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Abstract The application of brassinosteroids (BRs) has
been reported to alleviate heat stress. This study investi-
gated the effect of 7,8-dihydro-8a-20-hydroxyecdysone
(DHECD)—a BR mimic—by comparison with 24-epi-
brassinolide (EBR) on the changes in photosynthetic per-
formance, lipid peroxidation, and rice seed set. The results
demonstrated that 10~* M EBR and 10~’ M DHECD had
the best actions to counteract the lethal heat temperature of
47 °C for 2 h indicated by a reduction in the number of
wilted leaves and an increase in the relative water content
and leaf greenness. Moreover, plants treated with EBR or
DHECD were exposed to high day/night temperatures of
40/30 °C for 7 days. EBR-treated and DHECD-treated
plants showed a high shoot fresh weight, leaf area, chlo-
rophyll content, and carotenoid content. High temperature
significantly decreased the leaf net CO, assimilation rate as
well as increased lipid peroxidation. The application of
EBR and DHECD maintained the high level of the net CO,
assimilation rate by increasing the stomatal conductance
and photochemical quenching. On the other hand, EBR and
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DHECD decreased the intracellular CO, content and non-
photochemical quenching leading to enhance photosyn-
thesis under heat stress. EBR-treated and DHECD-treated
plants significantly reduced their malondialdehyde and
hydrogen peroxide contents as well as increasing their total
soluble sugar contents. Moreover, BR treatments increased
the filled seed of rice. This study confirmed that DHECD—
a BR mimic—has activities of heat stress alleviation sim-
ilar to EBR.

Keywords 7,8-Dihydro-8a-20-hydroxyecdysone -
24-Epibrassinolide - Chlorophyll content - Heat stress -
Lipid peroxidation - Photosynthesis

Introduction

Heat stress is an important abiotic stress that limits the
growth, development, and yield in many plants, such as
rice, maize, soybean and, barley (Lobell and Asner 2003;
Lobell and Field 2007). Global warming has caused an
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increase in temperature of about 0.6-0.8 °C from past
levels (Hansen and others 2006). On average, the highest
temperature in Thailand in the past 60 years was 40.04 °C
and it has tended to increase every year. High temperature
has decreased rice biomass, pollen germination, and seed
set (Cao and Zhao 2008; Matsui and others 2001; Thus-
sagunpanit and others 2013). Peng and others (2004)
reported that rice grain yield was reduced by 10 % for each
1 °C increase in the optimal temperature.

Brassinosteroids (BRs) are naturally steroidal plant hor-
mones that regulate plant growth and development (Clouse
and Sasse 1998; Fujioka and Yokota 2003). Choe and others
(2001) investigated the over-expression of BR-biosyntheti-
cally involved genes which enhanced the vegetative growth
and increased the seed yield of Arabidopsis. Several studies
reported that BRs alleviated photosynthetic inhibition which
was induced by high temperature in rice (Cao and Zhao
2008), tomato (Ogweno and others 2008; Singh and Shono
2005), cucumber (Xia and others 2009), melon (Zhang and
others 2013), and eggplant (Wu and others 2014). The
changes in photosynthesis resulting from BR application
might be caused by an increase in the stomatal conductance
and the quantum efficiency of PSII as well as by decreased
chlorophyll fluorescence (Hayat and others 2010; Wu and
others 2014; Yu and others 2004). Furthermore, BRs could
induce the antioxidant defensive system in stressed plants
leading to reduction of reactive oxygen species such as
hydrogen peroxide (H,O,), singlet oxygen ('O,), the super-
oxide radical (O37), and the hydroxyl radical (-OH) (Jan-
eczko and others 2011; Khripach and others 2000; Ogweno
and others 2008). Generally, BRs have been used in agri-
culture to ameliorate environmental stress and to increase
plant yields (Khripach and others 2000; Zullo and Adam
2002). Natural BR extraction or BR synthesis is expensive so
BR analogs have been produced to reduce the economic cost
(Serna and others 2012; Zullo and Adam 2002).

In this study, we investigated the effects of 7,8-dihydro-
8a-20-hydroxyecdysone (DHECD)—a BR mimic com-
pound—compared with 24-epibrassinolide (EBR) on heat
stress alleviation. DHECD was synthesized by the catalytic
hydrogenation of 20-hydroxyecdysone obtained from Vitex
glabrata stem bark (Suksamrarn and others 2002; We-
rawattanametin and others 1986). In a previous study,
DHECD showed an active effect on the rice laminar
inclination test but the effect was less active than brassin-
olide (Homvisasevongsa 2006). Moreover, DHECD has
been reported to increase pollen viability, pollen germi-
nation, and the seed set of rice under heat stress conditions
(Thussagunpanit and others 2013). The current study aimed
to investigate the role of EBR (a commercial BR) and
DHECD (a BR mimic) on the properties of photosynthesis,
lipid peroxidation, and seed set in ‘Pathum Thani 1’ rice
under heat stress conditions.

Materials and Methods
Chemical Preparation

24-Epibrassinolide (EBR) was purchased from Ruina
International Co., Ltd., China. 7,8-Dihydro-8a-20-hydrox-
yecdysone (DHECD)—a BR mimic—was chemically
modified from 20-hydroxyecdysone, which was extracted
from Vitex glabrata (Suksamrarn and others 2002; Weraw-
attanametin and others 1986). EBR and DHECD stock
solutions each of 1 mM were prepared by dissolving each
compound in 0.01 % ethanol and all solutions were stored at
4 °C. The various concentrations of EBR or DHECD were
prepared from these stocks for foliar application to plants.

