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ABSTRACT. To elucidate how physiological and biochemical
mechanisms of chilling stress are regulated by abscisic acid (ABA)
pretreatment, pepper variety (cv. ‘P70’) seedlings were pretreated
with 0.57 mM ABA for 72 h and then subjected to chilling stress at
10°/6°C (day/night). Chilling stress caused severe necrotic lesions on
the leaves and increased malondialdehyde and H,O, levels. Activities
of monodehydroascorbate reductase (DHAR), dehydroascorbate
reductase, glutathione reductase, guaiacol peroxidase, ascorbate
peroxidase, ascorbate, and glutathione increased due to chilling stress
during the 72 h, while superoxide dismutase and catalase activities
decreased during 24 h, suggesting that chilling stress activates the
AsA-GSH cycle under catalase deactivation in pepper leaves. ABA
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pretreatment induced significant increases in the above-mentioned
enzyme activities and progressive decreases in ascorbate and
glutathione levels. On the other hand, ABA-pretreated seedlings
under chilling stress increased superoxide dismutase and guaiacol
peroxidase activities and lowered concentrations of other antioxidants
compared with untreated chilling-stressed plants. These seedlings
showed concomitant decreases in foliage damage symptoms, and
levels of malondialdehyde and H,O,. Induction of Mn-SOD and
POD was observed in chilling-stressed plants treated with ABA. The
expression of DHARI and DHAR2 was altered by chilling stress,
but it was higher in the presence than in the absence of ABA at 24
h. Overall, the results indicate that exogenous application of ABA
increases tolerance of plants to chilling-induced oxidative damage,
mainly by enhancing superoxide dismutase and guaiacol peroxidase
activities and related gene expression.

Key words: Abscisic acid; Antioxidant system; Chilling stress;
Gene expression; Capsicum annuum L.

INTRODUCTION

Temperature plays a critical role in plant growth. Low or high temperature stress is
frequent throughout the year. Some high-value vegetable crops of tropical or subtropical ori-
gin, such as the pepper plant (Capsicum annuum L.), are sensitive to cold temperatures. The
optimum temperature for the growth of pepper ranges between 21° and 27°C, and growth is
retarded below 12°C and above 30°C (Korkmaz et al., 2010). Chilling stress affects a multitude
of physiological and biochemical processes, causing poor germination, slow growth, discolor-
ation or yellowing, withering, necrotic lesions, and membrane disintegration. Chilling stress is
also manifested as an oxidative stress mediated by reactive oxygen species (ROS). The accu-
mulation of ROS has been proposed to damage the morphological structure and physiological
metabolism of plants. To keep excess ROS under homeostatic control, plants have antioxidative
enzymes and metabolites, including superoxide dismutase (SOD), catalase (CAT), guaiacol
peroxidase (POD), ascorbate peroxidase (APX), glutathione reductase (GR), dehydroascorbate
reductase (DHAR), and monoDHAR (MDHAR), as well as antioxidants, such as reduced glu-
tathione (GSH) and ascorbate (AsA). Chilling injury has been shown to lead to cellular stress
and oxidation of cellular components such as the AsA pool (Hodges et al., 2004).

AsA is a crucial antioxidant in plant cells that acts either directly as a free radical
scavenger or indirectly as an electron donor to APX during the enzymatic reduction of H,O,.
The AsA-GSH cycle includes the cooperative enzymes APX, MDHAR, DHAR, and GR. The
majority of earlier experiments have focused mostly on the activity of the enzymes involved in
the AsA-GSH cycle during abiotic stresses (Selote and Khanna-Chopra, 2006; Stevens, 2008).
The increase in MDHAR activity contributes to chilling tolerance in tomato fruit (Stevens,
2008). Recently, the overexpression of a DHAR gene has been shown to increase AsA levels
and enhance cold tolerance in tobacco (Le Martret et al., 2011). However, studies of this kind
have been limited thus far in horticultural crops (Li et al., 2010).

Genetics and Molecular Research 11 (4): 4063-4080 (2012) ©FUNPEC-RP www.funpecrp.com.br



ABA regulates the mechanism of chilling stress in pepper 4065

Abscisic acid (ABA), as a stress signal, enhances the tolerance of plants to several
environmental stresses, including low temperature (Verslues and Zhu, 2005), salt (Bellaire et
al., 2000), and drought (Ma et al., 2008). The increased tolerance is partly due to an enhanced
antioxidant defense system that includes SOD, CAT, APX, and GR (Bellaire et al., 2000), and the
AsA and GSH, which prevent the accumulation of ROS (Jiang and Zhang, 2002). Stylosanthes
guianensis seedlings pretreated with ABA show increased chilling tolerance via increases in
SOD activity and AsA and GSH levels, which provide little information about how AsA-GSH
metabolism (e.g., APX, MDHAR, DHAR, and GR) regulates the scavenging of excess ROS
(Zhou et al., 2005). ABA-mediated upregulation of genes such as APX, MDHAR, GR, and DHAR
in Arabidopsis thaliana is involved in ROS scavenging through the AsA-GSH cycle, and ABA-
mediated AsA accumulation appear to be regulated by enhanced recycling at the transcriptional
level (Ghassemian etal., 2008). However, little knowledge exists about whether ABA pretreatment
enhances the tolerance of plants to chilling stress via AsA-GSH metabolism. Moreover, no
specific information is available regarding the effects of chilling stress on antioxidants (AsA and
GSH) and how relevant ROS-scavenging enzymes regulate the regeneration of AsA in pepper.
Therefore, to understand the tolerance mechanism of pepper seedlings under chilling stress, we
investigated the effects of exogenous ABA on lipid peroxidation, H,O,, total antioxidant activity,
and specific activities of key enzymes of AsA-GSH metabolism in pepper seedlings. Additionally,
the effect of ABA and chilling stress on the expression of the genes Mn-SOD, POD, DHARI,
and DHAR?2 was analyzed using quantitative real-time polymerase chain reaction (QRT-PCR).

