
Journal of Experimental Botany, Vol. 64, No. 6, pp. 1509–1520, 2013
doi:10.1093/jxb/ert004 Advance Access publication 1 February, 2013
This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details)

© The Author(2) [2013].

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/3.0/), which 
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact 
journals.permissions@oup.com.

RESEARCH PAPER

Enhanced stability of thylakoid membrane proteins and 

antioxidant competence contribute to drought stress 

resistance in the tasg1 wheat stay-green mutant

Fengxia Tian1, Jiangfeng Gong1, Jin Zhang2, Meng Zhang1, Guokun Wang1, Aixiu Li1 and Wei Wang1,*

1 State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University, Tai’an, Shandong, 271018, PR China
2 State Key Laboratory of Tree Genetics and Breeding, Research Institute of Forestry, Chinese Academy of Forestry, Beijing, 100091, 
PR China

*To whom correspondence should be addressed. E-mail: wangw@sdau.edu.cn

Received 3 August 2012; Revised 30 December 2012; Accepted 3 January 2013

Abstract

A wheat stay-green mutant, tasg1, was previously generated via mutation breeding of HS2, a common wheat cultivar 

(Triticum aestivum L.). Compared with wild-type (WT) plants, tasg1 exhibited delayed senescence indicated by the 

slower degradation of chlorophyll. In this study, the stability of proteins in thylakoid membranes was evaluated in 

tasg1 under drought stress compared with WT plants in the field as well as in seedlings in the laboratory. Drought 

stress was imposed by controlling irrigation and sheltering the plants from rain in the field, and by polyethylene glycol 

(PEG)-6000 in the laboratory. The results indicated that tasg1 plants could maintain higher Hill activity, actual effi-

ciency (ΦPSII), maximal photochemical efficiency of PSII (Fv/Fm), and Ca2+-ATPase and Mg2+-ATPase activities than the 

WT plants under drought stress. Furthermore, the abundance of some polypeptides in thylakoid membranes of tasg1 

was greater than that in the WT under drought stress. Expression levels of TaLhcb4 and TaLhcb6 were higher in tasg1 

compared with the WT. Under drought stress, the accumulation of superoxide radical (O2·
–) and hydrogen peroxide 

(H2O2) was lower in tasg1 compared with the WT not only at the senescence stage but also at the seedling stages. 

These results suggest greater functional stability of thylakoid membrane proteins in tasg1 compared with the WT, and 

the higher antioxidant competence of tasg1 may play an important role in the enhanced drought tolerance of tasg1.

Key words: Antioxidant competence, drought stress, stability, stay-green mutant, thylakoid membrane proteins, wheat.

Introduction

Drought stress is a serious environmental factor that can 

severely limit the growth, performance, and productivity 

of wheat, one of the most important food crops worldwide 

(Chaves and Oliveira, 2004). The photosynthetic activity of 

the chloroplast is one of the most sensitive physiological 

processes to drought stress, which damages the thylakoid 

membrane, disturbs its functions, and ultimately decreases 

photosynthesis and crop yield (Shah and Paulsen, 2003; 

Huseynova et al., 2007; Zhao et al., 2007). Thus, preservation 

of the photosynthetic apparatus is an important strategy for 

enhancing photosynthetic activity under drought stress.

Leaf senescence in plants is an internally programmed 

degeneration process, during which the photosynthetic appa-

ratus is gradually disorganized, leading to death. The most 

prominent visible change in leaf senescence is associated 

with chlorophyll degradation and a progressive decline in 

photosynthetic capability (Matile et  al., 1996, 1999). Stay-

green or non-yellowing mutations in various plant species 

have been reported to maintain leaf greenness longer than 

their wild-type (WT) counterpart during senescence (Thomas 

and Smart, 1993; Spano et  al., 2003; Hörtensteiner, 2009). 

Some ‘functional stay-green’ mutants can photosynthesize 
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for longer and may therefore be expected to give a higher 

yield (Thomas and Howarth, 2000; Yoo et al., 2007; Zheng 

et al., 2009). It has been estimated that a delay in the onset 

of senescence in Lolium temulentum by just 2 d increases the 

amount of carbon �xed by the plant by 11% (Thomas and 

Howarth, 2000). In contrast, so-called ‘non-functional stay-

green’ mutants, for example type C, remain green as a result 

of lesions in chlorophyll catabolism but lack photosynthetic 

competence (Thomas and Howarth, 2000).

With type C mutants, the pathways involved in chlorophyll 

degradation have been well established in recent years (Sato 

et al., 2009; Schelbert et al., 2009). Two types of chlorophyll 

are found in higher plants, Chl a and Chl b. Chl a is a com-

ponent of all chlorophyll–protein complexes, while Chl b is 

contained only in PSI-associated light-harvesting complex 

I  (LHCI) and PSII-associated LHCII. LHCI and LHCII 

are localized in thylakoid membranes and function in energy 

harvest and transfer. LHCII is mainly localized in grana, the 

stacking region of the thylakoid membranes, and is thought 

to play an important role in the formation and maintenance 

of grana stacks due to intermolecular forces (Allen and 

Forsberg, 2001; Standfuss et al., 2005). The apoproteins of 

LHCI and LHCII are encoded by the Lhca and Lhcb gene  

families, respectively. Lhca1–Lhca4 genes encode the polypep-

tides of LHCI associated with PSI. Lhcb1, Lhcb2, and Lhcb3 

genes encode the polypeptides of trimeric LHCII. Lhcb4, 

Lhcb5, and Lhcb6 proteins (often called CP29, CP26, and 

CP24, respectively) are suggested to be monomeric proteins 

that are present as one copy per PSII unit. The expression of 

Lhca and Lhcb and the stability of LHCI and LHCII are of 

great importance for keeping the photosynthetic activity at a 

high level (Standfuss et al., 2005; Sato et al., 2009).