Preparation of Rice Plants

Seeds of rice (Oryza sativa L.) cv. Pathum Thani 1 were sown
in 500 cm? plastic pots containing soil which had a pH of 6.5
and contained 2.5 % organic matter. Plants were grown in a
greenhouse at the Department of Botany, Kasetsart Univer-
sity, Bangkok, Thailand (13°50'41.6"N, 100°34'14.7"E).

High Temperature Conditions
Experiment I: Appropriate Brassinosteroid Concentrations

EBR and DHECD at various concentrations of 10_9, 10_8,
1077, and 10~ M were prepared to investigate the appro-
priate concentration. The EBR solutions, DHECD solutions,
and 0.01 % ethanol as the control were mixed with 0.025 %
Tween-20 prior to use and 10 ml of each solution was sep-
arately sprayed as a foliar application onto rice plants at
35 days after sowing (DAS). Rice seedlings were sprayed
with different concentrations of BRs using ten replications
per treatment and with a completely randomized design
applied. One week after application with various concen-
trations of EBR or DHECD, the rice plants were exposed to a
lethal heat temperature of 47 °C for 2 h. The wilted leaves,
the relative water content (RWC) in the leaves, and leaf
greenness were investigated. The concentrations of EBR and
DHECD which had the best effect on lethal temperature
alleviation were selected to use in experiment II.

Experiment II: Effects of Brassinosteroids
on Photosynthesis, Lipid Peroxidation and Seed Set

The 35 DAS rice plants were treated with 10 ml of 1075 M
EBR, 10”7 M DHECD, or 0.01 % ethanol as the control. All
solutions were mixed with 0.025 % Tween-20 prior to use.
One week after the BR application, the control plants were
divided into two groups: (1) normal temperature conditions
of growth in a greenhouse (30/25 °C day/night); and (2) heat
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stress conditions (40/30 °C day/night). The stress control
plants, EBR-treated plants, and DHECD-treated plants were
exposed to high day/night temperatures of 40/30 °C for
7 days in a growth chamber under 300 pmol m ™2 s~ ' light
irradiance and 75 % relative humidity. After 7 days of heat
stress treatment, the plants were transferred to normal tem-
perature conditions at average day/night temperatures of
30/25 °C for recovery. Each treatment involved five repli-
cations with one plant per pot. The pots were arranged in a
completely randomized design.

Estimation of Wilted Leaves and the Relative Water
Content

Therice plants showed wilting symptoms after exposure of the
plants to a lethal heat temperature (47 °C for 2 h). The wilted
leaves were calculated from the percentage ratio of the num-
ber of wilted leaves per total number of leaves on the plant.
The relative water content (RWC) in leaves was estimated by
the measurement of leaf fresh weight (FW) and maintaining
those leaves in distilled water for 24 h to measure the turgid
weight (TW). Finally, the leaves were dried at 80 °C for 48 h,
and the leaf dry weight (DW) was measured. The relative
water content was determined from the formula RWC
(%) = [(FM — DM)/(TM — DM)] x 100. The RWC in the
leaves was evaluated in the lethal heat temperature experiment
and in the experiment involving the high temperatures of
40/30 °C day/night on days 0O, 1, 3, 5, and 7 of the heat stress
condition and on day 7 after recovery (re-7).

Measurement of Leaf Greenness Index

The leaf greenness index under the lethal heat temperature
was taken on the highest, fully expanded rice leaves. Each
leaf was measured 10 times using a chlorophyll meter
(SPAD-502, Konica-Minolta, Osaka, Japan).

Plant Growth Parameters

The plant growth parameters were estimated on days 0, 1,
3,5, and 7 of the heat stress conditions and on day 7 after
recovery (re-7) in terms of the shoot and root fresh weight.
The leaf area was estimated using an image processing
program (Pukpao Co., Ltd., Thailand). The total leaf area
per plant was calculated by the multiplication of the leaf
area by the total number of leaves.

Measurement of Chlorophyll and Carotenoid Contents
The highest, fully expanded rice leaves were collected. The
chlorophyll a, chlorophyll b, chlorophyll (a + b), and total

carotenoid contents in these leaves were estimated using
the methods described by Lichtenthaler and Buschmann
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(2001). The chlorophyll and carotenoid contents were
measured on days 0, 1, 3, 5, and 7 of the heat stress con-
ditions and on day 7 after recovery (re-7).

Determination of Photosynthetic Efficiency

The photosynthetic efficiency was measured on the highest,
fully expanded leaves. Photosynthetic gas exchange and
chlorophyll fluorescence were measured on days O, 1, 3, 5,
and 7 of the heat stress conditions and on day 7 after
recovery (re-7).

Leaf gas exchange was measured using a gas exchange
analyzer (LI-6400, Licor Inc., Lincoln, NE, USA). The leaf
net CO, assimilation rate (A), stomatal conductance (G,),
transpiration rate (E), and intracellular CO, content (C;)
were measured on 0.7 x 3.0 cm® of leaf area using an
external CO, concentration of 400 ppm, a photon flux
density (PPFD) of 1,000 pmol m2 s_l, relative air
humidity at about 65-70 %, a flow rate at 500 pmol s_l,
and the leaf temperature was maintained at 30 °C.

