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Abstract

Recent reports challenge the widely accepted idea that drought may offer protection against ozone (O3) damage in
plants. However, little is known about the impact of drought on the magnitude of O3 tolerance in winter wheat
species. Two winter wheat species with contrasting sensitivity to O3 (O3 tolerant, primitive wheat, T. turgidum ssp.
durum; O3 sensitive, modern wheat, T. aestivum L. cv. Xiaoyan 22) were exposed to O; (83ppb Oz, 7h d~') and/or
drought (42% soil water capacity) from flowering to grain maturity to assess drought-induced modulation of O3
tolerance. Plant responses to stress treatments were assessed by determining in vivo biochemical parameters, gas
exchange, chlorophyll a fluorescence, and grain yield. The primitive wheat demonstrated higher O3 tolerance than
the modern species, with the latter exhibiting higher drought tolerance than the former. This suggested that there
was no cross-tolerance of the two stresses when applied separately in these species/cultivars of winter wheat. The
primitive wheat lost O3 tolerance, while the modern species showed improved tolerance to O3 under combined
drought and O3 exposure. This indicated the existence of differential behaviour of the two wheat species between
a single stress and the combination of the two stresses. The observed O; tolerance in the two wheat species was
related to their magnitude of drought tolerance under a combination of drought and O3 exposure. The results clearly
demonstrate that O3 tolerance of a drought-sensitive winter wheat species can be completely lost under combined
drought and O3 exposure.

Key words: A-C; curve parameters, chlorophyll a fluorescence, drought, gas exchange, ozone tolerance, stomatal
conductance, winter wheat, yield.

Introduction

Ozone (O3) episodes and incidences of drought often occur
together during the reproductive stage of crops during the
summer months over widespread areas of the world
(Mittler, 2006; Ainsworth et al., 2008; Mittler and Blumwald,
2010). Although drought alone suppresses crop growth and
yield, it is widely accepted that drought may reduce O;
injury in crop plants and forest species through drought-
induced suppression of stomatal conductance (Tingey and
Hogsett, 1985; Pearson and Mansfield, 1993; Karlsson

et al, 1995; Reichenauer et al, 1998; Khan and Soja,
2003). However, the discovery of ethylene-dependent reduc-
tions in stomatal sensitivity to abscisic acid (ABA) under O;
stress indicates that stomatal conductance under soil water
deficit is greater under elevated Os, and plants continue to
lose water, despite the potential for dehydration and
increased O3 flux (Wilkinson and Davies, 2010). This result
conflicts with predictions that drought may offer some
protection against O3 damage by inducing stomatal closure
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and restricting O; uptake (Wittig er al, 2009; Wilkinson
and Davies, 2010). Recent meta-analyses have demon-
strated contrasting effects of elevated O; on stomatal
responses and growth under drought and well-watered
conditions (Wittig ez al, 2007, 2009). It is therefore
suggested that more attention should be given to the
interactions between Oz and other concurrently changing
climatic variables such as drought, to assess the impacts of
current and future climates on crop plants and natural
vegetation accurately (Fuhrer, 2003; Wittig et al., 2009;
Wilkinson and Davies, 2010).

Wheat is normally sensitive to O;, as documented by
reductions in photosynthesis, growth, and yield (Mulholland
et al., 1997; Heagle et al, 2000; McKee and Long, 2001;
Biswas et al., 2008a). There are also considerable intra- and
interspecific variations in O; sensitivity in winter wheat
(Biswas et al., 2008a, b) that can be greatly modified by other
environmental variables (Biswas er al, 2009). It has been
suggested that the high Oj tolerance of specific genotypes
observed under favourable conditions could be reduced or
even lost under changing climatic conditions (Fuhrer, 2003).
While there have been a few studies to determine wheat
responses to drought and Oj stresses in terms of growth and
yield (Khan and Soja, 2003), little attention has been paid to
the impact of a combination of drought and O; on the
photosynthetic processes and stomatal function of the flag
leaves which provide the major contribution of assimilate to
grain yield. In addition, there have been no studies of
drought-induced modulation of O; tolerance in winter
wheats with differential sensitivity to Os. It is important to
examine whether any cross-tolerance exists in winter wheat
between O; and drought stress, so that an appropriate
breeding effort can be made to avoid yield reductions in the
changing climatic conditions anticipated in the future
(Mittler, 2006; Mittler and Blumwald, 2010).

Crop sensitivity to environmental stresses is typically
assessed by the decline in growth and/or grain yield.
Chlorophyll a fluorescence and gas exchange provide useful
non-destructive tools for in vivo stress detection and are
widely used to examine the effects of environmental stresses
on photosynthesis (Guidi et «l, 1997; Maxwell and
Johnson, 2000). In addition, in vivo biochemical parameters
provide more insights into photosynthetic processes and the
mechanisms of Oz/drought tolerance. Since the stomata are
an important determinant for Os/drought effects on plant,
the stomatal response to varying internal CO, concentra-
tions and light intensity could allow the examination of
stomatal functioning in wheat exposed to drought and Os;.
Therefore, integration of in vivo biochemical parameters
with gas exchange, chlorophyll a fluorescence, and grain
yield data might improve the present understanding of the
mechanisms underlying wheat responses to combined
drought and O; exposure.

