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Short-term cold-shock at 1℃ induced chilling tolerance in maize seedlings
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exposure to a moderate low temperature. For example,
continuous
acclimation
of
rice
seedlings
at
20/15℃(day/night) for 15 days, and 10/10℃ for 6 days
could significantly improve their chilling tolerance at 5℃[3].
Soybean seedlings was acclimated to survive a lower
temperature of 8℃ by a 5-d exposure to 14/8℃ cycles [4].
Three-day-old maize seedlings did not survive chilling
stress at 4℃ for 7 days unless they were pre-exposed to
14℃ for 3 days [5]. Pretreatment of etiolated cucumber
seedlings at 12℃ for 48 h followed by a warming period at
25℃ for 12 h led to their tolerance to subsequent chilling at
2℃ [6]. Seven-day-old mung bean seedlings acclimated at
8℃ for 36 h showed 97% survival after a 36-h, 4℃ chilling
stress, compared with 33% survival of non-acclimated
plants[7]. Overviewing these results, the acclimation or
hardening of chilling-sensitive plants was achieved by
exposure to around or above the threshold temperature that
caused chilling injury for several days. However, whether
chilling acclimation can be achieved by exposure to under
the threshold chilling temperature, even as low as 1℃,
which was generally known as the temperature of severe
chilling injury, hasn’t been documented.
In the present study, we found that cold-shock at 1℃ for
several hours could significantly induce chilling tolerance of
maize seedlings and investigated the changes of antioxidant
enzyme activities after the cold-shock and chilling stress
and involvement of hydrogen peroxide (H2O2) in signaling
and triggering of the cold-shock-induced chilling tolerance.

Abstract—1℃ is normally considered as an extreme chilling
stress temperature and will cause severe chilling injury to
chilling-sensitive
plants.
Chilling
acclimation
of
chilling-sensitive plants was usually achieved by exposure to
around or above the threshold chilling temperature (about
10℃ or 15℃) for several days. In our present work, a
cold-shock pretreatment at 1℃ for 4 h, followed by a 6-h
recovery at 26.5℃, significantly enhanced survival rate of
maize seedlings, mitigated electrolyte leakage of primary roots
and alleviated vitality loss of mesocotyls under severe chilling
stress at 1℃, indicating that short-term cold-shock could
induce chilling tolerance of maize seedlings. The cold-shock
pretreatment brought out an endogenous hydrogen peroxide
(H2O2) peak, enhanced the activities of five antioxidant
enzymes guaiacol peroxidase (GPX), catalase (CAT), ascorbate
peroxidase (APX), glutathione reductase (GR) and superoxide
dismutase (SOD) in maize mesocotyls and remained
significantly higher activities of these five antioxidant enzymes
after chilling stress. These results imply that antioxidant
systems play a pivotal role in the cold-shock-induced chilling
tolerance of maize seedlings, and H2O2 may be involved in
signaling and triggering of this cold-shock-induced chilling
tolerance through the mobilization of antioxidant systems.
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I.

antioxidant

INTRODUCTION

Chilling-sensitive plants native to warm regions, such as
maize, cotton, soybean, rice, cucumber, tomato and so on,
are generally injured at temperatures around or below 10℃
to 15℃ (threshold chilling temperatures). Visual symptoms
of chilling damage in vegetative tissue often include surface
lesions and necrotic areas, waterlogged appearance, internal
discoloration, wilting, acceleration of senescence, reduction
in growth, and eventual death[1].
Cold acclimation is a universal phenomenon in
chilling-tolerant plants such as wheat, barley, rye, beet and
so on [2]. In addition, chilling hardening or acclimation also
can be achieved in some chilling-sensitive plants by

II.

MATERIALS AND METHODS

A. Plant Material
A commercial variety of maize (Zea mays L., DaHuang)
was used in the present experiments. The seeds were
sterilized in 0.1% HgCl2 for 10 min, and pre-soaked for
imbibition in distilled water for 12 h. The soaked seeds were
sowed on six layers of wetted filter papers in trays with
covers and germinated at 26.5℃ in the dark for 60 h.
Germination percentage was over 90%.
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of chilling tolerance and survival rate of the seedlings
cold-shocked for 4 h was enhanced by 103.2% as compared
with the non-cold-shock control (Fig. 1).
To compare the difference of response of the
cold-shocked and non-cold-shocked seedlings to chilling
stress at 1℃, we investigated the change of their survival
rate during the chilling stress for 7 days. As shown in Fig. 2,
the seedlings had no death in first 2 days of the chilling
stress. With the prolonged chilling time, the survival rate
declined sharply from 3th to 6th day and finally the seedlings
died completely after 7 days’ chilling stress. The
cold-shocked seedlings showed significantly higher survival
rate than the non-cold-shock control during chilling stress
from 3th to 6th day.
To substantiate the above survival rate data, we also
measured plasma membrane damage and tissue vitality loss
of the cold-shocked and non-cold-shocked maize seedlings
under the chilling stress. Environmental stresses primarily
damage membrane systems and lead to leakage of
electrolytes from plant cells [8].

