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ABSTRACT. Cold stress is a key factor limiting resource use in bermudagrass (Cynodon dactylon). Under cold stress,
bermudagrass growth is severely inhibited and the leaves undergo chlorosis. Therefore, rigorous investigation on the
physiological and molecular mechanisms of cold stress in this turf species is urgent. The objective of this study was to
investigate the physiological and molecular alteration in wild bermudagrass under cold stress, particularly the
changes of transpiration rate, soluble sugar content, enzyme activities, and expression of antioxidant genes. Wild
bermudagrass (C. dactylon) was planted in plastic pots (each 10 cm tall and 8 cm in diameter) filled with matrix
(brown coal soil:sand 1:1) and treated with 4 °C in a growth chamber. The results displayed a dramatic decline in the
growth and transpiration rates of the wild bermudagrass under 4 °C temperature. Simultaneously, cold severely
destabilized the cell membrane as indicated by increased malondialdehyde content and electrolyte leakage value.
Superoxide dismutase and peroxidase activities were higher in the cold regime than the control. The expression of
antioxidant genes including MnSOD, Cu/ZnSOD, POD, and APX was vividly up-regulated after cold stress. In
summary, our results contributed to the understanding of the role of the antioxidant system in bermudagrass’

response to cold.

Bermudagrass is widely used in the turf systems and is
equally relevant in animal husbandry because of its high protein
content and relatively low cost. Bermudagrass is a typical
warm-season grass, which grows best under air temperature
ranging from 29.4 to 37.8 °C and soil temperature ranging from
23.9 to 35 °C. The minimum air temperature required for
growth is 12.8 °C (Zhou, 1996). Therefore, below optimum
temperature is a significant factor that may limit resource use in
bermudagrass. Low temperature can influence growth, devel-
opment, and yield of botanical species (Zhu et al., 2007).
Hughes and Dunn (1996) reported that when exposed to low but
not freezing temperature, plants can obtain chilling and freezing
tolerance (cold acclimation) (Hughes and Dunn, 1996). Some
studies have reported that cold stress led to biochemical and
physical changes in plants, particularly causing freezing injury,
which was accounted for by the damage on the plasma
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membrane. Other studies found that low temperature damaged
cell membrane systems and lipid peroxidation by decreasing the
fluidity of cell membranes of most plants (Levitt, 1980).

Malondialdehyde (MDA) and electrolyte leakage (EL)
served as indicators of lipid peroxidation. Sodergren (2000)
reported that MDA was higher under low-temperature condi-
tions (Sodergren, 2000). In Forsythia species treated at 4 °C,
MDA contents increased by ~66.7% (Yan et al., 2010).
Similarly, MDA levels were higher in wheat (Triticum aesti-
vum) seedlings and strawberry (Fragaria ananassa) leaves
subjected to 4 and 0 °C, respectively (Hou et al., 2010; Luo
et al., 2011). Electrical conductivity is widely applied to detect
membrane injury caused by various biotic and abiotic stresses
in plants (Whitlow et al., 1992). EL declined in bermudagrass
cultivars after 8 °C day temperature and 4 °C night temperature
cold acclimation (Zhang et al., 2006). EL of leaves significantly
increased by 55% and 26.3% in naked oats (Avena nuda)
treated by —10 and 1 °C, respectively (Liu et al., 2013),
indicating that low temperature could affect cell membrane
penetrability.

Sufficient evidence suggests that extremely low temperature
can induce oxidative stress through the generation of reactive
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oxygen species (ROS) in plants (Yan et al., 2010). Reactive
oxygen species damage many vital cellular components such as
lipids, proteins, and DNA (S6dergren, 2000). Reactive oxygen
species could be scavenged by enzymatic detoxification mech-
anisms consisting of superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) (Asada, 2006; Gupta et al., 1993;
Kono and Fridovich, 1982). SOD including copper/zinc (Cu/
ZnSOD), manganese (MnSOD), and iron (FeSOD) catalyzes
the superoxide free radical ion to H,O, according to the
equation: 20,  + 2H" — H,0O, + O,.