Chlorophyll fluorescence was measured using a pulse
amplitude modulation fluorometer (PAM-2100, Walz, Effel-
trich, Germany). All the chlorophyll fluorescence measure-
ments and the various parameter calculations followed the
procedures of Lichtenthaler and others (2005) and Maxwell
and Johnson (2000). The minimal (F,) and maximal (F,)
fluorescence emissions in the leaves were assessed after
30 min of dark adaptation. The maximum quantum efficiency
of PSII (F,/F,,) was calculated as [F/F, = (Fy — Fo)/Fpl.
Photochemical quenching (gp) was computed as [gp =
(Fod — FOI(Fy' — Fy)]. The quantum yield of PSII (®pgy)
was calculated as (Fp,, — Fy)/F,, and non-photochemical
(gn) was calculated as [gy = (Fy — Fo )/(Fry — FQ)1.

Determination of Malondialdehyde, Hydrogen
Peroxide, and Total Soluble Sugar Contents

Leaf samples were randomly selected from the control,
EBR-treated and DHECD-treated plants to analyze the
malondialdehyde (MDA), hydrogen peroxide (H,0,), and
total soluble sugar contents on days 0, 1, 3, 5, and 7 of the
heat stress conditions and on day 7 after recovery (re-7).
The MDA content was measured by the thiobarbituric acid
method according to Hodge and others (1999). The H,O,
content was evaluated according to Velikova and others
(2000). The amount of H,O, was calculated from the H,O,
standard curve. The total soluble sugar content was esti-
mated by the anthrone method according to Fales (1951).

Determination of Seed Set

After the 7 days of recovery from the heat stress, all plants
were grown in a greenhouse having average day/night
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temperatures of 30/25 °C until the final harvest. The pan-
icles were harvested at 124 days after sowing. The per-
centage of seed set was calculated by counting the number
of filled seeds per total seeds.

Statistical Analysis

All data were statistically analyzed by ANOVA and the
different means between treatments were considered by
applying Tukey—Kramer’s HSD (honestly significant dif-
ference) test at p < 0.05. Each value was presented as the
mean =+ standard error (SE) with a minimum of five
replicates.

Results

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
8a-20-Hydroxyecdysone (DHECD) Concentration
on Lethal Heat Temperature Tolerance

Rice plants treated with various concentrations of EBR or
DHECD alleviated the lethal high temperature (47 °C for
2 h).EBR at 1078, 1077, and 10~® M as well as DHECD at
10™7 and 10~ M reduced leaf wilting by 50 %. The wilted
leaves of all treatments did not recover after transfer of the
plants to the normal temperature regime. The concentration
of 1077 M of EBR or DHECD did not reduce the percentage
of wilted leaves when compared with plants that had not
received EBR or DHECD (Fig. 1a). The changes in leaf
wilting related to the changes in the RWC in the leaves. EBR
and DHECD at concentrations of 10_8, 1077, and 107°M
significantly increased the RWC in leaves comparing with
control (Fig. 1b). Moreover, application of EBR or DHECD
produced a leaf greenness index that was higher than in the
control. The EBR application of 10™% and 10~7 M signifi-
cantly increased the leaf greenness index by 11.23 and
10.51 % of the control treatment, respectively. DHECD
applications of 107°, 107% and 107’ M significantly
increased the leaf greenness index by 9.64,9.63, and 7.19 %
of the control treatment, respectively (Fig. 1c). Applications
of EBR at 107® M and DHECD at 10”7 M were used as
representative concentrations for further experimentation.

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
8a-20-Hydroxyecdysone (DHECD) on the Growth
of Rice Under Heat Stress

Rice plants treated with EBR or DHECD had significantly
increased shoot fresh weight, root fresh weight, and leaf area
before the plants were exposed to high temperature (day 0)
(Table 1). On the first day after the rice plants were exposed to
day/night temperatures of 40/30 °C, we found that EBR and

DHECD produced similar effects to maintain high growth
based on the shoot fresh weight, root fresh weight, and leaf area
(Table 1). The shoot fresh weight and leaf area of the EBR and
DHECD treatments were significantly higher than in the stress
control treatment after 3, 5, and 7 days of heat stress. Fur-
thermore, EBR and DHECD application increased the leaf area
similar to the non-stress control plants from the third day of heat
stress (Table 1). At 7 days after heat stress, high temperature
decreased the shoot fresh weight and leaf area in the stressed
control plants by 89.14 and 85.01 %, respectively, of the non-
stress control treatment. However, the EBR treatment
increased the shoot fresh weight and leaf area by 36.55 and
26.36 %, respectively, of the stress control treatment, whereas
the DHECD treatment increased those growth parameters by
47.72 and 26.90 %, respectively, of the stress control treatment
(Table 1). Moreover, EBR and DHECD treatments increased
the leaf area in recovery plants after 7 days at normal tem-
perature by 16.82 and 22.27 %, respectively, of the stress
control treatment, and there were no significant differences
between the non-stress control and BR-treated plants (Table 1).

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
80-20-Hydroxyecdysone (DHECD) on Chlorophyll
and Carotenoid Contents Under Heat Stress

EBR-treated and DHECD-treated plants had significantly
increased chlorophyll a, chlorophyll b, and chlorophyll
(a + b) contents compared with stress control plants from
3 days after the plants received heat stress. Furthermore, the
EBR and DHECD applications significantly increased total
carotenoid contents from 5 days after heat stress (Table 2).
On the final day of the heat stress application, the high tem-
perature condition decreased chlorophyll a, chlorophyll b,
chlorophyll (a + b), and total carotenoid contents by 43.84,
49.53, 45.03, and 61.84 %, respectively, of the non-stress
control treatment (Table 2). The EBR application increased
chlorophyll a, chlorophyll b, chlorophyll (a + b), and total
carotenoid contents by 85.63, 73.58, 82.63, and 27.66 %,
respectively, of the stress control treatment, whereas the
DHECD application increased those pigments by 88.75,
77.36, 85.92, and 38.30 %, respectively, of the stress control
treatment (Table 2). Moreover, the EBR-treated and
DHECD-treated plants were able to increase the chlorophyll
(a + b) and total carotenoid contents to comparable levels
with the non-stress control after 7 days of recovery (Table 2).

