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Abstract

In the South Australian wheat belt, cyclic drought is

a frequent event represented by intermittent periods of

rainfall which can occur around anthesis and post-

anthesis in wheat. Three South Australian bread wheat

(Triticum aestivum L.) cultivars, Excalibur, Kukri, and

RAC875, were evaluated in one greenhouse and two

growth-room experiments. In the first growth-room

experiment, where plants were subjected to severe

cyclic water-limiting conditions, RAC875 and Excalibur

(drought-tolerant) showed significantly higher grain

yield under cyclic water availability compared to Kukri

(drought-susceptible), producing 44% and 18% more

grain compared to Kukri, respectively. In the second

growth-room experiment, where plants were subjected

to a milder drought stress, the differences between

cultivars were less pronounced, with only RAC875

showing significantly higher grain yield under the

cyclic water treatment. Grain number per spike and

the percentage of aborted tillers were the major

components that affected yield under cyclic water

stress. Excalibur and RAC875 adopted different mor-

pho-physiological traits and mechanisms to reduce

water stress. Excalibur was most responsive to cyclic

water availability and showed the highest level of

osmotic adjustment (OA), high stomatal conductance,

lowest ABA content, and rapid recovery from stress

under cyclic water stress. RAC875 was more conser-

vative and restrained, with moderate OA, high leaf

waxiness, high chlorophyll content, and slower re-

covery from stress. Within this germplasm, the capac-

ity for osmotic adjustment was the main physiological

attribute associated with tolerance under cyclic water

stress which enabled plants to recover from water

deficit.

Key words: Cyclic drought, osmotic adjustment, wheat.

Introduction

Drought is the most important limiting factor for crop
production and it is becoming an increasingly severe
problem in many regions of the world. In addition to the
complexity of drought itself (Passioura, 1996, 2007), plant
responses to drought are complex and different mechanisms
are adopted by plants when they encounter drought (Levitt,
1980; Jones et al., 1981; Jones, 2004). These mechanisms
can be (i) drought escape by rapid development which
allows plants to finish their cycle before severe water stress,
(ii) drought avoidance by, for instance, increasing water
uptake and reducing transpiration rate by the reduction of
stomatal conductance and leaf area, (iii) drought tolerance
by maintaining tissue turgor during water stress via osmotic
adjustment which allows plants to maintain growth under
water stress, and (iv) resisting severe stress through survival
mechanisms. However, this last mechanism is typically not
relevant to agriculture (Tardieu, 2005). The maintenance of
high plant water status and plant functions at low plant
water potential, and the recovery of plant function after
water stress are the major physiological processes that
contribute to the maintenance of high yield under cyclic
drought periods (Blum, 1996).
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Understanding the physiology and genetic control of
these mechanisms using physiological and molecular
genetic tools will assist breeding programmes seeking to
improve drought resistance in crop plants. Physiological
studies help to establish the precise screening techniques
necessary to identify traits which are related to plant
productivity. Recent studies suggest that selection of
physiological traits have the potential to improve grain
yield under drought in wheat (Richards, 1989, 2004;
Reynolds et al., 2001; Chaves et al., 2002, 2003;
Reynolds, 2002; Richards et al., 2002; Condon et al.,
2004; Olivares-Villegas et al., 2007). Therefore, under-
standing the physiological responses of crops under
drought, and the underlying complex genetic control of
different mechanisms of drought tolerance, is crucial to
enhance screening for drought tolerance.
Different types of drought exist which are related to the

latitude, temperature, and seasonal precipitation of the
cropping zone (Fischer and Turner, 1978). A combination
of several climatic factors such as heat stress, water
deficit, vapour pressure deficit, salinity, and hostile
subsoils can produce different types of drought. In South
Australia, the target region for the present work, the
pattern of drought resembles that of a Mediterranean-type
environment, where most precipitation falls in winter and
vapour pressure deficits rise with temperature in the
spring. Wheat production in this environment relies
predominantly upon rainfall during the growing season.
Fluctuation in rainfall during the growing season results in
cyclic water availability, predominantly around anthesis
and post-anthesis. In general, rainfall in the winter months
(June–August) is usually adequate for plant growth and
exceeds crop demand because of mild temperatures, low
evaporation, slow growth rates, and the relatively high
reliability of the rain events. During the spring, rainfall
becomes less frequent, with intermittent rainy periods.
Temperature and vapour pressure deficits increase and
moisture stress of unpredictable severity, duration, and
timing can occur any time from September. This period
coincides with stem elongation, flowering, and grain-
filling (Turner, 2004). In addition, drought under South
Australian conditions is complicated by strong genotype-
by-environment interactions. Most growing areas have
a hostile subsoil with salinity and nutrient deficiencies and
toxicities being present (Rodriguez et al., 2006). Simula-
tion modelling suggests that a shallow root system is
advantageous in this type of environment where there are
fluctuations in rainfall during the growing season
(Schwinning and Ehleringer, 2001; Sadras and Angus,
2006). Shallow roots would also be advantageous in
avoiding the more toxic conditions in the subsoils.
In the field, there are additional factors such as high wind,

low humidity, high irradiance, soil-related constraints, and
biotic stresses which can confound field experiments.
Conducting drought experiments under controlled condi-

tions (pot experiments), however, enables precise control of
many of these environmental variables. Therefore, pot
experiments are more reproducible, various treatments are
easier to apply, and the results are easier to interpret.
Unfortunately, pot experiments can have several serious
disadvantages that make the results difficult to extrapolate
to the field (Passioura, 2006). In this study, our knowledge
of the South Australian environment has been used to
replicate cyclic water stress in the growth room. On the
basis of differences between three wheat cultivars (Excal-
ibur, Kukri, and RAC875) in their performance under
South Australian dry environments, it is assumed that
a broad palette of traits, acting in concert, may fine-tune
the responses to drought in drought-adapted cultivars under
such unpredictable and dynamic dry environments. There-
fore, the aim was to evaluate the morpho-physiological
responses of these cultivars to drought, and to identify the
possible palette of traits which enable these wheat cultivars
to maintain higher yields under cyclic drought conditions.

Materials and methods

Plant material

Three South Australian wheat cultivars, Excalibur, Kukri, and
RAC875, were evaluated. Excalibur (RAC177/‘Monoculm’//
RAC311S, released in 1991 by the University of Adelaide) is
a drought-adapted cultivar that yields well in South Australian
wheat regions, but has low grain quality and is susceptible to rust.
Excalibur has a good level of resistance to the root lesion nematode,
Pratylenchus neglectus, confirmed by a gene located on chromo-
some 7AL (Williams et al., 2002). Excalibur is considered to be
a relatively Zn-efficient genotype, able to exploit subsoil reserves
effectively. Zubaidi et al. (1999) suggested that the better root
growth of Excalibur under harsh conditions might be a contributing
factor to its success for this environment.
Kukri (76ECN44/76ECN36//MADDEN/6*RAC177), which was

released in 1999 by the University of Adelaide, is a hard white
wheat which has excellent grain quality and is rust resistant, but its
yield production is low to moderate in low-rainfall environments. It
is susceptible to root lesion nematodes.
RAC875 (RAC655/3/Sr21/4*LANCE//4*BAYONET), a breeding

line from Roseworthy Agricultural Campus, is a white wheat with
high grain quality. It is a high-yielding cultivar under South
Australian dry environments, but it is also susceptible to rust and
root lesion nematode. None of the cultivars carry any known boron-
tolerance genes. All three cultivars possess the Rht2 semi-dwarfing
gene and have very similar phenology (3–5 d difference in heading
time) under field conditions.
Data from a series of drought trials covering three years (2003,

2004, and 2006) and ten sites across South Australian drought
environments, which were conducted by Australian Grain Technol-
ogy (AGT), showed that Excalibur and RAC875, on average, out-
yielded Kukri by 24%. Data were kindly provided by Steve
Jefferies of AGT.

Greenhouse experiment for water status measurement

(Experiment OA)

In order to determine the water status of the three different cultivars
in response to water stress, a greenhouse experiment (Experiment
OA) was conducted. Six plants (two of each cultivar) were grown
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together in black plastic pots (10-inch diameter) containing the
same volume (3 kg) of standard potting mix (coco peat).
Greenhouse temperatures were maintained at 2461 �C during the
day and 1861 �C during the night (13/11 h day/night). Average
relative humidity was 50% and 80% during the day and night,
respectively. Plants were well watered until the stage of flag leaf
emergence and then water was withheld. One day before withhold-
ing water (non-stress measurements), relative water content (RWC)
and osmotic potential (OP) were destructively determined using flag
leaf blades. From the third day after withholding water, water status
parameters of the plants were measured on a daily basis. At all time
points, two flag leaves from each plant were cut simultaneously.
One flag leaf was placed in liquid nitrogen for OP and the other was
used for RWC measurements. Plants from each pot were only used
once for measurements and were then discarded from the
experiment. Permanent wilting of plants occurred 14 d after
withholding water from pots. All leaves were sampled 3.5–4 h after
sunrise. For the two parameters (OP and RWC), four replicates (flag
leaf blades) per cultivar and sampling date were taken.