Superoxide dismutase content increased during the first 7 d
and then declined, whereas CAT and ascorbate peroxidase
(APX) activity decreased when bermudagrass was subjected to
8/4 °C (day/night) temperature (Zhang et al., 2006). SOD
activity increased dramatically in Euonymus radicans (Guo
etal., 2004) and Citrus species (C. unshiu, C. sinensis, C. limon)
by prolonged exposure to cold treatment (Mohammadian et al.,
2012). POD is also an essential enzyme in plant response to
abiotic stress by reducing hydrogen peroxides through energy
transfer from reactive peroxides to glutathione. Rice (Oryza
sativa) treated with 6 °C temperature had a 56% to 72% higher
level of POD activity than the control (Wang and Cai, 2011).
APX exists as an isoenzyme and is vital for catalyzing of H,O,
reduction in higher plants. APX activity in strawberry leaves
was also elevated after low temperature (0 °C) for 72 h (Luo
et al., 2011). Another crucial enzyme necessary for H,O,
decomposition in plant tissues is CAT (Brian et al., 1984).
Luo et al. (2011) reported that CAT activity increased in
strawberry (Luo et al., 2011). However, APX subjected to
3 °C equaled that of the control where leaves were exposed to
15 °C in the dark for 24 h in cucumber (Cucumis sativus)
cultivars (Shen et al., 1999). These observations suggested that
CAT response might depend on species, cold duration, and
other undocumented factors. Previous research suggests that
oxidative stress as indicated by lipid peroxidation may occur
when ROS production overwhelms the active oxygen species
scavenging (Mittler, 2002).

Alterations in enzymatic detoxification mechanisms corre-
lated positively with the expression of corresponding genes
(Levitt, 1980). Elevated cold tolerance can be accompanied by
the increase in expression of specific genes encoding antioxi-
dant enzymes (Baek and Skinner, 2003). Kayihan et al. (2012)
investigated the effects of cold acclimation and freezing on Cu/
Zn superoxide dismutase activity and respective gene expres-
sion in barley (Hordeum vulgare) cultivars and found that leaf
Cu/ZnSOD expression levels were unchanged during cold
acclimation but increased evidently at —3 °C freezing stress.
Seedling leaves of manioc (Jatropha curcas) subjected to
chilling shock exhibited a higher level of SOD, APX, CAT,
and glutathione reductase than the control (Ao et al., 2013).

Most studies on the effects of cold on bermudagrass have
focused on growth and antioxidant enzyme activities. There-
fore, there was insufficient information on the combined
mechanism of antioxidant enzyme activity and gene expression
levels. A chitinase gene of bermudagrass CynCHTI was
reported in revolving freezing tolerance (Anderson et al.,
2005). This implies that studies on mechanisms of response
to cold stress in bermudagrass are limited; therefore, more
investigation is mandatory. Consequently, the mechanism of
antioxidant metabolism contribution to bermudagrass adapta-
tion to low temperature is undocumented. Therefore, the
comprehension of antioxidative metabolic responses to cold
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will improve our understanding of the contribution of bio-
chemical mechanisms under low temperature to resistance in
bermudagrass. Thus, the objective of this study was to in-
vestigate the physiological and molecular alteration in wild
bermudagrass under cold stress, particularly the changes of
transpiration rate, soluble sugar content, enzyme activities, and
expression of antioxidant genes.

Materials and Methods

PLANT MATERIALS AND GROWTH CONDITIONS. Bermudagrass
used in this study was collected from wild fields of Jiangsu
province, China. Preliminary study confirmed that the speci-
men was cold-sensitive. On 20 Sept. 2013, 30 stolons were
planted in plastic pots (each 10 cm tall and 8 cm in diameter)
filled with matrix (1 brown coal soil:1 sand). Drainage holes
(5 mm in diameter) were drilled at the bottom of each pot to
allow drainage of excess water and soil aeration. All pots were
kept in a greenhouse with the daily maximum/minimum
temperatures of 31/23 °C (day/night), the average temperature
was ~27 °C, relative humidity was 40%, pan evaporation rate
was 9.5 g-d”!, and the photoperiod was 12 h. Light intensity on
a horizontal plane above the canopy at 1200 HR averaged
240 umol-m~-s™' photosynthetically active radiation (PAR).

Plants were grown in the pots for 14 d, which allowed grass
to establish. During the 21-d period, plants were watered with
100 mL until water drained freely from the drainage holes at the
bottom of each pot. Plants were fertilized daily with full-strength
Hoagland nutrient solution (Hoagland and Arnon, 1950).

