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Abstract Within their natural habitat, crops are often

subjected to drought and heat stress, which suppress crop

growth and decrease crop production. Causing overaccu-

mulation of glycinebetaine (GB) has been used to enhance

the crop yield under stress. Here, we investigated the

response of wheat (Triticum aestivum L.) photosynthesis to

drought, heat stress and their combination with a transgenic

wheat line (T6) overaccumulating GB and its wild-type

(WT) Shi4185. Drought stress (DS) was imposed by con-

trolling irrigation until the relative water content (RWC) of

the flag leaves decreased to between 78 and 82%. Heat

stress (HS) was applied by exposing wheat plants to 40�C

for 4 h. A combination of drought and heat stress was

applied by subjecting the drought-stressed plants to a heat

stress as above. The results indicated that all stresses

decreased photosynthesis, but the combination of drought

and heat stress exacerbated the negative effects on photo-

synthesis more than exposure to drought or heat stress

alone. Drought stress decreased the transpiration rate (Tr),

stomatal conductance (Gs) and intercellular CO2 concen-

tration (Ci), while heat stress increased all of these; the

deprivation of water was greater under drought stress than

heat stress, but heat stress decreased the antioxidant

enzyme activity to a greater extent. Overaccumulated GB

could alleviate the decrease of photosynthesis caused by all

stresses tested. These suggest that GB induces an increase

of osmotic adjustments for drought tolerance, while its

improvement of the antioxidative defense system including

antioxidative enzymes and antioxidants may be more

important for heat tolerance.
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Introduction

Wheat is one of the most important food crops planted

worldwide. Drought and heat stress are the major stress

conditions that restrict wheat growth and production.

Although drought and heat stress have been extensively

studied in wheat (Bahieldina et al. 2005; Frances et al.

2006; Luo et al. 2008), relatively little is known about the

differences between mechanisms of survival responses to

drought, heat and the combination of these stresses. The

response of plants to combined stress is different from that

of exposure to a single source of stress. In particular, dif-

ferent stresses might require conflicting or antagonistic

responses (Mittler 2006). Therefore, analyzing the differ-

ences in tolerance of wheat to drought, heat and the com-

bination of these stresses would greatly benefit the

development of urgently needed new wheat cultivars with

enhanced stress tolerance.

Glycinebetaine (GB) plays an important role in

enhancing plant tolerance to drought or to heat stress

(Sakamoto and Murata 2002; Yang et al. 2007; Khan et al.

2009), but it is not known if it can protect wheat plants

against the combination of both drought and heat stress. In

this study, we interrogated this issue by performing a

physiological analysis of a transgenic wheat line with
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overaccumulated GB (Guo et al. 2000) and its wild-type

Shi4185 line. Our study suggests that there are different

physiological responses of wheat photosynthesis to differ-

ent stresses, and that the combination of drought and heat

stress decreased the photosynthesis process more drasti-

cally than drought or heat stress alone. Overaccumulation

of GB not only improves the tolerance of wheat plants to

drought or heat but also to the combination of these

stresses. We further analyzed the mechanisms underlying

the role of GB in improvement of photosynthesis under the

different stress conditions.

Materials and methods

Plant materials and stress treatments

The experiments were carried out with two wheat lines

provided by the Institute of Genetics and Developmental

Biology, Chinese Academy of Sciences, China. One is a

transgenic wheat line overexpressing a BADH gene encod-

ing betaine aldehyde dehydrogenase (BADH), designated as

99T6 (T6), and the other was its wild-type (WT) Shi4185

line. T6 was generated by introducing a pABH9 plasmid

encoding the BADH gene cloned from Atriplex hortensis L.

(Guo et al. 2000) under the control of a maize ubiquitin

promoter and a bar gene by microprojectile bombardment.

Seeds of both the T6 and WT plants were sown in

earthenware pots (8 L, 24 cm diameter) filled with 3 kg of

soil composed of loam and organic fertilizer at the ratio

7:3 and 250 g of complete fertilizer (NH4NO3:K3PO4:

KNO3 = 20:10:20). About 10 seeds were initially sown in

each pot, and four plants per pot were left after germina-

tion. All plants in the pots grew in a greenhouse with

conventional cultivation conditions (25–30�C/15–20�C

(day/night), 300–400 lmol m-2 s-1). At the flowering

stage, the wheat plants with identical growth status were

subjected to various stress treatments in a controllable

growth chamber. The various treatment groups included

drought-stressed plants (DS), well-watered plants subjected

to heat stress (HS), drought- and heat-stressed plants

(DS ? HS), and control well-watered plants (CK).