B. Cold-shock Pretreatment, Chilling Treatment and
Investigation of Survival Percentage
Germinating seedlings were transferred to 1℃ in the dark
for 2, 4 or 6 h for cold-shock. After the cold-shock
pretreatments, the seedlings were cultured at 26.5℃ in the
dark for 6 h for recovery. The control seedlings were kept at
26.5℃. Afterwards, seedlings with and without cold-shock
were transferred to 1℃ in the dark for 5 days for chilling
treatment. At the end of chilling treatment, the treated
seedlings were transferred to normal culture condition at
26.5℃ for 8 days with 16 h illumination for recovery and
their survival percentage counted. The seedlings which
could re-grow and become green during recovery were
considered to have survived.
C.

Measurement of Electrolyte Leakage of Roots
During the treatments as described above, 1.0 cm tips of
primary roots were cut off, and the leakage percentage of
electrolytes from the root tips was measured according to
[8].
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D.

Assay of Mesocotyl Vitality
The vitality of maize mesocotyls (1 cm section) was
measured using triphenyltetrazolium chloride (TTC)
according to [8].

Survival percentage (%)

E.

Enzyme Assays
Maize mesocotyls (0.5 g) were homogenised in liquid
nitrogen and soluble proteins were extracted by the method
of [9]. The supernatant was used for the following enzyme
assays.
Guaiacol peroxidase (GPX) activity was determined by the
method of [10]. Catalase (CAT) activity was assayed by the
method of [11]. Ascorbate peroxidase (APX) activity was
measured according to the method of [12]. Superoxide
dismutase (SOD) activity was determined by the method of
[13]. Glutathione reductase (GR) activity was determined by
the method of [9]. One unit of activity for GPX, CAT, APX,
GR and SOD was defined as the amount of enzyme which
caused the formation of 1μmol tetraguaiacol per min,
degraded 1μmol H2O2 per min, oxidized 1μmol of ascorbic
acid per min, oxidized 1μmol of nicotinamide adenine
dinucleotide phosphate (NADPH) per min, inhibited 50% of
the photochemical reduction of nitroblue tetrazolium.
Soluble protein content in the extracts for enzyme assay
was determined by [14].
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Fig. 1. Effect of cold-shock pretreatment on survival
percentage of maize seedlings
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Determination of H2O2 Contents
H2O2 content of maize mesocotyls was measured by[15].
III.
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Fig. 2. Change of survival percentage of cold-shocked and
non-cold-shocked maize seedlings during chilling stress.

A.

Cold-shock-induced chilling tolerance
Chilling stress at 1℃ for 5 days led to the death of about
70% of maize seedlings. Cold-shock pretreatment at 1℃ for
2, 4 or 6 h, followed by a 6-h recovery at 26.5℃, could
significantly increase the survival rate of maize seedlings at
1℃ for 5 days (Fig. 1). The 4-h cold-shock pretreatment
showed the best effect among these treatments for induction

In the present experiments, the maize seedlings
significantly increased their leakage of electrolytes from
root tips after exposure to chilling stress (Fig. 3A). A
cold-shock pretreatment remarkably reduced the electrolyte
leakage during chilling stress as compared with the control
without cold-shock pretreatment, and this difference
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demonstrated the most obvious during the middle stage of
the chilling stress (Fig. 3A).
TTC reduction activity is also widely used to evaluate
plant’s resistance to environmental stresses[8]. In the
present experiments, the vitality of maize mesocotyls
declined sharply following chilling stress (Fig. 3B). The
cold-shock pretreatment significantly alleviated the loss of
mesocotyl vitality during chilling stress as compared with
the control without cold-shock pretreatment (Fig. 3B).

C.
Effect of Cold-shock Pretreatment on Antioxidant
Enzymes
Numerous studies showed that antioxidant enzymes are
involved in the regulation of responses of plants to
environmental stresses[5,9]. So we investigated the changes
of activities of the five antioxidant enzymes GPX, CAT,
APX, GR and SOD in maize seedlings after pretreatment
(the cold-shock and then recovery) and chilling stress. As
shown in Table 1, pretreatment increased the activities of
the five enzymes in contrast to non-cold-shock control.
When the seedlings with and without cold-shock were
treated at 1℃ for 5 days, the cold-shocked seedlings totally
remained significantly higher activities of these five
antioxidant enzymes than control.