TREATMENTS. The experiment consisted of two temperature
treatments: the control and low-temperature treatment. Under
the control, optimum temperature was maintained in the
greenhouse. Under low-temperature treatment, plants were
kept in a growth chamber (LSC-339CF; Xingxing Group Co.,
Zhejiang, China) on 9 Oct. 2013 with a temperature of 4 °C,
relative humidity was 40%, pan evaporation rate was 6 g-d!,
and the photoperiod was 12 h, 240 umol-m2-s™' PAR. Fully
extended leaf samples were collected at the beginning (denoted
as Day 0), after low-temperature treatment at Days 1 and 3 for
physiological analysis, and at 0, 1, 3, 6, 12, 24, 48, and 72 h for
gene expression analysis. Harvested leaves were put in liquid
nitrogen immediately and then stored at —80 °C in a refrigerator
until physiological and gene expression analysis. To detect the
growth alteration of bermudagrass under cold stress, the growth
and evapotranspiration rate were measured with the same
condition on § Jan. 2014.

MEeASUREMENTS. Growth rate was determined as the differ-
ence in canopy height at 0, 7, and 14 d after treatment. The
precision-cut square paper was set on the top of the plant
canopy, and the distance between the paper and the plant base
was measured with a ruler every 3 d. Canopy vertical height
was measured in four directions of the paper. The growth rate
was the increment of the growth per day.

To determine the evapotranspiration of the plants, the plant—
pot system was weighed before treatment began and then
reweighed 2 d after treatment. A decrease in plant—pot system
weight was considered as the evapotranspiration rate. The
evapotranspiration rate calculated at Days 7 and 14, respectively.

EL was measured by the following procedure: 0.1 g of fully
developed leaves were excised from the plants and washed
three times with deionized water. The leaves were cut
to ~0.5-cm fragments, transferred into a 50-mL centrifuge
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tube filled with 15 mL deionized water, and then shaken for 24 h
at room temperature. The initial conductivity was measured
using a conductivity meter. The solutions were autoclaved at
121 °C for 10 min to make the tissues release all the
electrolytes. The conductivity was determined after cooling
the solution at room temperature. The ratio of the two
conductivity values was the relative EL.

For the antioxidative gene expression analysis, total RNA
was extracted with Trizol reagent (Invitrogen, Carlsbad, CA)
according to the user manual predigested with DNase I to
eliminate the genomic DNA. First-strand cDNA was synthe-
sized using M-MLV reverse transcriptase (Promega, Madison,
WI) with an oligo(dT) primer and directly subjected to template
for reverse transcription—polymerase chain reaction (RT-PCR)
analysis. Gene expression was then analyzed by real-time
quantitative reverse transcriptase RT-PCR using gene specific
primers (Table 1); fluorescent dye SYBR Green (Toyobo,
Osaka, Japan) was applied in the detection system. Real-time
PCR reaction was performed using the Real-time PCR Master
Mix (Toyobo) according to the manual. The Actin gene was
used as an internal control to normalize the data. Relative
quantity of the target gene expression level was performed
using the comparative Ct method (Chen et al., 2011).

For crude anti-oxidative enzyme extraction, 0.3 g of fresh
leaves were ground to a fine powder in liquid nitrogen and then
mixed with 4 mL sodium phosphate buffer (150 mmMm, pH 7.0)
and treated with pre-cooling at 4 °C. The homogenate was
transferred into a 10-mL centrifuge tube and then centrifuged
for 20 min with 13,523 g, at 4 °C. The supernatant was the
crude enzyme solution.

MDA content was measured by thiobarbituric acid (TBA)
method with slight modifications described by Heath and
Packer (1968). Crude enzyme extract (1 mL) was mixed with
2 mL MDA reaction buffer consisting of 0.5% (v/v) TBA and
20% (v/v) trichloroacetic acid. The mixture was heated in
a water bath at 95 °C for 30 min, refrigerated at room
temperature, and then centrifuged for 10 min with 13,523 g,
at 20 °C. The absorbance of the supernatant at 532 and 600 nm
was measured using a spectrophotometer. The MDA content
was calculated with the formula: MDA (nanomoles per gram) =
[(OD532-0D600) x LJ/(1xe x FW) where L indicates the
volume of the extract solution, 1 indicates thickness of the
cuvettes, € represents the molar absorption coefficient of
155 mm'-cm™, and FW is the fresh weight of the leaf tissue.