Drought stress was imposed by controlling irrigation until

the relative water content (RWC) of the flag leaves

decreased to between 78 and 82% (typically for 6–7 days).

Heat stress was applied by transferring wheat plants to a

growth chamber pre-conditioned at a temperature of 40�C,

and the plants were exposed to this heat for 4 h. During

heat stress, high humidity in the growth chamber was

maintained to avoid possible drought stress due to water

evaporation caused by the high temperature. A combina-

tion of drought and heat stress was applied by subjecting

the DS plants to a heat stress treatment as above (40�C for

4 h). At the end of treatments, all the plants were returned

to the greenhouse, and the detection and sampling were

executed immediately. All experiments were repeated at

least three times with at least three plants for each wheat

line.

Determination of GB content

The GB content was determined using high-performance

liquid chromatography (HPLC) (LC-6A; Shimadzu, Kyoto,

Japan) according to the procedure described by Ma et al.

(2007).

Measurements of photosynthetic gas exchange

parameters

The measurements of photosynthetic gas exchange param-

eters including net photosynthesis rate (Pn), transpiration

rate (Tr), stomatal conductance (Gs), and intercellular CO2

concentration (Ci) were carried out with flag leaves using a

portable infrared gas analyzer (Ciras-2; PP Systems,

Norfolk, UK). The light-saturating photosynthetic rate was

recorded at a CO2 concentration of 360 lL L-1 and tem-

perature of 25�C with relative humidity of 80% and satu-

rating light (800 lmol m-2 s-1). The measurements on

these photosynthetic parameters lasted approximately

10 min, during which no significant recovery was observed.

Water status measurements

Leaf RWC of wheat flag leaves was determined according

to Ma et al. (2006). Leaf water potential (ww) was mea-

sured with a HR-33 T dew point micro voltmeter (Wescor,

Logan, UT, USA) after equilibration in the chamber for

2.5 h. Leaf osmotic potential (ws) and osmotic potential at

full turgor (ws
100) were determined using a vapor pressure

osmometer (5520; Wescor). Osmotic adjustment (OA) was

determined according to Lv et al. (2007). For the mea-

surement of osmotic potential at full turgor (ws
100,

RWC = 100%), the tissues were rehydrated with deion-

ized water for 6–8 h at 4�C in the dark. OA was calculated

as the difference of ws
100 between unstressed (wsc

100) and

stressed (wss
100) treatments:

OA MPað Þ ¼ w100
sc � w100

ss :

Determinations of photosynthetic pigments, free

proline, soluble protein, free amino acid and soluble

sugar contents

Photosynthetic pigments were determined in 80% (v/v) ace-

tone according to Porra et al. (1989). Soluble protein content

was determined according to the Bradford method (1976).

Proline content was determined spectrophotometrically by
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the ninhydrin method described by Bates et al. (1973). For

determining the content of total free amino acids, about

50 mg of sample was ground with 5 ml of 10% acetic acid

and centrifuged at 5,000g at 4�C for 10 min. Then, 50 ml of

the supernatants were used to determine free amino acid

contents by ninhydrin reaction (Troll and Cannan 1953). The

soluble sugar content was determined colorimetrically using a

phenolsulphuric acid technique (Tissue and Wright 1995).

Measurements of nitrate reductase (NR) and glutamine

synthetase (GS) activities

Nitrate reductase activity was determined as described by

Baki et al. (2000) with some modifications. Briefly, the

reaction medium (total volume 9 ml) consisted of 100 mM

KNO3, isopropanol (1%, v/v), and 100 mM kalium phos-

phate, pH 7.5. The reaction was terminated after 30 min at

30�C in the dark by adding 1 ml trichloroacetic acid (TCA)

(30%, w/v). The nitrite formed was measured colorimet-

rically by adding 4 ml of 1% (W/V) sulfanilamide in 3 M

HCl and 4 ml of 0.2% (w/v) alpha-Naphthylamine, and

absorption was determined at 540 nm.

