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Ferulic acid pretreatment alleviates heat stress in blueberry seedlings
by inducing antioxidant enzymes, proline, and soluble sugars
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Abstract

Heat causes stress in blueberry; therefore, the present study aimed to investigate whether exogenous ferulic acid (FA)
might protect plants against heat stress and to analyze possible mechanisms underlying such protection. Blueberry
(Vaccinium corymbosum) seedlings were pretreated with 0.6 mM FA for 1 d and then kept at normal (25/20 °C) or
elevated (39/30 °C) temperatures for 3 d. One day of FA pretreatment increased transcriptions of genes encoding iron
superoxide dismutase, cytoplasmic copper/zinc superoxide dismutase, guaiacol peroxidase, ascorbate peroxidase, and
glutathione reductase and elevated content of proline and soluble sugars in leaves. When the FA-pretreated blueberries
were exposed to heat, transcriptions of these genes and content of proline and soluble sugars were higher than after heat
treatment alone. Under heat, FA pretreatment also enhanced transcriptions of genes encoding chloroplast copper/zinc
superoxide dismutase, catalase, glutathione peroxidase, monodehydroascorbate reductase, and dehydroascorbate
reductase. This corresponds with increased activities of superoxide dismutase and glutathione peroxidase and is
consistent with elevated content of ascorbate and glutathione in the FA-pretreated and heat-stressed blueberries.
Compared with heat treatment alone, the combination of FA pretreatment and heat enhanced content of endogenous FA,
decreased production of superoxide anion, and content of hydrogen peroxide and malondialdehyde, and also increased
relative water content and osmotic potential in the leaves. Thus, pretreatment with FA mitigated the heat stress in the
blueberries by elevating endogenous FA content, reducing accumulation of reactive oxygen species, and increasing
proline and soluble sugar content.

Additional key words: ascorbate peroxidase, catalase, glutathione reductase, guaiacol peroxidase, malondialdehyde, superoxide
dismutase, Vaccinium corymbosum.

Introduction

The high nutritional and economical values of blueberry
fruits have made this plant important in many countries
including China, where the northern highbush blueberry
is widely cultivated in northern regions and has been
introduced into the southeast (Chen et al. 2012).
However, the optimum temperature of northern highbush
blueberries is 23 - 25 °C (Sun et al. 2007), and a rise in

the temperature of 10 - 15 °C above the optimum often
occurs during summer in China indicating that blue-
berries are subjected to heat stress (Wahid et al. 2007).
Heat stress has adverse effects on plant growth
(Huang and Xu 2008). In addition, heat stress results in
disruption of osmotic and ionic homeostasis (Vinocur and
Altman 2005). Moreover, under heat stress, reactive
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oxygen species (ROS), such as superoxide anion (O,")
and hydrogen peroxide (H,O,), are overproduced in
plants (Almeselmani et al. 2006). The overproduced O,”
and H,0, attack unsaturated fatty acids, thereby
damaging cell membranes (Sairam ez al. 2002). To
eliminate the damage caused by ROS overproduction,
plants have developed antioxidant enzymes including
superoxide dismutase (SOD), catalase (CAT), guaiacol
peroxidase (GPX), glutathione peroxidase (GSH-Px),
ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase
(DHAR), and glutathione reductase (GR) (Cao et al.
2015).

Many phenolic compounds also show antioxidant
activity that leads to ROS elimination (Sevgi et al. 2015).
Endogenous phenolic compounds are accumulated during
thermal stress in watermelon (Rivero et al. 2001).
Pretreatment with cinnamic or p-hydroxybenzoic acids
enhances heat tolerance of cucumber (Dai et al. 2012,