MATERIAL AND METHODS
Plant material, ABA treatments, and induced chilling stress

‘P70’ is a typical pepper cultivar that is fairly tolerant of low temperatures. Seeds of
cv. ‘P70’ peppers obtained from Northwest A & F University (Yangling, China) were soaked
in warm water (50°-60°C) for approximately 20 min to promote germination. The seeds were
rinsed twice every 24 h and then placed on moist gauze in an incubator (25°-28°C and 60-80%
relative humidity in darkness).

When the seeds were at least 80% germinated, they were sown at a depth of 1.0 cm into
9-cm-deep plastic pots filled with growth medium consisting of grass charcoal and perlite in a
ratio of 3:1. The seedlings were watered regularly with tap water and kept in a growth chamber at
25°+ 1°C/18° £+ 1°C (day/night) with a 12-h light (20,000 1x) and 12-h dark cycle per day. When
the seedlings had developed 6-8 true leaves (approximately 45 days after planting), half of the
seedlings were sprayed with freshly prepared 0.57 mM ABA solution until both sides of the leaves
were completely wet; the other half was sprayed with distilled water from 0900 to 1000. For foliar
application, 0.5% Tween-20 was added to the ABA solution to increase adherence. Three days
after foliar application, the plants were subjected either to chilling stress at 10°/6°C (day/night)
under a 5500-Ix light or to room temperatures at 25°/18°C (day/night) under a 20,000-1X light.

Therefore, the plants were submitted to 4 treatments: CK (not pretreated with ABA
and not exposed to chilling stress); ABA (pretreated with ABA and not exposed to chilling
stress); chilling (not pretreated with ABA and exposed to chilling stress), and ABA + chilling
(pretreated with ABA and exposed to chilling stress). The treatments were repeated 4 times
with 12 plants in each group, and all treatments were arranged in a randomized complete block
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design. All plants were assessed 48 h after the end of 48 h of chilling stress to determine the
extent of chilling injury. To evaluate the change in metabolism at various times during the
chilling treatment (0, 1, 3, 6, 12, 24, 48, 72, and 120 h), samples of upper, fully expanded
leaves were ground with liquid nitrogen for experimentation.

Determination of visual damage

All plants were visually examined to determine the extent of chilling damage and
classified using the following scale: none, no visible symptoms; slight, small necrotic areas
on the shoots but no growth restrictions (<5% of the leaf area was necrotic); moderate, well-
defined necrotic areas on shoots (5-25% of the leaf area was necrotic); severe, extensive ne-
crotic areas and severe growth reduction (26-50% of the leaf area was necrotic but the plant
was still alive), and killed, the entire plant was necrotic and collapsed. By assigning values of
1,2, 3,4, and 5, respectively, to each group, the average chilling injury (CI) for each treatment
was calculated using the following formula (Korkmaz et al., 2010):

CI index = Y [(CI level) x (number of plants at the CI level)] / total number of plants
in the treatment.

Determination of lipid peroxidation [malondialdehyde (MDA)]

The amount of lipid peroxidation product on the chloroplastic membranes was es-
timated by measuring the amount of MDA produced by the thiobarbituric acid reaction ac-
cording to the methods described by Dhindsa et al. (1981), with some modifications. The
crude extract was mixed with the same volume of a 0.5% (w/v) thiobarbituric acid solution
containing 5% (w/v) trichloroacetic acid. The mixture was heated at 100°C for 15 min, cooled
quickly, and centrifuged at 10,000 rpm for 10 min. The supernatant was used to measure the
absorbance at 532, 600, and 450 nm. The MDA concentration was calculated according to the
following formula: [MDA] = 6.45 x (A532 - A600) - 0.56 x A450.

Determination of hydrogen peroxide (H,0,) level

H,O, level was measured according to the method of Mukherjee and Choudhuri
(1983), with some modifications. Samples of the leaves were cut from the pepper seedlings
and immediately ground with liquid nitrogen. Then, 1.0 g ground powder was homogenized
in 2 mL cold (-20°C) acetone and centrifuged at 12,000 rpm for 10 min at 4°C. One milliliter
of the supernatant was mixed with 0.2 mL NH, and 0.1 mL 95% (v/v) HCI containing 20%
(v/v) TiCl,. After being centrifuged again, the sediment was washed twice with cold (-20°C)
acetone to make the pigment disappear. The mixture was then centrifuged at 6000 rpm for 5
min at 4°C, and the resulting sediment was dissolved in 3 mL 2 M H,SO,. The absorbance of
the resulting solution was measured at 410 nm, and the level of H,O, in the leaves was calcu-
lated with an H,O, solution-derived standard curve.