Although understanding of cross-tolerance and the mech-
anisms responsible is crucial to predict agricultural yield
under natural field conditions (Sabehat ez al., 1998; Rizhsky
et al, 2002; Tausz et al, 2007), little is known about
whether any cross-tolerance exists in winter wheat species

between drought and Oj; stress. Since plants induce similar
defence mechanisms to avoid oxidative stress resulting from
both O3 and drought (Tausz et al., 2007), it was hypothe-
sized first that Os-tolerant wheat species may have greater
tolerance to drought. Secondly, it was hypothesized that
drought might offer greater protection against O; damage
in Os-tolerant species than in Ojs-sensitive winter wheat
species under combined drought and O; exposure. One Os-
tolerant and one Os-sensitive winter wheat species were
therefore utilized to test these hypotheses. Plant responses
to drought and/or Oz have been regarded as being
determined by stomatal regulation and photosynthesis
following simultaneous measurements of gas exchange and
chlorophyll fluorescence, in vivo biochemical parameters,
and yield components. The present results may be valuable
in understanding crop adaptation to environmental stresses
and prediction of food security under changing climatic
conditions such as increased drought and O exposure.

Materials and methods

Plant establishment and treatments

An Ogz-sensitive modern winter wheat (7riticum aestivum L. cv.
Xiaoyan 22) and an Os-tolarant primitive wheat (7. turgidum ssp.
durum) were selected to assess drought-induced modulation of O3
tolerance. The study was carried out at the experimental station at
the Institute of Botany of the Chinese Academy of Sciences. The
O3 sensitivity of these two winter wheat species has been
extensively evaluated in controlled greenhouse experiments
reported elsewhere (Biswas er al, 2008a, b, 2009). Twenty
germinated seeds were sown in each of 24 pots (15.01) filled with
clay loam soil for both species. Organic C, total N, total P, and
total K in the soil were 1.24%, 0.045%, 296mg kg’l, and 14.7g
kg~!, respectively. Seedlings were thinned to leave 10 plants per
pot after stand establishment. The plants were initially grown
outdoors in a greenhouse (October—April) under continental
climate conditions (i.e. cold and dry winter) for natural vernaliza-
tion. They experienced three snowfalls during the winter months at
their vegetative stage. Irrigation was applied twice a week to
maintain the soil near field capacity and avoid drought stress
during plant growth outdoors in the greenhouse. At the jointing
stage, all plants were top-dressed with N as urea at the rate of
15.0g2 N m~2. Pesticide was also applied at the rate of 10% of
Imidachloroprid WP (Huayang Tech Co., Ltd, Shandong, China)
once to control insect pests at the jointing stage. The weather was
typical for early summer in Beijing during the post-flowering stage
of wheat, with mean daily air temperature varying from 15°C
(night) to 35°C (day) and a maximum photosynthetic photon flux
density (PPFD) of ~2000pumol m~2 s~' at midday. Seasonal
temperature varied from 3°C to 14°C, and seasonal relative
humidity varied from 29% to 98%.

All 48 pots (24 pots per species) were moved to four open top
chambers (OTCs; 1.2m in diameter and 1.6m in height) in
a temperature-controlled double-glazed greenhouse at the flag leaf
stage of wheat before initiating the water stress and Oz fumigation
treatments. The OTCs were placed inside the greenhouse to avoid
natural precipitation. The plants were allowed to acclimate for
1 week in the OTCs to adapt to the chamber environment before
imposing the treatments. During this period, all plants received
charcoal-filtered (CF) air (<5p£>b 03). The maximum PPFD in the
chambers was ~1236pumol m* s~'. The temperature in the OTCs
fluctuated from 17°C (night) to 33°C (day) and relative humidity
ranged from 65% to 88% during the experiment runs.
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The Oz and water stress treatments were initiated when 50% of
the plants had begun to flower. Oz was generated by electrical
discharge using ambient oxygen (Balaguer ez al., 1995) and an O;
generator (CF-KG1, Beijing Sumsun Hi-Tech., Co. Ltd, China) and
this was bubbled through distilled water before entering the two
elevated O3 chambers to remove harmful compounds other than Os
(Balaguer et al., 1995). Manual mass flow controllers were used to
regulate the flow of Os-enriched air to the OTCs. O3 concentrations
in the OTCs were continuously monitored at ~10cm above the
plant canopy using an analyser (APOA-360, Horiba, Ltd, Japan),
which was cross-calibrated before starting the O; treatment. O;
concentration within the treatment chambers averaged 83=*7ppb
for 7h d~' (10:00-17:00 h) over 3 weeks from 50% flowering to
physiological maturity. The elevated O; and CF air control
treatments were assigned randomly to the chambers in each of the
two blocks and were replicated twice. Plants in each chamber were
subjected to two levels of soil water. For each species, 12 pots were
irrigated to maintain soil water content (SWC) at 88=6% and the
remaining 12 pots received a reduced supply of water to exert
drought stress (SWC 42+4%). Soil water capacity was determined
as the ratio of actual water content to maximum capillary capacity,
and water content was adjusted gravimetrically on alternate days
during water stress treatment (Khan and Soja, 2003). Plants
receiving two levels of soil water, and O3 treatments were switched
between chambers on alternate days to minimize the effects of
environmental heterogeneity and variation between chambers on
plant responses, with the location of the plants within the chambers
being randomized on each occasion.