Materials and methods

Two-year-old seedlings of northern highbush blueberry
(Vaccinium corymbosum L. cv. Bluecrop) were grown in
15-cm diameter plastic pots, which were filled with sand.
The seedlings were watered once per day with a nutrient
solution (pH 5.8), which consisted of 2 mM Ca(NO;),,
3 mM KNO;, 0.4 mM KH,PO,, | mM MgSO,, 90 uM
Fe-EDTA-Na,, 45 uM H3;BO;, 10 uM MnSOy, 0.7 uM
ZIISO4, 0.4 lJ.M CUSO4, and 0.07 HM (NH4)2MOO4. The
seedlings were cultivated at day/night temperatures of
25/20 °C, a relative humidity of 75 %, a 12-h photo-
period, and an irradiance of 600 pmol m? s until they
were 50 cm high (Kim et al. 2011). Then, 48 blueberry
seedlings, 8 plants per group, were used to investigate the
optimal concentration of FA that mitigated heat stress
most efficiently. They were watered separately for 1 d
with a nutrient solution containing different
concentrations (0, 0.3, 0.4, 0.5, 0.6, and 0.7 mM) of FA.
Subsequently, the seedlings were exposed to heat at
39/30 °C for 3 d. Based on the results of these
preliminary experiments, 56 blueberry seedlings were
divided into 7 groups (8 plants each group). The leaves of
one group were harvested. Meanwhile, three groups of
seedlings were watered with a nutrient solution that was
supplemented with an optimal concentration (0.6 mM) of
FA, and another three groups were watered with the
nutrient solution only. After one day, the leaves of one
group of FA-pretreated and one group of FA-untreated
seedlings were harvested separately. Sand for planting the
remaining seedlings was rinsed 15 times with water and
3 times with the nutrient solution. Then, two groups of
FA-pretreated blueberry were exposed separately to
normal (25/20 °C) and elevated (39/30 °C) temperatures
for 3 d and named as “FA” and “FA-+heat”, respectively.
Two groups of FA-untreated seedlings were also
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Zhang et al. 2012). Exogenous ferulic acid (FA) is
protective against heat stress in rats (He et al. 2016).
However, pretreatment with FA has not been reported to
mitigate heat stress in plants. Pretreatment with FA
regulates antioxidant enzyme activities and alleviates
dehydration stress in cucumber (Li ef al. 2013); therefore,
we hypothesize that pretreatment with FA might enhance
plants ability to resist heat stress by activating antioxidant
enzymes.

In this study, northern highbush blueberry seedlings
were pretreated with FA and then subjected to heat stress.
Thereafter, the transcriptions of antioxidant enzyme
genes were analyzed. Our aims were to verify whether
exogenous FA alleviates heat stress in plants and whether
such stress alleviation is associated with the regulation of
antioxidant enzymes. Moreover, proline and soluble
sugars play roles in mitigating heat stress (Huang et al.
2015); therefore, their content was also determined.

subjected to the two temperature regimes indicated above
for 3 d, and named as “control” and “heat”, respectively.
The leaves of the four groups of blueberry were collected.
Three biological replicates were performed for each
treatment.

Endogenous FA content was measured at 290 nm
with an Agilent 1200 rapid resolution liquid chromato-
graphy system (Agilent Technologies, Waldbronn,
Germany) following the procedures of Wang et al. (2004)
modified by Wan et al. (2015). Relative water content
(RWC) in leaves was determined according to Barrs and
Weatherley (1962) using 1-cm diameter leaf discs, which
were saturated in water for 5 h. Osmotic potential was
measured by using liquid nitrogen-frozen leaves
according to Bajji et al. (2001). Malondialdehyde (MDA)
content was measured at 450, 532, and 600 nm according
to procedures described by Dhindsa et al. (1981) and
modified by Xu et al. (2008). Rate of O," formation was
measured by using the method of hydroxylamine
oxidation following the procedures of Wan et al. (2015).
Content of H,O, was measured by utilizing o-dianisidine
and peroxidase according to Bernt and Bergmeyer (1974)
as modified by Li et al. (2013).

To estimate iron superoxide dismutase (Fe-SOD),
chloroplast copper/zinc superoxide dismutase (Chl
Cu/Zn-SOD), cytoplasmic copper/zinc  superoxide
dismutase (Cyt Cu/Zn-SOD), CAT, GPX, GSH-Px, APX,
DHAR, MDHAR, and GR gene expressions, total RNA
was extracted from leaves using the method of Yu ef al.
(2016) and then reverse-transcribed to cDNA using a
Quantscript RT kit (Cwbio, Beijing, China). Real-time
quantitative PCR was performed in a 20-mm’ reaction
system containing 10 mm?® of 2x ultra SYBR mixture with
Rox (Cwbio), 2 mm® of template cDNA, and 0.3 mm?® of
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each 5 pmol forward and reverse primers (Table 1
Suppl.). Parameters of PCR included an initial
denaturation step at 95 °C for 10 min followed by
39 cycles at 95 °C for 15 s and at 55 °C for 1 min. Gene
expressions were normalized against corresponding /8S
rRNA expression and calculated by using the 27
comparative threshold (CT) method (Rimando ef al. 2012).