Relative water content (RWC)

RWC of flag leaves was determined by the standard method (Barr
and Weatherley, 1962). Leaves were cut, and collected at midday to
determine fresh weight (FW). Leaf blades were then placed with
their cut end pointing down into a Falcon tube containing about 15
ml of 1 mM CaCl2. The CaCl2 was used to try to increase leaf cell
integrity, with the aim of reducing cell lysis as a result of excessive
rehydration. The turgid weight (TW) was then recorded after
overnight rehydration at 4 �C. For dry weight (DW) determination,
samples were oven-dried at 70 �C for 48 h. RWC was calculated
according to the following equation:

RWC ð%Þ ¼ ½ðFW � DWÞ�=ðTW � DWÞ�3100

Osmotic potential (OP)

The OP was determined on excised flag leaves. Flag leaves were
cut and placed into 10 ml screw-cap tubes (Sarstedt, Australia),
immediately frozen in liquid nitrogen and stored at –80 �C until
measured. The 20 ll aliquot of cell sap, which was extracted by
pressing the total leaf tissue in a 5 ml syringe containing a cellulose
filter, was used for osmotic potential measurements. Osmotic
potential was measured using a freezing point micro-osmometer
(Fiske 210, Massachusetts, USA). Osmolality measurements in
mOsm kg�1 water were converted to osmotic potential in MPa from
the Van’t Hoff relation at 20 �C (Nobel, 1999).
Osmotic adjustment (OA) was calculated using a derivation of the

formula for OP (Morgan, 1992). Morgan’s regression method is
based upon the relationship between OP and RWC. This method
compares the observed response with an expected response from an
ideal osmometer. OA was estimated from the linear regressions of
RWC on OP as derived from consecutive measurements during
a drought-stress cycle. Two regression lines were fitted for all
measurements taken during the drying cycle in all plants belonging
to a given replication. One regression line was derived between
RWC and the measured OP, and the other between RWC and
calculated OP to account for the concentration of solutes due to
water loss (concentration effect). A plot of log RWC and log OP for
the three varieties showed two linear phases (a and b; Fig. 4). Log
conversion of RWC and OP was conducted to improve the linearity
of the relationship. The linear form of the working formula is:

logp ¼ logðOPoRWCoÞ � logRWC

where OPo and RWCo are the initial osmotic potential and the initial
relative water content, respectively. RWCo and OPo data were taken

after the last irrigation on well-watered plants with no history of
water stress. Cultivars ranged in RWCo from 94.5% to 97.5%. The
log (OPo RWCo) is the intercept with the slope set to one. The slope
of the observed response of log p to log RWC was evaluated.
Osmotic adjustment was calculated from the two regressions as the
difference between the measured OP and predicted OP at a RWC of
70% (Morgan, 1980, 1992; Babu et al., 1999). In this study, the
slope b was used for the calculation of OA.

Growth room experiments with cyclic drought (Experiment I

and II)

Experiments I and II were conducted in a growth room with
a refrigerated cooling system at the Australian Centre for Plant
Functional Genomics (ACPFG), the University of Adelaide, Australia.
A mix of 400 W high pressure sodium (HPS) and metal halide (MH)
lamps provided a photon irradiance of 600–700 lmol m�2 s�1.
Temperature and humidity were controlled, and conditions were
selected to replicate the average conditions found in the northern
South Australian wheat belt during the wheat growing season. The
temperature regime for these experiments was derived from Bureau of
Meteorology climatic data collected at Minnipa (northern South
Australia) over the period 1915 to 2004 (http://www.bom.gov.au/
climate/averages/tables/ca_sa_names.shtml). Minnipa is a dry environ-
ment with the long-term average annual rainfall of ;327 mm, and
the average growing season rainfall is about 242 mm (http://
www.sardi.sa.gov.au). Temperature was adjusted throughout plant
growth. Table 1 shows the mean of monthly maximum and minimum
temperatures at Minnipa, and the adjustments of temperature over
time during the plant growth period under controlled conditions.
Daylength was 12 h.
Soil was collected from the field at the Roseworthy Agricultural

Campus, the University of Adelaide, and air dried. It was mixed
with Waikerie sand (50:50 w/w) and basal nutrients were added to
each pot at the start of the experiment. The pH measured in a 1:5
dilution of soil: 0.01 M CaCl2 was 6.6. Pots were made from black
plastic tubing, 15 cm diameter and 40 cm high sealed at one end
and filled with 6 kg of the soil–sand mix. To minimize evaporation
from the pot surface, the soil surface was covered with a layer of
white gravel.
Each experiment comprised two watering regimes: WW, well-

watered (field capacity ¼ 13.4%); and RW; droughting and re-
watering to provide a cyclic drought treatment which is detailed
below. In Experiment I, the level of water stress in the RW
treatment was severe, while in Experiment II it was mild. Seeds
were surface-sterilized with 0.5% sodium hypochlorite (NaOCl) for
1 min and soaked in water overnight. Seeds were then germinated
on moist filter paper in Petri dishes for 24 h. Four germinated seeds
were planted in each pot and thinned to three plants after
establishment. In this experiment, growth-room temperature was
lower during the nights over the first 4 weeks (Table 1). Plants in
Experiment I took 140 d and 130 d from planting to maturity for
WW and RW treatments, respectively.
Experiment II was conducted in a different growth room. In

contrast to Experiment I, germinated seed in this experiment was
pretreated with low temperature (4 �C) for 2 weeks. As a result of
this vernalization treatment, the night temperature during the first 2
months of this experiment was maintained at a higher level (660.3
�C and 7.560.3 �C for the first and second months, respectively)
than in Experiment I (Table 1). Plants in Experiment II were grown
for 130 d and 122 d for WW and RW treatments, respectively.
Maturity in Excalibur was 10 d later than in Kukri and RAC875 in
this experiment.
Field capacity of the soil was determined by placing sieved (2

mm) air-dry soil into a G4 sintered glass funnel holding a 100 cm

Adaptation to cyclic water stress in bread wheat 3329
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water column (wm ¼ –10 kPa ¼ –0.1 bar). The soil was thoroughly
wetted and allowed to drain for 48 h. A soil sample of
approximately 30 g was oven-dried at 105 �C for 24 h. The sample
was placed in a desiccator and weighed to determine the water
content (Marshall and Holmes, 1979; Klute, 1986). Wilting point
was determined using a ceramic pressure plate (wm ¼ –1500
kPa ¼ –15 bar). The percentage water content of the soil:sand mix
were 13.4%, 7.6%, 6.9%, and 4.8% at water potentials of –0.1 bar,
–1 bar, –5 bar, and –15 bar (wilting point), respectively.
In both experiments (Experiment I and II), all plants were

watered to weight daily with field capacity being maintained to the
stage of flag leaf emergence. At the beginning of flag leaf
emergence (at Zadoks scale ¼ 37, when 1–5 cm of the flag leaf
blade was visible, until the awns of apical florets emerged from the
flag leaf sheath), water stress was imposed by gradually decreasing
the amount of water to the pot for about 10 d to allow for
acclimation (Fig. 1). For the cyclic drought treatment, plants were
re-watered (RW) to the level of field capacity. Water was withheld
until the symptoms of wilting appeared in the morning and also
VSWC was decreased to about 7%, then plants were re-watered.
Four consecutive drying cycles were imposed (60 DAP and 55 DAP
for Experiments I and II, respectively), affecting anthesis and grain-
filling of all cultivars, and water stress occurred in these experi-
ments during the reproductive stages from heading to grain-filling.
Similar numbers of plants were maintained under non-stress
treatment with regular watering (WW). Development of water stress
was monitored visually (observation of leaf rolling and leaf drying)
and by measurement of leaf relative water content. In addition,
volumetric soil water content (VSWC) was determined with a soil
moisture meter (TDR 100 Spectrum Technologies, Illinois, USA).
The total weight of the pot and all its contents was recorded when
the soil was first brought to field capacity. When the plants were re-
watered, the pots were weighed and water was added to bring the
pot to field capacity again.

Measurements of cyclic drought experiments: Water consumption
was recorded by weighing and watering the pots every second day
at the early stage of development, and daily at later stages (after flag
leaf emergence). Volumetric water content was measured during the
entire water-stress period. To control conditions in the growth room,
a data logger monitored temperature and relative humidity. A
dehumidifier was used to keep the relative humidity constant (Table
1). Trait measurements were taken throughout plant growth and
during the cyclic water stress. Figure 1 shows how the water stress
was applied and the time of measurements which were taken during
the cyclic water stress.

Chlorophyll content and fluorescence: Chlorophyll content was
measured (mean of four measurements) using a portable chlorophyll
meter (SPAD-502, Minolta, Tokyo, Japan). Chlorophyll content
was measured on the same flag leaf every 3–6 d to monitor the
chlorophyll retention after water stress was imposed. The effect of
drought on the photosynthetic apparatus of leaves was studied by
measurements of chlorophyll fluorescence. Chlorophyll fluores-
cence parameters were determined (mean of four measurements)
four times during the grain-filling stages (94, 97, 103, and 109
DAP) with a fluorimeter (PAM-2000, Walz, Germany). The
chlorophyll fluorescence ratio (Fv/Fm) was used to study effects of
water stress on photosystem II (PSII) in wheat plants. To measure
Fv/Fm, plants were kept in darkness for 20 min to allow full dark
adaptation. Measurements were performed on flag leaves between
approximately 3–5 h after the lights were turned on (Araus et al.,
1998).