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
8a-20-Hydroxyecdysone (DHECD) on the Gas
Exchange Rate Under Heat Stress

The EBR-treated and DHECD-treated plants had significantly

increased net CO, assimilation rates (A) before plant exposure
to heat stress (day 0) (Fig. 2a). The BR-treated plants
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Fig. 1 Effects of different
concentrations of
24-epibrassinolide (EBR) and
7,8-dihydro-80-20-
hydroxyecdysone (DHECD) on
percentage of wilted leaves (a),
leaf relative water content;
RWC (b), and leaf greenness
index (c) of ‘Pathum Thani 1’
rice under lethal heat
temperature. Data are means of
ten replicates == SE shown by
vertical error bars. Means with
the same letter are not
significantly different at

p < 0.05 according to Tukey—
Kramer’s honestly significant
difference test
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Table 1 Effects of 24-epibrassinolide (EBR) and 7,8-dihydro-8a-20-hydroxyecdysone (DHECD) on growth of ‘Pathum Thani 1’ rice under heat

stress
Growth Treatment Time after heat stress (day)
parameter
0 1 3 5 7 re-7
Shoot fresh Non-stress 1.58 = 0.10b  1.83 £ 0.08b 2.11 £ 0.17b 2.35 +£0.23ab  2.21 £ 0.19bc  2.54 £ 0.19
weight (g) control
Stress control 1.57 £ 0.09p 1.72 £ 0.11b 1.97 + 0.12b 1.91 £ 0.06b 1.97 £ 0.11c 2.57 £ 0.10
Stress + EBR 2.12 £ 022a 236 £ 0.18a 2.53 + 0.08a 2.60 + 0.07a 2.69 + 0.30ab  3.17 £ 0.26
Stress + DHECD 229 4+ 0.10a  2.51 £ 0.11a 2.54 + 0.05a 2.81 + 0.18a 291 £+ 0.16a 3.11 £ 0.19
Root fresh Non-stress 1.56 £ 0.09p 1.78 £ 0.15ab  2.13 £ 0.25 2.17 £ 0.04 2.08 £ 0.11 2.05 + 0.07
weight (g) control
Stress control 1.56 = 0.09b  1.68 £ 0.07b 1.69 + 0.08 1.90 + 0.10 1.76 + 0.12 1.76 + 0.09
Stress + EBR 1.96 £ 0.12a  2.07 £ 0.12a 1.95 + 0.09 2.14 £ 0.11 2.07 + 0.08 2.08 + 0.20
Stress + DHECD 198 +0.18a  2.09 £ 0.11a 2.04 + 0.19 221 +0.17 2.15 + 0.20 2.07 + 0.17
Leaf area Non-stress 60.93 + 2.63b 62.07 & 2.67b  74.25 + 3.44ab 81.11 £ 3.87ab 83.77 £+ 2.32ab 86.44 + 2.56ab
(sz) control
Stress control 63.97 £ 3.19p 6892 +2.72b  69.68 + 3.19b  70.06 £ 2.80b  71.21 +£2.33b  76.92 + 1.44b
Stress + EBR 82.63 £ 3.26a 8530 + 3.08a  86.06 + 2.89a  88.72 £ 2.44a 88.72 £ 3.7la  89.86 * 2.76a
Stress + DHECD 85.68 4+ 1.78a 87.20 £ 2.24a  89.86 & 2.52a  90.63 + 2.53a  89.10 £ 2.38a  94.05 £ 2.19a

Values of time after heat stress followed with the same letter in the same column are not significantly different at p < 0.05 according to Tukey—
Kramer’s honestly significant difference test. Data are means of five replicates + SE. EBR and DHECD concentrations are 10™* and 1077 M,

respectively
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Table 2 Effects of 24-epibrassinolide (EBR) and 7,8-dihydro-8c.-20-hydroxyecdysone (DHECD) on chlorophyll and carotenoid contents of