SOD activity was measured based on Giannopolitis and Ries
(1977) method. One milliliter of crude enzyme solution was

Table 1. Primers used for expression of antioxidase genes in
bermudagrass.

Gene name Primer sequences
APX F 5" CCTGAAAGGTCTGGGTTTGA 3’

R 5" TCCTTGGCATAAAGGTCCAC 3’
Cu/ZnSOD F 5" GACACMACAAATGGHTGCAT 3’

R 5" TCATCBGGATCGGCATGGACAAC 3’
MnSOD F 5" CAGRGBGCCATCAAGTTCAACG 3’

R 5" TACTGCAGGTAGTACGCATG 3’
POD F 5" AGGCCCAGTGCTHCAMCTTC 3’

R 5" TTGGTGTAGTAGGCGTTGTC 3’
CAT F 5" GGCTGGTTCCTTTCGTTT 3’

R 5" TCGGTTTCATTTGGCTGT 3’

F = forward; R = reverse.
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mixed with 2.2 mL 50 mm sodium phosphate buffer (pH 7.8),
0.012 puM riboflavin, 0.039 mm methionine, 0.3 nM ethylene
diaminetetraacetic acid, 0.225 uM nitro blue tetrazolium
(NBT), and 3 mL reaction solution without crude enzyme
solution as a control. The mixture was illuminated under
a 4000-1x fluorescent lamp chromogenic React for 60 min
and then the absorbance tested at 560 nm. The enzyme quantity
that reduced NBT by 50% under the dark condition was
regarded as the control.

POD activity was determined by the method described by
Chance and Maehly (1955). Fifty microliters of crude enzyme
solution were added into the reaction solution containing
0.25 mL guaiacol (guaiacol was dissolved in 50% ethanol
solution), 0.075 mL H,0,, and 1.85 mL sodium acetate-acetic
acid buffer (pH 5.0). Absorbance increase at 460 nm was
measured after 3 min. Change of one unit per minute of the
absorbance was defined as one unit POD activity.

Soluble sugars were measured by the following procedure:
leaf samples (1.5 g) were cut into pieces and put in a 10-mL
centrifuge tube filled with 8 mL deionized water. The mixture
was inserted in water bath at 100 °C for 1 h. After cooling to
room temperature, the extract solution was centrifuged at
845 g, for 30 min. Five hundred microliters of supernatant
were mixed with 4 mL anthrone reagent (0.2 g anthrone
dissolved into 0.1 L 80% sulfuric acid solution) and inserted
in a water bath at 100 °C for 10 min. The mixture was cooled to
room temperature and the absorbance of the mixture detected at
620 nm. Each sample was repeated three times.

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. The ex-
periment was arranged in a completely randomized design with
three replications. The data analysis was done by SPSS
software (Version 14.0; IBM Corp., Armonk, NY). The data
displayed are the means =+ sp, and the mean was the average of
three replicates. Independent tests for equality of means
demonstrated that there was a significant difference (P <
0.05) between the control and the treatment.

Results

Growth rate was ~74.8% and 76.6% lower at Days 7 and 14
in the cold-treated plant than the control, respectively (Fig. 1A).
However, no significant difference in relative growth rate was
observed between two measuring dates regardless of treatment.
Bermudagrass subjected to 4 °C temperature had a 6-fold lower
transpiration rate compared with the control (Fig. 1B). Tran-
spiration rate slightly declined at Days 7 to 14 when bermuda-
grass was subjected to 4 °C.

MDA content was 65% and 32% higher at Days 1 and 3 for
the 4 °C regime than the control, respectively (Fig. 2A).
Bermudagrass treated at 4 °C had a 19.6% and 47.4% higher
EL than that of control at Days 1 and 3, respectively (Fig. 2B).

SOD activity was 122% and 41.8% higher at Days 1 and 3,
respectively, for the cold regime than the control (Fig. 3A).
Prolonged cold treatment (Day 3) resulted in more reduction in
SOD activity. Similarly, under cold stress, the POD activity was
185.6% and 185.5% higher at Days 1 and 3, respectively, than
that in the control (Fig. 3B). No significant difference in POD
activity was observed between Days 1 and 3.

