Chapter 5
INTERSPECIVIC VARIATION IN HEAT TOLERANCE AND
SUPPRESION OF OXIDATIVE STRESS

5.1 COMPARISON AMONG 15 C; SPECIES

INTRODUCTION

The plants from different habitats have different optimum growth temperature. The Cs
species adapt to temperate climates, while C,4 species can tolerant to hot and drought
conditions. The anticipated higher summer temperatures under climate warming are
likely to cause serious damages to the growth and yield of C; crops (Lobell and Asner
2003; Lobell and Field 2007). Therefore, improving the tolerance of Cs; crops to heat
stress is a major target for breeders. To understand the tolerance mechanism of plants to
heat stress, it is important to make comparative studies both within species and among
species which differ in their tolerance. So far, most studies that compared heat tolerance
have been limited to comparison among a few number of cultivars (Huang et al. 2001;
Larkindale and Huang 2004; Almeselmani et al. 2006; He and Huang 2007) or a few
number of species which are closely related (Xu et al. 2006; Xu and Huang 2008, 2010)
and few studies have examined number of unrelated species under long-term heat stress.
In this chapter, responses to heat stress were compared among fifteen Cs grass species
belonging to different genus with diverse genetic background with special reference to

the relationship between heat tolerance and oxidative tolerance.

MATERIALS AND METHODS
Plant materials

In this study, fifteen C; species were used including; Agrostis alba L., Agrostis tenuis
Sibth., Anthoxanthum odoratum L., Bromus inermis Leyss., Dactylis glomerata L.,
Festuca arundinacea Schreb., Festuca ovina L., Festuca pratensis Huds., Festuca rubra
L., Lolium multiflorum Lam., Lolium perenne L., Phalaris arundinacea L., Phleum

pratense L., Poa annua L., Poa pratensis L.
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Growth and heat stress conditions

The growth and stress conditions were described in detail on the L. perenne cultivars
experiment (Chapter 2.1 and Chapter 3). After transplanting the seedlings in the pots,
four replicates of each species were maintained under control conditions 23/16°C for 40
days, acclimation for 3 days at 30°C and then exposed to stress conditions (36/30°C) for
40 days.

Measurement methods

Chlorophyll fluorescence (Fv/Fm) was measured at 10-day intervals. Malondialdehyde
(MDA), hydrogen peroxide (H,0,), electron transport rate (ETR), nén-photochemical
quenching (qy), ascorbic acid (AsA) and ascorbate peroxidase enzyme activity (APX)
were measured twice, before and at 40 day of the exposure to stress as describes in
details in the previous chapters (Chapter 2.1 and Chapter 3). The data of leaf traits were
obtained from (Sugiyama 2005a, b).

Statistical analysis

Analysis of variance (ANOVA) was used to test the significance of differences among
the species for each measurement. The statistical analysis was carried out using JMP

(ver 4. SAS Institute, Cary, NC, USA).

RESULTS

Chlorophyll fluorescence (Fv/Fm) showed no significant differences among 15 species
before the exposure to stress with overall mean value of 0.779+0.001. Fv/Fm
significantly decreased at 40 day of heat stress (0.636+0.032). The differences among
species began to appear at 10 day of the exposure to stress and the differences became
two-folds at 40 day of the stress (Figure 5.1.1). The species were divided into three
categories according to the degree of damage: (1) high tolerant species (seven species)
which maintained more than 85% of Fv/Fm at 40 day of the stress, (2) medium tolerant
species (six species) which maintained 75 ~ 85% of Fv/Fm and (3) sensitive species
(two species) with less than 50% of Fv/Fm (Figure 5.1.1).

Lipid peroxidation of membrane (malondialdehyde, MDA), hydrogen peroxide
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(H,0y), electron transport rate (ETR), non-photochemical quenching (qx), ascorbic acid
(AsA) and ascorbate peroxidase (APX) showed highly significant differences among
species before and after exposure to heat stress (Table 5.1.1). MDA showed a
significantly negative correlation with Fv/Fm at 40 day of the stress (Figure 5.1.2). The
MDA content differed by eightfold before the exposure to stress and by threefold after
the exposure to stress (Table 5.1.1). Bromus inermis and Festuca rubra had the highest
values of MDA content both before and after the exposure to stress. After exposure to
heat stress, MDA content increased significantly in all species except no significant
change in Phalaris arundinacea (Table 5.1.2). H,O, content showed the same response
to MDA except for the significant decrease of H,O, content in Dactyles glomerata and
Poa annua (Table 5.1.2). The H,0O, content differed by fifteen-folds and six-folds
before and at 40 day of the stress, respectively (Table 5.1.1). The highest values of H,O,
content both before and after the exposure to stress were in Festuca rubra and Festuca
ovina, respectively. The species showed different responses after the stress in term of
ETR, qn, AsA and APX (Table 5.1.2).