In a previous study, a functional stay-green wheat mutant 

tasg1 with improved drought tolerance was generated. The 

net photosynthetic rate (Pn) of tasg1 was consistently higher 

than that of the WT during water senescence induced by 

drought stress (Tian et al., 2012). In the present experiments, 

the stability and activity of proteins in thylakoid membranes 

involved in photosynthesis, as well as the expression of select 

LHC genes, were detected. The accumulated levels of super-

oxide radical (O2·
–) and hydrogen peroxide (H2O2) were found 

to be lower in tasg1 compared with the WT under drought 

stress. These data contribute to the better understanding 

of stay-green mechanisms for the improvement of drought 

resistance in wheat cultivars.

Materials and methods

Plant materials

The wheat stay-green mutant, tasg1, was previously generated via 
mutation breeding by applying the ethyl methane sulphonate (EMS) 
mutagen to HS2, a common wheat cultivar (Triticum aestivum L.), 
as the WT. All the experiments were conducted in two sets: one, in 
the �eld and the other in the laboratory.

Field experiments

Wheat plants were grown in the �elds of Shandong Agricultural 
University, China, during the growing seasons October–June 2011. 

Six 4 m2 interspersed plots were established via random block design 
in the �eld, with three replicate plots for each genotype. Wheat seeds 
were hand-sown in eight lines, with rows spaced 25 cm apart. Seeds 
were planted at ~1–2 cm depth and 5 cm spacing. Conventional agri-
cultural management was maintained during growth and develop-
ment of the seedlings.

Drought stress treatment was imposed by controlling irrigation 
and sheltering the plants from rain, with conventional normal water 
conditions for controls.

Physiological parameters were measured using intact �ag leaves 
of both tasg1 and WT plants on 20 May 2011 (~14 d after �owering) 
and on 4 June 2011 (~6 d before harvest), ~10 d (the early stage of 
drought stress) and 25 d (the later stage of drought stress) after the 
drought stress was imposed, respectively.

Laboratory experiments

For the hydroponic seedlings, seeds of both the WT and tasg1 were 
germinated on �lter paper moistened with water for 24 h at 25 ± 1 °C 
after being sterilized with 0.2% sodium hypochlorite. The seeds 
were then placed in a well-ordered fashion on a nylon gauze sheet at 
the appropriate density and cultured in trays (25 cm×18 cm×5 cm) 
containing Hoagland solution. These trays were placed in a growth 
chamber at 25 ± 1  °C under a 12 h light (300  µmol m–2 s–1)–dark 
cycle and a relative humidity of 70%. After complete unfolding, 
second leaves were harvested for senescence-inducing treatments as 
described below. Osmotic stress was induced using 20% polyethyl-
ene glycol (PEG)-6000 solution (–1.45 MPa) with water as a control. 
The solution was changed every 12 h.

Determining the water content of soil

Water conditions were assessed by measuring the water content 
of the soil at 10 d and 25 d after drought stress treatments were 
imposed. A statistically signi�cant difference in soil water content 
between drought treatment plots and normal water control plots 
was achieved (Table 1).

Determining the Hill activity of the chloroplast

Chloroplast isolation and Hill activity assays were determined fol-
lowing the procedure of Zhao et al. (2007), which was modi�ed from 
Ye and Qian (1985). The chlorophyll content of the chloroplast sus-
pension was measured according to Arnon (1949).

Chlorophyll a fluorescence analysis

The actual PSII ef�ciency under irradiance (ΦPSII) and the maximal 
photochemical ef�ciency of PSII (Fv/Fm) were measured with a port-
able pulse-modulated �uorometer FMS-2 (Hansatech Instruments 
Ltd, King’s Lynn, UK). For quenching analyses, the leaves were  
illuminated with actinic light intensities of 800  µmol m–2 s–1 for 
16 min (which was found to be suf�cient for the induction of steady-
state light conditions) and subsequently kept for a further 10 min  
in the dark.

Table 1. Soil water content (%) in the field under both drought 
stress (DS) and normal water (CK) conditions. Values are mean 
±SE (n=3). The letters next to the values demonstrate significant 
difference at 0.05 thresholds. 

Date 0–20 cm depth 20–40 cm depth

DS CK DS CK

20 May 2011 4.88 ± 0.20 b 6.32 ± 0.20 a 7.13 ± 0.03 b 7.58 ± 0.14 a
4 June 2011 4.78 ± 0.22 b 6.43 ± 0.29 a 7.08 ± 0.12 b 7.55 ± 0.19 a
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Determinations of thylakoid membrane Ca2+-ATPase and Mg2+-

ATPase activities

Ca2+-ATPase activity and Mg2+-ATPase activity were determined 
following the procedure of Wang et al. (2010), which was modi�ed 
from Huang (1985).