Stomatal conductance: Measurements were made on two consecu-
tive days after re-watering between 3–5 h after the lights were
turned on. Stomatal conductance was measured on fully expanded
flag leaves from three plants in each pot with a dynamic diffusion
porometer (Delta-T AP4, Delta-T Devices Ltd, UK) during the
middle of the day. Two measurements from both adaxial and
abaxial surfaces of the leaf were taken. The porometer was
calibrated at the start of each measurement session.

ABA content: During the second period of the cyclic drought
treatment, when water stress became severe (75 DAP at VSWC of
10.060.4%, 8.860.5% for Kukri and RAC875, respectively, and
83 DAP for at VSWC of 9.561.0% for Excalibur; Fig. 2), xylem
sap and spikes were taken for ABA measurements. Xylem sap was
collected by pressurizing the main stem of the plant in a pressure
chamber. 30–50 ll of sap was collected using a pipette and
transferred to an Eppendorf tube. The sap was immediately frozen
in liquid nitrogen and stored at –80 �C for ABA analysis (Liu
et al., 2005). Simultaneously, the spike of the main stem was
sampled from control and water-stressed plants. Awns were
removed from the spike and the spikelets immediately frozen in
liquid nitrogen and kept at –80 �C. Frozen tissues were ground
with a grinding mill covered with liquid nitrogen. Approximately
100–250 mg of ground tissue was used for extraction. ABA was
extracted in hot water and quantified using high pressure liquid
chromatography (HPLC) (Soar et al., 2004). The ABA measure-
ments were done by Dr Brian Loveys, CSIRO Plant Industry,
Waite Campus, Adelaide.

Table 1. Environmental conditions at a representative field site in the target region of interest, and the mean temperature and
relative humidity in the two growth rooms during the time of the two experiments (mean 6SE)

The average temperature (�C) Temperature and relative humidity (RH) in growth room (cyclic
drought) in the field: Minnipa (1915–2004)

Month Max/min Temperature (�C) Growth period Day/night
(12/12 h)

Temperature (�C) RH (%)

Exp. I Exp. II Exp. I Exp. II

Jun–July Max. 16.4 Weeks 1–4 Day 15.860.1 16.560.5 68.361.1 50.060.5
Min. 6.9 Night 3.760.2 6.060.3 82.261.3 83.960.1

August Max. 17.3 Weeks 5–8 Day 17.860.2 18.360.2 74.060.7 45.060.5
Min. 6.7 Night 5.860.2 7.560.3 81.160.4 72.360.4

Sept–Oct Max. 22.3 From week 9 to maturity Day 24.760.2 23.860.2 63.260.9 55.660.4
Min. 9.1 Night 9.660.1 9.560.3 78.760.7 81.460.8

Average Max. 18.7 Average Day 18.260.3 19.560.3 66.160.6 50.260.4
Min. 7.6 Night 7.460.2 7.760.3 81.660.6 79.260.5
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Water-soluble carbohydrates (WSC): Samples for stem WSC de-
termination were taken 5 d after anthesis. Stems without sheaths
and leaf blades were initially freeze-dried then oven-dried again at
70 �C for 48 h and ground in a mill to pass a 1 mm screen. WSC
content was determined using the anthrone method (Yemm and
Willis, 1954) with some modifications (van Herwaarden et al.,
1998) as follows: carbohydrates were extracted from 50 mg of dried
material with 4 ml of 80% (v/v) ethanol at 80 �C followed by two
extractions with 4 ml of water at 60 �C.

Carbon isotope discrimination (D13C): Grains were sampled and
processed for determination of carbon isotope composition. Ap-
proximately 10 g of grain of each cultivar was ground to a fine
powder to pass a 0.5 mm sieve and the carbon isotope composition

of each cultivar was determined by mass spectrometry (Condon
et al., 1987).

Leaf traits: Leaf glaucousness, leaf rolling, and leaf colour were
visually assessed using a 1–5 scale. 1 represented no visible wax on
the back of the flag leaf and an unrolled leaf, while 5 indicated the
highest level of wax deposition and a tightly rolled leaf (O’Toole
and Cruz, 1980; Clarke and Richards, 1988; Clarke et al., 1991).
In Experiment I, the flag leaf area (FLA) was measured using

a portable Leaf Area Meter (CI-202, USA). Leaf turgid weight (TW)
was recorded after rehydration overnight (at 4 �C). Finally, the
leaves were oven-dried (48 h at 80 �C) and dry weight (DW) was
obtained. The specific leaf area (SLA, leaf area per unit leaf dry

Fig. 1. Schematic diagram of cyclic drought application and the time of trait measurements throughout the experiment. FC, field capacity; WP,
wilting point; CC, chlorophyll content; CF, chlorophyll fluorescence; SC, stomatal conductance; ABA, abscisic acid, and WSC, water-soluble
carbohydrates.

Fig. 2. The volumetric soil water content (Vw/V) during RW and WW treatments (data from the second experiment). Water stress was started from
53 DAP for Kukri and RAC875, while it was started from 61 DAP for Excalibur. To synchronize the time of watering, all cultivars were watered at
68 DAP. VSWC measurements were started 63 DAP. HT is the heading time.

Adaptation to cyclic water stress in bread wheat 3331
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weight) and leaf dry mass content (LDMC, the ratio of leaf dry
weight to its turgid weight) were calculated. Leaf thickness was
then estimated from the ratio (SLA3LDMC)�1 as described by Vile
et al. (2005).
In Experiment II, excised leaf water loss (ELWL) was measured

on flag leaves at 95 DAP. The excised leaves were weighed
immediately after sampling to record fresh weight (FW), the
incubation weight (IW) was recorded after 6 h incubation at 28 �C
at 50% relative humidity, and then dry weight (DW) was obtained
after 24 h oven-drying at 70 �C as proposed by Clarke and McCaig
(1982). ELWL was then calculated from the following formula

ELWL ¼ ðFW � IWÞ=ðFW � DWÞ3100

Corresponding relative water content on a different set of leaves
was also measured.

Plant dry weight determinations: The number of days from
planting to heading was recorded when 50% of the plants had their
ears completely emerged. At maturity, total above-ground biomass
and grain yield (GY) were recorded by weighing the bulked
harvested plants (three plants per pot) and seeds from each pot.
Four replicate pots per cultivar and treatment were sampled for dry
weight determination. Roots were sampled and carefully washed
to determine dry weight after oven-drying at 60 �C for 48 h.
Harvest index (HI) was calculated as HI¼GY/total biomass (shoot
mass+root mass). Grain number and grain weight per spike
(determined on three main spikes), the number of spikes per plant,
and the number of spikelets per spike were also determined.

Data analysis

The experiments were designed in a randomized complete block.
The analysis of variance (ANOVA) was performed using GenStat
(Version 6.1 for Windows). Values are given as means and the
standard error (SE) of the means which were calculated by SPSS
(Version 13.0 for Windows). Graphs were constructed using SPSS
and MS-Excel.

Results

Water consumption

In Experiments I and II, total water consumed during plant
growth was, on average, 15.7 and 9.8 l per pot under WW
and RW treatments, respectively. Under WW conditions,
RAC875 used less water (14.760.6 l per pot) than
Excalibur (16.260.4 l per pot) and Kukri (16.160.4 l per
pot). The total quantity of water applied during the growth
period, including before and after water stress, for the two
experiments is given in Table 2. In Experiment I, the three
cultivars used similar volumes of water before water
stress. However, after the imposition of water stress, the
volume of water consumed differed considerably between
cultivars. During the cyclic water stress, Excalibur used
significantly more water than RAC875 and Kukri (15.5%
and 18.3%, respectively, P < 0.01). There were no
significant differences between Kukri and RAC875 for
total water consumption. In Experiment II, Excalibur used
approximately 35% more water than RAC875 and Kukri
before water stress was imposed. However, this could be
attributed to the later heading time of Excalibur in this
experiment (see below). Analysis of VSWC during the T
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cyclic water stress also revealed that Excalibur depleted
the soil water profile faster than Kukri and RAC875
(Fig. 2).

Agronomic traits

Heading time: In both growth-room experiments, the
watering regime (WW and RW) had no significant effect
on the heading time. Cultivars under RW treatment
flowered at a similar date to those under WW treatment
(Table 3). However, there were differences between
cultivars for heading time. RAC875 and Kukri had, on
average, a similar heading time under both WW and RW
treatments (73 DAP and 75 DAP for Kukri and RAC875).
In Experiment I (severe water stress), Excalibur flowered
3 d and 2 d later than Kukri and RAC875, respectively. In
Experiment II (mild stress), however, these differences
were more pronounced, with Excalibur flowering 14 d and
12 d later than Kukri and RAC875, respectively.

