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ORIGINAL ARTICLE

Oxidative stress and physiological damage under prolonged
heat stress in C3 grass Lolium perenne
Wagdi Saber Soliman1, Masahiro Fujimori2, Kazuhiro Tase3 and Shu-ichi Sugiyama1

1 Faculty of Agriculture and Life Science, Hirosaki University, Hirosaki, Japan

2 Yamanashi Dairy Research Station, Nagasaka, Yamanashi, Japan

3 National Agricultural Research Center for Hokkaido Region, Sapporo, Japan

Introduction

Global air temperature is predicted to rise by 0.2�C per dec-

ade to reach 1.8–4.0�C above the current level by 2100 (Sol-

omon et al. 2007). Higher summer temperatures as a

consequence of global warming are likely to affect crop

growth and yields substantially (Lobell and Asner 2003;

Lobell and Field 2007). Development of new cultivars that

are tolerant to high summer temperatures is a major chal-

lenge to breeders working on many C3 crops (Barnabás et al.

2008; Semenov and Halford 2009). However, the key traits

that confer greater tolerance to stress from high temperature

have not been clearly identified (Zhang et al. 2006; Wahid

et al. 2007).

Many studies have explored the molecular and physiolog-

ical mechanisms that govern heat tolerance in response to

short–term exposure to high temperature (Schrader et al.

2004; Haldimann and Feller 2005; Xu et al. 2006; Xu and

Huang 2010). However, such responses to short-term stress

may not represent the physiological mechanisms of heat

tolerance under field conditions because in summers,

field-grown plants are exposed to temperature stresses that

take the form of long-term exposure to moderately high air

temperature and intense midday solar radiation. To under-

stand the physiological mechanism of summer tolerance in

fields, it is crucial to examine plant responses to prolonged

exposure to high temperature stress.

Heat stress can induce oxidative stress as well as thermal

stress (Basra 2000; Wahid et al. 2007). Clear-sky insolation

during midday can increase leaf temperature above 40�C

(Singsaas and Sharkey 1998), which could cause thermal

damage to leaf tissues resulting from protein denaturation

and fluidity of membrane lipid (Wahid et al. 2007; Huang

and Xu 2008). On the other hand, functional decrease in

photosynthetic light reaction, which is likely to occur even

under moderately high temperatures, can induce oxidative

stress by producing reactive oxygen species (ROS) that are

mainly caused by increased electron leakage from the thyla-

koid membrane (Peňuelas et al. 2005; Almeselmani et al.

2006; Camejo et al. 2006).

Perennial ryegrass (Lolium perenne L.), widely used as

pasture grass as well as turf grass in temperate climates, is
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Abstract

Improving tolerance to heat stress is a major challenge in many C3 crops given the

threat of global warming. Populations of perennial ryegrass (Lolium perenne L.)

tolerant and sensitive to summer stress in the field were exposed to moderately

high temperature stress (36�C) or high temperature stress (40�C). Physiological

damage (maximal efficiency of photosystem II, cell membrane stability and lipid

peroxidation) and contents of hydrogen peroxide (H2O2) in leaves were monitored

during the exposure to stress. The tolerant populations showed significantly lower

degree of physiological damage than the sensitive one only at moderate levels of

stress (36�C); the tolerant population had significantly lower amounts of H2O2 in

leaves. The accumulated H2O2 content showed a linear relationship with the extent

of physiological damage. These results suggest that population difference in heat

tolerance is associated with tolerance to oxidative stress and the difference in sensi-

tivity is due to accumulation of H2O2 rather than tolerance to H2O2.
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sensitive to heat stress (Xu et al. 2006). In this study, we

compared two populations of the grass, one known to be

tolerant to summer stress in the field and the other known

to be sensitive to it. We monitored physiological damage

and the content of hydrogen peroxide (H2O2) in leaves in

plants exposed to two types of high-temperature stress,

namely moderately high temperatures (36 ⁄ 30�C; day ⁄ night

temperatures) for 60 days and high temperatures (40 ⁄ 36�C)

for 14 days. The purposes of this study were to examine (i)

how H2O2 accumulation and physiological damage change

under prolonged stress; (ii) how the relationship between

H2O2 accumulation and physiological damage differs

between the tolerant and the sensitive populations; and (iii)

how the different temperature treatments influence H2O2

accumulation and physiological damage.