‘Pathum Thani 1’ rice under heat stress

Pigment content Treatment Time after heat stress (day)
0 1 3 5 7 re-7
Chlorophyll a content Non-stress 361 £023 3.66 +£0.13 3.57 £0.10a 3.77 £ 0.02a 3.65 £ 0.14a 3.65 £ 0.11a
(mg g~' FW) control
Stress control 350 £0.09 3.86 £ 0.10 3.12 £ 0.11b 2.04 £ 0.09 1.60 £ 0.06c 1.64 + 0.22¢c
Stress + EBR 3.62 £ 040 3.61 £0.10 3.66 +0.13a 3.25 £ 0.11a 297 £ 0.04b 2.49 £+ 0.24b
Stress + DHECD 3.50 £+ 0.11 3.67 £ 0.09 3.72 £ 0.05a 3.37 £ 0.25a 3.02 &£ 0.08b 2.47 £ 0.30b
Chlorophyll 5 content Non-stress 1.12 £ 0.04 098 £ 0.04 099 £0.05a 1.04 &£ 0.01a 1.07 £0.0la 1.36 £ 0.24a
(mg g~' FW) control
Stress control 1.12 £ 0.05 0.94 £ 0.06 0.75 £ 0.03b 0.55 £ 0.05b 0.53 £ 0.05b 0.54 % 0.04c
Stress + EBR 1.09 £ 0.04 094 £ 0.05 0.98 £ 0.05a 091 £ 0.04a 0.92 = 0.05a 0.95 £ 0.01b
Stress + DHECD 1.00 + 0.05 1.02 + 0.03 1.01 + 0.06a 0.90 & 0.09a 0.94 + 0.02a 0.92 + 0.04b
Chlorophyll (a + b) content  Non-stress 474 £020 4.65+0.17 456 £0.15a 4.81 £ 0.0la 4.73 £0.14a 5.01 & 0.35a
(mg g~' FW) control
Stress control 462 £0.14 479 £0.06 3.87 £0.12b 2.59 + 0.14b 2.13 £ 0.02b 2.18 + 0.21b
Stress + EBR 470 £0.02 455+0.12 464 £0.18a 4.16 = 0.14a 3.89 £ 0.07a 3.44 + 0.24a
Stress + DHECD 4.50 + 0.06 4.69 & 0.12 4.74 & 0.10a 4.26 & 0.34a 3.96 & 0.09a 3.39 &+ 0.32a
Total carotenoids content Non-stress 0.82 £0.03 0.78 £0.01 0.80£0.03 0.78 £0.01a 0.76 £ 0.0la 0.62 £ 0.12ab
(mg g_1 FW) control
Stress control 0.81 £0.02 0.86 +0.04 0.68 £0.05 049 +0.02b 047 £ 0.04b 0.43 + 0.06b
Stress + EBR 0.85£0.04 0.79 £0.04 072 £0.02 0.69 +0.03a 0.60 £ 0.02a 0.74 + 0.03a
Stress + DHECD 0.79 £ 0.04 0.81 £ 0.03 0.77 £0.02 0.69 £ 0.06a 0.65 &+ 0.02a 0.73 £ 0.02a

Values of time after heat stress followed with the same letter in the same column are not significantly different at p < 0.05 according to Tukey—
Kramer’s honestly significant difference test. Data are means of five replicates + SE. EBR and DHECD concentrations are 10™* and 1077 M,

respectively

increased A, G, and E and also decreased C; after high tem-
perature stress (Fig. 2). EBR and DHECD had similar effects
with regard to the increase in A and decrease in C; (Fig. 2a, d)
but DHECD increased G, and E more than EBR (Fig. 2b, c).
The DHECD-treated plants had G, and E levels significantly
higher than in the non-stressed control plants after 7 days of
heat stress (Fig. 2b, c). After 7 days of heat stress, the stress
control plants significantly reduced A, G, and E by 17.23,
27.05, and 31.11 %, respectively, of the non-stress control
treatment. The EBR-treated plants increased A, G, and E by
325.41, 240.25, and 235.04 %, respectively, of the stress
control treatment, whereas the DHECD-treated plants
increased A, G, and E by 388.11, 494.75, and 290.16 %,
respectively, of the stress control treatment (Fig. 2a—c).
Moreover, heat stress increased C; by 7.96 % of the non-stress
control treatment. EBR and DHECD decreased C; by 96.54
and 97.85 %, respectively, of the stress control treatment
(Fig. 2d). The plants treated with EBR and DHECD recovered
A and C; to a similar degree as in the non-stress control plants
when the plants were transferred to the normal temperature
regime (Fig. 2a, d). On the other hand, the EBR and DHECD
application resulted in G, and E being higher than in the non-
stress and stress control treatments at the day of recovery
(Fig. 2b, ¢).

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
8a-20-Hydroxyecdysone (DHECD) on the Chlorophyll
Fluorescence Under Heat Stress

High temperature decreased F/Fy,, qp, and @pg;; whereas it
increased F, and gy on all days that the control plants were
exposed to heat stress (Fig. 3). EBR and DHECD utilized
the same activity to alleviate heat stress by an increase in
F,/F, (Fig. 3b) and a reduction in F, and gy on all 7 days
of high temperature stress (Fig. 3a, e). In contrast, EBR
tended to increase g, and ®pg;; more than the DHECD
application (Fig. 3c, d). After plants had been subjected to
a high temperature for 7 days, the stress control plants
decreased F.\/Fp,, qp and ®pgy by 92.14, 39.20, and
36.54 %, respectively, of the non-stress control treatment.
The EBR treatment increased F,/Fy,, ¢, and @pgy; by 5.12,
102.56, and 111.50 %, respectively, of the stress control
treatment, whereas DHECD treatment increased those
parameters by 4.19, 64.15, and 68.50 %, respectively, of
the stress control treatment (Fig. 3b—d). When the stressed
plants were transferred to the normal temperature regime
for 7 days (re-7), there was no significant difference in the
chlorophyll fluorescence parameters between the BR-trea-
ted plants and the non-stress control plants. On the other
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Fig. 2 Effects of 24-epibrassinolide (EBR) and 7,8-dihydro-8a-20-
hydroxyecdysone (DHECD) on change of leaf net CO, assimilation
rate; A (a), stomatal conductance; G, (b), transpiration rate; E (c) and
intracellular CO, content C;; (d) in leaves of ‘Pathum Thani 1’ rice
under heat stress. Vertical dashed line indicates transfer of plants to
normal temperature (30/25 °C day/night) for recovery. Data are
means of five replicates + SE shown by vertical error bars. Means of
each time after heat stress with the same letter are not significantly
different at p < 0.05 according to Tukey—Kramer’s honestly signif-
icant difference test. EBR and DHECD concentrations are 10™% and
10™7 M, respectively

hand, the stress control plants were unable to recover
(Fig. 3).