Plant height and spike length: Under the WW treatment,
Kukri was significantly (P < 0.001) taller than Excalibur
and RAC875 (on average 75.062.2 cm), while Excalibur
was the shortest (68.963.1 cm) cultivar in both experi-
ments (Table 3). In Experiment I, where water stress was
severe, there were no significant differences in plant
height between cultivars under RW treatment. Kukri,
which had a greater plant height under WW treatment,
was similar in height compared to the other two cultivars
(Table 3). Plant measurements revealed that the differ-
ences in plant height resulted from a reduction in peduncle
length of all cultivars when exposed to drought stress. In
Kukri, peduncle length was reduced, on average, by 37%
under water stress, whilst peduncle length in Excalibur
and RAC875 was less affected by water limitation, with
reductions of 20.2% and 24.5%, respectively. In Experi-
ment II, where the water stress was mild, all three
cultivars were approximately 10 cm taller than plants in
Experiment I.
Spike length was measured in Experiment II. Under the

WW treatment there was no significant difference in
average spike length between the three cultivars. Con-
versely, under the RW treatment the spikes of Excalibur
were significantly longer (P < 0.01) than those of Kukri
and RAC875 (Table 3). The most significant finding was
Excalibur’s capacity to increase spike length under the
RW treatment. In addition, the number of spikelets per
spike differed significantly between cultivars under the
RW treatment. Measurements of spikelet number in spikes
of primary tillers revealed that Excalibur contained
approximately 30% more spikelets per spike than Kukri
and RAC875 (Table 3).

Grain yield and its components: Under well-watered con-
ditions, in both experiments, Kukri, Excalibur, and

RAC875 were found to have comparable grain yields
(Table 3). By contrast, cyclic water stress treatment
resulted in significantly different grain yields between
cultivars. In Experiment I (severe water stress) the
reduction in grain yield under water deficit was 83.1%,
74.7%, and 67.8% for Kukri, Excalibur, and RAC875,
respectively. In this experiment the drought-intolerant
cultivar, Kukri, yielded 44% less grain than RAC875 and
18% less grain than Excalibur. Under the milder drought-
stress conditions of Experiment II, the RW treatment
resulted in grain losses of 49%, 57%, and 36% for Kukri,
Excalibur, and RAC875, respectively. Notably, whilst
RAC875 had the highest grain yield in both experiments
(an average of 13.362.7 g pot�1), under the RW
treatment of Experiment II, Excalibur produced less grain
(11.961.2 g plot�1) than Kukri. Under the RW treatment,
there was a significant interaction between experiments
and varieties. In Experiment I, RAC875 and Excalibur
showed significantly higher grain yield compared to
Kukri. In contrast, in Experiment II, Excalibur had the
lowest grain yield. In both experiments, RAC875 showed
significantly higher grain yield under cyclic drought
stress.
In Experiment I (severe water stress), performance of

the cultivars was clearly comparable to their performance
in the field. Excalibur and RAC875 produced more grains
than Kukri under dry conditions. In Experiment II (mild
stress), Excalibur produced less grain yield compared to
RAC875 and Kukri. This discrepancy may be explained
by variation in developmental stages between cultivars in
the second experiment. Excalibur flowered much later
than Kukri and RAC875 in Experiment II. Even though,
water stress was imposed at the same phenological stages.
In Experiment I, cultivated plants were exposed to low
temperature (3–4 �C at night) during the first 4 weeks in
the growth room. In contrast, in Experiment II, to speed
up plant growth, before cultivation, germinated seed were
pretreated in a cold room at 4 �C for 2 weeks in the dark.
Two weeks pretreatment of the germinated seed at 4 �C
may not have provided the vernalization requirement in
Excalibur; or alternatively, the transplanting procedure
might have resulted in devernalization of the young
seedlings.
Tiller abortion and the number of grains per spike were

the components that had the greatest impact upon grain
yield under RW conditions. Indeed, RAC875, the highest
yielding cultivar in both experiments, produced fewer
tillers and had a lower tiller abortion rate than Excalibur
and Kukri (Table 3). Under severe conditions (Experiment
I), the number of grains per spike recorded for Excalibur
and RAC875 was significantly higher than in Kukri
(P < 0.01). Under mild drought stress (Experiment II),
however, the differences between cultivars were not
significant. The reduction in grain yield under RW
treatment was also closely associated with a reduction in
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Table 3. Mean value of agronomic traits of Excalibur, Kukri, and RAC875 under controlled growth room conditions

Booting, heading time, and anthesis (maturity-related traits), plant height, peduncle length, and spike length (height-related traits), grain yield, grain weight per spike, number of spikelets per
spike, number of grains per spike, thousand grain weight, number of tillers per plant, the proportion of tiller abortion (yield and its components), above-ground biomass, root mass, root-to-shoot
ratio, and harvest index for three cultivars grown under well-watered (WW) and re-watering (RW) treatments are given (each value represents the mean 6SE).

Treatments WWa RW (cyclic drought)a

Experiments I II I. Severe stress II. Mild stress

Traits/Cultivar Excalibur Kukri RAC875 Excalibur Kukri RAC875 Excalibur Kukri RAC875 Excalibur Kukri RAC875

Heading time
(DAP)

80.360.8* 75.861.5 7960.4 86.860.3** 68.860.5 71.960.4 80.660.4* 77.660.9 7860.6 84.560.1** 69.161.1 73.361.1

Height Plant height
(cm)

6160.8 69.861.1* 65.761.6 76.861.6 80.361.7** 75.160.9 49.961.8 51.661.5 52.361.2 62.560.5 67.261.4* 63.161.1

Peduncle
length (cm)

20.360.7 30.860.8** 24.561.8 26.760.6 40.860.7** 33.660.5 15.960.7 19.460.6 18.560.3 19.560.7 3160.7* 23.260.5

Spike
length (cm)

� � � 11.360.2 11.760.3 11.760.1 � � � 13.160.1 11.260.2 11.560.1

Yield and its
components

GY (g pot�1) 20.760.8 21.360.8 19.961.5 27.761.6 34.961.9 31.561 4.560.2* 3.560.6 6.560.8** 11.961.2 17.860.8* 20.360.3**
Grain weight.
spike�1 (g)

� � � 5.660.2 5.560.3 6.260.1 � � � 7.360.3 5.860.2 7.960.5

Spikelet no. � � � 21.861.9 20.361.6 19.461.5 � � � 26.760.2** 18.560.2 1960.2
Grains/spike 71.167.2 93.661.2 82.964.7 5962.6 60.262.3 46.360.6 66.762.8** 44.5611.6 64.364.7** 53.362.4 53.761.7 55.362.5
TGW (g) 4060.9 36.960.7 48.661.1 31.762 30.260.7 44.760.7 3760.8 34.862.4 45.361.3 45.862.7 35.861.1 47.961.3
Tillers plant�1 8.560.5 6.960.1 5.660.3 8.560.4 8.860.4 760.2 860.4 760.3 4.860.3 4.960.2 5.360.1 3.660.1
Aborted tillers
plant�1

1.360.5 0.860.2 0.660 0.260.1 0.160.1 0.260.2 6.260.3 4.560.2 2.660.4 2.160.4 0.960.4 0.260.1

Abortion (%) 14.565.2 10.862.2 11.461.3 2.161.2 161 2.562.5 77.860.7 64.462 53.466.4 75.6615.7 20.867.7 4.963.4
Biomass Biomass

(g.pot-1)b
59.661.7 64.261.6 59.962.6 90.563.1 111.263.8 112.364.8 33.761.7* 32.160.5 34.660.8* 66.962.5** 61.961.4 58.161.4

Root mass
(g)

5.660.5 7.960.3 6.760.3 10.860.3 10.761.1 9.460.5 6.560.2 6.160.4 6.460.2 12.660.9 7.660.3 7.160.4

Root/shoot
ratio (%)

10.860.8 13.9760.3 12.6760.4 11.9560.53* 9.6160.8 8.460.2 23.9861.1 23.562.1 22.960.5 17.860.97** 12.360.6 12.260.91

HIc 0.3560.02 0.3360.01 0.3360.01 0.3160.01 0.3160.01 0.2860.01 0.1360.01 0.1160.02 0.1860.02 0.1860.02 0.2960.01 0.3560.01

a *,** Significant at P < 0.05 and P < 0.01.
b Total biomass ¼ shoot mass+root mass.
c HI ¼ GY/total biomass (shoot mass+root mass).
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the grain weight of the main tillers. Kukri recorded a lower
grain weight (5.860.2 g) in the main stems compared to
RAC875 and Excalibur (7.960.5 g and 7.360.3 g),
respectively.
Grain size was another yield component that was

affected under cyclic drought. The drought-tolerant culti-
vars, Excalibur and RAC875, produced larger grains on
the three main tillers compared to Kukri. Although
RAC875 produced the largest grain under both watering
regimes and in both experiments (Table 3), grain pro-
duced by Excalibur was only significantly (P < 0.01)
larger than Kukri under the RW treatment.
There were no differences in HI between cultivars under

non-stress conditions, but Kukri had the smallest HI
(0.1160.02) compared with Excalibur (0.1360.01) and
RAC875 (0.1860.02) under cyclic drought (Experiment
I). The HI in Experiment II was, in total, higher than HI in
Experiment I, but Excalibur had the smallest HI
(0.1860.02) of all cultivars in Experiment II. RAC875,
on average, had the highest HI under cyclic drought
conditions (0.2760.03). As HI was calculated from GY
divided by total biomass, including the shoot and root
mass, the lower HI in Excalibur is contributed mainly due
to larger root mass. Although the root mass was
significantly (P < 0.001) lower in Experiment I than II,
under WW treatment, there were no significant differences
among cultivars in root mass in both experiments. Under
RW treatment, however, Excalibur showed larger root
mass compared to Kukri and RAC875 (Table 3).
The major determinants of yield under water stress were

number of grains per spike and the percentage of aborted
tillers. This finding is supported by the negative correlation
between GY and the percentage of tiller abortion found in
Experiment I and II (r ¼ –0.71 and –0.87, P < 0.01) and
the positive correlation between GY and number of grains
per spike (r¼0.64 and 0.87, P < 0.01) under the RW

treatment. There was no significant correlation between GY
and grain size in both experiments.