Glutamine synthetase activity was determined by the

mean value of the synthetase reaction (Hadži-Tašković

Šukalivić 1986). The volume of the reaction mixture was

2.2 ml, including 0.5 ml of enzyme extract. Hydroxamate

formation was measured in an assay mixture after 15 min

at 30�C, and the absorbance was measured at 540 nm.

Measurements of ion leakage and malonaldehyde

(MDA) levels

The ion leakage from the cellular membrane was deter-

mined via conductivity measurement according to Fan

et al. (1997). The MDA level was assayed according to

Quan et al. (2004).

Determinations of superoxide radical (O2
-)

and hydrogen peroxide (H2O2) productions

The assay for O2
- was performed as described by Wang and

Luo (1990). The concentration of H2O2, determined

according to a method described by Sairam and Srivastava

(2002), was estimated by measuring the spectrum absor-

bance of the titanium–hydroperoxide complex and using a

standard curve plotted with a known concentration of H2O2.

Assays of antioxidant enzyme activities

and non-enzyme antioxidants

Total superoxide dismutase (SOD), catalase (CAT), per-

oxidase (POD), and ascorbate peroxidase (APX) activities

were determined as described by Prochazkova et al. (2001).

Ascorbic acid (AsA) was determined according to Arakawa

et al. (1981) with a spectrometer (UV1601; Shimadzu,

Kyoto, Japan). Total glutathione (GSH) was determined

with an enzymatic cycling assay method by Noctor and

Foyer (1998b).

Statistical analysis

All experiments were repeated at least three times. Statis-

tical analysis was conducted using the DPS (Data Pro-

cessing System) procedures (Zhejiang University, China).

All pairwise comparisons were analyzed using Duncan’s

test. Differences between the means among wheat lines or

treatments were compared using Duncan’s multiple range

tests at 0.05 probability levels.

Results

The GB content of wheat flag leaves

The GB content of transgenic line T6 was significantly

higher than that of the WT when no stress treatment was

given (Table 1) due to the constitutive overexpression of

the transgenic BADH gene (Guo et al. 2000). When sub-

jected to drought, heat or a combination of drought and

heat stress, the GB contents in the leaves of the two lines

increased significantly (P \ 0.05), especially in the T6

line, over that of the well-watered controls (CK), indicating

that the wheat plants sensitively responded to these

stresses.

Overaccumulation of GB enhanced photosynthesis

of wheat flag leaves under drought and heat stresses

Both the chlorophyll and carotenoid contents in T6 were

almost the same as in the WT under normal conditions

(Fig. 1a, b). Drought and heat stress decreased chlorophyll

and carotenoid contents significantly in both wheat lines

(P \ 0.05), but the decrease was smaller in T6 than in WT.

Heat stress decreased them to a slightly greater extent than

drought stress in this experiment. When a combination of

drought and heat stress was imposed, a drastic decline of

chlorophyll and carotenoid contents was observed in both

wheat lines, showing that the stress combination aggra-

vated the damage of photosynthetic pigments. The chlo-

rophyll and carotenoid contents remained higher in T6 than

in WT under all three stresses, suggesting the protection of

overaccumulated GB from the damage induced by envi-

ronmental stress.

Figure 1c shows that Pn of both WT and T6 were sig-

nificantly inhibited by all stresses; heat stress inhibited it to

a greater extent than drought stress, and it was greatly
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aggravated by the heat and drought stress combination.

However, the different stresses did not have the same

effects on Tr (Fig. 1d) and Gs (Fig. 1e) as on Pn. For

instance, drought stress decreased Gs and Tr, while heat

stress increased these parameters. When drought stress was

accompanied by heat stress, Gs and Tr were suppressed

further. Figure 1f shows that drought stress decreased Ci,

but it was increased by heat stress. When the plants were

subjected to a combination of drought and heat stresses,

however, the Ci was increased significantly although Gs

decreased. GB overaccumulation in T6 improved Pn and

gas exchange parameters under all three stresses.

Effects of overaccumulated GB on the water status

of wheat flag leaves under drought and heat stresses

As shown in Fig. 2a, b, heat stress had hardly any effect on

RWC and resulted in only a slight decrease in the ww of

both WT and T6, which may be attributed to the short

duration of heat treatment (4 h). By contrast, drought

resulted in a significant decrease of RWC and ww, and a

combination of drought and heat stress deteriorated them

further. The decreases of RWC and ww were greater in WT

than in T6 under drought stress, suggesting the improve-

ment of overaccumulated GB in the water balance of the

transgenic line.