The functional leaf traits showed significant differences among species (Table 5.1.3).
However, there were no significant correlations between leaf traits and physiological
damages, Fv/Fm and MDA. In L. perenne cultivars (Chapter 3), H,O, content after the
stress showed a negative correlation with leaf water content (LWC) and a positive
correlation with leaf dry matter content. In this study, H,O, content showed

significantly correlations with both traits either before or after the stress (Figure 5.1.3).

DISCUSSION

Chlorophyll fluorescence (Fv/Fm) is used widely as an indicator of physiological
damage to abiotic stress (Maxwell and Johnson 2000). In this study, the decreases in
Fv/Fm varied greatly among species, ranging from less than 10 % to more than 50 % at
40 day of exposure to heat stress. The decreases in Fv/Fm varied significantly even
within the same genus (Figure 5.1.1). This indicates that there are great differences
among the C; species in tolerance to heat stress (Figure 5.1.1). The decline of Fv/Fm
represents that the reaction centre of PSII was damaged and inactivated by the stress
(Long et al. 1994).

Reactive oxygen species (ROS) plays the two opposite roles in processes of heat
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stress responses: a toxic molecule and a signal transduction molecule (Foyer and Noctor
2005; Suzuki and Mittler 2006; Jaspers and Kangasjarvi 2010; Miller et al. 2010).
Levels of hydrogen peroxide (H,O,) vary greatly among species under natural
conditions (Cheeseman 2006; Queval et al. 2008). In this study, the species showed
great differences in H,O, content even under unstressed conditions. The great
differences in H,O, suggest that the species have different strategy to utilize H>O, in
regulating molecular and physiological networks. The significant increases in MDA
content and decreases in Fv/Fm under stress condition as well as the significant
correlation between them at 40 day of the stress (r = —0.61%) suggest that the difference
in heat tolerance is closely associated with the ability to suppress oxidative stress. In
contrast to L. perenne cultivars, the differences in Fv/Fm and MDA after the stress were
not associated with H,O, content. This may be due to that, compared with the cultivars
with narrow genetic background, the species used in this study had a wide genetic
background and roles of H,O, in stress response cascade differed with each other as
exemplified by the two species, Poa annua and Dactylis glomerata, which showed great
sensitivity to stress and H,O; content significantly decreased after the exposure to stress
(Figure 5.1.1 and Table 5.1.2).

The changes in antioxidant activity (AsA content and APX) under the stress
conditions varied among the species, but it should be noted that the species of the same
genus had similar responses with varying degrees (Table 5.1.2). Antioxidant activity did
not show any clear correlations with H,O, content, Fv/Fm and MDA. However, these
do not imply that the effects of antioxidants on heat tolerance are negligible because the
complex networks of the antioxidant system exits in plants as suggested previously
(chapter 3). Although leaf traits showed significant contribution to heat tolerance of
Lolium perenne cultivars (Chapter 3), no clear contribution of leaf traits was observed
among C; species. Although H,O, content correlated significantly with leaf water
content and leaf density, this is not necessarily evidence of the importance of structural
leaf traits because (1) the same level of correlation was observed before the stress, and
(2) both leaf traits and H,O, content did not show correlations with physiological

damage, Fv/Fm and MDA.

60



Table 5.1.1 Minimum and inaxirnum values as well as the F value of variation among
the 15-species of malondialdehyde (MDA), hydrogen peroxide (H,O,), electron
transport rate (ETR), non-photochemical quenching (qn), ascorbic acid (AsA) and
ascorbate peroxidase (APX).

Control _40-day

Rang F value Rang F value
MDA (umol g”! FW) 6.3 ~52.5 50.0%%+ 209~729  32.0%*
H,O, (umol mg ' FW)  0.16~2.38  188.5%%* 0.51~3.12  110.7%**
ETR (umol g FWs™)  042~1.02 12.9%% 0.18~1.00  7.6%%#*
an 0.825~0.897  4.4%** 0.812 ~0.953 5.4%%x*
AsA (umol mg™' FW) 22.6~171.9  109.2%%* 57.8~136.1  21.4%%+*
APX (umol mg ' FW)  28.7~322.0  71.0%%* 18.1~83.1 . 10.6%**

The value represents significance at probability level of p > 0.001
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Table 5.1.2 The relative values of malondialdehyde (MDA), hydrogen peroxide (H,O,), ascorbic acid

(AsA) and ascorbate peroxidase (APX). The relative values were calculated from the equation (the value

at 40 days of stress / the value before stress * 100), and the probability of significant (¥, **, *** at 0.05,

0.01, and 0.001, respectively) represent the significance under stress condition compare to before stress.