Leaf traits: There are differences in leaf morphology
between cultivars. RAC875 produces erect, rough, and
dark green leaves with heavy wax deposition in the
abaxial surface of the leaf under both stressed and non-
stressed conditions and it appears on the adaxial surface of
the leaf under severe water stress. Excalibur has narrower
leaves compared to RAC875 and Kukri but produces
moderate amounts of waxes on the abaxial surface of the
leaf under water stress. Kukri, by contrast, is a non-waxy
cultivar with broad, non-erect, pale green and smooth
leaves. These cultivars significantly (P < 0.01) differed in
their level of leaf waxiness. Wax deposition typically
started on the flag leaf sheath and the abaxial surface of
the flag leaf blade and its expression increased with timing
and water stress. Under water stress, RAC875 displayed
the highest level of wax deposition (Table 4) with the
abaxial surface completely covered with wax (score of
5.0). Kukri produced the least amount of wax in response
to water deficit (score of 1.5) whilst Excalibur plants
displayed an intermediate level of wax deposition.
Leaf rolling was scored on the flag leaves of stressed

plants during cyclic drought stress. As water stress
progressed, Excalibur started leaf rolling faster than Kukri
and RAC875 and had the highest value of leaf rolling
during the RW treatment (score of 4). Leaf rolling was
observed in Kukri (score of 3) at higher levels of water
deficit than those required to elicit rolling in Excalibur,
while RAC875 showed almost no leaf rolling (Table 5). In
RAC875 the symptoms of leaf rolling were only induced
when the soil water content decreased to very low levels
(approximately 6% in pots, at ; –10 bar).
Water stress affected individual flag leaf area (FLA).

Plants under RW treatment showed significantly

Table 4. Leaf traits from Experiment I and II, where plants were subjected to well-watered (WW) and cyclic drought (RW) treatments

Values for chlorophyll content (ChlC), leaf waxiness, leaf rolling, and the average number of green leaves on 95 DAP of Excalibur, Kukri,
and RAC875 representing averages of combined Experiment I and Experiment II. Values for flag leaf area (FLA), specific leaf area (SLA), leaf dry
matter content (LDMC), and leaf thickness (LT) were measured in Experiment I, while excised leaf water loss (ELWL) was measured in Experiment II
(mean 6SE).

Traits WWa RWa

Excalibur Kukri RAC875 Excalibur Kukri RAC875

ChlC (SPAD unit) 49.161.7 51.160.4 5760.7** 54.861.7 5460.9 61.761.4**
Waxiness (1–5) 1.560.1 1.0 4.060.1** 3.060.1* 1.560.2 5.060.2**
Leaf rolling (1–5) 1.0 1.0 1.0 4.060.1** 3.060.2a 1.460.1
Retained green leaves 3.660.2* 2.860.09 3.760.1* 3.360.1* 2.260.05 3.260.1*
FLA (cm2) 32.661.3 39.261.3** 34.661.3 29.860.9** 26.862.5** 21.661.1
SLA (cm2 g-1) 243.6612.4 250.1611.8 234.1611.8 258.969.4 231.467.7 209.968
LDMC (mg g-1) 268.4611.0 273.5610.8 260.5610.1 261.767.0** 255.167.1* 221.164.8
LT 15.661.5 14.961.4 16.761.6 15.161 16.961.0 21.861.3**
ELWL (%) 43.961.4 49.060.6** 41.761.1 35.363.4 57.763.0** 47.662.6

a *,** Significant differences at P <0.05 and at P <0. 01 levels, respectively.
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(P < 0.001) smaller FLA compared to plants under WW
treatment (Table 4). Significant differences between
cultivars under RW and WW treatments were observed.
Under WW treatment, Kukri showed significantly (P <
0.001) higher FLA (39.261.3 cm2) compared to Excalibur
and RAC875 (32.661.3 and 34.661.3 cm2, respectively).
Under RW, however, RAC875 had the smallest FLA
(21.661.1 cm2. Under WW, although the LT for RAC875
was bigger than Excalibur and Kukri, the difference was
not statistically significant. Under RW, however, RAC875
showed significantly (P < 0.001) higher LT compared to
Excalibur and Kukri (Table 4). Water stress had no effect
on leaf thickness in Excalibur, whilst it led to a 13.4% and
30.5% increase in leaf thickness in Kukri and RAC875,
respectively. Water loss from the excised flag leaf was
significantly (P < 0.001) higher in Kukri compared to
Excalibur and RAC875 under both WW and RW treat-
ments. Although RWC was higher (95.160.2%) in non-
stressed plants than stressed ones (90.860.5%), there
were no significant differences between cultivars at these
levels of RWC.

Physiological traits

Water status measurements from Experiment OA: The
average osmotic potential (OP) of leaves of all cultivars
at the initiation of withholding water was –1.55 MPa and
decreased to –3.03 MPa by the end of the experiment.
After 6 d of drying, the differences between cultivars
became apparent; with OP in Kukri and RAC875
becoming progressively less negative than Excalibur in
successive drying conditions (Fig. 3). After withholding
water from the pot, it took 14 d to reach to the level of
RWC¼60%. It seems that the soil water depleted
gradually since the coco-peat retains water for longer
compared with the sandy-clay soil in the field.
To determine the OA for the three cultivars, two

regression lines were calculated based on logarithmic
conversion of RWC and OP values (see Materials and
methods). Regressions of RWC on OP for the three
cultivars are presented in Fig. 4. Figure 4 shows the
relationship between RWC and OP which represents
a biphasic (phase a and b in Fig. 4) response (Wright
et al., 1983). The magnitude of the first phase differed

substantially between cultivars. There was a clear re-
sponse in Excalibur and RAC875. Both showed small
changes in RWC as OP declined. The initial response did
not follow the behaviour of an ideal osmometer (dashed
line), which can be mainly attributed to OA (Fig. 4). In the
second phase, however, OP declined linearly with RWC.
Therefore, decline in OP in the second phase (b) can be
attributed to an increase in solute concentration due to
water loss (Morgan, 1980; Wright et al., 1983). The OA
value for Excalibur (0.846 MPa) was greater than for
RAC875 (0.364 MPa) and Kukri (0.097 MPa), indicating
a greater degree of solute accumulation (Table 5). The
calculation of OA based on Morgan’s method showed that
Excalibur had the highest, and Kukri the lowest, OA;
RAC875 was intermediate (Table 5).

Stomatal conductance: Stomatal conductance was mea-
sured once in Experiment I and three times in Experiment
II 24 h and 48 h after re-watering to investigate plant
recovery. Average stomatal conductance and leaf temper-
ature measurements from Experiments I and II are given
in Fig. 5. These measurements revealed that Excalibur has
an intrinsically higher stomatal conductance than Kukri
and RAC875. Excalibur showed significantly higher

Table 5. Predicted osmotic potential (OP) at 70% relative water content for the concentration effect and expressed sap osmotic
potential

Cultivars OA
(MPa)

OP due to
concentration
effect (MPa)

OP (MPa) Regression model
for phase b
(RWC and OP)

R2

Excalibur 0.846 –0.310 (–2.040)a –0.460 (–2.885) y ¼ 1.083x–2.459 0.845
Kukri 0.097 –0.352 (–2.249) –0.370 (–2.346) y ¼ 0.788x–1.824 0.971
RAC875 0.364 –0.312 (–2.052) –0.383 (–2.416) y ¼ 1.047x–2.315 0.896

a Data in parenthesis are anti logarithmic values of OPs.