Activity of SOD was determined at 560 nm according
to the method of Hwang ef al. (1999), and 1 unit of
activity is defined as the amount of SOD that inhibits
50 % of nitroblue tetrazolium reduction. Activity of
GSH-Px was measured at 412 nm using H,O, as a
substrate (Xue et al. 2001). Ascorbate (AsA) content was
measured by utilizing 2,6-dichlorophenol (Klein and
Perry 1982). Reduced glutathione (GSH) content was
determined at 412 nm by using 5,5'-dithiobis-

Results

When different concentrations (0, 0.3, 0.4, 0.5, 0.6, and
0.7 mM) of FA were applied to the blueberry seedlings
before the plants were exposed to heat stress, 0.6 mM FA
decreased the content of MDA, O,", and H,0, in leaves
to their lowest values (Fig. 1). Compared with the other
concentrations (0, 0.3, 0.4, 0.5 and 0.7 mM) of FA under
heat stress, 0.6 mM FA reduced MDA content by 22.99,
23.98, 26.78, 28.53, and 10.94 %, respectively; decreased
O," production rate by 57.57, 52.97, 46.24, 58.36, and
49.61 %, respectively; and reduced H,O, content by

(2-nitrobenzoic) acid according to Guri (1983). Protein
content in each enzyme extract was measured at 595 nm
(Bradford 1976).

Proline content was measured at 520 nm following
the procedure of Bates et al. (2013). Soluble sugar
content was determined using anthrone (Yemm and
Willis 1954).

Data were expressed as means + standard errors (SEs)
from three biological replicates. Differences were
analyzed by one-way analysis of variance (ANOVA) and
the least significant difference (LSD) test, and
multivariate statistical analysis was carried out with
principal components analysis (PCA). All statistical
analyses were carried out using SPSS 22.0 for Windows
(UBM Corp., Armonk, NY, USA). P-values of < 0.05
were considered as significant.

30.69, 33.88, 35.37, 36.19, and 29.47 %, respectively.

When the blueberry seedlings were pretreated with
0,0.3,0.4, 0.5, 0.6, and 0.7 mM FA and then subjected to
heat, 0.6 mM FA led to the highest activities of SOD and
GSH-Px (Fig. 1). Compared with 0, 0.3, 0.4, 0.5, and
0.7mM in heat-stressed leaves, pretreatment with
0.6 mM FA increased SOD activity by 28.61, 15.57,
14.03, 8.12, and 5.17 %, respectively; and enhanced
GSH-Px activity by 88.68, 86.55, 64.01, 69.21, and
38.20 %, respectively.
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Fig. 1. Effects of pretreatment with different concentrations of ferulic acid (FA) on MDA content (4), O,” production rate (B),
content of H,O, (C), and activities of SOD (D) and GSH-Px (E) in blueberry leaves under heat stress (39/30 °C for 3 d). Means +

SEs, n=
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3. Values with the different letters are significantly different at P < 0.05 according to the LSD test.



In comparison to FA-untreated blueberries, RWC in
leaves was not changed in the FA-treated seedlings for
1 d, whereas osmotic potential of leaves increased by
9.12 % (Fig. 2). After 4 d, RWC in leaves of the
FA-treated seedlings did not change, and osmotic
potential in leaves was enhanced by 7.7 % in comparison
to untreated ones. In the heat treatment group, RWC and
osmotic potential in leaves were reduced by 20.29 and
3.29 %, respectively, compared with the control group.
When we compared the FA-+heat treatment group with
the heat treatment group, RWC and osmotic potential in
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leaves increased by 18.13 and 3.49 %, respectively.

Compared to the FA-untreated blueberries, content of
endogenous FA in leaves increased by 2.98 % in the
FA-pretreated seedlings after 1 d (Fig. 2). After 4 d,
endogenous FA content in leaves of the FA-pretreated
seedlings and the heat treated groups increased by 1.28
and 1.92 %, respectively, compared with the control
group. In the FA-+heat treatment group compared with the
heat treatment group, endogenous FA content in leaves
was enhanced by 0.63 %.
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Fig. 2. Effects of FA pretreatment and heat stress on relative water content (RWC) (4), osmotic potential (B), endogenous FA content
(C), MDA content (D), O,” production rate (E), and H,O, content (F) in blueberry leaves. Control - treated at 25/20 °C;
FA - pretreated with 0.6 mM FA and treated at 25/20 °C; heat - treated at 39/30 °C; FA+heat - pretreated with 0.6 mM FA and
treated at 39/30 °C. Means + SEs, n = 3. Values with different letters are significantly different at P < 0.05 according to the LSD test.