Species

MDA H,0, ETR qn AsA APX
1. Agrostis alba 317.8%%% 26867+ 65.3% 101.8 84.1%* 84.6
2. Agrostis tenuis 238.2%*% 132.1* 109.9 97.1 79.9%% 101.7
3. Anthoxanthum odoratum  407.9%%* 325 0%** 44.0%%%  107.1* 98.1 15 g=
4. Bromus inermis 138.9* 175.,0%* 57 1 107.8%%  79.2%** 39, 7%
5. Dactylis glomerata 417.7%%% 67.3%* 833 08.3 111.9 106.1
6. Festuca arundinacea 133.2%F%  145.7%% 100.0 97.7 45.7%*%% 95.3
7. Festuca ovina 156.1* 142.0%** 55 1%%k%  104.2% 86.3%* 111.6
8. Festuca pratensis 241.0%%* 157.]1%+* 59.0% 103.1 54.4%%% 145.1
9. Festuca rubra 1304%% 131, 1%+ 78.2% 104.3% 83.6* 112.6
10. Lolium multiflorum 133.5%%% 303.8%** 20 0%**  11]1.5%*%  326.0%%*  183.4%**
11. Lolium perenne 143.9%%%  24] 2%% 80.4 100.2 191.6%%F T7).9%*
12. Phalaris arundinacea 124.2 116.2 86.5 100.8 82.7** 25.8%%
13. Phleum pratense 475.2%%% D44 4x** 44.9% 101.6 107.7 64.5%*
14. Poa annua 284, 3%*¥%  5) J¥*% 26.5%%*  106.8 T1.6%* 149.6%**
15. Poa pratensis 330 0¥  150.5% 67.6% 08.0 13.6%* 121.8%

* kk Rk significant difference at 5, 1 and 0.1% levels, respectively
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Table 5.1.3 Specific leaf area (SLA, cm® mg '), leaf water content (LWC, %),
leaf area (LA, cm?), leaf density (LD, mg cm ) and leaf thickness (LT, um) of

the eighteen species before exposure to heat stress.

Species SLA LWC LA LD LT

1. Agrostis alba 0.426 79.3 8.59 191 123
2. Agrostis tenuis 0.561 81.9 3.91 163 111
3. Anthoxanthum odoratum 0.494 79.6 12.44 167 123
4. Bromus inermis 0.425 80.6 18.25 176 136
5. Dactylis glomerata 0.433 80.6 13.54 153 152
6. Festuca arundinacea 0.389 83.5 16.4 153 170
7. Festuca ovina 0.283 76.1 1.81 222 167
8. Festuca pratensis 0460 836 1503 133 167
9. Festuca rubra 0.309 74.4 2.48 277 126
10. Lolium multiflorum 0.475 87.0 7.88 122 177
11. Lolium perenne 0.490 83.9 11.99 131 160
12. Phalaris arundinacea 0.605 83.5 14.28 147 116
13. Phleum pratense 0.496 81.7 17.14 131 155
14. Poa annua 0.623 81.1 4.06 188 86

15. Poa pratensis 0.453 80.2 8.53 155 149
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Figure 5.1.1 Response pattern of chlorophyll fluorescence in 15 Cs species at different
durations (days) of continuous exposure to heat stress. The top group maintained‘more
than 85%, the middle group maintained 75 ~ 85%, and the bottom group maintained
less than 50% of Fv/Fm at 40 day of the exposﬁre to stress.
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Figure 5.1.2 The correlation between chiorophyll fluorescence (Fv/Fm) and
malondialdehyde content (MDA, pmol g FW) at 40 day of exposure to heat stress.
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Figure 5.1.3 The correlation of leaf water content (LWC) and leaf density with
hydrogen peroxide contents (H,O,) before the exposure to stress (a, the above part) and
at 40 day of the stress (b, the bottom part).
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5.2 COMPARISON BETWEEN C; AND C,4 SPECIES

INTRODUCTION

The plants have C; and Cy4 types of photosynthetic systems. The C4 species have higher
ability to minimize the extent of photorespiration than Cs species under stress conditions
by boosting the CO, concentrations in the bundle-sheath cells. There are many studies
which focused on the difference between C; and C4 species in terms of photosynthesis
thermal stability under heat stress (Salvucci and Crafts-Brandner 2004; Sage and
Kubien 2007; Hamilton et al. 2008). However, as far as I know, no studies focused on
the difference between C; and C,4 species in terms of oxidative damage under prolonged
temperature stress. In this chapter, three Cs species and three Cy4 species were exposed to
prolonged moderately high temperature (36/30°C) for 40 days. The objectives of this
study were (1) to clarify the difference in the physiological respons4e among species
under stress conditions, (2) to examine if the C; species suffer more oxidative damage
than C4 species does, and (3) to clarify the association between the functional leaf

properties and oxidative damage.

MATERIALS AND METHODS
Plant materials, growth conditions and heat treatment

In this study, six species were used including three Cs species, Agrostis tenuis Sibth.,
Festuca arundinacea Schreb., Lolium perenne L. and three Cy4 species, Chloris gayana
K., Paspalum notatum Flugge., Zoysia japonica Steud.