Extraction of metabolites of the AsA-GSH cycle

Lyophilized leaf powder (1.00 g) was ground in a mortar and homogenized with 5 mL
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ice-cold extraction buffer [S0 mM potassium phosphate buffer, pH 7.6, 5 mM ethylenediami-
netetraacetic acid (EDTA), 5 mM AsA, and 4% polyvinylpyrrolidone]. The homogenate was
centrifuged at 13,000 rpm for 20 min at 4°C. The supernatant fraction was used as a crude
extract for enzyme activity assays. All operations were carried out at 4°C.

APX activity was determined by monitoring the decrease in absorbance at 290 nm for
1 min as AsA was oxidized [extinction coefficient of 2.8 mM/cm (Nakano and Asada, 1981)].
The reaction mixture (1.5 mL) contained 50 mM phosphate buffer, pH 7.0, 0.1 mM EDTA, 0.5
mM AsA, 1 mM H,0,, and 40 puL enzyme extract. The reaction was initiated by adding H,O,,
and the results are reported as mM H,O,-min"-g"' fresh weight (FW).

MDHAR activity was assayed by monitoring the decrease in absorbance at 340 nm
owing to reduced nicotinamide adenine dinucleotide (NADH) oxidation [extinction coef-
ficient of 6.2 mM/cm (Arrigoni et al., 1981)]. The 1-mL assay solution contained 50 mM
HEPES-KOH, pH 7.6, 2.5 mM AsA, 0.1 mM NADH, 0.5 U AsA oxidase, and 100 pL en-
zyme extract. The reaction was initiated by adding AsA oxidase, and the results are reported
as mmol NADH'min"-g"' FW.

DHAR activity was determined by monitoring the increase in absorbance at 265 nm
owing to AsA formation [extinction coefficient of 14 mM/cm (Nakano and Asada, 1981)]. A
1.5-mL reaction solution contained 50 mM phosphate buffer, pH 7.0, 2.5 mM GSH, 0.1 mM
EDTA, 0.2 mM dehydroascorbate (DHA), and 60 pL enzyme extract. The reaction was initi-
ated by adding DHA, and the results are reported as mmol AsA-min"'-g! FW.

GR activity was assayed by monitoring the decrease in absorbance at 340 nm ow-
ing to reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidation [extinction
coefficient of 6.2 mM/cm (Schaedle, 1977)]. The 1-mL reaction mixture contained 50 mM
phosphate buffer, pH 7.6, 0.4 mM EDTA, 0.2 mM NADPH, 0.5 mM oxidized GSH (GSSG),
and 75 pL enzyme extract. The reaction was initiated by adding NADPH, and the results are
reported as mmol NADPH-min!-g! FW.

Determination of AsA and GSH levels

AsA was measured according to the method described by Logan et al. (1998). Briefly,
leaves (0.3 g) were homogenized with 0.9 mL ice-cold 6% HCIO, and centrifuged at 12,000
rpm for 20 min at 4°C. The extract (100 uL) was neutralized with 20 uL. 1.5 M Na,CO,; to
raise the pH to 1-2. AsA was calculated spectrophotometrically at 265 nm in 200 mM sodium
acetate buffer, pH 5.6, before and after a 15-min incubation with 1.5 U AsA oxidase.

Reduced GSH and GSSG were measured according to the method described by
Griffith (1980), with minor modification. Leaves weighing 0.2 g were ground with 0.6
mL 5% sulfosalicylic acid and centrifuged at 12,000 rpm for 20 min at 4°C. For total
GSH measurement, the reaction solution contained 200 pL 0.5 M sodium phosphate buf-
fer (6.3 mM EDTA, pH 7.5), 560 uL 10 mM EDTA, 100 uL. 6 mM DTNB (5,5'-dithiobis
2-nitrobenzoic acid) dissolved in phosphate buffer, 100 pL 2.1 mM NADPH, and 20 pL
supernatant. The reaction was initiated by adding 1 U GR and measured at 412 nm. For
GSSG measurement, 20 pL supernatant was mixed with 200 pL phosphate buffer and 4
pL 2-vinylpyridine and incubated at 25°C for 30 min to remove GSH via derivatization.
GSSG was assayed as described above for the total GSH. GSH was determined by sub-
tracting GSSG from the total GSH content.
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Extract preparation for antioxidative enzymes

Lyophilized leaf (1.00 g) powder was ground in a mortar and homogenized with 5 mL
ice-cold extraction buffer (100 mM potassium phosphate buffer, pH 7.5, 1 mM EDTA, and 4%
polyvinylpyrrolidone). The homogenate was centrifuged at 13,000 rpm for 20 min at 4°C. The
supernatant fraction was used as a crude extract for enzyme activity assays. All procedures
were carried out at 4°C.

