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Abstract Low non-freezing temperature is one of the major
environmental factors affecting growth, development and
geographical distribution of chilling-sensitive plants, Jatropha
curcas is considered as a sustainable energy plants with great
potential for biodiesel production. In this study, chilling shock
at 5 °C followed by recovery at 26 °C for 4 h significantly
improved survival percentage of J. curcas seedlings under
chilling stress at 1 °C. In addition, chilling shock could obvi-
ously enhance the activities of antioxidant enzymes superoxide
dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT)
and glutathione reductase (GR), and the levels of antioxidants
ascorbic acid (AsA) and glutathione (GSH), as well as the
contents of osmolytes proline and betaine in leaves of seedlings
of J. curcas compared with the control without chilling shock.
During the process of recovery, GR activity, AsA, GSH,
proline and betaine contents sequentially increased, whereas
SOD, APX and CAT activities gradually decreased, but they
markedly maintained higher activities than those of control.
Under chilling stress, activities of SOD, APX, CAT, GR and
GPX, and contents of AsA, GSH, proline and betaine, as well as
the ratio of the reduced antioxidants to total antioxidants [AsA/
(AsA + DHA) and GSH/(GSH + GSSG)] in the shocked
and non-shock seedlings all dropped, but shocked seedlings
sustained significantly higher antioxidant enzyme activity,
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antioxidant and osmolyte contents, as well as ratio of reduced
antioxidants to total antioxidants from beginning to end com-
pared with control. These results indicated that the chilling
shock followed by recovery could improve chilling tolerance of
seedlings in J. curcas, and antioxidant enzymes and osmolytes
play important role in the acquisition of chilling tolerance.
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Abbreviations
ANOVA Analysis of variance

APX Ascorbate peroxidase
AsA Ascorbic acid

BADH Betaine aldehyde dehydrogenase
BSO Buthionine sulfoximine
CAT Catalase

DHA Dehydroascorbate

DW Dry weight

vEC v-Glutamylcysteine

GR Glutathione reductase
GSH Glutathione

GSSG Oxidized glutathione
MDA Malondialdehyde

NBT Nitroblue tetrazolium
GPX Guaiacol peroxidase
ROS Reactive oxygen species
SOD Superoxide dismutase
Introduction

Due to the fact that its seed contains high oil content, the
Jatropha curcas belongs to the tribe Jatropheae in the
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Euphorbiaceae family, considered as an important energy
plant with great potential for biodiesel production (Carels
2009; King et al. 2009; Mukherjee et al. 2011). The seed of
J. curcas contains 30-40 % oil with 79 % unsaturated fatty
acids and 21 % saturated fatty acids, and seed oil can yield
a high quality biodiesel, which has led to a surge of interest
in J. curcas across the globe (King et al. 2009; Mukherjee
et al. 2011). Compared to soybean oil, castor oil and palm
oil, J. curcas oil has a good oxidation stability, low vis-
cosity and a low pour point, and these indexes are close to
those of fossil diesel and up to the American and European
standards (Carels 2009; King et al. 2009; Mukherjee et al.
2011).