Simultaneous measurement of gas exchange and chlorophyll
a fluorescence

Three plants of each species receiving the drought stress and well-
irrigated treatments were selected from three different pots from
each of the four OTCs (elevated Oz and CF air, replicated twice)
on each sampling date for simultaneous measurements of gas
exchange and chlorophyll fluorescence. These measurements were
repeated three times at 7d intervals during the post-flowering stage
of wheat species for all treatments. The measurement was initiated
with the most recently fully expanded flag leaves of the main stem
using a portable Gas Exchange Fluorescence System (GFS-3000,
Heinz Walz, Germany) connected to a PC fitted with data
acquisition software (GFS-Win). All measurements were kept
consistent on the main stem flag leaves to minimize age-related
heterogeneity of leaf tissue between the plants on each sampling
date. The plant used was not used again for further measurements
if any leaf injury resulted from the leaf chamber. The system was
zeroed prior to each set of measurements. Relative humidity was
maintained at 70% and leaf temperature in the leaf chamber was
set at 25°C. The flow rate was set at 600mol s~' and CO,
concentration in the leaf chamber maintained at 400ppm. The flag
leaf was illuminated with a PPFD of 1500pumol m 2 s~ ! using the
internal chamber light. The A-C; and A-PPFD response curves
were recorded automatically for the same flag leaves using the A—
C; and A-PPFD response curve programs. The area of each
individual flag leaf was calculated and entered into the automatic
curve program prior to inserting the leaf into the leaf chamber.
For A-C; curves, the steady-state rate of net photosynthesis under
saturating irradiance (A4g,) was determined at external CO,
concentrations of 400, 300, 200, 100, 50, 400, 400, 600, and
800ppm. The duration of each step of the A-C; response curves
was 4min and data were automatically recorded six times to check
stability of data.

On the other hand, the A-PPFD response curve was pro-
grammed to determine both gas exchange and chlorophyll
fluorescence parameters. A—PPFD response curves were recorded
at PPFDs of 1800, 1500, 1000, 500, 300, 150, 80, 50, 20, and
0 pymol m~2 s ! at the leaf surface. At each PPFD, CO,
assimilation, stomatal conductance, steady-state fluorescence, and

maximum and minimum fluorescence were recorded simulta-
neously. During 4-PPFD response curve measurement, the CO,
concentration was maintained at 700ppm.

The duration of each step of the A-PPFD response curves was
3min and data were automatically recorded six times to check the
stability of the data. After recording basic fluorescence parameters,
the actual yield of photosystem II (PSII; F,’/F,,’) and the electron
transport rate (ETR) were calculated according to Equation 1 and
2, respectively, as follows:

Fy/F, = (F,—F,)/F, (1)

ETR = YieldXxPARX.0.5%0.84 (2)

where F,” and F,’ are the maximum and minimum fluorescence,
respectively, at each light level. The factor of 0.5 was derived
because transport of one electron requires the absorption of two
quanta, while the factor of 0.84 was estimated based on the
assumption that the proportion of incident quanta absorbed by the
leaf was ~84% (Meyer et al., 1997).

The data obtained for each flag leaf were analysed using
a mechanistic A4-C; curve analysis program (Photosynthesis
Assistant, Version 1.1, Dundee Scientific, UK), to obtain the
maximum rate of carboxylation by Rubisco (Vimax), the PAR-
saturated rate of electron transport (Jy,.x), carboxylation efficiency
(CE), and respiratory processes for day and night (R). The
program followed the model proposed by Farquhar ez al. (1980).
On the other hand, data obtained as part of the gas exchange
measurements included the area-based light-saturated net photo-
synthetic rate (Ag,;), stomatal conductance (g;), intercellular CO,
concentration (C;), transpiration rate (E), and leaf-level photosyn-
thetic water use efficiency, or instantaneous transpiration efficiency
(ITE), which was calculated as assimilation/transpiration.

Grain yield, yield attributes, and harvest index

Three plants per pot for each species and each treatment
combination (n=18) were harvested for determination of grain
yield and yield attributes. Grains were removed from each ear by
hand and the number of grains per ear was counted. Yield per ear,
yield per plant, and 1000-grain weight were determined for sun-
dried seeds. The harvest index (HI) was calculated as the ratio of
grain dry mass to total above-ground dry mass per plant.

Statistical analysis

The experimental design consisted of two blocks, each containing
one elevated O; and one CF air chamber and each chamber
contained plants experiencing two levels of soil moisture with 30
plants per replicate. Statistical analyses of data were performed
using analysis of variance (ANOVA) in the general linear model
procedure of the SPSS package (version 13, SPSS, Chicago, 1L,
USA). The main effects (species, Oz, and drought) and their
interactions were analysed using three-way ANOVA on the
measured variables. Linear regression coefficients for the A~PPFD
response curve and their significance (P-value) were also per-
formed using the curve estimation program of SPSS. Differences
between treatments were considered significant if P <0.05.

Results
Gas exchange

O; significantly (P <0.05) decreased Ag., gs, E, and ITE,
but increased C; in both wheat species (Table 1). Water
stress drastically (P <0.001) reduced A, g5, and C;, but
increased ITE. Overall, there were considerable interspecific
variations (P <0.05) for Ag., g, and E (Table 1). The
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Table 1. Analysis of variance of the effects of Oz, drought, species, growth stage, and their interactions on photosynthetic gas
exchange and A-C; curve parameters of a primitive wheat, T. turgidum ssp. durum, and a modern wheat, T. aestivum L. cv. Xiaoyan 22
P-values were calculated using the general linear model with the main effects of Os, drought, species, growth stage, and their
interactions. Two wheat species were well irrigated (88+6% SWC) and exposed to CF air (5+0ppb Os, 7 h d™') or elevated O
(83+7ppb O3 7 h d™), or subjected to drought stress (42+4% SWC) and exposed to CF air or elevated O for 3 weeks during the post-

flowering stage in open top chambers.