Low temperature induced a significant increase in soluble
sugars content. Soluble sugar content was 133.3% and 267.6%
higher at Days 1 and 3, respectively, for 4 °C treated bermuda-
grass than untreated plants (Fig. 4). Bermudagrass contained
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Fig. 1. Growth rate (A) and transpiration rate (B) of bermudagrass under cold stress. Experiments were
repeated four times. Independent-samples ¢ test was used to determine statistical differences. Bars
show sp. Different letters indicate statistical difference significance at P <0.05 among the treatments.
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Fig. 2. Changes of cell membrane stability and lipid peroxidation in leaves of bermudagrass under cold
stress: (A) malondialdehyde (MDA) content; (B) electrolyte leakage (EL). Experiments were
repeated three times, and means stand for average values of MDA content and EL, respectively.
Independent-samples ¢ test was used to determine statistical differences. Bars show sp. Different
letters indicate statistical difference significance at P < 0.05 among the treatments. CK = control;

cold = 4 °C treatment; FW = fresh weight.
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Fig. 3. Changes in antioxidant enzymes activities in leaves of bermudagrass under cold stress: (A)
activities of superoxide dismutase (SOD); (B) activities of peroxidase (POD). Experiments were
repeated three times, and means stand for average values of activities of SOD and POD, respectively.
Independent-samples 7 test was used to determine statistical differences. Bars show sp. Different
letters indicate statistical difference significance at P < 0.05 among the treatments. CK = control;

cold = 4 °C treatment; FW = fresh weight.
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more soluble sugar at Day 3 than Day 1 when
subjected to 4 °C temperature conditions.

MnSOD gene expression was induced
after 1 h, reached the first peak at Hour 3,
then decreased at Hour 6 and was the lowest
at Hour 12. Bermudagrass had upregulated
MnSOD gene expression after 12 h 4 °C
treatment and the highest level at Hour 72
after cold treatment (Fig. 5B). The transcripts
of POD gene peaked at Hour 1 after cold
treatment (Fig. 5C). Generally there was no
significant difference in POD activity within
other measuring times. The APX gene was
induced to express at Hour 48 and reached
the highest levels at Hour 72 under cold
treatment (Fig. 5D). CAT gene expression
was downregulated after 1 h (Fig. SE).

Discussion

As a critical environmental factor, cold
can affect physiological and biochemical
alterations in plants. Many studies have
revealed that cell membrane systems are
the major sites of freezing injury in plants
(Steponkus, 1984). Simultaneously, it has
been established that cold-induced mem-
brane injury results mainly from severe de-
hydration (Steponkus, 1984; Steponkus et al.,
1993). Cell membrane stability was widely
used as a measure of cellular damage induced
by abiotic stress (Saneoka et al., 2004). The
EL technique was applied to determine dam-
age to cell membrane (Bajji et al., 2002). This
method is based on determination of electro-
Iytes exuding out from injured tissues into
distilled water and the degree of injury eval-
uation (Prasil and Zamecnik, 1998). It was
illustrated that EL was significantly increased
in wheat leaves under salinity stress (Abdel-
Fattah et al., 2011) and in Coffea plants under
cold stress (Campos et al., 2003). In our study,
a significant increase in EL was observed in
wild bermudagrass subjected to cold stress
when compared with the control (Fig. 2B),
suggesting that loss of membrane stability
might result in increased solute leakage.