Plants are constantly exposed to a wide range of abiotic
and biotic stresses such as extreme in temperature, drought,
high salinity, heavy metal and mechanical stimulation due
to their sessile and poikilothermic character (Ciarmiello
etal. 2011; Li and Gong 2011a). Among these stresses, low
temperature is the major environmental factors that limit
growth, development and geographical distribution of
plants, which causes significant crop losses (Jan et al. 2009;
Janska et al. 2010). According to their responses to low
temperature, plants can be classified into chilling-sensitive
plants and chilling-tolerant plants, they differ in their tol-
erance to chilling (0-15 °C) and freezing (<0 °C). Chilling
tolerance plants from temperate regions are chilling toler-
ant, although most are not very tolerant to freezing but can
increase their freezing tolerance by being exposed to
chilling, non-freezing temperatures, a phenomenon known
as cold acclimation (Heidarvand and Amiri 2010; Ruelland
et al. 2009). In contrast, plants of tropical and subtropical
origins, that is, chilling-sensitive plants, including many
crops such as maize, rice and tomato are sensitive to
chilling stress and largely lack the capacity for cold
acclimation (Ruelland et al. 2009; Survila et al. 2010).
Chilling-sensitive plants can be irreparably damaged when
the temperature drops below 10 °C, mainly due to (1)
membrane injury, that is, loss in the integrity of membrane
and intracellular organelles leads to solute leakage and the
disruption of compartmentalization (Lukatkin 2003, 2012;
Jan et al. 2009; Janska et al. 2010), (2) osmotic stress,
namely water deficiency because of decrease in absorption
of water by roots, restriction of stomata closure and
reduction in water activity (Ruelland et al. 2009; Survila
et al. 2010; Lukatkin et al. 2012), and (3) oxidative stress,
in other words, the excess production of reactive oxygen
species (ROS) such as superoxide radical (O3 ), hydrogen
peroxide (H,05), hydroxyl radical (OH ™) leads to perox-
idation of membrane lipids, protein oxidation, inactivation
of enzymes, DNA damage, and so forth (Prasad et al. 1994;
Lukatkin 2002a; Lukatkin et al. 2012; Suzuki et al. 2012).
To cope with chilling injury, higher plants have developed
several strategies, such as the antioxidation defense system
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including superoxide dismutase (SOD), ascorbate peroxi-
dase (APX), catalase (CAT), glutathione reductase (GR)
and guaiacol peroxidase (GPX), and low molecular weight
antioxidants ascorbic acid (AsA) and glutathione (GSH), as
well as osmolytes, namely compatible solutes like proline
and betaine (Lukatkin 2002b; Foyer and Noctor 2009,
2011; Jaleel et al. 2009; Szarka et al. 2012).

In general, chilling-sensitive plants exposed to low
temperature (>10 °C) for several days or several weeks,
can improve their resistance to subsequent low temperature
(05 °C) (Jan et al. 2009; Janska et al. 2010; Ruelland et al.
2009). Three-day-old maize seedlings did not survive
chilling stress at 4 °C for 7 days unless they were pre-
exposed to 14 °C for 3 days (Prasad et al. 1994). Lange and
Cameron (1997) have reported that sweet basil subjected to
chill hardening at 10 °C for 4 h daily for 2 days could
increase average shelf life at 5 °C. Our previous results also
found that in chilling-sensitive plant J. curcas, chill hard-
ening at 10 or 12 °C for 1 and 2 days greatly lowered death
rate and alleviated electrolyte leakage as well as accumu-
lation of the lipid peroxidation product malondialdehyde
(MDA) of J. curcas seedlings under severe chilling stress at
1 °C for 1-7 days (Ao et al. 2013). Surprisingly, in maize
seedlings, cold-shock pretreatment at 1 °C for 4 h, followed
by a 6-h recovery at 26.5 °C, significantly enhanced
survival rate under severe chilling stress at 1 °C (Li et al.
2011).

On the basis of the above-mentioned results, we
hypothesize that chilling-sensitive plant J. curcas (Liang
et al. 2007; Zheng et al. 2009) may improve chilling tol-
erance by short-term exposure at low non-freezing tem-
perature, that is, a 4-h chilling shock treatment at 5 °C, but
detailed evidence is not clear. In this article, effect of
chilling shock on chilling tolerance and involvement of
antioxidant defense system and osmolytes were investi-
gated, the objective was to examine the possible role of
antioxidant defense system and osmolytes in chilling
shock-induced chilling tolerance in J. curcas seedlings.

Materials and methods
Plant materials and treatments

Seeds of J. curcas, a mix of cultivars, were collected from
Yuanmou, Yunnan Province, China. Seeds were surface
sterilized in 1 % CuSOQy for 15 min and rinsed thoroughly
with sterilized distilled water according to our previous
methods (Li and Gong 2011b), and then pre-soaked for
imbibition in distilled water for 24 h. The soaked seeds
were sowed on six layers of wetted filter papers in trays
(200 seeds per tray) with covers and germinated at 26 °C in
the dark for 5 days. Then, germinated seeds were selected
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and transferred to pot containing sterilized soil with perlite,
peat and sand (1:2:1) as well as wetted 1/2 MS (Murashige
and Skoog 1962) basal salts in climate chamber with
26/20 °C (day/night), 300 pmol m 2 s~ ' and 16-h photo-
period (with light from 6:00 to 22:00 h) and sequentially
grown for 7 days.