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
80-20-Hydroxyecdysone (DHECD) on the MDA
Content, H,O, Content, Total Soluble Content,

and Relative Water Content in Leaves of Rice

The rice plants under heat stress had high levels of MDA and
H,0,. The EBR and DHECD treatments significantly
decreased the MDA content for all days that plants were under
heat stress and for the recovery day (Fig. 4a). Moreover, the
EBR and DHECD applications significantly decreased the
H,0, content after the third day of heat stress when compared
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Fig. 3 Effects of 24-epibrassinolide (EBR) and 7,8-dihydro-8a-20-
hydroxyecdysone (DHECD) on change of the minimal fluorescence;
F, (a), the maximal quantum yield of PSII; F,/F, (b), photochemical
quenching; ¢, (¢), quantum efficiency of PSII; ®pgyy (d) and non-
photochemical quenching; gy (e) in leaves of ‘Pathum Thani 1’ rice
under heat stress. Vertical dashed line indicates transfer of plants to
normal temperature (30/25 °C day/night) for recovery. Data are
means of five replicates = SE shown by vertical error bars. Means of
each time after heat stress with the same letter are not significantly
different at p < 0.05 according to Tukey—Kramer’s honestly signif-
icant difference test. EBR and DHECD concentrations are 10™% and
107 M, respectively

with the stress control plants. The EBR-treated and DHECD-
treated plants decreased the H,O, content to approximately the
same values as in the non-stress control at 5 and 7 days after
heat stress (Fig. 4b). High temperature significantly decreased
the total soluble sugar contents of all stress treatments at 1 and
3 days after heat stress. The application of EBR and DHECD
increased the total soluble sugar contents at 5 days after heat
stress by 23.12 and 26.98 %, respectively, of the stress control
treatment and at 7 days after heat stress by 24.39 and 38.01 %,
respectively, of the stress control treatment. Nevertheless, all
treatments which were exposed to high temperature were
unable to increase the total soluble sugar contents after
recovery under the normal environment conditions (Fig. 4c).
When compared with non-stress control plants, heat stress
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Fig. 4 Effects of 24-epibrassinolide (EBR) and 7,8-dihydro-8a-20-
hydroxyecdysone (DHECD) on change of malondialdehyde (MDA)
content (a), H,O, content (b), total soluble sugar content (c), and
relative water content (d) in leaves of ‘Pathum Thani 1’ rice under
heat stress. Vertical dashed line indicates transfer of plants to normal
temperature (30/25 °C day/night) for recovery. Data are means of five
replicates & SE shown by vertical error bars. Means of each time
after heat stress with the same letter are not significantly different at
p < 0.05 according to Tukey—Kramer’s honestly significant differ-
ence test. EBR and DHECD concentrations are 10~° and 10~/ M,
respectively

reduced the RWC in leaves after the third day of heat stress.
The stress control treatment significantly decreased the RWC
by 52.47 % of the non-stress control treatment at 7 days after
high temperature. On the other hand, the EBR and DHECD
treatments increased the RWC by 24.39 and 38.01 %,
respectively, of the stress control treatment (Fig. 4d).

Effects of 24-Epibrassinolide (EBR) and 7,8-Dihydro-
80-20-Hydroxyecdysone (DHECD) Applications
on Rice Seed Set

The percentages of filled seed were calculated after seed
set. The high temperature in the vegetative phase of rice
significantly reduced the filled seed in the stress control
treatment to 51.07 %. The EBR and DHECD applications
resulted in greater numbers of filled seed similar to the
numbers for the non-stress control plants (Fig. 5).
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Fig. 5 Effects of 24-epibrassinolide (EBR) and 7,8-dihydro-8a-20-
hydroxyecdysone (DHECD) applications on percentage of filled seed
of ‘Pathum Thani 1’ rice under heat stress. Data are means of five
replicates = SE shown by vertical error bars. Means with the same
letter are not significantly different at p < 0.05 according to Tukey—
Kramer’s honestly significant difference test. EBR and DHECD
concentrations are 10™% and 1077 M, respectively

Discussion

Brassinosteroids have been reported to counteract heat
stress in several plants (Cao and Zhao 2008; Krishna 2003;
Ogweno and others 2008; Singh and Shono 2005; Wu and
others 2014). A temperature between 44 and 55 °C nor-
mally killed more than 50 % of the plants (Sutcliffe 1977).
A temperature that causes more than 90 % plant death is
known as a lethal heat temperature and in rice, the lethal
heat temperature was 47 °C for 2 h (Katiyar-Agarwal and
others 2003). Dhaubhadel and others (1999) and Singh and
Shono (2005) reported that the foliar application of EBR
induced a basic thermotolerance in rape and tomato. The
current study observed that the application of either
107® M EBR or 1077 M DHECD resulted in rice plants
with decreased amounts of leaf wilting and increase in both
the RWC and leaf greenness at the lethal heat temperature
(Fig. 1). The RWC in leaves has been used to determine
plant water status (Kaur and others 2011). A reduction in
the RWC in the control plants indicated that these plants
had high water loss which caused leaf wilting (Fig. 1a, b).
Moreover, the EBR and DHECD applications inhibited the
decrease in leaf greenness (Fig. 1c). Generally, the leaf
greenness index is linearly correlated with the chlorophyll
contents (Coste and others 2010; Uddling and others 2007).
The results suggested that EBR and DHECD played a role
in the maintenance of chlorophyll in the leaf under lethal
heat stress conditions.