Total SOD activity was assayed by monitoring the inhibition of the photochemical
reduction of nitroblue tetrazolium (NBT) according to the method described by Giannopolitis
and Ries (1977), with minor modification. A 1-mL reaction mixture contained 50 mM potas-
sium phosphate buffer, pH 7.8, 6.5 mM methionine, 50 uM NBT, 20 uM riboflavin, 10 uM
EDTA, and 55 pL enzyme extract. The reaction mixture without enzymes was used as a con-
trol. All of the reaction mixtures in the small test tubes were mixed well in the dark and then
irradiated for 5 min at 600 umol-m?s*! photon flux density. The absorbance was measured
at 560 nm, and the absorbance of the reaction mixture without enzymes and irradiation was
subtracted from each of the samples. One unit of SOD activity was defined as the amount of
enzyme required to inhibit 50% of the NBT photo reduction at 560 nm.

Total CAT activity was determined by monitoring the decrease in absorbance at 240
nm owing to the decomposition of H,O, [extinction coefficient of 39.4 mM/cm (Aebi, 1984)].
The 1-mL reaction mixture consisted of 50 mM potassium phosphate buffer, pH 7.0, 10 mM
H,0O, (freshly prepared), and 50 uL enzyme extract. The reaction was initiated by adding H,0,,
and the results are reported as umol H,O,-s™-g" FW.

Total POD activity was assayed by monitoring the increase in absorbance at 470 nm
owing to guaiacol oxidation [extinction coefficient of 26.8 mM/cm (Hammerschmidt et al.,
1982)]. The 1-mL reaction mixture contained 50 mM sodium phosphate buffer, pH 7.0, 10
mM H,O,, 10 mM guaiacol, and 50 pL enzyme extract. The reaction was initiated by adding

272

H,O,, and the results are reported as pmol H,0,'s"-g"' FW.

272

RNA extraction and qRT-PCR for gene expression analysis

Total RNA was isolated from pepper leaves with ABA and distilled water spray us-
ing the TRIZOL reagent (Invitrogen, USA) according to manufacturer instructions. The con-
centration of total RNA was measured spectrophotometrically using a NanoDrop instrument
(Thermo Scientific NanoDrop 2000C Technologies, Wilmington, USA), and the purity was
assessed using the A, /A . and A /A, ratios provided by NanoDrop.

Reverse transcription was carried out using a PrimeScript™ first-strand complementary
DNA (cDNA) Synthesis Kit (TaKaRa, Japan). qRT-PCR was performed with an iCycler
iQ™ Multicolor PCR Detection System (Bio-Rad, Hercules, CA, USA). qPCR was carried
out with cDNA in triplicate on 96-well plates using SYBR® Premix Ex Taq™ II (TaKaRa).
Each reaction (20 pL) consisted of 10 uL SYBR® Premix Ex Taq™ II, 2 uL diluted cDNA,
and 0.4 uM forward and reverse primers. qPCR cycling conditions were as follows: 95°C
for 1 min and 45 cycles of 95°C for 15 s, 54°C for 20 s, and 72°C for 30 s. Fluorescence
data were collected during the 54°C step. As reference genes, expression of beta tubulin and
ubiquitin-conjugating protein was used for pepper (Wan et al., 2011). The accessions and
primer sequences were: POD (FJ596178.1; forward, 5'-GCAGCATTCCTCCTCCTACT-
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3", reverse, S-ATTTCTTTGCCTTGTTGTTG-3"); Mn-SOD (AF036936.2; forward, 5'-CT
CTGCCATAGACACCAACTT-3'; reverse, 5'-CCAAGTTCGGTCCTTTAATAA-3"); DHARI
(AY971873; forward, 5'-TATCAATGGGCAGAATGTTT-3"; reverse, 5'-TCTCTTCAGCCTT
GGTTTTC-3"); DHAR2 (AY971874; forward, 5'-CCAAACCTCCGCTGACAAC-3'; reverse,
5'-AATCAGCAGCAGATACCTCAT-3"); beta tubulin (EF495259.1; forward, 5'-GAGGGTGA
GTGAGCAGTTC-3"; reverse, 5'-CTTCATCGTCATCTGCTGTC-3"), and ubiquitin-conju-
gating protein (AY486137.1; forward, 5'-TGTCCATCTGCTCTCTGTTG-3'; reverse, 5'-CAC
CCCAAGCACAATAAGAC-3"). Relative quantification of gene expression was calculated
with the Delta-Delta Ct method.

Statistical analysis

Values are reported as means =+ standard error. Data were analyzed using analysis of
variance (SAS 8.2, North Carolina State University, USA) and mean separation was analyzed
using the least significant difference. The P value <0.05 was considered to be significant.

RESULTS

Effect of ABA on visual symptoms of pepper leaf damage during chilling stress

ABA was effective in reducing visual symptoms of damage to pepper seedlings sub-
jected to chilling stress (Table 1). After 2 days of exposure, ABA-treated seedlings were slightly
damaged (<5% of the leaf area was necrotic), whereas untreated plants exhibited typical chill-
ing injury symptoms at moderate to severe levels (>25% of the leaf area was necrotic). Some
leaves treated with distilled water displayed significant withering. However, some of the leaf
tips from the ABA treatment group were only curled, and some even remained fully expanded.