To understand the effect of chilling shock on chilling
tolerance, 12-day-old seedlings were transferred to a cli-
mate chamber with 5°C and 300 umol m 2 s~ ' (the
control seedlings always grown in the climate chamber
with above-mentioned parameters) for 2 or 4 h to carry out
chilling shock. To avoid effect of circadian clock on the
following physiological and biochemical indexes, chilling
shock began at 9:00 after lighting. At the end of chilling
shock, shocked seedlings were transferred to another cli-
mate chamber with above cultural conditions for 2 or 4 h
for recovery. Then, shocked and non-shock seedlings were
subjected to chilling stress in a climate chamber with 1 °C,
300 pmol m~2s~! for 1, 2, 3, 4 or 5 days; survival per-
centage of seedlings, antioxidant enzyme activities, anti-
oxidant and osmolyte contents in fresh leaves collected
from the same plants over time was determined according
to the following methods, respectively.

Determination of survival percentage

On the fifth day of chilling stress at 1 °C, seedlings were
recovery growth in the climate chamber with above cul-
tural conditions for a week, and survival percentage of
seedlings was counted and expressed as %. The seedlings
which could become green and re-grow during the process
of recovery were considered as survival (Gong et al. 2001).

Antioxidant enzyme activities assay

During the course of chilling shock and chilling stress,
antioxidant enzymes SOD, APX, CAT, GPX and GR in
fresh leaves of J. curcas seedlings were extracted and
measured according to our methods described previously
(Ao et al. 2013). Fresh leaves (0.5 g) were ground in a
mortar with a pestle in 5 ml of extraction buffer contained
50 mM Tris—HCl (pH 7.0), 0.1 mM EDTA, 1 mM AsA,
1 mM dithiothreitol and 5 mM MgCl,. The homogenates
were centrifuged at 10,000xg for 15 min at 4 °C. The
supernatants were used for assays of antioxidant enzymes.
Detailed measurement protocols were described as below,
respectively.

SOD activity was determined by measuring its ability to
inhibit the photochemical reduction of nitroblue tetrazo-
lium (NBT). The 3 mL reaction mixture contained 50 mM
Tris—HCI (pH 7.8), 13.37 mM methionine, 0.1 mM NBT,
0.1 mM riboflavin, 0.1 mM EDTA and 0.1 mL enzyme
extract. One unit of enzyme activity was defined as the

amount of the enzyme bringing about 50 % inhibition of
the photochemical reduction of NBT, and the activity of
SOD was expressed as U g~' DW.

APX activity was measured by monitoring the rate of
AsA oxidation at 290 nm. The assay mixture contained
50 mM Tris—HCI (pH 7.0), 0.5 mM AsA, 0.1 mM H,0,,
0.1 mM EDTA and 0.1 ml enzyme extract. APX was
detected according to the reduction value of the absorbance
at 290 nm per unit time, and APX activity was counted
using the extinction coefficient 2.8 mM~" cm™! at 290 and
expressed as pmol g~ DW min~".

CAT activity was determined by measuring the decrease in
the absorbance of H,O, at 240 nm. The 3 ml reaction mixture
consisted of 50 mM Tris—HCl (pH 7.0), 0.1 mM EDTA,
12.5 mM H,0; and 0.1 mL enzyme extract. CAT activity was
computed using the extinction coefficient 0.04 mM~' cm ™" at
240 and expressed as pmol H,O, g~' DW min™".

GR was assayed by monitoring the increase in absorbance
at412 nm. The reaction mixture contained 50 mM Tris—HCl
(pH 7.5), 0.1 mM EDTA, 5 mM MgCl,, 0.2 mM NADPH
and 0.1 mL enzyme extract, and distilled water to make up a
volume of 1 mL. Reaction was initiated by adding 10 mM
GSSG (oxidized glutathione). GR activity was calculated
using the extinction coefficient 6.2 mM ™' cm™! at 340 and
expressed as pmol g~' DW min~ .

POD activity was estimated by measuring the increase in
absorbance at 470 nm due to guaiacol oxidation. The reaction
mixture contained 50 mM Tris—HCI (pH 7.0), 10 mM guaia-
col, 5 mM H,0, and 0.1 ml enzyme extract. GPX activity was
counted using the extinction coefficient 26.6 mM~' cm™! at

470 nm and expressed as pmol g~ DW min~".