There were no obvious differences in ws
100 between WT

and T6 under normal conditions (Fig. 2c). While all stress

conditions decreased ws
100 in both wheat lines, the combi-

nation of drought and heat stresses decreased it to a greater

extent than application of each stress factor alone. How-

ever, under all stress conditions, ws
100 was significant lower

in T6 than in WT.

The decrease of saturated osmotic potential resulted in

the appearance of OA under the stress treatments (Fig. 2d).

The response of OA to drought stress was greater than that

to heat stress, and the greatest OA was observed with

exposure to the stress combination. The OA of T6 was

greater than that of WT due to GB overaccumulation,

consistent with the different responses of ws
100 between the

two wheat lines.

We also detected the contents of osmotically active

compounds, including the total soluble sugar, free proline,

total free amino acids, and soluble proteins in the flag

Table 1 GB contents (lmol/g DW) in flag leaves of wheat plants subjected to drought, heat or the combination of these stresses

Treatment CK DS HS DS ? HS

Shi4185 89.14 ± 2.89 f 123.57 ± 12.34 cd 107.59 ± 10.76 cde 141.16 ± 11.37 c

T6 121.71 ± 6.42 cd 170.68 ± 8.04 b 140.22 ± 10.46 c 207.23 ± 6.19 a

Values are the mean ± SE of three replications. Means in a column followed by the same letter were not significantly different at P \ 0.05

CK Well-watered control, DS drought-stressed, HS heat-stressed, DS ? HS combination of drought- and heat-stressed

Fig. 1 Chlorophyll (a) and total carotenoid (b) contents, net photo-

synthesis rate (Pn, c), transpiration rate (Tr, d), stomatal conductance

(Gs, e) and intercellular CO2 concentration (Ci, f) of wheat flag leaves

subjected to drought, heat or the combined stresses. Each bar is the

mean ± SE of three replicates. Bars with the same letter were not

significantly different at P \ 0.05

Fig. 2 Changes of leaf RWC (a), water potential (ww, b), osmotic

potential (ws
100, c) and osmotic adjustment (OA, d) induced by

drought, heat and their combination in wheat flag leaves. The values

are mean ± SE of three replicates. Bars with the same letter were not

significantly different at P \ 0.05
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leaves. The results (Fig. 3) indicated that drought and

combined stress induced the accumulations of almost all

osmotically active compounds in both wheat lines, but

these increases were greater in T6 than in WT. Compared

to drought and combined stress, heat stress increased them

to a lesser extent. While heat and combined stress

decreased the soluble protein content in both plants, it was

slightly higher in T6 than in WT (Fig. 3c), consistent with

previous reports (Demiral and Türkan, 2006; Ma et al.

2007; Raza et al. 2007).

Effect of overaccumulated GB on the activities of NR

and GS under drought and heat stresses

Drought increased the activities of NR and GS (Fig. 3e, f),

but heat and combined stresses significantly decreased

them (P \ 0.05), indicating the sensitivity of these two

enzymes to heat. These effects were not consistent with

the induced accumulation of free proline (Fig. 3b) and

free amino acids (Fig. 3d) by drought and heat stress

combination, suggesting that both NR and GS were not

the major contributors to these increases. However, the

activities of NR and GS were always higher in T6 than in

WT under different stresses, suggesting that these

enzymes may be specifically involved in the higher pro-

line and free amino acid levels in T6 under stress

conditions.

Effects of overaccumulated GB on membrane leakage

and MDA levels in wheat leaves under drought and heat

stresses

Figure 4a shows that while both drought and heat stress

increased ion leakage significantly (P \ 0.05), the increase

was greater under heat than drought stress, and the greatest

increase was observed under their combination (P \ 0.01).

Overaccumulation of GB resulted in less ion leakage in T6

than in WT, especially under the stress combination.

Similar results were observed with MDA levels (Fig. 4b).

Figure 4c shows that all stresses increased O2
- and H2O2

productions. Compared to drought stress, heat stress

increased them to a lesser extent, and the greatest increase

was observed under stress combination. However, all these

levels of O2
-, H2O2, ion leakage and MDA were lower in

T6 than in WT, indicating that overaccumulation of GB

can help to eliminate reactive oxygen species (ROS) and

alleviate membrane damage.