Detection of thylakoid polypeptides

Thylakoid membranes were prepared according to the method 
of Zhang et al. (1999). Fresh leaves (1 g) were homogenized in an 
ice-cold 5 ml solution of HMSN buffer containing 0.4 M sucrose, 
0.01 M NaCl, 5 mM MgCl2, and 0.01 M HEPES (pH 7.8) in a tissue 
homogenizer. The homogenate was �ltered through four layers of 
gauze and centrifuged at 5000 g at 4 °C for 10 min. The supernatants 
and most of the loose pellets were discarded. The remaining chlo-
roplast deposit was suspended in 5 ml of HMSN buffer and centri-
fuged at 5000 g at 4 °C for 10 min. The supernatants and most of 
the loose pellets were discarded. The remaining chloroplast deposit 
suspended in 1 ml of HMSN buffer was used to examine the thyla-
koid polypeptides.

Chlorophyll contents in thylakoid suspension were estimated 
using 80% acetone following the equation of Lichtenthaler (1987).

Thylakoid polypeptides were separated by urea and SDS–PAGE 
according to Parida et al. (2003) with minor modi�cation to the 15% 
separating gel and were detected after staining and de-staining as 
described in Parida et al. (2003). In total, 20 µg of chlorophyll was 
loaded per lane.

Semi-quantitative RT–PCR of pigment-binding protein-related 

gene expression

Six genes related to pigment-binding proteins were selected 
to examine the different expression in tasg1 and the WT. First, 
total RNA from wheat leaves, which were grown under nor-
mal conditions and drought stress treatments for 0, 12, 24, 36, 
and 48 h, was isolated according to the manufacturer’s protocol 
(Trizol, Takara, China), and subsequently used for reverse tran-
scription–polymerase chain reaction (RT–PCR). Then, total 
RNA was treated with DNase I  (RNase-free; Promega USA) 
to remove genomic DNA, and reverse transcription was per-
formed using the primer oligo(dT)18 and Moloney murine leu-
kaemia virus (M-MLV) reverse transcriptase (Promega) at 42 °C 
for 60 min. Subsequently, a PCR with equal aliquots of  cDNA 
samples was performed using special primers. The speci�c prim-
ers for genes encoding LHCI (TaLhca1, TaLhca2, and TaLhca3) 
and LHCII (TaLhcb1, TaLhcb4, and TaLhcb6) subunits were 
designed based on published wheat expressed sequence tags 
(ESTs): TaLhca1, F (5’-CAACCTGCCGACCATCCTG-3’) and  
R (5’-CAGCCGCCCGTTCTTGAT-3’); TaLhca2, F (5’-CCCC 
AACCGCAAGAACC-3’) and R (5’-CCGACGAAGGCGAG 
CAT-3’); TaLhca3, F (5’-CCTCACCAGCCTCAAGTTCC-3’) 
and R (5’-CGCACGCTCACGTTTCC-3’); TaLhcb1, F (5’-GG 
AGAACACACAATACACC-3’) and R (5’-CCCATTATGTGT 
GCAGTTC-3’); TaLhcb4: F (5’-AAAGGCCGAGGAGGAC 
AA-3’) and R (5’-CCACCGACCACTTAAGAGG-3’); and  
TaLhcb6, F (5’-TCAGCGACCTCACCGTCA-3’) and R (5’-CC 
CCAAAGAAGTCACGGACA-3’).

Ampli�cation of the T.  aestivum tubulin gene (using primers 
TubulinF, 5’-ACCGCCAGCTCTTCCACCCT-3’ and TubulinR, 
5’-TCACTGGGGCATAGGAGGAA-3’) exhibiting constitutive 
expression was used as a positive control, from which a linear rela-
tionship between the amount of RNA used for ampli�cation and the 
amount of cDNA fragment ampli�ed, as well as the quality of both 
extracted RNA and RT–PCRs were determined.

The ampli�cation conditions were as follows: 30 s at 94  °C, 30 
s at 56 °C, and 30 s at 72 °C. The cycle was repeated 28 times. The 
RT–PCR products were separated on a 1.0% (m/v) agarose gel. The 
experiments were independently repeated three times under identical 
conditions.

Detection of pigment-binding proteins by immunoblotting

Total protein was extracted from wheat leaves. Protein content was 
determined by the dye binding assay according to Bradford (1976). 
Proteins were separated by SDS–PAGE on a 12% gel and trans-
ferred to a polyvinylidene �uoride (PVDF) membrane (Millipore, 
Saint-Quentin, France). Proteins were routinely detected with the 
Lhca2, Lhcb4, and Lhab6 antibody (Sigma), and with the Rubisco 
large subunit as control.

Detection of protein carbonylation by immunoblotting

Total protein was extracted from wheat leaves (Dalle-Donna et al., 
2002; Qiu et al., 2008). Proteins were separated by SDS–PAGE fol-
lowing the procedures of Zhang et al. (2012), which were modi�ed 
from Dalle-Donna et al. (2002). Protein carbonylation was routinely 
detected with the anti-dinitrophenyl (DNP) antibody (Sigma).

Staining detection of O2·
– accumulation

O2·
– accumulation was visualized with nitroblue tetrazolium (NBT). 