Measurement of water soluble antioxidant content

In addition to antioxidant enzyme activities, AsA and GSH
contents in fresh leaves of J. curcas seedlings were
extracted and measured as our procedures described pre-
viously (Ao et al. 2013). Briefly, fresh leaves (0.5 g) were
ground in a mortar with a pestle in 3 ml of 5 % (v/v)
sulfosalicylic acid. The homogenates were centrifuged at
10,000x g for 15 min at 4 °C. The supernatants were used
for assays of ascorbic acid and glutathione. Ascorbic acid
was determined using a method based on the reduction of
ferric ion to ferrous ion with reduced ascorbic acid in acid
solution and then the formation of the red chelate between
ferrous ion and 2,2'-dipyridyl, which absorbs at 525 nm.
GSH and GSSG were determined by the 5,5-dithiobis-(2-
nitrobenzoic acid)-GR recycling procedure, change in
absorbance of the reaction mixtures was measured at
412 nm. The contents of AsA, DHA, GSH and GSSG as
well as the ratios of AsA/(AsA + DHA) and GSH/
(GSH + GSSG) were expressed as umol g~' DW and %,
respectively.

@ Springer



2130

Acta Physiol Plant (2013) 35:2127-2136

Determination of proline and betaine contents

Besides, during the course of chilling shock and chilling
stress, the contents of proline and betaine in fresh leaves of
J. curcas seedlings were determined according to our
previous procedures (Li and Gong 2013; Xu et al. 2011).
Proline was estimated colorimetrically as ninhydrin com-
plex in toluene. Fresh leaf material (0.5 g) was homoge-
nized in 5 mL of 3 % aqueous sulfosalicylic acid and
centrifuged at 10,000x g for 15 min. 2 mL of the super-
natants was mixed with 2 ml of acid-ninhydrin and 2 mL
of glacial acetic acid in a test tube. The mixture was placed
in a water bath at 100 °C for 1 h. Then, the mixture was
extracted with 4 mL of toluene, and the absorbance was
measured at 520 nm. To determine the content of betaine
in leaves, fresh leaves were ground in a mortar with a
pestle in distilled water, the homogenates were transferred
to conical flask in a rotary shaker (120 rpm) with 30 °C for
12 h to extract betaine and centrifuged at 10,000xg for
15 min, and then supernatants were mixed with Reinecke
salt and generated red precipitates, which is solvable in
70 % acetone solution and the absorbance was determined
at 525 nm. Proline and betaine contents were expressed as
pmol g~' DW, respectively.

Statistics analysis

All experiments were repeated at least three times and two
replications in each time. The results were processed sta-
tistically using one-way analysis of variance (ANOVA,
variance test, LSD). Figures were drawn by SigmaPlot
10.0, error bars represent standard error and each data in
the figures represent the mean £+ SE of at least three
experiments.

Results

Effect of chilling shock on chilling tolerance
of J. curcas seedlings

After 12-day-old seedlings of J. curcas were subjected to
chilling shock at 5 °C for 2 or 4 h, seedlings all showed
visible symptoms of wilting due to the loss of turgor, a
indicator of osmotic stress, in particular, 4-h chilling shock
showed more obviously than 2 h, but symptoms disap-
peared after a 4-h recovery at 26 °C, implying that short
chilling shock could trigger osmotic stress (data not
shown). In addition, the shocked and non-shock seedlings
were transferred to chilling stress at 1 °C, and survival
percentage was counted, as shown in Fig. 1. The chilling
shock alone did not improve survival percentage of seed-
lings under chilling stress, but the chilling shock followed
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by recovery did, especially in a 4-h chilling shock followed
by a 4-h recovery displayed very significant difference
compared to control (P < 0.01), suggesting that recovery
after chilling shock plays an important role in the acqui-
sition of chilling shock-induced chilling tolerance in
J. curcas seedlings.