Effects of overaccumulated GB on antioxidant enzyme

activities

We investigated the activities of several key antioxidant

enzymes, namely SOD, CAT, POD and APX, under dif-

ferent stress conditions. Different responses of the four

antioxidant enzymes to different stresses were observed in

T6 and WT. All stresses increased the activity of SOD

(Fig. 5a) with the greatest increase observed under stress

combination, but that pattern was reversed with CAT

(Fig. 5b) and APX (Fig. 5c) activities. However, different

responses of POD activity (Fig. 5d) to drought and heat

stress were observed, with drought stress increasing POD

activity but heat stress decreasing it. GB overaccumulation

Fig. 3 Total contents of soluble sugars (a), proline (b), soluble

protein (c), and free amino acids (d). The activities of nitrate

reductase (NR, e) and glutamine synthetase (GS, f) induced by

drought, heat and their combination in wheat flag leaves. The values

are mean ± SE of three replicates. Bars with the same letter were not

significantly different at P \ 0.05

Fig. 4 Ion leakage (a), MDA content (b), O2
- production rate (c) and

H2O2 content (d) of the flag leaves in the wild-type and transgenic

line after exposure to drought, heat stress and their combination. Each

bar is the mean ± SE of three replicates. Bars with the same letter
were not significantly different at P \ 0.05
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in T6 increased activity of all the four antioxidant enzymes,

especially APX and CAT, all which can eliminate H2O2,

and this was consistent with the greater decrease of H2O2

accumulation in T6 (Fig. 4d).

Different from the antioxidant enzymes, the accumula-

tions of two non-enzyme antioxidants, AsA and GSH, were

significantly increased by all stress conditions (Fig. 5e, f),

especially under heat stress condition. Compared to

drought or heat stress alone, the stress combination had

lower non-enzyme antioxidant accumulation, but their

overall levels were still increased by these stress treat-

ments. GB overaccumulation in T6 increased accumula-

tions of both AsA and GSH under stress conditions, and the

increase was more significant, especially of GSH, under

heat stress than drought stress.

Discussion

The different physiological responses of wheat leaves

to drought, heat stress and their combination

The response of plants to different stress stimulation can

vary, and, particularly when they occur together, different

stresses might require conflicting or antagonistic responses

(Mittler 2006). Flag leaves are the major contributor to

wheat yield that is the result of photosynthesis, but photo-

synthesis is often decreased seriously by drought, heat stress

or both at late stages of growth within the natural habitat. In

the present study, we observed the different responses and

interrogated the underlying mechanisms of Pn to drought,

heat, and the combination of both stresses in wheat flag

leaves. First, our results suggested that the stress combina-

tion resulted in a greater decrease in Pn of wheat flag leaves

than drought or heat stress alone, and heat stress reduced Pn

more than drought stress could (Fig. 1c) in this experimental

condition. The negative effect of drought stress on Pn may

result from the decreased Gs (Fig. 1e) that resulted in the

decreased Ci (Fig. 1f); on the other hand, heat stress

increased Gs (Fig. 1e) and Ci (Fig. 1f), suggesting that there

are different mechanisms underlying the decrease in Pn

caused by drought and heat stress. We propose that the

decrease of Pn may result from the stomatal factors under

drought stress, but that it may be due to non-stomatal factors

under heat stress and stress combination. Second, heat stress

increased Tr, but drought stress decreased it (Fig. 1d). This

effect may be another cause for the severe decrease in Pn by

the stress combination because, under heat stress, the leaf

temperatures will be increased, and Tr is an important way

for decreasing leaf temperature. However, under the stress

combination of drought and heat, Tr was decreased as a

result of the stomata closing, which can increase the leaf

temperature further, resulting in the inactivation of some

enzymes with heat sensitive characteristic such as NR and

GS (Fig. 3e, f). These observations were consistent with

those of Rizhsky et al. (2002). Third, drought stress limited

the water content more seriously than heat stress (Fig. 2), but

the heat stress decreased the activity of some enzymes

(Figs. 3e, f, and 5d) and the cell membrane integrity

(Fig. 4a) more effectively than did the drought stress.

However, we must give attention to the inconsistent

results in this paper compared with others. In the present

study, as well as in two other papers of ours (Wang et al.

2010a, b), we demonstrated that drought can decrease the

tolerance of the wheat flag leaves to heat stress. However, in

another experiment, our results demonstrated that drought

can induce higher tolerance of PSII to heat stress (data will

be published in another journal), which is consistent with the

results by Lu and Zhang (1999) who reported that water

stress increased the thermostability of PSII in wheat plants.