Detached leaves were in�ltrated with 6 mM NBT. Chlorophyll was 
removed from the leaves prior to imaging by in�ltrating them with 
lacto-glycerol-ethanol (1:1:4, v/v/v) and boiling in water for 5 min. 
The location of formazan deposits was visualized by subtracting 
background (non-formazan) pixels from the leaf image.

H2O2 staining with diaminobenzidine

Detached leaves were in�ltrated with 6–8 ml of diaminobenzidine 
(DAB) solution (1 mg ml−1 DAB, Sigma pH 3.8) with NaOH accord-
ing to the method of Giacomelli et al. (2007) with slight modi�ca-
tion. Leaves were then left in the solution overnight in the dark. The 
following day, the solution containing the leaves was brought to the 
boil for a few minutes, and then incubated at room temperature for 
3 h under mild agitation. The leaves were then cleared with chlorhy-
drate (10 ml of water added to 25 g of chlorhydrate).

Relative electric conductivity

Six leaf discs (0.8 cm in diameter) were put into 10 ml of distilled 
water and a vacuum was applied for 30 min, and then surged for 3 h 
to measure the initial electric conductance (S1) (25 °C). A test tube 
was �lled with leaf discs and distilled water, the the mixture was 
cooked (100 °C) for 30 min and then reduced to room temperature 
(25 °C) to determine the �nal electric conductance (S2). The relative 
electric conductivity (REC) was evaluated as: REC=S1 × 100/S2.

Statistical analysis

The statistical signi�cance of differences in measured parameters 
was tested by using the procedures of DPS (Zhejiang University, 
China). All pairwise comparisons were analysed using Duncan’s 
test. Differences between the means among wheat lines or treat-
ments were compared using Duncan’s multiple range tests at 0.05 
probability levels.

Results

Stay-green phenotype of tasg1 in the field

Under normal �eld conditions, no signi�cant difference 

between tasg1 and the WT was observed in plant develop-

ment or phenotype before the �ag leaves appeared. However, 

�ag leaves of the WT generally emerged on 28 April, while 

those of tasg1 did not appear until 1 d or 2 d later. The �ower-

ing date of tasg1 was also delayed by 1 d or 2 d compared with 
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the WT. The stay-green phenotype of tasg1 was expressed at 

the beginning of anthesis and was especially apparent with 

late natural senescence. Drought stress accelerated the plant 

senescence in both wheat varieties, but it was delayed in tasg1 

compared with the WT (Fig. 1A–C). Meanwhile, the areas of 

the �ag leaves of tasg1 were 28% and 23% larger than those 

of WT leaves under normal water and drought stress condi-

tions, respectively, at the grain �lling stage (Fig. 1D).

Differential effects of drought stress on activity and 
abundance of the photosynthesis protein complexes in 
the thylakoid membrane of tasg1 and WT plants

In a previous study, photosynthetic activity was found to 

be higher in tasg1 than in the WT, and the duration of the 

high photosynthesis period was longer in tasg1 than in the 

WT under drought conditions (Tian et  al., 2012). In the 

Fig. 1. Naturally senescent WT (left) and tasg1 (right) plants were maintained with normal water (A) or induced with drought stress (B) 
at the late filling stage in the field. (C) Naturally senescent flag leaves of WT (right) and tasg1 (left) plants at the late filling stage in the 
field. The images in A–C were obtained on 2 June 2011. (D) Flag leaves of WT and tasg1 plants under normal water and drought stress 
conditions at the filling stage in the field. Photos in D were taken on 25 May 2011.
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current study, the protein activity and components involved 

in photosynthesis were detected in the thylakoid membrane 

of the �ag leaves. The results are shown in Figs 2–5 and are 

described below.

Hill reaction activity
As shown in Fig. 2, under normal water conditions, there was 

no obvious difference in the Hill reaction activity between 

the WT and tasg1 at 10 d under drought. The Hill reaction 

activity was reduced by 31.4% and 47.9% in leaves of tasg1 

and WT plants, respectively, under normal water conditions 

due to senescence. Meanwhile, the Hill reaction activity was 

reduced by 44.1% and 51.1% in leaves of tasg1 and WT plants, 

respectively, at 25 d under drought. These results suggest that 

the Hill reaction activity was less affected by drought stress in 

tasg1 than in the WT.

PSII photochemistry
The actual PSII ef�ciency under irradiance (ΦPSII) and the 

maximal photochemical ef�ciency of PSII (Fv/Fm) are com-

monly used as sensitive indicators of plant photosynthetic 

performance responding to stress conditions (Maxwell and 

Johnson, 2000), and both of these parameters represent a 

measure of the functional status of PSII. As shown in Fig. 3A 

and B, no signi�cant difference in ΦPSII and Fv/Fm of  PSII 

photochemistry was observed between tasg1 and the WT in 

the early stage of drought stress. In the later stage of drought 

Fig. 2. Hill activity of chloroplasts in flag leaves of WT and tasg1 
plants in the early and later stages of drought stress in the field. 
Each bar is the mean ±SD of four replications. Bars with the same 
letter were not significantly different at P < 0.05.