EBR and DHECD produced similar effects in main-
taining high growth as indicated by the shoot fresh weight,
root fresh weight, and leaf area under heat stress (Table 1).
The increase in the shoot and root fresh weights under heat
stress might be explained by the greater water uptake to
those organs after EBR or DHECD application. Moreover,
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the increase in the plant biomass was associated with the
increase in the photosynthetic rate (Dalio and others 2011).
The EBR and DHECD treatments increased the leaf area
before the exposure of plants to high temperature and
maintained a higher leaf area under heat stress (Table 1).
An increase in the leaf area after BR application has been
reported in pigeon pea (Dalio and others 2011), tomato (Yu
and others 2004), and wheat (Shahbaz and others 2008).
The greater leaf area related to the high levels of photo-
synthetic pigments leading to an increase in photosynthesis
(Dalio and others 2011).

High temperature significantly decreased the chloro-
phyll and carotenoid contents in the stress control plants.
The EBR and DHECD treatments maintained the levels of
chlorophyll a, chlorophyll » and the total carotenoids
(Table 2). The application of BRs produced an increase in
the chlorophyll contents which relieved stress effects in
maize (Anjum and others 2011), Cajanus cajan (Dalio and
others 2011), cucumber (Yuan and others 2012), and
eggplant (Wu and others 2014). The chlorophyll contents
in the leaf are one of the constituents used to investigate the
biomass and the photosynthetic rate (Dalio and others
2011) because they provide a common reference system to
qualify plant health (Wittmann and others 2001). The
decrease in the levels of chlorophyll a and b due to heat
stress indicated that high temperature eliminated the light
absorbing capacity because chlorophyll a and b are the
main pigments in the light harvesting complex (Calatayud
and Barreno 2004; Zhu and others 2011). Heat stress also
showed a diminution in the total carotenoid contents
(Table 2). The loss of carotenoids affected the deterioration
of the thermal dissipation capacity in plants under stress
(Calatayud and Barreno 2004). The application of EBR or
DHECD not only maintained higher chlorophyll and
carotenoid contents, but also decreased the MDA and H,O,
production under heat stress (Fig. 4a, b). The enhancement
of the chlorophyll and carotenoid contents was associated
with a decrease in lipid peroxidation and oxidative stress
(Calatayud and Barreno 2004; Kumar and others 2006).

The study clearly demonstrated that high temperature
significantly decreased the net CO, assimilation rate
(Fig. 2a). EBR and DHECD ameliorated heat stress by
maintaining a high net CO, assimilation rate (A) and plants
treated with these recovered A when they were transferred
to the normal temperature condition (Fig. 2a). Singh and
Shono (2005) reported that tomato seedlings treated with
EBR had a photosynthetic rate higher than in untreated
tomato under a high day/night temperature regime of
35/27 °C and EBR application increased the photosyn-
thetic rate when the plants were exposed to 25/20 °C day/
night for 24 h. In this study, the increase in net photo-
synthesis caused by EBR or DHECD application resulted
in an increase in G, (Fig. 2b) and was related to the
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increase in the transpiration rate (Fig. 2c). Furthermore, it
indicated that BR-treated plants had a greater number of
open stomata than in the stress control treatment (Serna and
others 2012). When plants had a greater number of open
stomata, they had a greater chance to allow more CO, into
the leaves (Serna and others 2012). The EBR and DHECD
applications produced a lower intracellular CO, content
than in the stress control treatment (Fig. 2d) indicating that
plants could utilize CO, to increase photosynthesis (Serna
and others 2012; Singh and Shono 2005). In the current
study, the treatments involving EBR or DHECD under heat
stress produced similar effects of A increasing and C;j
decreasing (Fig. 2a, d). DHECD tended to increase G and
E more than EBR (Fig. 2b, ¢), which implied that DHECD
could alleviate heat stress by mainly increasing G which is
one of the stomatal factors. Moreover, we found that
DHECD-treated plants had G and E levels higher than in
the non-stressed control plants at 7 days after heat stress
and also found higher levels of these parameters in plants
subjected to EBR or DHECD treatment at the recovery day
(Fig. 2b, c¢). The results suggested that BRs directly
enhance stomatal opening in rice leaves. This phenomenon
indirectly led to alleviated heat stress because the regula-
tion of stomatal conductance is the main process that plants
use to control the temperature in their leaves (Pospisilova
2003). Therefore, the increase in the levels of G, and E by
treatment with BRs initiated a reduction in the leaf tem-
perature (Janeczko and others 2011). The declination of
A in higher plants is not only caused by stomatal limita-
tions—which include a decrease in stomatal conductance
(Gy), transpiration rate (E), and intracellular CO, content
(C;)—but also by non-stomatal limitations indicated by the
decrease in PSII efficiency (Farquhar and Sharkey 1982;
Neves and others 2008).