Seeds of the six species were germinated and then the seedlings were transplanted
into pots as the same conditions as described in Chapter (2.1). The plants were grown in
a controlled growth chamber with day/night temperatures of 23/16°C for the Cj; species
and 28/24°C for the C4 species, a photoperiod of 16-h with 250 umol m™ s™' photon
flux, and 70% relative humidity during the whole day. The plants were maintained in
the controlled condition for 40 days after transplanting for all species except for Zoysia
Jjaponica which was maintained for two months because of its low growth. All the plants
were exposed to 30°C for three days for acclimation followed by exposure to 36/30°C

for 40 days. Water was supplied daily to avoid water stress. The experiment was set up
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in a randomized block layout incorporating four replications.

Physiological measurements and leaf traits

Chlorophyll fluorescence (Fv/Fm), membrane lipid peroxidation (MDA), hydrogen
peroxide (HO,), electron transport rate (ETR), non-photochemical quenching (qu),
ascorbic acid (AsA), ascorbate peroxidase (APX) and leaf traits were recorded in the
same measurement times as Lolium perenne cultivars experiment (Chapter 3) using the

methods described previously (Chapter 2.1 and Chapter 3).

Statistical analysis

The statistical analysis was carried out using JMP (ver 4. SAS Institute, Cary, NC,
USA). The significant difference among the species was tested by analysis of variance
(ANOVA) for each measurement time. The difference between Cs and Cy4 species was

also tested by #-test.

RESULTS

There were no significant difference in £he maximum PSII activity (Fv/Fm) among the
species before the stress treatment, but differences were found at all measurement times
after the exposure to stress (Table 5.2.1). Fv/Fm gradually decreased with the exposure
to stress and the decreases became significant at 40 day of the stress against the control
for all species except for Paspalum notatum. Lolium perenne had a larger decline at 10
day after the stress and had the lowest Fv/Fm value at 40 day of the stress (Figure 52 D).
Although the significant difference was not found between C; and C, species before the
treatment, the C, species had significantly higher Fv/Fm values after the stress (Table
5.2.1). Fv/Fm was significantly decreased after the stress at all measurement times for
C; species and at 40 day only for C4 species (Figure 5.2.1, inserted).

Lipid peroxidation (MDA), hydrogen peroxide (H20O,), electron transport rate (ETR),
non-photochemical quenching (qn), ascorbic acid (AsA) and ascorbate peroxidase (APX)
showed significant differences among species before and after the exposure to 'stress
(Table 5.2.2). Both MDA and H,O, contents significantly increased for all C; species,

while the C,4 species showed no significant changes under the stress except for Zoysia
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Jjaponica which showed significant decreases in both traits (Figures 5.2.2a and 5.2.2b).
Z. japonica had the highest MDA and H,O, contents before the stress and the highest
H>O, content after the stress, whilst the C; species showed higher MDA content after
stress treatment. Both ETR and qx showed no significant changes under the stress for all
species except the significant increase in qn for Z. japonica (Figures 5.2.2¢ and 5.2.2d).
The species showed different responses in term of scavenging system, AsA and APX
(Figures 5.2.2e and 5.2.2f). Surprisingly, both AsA and APX showed highly negative
correlations with Fv/Fm (r = —0.94 and —0.89) as well as a positive correlation between
APX and MDA (r = 0.96) at 40 day of the stress. Significant differences between C; and
C4 were found only in H,O; and ETR before the exposure to stress, while at 40 day of
the stress significant differences were found in all traits except H,O, (Table 5.2.2).

All functional leaf traits showed significant differences among the species.
Furthermore, significant differences were shown between C; and C4 species except for
leaf water content and leaf area (Table 5.2.3). The C4 species had lower specific leaf
area (SLA), higher leaf density and thicker leaves than C; species. There were negative
correlations of SLA with Fv/Fm and MDA at 40 day of the stress (Figure 5.2.4). SLA
and leaf thickness also showed significant correlations with ETR (Figure 5.2.5).

DISCUSSION

Photosynthesis in most plans is limited by the lack of CO,, but the limitation is
substantially less in Cj species than C; species because of its CO,-concentrations
mechanisms (Taiz and Zeiger 2002). In this study, the maximal PSII efficiency (Fv/Fm)
decreased with duration of heat stress. All C4 species maintained higher Fv/Fm value at
40 day of stress treatment than Cs species (Figure 5.2.1). The result of this study clearly
demonstrates that C4 species have much tolerance to prolonged heat stress than C;
species.

Both lipid peroxidation (MDA) and H,O, content significantly increased in the C;
species. In contrast, the C4 species showed no significant changes except for Z. japonica.
This suggests that oxidative stress generated under prolonged heat stress is a major
cause for damage in C; species and that C4 species have high ability to suppress the
production of ROS under stress conditions. This is consistent with our previous findings

that heat tolerance is associated with the ability to suppress oxidative stress (Chapter
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2-4).