Parameters Ozone (O3) Drought (ws) Species (sp) Stage (st) O3z xsp WS XSsp O3xXws O3 XWsXsp O3 xwsxspxst
Asat 0.000 0.000 0.001 0.000 0.001 0.003 0.000 0.477 0.277
Js 0.012 0.000 0.019 0.000 0.045 0.412 0.026 0.375 0.776
Ci 0.000 0.000 0.777 0.000 0.006 0.000 0.624 0.554 0.000
E 0.009 0.000 0.044 0.000 0.057 0.714 0.172 0.572 0.822
ITE 0.003 0.004 0.534 0.000 0.411 0.017 0.200 0.393 0.837
Vimax 0.000 0.010 0.000 0.000 0.001 0.093 0.004 0.874 0.244
Imax 0.000 0.586 0.001 0.000 0.000 0.207 0.208 0.229 0.290
R 0.000 0.435 0.008 0.000 0.202 0.006 0.277 0.096 0.942
CE 0.000 0.089 0.019 0.000 0.009 0.144 0.005 0.108 0.433

primitive wheat displayed higher 4g,,, g, and E values than
modern species (data not shown). A significant (P <0.001)
gradual decrease in gas exchange characteristics was also
noted for both species. The interaction between water stress
and species was significant (P <0.05) for A, C;, and ITE.
For instance, drought reduced Ay, and ITE by 34% and
2%, respectively, in the primitive wheat, whereas it de-
creased Ag; by 21% and increased ITE by 22% in the
modern species. The interaction between O; and species was
significant (P <0.05) for Ag., Ci, g E, and ITE. The
primitive species showed Oj-induced reductions in g5 and
Agae of 18% and 22%, respectively, compared with 47% and
63% in the modern species. Elevated O3 increased C; in the
primitive and modern species by 10% and 18%, respectively.
The interaction between water stress and O3 was significant
(P <0.05) for Ag,; and g. The primitive wheat exhibited an
O3-induced reduction in A, in drought-stressed plants of
37%, whereas the modern wheat demonstrated a reduction
of 29%. Similarly, elevated O; reduced g; in water-stressed
primitive wheat plants by 26%, while the corresponding
reduction in the modern wheat was 22%.

In vivo photosynthetic biochemical properties

Elevated Oj; decreased in vivo photosynthetic biochemical
variables including Ve pax, Jmax R, and CE (P <0.001; Fig. 2)
in both wheat species. Reduced water supply also consider-
ably (P <0.1) decreased V n.x and CE, but had no effect on
Jmax and R. Sampling date had a profound effect (P
<0.001) on in vivo photosynthetic biochemical traits, with
gradual reductions in Vi nax, Jmax, R, and CE being noted in
both species. The primitive wheat had significantly higher
Vemaxs Jmax» R, and CE values than the modern species. The
interaction between O3 and species was significant (P <0.01)
for Vimaxs Jmax» R, and CE. For instance, Os-induced
reductions in Vimax, Jmax» and CE in the primitive wheat
were 23, 13, and 24%, while the corresponding reductions in
the modern wheat were 53, 59, and 64%. The interaction
between drought and species was significant (P <0.1) only
for V.max and R. Water stress reduced V..« and R in the

primitive species by 18% and 4%, respectively, but de-
creased V pax by 10% and increased R by 8% in the modern
wheat. The water stressXO; interaction was also significant
(P <0.01) for V.nax and CE. The primitive species showed
an Ogs-induced reduction in Vi ,.x and CE in drought-
stressed plants of 3% and 12%, respectively, whereas the
modern wheat showed an Os-induced increase in V., and
CE in drought-stressed plants of 14% and 32%, respectively.

Photosynthesis and stomatal conductance at varying
internal CO, pressures

The photosynthetic rates (4) of both wheat species in-
creased with increasing internal C; for all treatment
combinations (Fig. 3). The primitive wheat showed a smaller
O;-induced reduction in A4 relative to control plants than
the modern species at higher internal C;. Initially g5 was
relatively high at very low C; values in both species
regardless of treatment, but gradually decreased with in-
creasing C; up to 200ppm, and afterwards it increased again
at high C; values. The well-watered plants of both wheat
species showed a gradual increase in g; from 300ppm to
600ppm in the CF air treatment. However, the well-watered
plants of the primitive wheat exposed to elevated O3 showed
a higher increase in g than that of the modern wheat as C;
increased from 300ppm to 600ppm. The drought-stressed
plants of the primitive wheat maintained lower g values
than those of the modern wheat under CF air or elevated
Oj; at high C; values.

Response of photosynthesis, stomatal conductance,
actual yield, and electron transport rate to PPFD

The photosynthesis rate (4) increased with increasing PPFD
in both species regardless of treatment (Fig. 4). There were no
detectable differences among treatments at low PPFD, but
considerable differences were apparent at high PPFD in both
species (Table 2). The initial slope of the 4—PPFD response
curve for Os-treated plants of the primitive wheat (h=0.037,
P=0.001) was greater than that for the modern wheat
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Fig. 1. Impact of elevated Oz and/or drought stress on gas
exchange characteristics of the flag leaves of a primitive wheat,

T. turgidum ssp. durum, and a modern wheat, T. aestivum L. cv.
Xiaoyan 22. Both species were exposed to stress treatments for 3
weeks during the post-flowering stage in open top chambers.
Treatments were well irrigated (88+=6% SWC) and exposed to CF
air (5+0ppb Os, open circles) or elevated Oz (83+7ppb O, filled
circles), or drought stressed (42+4% SWC) and exposed to CF air
(open triangles) or elevated Os (filled triangles). Error bars indicate
the SEM. n=6.

(b=0.025, P <0.05). Similarly, the initial slope of the A~PPFD
response curve in water-stressed plants of the modern wheat
(h=0.044, P <0.05) was greater than that for the primitive
wheat (b=0.035, P <0.05). However, the gradient of the A—
PPFD response curve in both species remained similar under
combined drought and Oj stress.