Fig. 3. Fv/Fm (A), ΦPSII (B), and the activities of Ca2+-ATPase (C) and Mg2+-ATPase (D) in the thylakoid membrane in WT and tasg1 flag 
leaves in the early and later stages of drought stress. Each bar is the mean ±SD of four replications. Bars with the same letter were not 
significantly different at P < 0.05.
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stress, Fv/Fm was decreased, but not signi�cantly, while ΦPSII 

decreased signi�cantly. However, ΦPSII in leaves of tasg1 was 

52.1% and 47.9% higher than in the WT under normal and 

drought stress conditions, respectively. These �ndings sug-

gest that the PSII complex in tasg1 could better withstand 

drought stress than the WT.

As shown in Fig.  3C and D, under normal water condi-

tions and at 10 d under drought, differences in the activities 

of Ca2+-ATPase and Mg2+-ATPase between tasg1 and the 

WT were not signi�cant, but they were signi�cantly higher in 

tasg1 than in the WT at 25 d under drought. Drought stress 

decreased the activities of Ca2+-ATPase and Mg2+-ATPase in 

both tasg1 and WT plants, but both activities were consist-

ently higher in tasg1 than in the WT during drought stress, 

with signi�cant differences observed at 25 d under drought. 

These results suggest greater stability of ATPases in tasg1 

compared with the WT under drought stress.

From the results shown above (Figs 2, 3), it can be deduced 

that the activity of thylakoid membrane proteins, including 

PSII and ATPase, were better maintained in tasg1 than in the 

WT under drought stress.

Polypeptide abundance in thylakoid membrane
Next, the changes in protein abundance in the thylakoid mem-

brane under drought stress were investigated. In �ag leaves 

under �eld conditions, the level of the 28 kDa polypeptide in 

tasg1 was higher than that in the WT under both normal and 

drought stress conditions on both days of the drought, 10 d 

and 25 d (Fig. 4A). The polypeptides were similarly detected 

in WT and tasg1 wheat seedlings at the second-leaf stage in 

Fig. 4. Effects of drought stress on thylakoid polypeptides in WT and tasg1 flag leaves in the field (A) and in the leaves of WT and tasg1 
seedlings (B). M represents the molecular mass marker. Lanes to the left of M represent the WT and tasg1 under normal conditions (CK) 
and in the early stage under drought stress (DS) by treatment with 20% PEG-6000 solution for 24 h. Lanes to the right of M represent 
the WT and tasg1 under normal conditions and in the later stage under drought stress by treatment with 20% PEG-6000 solution for 
48 h. The graphs on the right show the relative density of signals in the corresponding samples of the SDS–PAGE in the left panels. 
Quantitative analysis was performed using the Tanon GIS system (Tanon, Shanghai China).
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the laboratory, and the three observed polypeptides of ~28, 

38, and 50 kDa in tasg1 were consistently higher than those 

in the WT after treatment with 20% PEG-6000 solution with 

water as control for 24 h and 48 h (Fig. 4B).

Transcriptional levels of genes involved in LHCI and LHCII
Six genes encoding pigment-binding proteins were selected to 

determine the different transcriptional responses to drought 

stress between tasg1 and the WT. RNA was obtained from 

wheat seedlings in which PEG-6000 was used to simulate 

water stress. As revealed by semi-quantitative RT–PCR, 

the expression of genes encoding pigment-binding proteins 

showed distinct responses to drought stress, and the expres-

sion patterns varied for different genes (Fig. 5).

Expression levels of genes involved in LHCI, namely 

TaLhca1, TaLhca2, and TaLhca3, were down-regulated grad-

ually during drought stress in both the WT and tasg1 (Fig. 5). 

The mRNA levels of all three TaLhca genes tested were 

reduced to the minimum at 48 h after water stress treatment. 

For example, TaLhca3 was the most sensitive gene to drought 

stress, and it was signi�cantly repressed by 48 h of drought 

stress in both the WT and tasg1. Meanwhile, TaLhca2, at the 

last tested time point of 48 h, still remained at a higher level 

in tasg1 than in the WT.

Expression levels of genes involved in LHCII, namely 

TaLhcb1, TaLhcb4, and TaLhcb6, were not consistent with 

those involved in LHCI (Fig.  5). The expression levels 

of TaLhcb4 and TaLhcb6 were higher in tasg1 compared 

with the WT, especially at the last tested time point (48 h). 

The degradation of TaLhcb4 and TaLhcb6 was inhibited 

in tasg1, decreasing slowly as the period of drought stress 

was extended. Even at the last tested time point (48 h), the 

transcript levels of TaLhcb4 and TaLhcb6 did not decrease 

signi�cantly and still remained high. The expression level 

of TaLhcb4 was signi�cantly different between the WT and 

tasg1 in the early stage during drought stress, while that of 

TaLhcb6 was largely different between the two plant types in 

the later stage during drought stress. However, the expression 

levels of TaLhcb1 were similar between the WT and tasg1 

over the course of drought stress treatment.

To analyse pigment-binding proteins further, the abun-

dance of TaLhca2, TaLhcb4, and TaLhcb6 was detect by 

western blotting with the Rubisco large subunit as a control. 

The expression levels of these three genes were different to 

a certain extent between the WT and tasg1, especially at the 

last tested time point (48 h) according to Fig. 5. Immunoblot 

analysis (Fig. 6) revealed that the accumulation of TaLhca2, 

TaLhcb4, and TaLhcb6 was decreased in both the WT and 

tasg1 at 48 h after treatment under drought stress. There was 

no signi�cant difference in accumulation of TaLhca2 between 

the WT and tasg1. However, the contents of TaLhcb4 and 

TaLhcb6 were higher in tasg1 than in the WT under drought 

stress. The protein accumulation of TaLhcb6 was 2.15-fold 

higher in tasg1 than in the WT at 48 h after treatmenet under 

drought stress, while the mRNA accumulation of TaLhcb6 

was 1.97-fold higher in tasg1 compared with the WT (Fig. 5). 