In this study, SLA showed a significantly negative correlation with Fv/Fm and a
significantly positive correlation with MDA at 40 day of the stress (r = —0.87 and 0.88,
respectively). Although leaf traits did not show a significant correlation with H,O,, SLA
and leaf thickness showed significant correlations with ETR which showed a significant
contribution to ROS accumulation in L. perenne (Chapter 3). These results suggest that
leaf properties play an important role to cope with oxidative damage.

Temperature plays an important role in the plant distribution and productivity. It is
well known that there is a differentiation between C; and C4 plants in the optimal
growth temperature. The C4 species is more abundant in warm, dry climates than Cs
species because of its ability to photosynthesize more efficiency under such condition
(Taiz and Zeiger 2002). In this study, although there were no significant differences in
H,0O, content between C; and Cy4 species at 40 day of heat stress treatment, C4 species
had higher Fv/Fm and lower lipid peroxidation (MDA) than C; species. Also, the
relative change of H,O; (the percentage of H,O, content at 40 days of the stress to
before the stress) for C4 species was lower (102 %) than that for C; species (173%).
These results suggest that that C4 species has more tolerance to heat stress than Ci
species by having the ability to suppress the production of ROS and thus reduced the

oxidative damage.

70



Table 5.2.1 One-way ANOVA among six species
and between C; and C,; species of chlorophyll
fluorescence (Fv/Fm) at different durations of

continuous exposure to heat stress.

Days of F value

exposure Species Type

0 - 0.54™ 1.67%

10 14.03%** 17.57%**
20 4.89%* 12.93%* -
30 7.84%** 21.76%**
40 4.64** 16.27***

* kx k%% gignificant difference at 5, 1 and 0.1%

levels, respectively
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Table 5.2.2 One-way ANOVA among six species and between C; and C, species
of malondialdehyde (MDA), hydrogen peroxide (H20-), electron transport rate
(ETR), non-photochemical quenching (qy), ascorbic acid (AsA) and ascorbate

peroxidase (APX) before and after exposure to heat stress.

F value
Before After
Species Type Species - Type
MDA (pmol g”' FW) 63.2% % 0.5 28 %% 40,3%%%
H,0, (umol mg™" FW) 222.]1%%% 6.0% 14.7%%* 0.9
ETR (umol g™ FW s7) 27 2%k 10.6+* 11.5%%% 11.6%*
N 8. 74+ 0.2 4,9%% 6.2
AsA (umol mg™! FW) 17.5%%* 2.7 50.9%** 33.67%%*
APX (pmol mg™ FW) 62.5%** 7.1% 26.2%%% 53.9%%*

* k% kkk giopificant difference at 5, 1 and 0.1% levels, respectively
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Table 5.2.3 Mean values of specific leaf area (SLA), leaf area (LA), leaf water
content (LWC), leaf density (LD) and leaf thickness (LT) for each species before the
exposure to stress as well as statistical differences among species and between C;

and Cq4 species.

SLA LA LWC LD LT
@r’mg?) (md) (%)  (mgem®) (um)
Cs species
Agrostis tenuis | 56.1 3.91 72.4 163 111
Festuca arundinacea ’ 389 16.4 69.2 153 170
Lolium perenne 49.0 11.99 78.2 131 160
C4 species
Chioris gayana 22.6 18.09  74.0 260 175
Paspalum notatum . .25.9 11.93 77.3 195 199
Zoysia japonica .. 246 5.61 69.6 . 256 163

Statistical differences

Species ok Exk * ok Tk

Type ok ns ns * %k ek

®, ¥k, *% significant difference at 5, 1 and 0.1% levels, respectively
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Figure 5.2.1 Response of chlorophyll fluorescence (Fv/Fm) to prolonged heat stress in
three Cs; species (w Agrostis tenuis, A Festuca arundinacea, ® Lolium perenne) and
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Figure 5.2.2 Malondialdehyde (MDA), hydrogen peroxide (H,0,), electron transport
rate (ETR), non-photochemical quenching (q), ascorbic acid (AsA) and ascorbate
peroxidase (APX) before and after exposure to heat stress for the three C; species
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standard error. * represent the significant difference between after and before the stress.
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Figure 5.2.3 Malondialdehyde (MDA), hydrogen peroxide (H,O-), electron transport
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Chapter 6
GENERAL DISCUSSION

Heat stress and oxidative stress

High temperature stress (heat stress) is considered as one of the major worldwide
limiting factors to plant growth and thus the yield. However, understanding the key
traits responsible for regulating heat tolerance remains one of the formidable challenges
to plant science researchers. This study aimed to enhance our understanding of the
physiological mechanisms causing differences in heat tolerance within single species as
well as between species in herbage and turfgrass species.