In general, g, increased with increasing PPFD regardless
of species and treatment (Fig. 4). There were considerable
treatment effects on stomatal function in both species

T. turgidum ssp. durum T. aestivum L. cv. Xiaoyan 22
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Fig. 2. Impact of elevated Oz and/or drought stress on photosyn-
thetic biochemical properties (in vivo) of the flag leaves of

a primitive wheat, T. turgidum ssp. durum, and a modern wheat,
T. aestivum L. cv. Xiaoyan 22. Both species were exposed to
stress treatments for 3 weeks during the post-flowering stage in
open top chambers. Treatments were well irrigated and exposed
to CF air (open circles) or elevated Ogs (filled circles), or drought
stressed and exposed to CF air (open triangles) or elevated Oz
(filled triangles). Vemaxs Jmax» CE, and R indicate the maximum rate
of carboxylation by Rubisco, the PAR-saturated rate of electron
transport, carboxylation efficiency, and respiratory processes for
day and night, respectively. Error bars indicate the SEM. n=6.

(Table 2). The initial gradient of the relationship between g
and PPFD was much higher in ozonated plants of the
primitive wheat (b=0.808, P=0.294) than in those of the
modern wheat (h=0.212, P=0.235). The initial slope of the
gsPPFD response curve in the plants of the primitive
species (b=0.391, P <0.1) was lower than in those of the
modern wheat (h=0.703, P=0.140) under drought. Simi-
larly, the gradient of the g—PPFD response curve in the
plants of the primitive wheat (h=0.487, P <0.1) was lower
than in those of the modern wheat (b=0.625, P=0.123)
under combined drought and O3 exposure.

The actual yield of PSII and ETR decreased and in-
creased, respectively, with increasing PPFD regardless of
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Fig. 3. Photosynthetic rate (A) and stomatal conductance (gs) in
the flag leaves of a primitive wheat, T. turgidum ssp. durum, and
a modern wheat, T. aestivum L. cv. Xiaoyan 22, as affected by
intercellular CO, concentrations, C; (ppm), on the 13th day after
initiation of stress treatments. Both species were exposed to
drought and/or O5 for 3 weeks during the post-flowering stage in
open top chambers. Treatments were well irrigated and exposed
to CF air (open circles) or elevated Og (filled circles), or drought
stressed and exposed to CF air (open triangles) or elevated O3
(filled triangles). Error bars indicate the single SEM. n=6.
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Fig. 4. Photosynthetic rate (A) and stomatal conductance (gs) in
the flag leaves of a primitive wheat, T. turgidum ssp. durum, and
a modern wheat, T. aestivum L. cv. Xiaoyan 22, as affected by
photosynthetic photon flux densities (PPFDs) on the 13th day after
initiation of stress treatments. Both species were exposed to
drought and/or O3 for 3 weeks during the post-flowering stage in
open top chambers. Treatments were well irrigated and exposed
to CF air (open circles) or elevated Og (filled circles), or drought
stressed and exposed to CF air (open triangles) or elevated O3
(filled triangles). Error bars indicate the SEM. n=6.

species and treatment (Fig. 5). There were no detectable
treatment differences in the initial gradient of the relation-
ship between actual yield of PSII and PPFD in both species.
However, there were considerable treatment differences in
the initial slope of the ETR-PPFD response curve in both
species. The primitive wheat (b=0.145, P <0.05) showed
a higher gradient of the ETR-PPFD response curve than
the modern wheat (b=0.114, P <0.05) under elevated Os.
The modern wheat (b=0.178, P <0.01) displayed a higher
gradient of the ETR-PPFD response curve than the
primitive wheat (b=0.149, P <0.05) under drought. How-
ever, both wheat species showed an almost similar initial
slope of the ETR-PPFD response curve under combined
drought and O; exposure.

Yield and yield attributes

Elevated O3 decreased (P <0.05) 1000-grain weight, yield
per ear, yield per plant, and HI, but had no impact on ears
per plant and seeds per ear (Table 3). Water stress
significantly (P <0.05) reduced 1000-grain weight, yield per
ear, and yield per plant, but had no effect on ears per plant,
seeds per ear, and HI (Table 2). Overall, there were
noteworthy differences (P <0.05) between the two species
for the grain yield and yield attributes investigated (Table 3).
The modern wheat had a greater number of seeds per ear,
1000-grain weight, yield per ear, yield per plant, and HI
than the primitive wheat. The number of ears per plant was
higher in primitive wheat than in the modern wheat. The
speciesXwater stress interaction was significant (P <0.05)
for 1000-grain weight as the primitive wheat showed
a smaller 1000-grain weight than the modern wheat under
drought. The speciesxQOjz interaction was significant
(P <0.01) for seeds per ear, seed yield per ear, and HI
because the primitive wheat exhibited higher levels of seeds
per ear, seed yield per ear, and HI than the modern wheat
at elevated Os;. A strong interaction (P=0.001) between
water stress and Oz was detected for HI. The speciesxXwater
stressXO; interaction was not significant for any yield
parameter except 1000-grain weight and HI (P <0.05).