Materials and methods

Plant materials

Seedlings of 100 different cultivars of the perennial ryegrass,

which were developed in different countries, were individu-

ally planted in a field of Yamanashi Dairy Agricultural Sta-

tion, Japan, on 4 October 2000. A randomized block layout

was used with two replications. The row spacing was 0.8 m

and plants within each row were planted 50 cm apart. In the

following summer (July and August 2001) the mean maxi-

mum temperature was 30.4�C and the mean monthly pre-

cipitation was 106 mm. Under these conditions, many

individual plants were affected by the high temperatures.

Shoot growth was assessed visually on 13 September 2001 to

choose from the 100 most and least tolerant populations.

Yatugadake-24 (Ya-24) turned out to be the cultivar most

tolerant to high temperatures and Norlea turned out to be

the least tolerant cultivar. Ya-24 is a tetraploid cultivar

recently developed in Japan, whereas Norlea is a diploid

cultivar originally from Canada.

Growth conditions

In 2008, seeds of the two cultivars were germinated on wet

filter paper in Petri dishes. When the coleoptile was at least

2 cm long, the seedlings were transplanted into pots. Each

pot was 7.5 cm in diameter and 8 cm deep, filled with sandy

loam containing 0.35 g each of N, P2O5 and K2O for every

kilogram of soil. The plants were grown in a controlled

growth chamber with day ⁄ night temperatures of 23 ⁄ 16�C, a

16-h (04:00–20:00 h) photoperiod with photon flux of

250 lmol m)2 s)1 and relative humidity of 70% during the

day and at night. Forty days after transplanting, all the

plants were exposed to 30�C for 3 days for acclimation, after

which the two treatments were introduced, namely exposure

to 36 ⁄ 30�C for 60 days or to 40 ⁄ 36�C for 14 days (referred

to respectively as 36 and 40�C treatments hereafter). The

two treatments did not run concurrently but had to be con-

ducted at different times because of limited space. Water

was supplied daily to avoid water stress. The experiment was

set up in a randomized block layout incorporating three

replications.

Physiological measurements

Physiological damage was assessed in terms of chlorophyll

fluorescence (Fv ⁄ Fm), peroxidation of membrane lipids and

cell membrane stability. These parameters were recorded at

5-day intervals for the 36�C treatment and at 2-day intervals

for the 40�C treatment. Leaves adapted to dark for 20 min

were used for determining Fv ⁄ Fm; a portable photosynthesis

system (LI-6400; Licor, Lincoln, NE, USA) was used for this

purpose. Membrane lipid peroxidation was estimated by

determining the level of malondialdehyde (MDA) using the

method described by Liu and Huang (2000) with a slight

modification. Fresh leaves (50 mg samples) were ground in

1.5 mL of 0.1% trichloroacetic acid (TCA) solution. The

homogenate was centrifuged at 8385 g at 3�C for 5 min and

1 mL of the supernatant was mixed with 2 mL of 0.5%

2-thiobarbituric acid (TBA) in 20% TCA. The mixture was

heated in a water bath for 20 min, quickly cooled in an

ice bath and the supernatant used for spectrophotomet-

ric determination of MDA. Absorbance at 532 nm was

recorded and corrected for nonspecific absorbance at

600 nm. MDA concentrations using an extinction coeffi-

cient of 155 mmol)1 cm)1 were calculated by the following

formula on a fresh weight (FW) basis (Xu et al. 2006):

MDA ðlmol g FW�1Þ ¼ ð½A532 � A600�=155Þ � 103

Cell membrane stability was measured by ion leakage (IL)

from leaf tissues using the method described by Jiang and

Huang (2002). The sampled leaves were cut into discs 2 mm

in diameter. The discs were rinsed three times with distilled

water and 10–15 discs were put in a test tube containing

6 mL distilled water. The test tubes were agitated on a sha-

ker for about 1 h and conductivity (C1) of the solution was

measured with a conductivity meter (Cyberscan100; Iuchi,

Tokyo, Japan). Leaf discs then were heated in an oven at

70–80�C for 1 h, and the conductivity of the solution con-

taining the dead tissue (C2) was measured after the tubes

had cooled down to room temperature and had been agi-

tated on a shaker for 1 h. The relative ion leakage was calcu-

lated as (C1 ⁄ C2) · 100.