Table 1. Effect of abscisic acid (ABA) applications on the degree of visual damage of pepper seedlings sub-
jected to chilling stress.

Treatments Visual damage index
ABA-+chilling 1.73 £0.20°
Chilling 3.50 £ 0.26

Values are reported as means = SE (N = 8). Means followed by different superscript letters are significantly different
at P < 0.05 according to the least significant difference (LSD) test.

Effect of ABA on MDA and H,0, levels in pepper leaves under chilling stress

Significant increases in the MDA (Figure 1A) and H,O, (Figure 1B) levels were ob-
served owing to chilling stress (except at 120 h), which reached 188 and 122%, respectively,
of the control group levels at 6 h (P < 0.05). ABA pretreatment also increased the MDA (ex-
cept at 3 h) and H,O, (except at 120 h) levels in the non-stressed seedlings. However, com-
pared with plants treated with chilling, the ABA-pretreated seedlings showed reduced MDA
and H,O, levels when exposed to chilling stress, especially at 3 h (P <0.05). The chilling stress
significantly increased MDA and H,0O, levels of pepper leaves, whereas exogenous ABA dis-
tinctly decreased them.
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Figure 1. Time course of changes in malondialdehyde (MDA) (A) and H,O, (B) levels in pepper leaves. Seventy-
two hours after application of 0.57 mM abscisic acid (ABA) by foliar spray, the plants were subjected to chilling
stress at 10°/6°C (day/night). The plants were submitted to four treatments: CK = untreated; Chilling = chilling
stress; ABA = pretreated with 0.57 mM ABA; ABA + Chilling = pretreated with 0.57 mM ABA and chilling stress.
The plants were harvested 3, 6, 12, 24, 48, 72, and 120 h after the start of chilling stress. The values indicate means
+ SE. Means denoted with different letters are significantly different at P < 0.05 according to the least significant
difference (LSD) test. FW = fresh weight.

Effect of ABA on metabolites of the AsSA-GSH cycle in pepper leaves under chilling stress

The GR (Figure 2A), DHAR (Figure 2B), and MDHAR (Figure 2C) activities fol-
lowed the same general trend throughout the experimental period during chilling treatments,
i.e., they increased up to 12 or 24 h and then decreased, implying that the AsA-GSH cycle
plays a positive role in mitigating chilling stress within a certain range. Compared to the CK
group, the group treated with chilling stress and ABA pretreatment displayed elevated GR,
DHAR, and MDAHR activities. The activities of these enzymes in the chilling-stressed plants
were 28, 70, and 37% higher, respectively, than that of CK at 12 h. The GR and MDAHR
activities of plants treated with chilling stress were higher than those in the ABA + chilling
treatment group, indicating that the effects of both exogenous ABA and chilling stress on the
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GR and MDAHR enzymes were simply not correlated. DHAR activity of the ABA + chilling
treatment group was lower (P < 0.05) at 12 h than that of the chilling-stressed group, but with
an increase in time about 24 h it became higher.
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Figure 2. Time course of total glutathione reductase (GR) (A), dehydroascorbate reductase (DHAR) (B) and
monoDHAR (MDHAR) (C) activities in the leaves of pepper plants. Seventy-two hours after application of 0.57 mM
abscisic acid (ABA) by foliar spray, the plants were subjected to chilling stress at 10°/6°C (day/night). The plants were
submitted to four treatments: CK = untreated; Chilling = chilling stress; ABA = pretreated with 0.57 mM ABA; ABA
+ Chilling = pretreated with 0.57 mM ABA and chilling stress. The plants were harvested 3, 6, 12, 24, 72, and 120 h
after the start of chilling stress. The values indicate means + SE. Means denoted with different letters are significantly
different at P < 0.05 according to the least significant difference (LSD) test. FW = fresh weight.
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Compared with controls, plants under chilling stress displayed increased AsA (except
at 3 h) and GSH levels throughout the experimental period, whereas ABA pretreatment lowered
AsA (except at 6 h) and GSH levels. Treatment in the ABA + chilling group increased AsA and
GSH to levels lower than those of chilling treatment alone. These results indicate that the en-
hancement of AsA and GSH levels is correlated with both exogenous ABA and chilling stress.
The chilling-induced increases in AsA and GSH levels were nearly 180% at 12 h and 170% of
those of both control and ABA-pretreated plants at 6 h. Regardless of ABA or distilled water
pretreatment after chilling stress for 72 h, the level of GSH/GSSG (Figure 3C) was significantly
increased relative to that of CK, showing that the pepper seedlings became more tolerant (this
result was in line with the above-mentioned trends of MDA and H,0, levels; Figure 1A and B).
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Figure 3. Time course of ascorbate (AsA) (A) and glutathione (GSH) (B) levels and the GSH/GSSG (C) ratio in
the leaves of pepper plants. Seventy-two hours after application of 0.57 mM abscisic acid (ABA) by foliar spray,
the plants were subjected to chilling stress at 10°/6°C (day/night). The plants were submitted to four treatments:
CK =untreated; Chilling = chilling stress; ABA = pretreated with 0.57 mM ABA; ABA + Chilling = pretreated with
0.57 mM ABA and chilling stress. The plants were harvested 3, 6, 12, 24, 72, and 120 h after the start of chilling
stress. The values indicate means + SE. Means denoted with different letters are significantly different at P < 0.05
according to the least significant difference (LSD) test. FW = fresh weight.
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Effect of ABA on antioxidant enzyme activities in pepper leaves under chilling stress