Discussion

Physiological and yield response of winter wheat
species to Os

The winter wheat species examined displayed significant
reductions in Agyq, g Vemaxs Jmax» R, and CE in response to
O3, in general agreement with reports for spring wheat
(Farage and Long, 1999; Cardoso-Vilhena et al., 2004).
However, the results indicate that the Os-induced decrease
in Ag,, might be due to both enzymatic and stomatal
limitation as evidenced by the Os-induced reduction in g
and increase in C; accompanied by decreases in V., CE,
and R. The observed reduction in A, and considerable
decline in V. indicated that these effects might be
attributable to a decrease in the quantity of active Rubisco
(Farage and Long, 1999; Cardoso-Vilhena et al., 2004). The
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Table 2. Slope (b), intercept (c), R?, and P-value of the linear part of the response of flag leaf photosynthesis, stomatal conductance,
actual yield of PSII, and electron transport rate to PPFD of a primitive wheat, T. turgidum ssp. durum, and a modern wheat, T. aestivum
L. cv. Xiaoyan 22, on the 13th day after initiation of drought and/or O3 treatments

Both species were well irrigated (88+6% SWC) and exposed to CF air (5+0ppb Og, 7 h d~") or elevated O3 (83=7ppb O3 7 h d™), or
subjected to drought stress (42+4% SWC) and exposed to CF air or elevated O3 for 3 weeks during the post-flowering stage in open top

chambers.
Parameter T. turgidum ssp. durum T. aestivum cv. Xiaoyan 22
y=bx+c R? P-value y=bx+c R? P-value
(@) Photosynthesis
CF air y=0.040x+0.67 0.987 0.001 y=0.040x+0.32 0.994 0.001
O3 y=0.037x+0.42 0.980 0.001 y=0.025x-0.85 0.982 0.003
Drought y=0.035x-0.27 0.974 0.002 y=0.044x+0.23 0.986 0.002
Og+drought y=0.034x-0.07 0.970 0.002 y=0.034x+0.16 0.983 0.003
(b) Stomatal conductance
CF air y=1.187x+36 0.998 0.010 y=1.137x+314 0.903 0.283
Os y=0.808x+24 0.802 0.294 y=0.212x+118 0.933 0.235
Drought y=0.391x+18 0.980 0.089 y=0.703x+109 0.952 0.140
Ogz+drought y=0.487x+61 0.993 0.053 y=0.652x+53 0.982 0.123
(c) Actual yield
CF air y=—-4x10"%+0.65 0.958 0.021 y=-5x10"4+0.61 0.996 0.004
O3 y=-5x10"%+0.63 0.984 0.008 y=—4x107"%+0.51 0.997 0.003
Drought y=-5x10"%40.63 0.990 0.005 y=-5x10"%40.69 0.996 0.004
Og+drought y=-5x10"+0.61 0.99 0.005 y=-5x10"+0.61 0.995 0.005
(d) ETR
CF air y=0.174x+7.69 0.995 0.005 y=0.154x+8.61 0.991 0.009
(o y=0.145x+9.56 0.989 0.011 y=0.114x+8.21 0.985 0.015
Drought y=0.149%+ 9.56 0.989 0.011 y=0.178x+9.10 0.992 0.008
Og+drought y=0.143x+ 9.40 0.989 0.001 y=0.149x+8.72 0.990 0.010
T. turgidum_ssp. durum T. aestivum L. cv. Xiaoyan 22 photosynthetic rate under light- and CO»-saturating con-
0.8 0.8 . . . .
7 o7l A o7 LC ditions may be significantly reduced by elevated Os, as
S o6 % 0.6 indicated by the reduction in J,... This suggests that O;
z 0sr % 05 § restrained the capacity for regeneration of the primary CO,
= z: i % 3: i § acceptor, ribulose bisphosphate (RuBP), which depends on
% oz b 2 go ozl § adequate synthesis of ATP and NADPH and hence on the
< ol ot i rate of electron transport (Farage and Long, 1999).
o E— o E— There were significant differences (P=0.001) in the
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Fig. 5. Actual yield of PSIl and electron transport rate (ETR) in the
flag leaves of a primitive wheat, T. turgidum ssp. durum, and

a modern wheat, T. aestivum L. cv. Xiaoyan 22, as affected by
photosynthetic photon flux densities (PPFDs) on the 13th day of
initiation of stress treatments. Both species were exposed to
drought and/or O3 for 3 weeks during the post-flowering stage in
open top chambers. Treatments were well irrigated and exposed
to CF air (open circles) or elevated Os (filled circles), or drought
stressed and exposed to CF air (open triangles) or elevated O3
(filled triangles). Error bars indicate the SEM. n=6.

impacts of elevated O; on photosynthesis between the
modern and primitive species. The primitive species demon-
strated higher Ag,; accompanied by lower C; and higher g
and ITE values than the modern species at elevated Os.
Although O; uptake was greater in the primitive wheat than
in the modern species, the former demonstrated greater
levels of Rubisco and RuBP regeneration than the latter.
Moreover, g—PPFD curve analysis indicated that the
primitive species had faster stomatal control (higher slope)
than the modern species (lower slope) under elevated Os.
The results obtained here suggest that higher mesophyll cell
activity against Os-induced oxidative stress, but not Oj
exclusion through stomatal closure, contributed to the
observed higher O; tolerance of the primitive species.