Hydrogen peroxide (H2O2) content of leaves was mea-

sured using a modified version of the ferrous ammonium

sulfate ⁄ xylenol orange (eFOX) method described by Cheese-

man (2006). Leaf extracts were prepared by grinding 50 mg

leaf samples first in liquid nitrogen and then in 500 lL of
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0.1 mol L)1 potassium phosphate buffer (pH 6.5) contain-

ing 5 mmol L)1 NaN3. The extracts were centrifuged at

8385 g at 5�C for 5 min. For every 200 lL of the extract

5 mL of the solution containing 250 lmol L)1 ferrous

ammonium sulfate was added, 100 lmol L)1 sorbitol,

100 lmol L)1 xylenol orange, 1% ethanol and 25 mmol L)1

H2SO4. The assay consisted of measuring the difference in

absorbance between 550 and 800 nm after 15 min with a

spectrophotometer.

Statistical analysis

Because the same individual plants were used repeatedly for

each measurement – which meant that the data between dif-

ferent measurement times were not independent of each

other – we used repeated measures of multiple analysis of

variance (manova) to test whether the two populations

were significantly different (Weinfurt 2004). The statistical

difference between the two populations for each measure-

ment was tested by the t-test. The analysis was carried out

using JMP (version 4; SAS Institute, Cary, NC, USA).

Results

The two populations revealed highly significant differences

in the chlorophyll fluorescence (Fv ⁄ Fm), cell membrane

stability (ion leakage %), lipid peroxidation (MDA) and

H2O2 content under the 36�C treatment, but none except

Fv ⁄ Fm under the 40�C treatment (Table 1). Although the

differences in Fv ⁄ Fm between the two populations were not

evident at the early stage of the treatments, significant differ-

ences between the two populations appeared at 10 days for

the 40�C treatment and at 45 days for the 36�C treatment

(Figures 1a,2a). For ion leakage and MDA, significant differ-

ences appeared at 40 and 35 days, respectively (Figure 1b,c),

and for H2O2 content at 15 days for the 36�C treatment

(Figure 1d). On the other hand, as mentioned earlier, no

significant differences were found for the 40�C treatment

(Figures 2b–d). H2O2 content was much higher in the 36�C

treatment than in the 40�C treatment. Final H2O2 content

in Norlea was 4 lmol mg)1 FW of leaf tissue for the 36�C

treatment and 1.0 lmol mg)1 FW for the 40�C treatment.

The magnitude of plant functional damage by H2O2 is

influenced by the total amount of exposure over a given

period of time rather than by a level at a certain time. We

Table 1 Effect (F-value) of population (Norlea and Yatugadake-24) on

chlorophyll fluorescence (Fv ⁄ Fm), ion leakage, malondialdehyde

(MDA) and H2O2 content in 36 and 40�C treatments

Variable

Treatment

36�C 40�C

Fv ⁄ Fm 114.5*** 43.7**

Ion leakage 64.0*** 0.3

MDA 27.9*** 4.9

H2O2 content 66.3*** 0.9

**P < 0.01, ***P < 0.001.
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Figure 1 Temporal changes in chlorophyll florescence (Fv ⁄ Fm, a), ion leakage (IL%, b), lipid peroxidation (malondialdehyde [MDA], c) and H2O2

content in leaves (d) in Norlea (d) and Yatugadake-24 (s) under moderately high temperature stress (36�C). * indicates a significant difference

between the two populations at P < 0.05.
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examined the relationships of Fv ⁄ Fm, ion leakage and MDA

with H2O2 content at each measurement time as well as with

accumulated H2O2 content (aH2O2), which was calculated

by adding up the H2O2 contents determined on all the ear-

lier occasions (Figure 3). Fv ⁄ Fm, ion leakage and MDA did

not show clear relationships with H2O2 content at each mea-

surement time for a tolerant cultivar, Ya-24. Although no

consistent relationships were found until 20 days, linear

relationships of all the three parameters with accumulated

H2O2 content were evident thereafter for the two cultivars.