The time course of total SOD activity in leaves showed a transient decrease at 12
h and then an increase until the end of the experimental period in 3 treatments (Figure 4).
Compared to that of CK, SOD activity decreased during 24 h of chilling treatment, whereas
ABA pretreatment elevated SOD activity. Moreover, the SOD activity from chilling stress
was lower than that in the ABA + chilling group. SOD activity in both the ABA-pretreated
and the ABA + chilling plants was 36 and 30% higher than that of chilling-stressed plants at
3 h. Therefore, exogenous ABA enabled cv. ‘P70’ seedlings to increase SOD activity during
exposure to both normal and low temperatures.
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Figure 4. Time course of the total superoxide dismutase (SOD) activity in the leaves of pepper plants. Seventy-two
hours after application of 0.57 mM abscisic acid (ABA) by foliar spray, the plants were subjected to chilling stress at
10°/6°C (day/night). The plants were submitted to four treatments: CK = untreated; Chilling = chilling stress; ABA
= pretreated with 0.57 mM ABA; ABA + Chilling = pretreated with 0.57 mM ABA and chilling stress. The plants
were harvested 3, 6, 12, 24, 72, and 120 h after the start of chilling stress. The values indicate means + SE. Means
denoted with different letters are significantly different at P <0.05 according to the least significant difference (LSD)
test. FW = fresh weight.

Time courses of the total POD, CAT, and APX activities in the leaves of the pepper
plants are shown in Figure 5. POD activity in chilling-stressed plants reached a maximum at 6
h and then abruptly decreased until the end of the experimental period. Chilling stress elevated
APX activity throughout the experimental period and CAT activity after 48 h relative to that
of CK. Exogenous ABA significantly (P < 0.05) increased CAT and APX activities. The com-
bination of ABA pretreatment and chilling stress resulted in the highest POD enzyme activity
but lower CAT (except at 3 h) and APX activities than those in chilling-stressed plants during
the entire study. Moreover, the POD activity of ABA + chilling plants was approximately 55%
(at 12 h) and 28% (at 48 h) higher (P < 0.05) than that in plants treated with chilling. Thus,
we infer that ABA induced CAT and APX activities at normal temperatures but not at low
temperatures.
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Figure 5. Time courses of the total guaiacol peroxidase (POD) (A), catalase (CAT) (B) and ascorbate peroxidase
(APX) (C) activities in the leaves of pepper plants. Seventy-two hours after application of 0.57 mM abscisic
acid (ABA) by foliar spray, the plants were subjected to chilling stress at 10°/6°C (day/night). The plants were
submitted to four treatments: CK = untreated; Chilling = chilling stress; ABA = pretreated with 0.57 mM ABA;
ABA + Chilling = pretreated with 0.57 mM ABA and chilling stress. The plants were harvested 3, 6, 12, 24, 48, 72,
and 120 h after the start of chilling stress. The values indicate means + SE. Means denoted with different letters
are significantly different at P < 0.05 according to the least significant difference (LSD) test. FW = fresh weight.

Effect of ABA on antioxidant gene expression in pepper leaves under chilling stress

To analyze the molecular mechanisms underlying ABA-induced chilling stress toler-
ance, we performed qRT-PCR analysis of stress-responsive genes (Figure 6). In this study,
chilling stress for 0 h was used as a control. Compared to the control, chilling stress for 3 h
triggered the expression of Mn-SOD, POD, DHARI, and DHAR?2 genes significantly and,
conversely, inhibited the expression of these genes when chilling stress was induced for 12
h. The ABA + chilling plants showed greater expression of Mn-SOD, POD genes than that in
chilling-stressed plants throughout the experimental period (Figure 6A and B). Compared to
plants treated with chilling, plants treated with ABA + chilling (Figure 6C and D) displayed
significantly higher transcript levels of DHARI and DHAR? at 0-1 h that lowered abruptly at
3-6 h before becoming distinctly higher again after 24 h. Notably, exogenous ABA upregu-
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lated DHARI and DHAR?2 expression in pepper seedlings under chilling stress for 24 h. The
highest expression level of Mn-SOD, POD, DHARI, and DHAR2 were 5.01, 3.41, 3.07, and
2.27 times higher, respectively, than levels in the chilling-stressed plants.
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Figure 6. Time courses of Mn-SOD (A), POD (B), DHARI (C), and DHAR2 (D) gene expression in the leaves of
pepper plants. Seventy-two hours after application of 0.57 mM abscisic acid (ABA) by foliar spray, the plants were
subjected to chilling stress at 10°/6°C (day/night). The plants were submitted two treatments: Chilling = chilling
stress; ABA + Chilling = pretreated with 0.57 mM ABA and chilling stress. The plants were harvested 0, 1, 3, 6, 12,
24, and 48 h after the start of chilling stress. The values indicate means + SE. Means denoted with different letters
are significantly different at P < 0.05 according to the least significant difference (LSD) test.
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DISCUSSION
Effect of ABA on visual symptoms of pepper leaf damage under chilling stress

The data presented in this study indicate that plants pretreated with ABA exhibited slightly
less damage and had smaller necrotic areas on leaf edges (Table 1), but those that were not pretreated
with ABA had moderate damage that caused significant withering. These results demonstrate a
protective effect of ABA in response to chilling injury in pepper seedlings, suggesting that ABA
pretreatment effectively protects pepper leaves against dehydration during chilling stress.