Fig. 3. Decrease in osmotic potential with successive water stress in
Excalibur, Kukri, and RAC875.
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stomatal conductance than Kukri and RAC875 at both
sampling time points and under both watering regimes
(P < 0.01). 24 h after re-watering the stomatal conduc-
tance of plants in the RW treatment was lower than those

in the WW treatment. However, by 48 h after re-watering,
stomatal conductance of all cultivars had returned to
levels exhibited by plants in the WW treatments.
Excalibur had the highest stomatal conductance under
RW treatment (P < 0.001). Kukri had the lowest stomatal
conductance on the second day after re-watering. Excali-
bur recovered much more rapidly after re-watering than
the other two cultivars. 24 h after re-watering the stomatal
conductance of RW Excalibur was about 57% of the level
of the WW Excalibur, whereas the stomatal conductance
of RW Kukri and RAC875 stomatal conductance was
only about 33% and 28% of the WW plants, respectively.
The recovery rates after 48 h of re-watering were 95%,
88%, and 118% for Excalibur, Kukri, and RAC875,
respectively.
Plants subjected to cyclic drought showed lower

stomatal conductance during stress and recovery of
stomatal function occurred 2 d after re-watering. Our data
show that stressed plants had more stomatal closure in the

Fig. 4. The linear regressions of osmotic potential (OP) and relative
water content (RWC) in log scale. Relationship between RWCand OPfor
flag leaves of Excalibur (a), Kukri (b), and RAC875 (c). The dashed
line is the response of an ideal osmometer and the solid line is the actual
fit for RWCversus OP. The vertical grey line is the logarithm of
RWC¼70%. There are two linear phases: in the first phase (a), there
was little change in RWCas OPdeclined, while in the second phase (b),
RWCdeclined linearly with OP. Three cultivars were grouped according
to their response to high (a), low (b), and medium (c) osmotic
adjustment (OA).

Fig. 5. The average stomatal conductance of plants in Experiments I
and II for the first and second days after re-watering. In Experiment I,
measurements were done in one period, but in Experiment II three
periods of measurements were performed (a). Leaf initial temperature
differences (ITD) after re-watering (b). ITD was calculated by
subtracting the temperature of the ambient air of the leaf temperature.
Error bars are SE of means.
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first day after re-watering and they had recovered on the
second day. The stomatal conductance results from all
series of measurements showed that Excalibur had the
highest stomatal conductance on the first and second days
after re-watering. RAC875 had similar response to Kukri
on the first day, but showed slightly higher stomatal
conductance on the second day after re-watering.
The leaf temperature of re-watered Excalibur plants was

significantly lower than Kukri and RAC875 at both time
points reflecting the higher transpiration rate of Excalibur
following re-watering. The relationship between stomatal
conductance and leaf temperature was highly significant
(P < 0.01) under cyclic drought treatment (r ¼ –0.72 and
r ¼ –0.73, 24 h and 48 h after re-watering, respectively),
but there were no significant correlations between stoma-
tal conductance and leaf temperature under WW treat-
ment.

Chlorophyll content and fluorescence: Chlorophyll content
and fluorescence of plants under WW and RW treatments
were investigated in Experiment II. RAC875 had the
highest chlorophyll content (55–65 SPAD units) under
both stressed and non-stressed conditions. In all cultivars
the imposition of drought stress resulted in an increase in
chlorophyll content until plants reached anthesis (Fig. 6).
Following anthesis (80 DAP), the chlorophyll content of

droughted Kukri and Excalibur plants decreased, whilst
the chlorophyll content of RAC875 leaves continued to
increase for a further 19 d. Drought had the most
pronounced effect on chlorophyll content in Kukri plants,
with leaves of drought-treated plants containing approxi-
mately 29% less chlorophyll than well-watered plants at
108 DAP. Conversely, at 108 DAP the chlorophyll
content of drought-stressed RAC875 and Excalibur plants
was similar to well-watered plants at the same stage of
development. A significant positive correlation was found
only under the water-stress treatment between chlorophyll
content and grain size (r¼0.52 and r¼0.87, P < 0.001).
RAC875 with a higher chlorophyll content had higher
grain size, while Kukri with a lower chlorophyll content
had small and more shrunken grains.
The Fv/Fm ratio, which is an indication of the maximum

yield of photosystem II photochemistry, ranged between
0.82 and 0.78. There were no significant differences over
time among cultivars under WW treatment (Fig. 6c).
Under RW treatment, Fv/Fm did not change (0.81) at the
first measurement date (87 DAP) and cultivars displayed
similar photosynthetic responses. Although, Fv/Fm did not
change in Excalibur and RAC875 at the time of measure-
ments 97, 104, and 109 d after planting, it decreased
dramatically in Kukri plants (from 0.82 to 0.65) under the
RW treatment (Fig. 6d). This decrease was nearly 6% on

Fig. 6. Chlorophyll content and fluorescence (Fv/Fmratio) in Excalibur, Kukri, and RAC875 for Experiment II. The measurements were done on the
same flag leaves during plant growth under and during the grain-filling period. The chlorophyll content under WW and RW treatments (a, b); large
error bar on day 108 for RAC875 under RW treatment resulted from developing senescence in flag leaves. Fv/Fm under WW and RW treatments
(c, d). Error bars are SE of means.
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day 97, 20% on day 104 and remained steady until day
109. Despite considerable differences in the dynamics of
leaf chlorophyll content under WW conditions, the
fluorescence measurements revealed no significant differ-
ences between cultivars over a period of 27 d post
anthesis (Fig. 6c).

Water-soluble carbohydrates (WSC): Water-soluble carbo-
hydrates (WSC) concentration in the stem at the stage of 5
d after anthesis is shown in Fig. 7a. Stem carbohydrates of
all cultivars increased under water stress relative to the
WW treatment (P < 0.01). Under the WW treatment,
RAC875 had the highest WSC concentration (193.1622.8
mg g�1 DW), whereas the WSC content of Kukri and
Excalibur was similar (111.7620.8 and 119.6640.8 mg
g�1 DW, respectively). Under the RW treatment, how-
ever, the WSC content of RAC875 and Kukri increased to

a similar level (246.4621.0 and 241.1621.8 mg g�1 DW,
respectively), whilst Excalibur recorded a lower WSC
concentration (159.7618.7 mg g�1 DW). WSC in
Excalibur did not change in stressed plants compared to
non-stressed ones. Comparing the three cultivars,
RAC875 and Kukri had higher WSC values compared to
Excalibur under stressed conditions.

ABA assay: ABA levels were markedly higher in
droughted plants compared with WW plants (P < 0.001,
Fig. 7b). The ABA concentration in xylem sap and floral
tissues of all cultivars increased under the RW treatment
for the three cultivars in both xylem sap and floral tissues.
However, the level of ABA was 3-fold higher in floral
tissues compared to xylem sap. ABA content increased
3.8 and 11.4 times in spikes and xylem sap due to water
stress, respectively. Although, there were no differences

Fig. 7. Drought-related traits for Excalibur, Kukri, and RAC875 under WW and RW treatments in Experiment II. (a) Values for water-soluble stem
carbohydrates (WSC); stem samples were taken 5 d after anthesis. (b) ABA concentration in floral tissue and xylem sap; when tissue was collected,
plants/lines experienced severe water stress during RW treatment whereas plants under WW conditions remained unstressed. (c) Values for carbon
isotope discrimination on grains, pos-harvest and (d) values for agronomic WUE for Excalibur, Kukri, and RAC875 under WW and RW treatments.
Error bars are SE of means.
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between cultivars under WW treatment for ABA content,
the cultivars showed significant differences (P < 0.05)
under RW treatment. Excalibur showed lower ABA
content in spikelets and xylem sap compared to Kukri
and RAC875. One data point in Excalibur was removed
from the analysis as it was an outlier observation (181.5
lg g�1, versus the mean of 34.568.0 lg g�1). Water
stress caused a 3.3-fold increase in the ABA content of
spikes, but no correlation was found between ABA
content and grain set and increased levels of ABA did not
induce low grain number in this germplasm (Dembinska
et al., 1992). This result shows that Excalibur accumulates
less ABA under RW treatment, indicating that ABA may
be a primary controller of stomatal behaviour in these
plants.

Carbon isotope discrimination (D13C): Carbon isotope
discrimination (D13C) values from grain were highly
affected by water stress. In Experiment II, there were no
genotypic differences among cultivars for D13C under
WW and RW treatments. Plants under WW treatment had
significantly (P < 0.001) higher D13C values compared to
plants under the RW treatment. The three cultivars
exhibited similar D13C values under WW treatment.
Under RW treatment, however, Excalibur showed
a slightly greater D13C value, but the differences were not
statistically significant (Fig. 7c). In general, there were no
clear genotypic differences between cultivars under both
WW and RW treatment in Experiment II. Highly
significant correlations (r¼0.87, P < 0.01) were found
between D13C and total water consumed, and D13C and
stomatal conductance at the first day after re-watering
when plants had experienced water stress under RW
treatment (r¼0.8, P < 0.01). Cultivars which showed
higher stomatal conductance used more water and had
higher D13C. Condon et al. (1992) pointed out that
variation in D13C among genotypes may be attributed to
genotypic variation in the greater extent of soil water
extraction at near anthesis and variation in the response of
stomata to soil water depletion and/or to increasing VPD.
Condon et al. (1992) acknowledged that the measurement
of D13C, despite its positive application, also has several
shortcomings. It does not provide information on the
magnitude of either the assimilation rates or transpiration
at the stomata, nor whether variation in D13C is being
driven by variation in stomatal conductance or photosyn-
thetic capacity. For example, a variety with high stomatal
conductance and high photosynthetic capacity would give
similar D13C to a variety with low conductance and low
capacity.
Water use efficiency (WUE), as the ratio between the

volume of water consumed and the total biomass (shoot
and root) produced, is shown in Table 3. ANOVA showed
that in Experiment I, WUE was significantly (P < 0.0001)
lower compared to Experiment II. In Experiment I, there

was a significant difference (P < 0.001) between treat-
ments, while the difference was not significant in
Experiment II (Fig. 7d). In both experiments, Excalibur
showed significantly (P < 0.01) lower WUE compared to
Kukri and RAC875. Correlations between WUE and D13C
were not found under both WW and RW treatments in
Experiment II.