05 significantly (P <0.05) decreased 1000-grain weight,
yield per ear, yield per plant, and HI, in general agreement
with previous studies for both spring and winter wheat
(Pleijel et al., 2000; Khan and Soja, 2003). The observed
reductions in grain yield in both species were entirely



Jiang
| Biswas and
4160

the
han
. ather t dy,
1ght’ ¥ sent stu
in seed We. the pre t of the
. ns in d mn i d mos O
ductio s foun laine at to Os
to re r. A 0 exp f whe iiel
i ble er ear. / t als e o0 ; Pleij
attributa f seeds p in Welgh. g exposur al., 1998; rbon
ber of 1000-gra followin ra et ai, ater ca I
num . n in vield fo Oanpe_ ited gre icher H
tion in yi ies (Oj hibited gr hig
reduc . in gra ; stud at ex by 1ts d ears
tion vious stu whe ated r, an
reduc in pre imitive onstr: T ear, d 03.
s rim dem ds pe ate
in OTC The p in. as . see elev 0
n 000). rain, ield, - nder itivity to O
g = I et al. 3 2 ing to the g ater ear y species 'ul sensitivity osyn-
o ®© o~ 8 NgQ itioni its gre dern > ntia f phot .
e 58888 28283% partiti g from i to the mo the differe flag lea p.th their
o) £§&55¢ 99 S g 33 Soo resultin elative rating ined by fl nt wi oto-
ijle Ss3S 2B 9o s 58858 lant r onst termi nsiste h, phot
o 2 o 33852 & These results dem ies as de fully co by growth, photo-
3‘% q>_) P> D ® o o These re heat spec ield are termined - g the vegl ; alv’
9 3 © 3 Q these w ain y . as de ities durin i1swas e
Qo0 I T o ) of : er itivity ivitie X Bis
S 2 3 aa RN = s8R E& 3 thesis ap‘i Os sensiti idative aCUestigatlons (
2 < =8 q . .
£ H L 958EEE b and aoxdaive
20 £35S 0 538 -~ oo Synthetlg’served in p t
= o= < = @ Q - - e 0 gh
o ° T ¢ [$2] : o o Stag . to drOU . in As?it
2 % S E al- Q 20084, b) eld response 01) reductlogscreased
é % S © 0o g § -9y § ical and yie ificant (P <0.0 stress 3159 ificantly,
324 8855 = 8855 S35 Physiolog ed Signlﬁcaht Water and R slinr wheat
- 0 W Q d C5 > o d o . OW u . . le) .
_2 i 8 = S 9% ha g 8 < S33 h species sh nse to dro dgecrease J,mflxs report f Vemax 1IN
g (;J 8 83 io\ ;)l Q cc% '5 S o o Bot in respob t did nOth a previo decline Od by other
[0} - < 5 S X u .
w0 o 2= = S nd g CE, wit The foun nd
S 833 a and ment 992). been i, 2003) a
(;I @ % =9 aa chax ral agl‘ee‘ _TOrreS’ | has also ldocchl, 2 itation
=1 = o8s 5 8 in gene d Ruiz T stress and Ba ical lim ced
g 9 8 33 o © 9 ® 3 3858288 zM‘drtin an d to wate 2000; Xu biochem ught-iﬂdl(l1 to
X >3 i -2~ e 538 23&e se l ’ for dro .
X gL ‘“v‘”m.'\r H €2884% expo tal., le that bute
S @D = o SV IR TIRTIY © Q o S o lants ilson e . t 1o nd attri d
3 a8 (o)) @ IIRTIRTIRN ™~ o) o o p (W1 nan . s fou icht be X an
© 2 k) S5 TR < < N a thors edom it wa. . mig ﬁclency
i BT T 2 +l 0 oI © 2 au a pr ever, cies ' ef
et PEI8 S 4 SIS sts How t spe lation
£ 5 D IR RN ugge ht. . hea OXyla e. ht
g g) @ g .§’ v Zuring drougin Wlnterezivuced Car]:natal ClosgrOS) in drquﬁer
z S % = ) I Qe loss in /_lsat ion of r from sto ces (P <0. ted by .hlgthe
& e 8 858 R © 28 8 = 2 ° combinat C resumngble differen documen than in in
e &85 Th o Hh& L8 S in G . ies as t 1
e 2 n 38 HHOH S & ® SRS a ase 1m idera 1es a hea ifference
= 8583 Hhohh 333 decre cons t spec dern whe differ or
w5 124 5 - = o 5 & 8K S a e were whea mo ecific . F
29 5 a Hoaty S 2 Ther een in the intersp in Agy t
% _g % 2 = 2 § g ‘; SRR lerance b:i_,tl‘_;] values lri,vas also lzed loss .lnitive Whizl
e §loxow to I re indu rim a
555 $5| and t. The ht-induc the p stom
593 ® o Asar @ heat. droug in higher s G
o - £ >, itive w . of Asat m imitation a
g1 % SR Q@ c888 primi chanism t reduced ulting fro I limitat ontrast,
© Q ®© ISERN N = LY = S ® o me ugh . res i mica . In ¢
= e e = & S 9% S N E S 33 the le, dro low G to blochet period. tly due to
o< -~ o | s} s
551 §E|coo 132 18 853 exi'rzllfy duelt?er on duethe drough wheat aher droughé
-0 = 2L Tl © INECERN initi a r ern ; e
Ssas o ge=338 1r11 sure and dually OVe.n the mod eriod. Hl‘iemonstralt to
52 %I 53|« y Oreased g ased A drought I‘i)e further and ETR e
T R inc decre the can 8ss agre
538 c drought fhroushout th the response e (2006, whe
° 0 g i m he r heat. 2000),
low the or the res w [ (2006 ntly
€S = c lerance in slopes f rimitive > et a significa .
R34 S to the hlgherh t in the p of Xiong ce was traploid o
D3 @ = by tha dy istan . te inter
[N O ~ han X stu resi the win
=8 4 t No FD t ious ht n in use
-8 IS e RN @ PP prev droug at tha e beca d for
~ 5 < 2 Y 588 e ith the that ine whe ivably b selecte
g5 8 8 iﬁ- 8 % rene :;Vl:nonstrafiaploid Sp'r;h% Concelviere, Wereaturesa pests,
O] = Q g = € : € 1S mi lsew T
EN $ |o reater in at. This hina, as e low temp 2008a). ‘eld
2 2 g 5 loid whe s in C drought, as et al., eight, y t
2 8 - dip t cultivar nce to 2003- BlSWdoo grain w t did no
c - - : a . s - u .
E &¢c S 5 s09y N whea od reslS‘t' s et al., <0.05) 10 wheat, b' tent with
S0 g 2 NI g Y improv Jiang (P inter nsis S
9D 5 % iy &8 839 lmdp diseases ( reduced lant in win Its are co Itivar wa
5 &2 2z 899 S a su cu the
o QO » © © % o < an r stres . d per p The re heat In
Qo g ; < — Wate d ylel he HI. onter w . 2003)- ted
o 5 £ o g an se the I a wi Soja, as no
20% « 3 er ear, decreas: which an and Soj: tion w
= 5 5 ] z ¢ nificantly eport n ss (Kha cific varia
% T ) = . S1g ious T ht stre 'nterSpe
T OB S < 5 2 S a prev to droug iderable i
2908 5 = g 9 % sed onsl
= = ks © T = 8 = %] eXpO dY> ¢
> Qo 5 i > % o @) o 9 2 t stu
Tge ol _ = £ 0 2 04 sen
S &= 0 3 £ 5 ° % 9 s % pre
© & =) o S ® L5 6 X 222
855 |8 P 18853
o) O S ey RS} I3 o) %]
= T © ) < m n
S C o - =2 [
O © ® 3 ~
20¢ |3
= e
S 3 o
F (D