Effect of ABA on MDA and H,0O, levels in pepper leaves under chilling stress

Cold stress induces dehydration, which eventually leads to wilting and results in
membrane disintegration. MDA is an indicator of the extent of cell membrane injury. There-
fore, MDA level is related to the severity of the visual damage index. Chilling stress increases
MDA and H,O, levels (Li et al., 2011), and treatment with ABA decreases them (Nayyar et
al., 2005). In our study, chilling stress significantly increased MDA and H,0O, levels in pepper
seedlings (Figure 1), indicating that antioxidant enzymes are an insufficient defense system.
ABA pretreatment in chilling-stressed seedlings significantly lowered levels of these com-
pounds compared with levels under chilling stress alone, indicating that ABA has a protective
effect via lowered levels of MDA and H,O, during abiotic stress conditions.

Effect of ABA on antioxidant enzyme activities in pepper leaves under chilling stress

Abiotic stresses increase ROS levels in plants, and the resistance or susceptibility of the
plant has been related to the proportion and functional efficiency of a network of low molecular
weight antioxidants and ROS-scavenging enzymes. In this context, in addition to CAT, SOD, and
other POD, the AsA-GSH cycle is a first line of defense against the deleterious effects of ROS.
Recent studies have shown that ABA protects plants from several types of abiotic stresses by en-
hancing antioxidant capacity (Ding et al., 2010; Wang et al., 2011). In this study, we investigated
the possible regulatory role of exogenous ABA on AsA and GSH levels and the metabolites of
the AsA-GSH cycle, including APX, DHAR, MDHAR, and GR. The working hypothesis was
that via antioxidative properties, ABA can alleviate oxidative stress in plants under chilling stress.

In plants, MDHAR and DHAR are responsible for regenerating AsA and play an im-
portant role in antioxidant defense. GR is a major antioxidant enzyme that belongs to the AsA-
GSH cycle, and this enzyme is responsible for the reduction of GSSG to GSH using NADPH.
In our study, chilling stress raised the activities of GR, DHAR, and MDHAR in the pepper
seedlings, indicating that AsA and GSH are highly regenerated to scavenge ROS (Figure 2).
Our results are supported by evidence from other researchers (Zhang et al., 2009). Conversely,
compared with seedlings under chilling stress alone, seedlings pretreated with ABA that were
exposed to chilling stress showed lower activities of the above-mentioned enzymes. The result
may be relevant to the extent that oxidative stress in plants from the ABA + chilling group was
insufficient to enhance the AsA recycling pathway (the effect of ABA on visual symptoms of
damage and MDA and H,O, levels under chilling stress supported this hypothesis; Table 1 and
Figure 1), which means the GR, DHAR, MDHAR activities were lower than that in chilling
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stress group, but there was except that seedlings pretreated with ABA under chilling stress
showed higher DHAR activity than that of plants in the chilling-stressed group at 24 h. The
result was consistent with the findings described below, that AsA level in plants treated with
ABA + chilling increased almost to the same level as that observed in plants treated with chill-
ing at 24 h. This result means that exogenous ABA increases the AsA level in pepper seedlings
under chilling stress, mainly owing to the activity of the DHAR enzyme.

Studies have demonstrated the important roles of AsA and GSH in the tolerance of plants
to environmental stresses. For instance, low temperature increases AsA and GSH levels in cu-
cumber leaves (Li et al., 2011), and increased AsA content in Arabidopsis, through the enhanced
recycling pathway, reduces the deleterious effects of environmental oxidative stress (Wang et al.,
2010). In the present study, the AsA and GSH levels in the pepper seedlings increased under chill-
ing stress (Figure 3). This result might be due to enhanced MDHAR, DHAR, and GR activities
at this level of chilling stress. The higher levels of AsA and GSH coincided with a trend toward
decreasing H,O, levels, suggesting that the enhancement of AsA and GSH levels is involved in
ROS-scavenging in pepper leaves during chilling stress. Conversely, ABA-pretreated seedlings
under chilling stress displayed decreased AsA and GSH levels compared with those of seedlings
exposed to chilling only. These results coincided with changes in AsA recycling-related enzymes
(APX, GR, DHAR, and MDHAR), indicating that the AsA recycling pathway is not enhanced by
exogenous ABA in pepper seedlings under chilling stress. Our results differ slightly from those
reporting that other exogenous applications induced AsA, GSH, and the AsA-related enzymes
during abiotic stress (Liu et al., 2010; Shan and Liang, 2010). The dissimilar results were likely
influenced by plant species, the duration and severity of stress, and differences in exogenous ap-
plications. However, exogenous ABA has a protective effect in mitigating visual symptoms of
damage and MDA and H,O, levels in pepper seedlings under chilling stress (Table 1 and Figure
1). Therefore, we speculated other antioxidant enzymes, mainly scavenge excess ROS in chilling-
stressed pepper plants pretreated with ABA.