Cold-shock-induced H2O2 Change
The change of endogenous H2O2 content in maize
mesocotyls was detected during cold-shock pretreatment
1℃. As shown in Fig. 4, H2O2 content increased markedly
during the first 4-h of cold-shock treatment, then declined
gradually.
B.

TABLE 1 EFFECT OF COLD-SHOCK PRETREATMENT ON
ANTIOXIDANT ENZYMES

TTC reduction activity (OD530)

Electrolyte leakage(%)

60

Non-cold-shock
Cold-shock

Enzyme
activity
(Units
mg-1
protein)
GPX

Cold shock

Control

Cold shock

Control

81.23± 1.23

57.59± 2.61

57.24± 2.21

49.35± 1.67

CAT

48.59± 3.21

32.63± 1.98

31.76± 1.15

20.98± 1.79

APX

4.23± 0.88

3.78± 0.59

3.85± 0.26

3.12± 0.17

0

GR

30.05± 1.62

21.97± 1.03

27.85± 2.12

18.26± 1.21

.8

SOD

53.38± 2.56

42.21± 2.04

57.12± 2.46

50.04± 1.37
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Fig. 3. Effect of cold-shock pretreatment on electrolyte leakage of
root tips (A) and mesocotyl vitality (B) of maize seedlings during
chilling stress. The 0-h points represent the result of seedlings before
cold-shocked and 10-h points (the arrows) represent the result of the
seedlings exposed to 1℃ for 4 h and recovered for 6 h, namely the
0-h point of chilling stress at 1℃ for 6 days. Other points respectively
represent the results of the seedlings chilled at 1℃ for 2, 4 and 6 days.
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DISCUSSION

1℃ is normally considered as a extreme chilling stress
temperature and will cause severe chilling injury to
chilling-sensitive plants.
Chilling
acclimation of
chilling-sensitive plants was usually achieved by exposure
to around or above the threshold chilling temperature (about
10 to 15℃) for several days [5]. However, the present
results showed that a short-term cold-shock at the
temperature as low as 1℃ for 2 to 6 h plus a 6-h recovery
could significantly enhance survival rate of maize seedlings
(Figs 1, 2), alleviated the electrolyte leakage from roots and
vitality loss in mesocotyls (Fig. 3), indicating that the
cold-shock at 1℃ indeed improved chilling tolerance of the
maize seedlings.
The mechanism of cold-shock-induced chilling tolerance
at the temperature as low as 1℃ in chilling-sensitive plants,
to our best knowledge, is not well documented. But it was
well known that oxidative stress is a major component of
chilling stress in chilling-sensitive plants [16]. Many studies
have linked chilling tolerance to antioxidant capacity in
chilling-sensitive plants. Elevated levels of SOD, APX,
CAT in cucumber seedling radicles appear to be correlated
with the development of chilling tolerance [17]. When
maize seedlings were acclimated to low temperature,
antioxidant
enzyme
activities
were
substantially
increased[5]. In the present experiments, out results showed
that 1℃ cold-shock pretreatment, which induced chilling
tolerance in maize seedlings (Figs 1, 2 and 3), enhanced
activities of the five antioxidant enzymes GPX, CAT, APX,
GR and SOD (Table 1). The increase could make the
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Fig. 4. Change of H2O2 content of maize mesocotyls during
cold-shock pretreatment at 1℃
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cold-shocked maize seedlings retain higher activities of
antioxidant enzymes after chilling stress (Table 1). This
suggested that in the cold-shocked seedlings, improvement
of chilling tolerance was partly due to an enhanced
antioxidant enzyme system.
It is now clear that the active oxygen species H2O2 is not
only a toxic cellular metabolite but also functions as a
signaling molecule that mediates responses to various
stimuli in both plant and animal cells [18]. Our results
showed that the cold-shock pretreatment, which induced
chilling tolerance in maize seedlings (Figs 1, 2), brought out
an endogenous H2O2 peak (Fig. 4). Previous research
showed that exogenous H2O2 pretreatment could elevate
activities of the antioxidant enzymes[5]. In addition,
exogenous H2O2 pretreatment also improved chilling
tolerance in maize seedlings[5,8]. All these may indicate
that early accumulation of H2O2 during the cold-shock
pretreatment could play a key role as a signaling molecular
to trigger antioxidant protective mechanisms and finally
improves chilling tolerance in maize seedlings.
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