Many studies have shown that photosynthetic rate is reduced under heat stress
conditions as a result of either decreased activity of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) or increasing electron leakage from thylakoids
(Crafts-Brandner and Salvucci 2000; Salvucci and Crafts-Brandner 2004; Schrader et al.
2004; Kubien and Sage 2008). In chapter 2.1, this study showed that Lolium perenne
can maintain photosynthetic rate even after 10 days of short-term exposure to moderate
heat stress. Furthermore, Rubisco activity was unchanged and V., and J,,. values
increased as well as membrane was protected against peroxidation of lipids. However,
the two L. perenne cultivars, Norlea and Yatugadake-24, did not show significant
difference in MDA content until 10 day after exposure of moderately high temperature
stress, 36/30°C (Figure 2.1.4b). A large significant difference was evident at 30 days of
the stress not only between the two L. perenne cultivars (Figure 2.2.1) but also among
25 cultivars of L. perenne (Table 3.3) and among species (Table 5.1.1 and Table 5.2.2).
Significant differences also clearly found after continued exposure during 30 days either
between diploids and tetraploids of L. perenne or between C; and C4 species (Table 3.3
and 5.2.2, respectively). These results indicate that more than 30 days of continuous
exposure of moderate heat stress is required to photosynthetic damage of plants.

The photochemical efficiency of photosystem II (PSII), represented by chlorophyll
fluorescence (Fv/Fm), is the most sensitive component in photosynthesis and it is used
commonly to evaluate heat tolerance in plants (Maxwell and Johnson 2000). In this
study, Fv/Fm decreased significantly in all plants in response to high temperature stress.

This decrease in Fv/Fm seems to indicate the occurrence of photo-inhibitory damage.
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Photoinhibition, inactivation of and damage to the reaction center of PSII, is frequently
observed under high photon intensity when light energy absorbed by leaves is in excess
of that required for CO, assimilation (Long et al. 1994). Under abiotic sources of stress
such as low temperatures, photo-inhibition is more likely to occur even under moderate
light intensity (Hodges 2001; Zhou et al. 2006). The differences in Fv/Fm response to
heat stress were clearly significant among Lolium perenne cultivars (Figures 2.1.4a,
2.2.1a, 2.2.2a and 3.1), among progenies between tolerant and sensitive genotypes
(Table 4.1 and Figure 4.1) and among species (Figures 5.1.1 and 5.2.1). In addition,
significant differences were observed between diploids and tetraploids in L. perenne
(Table 3.2) and between C; and C4 species (Table 5.2.1 and Figure 5.2.1inserted). The
high tolerant plants in all comparisons maintained higher Fv/Fm value than sensitive
ones. These results indicate that the tolerance to heat stress varies not only among
species but also within the same species.

The reactive oxygen species (ROS) are produced through specific metabolic
pathways such as photosynthesis and photorespiration (Queval et al. 2008). Under
elevated high temperature, the generation of ROS resulting from disrupted balance
between photochemical and biochemical reactions inhibits the photosynthesis process
(Wahid et al. 2007). Reduction in photosynthetic rate was shown both after short-term
exposure to sever heat stress (Liu and Huang 2008) and after prolonged exposure to
moderate high temperature (Nagai and Makino 2009). The decrease in Fv/Fm was
mostly associated with increase in lipid peroxidation of membrane as represented by
malondialdehyde (MDA) content as well as increases of hydrogen peroxide content
(H203) in leaves. Xu et al. (2006) reported that lipid peroxidation of membrane, which
1s an important damage to cell membrane, is a result of ROS accumulation in leaves.
Significant correlations of Fv/Fm and MDA content with H,O, content in leaves were
observed in L. peremne (Figures 2.2.3 and 3.2). In addition, significantly negative
correlations were shown either between Fv/Fm and MDA content at 40 day of the stress
in L. perenne cultivars and Cj species (Figures 3.2 and 5.1.2, respectively) or between
Fv/Fm and H;O, content at 40 day of the stress among L. perenne progenies (Figure
4.4). These results suggest that generation of ROS in leaves and resulting oxidative
stress is the main cause of physiological damage seen under prolonged exposure to

moderately high temperature.
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Heat tolerance mechanisms

Plants under summer stress are frequently exposed to oxidative stress. In order to inhibit
oxidative damage under stress condition, several defense systems against toxic ROS are
involved. These include the suppression of ROS production, antioxidant scavenging
systems and repairing systems (Asada 1999). In this study, the difference in
physiological damage, Fv/Fm and MDA, among population of L. perenne was closely
associated with H>O, content (Chapter 2 and 3). The high tolerant populations showed
lower physiological damage and lower H,O, content. This result demonstrates that the
difference in heat tolerance is closely associated with the ability to suppress ROS
production and thus oxidative stress. On the other hand, although antioxidant activity,
ascorbate peroxidase (APX) and ascorbic acid (AsA), did not show clear correlation
with H,O, content, both antioxidants showed significant contributions in field tolerance
as well as a significant contribution of AsA in Fv/Fm (Figure 3.4) in L. perenne. These
results suggest scavenging system also seems to contribute to heat tolerance. In contrast,
antioxidant did not show significant correlations with H>O, content, Fv/Fm and MDA
among Cs; species (Chapter 5.1). Antioxidants were much higher in the C; species
compared to C, species (Chapter 5.2). This inconsistent contribution suggests the
complex network of the antioxidant in plants. |