Effect of chilling shock and chilling stress
on antioxidant enzyme activities and antioxidant
levels of J. curcas seedlings

To better understand the possible mechanisms of the
above-mentioned chilling shock-induced chilling tolerance,
the activities of the antioxidant enzymes SOD, APX, CAT,
GPX and GR, and the levels of the antioxidants AsA and
GSH in leaves of J. curcas seedlings were determined.
During the course of the chilling shock at 5 °C, activities of
SOD, APX, CAT and GR all raised with the extension of
chilling shock time, in particular, activities of SOD, APX
and CAT showed more significant difference than those of
other antioxidant enzymes (Figs. 2, 3, 4, 5). In contrast,
GPX activity gradually dropped (Fig. 6). During the pro-
cess of recovery at 26 °C, activities of GR and GPX
sequentially increased with the prolongation of time, while
SOD, APX and CAT activities decreased gradually
(Figs. 2, 3, 4, 5, 6). Under chilling stress at 1 °C, antioxi-
dant enzymes activities in shocked and non-shock
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Fig. 1 Effect of chilling shock and followed by recovery on survival
percentage of J. curcas seedlings under chilling stress at 1 °C.
12-day-old seedlings of J. curcas were subjected to chilling shock at
5 °C for 2 or 4 h, respectively, and then recovery at 26 °C for 2 or
4 h, respectively. Finally, the shocked and non-shock seedlings were
exposed to chilling stress at 1 °C for 5 days. Survival percentage (%)
of the seedlings was counted after recovery under normal growth
conditions for a week, and about 200 seedlings were investigated each
treatment. Error bars represent standard error and each data in the
figures represent the mean £ SE of at least three experiments.
Asterisk and double asterisks indicate significant difference
(P <0.05) and very significant difference (P < 0.01) from the
control without chilling shock, respectively
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Fig. 2 Effect of chilling shock and chilling stress on SOD activity in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. SOD activity in leaves of the seedlings was measured during
the process of chilling shock, recovery and chilling stress daily. Error
bars represent standard error and each data in the figures represent the
mean = SE of at least three experiments. Asterisk and double
asterisks indicate significant difference (P < 0.05) and very signif-
icant difference (P < 0.01) from the control without chilling shock,
respectively
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Fig. 3 Effect of chilling shock and chilling stress on APX activity in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. APX activity in leaves of the seedlings was measured during
the process of chilling shock, recovery and chilling stress daily. Error
bars represent standard error and each data in the figures represent the
mean + SE of at least three experiments. Asterisk and double
asterisks indicate significant difference (P < 0.05) and very signif-
icant difference (P < 0.01) from the control without chilling shock,
respectively
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Fig. 4 Effect of chilling shock and chilling stress on CAT activity in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. CAT activity in leaves of the seedlings was measured during
the process of chilling shock, recovery and chilling stress daily. Error
bars represent standard error and each data in the figures represent the
mean + SE of at least three experiments. Asterisk and double
asterisks indicate significant difference (P < 0.05) and very signif-
icant difference (P < 0.01) from the control without chilling shock,
respectively
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Fig. 5 Effect of chilling shock and chilling stress on GR activity in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. GR activity in leaves of the seedlings was measured during
the process of chilling shock, recovery and chilling stress daily. Error
bars represent standard error and each data in the figures represent the
mean + SE of at least three experiments. Asterisk and double
asterisks indicate significant difference (P < 0.05) and very signif-
icant difference (P < 0.01) from the control without chilling shock,
respectively
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Fig. 6 Effect of chilling shock and chilling stress on GPX activity in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. GPX activity in leaves of the seedlings was measured during
the process of chilling shock, recovery and chilling stress daily. Error
bars represent standard error and each data in the figures represent the
mean £+ SE of at least three experiments. Asterisk and double
asterisks indicate significant difference (P < 0.05) and very signif-
icant difference (P < 0.01) from the control without chilling shock,
respectively

seedlings all declined unceasingly except activities of CAT
and GPX ascended on the first day of chilling stress, but
antioxidant enzymes activities in shocked seedlings main-
tained higher levels from beginning to end as compared
with control (Figs. 2, 3, 4, 5, 6).