But those experiments were conducted in the field, and the

drought condition as well as the growth stage of the wheat

plants was also different from that in this paper. So, these

conflicting results may be due to the different growth stage of

the plant and the experimental conditions tested; the mode of

drought as well as the duration of heat stress treatment may

also be involved in.

Overaccumulation of GB improves the photosynthesis

of wheat flag leaves under stress

Our results in Fig. 1 and some other reports suggested that

GB can improve the photosynthetic capacity not only by

Fig. 5 The activities of SOD (a), CAT (b), APX (c) and POD (d) as

well as the accumulation of AsA (e) and GSH (f) in the wild-type and

transgenic lines after exposure to drought, heat and their combination.

The values are mean ± SE of three replicates. Bars with the same
letter were not significantly different at P \ 0.05
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increasing stomatal conductance but also by maintaining

protein activity in the chloroplast (Mäkelä et al. 2000;

Yang et al. 2005) under stress conditions. But what is its

mechanism? Previous reports suggested that, under heat

stress, GB can attenuate the effects of heat-induced inhi-

bition of the PS II and will alleviate the inhibitory effect of

heat stress on the repair of photosystem II during pho-

toinhibition and protect it against heat-induced injuries

(Allakhverdiev and Murata 2004; Allakhverdiev et al.

1996, 2007). What is more, the improvement of GB in

photosynthesis may be related to the protection of GB on

proteins in the thylakoid membrane (Allakhverdiev et al.

1996, 2003, 2007; Kreslavski et al. 2007). Our previous

data also suggested that overaccumulation of GB can

enhance the tolerance of PSII and ATPase activities to

drought and heat stress and protect the structures of chlo-

roplast and thylakoid from the damage by stress (Wang

et al. 2010a, b); this was consistent with other reports

(Mamedov et al. 1993). Furthermore, our results also

suggested that the improvement of GB on the water status

and the antioxidative defense system, including antioxi-

dative enzymes and antioxidants, were involved in its

mechanisms.

GB-induced increase of osmotic adjustment may

be more important than that of the antioxidative defense

system in the improvement of drought tolerance

Our study confirms that wheat synthesizes and accumulates

GB in vivo naturally under normal conditions; however,

heat, drought stress and their combination induced GB to

higher levels (Table 1). The accumulation of GB in vivo

increased significantly by introducing the BADH gene into

wheat, which resulted in the enhanced tolerance of wheat

to stress and increased Pn (Fig. 1c) in transgenic plants,

although the content of GB was much lower than that of

wheat with foliar-applied GB (Ma et al. 2006). These

results were consistent with previous reports (Saneoka

et al. 1995).

Of course, we wanted to understand the mechanisms of

GB improving Pn under different stress conditions. In

general, the Pn results from gas exchange parameters. GB

may maintain the photosynthetic capacity not only through

increasing stomatal conductance but also by maintaining

Rubisco activity (Yang et al. 2005; Sage and Kubien 2007)

under stress. Stomata movement is related to the water

status, and OA is an important mechanism underlying plant

responses to osmotic stress (Zhang et al. 1999; Chimenti

et al. 2002). From Fig. 2a–c, the decreases of RWC, water

potential (ww) and osmotic potential were greater when

caused by drought stress than by heat stress. Correspond-

ingly, overaccumulation of GB in T6 also improved those

parameters to a greater extent under drought stress than

under heat stress and may be related to the greater OA in

T6 (Fig. 2d) in drought conditions. The greater OA in T6

under drought stress than heat stress resulted from the

accumulation of solutes (Fig. 3a–d).

Furthermore, the synthesis of proline (Fig. 3b) and free

amino acids (Fig. 3d) were related to NR and GS, two key

enzymes in nitrogen metabolism. NR activity is positively

associated with photosynthesis, and GS plays a positive

role in the link between carbon and nitrogen metabolism

(Lam et al. 1996). From Fig. 3e, f, we observed that the

activities of NR and GS were more sensitive to heat stress

than drought stress, and especially to the stress combina-

tion. However, we found that overaccumulation of GB in

T6 increased the activities of NR and GS significantly,

which may be involved in the higher proline and free

amino acid contents in T6 (Fig. 3) under stress conditions.