The enzyme SOD dismutates O* into H,O, with high efficiency in various cell organ-
elles. Chilling stress significantly decreased SOD activity in cucumbers (Zhang et al., 2009).
ABA pretreatment induced SOD enzyme activity under drought stress (Wang et al., 2011). In
our study, chilling stress decreased SOD activity before 24 h (Figure 4) compared to that in
controls, subsequently leading to excessive accumulation of H,0, and MDA (Figure 1). Com-
pared to the activity in the chilling treatment group, SOD activity increased in the leaves of
ABA + chilling plants, suggesting that the plants sprayed with ABA had better O*-scavenging
capability under chilling stress. Chilling tolerance was directly related to the increase in SOD
activity (de Azevedo Neto et al., 2005).

SOD mitigates the detoxification of O* by forming H,O,, which is also toxic. In plants, a
number of enzymes are related to H,O, metabolism - mainly CAT, APX and POD. Chilling stress
enhanced the activities of APX, GR, and POD enzymes, whereas it decreases CAT activity in
cucumber leaves (Lee and Lee, 2000). ABA pretreatment activated SOD and POD under abiotic
stress in another study (Wang et al., 2011). In our study, chilling stress increased POD (Figure 5A)
and APX activity (Figure 5C) but decreased CAT activity before 24 h (Figure 5B), suggesting that
the protective mechanism against ROS is, at least, dependent on POD and APX enzymes in the
leaves of pepper cv. ‘P70’ and is coordinated with SOD and CAT enzymes. Nevertheless, the level
of H,0, was highest in the chilling treatment plants (Figure 1B), indicating that the generation of
endogenous H,O, exceeds the capacity of the cellular antioxidant defense system. This decrease
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in CAT activity might be due to its inactivation by accumulated H,O, induced by chilling stress.
Considering that chilling stress significantly induced the AsA-GSH cycle in pepper seedlings,
we hypothesize that the cycle is responsible for coping with high concentrations of H,O, when
CAT becomes inactivated. This hypothesis is supported by other reports (Lee and Lee, 2000).
Relative to chilling stress alone, ABA-pretreated seedlings displayed increased POD activity and
decreased CAT and APX enzyme activities under chilling stress. These results, together with the
increased SOD activity in chilled plants pretreated with ABA, suggest that pretreatment with ex-
ogenous ABA increases the capability of pepper leaves to scavenge excessive O*and H,O,, under
chilling stress, mainly via the SOD and POD enzymes.

ABA is known to play an important role in improving cold stress tolerance and triggering
leaf senescence. The ABA signaling pathway participates in the regulatory network of cold and
leaf senescence pathways involving other signaling molecules such as sugars and ROS. A recent
report has suggested that ABA induces the accumulation of MDA and H,O, in senescing rice leaf,
which in turn accelerates leaf senescence (Hung and Kao, 2004). ABA also enhances the activi-
ties of antioxidative enzymes such as SOD, APX, and GR, thus protecting the cellular functions
required for the progression and completion of senescence (Hung and Kao, 2003). In our study,
ABA pretreatment under room temperature conditions significantly increased MDA and H,0,
levels (Figure 1) and the activities of GR, DHAR, MDHAR, SOD, POD, CAT, and APX (Figures
2, 4, and 5), whereas decreased AsA and GSH levels (Figure 3) in pepper seedlings led to a re-
sponse similar to that of ABA-induced senescence mentioned above (Hung and Kao 2003, 2004).

Effect of ABA on antioxidant gene expressions in pepper leaves under chilling stress

Mn-SOD expression reportedly responds strongly to chilling and oxidative stress (Lee
and Lee, 2000; Li et al., 2009), and ABA induces its expression (Bueno et al., 1998). In the present
study, pretreating plants with ABA enhanced chilling tolerance by inducing gene expression, such
as that of Mn-SOD and POD, involved in oxidative stress defense mechanisms. Notably, ABA
pretreatment significantly enhanced the transcript level of DHAR and DHAR?2 genes under chill-
ing stress for 24 h, which is well in line with the enzyme activity of DHAR (Figure 2B). Overall,
ABA-mediated SOD, POD, and DHAR activity changes seemed to be regulated at the transcrip-
tional level. ABA-induced expression of antioxidant genes may contribute to the enhancement of
cold tolerance by managing cold stress-induced ROS production (Xue-Xuan et al., 2010).

In conclusion, our study provided insight into the role of ABA in regulating physi-
ological and biochemical responses to chilling stress. Exogenous ABA application is an ef-
fective way to improve cold tolerance. This finding may be partially attributed to the obvi-
ous enhancement of SOD and POD activities and related gene expression, which are closely
related to the ASA-GSH cycle in pepper seedlings under chilling stress. Complete elucidation
of the roles of ABA and the detailed protective mechanisms that plants use will be helpful in
developing plants that are more stress tolerant. Further studies related to our findings may help
determine the mechanism of ABA-induced cold tolerance correlated to leaf senescence.
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