Content of MDA and H,0, and O, production rate in
leaves were decreased by 11.12, 9.94, and 69.87 %,
respectively, in the FA-pretreated seedlings for 1d in
comparison with the FA-untreated blueberries (Fig. 2).
After 4 d, comparing the FA pretreatment group with the
control group, content of MDA and H,0, in leaves
decreased by 5.87 and 30.72 %, respectively, and O,"
production showed no change. Comparison of the heat
treatment group with the control group reveals content of
MDA, production rate of O,”, and content of H,0,
increased by 10.63, 49.03, and 69.12 %, respectively.
Comparing the FA+heat treatment group with the heat
treatment group, content of MDA, O, production, and

H,0, content decreased by 21.12, 38.10, and 31.79 %,
respectively.

Compared with the FA-untreated blueberries,
transcriptions of Fe-SOD, Cyt Cu/Zn-SOD, GPX, GSH-
Px, MDHAR, and GR in leaves were elevated by 100.8,
40.72, 103.48, 24.36, 22.37, and 89.52 %, respectively, in
the FA-pretreated seedlings for 1 d. At the same time,
transcription of Chl Cu/Zn-SOD was reduced by 13.72 %,
and transcription of CAT, APX, and DHAR did not change
(Fig. 3). After 4 d, transcriptions of Fe-SOD, Cyt Cu/Zn-
SOD, Chl Cu/Zn-SOD, CAT, GPX, GSH-Px, APX,
MDHAR, DHAR, and GR increased by 120.29, 124.63,
182.54,101.16, 91.86, 118.64, 183.71, 88.63, 144.34, and
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151.55 %, respectively, in the FA pretreatment group
compared with the control group. When the heat
treatment group was compared with the control group,
transcriptions of Cyt Cu/Zn-SOD, Chl Cu/Zn-SOD, CAT,
GPX, GSH-Px, APX, MDHAR, DHAR, and GR increased
by 90.74, 266.63, 122.77, 59.05, 24.41, 319.38, 80.78,
172.08, and 139.35 %, respectively; transcription of

Fe-SOD decreased by 15.85 %. Comparing the FA+heat
treatment group with the heat treatment group,
transcriptions of Fe-SOD, Cyt Cu/Zn-SOD, Chl Cu/Zn-
SOD, CAT, GPX, GSH-Px, APX, MDHAR, DHAR, and
GR in leaves were increased by 86.85, 65.34, 50.86,
42.77, 49.39, 46.53, 56.98, 51.28, 47.73, and 58.79 %,
respectively.
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Fig. 3. Effects of FA pretreatment and heat stress on transcriptions of Fe-SOD (A4), Cyt Cu/Zn-SOD (B), Chl Cu/Zn-SOD (C), CAT
(D), GPX (E), GSH-Px (F), APX (G), MDHAR (H), DHAR (1), and GR (J) in blueberry leaves. Means + SEs, n = 3. Values with
different letters are significantly different at P < 0.05 according to the LSD test. For more detail see Fig. 2.
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Compared with the FA-untreated blueberries, SOD
activity in leaves increased by 24.70 % in the
FA-pretreated seedlings for 1 d, and activity of GSH-Px
decreased by 29.46 % (Fig. 4). Compared to the control
group, activities of SOD in the FA pretreatment for 4 d
and heat treatment groups increased by 36.23 and
36.76 %, respectively; activity of GSH-Px was enhanced
by 5.37 % in the FA pretreatment group and reduced by
8.66 % in the heat treatment group. In the FA-+theat
treatment group compared to the heat treatment group,
activities of SOD and GSH-Px in leaves were elevated by
45.89 and 20.00 %, respectively.

Content of AsA decreased by 17.63 % in the
FA-pretreated blueberries for 1 d compared with the
FA-untreated seedlings, but content of GSH was elevated
by 6.45 % (Fig. 4). After 4 d, AsA and GSH content
increased by 2.49 and 13.22 % in the FA pretreated group
and by 13.66 and 10.34 %, respectively, in the heat

FERULIC ACID ALLEVIATES HEAT STRESS

treatment group as compared with the control group.
Compared with the heat treatment group, content of GSH
and AsA in leaves of the FA+heat treatment group were
enhanced by 3.35 and 9.02 %, respectively.