These observations suggest that TaLhcb4 and TaLhcb6 could 

be maintained at a higher level in tasg1 than in the WT under 

drought stress.

Effects of drought stress on antioxidant activity

To study the mechanisms underlying differences in senescence 

and drought resistance, the antioxidant activities in tasg1 and 

the WT were compared, and the results are shown in Figs 7–9. 

First, protein carbonylation was detected by immunoblot-

ting (Fig. 7). Drought stress increased protein carbonylation 

in the leaves of tasg1 and the WT. However, the amount of 

Fig. 5. Expression of LHCI and LHCII genes in response to drought stress in wheat. Total RNA from leaves of wheat grown under 
normal and drought stress conditions for 0, 12, 24, 36, and 48 h was isolated and reverse transcribed. RT–PCR products amplified 
using specific primers were separated on a 1.0% (m/v) agarose gel. The constitutively expressed T. aestivum tubulin gene was 
amplified as a positive control. Three independent experiments were performed under identical conditions. The right panel shows the 
corresponding relative densities of the RT–PCR signals in the left panel. Quantitative analysis was performed using the Tanon GIS 
system.
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protein carbonylation products accumulated in the WT was 

greater than that in tasg1 under both normal and drought 

stress conditions. Meanwhile, in the control experiment using 

PVDF membranes treated with HCl only without 2, 4-dini-

trophenylhydrazine (DNPH), no protein carbonylation was 

found (data not shown).

O2·
– accumulation was detected by monitoring the precipi-

tation of purple formazan when reacting NBT with O2·
–. As 

shown in Fig. 8A, under normal conditions and in the early 

stage of drought stress, little NBT precipitation was detected 

in tasg1, but obvious NBT staining was observed in the WT. 

In the later stage of drought stress (Fig. 8B), NBT precipita-

tion was signi�cantly increased in both the WT and tasg1, 

but, compared with the WT, the accumulation of O2·
– was 

less than in tasg1. DAB staining also showed less accumula-

tion of H2O2 in tasg1 than in the WT (Fig. 8C, D).

To con�rm further differences in antioxidant activities 

between the two wheat varieties, wheat seedlings at the third-

leaf stage were also used to detect accumulation of reactive 

oxygen species (ROS) accumulation by water stress treatment 

with 20% PEG-6000 solution or water as a control for 0, 24, 

and 48 h. The O2·
– accumulation was lower in tasg1 compared 

with the WT at all three observed time points, but no obvi-

ous difference in H2O2 accumulation was observed at this 

stage (Fig. 8H–J). The results (Fig. 8) collectively show that 

the accumulation of ROS in tasg1 was lower than in the WT 

under both normal and drought stress conditions not only at 

the senescence stage but also at the seedling stages.

Effect of drought stress on relative electrical 
conductivity

At 10 d under drought, the REC of the WT was higher than 

that of tasg1 under normal water conditions. Drought stress 

increased the REC in both wheat varieties, but it was lower 

in tasg1 than in the WT. At 25 d under drought, leaf senes-

cence increased the REC in both wheat varieties compared 

with that at 10 d under drought, and drought stress inhibited 

this increase. However, compared with the WT, the REC in 

tasg1 was consistently lower over the course of the experi-

ment (Fig.  9). The less severe membrane damage in tasg1 

compared with the WT was consistent with the greater anti-

oxidant competence of tasg1 (Figs 7–9).

Discussion

Improved functions of protein complexes in the 
thylakoid membrane in tasg1 facilitate photosynthesis 
and drought resistance

In a previous study, tasg1 was shown to retain photosyn-

thetic competence, consistent with its delayed progression 

Fig. 6. Immunoblot analysis of degradation of photosynthesis-
related proteins (Lhca2, Lhcb4, and Lhcb6) during induced drought 
stress in the WT and tasg1 by 20% PEG for 0, 24, and 48 h. 
Rubisco L, the Rubisco large subunit. The lower panel shows the 
corresponding relative densities of the western blotting signals in 
the upper panel. The amounts of band signal by densitometry and 
normalized to that of the loading control (Rubisco L). Quantitative 
analysis was performed using the Tanon GIS system.

Fig. 7. Protein carbonylation levels were detected with anti-
DNP antibodies in WT and tasg1 flag leaves in the early and later 
stages of drought stress in the field. Protein gel blot analysis of 
protein carbonylation following derivatization of protein carbonyls 
with DNPH in HCl.
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of chlorophyll degradation compared with WT plants at  

30 d after anthesis. Therefore, tasg1 is a functional stay-green 

wheat mutant with the Type B phenotype (in which senes-

cence is initiated on schedule but progresses at a rate lower 

than the WT) or the combination of Type B and Type A (in 

which senescence is initiated late but proceeds at a normal 

rate) (Hui et al., 2012). In this current work, compared with 

the WT, tasg1 exhibited markedly delayed senescence with 

retention of leaf colour, and the stay-green phenotype of 

tasg1 was also maintained under drought stress (Fig. 1), sug-

gesting improved drought resistance in tasg1.