Discussion

Grains per spike and tiller abortion are the major yield
components for higher grain yield under cyclic water
stress

The main yield components that associated with yield
reduction across the experiments were grain number per
spike and number of fertile tillers. Reduction in grain
number and in the number of fertile tillers was mainly
associated with floret sterility and tiller abortion under
water stress. Water stress occurring during the later stages
of development caused a greater reduction in grains per
spike and in the total number of tillers per plant (Blum
and Pnuel, 1990). Blum et al. (1990) suggested that
maintaining the potential grain number per spike under
stress is more important than tillering ability. In our study,
RAC875 produced fewer tillers and maintained higher
numbers of grains per tiller. Excalibur produced poten-
tially a high number of tillers, but while encountering
water stress, large numbers of tiller were aborted. The
ability of rapid recovery under cyclic water stress in
Excalibur, therefore, might allow this cultivar to produce
more grains on recovered tillers. Kukri did not possess
any of these mechanisms. It had a high number of tillers
and did not recover after water stress to produce grains,
resulting in high numbers of aborted tillers as well as
lower grain number per spike under RW treatment.

Osmotic adjustment and its role in conferring drought
tolerance

The results from the greenhouse experiment showed that
there are different responses among the genotypes for OA
capacity. Excalibur showed high, RAC875 moderate, and
Kukri low OA. However, at this stage it cannot be fully
ruled out that the maturity differences between Excalibur
and the other two cultivars also influenced differences for
OA. Differences in OA capacity contribute to maintain
plant productivity under water stress (Morgan, 1980;
Blum et al., 1999). At anthesis, pollen mother cells during
meisosis are more sensitive to water stress, and water
deficit during these stages significantly reduces grain set
as a result of male sterility (Saini and Aspinall, 1982). The
capacity to adjust osmotically may enhance spikelet
fertility due to pollen development. Under severe drought
stress, plants with the ability to adjust osmotically can
maintain turgor when leaf water potential is reduced
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(Morgan, 1980). Morgan and Condon (1986) found
a positive relationship between seed set and turgor
maintenance and concluded that genotypes with low
turgor maintenance produced less seed. OA appears to be
associated with extended root growth (Sharp et al., 2004),
sustained leaf gas exchange, sustained cellular membrane
and protein function, as well as chloroplast volume and
function (reviewed by Blum, 1988; Zhang et al., 1999).
OA, in addition to maintaining turgor and sustaining
cellular function for a longer time under drought con-
ditions, might allow plants to recover faster from
water stress.
The genotypic variation in stomatal response in these

cultivars may be partly explained by their variation in OA
capability. Excalibur with a high level of OA showed
higher stomatal conductance after recovery, while Kukri
had very low OA and kept stomata more closed. Osmotic
adjustment in leaves has been demonstrated to maintain
stomatal opening (see Turner, 1986, for a review). Wright
(1983) observed that sorghum genotypes with higher OA
capability had the ability to maintain stomatal conduc-
tance compared to those with low OA. OA resulted in
a lower osmotic potential for a given level of leaf RWC at
a given level of soil water content. Hence it sustained leaf
turgor pressure during soil drying (Turner, 1986). There-
fore, genotypes with high OA and more leaf turgor
maintenance may become less stressed at a given level of
water stress. Consequently, they produce or accumulate
less ABA, resulting in higher stomatal activity relative to
those genotypes with lower leaf turgor (Ali et al., 1999).
In this study ABA was measured in stressed and non-
stressed plants. In Kukri and RAC875, samples for ABA
measurements were taken on 75 DAP at a VSWC of
10.060.4% and 8.860.5%, respectively. Excalibur sam-
ples were taken on day 83 when the VSWC for this line
was 9.561.0%. This indicated that the pots were very
similar in soil water content, however, cultivars showed
significantly (P < 0.05) different ABA contents in both
xylem sap and spikelets. Although the cultivars were at
the same stress level in terms of water availability, their
ABA response appeared different. It might be concluded
that the higher OA capability in Excalibur allowed these
plants to become less stressed which resulted in low ABA
contents, higher stomatal conductance, and rapid recovery
after stress. Turgor maintenance might also delay irrevers-
ible cell membrane damage and sustain cell functions
which are critical for rapid recovery after relief from
severe drought stress (Elmi and West, 1995).

Source activity and source strength-related traits and
their effects on grain-filling under drought stress

Source activity could be partitioned into two components,
namely, current photosynthetic assimilates from different
plant parts (e.g. leaves, ears, and awns) and stem water-

soluble carbohydrates (WSC) accumulation and remobili-
zation during the grain-filling period (Bewley and Black,
1994). Ehdaie et al. (2008) found no correlation between
the amount of stem reserves and the amount of current
assimilates that contributed to grain yield. They concluded
that selecting genotypes that simultaneously remobilize
relatively greater stem reserves and current assimilates to
grain yield under drought could reduce the adverse effect
of drought.
The result from chlorophyll content measurements

during plant growth indicates that cultivars with a high
chlorophyll content seem to stay green for longer. In this
study, the pale leaves with a lower chlorophyll content in
Kukri senesced early, while the dark green leaves with
a high chlorophyll content in RAC875 and Excalibur
consistently stayed green. These data suggest that the
large decrease in chlorophyll content of Kukri leaves post-
anthesis under cyclic water stress might be preprog-
rammed leaf senescence (Lu and Zhang, 1998; Lu et al.,
2002). Under the RW treatment, chlorophyll fluorescence
measurements were found to reflect the chlorophyll
content observations. Chlorophyll fluorescence of
RAC875 and Excalibur were unaltered by the drought
treatment, consistent with our observation that both
cultivars maintained chlorophyll content under these
conditions. By contrast, chlorophyll florescence of Kukri
was significantly reduced under the RW treatment in-
dicating that leaf senescence was accelerated under
drought. This may be associated with a programmed
(drought-induced) leaf senescence phenomenon (Munné-
Bosch and Alegre, 2004). Although, programmed leaf
senescence and leaf abscission contribute to plant survival
under drought conditions in nature (Munné-Bosch and
Alegre, 2000, 2004), this strategy can lead to yield loss in
economically important annual crops (Borrell et al., 2000;
Jiang et al., 2004; Rivero et al., 2007). On the basis of the
assumption that leaf senescence is a type of programmed
cell death (PCD) that is inappropriately activated during
drought stress, Rivero et al. (2007) generated transgenic
tobacco plants expressing an isopentenyltransferase gene
driven by a stress- and maturation-induced promoter.
They found that the suppression of drought-induced leaf
senescence resulted in outstanding drought tolerance in
tobacco. The transgenic plants maintained a relatively
high water content and retained photosynthetic activity
during the drought compared with control plants. In
addition, the transgenic plants grown under restrictive
water supply showed a minimal yield loss when watered
with only 30% of the amount of water used under control
conditions.
The possible explanation for the stay-green characteris-

tic in RAC875 and Excalibur might be their higher degree
of OA capability that helped the leaves to stay green for
longer and to maintain photosynthetic activity relative to
Kukri. High chlorophyll content and stay-green probably
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contributed to the high-yielding capacity. Borrell et al.
(2000) found associations between stay-green and higher
leaf chlorophyll content as well as improved yield and
transpiration efficiency under post-anthesis drought con-
ditions. Stay-green sorghum hybrids also maintained more
photosynthetically active leaves than senescent hybrids
under post-anthesis drought. Strong associations between
chlorophyll content, photosynthesis rate, and yield were
reported in wheat cultivars grown under well-irrigated and
drought conditions (Gutierrez-Rodriguez et al., 2004) and
in wild wheat (Aegilops geniculata) grown under heat and
drought conditions (Zaharieva et al., 2001) Nevertheless,
reduced leaf chlorophyll content has been reported to be
an important trait in heat stress avoidance. Pale green
leaves can decrease radiation absorbed by the leaf surface,
thereby reducing the risk of desiccation (Blum, 1988;
Reynolds et al., 2005).
Our results from chlorophyll fluorescence measurements

as a reflection of photosynthetic capacity shows that the
flag leaf of the stay-green cultivar remained functional
during the grain-filling period. Differences in photosyn-
thetic capacities during the grain-filling period could be
due to different amounts of chloroplasts per unit leaf area.
The retention of photosynthetic capacity under water-
stress conditions of stay-green cultivars ensures the
continued availability of new assimilates and is associated
with increased nitrogen uptake during grain-filling in
sorghum (Borrell and Hammer, 2000), and can potentially
improve grain size. Spano et al. (2003) reported a 10–
12% increase in grain size of the stay-green mutants of
durum wheat. They concluded that the extended period of
flag leaf photosynthetic capacity during the phase of
grain-filling is associated with the production of larger
grains. Richards et al. (2001) pointed out that the stay-
green capability might be a useful trait in environments
with a high probability of rainfall during grain-filling.
Plants with stay-green characteristics and more photosyn-
thetic tissue may produce more assimilates and extract
more water from the soil. Foulkes et al. (2007) found
a positive phenotypic correlation between green flag-leaf
area retention and yield under drought under the UK
drought conditions.
Differences in heading time were observed between