Content of proline and soluble sugars in leaves of the
FA-pretreated blueberries for 1 d were enhanced by 12.93
and 128 %, respectively, compared with the
FA-untreated seedlings (Fig. 4). After 4 d, content of
proline and soluble sugars in leaves increased by 7.69 and
1.75 %, respectively, in the FA pretreatment group
compared with the control group. When comparing the
heat treatment group with the control group, proline
content increased by 14.82 % and soluble sugar content
decreased by 0.38 %. In the FA+heat treatment group,
content of proline and soluble sugars was enhanced by
9.55 and 1.35 %, respectively, compared with the heat
treatment group.
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Fig. 4. Effects of FA pretreatment and heat stress on activities of SOD (4) and GSH-Px (B), content of AsA (C), GSH (D), proline
(E), and soluble sugars (F) in blueberry leaves. Means + SEs, n = 3. At each treatment time, values with different letters are
significantly different at P < 0.05 according to the LSD test. For more detail see Fig. 2.

As shown in the scree plot, three main components
presented as the first three dots from the left were
identified (Fig. 1 Suppl.). The first component (PCl1)
accounted for 60.92 % of the variance, and the second
one (PC2) accounted for 32.61 %. The first two
components explained 93.53 % of the total variation, and

the third component was thus neglected. According to the
loading plot, PC1 provided 13 dominant variables
(transcriptions of GPX, Cyt Cu/Zn-SOD, GR, MDHAR,
CAT, DHAR, APX, and Chl Cu/Zn-SOD; content of FA,
GSH, AsA, and proline; and SOD activity) as positive
values, which were inversely correlated with another
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dominant wvariable (MDA content). For PC2, six
dominant variables (RWC, osmotic potential, content of
soluble sugars, transcriptions of Fe-SOD and GSH-Px,
and GSH-Px activity) were positive values, having an
inverse correlation with three other dominant variables
(content of MDA and H,0,, and O,” production rate).
Simultaneous analysis of the loading and score plots
shows that the FA pretreatment group had a direct

Discussion

As an indicator of stress damage, MDA accumulates
under heat (Huang et al. 2015). Meanwhile, RWC (Jiang
and Huang 2001) and osmotic potential in leaves (Pang
et al. 2013) decrease. In the present study, under day/
night temperatures elevated from 25/20 °C to 39/30 °C,
MDA content in leaves increased, and RWC and osmotic
potential decreased suggesting that a high temperature
had a deleterious effect on water status and caused stress
in the blueberry seedlings. Pretreatment with cinnamic
acid increases RWC in leaves, decreases MDA content,
and alleviates heat stress (Dai et al. 2012). Salicylic acid
treatment enhances osmotic potential and mitigates heat
stress (Khan et al. 2013). In the present study, when the
blueberries were pretreated with 0.6 mM FA and then
exposed to heat stress, MDA content decreased, and
RWC and osmotic potential in leaves increased indicating
that FA improved water status under heat and alleviated
heat stress in the blueberries.

In this study, heat enhanced content of endogenous
FA. Similarly, Cheng et al. (2006) reported that phenolic
acid content increases in heat-stressed wheat. In our heat-
stressed blueberries, endogenous FA content was further
elevated by FA pretreatment. Similarly, pretreatment of
cucumber with cinnamic acid increases its endogenous
content under heat stress (Dai et al. 2012). The enhanced
FA content in the present experiment coincided with the
decreased content of MDA in the FA-pretreated heat-
stressed blueberries. Moreover, PCA results show that
FA content is inversely correlated with MDA content.
These results indicate that FA pretreatment elevated
endogenous FA content thus mitigating following heat
stress.

Under heat stress, an increased MDA content can be
caused by ROS accumulation (Chen ef al. 2012). In the
present study, the heat-stressed blueberries had an
increased O, production rate and H,O, content, which
correlated with enhanced MDA content. Pretreatment
with p-hydroxybenzoic acid causes a decrease in content
of O, and H,0, under high temperature (Zhang et al.
2012). In the present study, the combination of FA
pretreatment and heat reduced O,” and H,0, content in
leaves in comparison to heat treatment alone. This is
consistent with the decreased amount of MDA and the
enhanced RWC in FA-pretreated and heat-stressed leaves
suggesting that pretreatment with FA mitigated heat
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correlation with RWC, osmotic potential, content of
soluble sugars, transcriptions of Fe-SOD and GSH-Px,
and GSH-Px activity. The FA+theat treatment group
correlated with transcriptions of GPX, Cyt Cu/Zn-SOD,
GR, MDHAR, CAT, DHAR, APX, and Chl Cu/Zn-SOD;
content of FA, GSH, AsA, and proline; and SOD activity.
Meanwhile, the heat treatment correlated with content of
MDA and H,0,, and O," production rate.

stress in the blueberries
accumulation.