Heat-shock proteins have been shown to play important role to repair the damage
induce by oxidative stress in many Cj grasses under stress conditions (Park et al. 1996;
Queitsch et al. 2000). 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 populations 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) were 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 physiological damage between populations might also be influenced by the
ability to repair the damaged protein.

In addition to the previous mechanisms of heat tolerance, the role of functional leaf
traits cannot be neglected. Functional leaf traits play important roles in plant

acclimation to environmental stress (Ackerly et al. 2002; Bussotti 2008; Atkinson et al.
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2010; Terashima et al. 2011). Different leaf traits may play different roles in plant
acclimation to environmental stress. Plants with high tissue density maintain higher
photosynthesis rate per unit leaf mass which in turn supports detoxification of ROS.
Plant with thicker leaves revealed higher Rubisco and mesophyll surface per unit leaf
area and thus higher photosynthetic rate (Reich et al. 1997; Niinemets 1999; Bussotti
2008: Terashima et al. 2006). In addition, structural leaf traits contribute to maintain
higher CO, concentration in the chloroplast (Terashima et al. 2011). In this study, leaf
thickness had great contribution in variation in H,O» content among populations of L.
perenne (Figure 3.4). H>O- content after the exposure to stress showed highly positive
correlations with leaf density both in L. perenne and in C; species (Chapter 3 and 4.1).
In contrast, leaf traits did not show clear contributions in L. perenne progenies (Chapter
4) probably due to the narrow variation in leaf traits between the two parents. It is worth
mentioning that the higher tolerance of tetraploid populations of L. perenne than diploid
ones is a result of their thicker leaves rather than genetic effects of chromosome
doubling (Chapter 3). The C4 specie had thicker leaves, higher leaf density and lower
SLA than that in the C; species which may play important roles in their heat tolerance.

These results suggest the important role of leaf traits in tolerance to oxidative stress.

Genetic basis of heat tolerance in perennial ryegrass

Improving heat tolerance of turfgrasses is a major breeding goal. However, compared to
major crops, the molecular and genetic basis of heat tolerance in foragé and turfgrass is
relatively limited (Zhang ct al. 2006). The genetic distribution of L. perenne progenies
derived from a cross between tolerant and sensitive genotypes gave evidence that the
Fv/Fm value, as a good indicator of physiological damage and heat tolerance, and H,O,
content in leaves, as a cause of oxidative damage, are genetically controlled (Chapter 4).
Further studies that combine the physiological experiments with genetic approaches to
identify and map genes conferring thermotolerance are highly recommended. Such
studies will not only facilitate marker-assisted breeding for heat tolerance but also pave
the way for cloning and characterization of underlying genetic factors which could be

useful for engineering plant with improved heat tolerance.
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Overall, this study showed that heat tolerance is controlled by complex array of
mechanisms such as suppression of ROS, scavenging of toxic ROS, and leaf functions.
However, the study provides evidence that the oxidative stress is the main cause of

damages seen under heat stress.
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SUMMARY

Improving tolerance to heat stress is a major challenge in many crops, especially C,
crops, given the threat of recent global warming. While significant achievements have
been made on understanding the molecular and physiological mechanisms to short-term
exposure to high temperature, the physiological mechanisms of summer tolerance in
fields, which are characterized by prolonged exposure to high temperature stress, are not
still well understood. Turf grasses as perennial crops are expected to suffer from
summer damage under anticipated climate warming and thus genetic improvement of
tolerance to summer high temperature is an important target. In this study, six
experiments were conducted to clarify the physiological mechanisms of tolerance to
high temperature (heat) stress by comparing between genotypes, populations and
different species including C; and C, photosynthetic types.

Firstly, two cultivars of perennial ryegrass Lolium perenne L. which are tolerant and
sensitive to summer stress in the field were exposed to moderately high temperature
stress (36/30°C) for 10 days. The response of photosynthesis and its parameters was
monitored as well as chlorophyll fluorescence (Fv/Fm), malondialdehyde (MDA) and
hydrogen peroxide (H,O;) content. Photosynthesis rate and Rubisco activity were
unchanged after the stress, while maximum capacity of Rubisco (Vi mer) and maximum
capacity of RuBP regeneration (J,.,) increased significantly after the stress. On the
other hand, Fv/Fm decreased and H,0, content increased significantly at 10 days of the
stress. The MDA content showed no significant change after the stress. These results
indicate that 10 days of continuous exposure of moderate heat stress do not largely
inhibi:t photosynthesis rate in L. perenne.