In addition to antioxidant enzymes, levels of AsA, DHA
and GSSG showed increase in chilling shock and decrease
in recovery (Figs. 7a, b, 8b), similar to activities of SOD,
APX and CAT (Figs. 2, 3, 4). GSH level and the ratio of
AsA/(AsA + DHA) went up gradually during the process
of chilling shock and recovery (Figs. 7c, 8a), like the trend
of GR activity (Fig. 5), while the change of GSH/
(GSH + GSSG) ratio was not obvious in both chilling
shock and recovery (Fig. 8c). During the process of chill-
ing stress, DHA and GSSG levels gradually ascended

Fig. 7 Effect of chilling shock and chilling stress on levels of AsAp-

(a) and DHA (b) as well as the ratio of AsA/(AsA + DHA) (c¢) in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. AsA and DHA contents as well as AsA/(AsA + DHA) ratio
in leaves of the seedlings were measured during the process of
chilling shock, recovery and chilling stress daily. Error bars represent
standard error and each data in the figures represent the mean + SE
of at least three experiments. Asterisk and double asterisks indicate
significant difference (P < 0.05) and very significant difference
(P < 0.01) from the control without chilling shock, respectively
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(Figs. 7b, 8b), whereas AsA and GSH levels as well as
ratios of AsA/(AsA + DHA) and GSH/(GSH + GSSG)
declined unceasingly (Figs. 7a, c, 8a, c¢), and the shocked
seedlings sustained higher levels of reduced AsA and GSH,
and ratios of AsA/(AsA + DHA) and GSH/(GSH +
GSSQG), as well as lower contents of oxidized antioxidants
DHA and GSSG compared to the control (Figs. 7, 8).
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Effect of chilling shock and chilling stress on osmolyte
contents of J. curcas seedlings

Both proline and betaine are considered as major osmolytes
against osmotic stress caused by cold, drought and salt
stress in plants (Ashrak and Foolad 2007; Chen and Murata
2008). In the present work, chilling shock could gradually

« Fig. 8 Effect of chilling shock and chilling stress on levels of GSH

(a) and GSSG (b) as well as the ratio of GSH/(GSH + GSSG) (¢) in
leaves of J. curcas seedlings under chilling stress at 1 °C. 12-day-old
seedlings of J. curcas were subjected to chilling shock at 5 °C for 4 h,
followed by recovery at 26 °C for 4 h, and then shocked and non-
shock seedlings were exposed to chilling stress at 1 °C for 1, 2, 3, 4 or
5 days. GSH and GSSG contents as well as GSH/(GSH + GSSG)
ratio in leaves of the seedlings were measured during the process of
chilling shock, recovery and chilling stress daily. Error bars represent
standard error and each data in the figures represent the mean + SE
of at least three experiments. Asterisk and double asterisks indicate
significant difference (P < 0.05) and very significant difference
(P < 0.01) from the control without chilling shock, respectively

enhance the contents of proline and betaine in leaves of
seedlings in J. curcas from beginning to end, and both
unceasingly increased during the course of recovery and
reached maximum values at 2 or 4 h of recovery, respec-
tively (Figs. 9, 10), similar to GR activity, AsA and GSH
levels as well as ratio of AsA/(AsA + DHA) (Figs. 5, 7a,
¢, 8a). During the process of chilling stress, contents of
proline and betaine in shocked and non-shock seedlings all
declined gradually, but decrease in the speed of both pro-
line and betaine in shocked seedlings was significantly
alleviated as compared with control (Figs. 9, 10), being
analog to changes in antioxidant defense system (Figs. 2, 3,
4, 5, 6, 7, 8). These results indicated that chilling shock
could also improve contents of endogenous proline and
betaine in the leaves of J. curcas seedlings and remit
reduction in their contents under chilling stress.

Discussion

Although chilling-sensitive plants of tropical and subtrop-
ical origins largely lack the capacity for cold acclimation, a
number of studies showed that exposure of low non-
freezing moderate temperature for several days or weeks
can allow plants to withstand subsequent and more severe
low non-freezing temperature stress (Prasad et al. 1994;
Lange and Cameron 1997; Guy 1999; Chinnusamy et al.
2007; Heidarvand and Amiri 2010; Survila et al. 2010;
Ciarmiello et al. 2011; Catala et al. 2012). Interestingly,
maize seedlings subjected to a 4-h cold-shock pretreatment
at 1 °C, followed by a 6-h recovery at 26.5 °C, signifi-
cantly enhanced survival rate under severe chilling stress at
1 °C (Li et al. 2011). In the present study, 12-day-old
seedlings of J. curcas were exposed to 5 °C for 2 or 4 h,
followed by recovery at 26 °C for 2 or 4 h, could obviously
enhance survival percentage under chilling stress at 1 °C,
and the combination of a 4-h chilling shock and a 4-h
recovery showed the most significant difference (P < 0.01)
as compared with the control seedlings without the chilling
shock (Fig. 1), implying that short-term chilling shock
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Fig. 9 Effect of chilling shock and chilling stress on content of
proline in leaves of J. curcas seedlings under chilling stress at 1 °C.
12-day-old seedlings of J. curcas were subjected to chilling shock at
5 °C for 4 h, followed by recovery at 26 °C for 4 h, and then shocked
and non-shock seedlings were exposed to chilling stress at 1 °C for 1,
2, 3, 4 or 5 days. Proline content in leaves of the seedlings was
measured during the process of chilling shock, recovery and chilling
stress daily. Error bars represent standard error and each data in the
figures represent the mean & SE of at least three experiments.
Asterisk and double asterisks indicate significant difference
(P <0.05) and very significant difference (P < 0.01) from the
control without chilling shock, respectively