The O,” is dismutated by SOD (Choudhury et al.
2013). In heat-stressed bluberry leaves, transcription of
Fe-SOD decreased, but transcriptions of Chl Cu/Zn-SOD
and Cyt Cu/Zn-SOD were enhanced; therefore, overall
SOD activity increased. However, the elevated SOD
activity was not consistent with the increased O,”
production rate under the heat treatment. The reason may
be that the generation of O, exceeded the ability of SOD
to dismutate it. By contrast, when the blueberries were
pretreated with FA for 1 d, transcriptions of Fe-SOD and
Cyt Cu/Zn-SOD and activity of SOD increased. Similarly,
application of FA elevates SOD activity in cucumber
seedlings (Li et al. 2013). Caffeic acid pretreatment also
elevates SOD activity thereby decreases O, content and
alleviates chilling stress (Wan et al. 2015). When the
FA-pretreated blueberries were exposed to heat in the
current study, transcriptions of Fe-SOD, Cyt Cu/Zn-SOD,
and Chl Cu/Zn-SOD, and activity of SOD in leaves were
higher than under heat treatment alone. The higher
expressions of Fe-SOD, Chl Cu/Zn-SOD, and Cyt Cu/Zn-
SOD and the elevated activity of SOD were in accordance
with the reduced O, production rate and MDA content in
the FA-pretreated and heat-stressed leaves. These results
suggest that exogenous FA regulated O, content via
increased SOD activity and so mitigated heat stress.

Content of H,O, can be regulated by CAT, GPX,
GSH-Px, or APX (Wan et al. 2015). As a response to
heat stress, transcriptions of CAT, GPX, GSH-Px, and
APX in blueberry leaves increased. Similarly, a previous
study has noted that heat elevates activities of CAT,
GPX, GSH-Px, and APX in cucumber (Dai et al. 2012).
In our study, transcriptions of GPX and GSH-Px
increased in the FA-pretreated seedlings for 1 d. This is
similar to the effect of caffeic acid treatment in enhancing
activities of GPX and GSH-Px in cucumber (Wan et al.
2015). After 4 d, when FA has been rinsing off for 3 d,
transcriptions of GPX and GSH-Px in the FA
pretreatment group remains higher than in the control
indicating that the effects of FA persists. In the current
study, transcriptions of CAT and APX showed no change
in the FA-pretreated blueberries after 1 d but increased
after 4 d. The reason may be that there were gene
interactions for antioxidant enzymes in plants (Yun et al.

by decreasing ROS



1998), and the higher transcriptions of GPX and
GSH-Px in the FA pretreatment group induced
expressions of CAT and APX. Pretreatment with paraquat
enhances activities of CAT, GPX, GSH-Px, and APX in
cucumber thereby reduces H,O, content and mitigates
heat stress (Gao et al. 2011). In the FA-pretreated and
heat-stressed blueberry seedlings, transcriptions of CAT,
GPX, GSH-Px, and APX were higher than in the seedlings
treated with heat alone, which is in agreement with the
elevated activity of GSH-Px and the lower content of
H,0, and MDA. Moreover, the PCA results reveal that
transcription of GSH-Px and activity of GSH-Px were
inversely correlated with H,O, content. These results
indicate that exogenous FA decreased H,O, content and
alleviated heat stress via increased activities of CAT,
GPX, and APX, and especially via GSH-Px activity.

In the ascorbate-glutathione cycle, GR regenerates
GSH, and GSH-dependent DHAR and/or NADH-
dependent MDHAR reproduces AsA. The resulting GSH
and AsA not only act as substrates for APX action but
also lead to ROS detoxification attributed to a reduction
in MDA (Lin et al. 2011). Under heat, transcriptions of
GR, DHAR, and MDHAR were enhanced in the present
study, and this may represent a response to stress
conditions. Similarly, transcriptions of GR, DHAR, and
MDHAR increase by a low temperature (Baek and
Skinner 2003). p-Hydroxybenzoic acid regulates GR,
DHAR, and MDHAR activities and mitigates heat stress
in cucumber (Zhang et al. 2012). In the FA+heat
treatment, in comparison with the heat treatment alone,
transcriptions of GR, DHAR, and MDHAR were
enhanced, which was supported by the increased content
of GSH and AsA and coincided with the reduced content
of MDA. These results suggest that GR, DHAR, and
MDHAR played a role in FA pretreatment-associated
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