Excalibur and the other two cultivars in Experiment II.
Thus, differences in chlorophyll content and fluorescence
between Excalibur and the other two cultivars might be
affected by flowering time. However, significant differ-
ences between RAC875 and Kukri, which showed similar
heading time, were observed for these same traits.
The stem WSC can serve as a buffer between the supply

of current photosynthesis assimilates and the demand by
the sink (Borras et al., 2004). Although, the stay-green
trait may increase the risk of severe drought and heat
stress during the later stages of the grain-filling period,
remobilization of a large amount of WSC to grain can

complement the longer grain-filling time (Blum, 1998). In
this study, the average WSC in the stem of stressed plants
was 1.5-fold higher than in the stem of non-stressed
plants. These results are in agreement with Goggin and
Setter (2004), who found significantly higher average
concentrations of total carbohydrates (1.8-fold) and fruc-
tans (2.5-fold) in the stems of rain-fed compared to
irrigated plants. They speculated that the fructan accumu-
lation in rain-fed stems increased in response to water
deficit (Goggin and Setter, 2004). Our results show that
RAC875 had a constantly greater capacity for WSC
storage under both stress and non-stress treatments.
Irrespective of the environment during grain-filling,
RAC875 had more available WSC than Excalibur and
Kukri. While under stress treatment, both RAC875 and
Kukri showed higher WSC concentration compared to
Excalibur. Nevertheless, WSC accumulation is very much
affected by environmental conditions such as light in-
terception, nitrogen as well as tillering capacity, plant
height, and flowering time (Ruuska et al., 2006; Ehdaie
et al., 2008). In RAC875, however, the greater WSC
concentration might be associated with low tillering
capacity in this cultivar, whereas in Excalibur the large
number of tillers and late flowering might have resulted in
low amounts of WSC under both stress and non-stress
conditions. In this study, it was impossible to evaluate the
proportion of available WSC that contributed to grain-
filling. It is speculated that cultivars with high WSC at
anthesis remobilize a high proportion of WSC to the grain
during grain filing even under non-stress conditions. The
amount of stem WSC and its contribution to the grain for
these cultivars needs further investigation.

Leaf morphology and its role in the reduction of
transpiration

Under water stress, RAC875 showed a higher chlorophyll
content, a greater leaf waxiness, a smaller flag leaf area,
and thicker leaves compared to Kukri and Excalibur. The
high chlorophyll content in RAC875 might be a reflection
of leaf thickness in this cultivar. Thicker leaves would
have a higher density of chloroplasts per unit area, and
therefore chlorophyll content per unit leaf area (Araus
et al., 1986). Excalibur, on the other hand, showed more
leaf rolling, moderate leaf waxiness, retained more green
leaves as similar as RAC875, bigger leaf area, and less leaf
thickness. Both drought-tolerant cultivars had lower ex-
cised-leaf water loss, reflecting lower residual transpiration.
The reduction in leaf size in RAC875, which results in

a smaller transpiring leaf area, is an adaptive response to
water deficit (Tardieu, 2005). Tardieu (2005) pointed out
that short-term reduction in leaf area has a similar role to
stomatal closure, which allows plant to avoid damaging
leaf water potential in leaves by reducing the water flow
through the leaf surface. In the longer term, a reduced leaf
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area can save soil water for the later stages of plant
development via a reduction in transpiration. Leaf rolling,
which was high in Excalibur, can also reduce the effective
leaf area and, hence, reduce radiation interception and,
consequently, reduce transpiration under water stress
(Loss and Siddique, 1994).
Both drought-tolerant cultivars had a lower excised-leaf

water loss which is reflecting low residual transpiration;
this might be the result of leaf waxiness. An important
function of leaf waxiness is to increase the efficiency of
stomatal control by reducing water loss after stomatal
closure (Clarke and Richards, 1988). Leaf waxiness, and
pubescence have been reported to contribute to heat stress
avoidance, by reducing radiation absorbed by the plant
(Blum, 1988). The leaf waxiness and leaf angle (erect-
ness) in combination may improve radiation use efficiency
(RUE). Whilst waxiness increases radiation reflectance,
and thereby reduces leaf and spike temperature it
increases leaf and floret survival (Johnson et al., 1983;
Richards et al., 1986). Erectophile leaf canopy can use
radiation more efficiently while intercepting less radiation
(Reynolds et al., 2000).

Cyclic water stress in pot experiments

The three cultivars showed a different response to cyclic
water stress under controlled conditions. RAC875 showed
a consistently higher yield relative to Kukri under both
cyclic water-stress experiments. Excalibur, however,
showed strong interaction with experimental conditions. It
out-yielded Kukri only under severe stress conditions
(Experiment I). These data from the growth-room experi-
ments showed that, with target environment considera-
tions, drought experiments under controlled conditions
can relate to field performance, as plants were grown in 35
cm long pots and cyclic water stress during the re-
productive stages of development. In addition to reducing
the unpredictable variables under controlled conditions, it
is possible to determine the extent of the drought stress. It
also makes it possible to measure extensive traits
throughout the experiment. Although the cyclic drought
experiment in the growth room worked for a few cultivars,
there are limitations. In particular, controlling watering
regimes is very labour intensive, which makes it difficult
to assess a large number of genotypes or mapping
populations. Also, the described conditions might not
work for all genotypes, for example, genotypes which
rely on a deep root system to exploit water from depth,
unless deep soils are mimicked with 1–2 m long PVC
cylinders.

Conclusions

Cyclic drought is a frequent event in South Australian
environments, occurring during pre-anthesis, post-

anthesis, and the grain-filling period. It is shown that
cyclic water stress under growth-room conditions mimick-
ing the drought of the target environment, worked
consistently to distinguish drought-tolerant and -intolerant
cultivars. Therefore, data from pot experiments based on
this system can be extrapolated with some confidence to
the field.
Although Excalibur and RAC875 are evidently more

drought-tolerant cultivars compared to Kukri, it would not
mean that Kukri (a drought-susceptible cultivar) does not
possess any ‘drought tolerance traits’. It must be borne in
mind that the cultivars which were evaluated in this study
(Excalibur, Kukri, and RAC875) have been bred under
South Australian dry conditions. Kukri is also an adapted
cultivar which may show some drought-tolerance traits.
However, what makes the other two cultivars more
productive in their target environment is the successful
combination of several advantageous traits.
Based on the results of this study, it can be concluded

that different adaptive mechanisms are involved to confer
drought tolerance in RAC875 and Excalibur. RAC875
out-yielded Kukri on average by 24.3%; it possesses
mechanisms which help to maintain a high tissue water
status by reduced water loss through the leaf surface by
reducing leaf area, reducing residual transpiration and,
therefore, avoiding deleterious leaf water potential in
leaves. RAC875 is a more conservative and restrained
cultivar which shows the lowest tiller number per se,
moderate OA, low stomatal conductance, slower recovery
after re-watering, thick green leaves, stronger leaf waxi-
ness, a stay-green phenotype, and high WSC. However,
RAC875 is potentially sink-limited due to its lower tiller
number.
Excalibur, on the other hand, seems to be a more

responsive cultivar under drought conditions. It showed
a strong interaction with environmental conditions. Excal-
ibur out-yielded Kukri on average by 18% in Experiment
I, a similar advantage to RAC875. Excalibur produced
more tillers (high pre-anthesis biomass) in the first place
and aborted tillers under stress and concentrated on the
main stems (a higher number of spikelets per spike). It
produced a greater total biomass and had a higher root:-
shoot ratio under water stress than Kukri and RAC875. It
showed leaf rolling and moderate leaf waxiness under
stress. Excalibur showed the highest OA capability, the
highest stomatal conductance, the lowest ABA contents
under stress, and rapid recovery after re-watering. Excal-
ibur possesses mechanisms which allow the plant to
endure low tissue osmotic potential and to recover rapidly
after re-watering.
These three cultivars with different responses to

cyclic water stress were selected in order to develop
mapping populations for genetic studies and to identify
the genomic regions controlling drought tolerance in
wheat.
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