followed by recovery could improve chilling tolerance of
seedlings in J. curcas.

Enhancement in antioxidant defense system is one of the
mechanisms of plants adapt to adverse environments
including chilling stress (Guy 1999; Chinnusamy et al.
2007; Survila et al. 2010; Ciarmiello et al. 2011; Catala
et al. 2012). Cellular redox homeostasis is considered to be
an “integrator” of information from metabolism and the
environment controlling plant growth and acclimation
responses (Foyer and Noctor 2009; Jaleel et al. 2009;
Scheibe and Dietz 2012). The breaking of metabolic
homeostasis due to chilling stress results in a greater pro-
duction of ROS, but plants can keep ROS at a physiological
level that is not harmful via synergistic effect of antioxi-
dant enzymes and antioxidants, suggesting that enhance-
ment in antioxidant defense system under chilling stress
has been correlated with tolerance to the stress (Lukatkin
2002a, b; Leipner and Stamp 2009). Chilling stress could
increase GPX activity and reduce SOD activity in leaves of
tobacco seedlings, and CAT activity was little affected (Xu
et al. 2010; Leipner and Stamp 2009). In alfalfa, activity of
SOD increased straight away under chilling stress, whereas
CAT, APX and GR activities were slightly increased after
chilling treatment (Wang et al. 2009). Our previous results
also showed that the cold-shock pretreatment at 1 °C for
4 h enhanced the activities of antioxidant enzymes GPX,

@ Springer

40 4 —@— Chilling shock
—O— Control

Betaine content (umol‘g'1 DW)

30 1

0 2 4 2 4 1 2 3 4
Chilling shock Recovery Chilling stress

o

Time of chilling shock (h), recovery (h) and chilling stress (d)

Fig. 10 Effect of chilling shock and chilling stress on content of
betaine in leaves of J. curcas seedlings under chilling stress at 1 °C.
12-day-old seedlings of J. curcas were subjected to chilling shock at
5 °C for 4 h, followed by recovery at 26 °C for 4 h, and then shocked
and non-shock seedlings were exposed to chilling stress at 1 °C for 1,
2, 3, 4 or 5 days. Betaine content in leaves of the seedlings was
measured during the process of chilling shock, recovery and chilling
stress daily. Error bars represent standard error and each data in the
figures represent the mean & SE of at least three experiments.
Asterisk and double asterisks indicate significant difference
(P <0.05) and very significant difference (P < 0.01) from the
control without chilling shock, respectively

CAT, APX, GR and SOD in maize mesocotyls and
remained significantly higher activities of antioxidant
enzymes after chilling stress (Li et al. 2011). In the present
work, chilling shock at 5 °C could trigger increase in SOD,
APX, CAT and GR activities and reduced the activity of
GPX, as well as maintained markedly higher antioxidant
enzymes activities in leaves of J. curcas seedlings under
chilling stress at 1 °C from beginning to end as compared
with the control (Figs. 2, 3, 4, 5, 6).

