in other experiments in the controlled-environment and
field. According to the OA index, Hartog had a higher level of OA than Sunco, and this
was consistent with Morgan (2001). Plants in the field experiment behaved similarly to
those in controlled-environment experiments, so that experiments in a controlledenvironment could be used to evaluate OA. For experiments at whole plant level, OA
occurred at stage II of drying (Sinclair and Ludlow 1986) when a period of about 20 d
was required for the expression of OA. Rapid drying usually does not allow OA to
occur (Blum 1996; Chandra Babu et al. 1999a) and the root-to-shoot signalling system
(Davies and Zhang 1991), which can take time to develop depending on the amount of
the root system exposed to drying soil (Siopongco et al. 2008), might also influence the
mechanism of OA. The index of OA in experiment 1 of Chapter 5 indicated that the
mechanism of OA and solute accumulation (such as K+) in response to WD at tissue
level was different from that operating at the whole plant level. Leaf OA occurred at the
tissue level (i.e. in excised leaf segments) but with very little change in WC. The
expression of OA at whole plant level was consistent in controlled-environment and
field experiments, but different from that in the tissue level experiment.

6.3 Present study and Morgan’s work

Difference in environmental conditions, such as climate factors and soil types, between
the present study and earlier work by Morgan affected the expression of OA and solutes
during WD. Morgan conducted his field experiments in northern New South Wales that
has a summer-dominant rainfall pattern and red clay-loam soils (Morgan 1983, 1995;
Morgan and Condon 1986). In contrast, this study was conducted in Western Australia
with a typically wet winter growing season and terminal drought and was dominated by
sandy and duplex soils (Del Cima et al. 2004). The present study indicated leaf OA in
Hartog was larger than in Sunco (experiment 1 of Chapter 3 and experiment 2 of
Chapter 4), which was consistent with Morgan (2001). Nevertheless, in the field
(experiment 2 of Chapter 4), the expression of OA in Mulgara, which is a near isogenic
line for high OA obtained by transferring a putative gene from Hartog to a Sunco
background, was similar to Sunco and this was inconsistent with Morgan (2001). The
level and extent of OA expression in crops under WD was affected not only by
differences amongst cultivars (Turner and Jones 1980), but also by rate of WD
development (Turner and Jones 1980), severity of WD (Chaves et al. 2003), age of
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tissue and stage of plant development (Condon 1982), and environmental conditions
such as temperature and light (Turner and Jones 1980). Rate of WD development is
presumably the main difference between the present study and Morgan’s work, because
the rates of drying for high OA cultivars in the field were -0.07 MPa d-1 on sandy
duplex soil (experiment 2 of Chapter 4) and -0.01 MPa d-1 on red clay (Morgan 1995).

This present study indicates the involvement of glycinebetaine in leaf OA as wheat
responds to WD, in addition to sugars (sucrose, glucose and fructose), amino acids (e.g.
proline), and K+ (Morgan 1992). The contribution of glycinebetaine to OA of two wheat
lines with contrasting OA was measured for the first time. The contribution of
glycinebetaine (up to 19%) was clearly pronounced at the reproductive stage in the
controlled-environment (experiment 2 in Chapter 3) and field (experiment 2 in Chapter
4) experiments. Similarly, glycinebetaine accumulated (1.3-1.9-fold) in leaves of two
spring wheat cultivars in response to WD at the heading and grain filling stages in the
field (Zhu et al. 2005). However, its contribution to OA was not measured in the study
of Zhu et al. (2005). Glycinebetaine has osmoprotective effects under WD through
several mechanisms, including contribution to OA, possible detoxification of reactive
oxygen species, protection of membrane integrity, and stabilisation of enzymes (Rhodes
and Hanson 1993; Hare et al. 1998; Ashraf and Fooland 2007).

The capacity for OA under WD is an inherited trait in wheat (Morgan 1983, 1991).
With regard to the genes responsible for OA, the findings in this present study indicated
changes in solutes in addition to those studied previously so that genes controlling OA
in wheat might also be located at unknown loci in addition to a single locus on
chromosome 7A (Morgan 1991; Morgan and Tan 1996) and other loci located on
chromosomes 5A and 5D (Galiba et al. 1992). The locus on 7A was primarily expressed
as a difference in K+ accumulation with amino acid accumulation as a secondary
response, whereas the ones on 5A and 5D regulated free amino acid accumulation. A
single gene on chromosome 7A, however, fails to account for most of the genetic
variation observed (Morgan, pers. comm. in Richards 2006).

The gene for high OA in wheat could be a regulatory one that switches on several genes
at different stages of WD to produce various solutes. Such regulatory genes have
recently been discovered to control a co-ordinated response of a number of processes in
acclimation to other abiotic factors, as one example the sub 1A gene in submergence
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tolerance of rice (Xu et al. 2006). Thus, further genetic analysis is required to identify
quantitative trait loci (QTL), especially those that are responsible for accumulation of
glycinebetaine and sugars related to high OA capacity in wheat. As the QTL identified
will change with WD severity and those genes that are activated at that sampling time,
analysis of gene expression may be required to follow the sequential pathways involved.

6.4 Implications of the results for screening germplasm for tolerance of water
deficit

In this study, OA was expressed and the patterns of solutes that contributed to OA under
controlled-environment, field and laboratory conditions were investigated. Among these
experiments, soil-grown plants in the controlled-environment (experiment 2 in Chapter
3) was an effective model for screening germplasm for OA and the solutes that
contribute to it in wheat. Similarly, glasshouse measurement of OA was an appropriate
selection criterion in wheat breeding (Morgan et al. 1986). Although the laboratorybased PEG method with leaf segments had some advantages such as shorter duration,
under well-controlled conditions and repeatability (Gibon et al. 2000), this simpler
method cannot substitute for controlled-environment and field experiments for
screening germplasm for OA capacity, as results differed between leaf segments
(Chapter 5) and intact plants (Chapters 3 and 4).