Photosynthesis in the chloroplast is one of the most 

stress-sensitive physiological processes. Stress damages the 

thylakoid membrane, disturbs its functions, and ultimately 

decreases photosynthesis and crop yield (Shah and Paulsen, 

2003; Huseynova et al., 2007; Zhao et al., 2007). In a previ-

ous study, the Pn of  tasg1 was found to be greater than that 

of the WT under drought stress (Tian et al., 2012). However, 

the functions of the protein complexes in the thylakoid mem-

brane of tasg1 and how tasg1 protects the thylakoid mem-

brane from damage under drought stress was still unclear. To 

determine the stability of the protein complexes in the thyla-

koid membrane in tasg1 under drought stress in this study, the 

Hill reaction activity, ΦPSII and Fv/Fm of  PSII photochemis-

try, ATPase activity, as well as the abundance of polypeptides 

in the thylakoid membrane were examined. The expression 

Fig. 8. Changes in O2·– (A, B) and H2O2 (C, D) accumulation in WT and tasg1 flag leaves. The top row shows samples from plants after 
drought stress at the earlier stage. The bottom row shows samples from plants after drought stress at the later stage. Changes in O2·– 
(E, F, G) and H2O2 (H, I, J) accumulation in WT and tasg1 leaves of third-leaf stage seedlings. Drought stress was induced using 20% 
PEG-6000 solution with water as a control for 0, 24, and 48 h. Leaves were detached after drought treatment and vacuum infiltrated 
with NBT or DAB solution. The presence of the purple formazan precipitate indicates the location and content of O2·– accumulation. The 
brown polymerization product is the result of H2O2 accumulation.

Fig. 9. Effects of water stress on relative electrical conductivity in 
tasg1 and the WT. The results are means ±SD of five independent 
measurements on each of five plants per experiment.
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levels of several genes and proteins involved in LHCI and 

LHCII were also detected.

The Hill reaction activity is an important index for oxygen-

evolving centre (OEC) activity in thylakoid membranes. As 

can be seen in Fig. 2, in the early stage of drought stress (at 

10 d under drought), the Hill reaction activity was reduced in 

leaves of both tasg1 and WT plants by drought stress, but it 

remained at a higher level in tasg1. About 2 weeks later (at 25 

d under drought), a steep decrease in the Hill reaction activity 

was observed under both normal and drought stress condi-

tions, suggesting that severe damage to the OEC occurred due 

to leaf senescence as well as drought stress, but the decrease 

was smaller in tasg1 compared with the WT.

The reduction in photosynthetic activity under drought 

stress can be the cause or result of photoinhibition. PSII is 

believed to play a key role in the response of leaf photosyn-

thesis to environmental perturbations (Swiatek et al., 2001; 

Dubey, 2005). Both ΦPSII and Fv/Fm represent a measure of 

the functional status of PSII and have been used as a sensi-

tive indicator of plant photosynthetic performance respond-

ing to stress conditions (Maxwell and Johnson, 2000). In this 

study, under non-stress conditions, no signi�cant differences 

in ΦPSII and Fv/Fm of  PSII photochemistry were observed 

between tasg1 and the WT, while drought stress signi�cantly 

decreased ΦPSII (Fig. 3A) and Fv/Fm (Fig. 3B). However, com-

pared with the WT, those decreases in tasg1 were attenuated 

under drought stress, indicating that the PSII complex in tasg1 

could better withstand photoinduced inactivation than the 

WT under drought stress. Furthermore, drought stress signi�-

cantly (P < 0.05) decreased the activities of Ca2+-ATPase and 

Mg2+-ATPase in the thylakoid membrane, but the decreases 

in the WT were more drastic than those in tasg1 (Fig. 3C, D), 

suggesting the better drought tolerance of ATPase in tasg1 

than in the WT. All these results were consistent with obser-

vations from a previous study (Wang et al., 2010).

The function of the thylakoid membrane is dependent upon 

its �uidity and integrity, which are affected by its compo-

nents, such as lipids, membrane proteins, pigments, and ions. 

Gillet et al. (1998) reported that drought induces an increase 

in the concentration of a 34 kDa thylakoid protein. Similar 

studies by Huseynova et al. (2007) showed that the concentra-

tion of a 40.5 kDa thylakoid membrane protein is increased 

under water stress. It was found here that the abundance of 

polypeptides from the thylakoid membrane with molecular 

masses of ~25–35 kDa, especially a 28 kDa polypeptide, was 

affected by drought stress (Fig. 4A). Meanwhile, the levels of 

three polypeptides of 28, 38, and 50 kDa were consistently 

higher in tasg1 than in WT wheat seedlings at the third-leaf 

stage when treated with 20% PEG-6000 solution with water as 

a control for 24 h and 48 h (Fig. 4B). Of these three polypep-

tides detected in wheat seedlings, only the 28 kDa polypep-

tide was retained in mature plants (Fig. 4A). This difference 

suggested that some polypeptides were degraded during leaf 

development and senescence. Compared with the WT, tasg1 

could maintain the thylakoid membrane protein complexes 

with better stability against damage by drought stress.