ancova showed that if the effects of accumulated H2O2

contents were removed, the two populations showed no sig-

nificant differences after 20 days with respect to any of the

three parameters (Table 2). These results indicate that the
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Figure 2 Temporal changes in chlorophyll florescence (Fv ⁄ Fm, a), ion leakage (IL%, b), lipid peroxidation (malondialdehyde [MDA], c) and H2O2

content in leaves (d) in Norlea (d) and Yatugadake-24 (s) under high temperature stress (40�C). * indicates a significant difference between the

two populations at P < 0.05.
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Figure 3 The relationships of chlorophyll fluorescence (a, d), ion leakage (b, e) and lipid peroxidation (c, f) against H2O2 content (a–c) and accu-

mulated H2O2 content (d–f) in leaves in Norlea (d) and Yasugadake-24 (s) under moderately high temperature stress (36�C).
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differences in Fv ⁄ Fm, ion leakage and MDA between the

two populations were due to the difference in accumulated

H2O2 content rather than to the difference in tolerance to

H2O2.

Discussion

In this study, the plants were exposed to two types of high-

temperature stress: 36 ⁄ 30�C for 60 days and 40 ⁄ 36�C for

14 days. The significant difference between the two popula-

tions was found only under the 36 ⁄ 30�C treatment except

Fv ⁄ Fm under the 40�C treatment. Plants exposed to the

40 ⁄ 36�C treatment showed physiological damage on the sev-

enth day of exposure to the stress (Figure 2a). However, leaf

temperatures under field conditions rarely remain at 40�C

for long even on sunny days because of the combined effects

of transpirational cooling and wind (Wise et al. 2004).

These results demonstrate that the prolonged exposure to

moderately high temperature in summer can simulate sum-

mer damage under field conditions than short-term extre-

mely high temperature does.

Although ROS in leaves are generated mainly in organ-

elles such as chloroplasts, peroxisomes and mitochondria,

the reaction centers of photosystem I (PSI) and photosystem

II (PSII) in chloroplasts are the major sites of ROS genera-

tion (Asada 2006). Under stress conditions where photon

intensity absorbed by PS1 and PSII is in excess of that

required for CO2 assimilation, surplus electrons serve as the

source of toxic oxygen species. The linear relationship

between maximal efficiency of PSII (Fv ⁄ Fm) and the accu-

mulated H2O2 content (Figure 3a) suggests that prolonged

generation of ROS under long-term exposure to moderately

high temperatures caused physiological damage. On the

other hand, plants that had been exposed to higher tempera-

tures for a shorter duration contained less H2O2 in their

leaves, probably because thermal damage to photosystems

under such high temperatures resulted in less photon being

absorbed and, consequently, in lower rate of H2O2 genera-

tion. The degree of lipid peroxidation and ion leakage

showed temporal fluctuations until 20 days but increased

thereafter and was significantly different in the two

populations with markedly greater levels of H2O2 in the sen-

sitive one. All of these results demonstrate that oxidative

stress is the main cause of physiological damage seen under

long-term exposure to moderately high temperatures.

Plants develop several defense mechanisms against toxic

reactive oxygen molecules. These mechanisms include sup-

pressing ROS production, scavenging the produced ROS

and repairing the damage caused by ROS (Asada 1999). The

results of ancova, including the accumulated H2O2 content

as a covariate in leaves (Table 2), suggest that the difference

in the extent of physiological damage between the two pop-

ulations was mainly due to the ability to suppress H2O2

accumulation in leaves rather than to the difference in toler-

ance to H2O2 accumulation. The difference in H2O2 content

in leaves suggests the involvement of the first two mecha-

nisms, namely suppression and scavenging of ROS.

Heckathorn et al. (1998) showed that small chloroplast

heat-shock protein improves heat tolerance by protecting

photosystem II and the electron transport chain. It is also

reported that the difference in heat tolerance between popu-

lations of Agrostis palustris (Park et al. 1996; Zhang et al.

2006), between A. scabra and A. stolonifera (Xu and Huang

2010) and also among those of Poa pratensis (He and Huang

2007) was due to the difference in the expression of heat-

shock protein. Although expression of heat-shock protein

was not examined in this study, the difference in physiologi-

cal damage between the two populations might also be

influenced by the ability to repair the damaged protein.

Understanding the physiological mechanisms involved in

the tolerance of C3 crops to heat stress is crucial to the

improvement of these crops. This study suggests that oxida-

tive stress resulting from generation of ROS is a major cause

of damage to L. perenne populations in summer.
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