Impact of drought and ozone on winter wheat species | 4161

in the negative impact of drought on 1000-grain weight and
HI. While the primitive wheat displayed significant reduc-
tions in mean seed weight and HI, the modern wheat
showed slight increases in these variables in response to
drought stress. The higher yield stability of the modern
winter wheat cultivar under drought found in the present
study has also been documented in spring wheat (Xiong
et al., 2006). The higher drought resistance of the modern
wheat in terms of physiology and yield might be due to
selection of a cultivar with improved drought tolerance
(Jiang et al., 2003; Biswas et al., 2008a).

Differential drought-induced modulation of O3 tolerance
under combination of drought and Oz exposure

It is widely accepted that water stress may reduce the effects
of O3 by reducing stomatal opening and limiting O3 uptake
(Tingey and Hogsett, 1985; Pearson and Mansfield, 1993;
Karlsson et al., 1995; Reichenauer et al., 1998; Khan and
Soja, 2003; McLaughlin et al., 2007). As a result, one of the
main aims of the present study was to test whether drought
offers greater protection against O3z damage in Os-tolerant
species compared with Os-sensitive wheat. However, unlike
expected, a different result was obtained when two wheat
species were exposed to combined drought and O; exposure.
The primitive wheat tolerant to Oz showed greater O3-
induced reduction in Ay, due to higher loss of Rubisco and
carboxylation efficiency in drought-stressed plants than that
in the modern species sensitive to O;. The g—PPFD curve
analysis also suggests that there was higher Os-induced
negative impact on guard cells, as indicated by slower
stomatal control (lower slope) in drought-stressed plants of
the primitive wheat than of the modern wheat (higher
slope). The findings of differential drought-induced O;
tolerance in winter wheat species agree with the view that
the response of a plant to a combination of two different
abiotic stresses is unique and cannot be directly extrapolated
from the response of plants to each of the different stresses
applied individually (Mittler, 2006).

The differential drought-induced modulation of O; effects
on the photosynthetic processes in the flag leaves of the two
winter wheat species was reflected by yield and yield
attributes. The findings imply that drought reduced negative
impacts of O3 on the photosynthetic processes and yield in
the modern wheat, but not in the primitive species.
Although it has been reported that drought protects against
O3-induced yield reduction in one cultivar of winter wheat
(Khan and Soja, 2003), it is clear from the present
investigation that this was not the case for the primitive
wheat species, which was tolerant to Oj;. The primitive
wheat demonstrated a higher sensitivity to drought and lost
its tolerance to O; under a combination of drought and O;
exposure. In contrast, the modern species tolerant to
drought displayed increased O tolerance under combined
drought and Oj; exposure in terms of gas exchange,
chlorophyll @ fluorescence, in vivo biochemical properties,
and yield. These results suggest that the observed O;
tolerance in the two wheat species was related to their

magnitude of drought tolerance under combination of
drought and O; exposure.

In conclusion, O; significantly decreased Ag,, g, E, and
ETR, but increased C; in both winter wheat species. O3 also
decreased Vimax, Jmax,» CE, and R. Drought decreased Ay,
gs, and C;, but increased ITE. Drought also decreased Ve pax
and CE, but not J,,,x and R. O3 reduced 4,,, through both
biochemical and stomatal limitation in both species.
Drought decreased Ay, in the primitive wheat mostly due
to biochemical limitation, while in the modern wheat it was
mainly due to stomatal limitation. There were significant
interspecific differences in winter wheat species in response
to O or drought. The primitive wheat demonstrated higher
O; tolerance than the modern species, with the latter
exhibiting higher drought tolerance than the former.
A faster stomatal control was detected in Os-stressed plants
of the primitive species than in those of the modern wheat.
However, stomatal control became slower in the primitive
wheat than in the modern species when O3 stress was
combined with drought. Overall, the primitive species lost
O3 tolerance, while the modern wheat exhibited improved
tolerance to Oj, suggesting that sensitivity to drought
determined the magnitude of O3 tolerance in wheat species
under combination of drought and O; exposure. The
findings demonstrate that the Oj tolerance of a drought-
sensitive winter wheat species can be completely lost under
combined drought and O; exposure.
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