Stay-green mutants are characterized by increased stability 

of chloroplast membranes and chlorophyll–protein complexes 

(Kusaba et al., 2007; Park et al., 2007; Sato et al., 2007). In a 

previous report, it was also suggested that the chloroplast and 

thylakoid structures in the tasg1 mutant are protected from 

drought stress-induced damage (Tian et  al., 2012). Under 

drought stress conditions in tasg1, it had been found that the 

thylakoid stacks in the grana were nearly unchanged and also 

a fusion ultrastructure of several grana stacks was observed, 

which was consistent with other reports (Kusaba et al., 2007; 

Schelbert et al., 2009). The retention of LHCII is thought to 

play an important role in the formation and maintenance of 

grana stacks (Standfuss et al., 2005). In this study, the expres-

sion levels of two genes encoding LHCII proteins, TaLhcb4 

and TaLhcb6, were found to be higher in tasg1 compared 

with the WT, especially at the 48 h time point under drought 

stress (Fig. 5). Immunoblot analysis (Fig. 6) also revealed that 

the accumulation of TaLhca2, TaLhcb4, and TaLhcb6 was 

decreased in both the WT and tasg1 after 48 h under drought 

stress. However, some inconsistencies were also found between 

the mRNA level and protein abundance in the three detected 

proteins. Expression levels of TaLhca2 mRNA still remained 

at a higher level in tasg1 than in the WT at the last tested 

time point of 48 h (Fig. 5). However, the WT and tasg1 have 

almost the same protein content of TaLhca2 (Fig. 6). At 48 h 

after drought stress treatment, the mRNA level of TaLhcb6 

was 1.97-fold higher in tasg1 than in the WT, while protein 

accumulation of TaLhcb6 was changed 2.15-fold. Previous 

outcomes indicate that further levels of regulation based on 

post-transcriptional and post-translational mechanisms are 

involved in the abiotic stress response (Oksman-Caldentey 

and Saito, 2005; Reinders and Sickmann, 2007). Beyond 

protein phosphorylation, other post-translational modi�ca-

tions such as ubiquitination and sumoylation regulate the 

activation and stability of pre-existing molecules to ensure 

a prompt response to stress. However, the exact mechanisms 

of post-transcriptional and post-translational regulatory sys-

tems in the WT and tasg1 need to be studied further. In a 

previous study (Tian et al., 2012), tasg1 showed 52.0% and 

72.5% higher contents of Chl b on the 30th day after anthe-

sis compared with the WT under normal and drought stress 

conditions, respectively. Chl b is known to play an important 

role in LHCII stability (Bellemare et al., 1982; Paulsen et al., 

1993; Horn and Paulsen, 2004), which may contribute to the 

maintenance of grana stacks in tasg1.

Enhanced antioxidant activities in tasg1 may contribute 
to delayed senescence and drought resistance

Abiotic stresses such as drought, cold, and salinity result in 

the production and accumulation of ROS, which are highly 

reactive and toxic to plants, and can lead to senescence and 

cell death by causing damage to proteins, lipids, DNA, and 

carbohydrates (Noctor and Foyer, 1998; Apel and Hirt, 2004). 

Although a variety of enzymatic and non-enzymatic antioxi-

dants can remove the ROS continuously generated by aerobic 

metabolism and environmental stressors (Foyer and Noctor, 

2005), a substantial fraction of cellular proteins is irreversibly 

damaged (Poppek and Grune, 2006), and the accumulated oxi-

dized proteins can be toxic to plant cells (Cohen et al., 2006).
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Derivatization of protein carbonyls with DNPH, followed 

by immunoblotting with an anti-DNP antibody, is a sensitive 

and speci�c method for the detection of oxidatively modi�ed 

proteins and is generally regarded as an indicator of oxidative 

stress (Qiu et al., 2008). The lower amounts of accumulated 

protein carbonylation products observed in tasg1 compared 

with the WT under both normal and drought stress condi-

tions (Fig. 7) suggested less oxidative damage to proteins in 

tasg1. The lower levels of electrolyte leakage (Fig. 9) in tasg1 

were also indicative of less cell membrane damage induced by 

drought stress compared with the WT plant.

Meanwhile, the accumulation of O2·
– and H2O2 was lower 

in tasg1 than in the WT under normal and drought stress 

conditions (Fig. 8), which may be related to the higher activ-

ity of antioxidative enzymes in tasg1 (Tian et  al., 2012). 

Furthermore, this lower ROS accumulation in tasg1 was 

found not only in the senescence stage (Fig. 8A–D), but also 

in the seedling stage (Fig. 8E–J), suggesting the native greater 

antioxidant competence in tasg1.

In previous research, tasg1 accumulated more soluble sug-

ars and proteins under water stress, which could also contrib-

ute to protection from cell membrane damage in tasg1 (Tian 

et al., 2012).

In summary, the stay-green wheat mutant tasg1 could sta-

bly maintain thylakoid membrane polypeptides at high levels, 

while its expression of some LHCI- and LHCII-related genes 

remained steady under drought stress. The improved Hill 

reaction activity, ΦPSII and Fv/Fm of  PSII photochemistry, and 

ATPase activity resulted in the high photosynthesis activity in 

tasg1 compared with the WT plant. Thus, the results in this 

study combined with previous observations (Hui et al., 2012; 

Tian et al., 2012) suggest that greater antioxidant competence 

may contribute to the delayed senescence and drought resist-

ance of tasg1.
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