Crops that can capture more of the water supply for use in transpiration are required to
increase yields when water supply is limited. To be able to extract more of the water in
the soil, vigorous crops with rapid development of leaf area and deep roots (Passioura
2002; Reynolds et al. 2005) are required. The expression of traits related to soil water
extraction (OA capacity, early vigour and deep root system) is also influenced by plant
development and growth, and the characteristics of the target environment. Therefore,
designing plants with appropriate trait combinations for correct expression in particular
target environments is required in future breeding programs. Knowledge of genotype by
environments interaction and its consequence for trait expression in target environments
is important for this program (Botwright Acuña et al. 2008). This further study would
be beneficial for understanding mechanisms of WD tolerance in wheat.
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6.5 Limitations of the thesis and future research priorities

This thesis has raised questions requiring further research. There are numerous possible
future experiments arising from this study, but some of more important ones that will
enrich our knowledge of OA and solutes as mechanisms associated with tolerance to
WD include:
1. Evaluate OA and solutes in a controlled-environment and field conditions in other
tissues such as roots. This further study will complement the current information
which is available on expanding leaves (Munns et al. 1979; Munns and Weir 1981),
expanded leaves (Munns et al. 1979; Munns and Weir 1981; Morgan 1992; present
study), developing floret apex (Munns et al. 1979) and spikelet (Morgan 1980b).
OA in roots, especially in the tips, might have resulted in sustained root growth at
the beginning of soil drying allowing roots to penetrate deeper into the soil for
accessing additional soil water (Munns 1988; Voetberg and Sharp 1991; Serraj and
Sinclair 2002). OA and solutes in root tips, however, have not been the focus of
recent research to improve plant performance under WD due to difficulties in their
measurement and a lack of knowledge of the rhizosphere (Richards 2006).
2. Compare OA and solutes in a controlled-environment and field conditions with
longer duration of WD treatments and variation in soil properties, such as soil type
(sandy, sandy duplex, clay, loam) and soil fertility (addition of macronutrients).
Comparing OA expression in different soil types is required as the response was
more pronounced when using a mixture of loam and river sand in experiment 2
rather than in experiment 1 that used a sandy soil (Chapter 3). Longer periods of
WD using substrate with a larger water holding capacity should be applied as drying
periods at the grain filling stage in a controlled environment (experiment 1 in
Chapter 4) did not allow for complete OA expression. As drying the soil in the field
reduces the uptake and transport of nutrients to the roots (Hsiao 1973), further
experiments related to soil fertility, such as NO3-, will provide information whether
macronutrients status in the soil affects the expression of OA and solutes under WD.
3. Identify solutes other than K+, Na+, Cl-, glycinebetaine, proline and sugars that
contributed to leaf OA in wheat under WD, such as free amino acids in addition to
proline, organic acids such as malate, citrate, other soluble carbohydrates such as
fructans, and other inorganic ions such as NO3-, NH4+, Mg2+, and Ca2+ (Morgan
1984; Munns et al. 1979; Ma and Turner 2006). Apart from the controlledenvironment experiment at the grain filling stage, which did not measure
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glycinebetaine, proline and sugars, solutes measured in this study contributed a
proportion of osmotica in wheat under WD, but there were still unknown solutes.
4. Measure concentration of PEG in leaf tissues and the uptake, influx and efflux of
nutrients by excised leaf segments (Chapter 5). Concentration of PEG should be
measured in leaf tissues to check whether PEG 8000 is a non-permeating osmotic
reagent as suggested by Bressan et al. (1981). Measurement of uptake, influx and
efflux of nutrient ions by leaf segments will provide strong evidence to explain the
increase and decrease in solute concentrations in leaf segments related to OA in
response to PEG-induced WD.
5. Identify genes responsible for the expression of OA and solutes related to OA in
wheat under WD. Genes controlling OA capacity in wheat have been identified by
Morgan (1983, 1991) and Galiba et al. (1992), but they do not account for
accumulation of glycinebetaine, fructose or glucose that increased in leaves at
different times of the drying cycle as indicated in this study (experiment 2 in
Chapter 3 and experiment 2 in Chapter 4). Mapping QTLs related to OA and other
solutes apart from K+ and amino acids would clarify whether these loci are
independent or linked. In addition, screening other target traits for water access
(early vigour and rapid ground cover, deep root system) and identification of loci
associated with these traits in the selected lines will also be important. The analysis
of expression of genes associated with various traits would provide additional
knowledge on regulation of adaptation to WD and would support future breeding
programs for water-limited environments.

6.6 Conclusion

The areas covered by this thesis dealt with leaf OA of bread wheat (Triticum aestivum
L.) and solutes involved in OA in controlled-environment, field and laboratory studies
on WD. Results of this study showed leaf OA was evident and differences in type and
pattern of solutes accumulated as responses to WD in a controlled-environment, field
and laboratory experiments. Soil-grown plants in a controlled-environment are more
appropriate for screening germplasm for OA in wheat rather than plants in the field or
laboratory-based experiments with PEG using leaf segments. Glycinebetaine is involved
in leaf OA in addition to K+, proline and sugars, which have been discovered in earlier
studies. More work must be done in several areas related to OA and solutes in wheat
under WD, as this chapter has highlighted. An important outcome, however, was my
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finding that Hartog expressed higher OA under WD condition of relevance to southwestern Australia, adding to the knowledge reported for OA in northern New South
Wales.
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