Chlorophyll fluorescence is an important characteristic
used to study plant responses to environmental stress
(Rascher and others 2000). Heat stress decreased chloro-
phyll fluorescence parameters including F./Fy, g, and
®pg;; whereas it increased F, and gy (Fig. 3). Normally,
non-stressed plants have F,/F, values around 0.83 and this
value declines when plants are subjected to biotic or abiotic
stress (Bjorkman and Demmig 1987). High temperature
significantly decreased F,/F, in the stress control plants.
However, EBR-treated and DHECD-treated plants main-
tained F,/F,, values around 0.80 on all days under heat
stress (Fig. 3b). The value of F,/F,, was used as an indi-
cator of photoinhibition; the reduction in F,/F,, related to
photodamage of the PSII reaction centers which resulted in
a decreased photosynthetic rate (Calatayud and Barreno
2004). EBR and DHECD application demonstrated the
high level of F\/F,, under heat stress and indicated that
BRs could protect against PSII damage. PSII is the most
sensitive photosynthetic apparatus under high temperature
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conditions (Wu and others 2014). EBR and DHECD uti-
lized the same activity to alleviate heat stress by an
increase in F/Fy, (Fig. 3b). On the other hand, EBR tended
to increase g, and ®pgy more than the DHECD application
(Fig. 3c, d). Photochemical quenching (g,) indicates the
ratio of opened to closed PSII reaction centers (Maxwell
and Johnson 2000). A high g, value showed enhancement
of the reduced consumption rate and ATP production by
non-cyclic electron transport that is associated with an
increase in photosynthesis (Nogués and Baker 2000; Xia
and others 2009). The greater value of g, in EBR-treated
plants than in DHECD-treated plants under heat stress
(Fig. 3c) was related to the higher quantum efficiency of
PSII (®pgyy) in the EBR treatment compared to the DHECD
treatment (Fig. 3d). A high g, value has the benefit of
separation of the electron charge in the reaction center
which causes the high ®pgy; and electron transport rate
(Guo and others 2006). Furthermore, heat stress signifi-
cantly increased the non-photochemical quenching (gn)
(Fig. 3e). The increase in gy was closely associated with
the plant’s ability to get rid of excess energy to protect the
photosynthetic apparatus (Calatayud and Barreno 2004;
Vasil’ev and others 1998). A high gy value in a plant
indicates that the plant has a declination of photosynthetic
rate because gy represents the dissipation of energy that
cannot be utilized for electron transportation in the pho-
tochemical process (Vasil’ev and others 1998). Therefore,
the decrease in gy leads to a reduction in chlorophyll
fluorescence yield (Vasil’ev and others 1998). Using EBR
or DHECD had the same effect of inhibiting the increase of
g~ under heat stress (Fig. 3e). Ogweno and others (2008)
suggested that BR-treated plants protected the PSII from
over-excitation and damage of the thylakoid membrane
from high temperature.

The MDA content reflects oxidative damage which causes
membrane lipid peroxidation (Balestrasse and others 2010).
An increase in lipid peroxidation resulting from heat stress
might damage the scavenging process in the reactive oxygen
species. The high MDA content in the stress control plants
(Fig. 4a) implied that the cell membrane was severely
injured by stress (Genisel and others 2013). The EBR and
DHECD treatments significantly decreased the MDA and
H,0; contents under heat stress (Fig. 4a, b). It was assumed
that BRs induced the antioxidant defensive system in heat
stress (Khripach and others 2000). Moreover, the reduction
of H,O, was one of the reactive oxygen species related to the
increase in photosynthesis because many enzymes in chlo-
roplasts are extremely sensitive to high levels of H,O,. The
inhibition of photosynthetic enzymes by H,O, causes a
decline in CO, fixation (Ogweno and others 2008; Zhou and
others 2004). The current study showed that heat stress
decreased the total soluble sugar content. Treatment with
EBR or DHECD promoted the accumulation of the soluble

sugar content which was one of the osmoprotectants under
heat stress (Fig. 4c) and indicated that BRs improve the heat
resistance system in plants (Wu and others 2014). Generally,
stressed plants accumulate compatible osmolytes, including
sugar, in the cytosol to maintain intracellular osmotic
homeostasis (Elsheery and Cao 2008). The EBR-treated and
DHECD-treated plants increased the relative water content
in leaves more than in the stress control plants (Fig. 4d), and
this might be related to the effect of BRs on water uptake
(Dalio and others 2011).

BRs were reported to increase the yield in many plants
including chickpeas (Ali and others 2007), lettuce (Serna
and others 2012), rice (Cao and Zhao 2008), tomato (Singh
and Shono 2005), and yellow passion fruit (Gomes and
others 2006). We found that the application of EBR and
DHECD produced the same number of filled seed as in the
non-stress control plants whereas the stress control plants
had lower numbers of filled seed (Fig. 5). Singh and Shono
(2005) reported that the high photosynthetic rate related to
the increase in tomato yield. In this study, BR treatment
resulted in a higher net CO, assimilation rate than in the
heat stress control treatment (Fig. 2a). Therefore, EBR and
DHECD might increase the seed set because of the high
level of photosynthesis and biomass accumulation after the
plants were exposed to heat stress.

The results of this study clearly demonstrated that EBR
and DHECD were effective in increasing the photosyn-
thetic rate under heat stress by reducing stomatal and non-
stomatal limitations. Moreover, EBR and DHECD ame-
liorated high temperature stress by decreasing lipid per-
oxidation and increasing the total soluble sugar contents,
biomass, and rice seed set. DHECD—a BR mimic com-
pound—influenced activities that alleviated heat stress as
did EBR. Therefore, both DHECD and EBR were a good
candidate for application in agriculture.
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