Low molecular antioxidants (e.g., AsA, GSH), the heart
of the redox hub, serve not only to limit the lifetime of the
ROS signals, but also to participate in an extensive range of
other redox signaling and regulatory functions by affecting
components of the antioxidant ascorbate-glutathione cycle
(Foyer and Noctor 2009, 2011; Jaleel et al. 2009). Low
temperatures at 14 °C could enhance antioxidants AsA and
GSH contents, followed by increase in resistance to chill-
ing stress compared with the seedlings grown at 20 °C
(Kocsy et al. 2001). Pretreatment of herbicide safeners
greatly improved the GR activity and total GSH content,
which increased the relative protection from chilling from
50 to 75 % in maize seedlings (Kocsy et al. 2001). On the
contrary, maize seedlings treated with buthionine sulfox-
imine (BSO), a specific inhibitor of y-glutamylcysteine
(YEC) synthetase, significantly increased cysteine and
reduced GSH content and GR activity, which, in turn,
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weakened chilling tolerance (Kocsy et al. 2001). In the
present work, chilling shock at 5 °C for 2 or 4 h could
improve the contents of AsA and GSH, and the ratios of
AsA/(AsA + DHA) and GSH/(GSH + GSSG), as well as
obviously alleviated decrease in their levels under chilling
stress (Figs. 7a, c, 8a, ¢), whereas the contents of oxidized
DHA and GSSG generally sustained lower levels as com-
pared with the control (Figs. 7b, 8b). These data demon-
strated that antioxidant defense system may underlie plants
chilling tolerance.

Accumulation of osmolytes such as proline and betaine
is another adaptive mechanism of plant to unfavorable
environments, in particular, osmotic stress caused by
chilling, drought and salt stress (Ashrak and Foolad 2007,
Chen and Murata 2008). Many studies found that chilling
tolerance is correlated with increased osmolyte concen-
trations in many crops (Ruelland et al. 2009; Szabados and
Savoure 2010), and accumulating osmolytes have multiple
protective functions such as osmotic adjustment, protein
and biomembrane stabilizing, ROS-scavenging, redox
buffering, and so forth (Szabados and Savoure 2010;
Theocharis et al. 2012). The OsMYB2-overexpressing rice
seedlings not only accumulated greater amounts of proline,
but also enhanced activities of antioxidant enzymes GPX,
SOD and CAT, which, in turn, improved tolerant to chill-
ing stress at 2 °C for 3 days (Yang et al. 2012). Songstad
et al. (1990) found that maize suspension cultures exposed
to 4 °C for 4 weeks inhibited cell growth, but this inhibi-
tion was reversed when 3-48 mM proline was present in
the medium during the chilling stress. In addition, seed-
lings of Arabidopsis thaliana with the cloned codA gene
enabled to accumulate betaine, which, in turn, did not
exhibit symptoms of chlorosis when exposed to a low
temperature in the light, but wild-type plants did (Hayashi
et al. 1997). The overexpression of betaine aldehyde
dehydrogenase (BADH) gene from Spinacia oleracea in
the transgenic sweet potato not only increased BADH
activity as well as accumulation of betaine and proline, but
also improved gene expression and activities of antioxidant
enzymes, which, in turn, reduced ROS accumulation,
ultimately enhanced tolerance to chilling stress (Fan et al.
2012). Our previous study found that betaine treatment not
only could enhance germination percentage of J. curcas
seeds under low temperature at 18 °C, but also alleviate
increase in electrolyte leakage and accumulation of MDA
in J. curcas seedlings under chilling stress at 2 °C (Dai
et al. 2012). In the present work, chilling shock could
induce leaves wilting, hinting that chilling shock could
trigger osmotic stress (data not shown), which, in turn, led
to accumulation of osmolytes proline and betaine, and the
shocked seedlings sustained significantly higher levels
from beginning to end under chilling stress at 1 °C as
compared with the control (Figs. 9, 10). These results

suggested that osmolytes play a crucial role in the acqui-
sition of chilling stress tolerance in plants.

In summary, it is clearly shown that 12-day-old seed-
lings of J. curcas subjected to chilling shock followed by
recovery could improve survival percentage under chilling
stress. In addition, chilling shock could improve activities
of SOD, APX, CAT and GR, and levels of antioxidants
AsA and GSH, as well as contents of osmolytes proline and
betaine. Under chilling stress, the shocked seedlings
maintained higher antioxidant enzyme activities, antioxi-
dant and osmolyte contents, as well as ratio of reduced
antioxidant to total antioxidant from beginning to end
compared with control. These data indicated that chilling
shock followed by recovery could improve chilling toler-
ance, and antioxidant defense system and osmolyte play
important role in chilling shock-induced chilling tolerance
of J. curcas seedlings.
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