MDA content is often used as an indicator
to evaluate oxidative damage induced by
abiotic stress (Davey et al., 2005). It was
reported that MDA content was dramatically
increased in Coffea plants after chilling
(Campos et al., 2003). The results demon-
strated a remarkable increase in MDA con-
tent in leaf tissues at Days 1 and 3 after cold
treatment (Fig. 2A), indicating that cold stress
affected oxidative lipid injury. Particularly, it
should be noted that the MDA levels were 2-
fold higher at Day 1 than at Day 3, and this
trend whereby MDA content decreased with
extension of processing time (length) of cold
stress needs to be further investigated.
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Abiotic stress, precisely cold, can induce generation of ROS
(Shen et al., 2000). ROS can be scavenged by antioxidant
enzymes such as SOD, POD, and CAT (Hu et al., 2012). Fu and
Huang (2001) reported that activities of antioxidant enzymes in
kentucky bluegrass (Poa pratensis) and tall fescue (Festuca
arundinacea) were significantly increased after full drought
stress (Fu and Huang, 2001). SOD is generally considered as
a key enzyme as a result of its scavenging activity on toxic
superoxide radicals produced under stressful conditions by
conversion of superoxide anions to O, and H,O,. Previous
reports have demonstrated that over expression of MnSOD and
FeSOD could enhance plant tolerance to oxidative stress
(Bowler et al., 1991; Camp et al., 1996) and that the activity
of SOD is closely related to water, freezing, and salt resistance
(Mckersie et al., 1993, 1996; Meloni et al., 2003). In this study,
it was noted that the SOD activity increased remarkably after
treatment at 4 °C for Days 1 and 3 (Fig. 3A). These results
implied that SOD activity could be induced by ROS production
under cold stress. Alternatively, POD depletes ROS and is
crucial in H,O, degradation (Zhang et al., 2007). The results
demonstrated that POD activity was significantly higher under
low temperature at Days 1 and 3 than the control (Fig. 3B),
illustrating that the increase of POD activity was related to the
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Fig. 5. Expression of antioxidant enzymes genes in leaves of bermudagrass under cold stress: (A) expression of Cu/ZnSOD, (B) expression of MnSOD, (C)
expression of POD, (D) expression of APX, (E) expression of CAT. Total RNA were isolated from leaves treated at 4 °C for 1, 3, 6, 12, 24, 48, and 72 h,
respectively. Quantitative real-time polymerase chain reaction was repeated three times. Independent-samples ¢ test was used to determine statistical differences.

Bars show sp.
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antioxidant mechanism of bermudagrass resistance against cold
stress. Sugars are regarded as a crucial factor in cold tolerance
(Sasaki et al., 1996). In this study, soluble sugar contents were
remarkably elevated under cold stress and the contents of
soluble sugars at Day 3 were twice as higher as that of Day 1
(Fig. 4). These results suggested that sugars are necessary for
cold tolerance in bermudagrass; this can be illustrated by the
accumulation of soluble sugars, which positively correlated with
low-temperature treatment length.

Antioxidant enzyme activities such as SOD, POD, and APX
in bermudagrass under cold stress were significantly increased,;
therefore, it was necessary to study the expression of genes
responsible for encoding these enzymes. There are multiple
genes encoding SODs; in addition, different isoenzymes of
SOD are specifically localized in chloroplasts, mitochondria,
peroxisomes, and cytosol (Mittler, 2002; Sunkar et al., 2006).
FeSOD was located in chloroplasts, MnSOD in mitochondria
and peroxisomes (Rio et al., 2003), and Cu/ZnSOD in chloro-
plasts and the cytosol of higher eukaryotes (Liu et al., 2013).
The results indicated that both MnSOD and Cu/ZnSOD genes
were up-regulated by cold treatment, but expression levels of
Cu/ZnSOD were much higher than that of MnSOD (Fig. 5A and
B). Similar results were reported in POD and APX expression.
Both POD and APX were up-regulated with increase in cold
treatment time (Fig. 5C and D). These results suggested that
antioxidant enzyme activities may closely correlate with the
expression of their relative genes.

CAT is also an enzyme that functions in H,O, degradation,
which maintains hydrogen peroxide homeostasis in plants
(Yang and Poovaiah, 2002). A striking observation was noted
when expression of CAT was significantly down-regulated after
low-temperature treatment (Fig. SE). This result was beyond
our prediction. According to previous research, changes of
CAT under abiotic stress displayed variation. CAT activity
increased under lead stress (Li et al., 2012). It was also found
that it significantly increased in maize (Zea mays) seedling
under chilling condition (Prasad, 1997). However, a decrease
was observed in zucchini squash (Cucurbita pepo cv. Elite) and
other plants (Wang, 1995). Studies have indicated that CAT can
be photo-inactivated and its activity levels quickly lowered under
stress through translation inhibition (Dat et al., 2000). This might
explain why CAT genes are down-regulated; however, the
underlying reasons need to be demonstrated further.
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