The same populations were exposed to moderately high temperature stress (36/30°C)
for 60 days or high temperature stress (40/36°C) for 14 days. The tolerant population
showed significantly lower degree of physiological damage (higher Fv/Fm and lower
MDA content and ion leakage) than the scnsitive one only at moderate levels of stress
(36/30°C); the tolerant population had significantly lower amounts of H>O, in leaves.
The accumulated H,O, content showed a linear relationship with the extent of
physiological damage. The results suggest that population difference in heat tolerance is

associated with tolerance to oxidative stress and the difference in sensitivity is due to
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accumulation of H;O, -rather than tolerance to H,O,. Plants exposed to the 40/36°C
treatment showed physiological damage on the seventh day of exposure to the stress.
However, leaf temperatures under field conditions rarely remain at 40°C for long. These
results demonstrate that summer damage under field conditions can be simulated by the
prolonged exposure to moderately high temperature rather than short-term extremely
high temperature.

Accordingly, the third experiment was conducted to clarify the physiological
mechanisms of heat tolerance in relation to oxidative stress in this species. Twenty-five
cultivars of L. perenne with different degrees of field tolerance to high summer
temperatures were exposed to moderately high temperatures (36/30°C) for 40 days in a
growth chamber. Cultivars with low field tolerance had higher H,O, content and higher
degree of lipid peroxidation in leaves after 40 days of exposure to stress than those with
high tolerance. The H,O, content was positively correlated with electron transport rate
and negatively correlated with leaf thickness. Tetraploid cultivars, because of their
thicker leaves, had higher field tolerance and lower H,O, content than diploid cultivars.
Structural equation modeling showed that both reactive oxygen species (ROS)
production and ROS scavenging contribute to field summer tolerance. These results
demonstrate that heat tolerance under field conditions is mainly determined b.y the
ability to suppress the production of ROS and using the system of defence to protect
against oxidative damages.

The fourth experiment was conducted to understand the genetic basis of heat
tolerance in the same species. In this study, 72 genotypes derived from a cross between
tolerant and sensitive cultivars of L. peremne were used. The plants exposed to
moderately heat stress (36/30°C) for 40 days in a growth chamber. Fv/Fm decreased
significantly, while H>O» content increased after the stress and a significant correlation
was found between Fv/Fm and H;0O, content at 40 days of the stress. These results in
agreement with the cultivar experiment suggest that the difference in heat tolerance
shown by progenies of L. perenne is closely associated with the ability to suppress
oxidative stress. The value of Fv/Fm and H,O, content for the vast majority of the
progenies were ‘in the range between the two parents. This distribution of progenies
indicates that the heat tolerance is under strong genetic control. In contrast, the génetic

distribution of leaf traits was wider among the progenies than that between the two
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parents. Leaf traits did not show significant correlation with Fv/Fm and H;O, content at
40 days of the stress. This inconsistent pattern seems to result from the difference in
genetic variability in leaf traits between the two parents and cultivars used in the
previous experiment.

In addition to the previous experiments, responses to heat stress (36/30°C for 40 days)
were compared among fifteen C; grass species belonging to different genus (the fifth
experiment) and between C; and C4 species (the last experiment) with special reference
to the relationship between heat tolerance and oxidative tolerance. The fifteen Cs
species showed significantly decreases in Fv/Fm and increases in MDA content at 40
days of the stress, suggesting that the difference in heat tolerance is closely associated
with the ability to suppress oxidative stress. In contrast, H2O, content showed
significant differences among species even under unstressed condition and H,0, did not
show any significant correlations with Fv/Fm and MDA content at 40 days of the stress.
In contrary to other C; species, Dactyles glomerata and Poa annua, which showed
sensitivity to heat stress, showed significant decreases in H,O, content after the stress.
These results suggest that different species have different strategy to utilize H,O, to deal
with oxidative stress in complex physiological and molecular networks.

" On the other hand, C4 species had much iolerance to prolonged heat stress than C;
species. Both MDA and H,O» content increased significantly in the C; species, but not
clear change in the C4 species. This is consistent with our previous findings that heat
tolerance is associated with the ability to suppress oxidative stress. Specific leaf area
(SLA) showed a significantly negative correlation with Fv/Fm and a significantly
positive correlation with MDA at 40 days of the stress. The C,4 species had thicker
leaves with higher leaf density and lower SLA than that in the C; species. These results
suggest that leaf properties play an important role in the difference between C; and C4
species in terms of coping with oxidative damage.

Overall, although the complexity of heat tolerance was revealed by the involvement
of various mechanisms such as suppression of ROS, scavenging of toxic ROS, and leaf
functions, this study definitively showed that the oxidative stress resulting from the

excessive production of ROS is the main cause of damages under heat stress.
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