Furthermore, GB-induced accumulation of solute com-

pounds in T6 can decrease the osmotic potential of the

plant cell (Fig. 2c), which can enhance absorption of water

into the plant cells and result in the improvement of cell

water status (Fig. 2a) and stomatal opening (Fig. 1e).

We must also give some attention to the increase of

proline content induced by single heat stress and the

combined drought and heat stresses, which is contrary to

the results by Rizhsky et al. (2004) who reported that the

proline content in Arabidopsis plants was decreased by

exposure to heat stress (38�C) for 6 h. These conflicting

results may be due to differences in the plant species tested

as well as the duration of heat stress treatment, and further

research is needed to determine if the phenomenon is plant

specific.

GB-induced improvement of the antioxidative defense

system may be more important than that of OA for heat

tolerance

Cell membrane stability estimated by ion leakage has

been widely used to differentiate the tolerance and sus-

ceptibility of plants to stresses (Blum and Ebercon 1981;

Rehman et al. 2004). Figure 4a shows that both drought

and heat stress can increase ion leakage significantly

(P \ 0.05), but heat stress could increase it more than

drought stress in this experiment, and the greatest increase

was observed under the combined stresses (P \ 0.01).

Cell membrane stability is often affected by lipid perox-

idation caused by ROS under stress conditions (Sudhakar

et al. 2001), which results in the production of MDA as

shown in Fig. 4b. Overaccumulation of GB can help to

alleviate lipid peroxidation (Fig. 4b) and maintain the cell

membrane stability (Fig. 4a), consistent with previous in

vitro studies (Saneoka et al. 2004; Lv et al. 2007).

However, GB cannot eliminate ROS directly (Smirnoff

and Cumbes, 1989; Wang et al. 2010b); therefore, the
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enhanced activities of the antioxidative enzymes and

antioxidant contents (Fig. 5) may be the major factors

involved in the GB-mediated decrease of ROS (Fig. 4c,

d), consistent with the previous reports (Sakamoto and

Murata 2001; Yang et al. 2007).

How the overaccumulation of GB in vivo enhanced the

antioxidant metabolism is not clear. It has been docu-

mented that, in vitro, GB stabilizes the structures and

activity of enzymes against the damaging effects of

excessive salt, cold and heat (Gorham 1995). For instance,

GB protects the Rubisco enzyme from inactivation under

salt stress by the stabilization of its conformation (Nomura

et al. 1998). The accumulation of GB in the chloroplast in

transgenic plants showed a more significant improvement

in the stress tolerance than that in the cytosol (Park et al.

2007). In this study, the antioxidant enzymes examined are

primarily localized in the chloroplast (Noctor and Foyer

1998a), thus it is hypothesized that the overaccumulated

GB in vivo may be partly distributed in the chloroplast in

transgenic plant T6, and stabilized the structures of these

enzymes under stress conditions. The increased non-

enzyme antioxidants such as AsA and GSH in T6 may be

the involvement of the corresponding enzymes synthesiz-

ing them by overaccumulated GB probably. The further

research is needed.

Additionally, the results in Fig. 4c, d show that the

effects of GB on H2O2 elimination were greater than that

on O2
-, consistent with the greater protection of overac-

cumulated GB to CAT, APX and POD (Fig. 5b–d) than

SOD (Fig. 5a). The results in Fig. 5e, f also show the

stress-induced increase of non-enzyme antioxidants

including AsA and GSH; while heat stress inhibited the

antioxidative enzyme activity, it increased and stabilized

the non-enzyme antioxidant levels.

In conclusion, photosynthesis in wheat flag leaves is

affected by drought, heat, and the combination of these

stresses in different ways. The combination of drought and

heat further decreased the photosynthesis process over the

inhibition with either stress alone. Overaccumulation of

GB in T6 helped to increase the tolerance of the plants, via

the photosynthesis process, not only to individual drought

or heat but also to the combined stresses. This effect of GB

on the photosynthesis and tolerance of the plants may be

the result of its improvement of water balance and anti-

oxidant metabolism. Furthermore, the tolerance to drought

may be affected more by the GB-induced increase of OA,

while the GB-induced improvement of the antioxidative

defense system may be more important for the heat toler-

ance in the conditions tested. The results in this paper

would greatly benefit the development of urgently needed

new wheat cultivars with enhanced stress tolerance in the

field.
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