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Abstract Sugarcane is the most important sugar crop in

China and the world, which originated in tropical and

subtropical areas and is a thermophilic crop. Extreme

weather occurred frequently in worldwide that caused

serious cold or frost damage in recent years, resulting in

enormous losses in sugarcane production. Abscisic acid

(ABA) regulates much important plant physiological and

biochemical processes, and induces tolerance to different

stresses including cold or frost damage. This experiment

investigated the interrelationship between low temperature

induced ABA biosynthesis and endogenous hormone bal-

ance using two sugarcane varieties, i.e. the cold tolerant

variety GT 28 and cold susceptible variety YL 6. Plants

were sprayed with ABA 12 h before cold treatment as

opposed to the control group, where no additional sub-

stances were added. When the plants in the control group

were exposed to cold stress, plant cell membranes were

injured, and the GA3 (Gibberellic acid 3) decreased, while

the relative electric conductivity, MDA (Malondialde-

hyde), ABA, the ratio of ABA/GA3, ratio of ABA/IAA

(Indole acetic acid), and the ratio of ABA/ZR (Zeatin

Riboside) all increased under the cold stress, and there are

genotypic differences in response to the contents of proline,

ABA and GA, and the ratio of ABA/GA exists between the

sugarcane variety GT 28, cold tolerant and variety YL 6,

cold susceptible under cold stress. The contents of proline

and ABA and the ratio of ABA/GA are higher and the

content of GA is lower in the cold tolerant variety, which is

the vital physiological basis that caused two sugarcane

varieties with different cold resistance. In the ABA treat-

ment, the cell membrane injury was effectively alleviated

and the contents of MDA and GA3 decreased, but the

contents of proline, ABA, and the ratio of ABA/GA3

increased. The decreasing contents of MDA and GA3, in

contrast with the increasing contents of proline, ABA, and

ratio of ABA/GA3 in sugarcane leaves from the ABA

treatment groups, were important factors that can effec-

tively increase cold stress tolerance in sugarcane plants.
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Introduction

Sugarcane (Saccharum spp.) is the most widespread sugar-

producing crop grown in the world. This thermophilic crop

originated from tropical and subtropical areas. In China,

cultivation of different varieties of sugarcane is especially

popular throughout the southern provinces. However,

during recent years, serious frost damage has occurred in

sugarcane crops, resulting in large losses (Li and Yang

2009). The development of cold stress tolerance in sugar-

cane is great importance for improving production but it is

hindered by lack of more precise physiological knowledge.

One of the efforts in this direction is the use of growth

regulators which alters the internal growth regulation
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system, and the most important phytohormone mediator

that responds as alteration of gene expression in plants is

abscisic acid (ABA). ABA has been shown to mediate

plant responses not only to cold but also to number of

environmental stresses like drought, salinity, water logging

etc., in addition to the regulation of other growth and

developmental processes (Qiu and Yu 2009). The plant

hormone ABA, which acts as a stress signal in plant, plays

an important role in the regulation of plant responses from

the functional level to the cellular level. Previous research

results showed that exogenous ABA application before

cold stress improves plant cold resistance (Perras and

Sarhan 1989; Guy 1990). Exogenous ABA application also

improved the content of proline and soluble sugar,

enhanced water retention (Deng et al. 2005), reduced

membrane lipid peroxidation, protected membrane reli-

ability (Zhou and Guo 2005), and photosynthetic charac-

teristics (He et al. 2008).

However, studies on the effects of exogenous ABA

application on cold tolerance of sugarcane are very limited.

Therefore, this study was made to determine the effects of

ABA on sugarcane cold tolerance.

Materials and Methods

Plant Growth and Treatment

Single-bud setts of sugarcane varieties GT 28 (cold toler-

ant) and YL 6 (cold susceptible) were initially raised in

flats by conventional culture. Then the 45-day old seedlings

were transplanted into experimental pots. The soil in the

pots contained a mixture of clay soil, organic fertiliser, and

sand in 60:30:10 ratios (w/w) with a basic dosage of NPK

fertiliser. The cold treatments were set up for different days

(0, 1, 3, 7, 10, 14) in cold chambers (0 �C) when the

seedlings reached the 5–7 leaf stage with a foliar applica-

tion of 100 lM ABA and H2O as control. The treatments

included: T1 (control), T2 (foliar application of 100 lM

ABA). Samples of the top visible dewlap leaf (leaf ?1)

were taken at 0, 1, 3, 7, 10, and 14 days after treatment

(DAT) and were frozen in liquid nitrogen for physiological

and biochemical parameter analysis. Six uniform, repre-

sentative pots were selected for measurements and analysis

at each sampling date.

Relative Electric Conductivity (REC)

For determining the relative stability of cell membrane,

electrolyte leakage tests were performed according to the

method described by Zhang et al. (2009) using a DDS211

conductivity meter. Electrolyte leakage is a key factor for

assessing cell membrane stability.

Lipid Peroxidation (Malondialdehyde Concentration)

The level of lipid peroxidation production was estimated

by using the method described by Ohkawa et al. (1979).

Approximately 0.5 g of frozen leaf sample was homoge-

nized with the addition of 2.5 mL 5 % trichloroacetic acid,

and centrifuged at 10,000 r/min for 15 min at room tem-

perature. Equal volume of supernatant and 0.5 % thiobar-

bituric acid in 20 % trichloroacetic acid were added into a

new tube and incubated at 98 �C for 25 min. The tubes

were then transferred into an ice bath, and centrifuged

again at 8,000 rpm for 5 min. The absorbance of the

resulting supernatant was recorded and corrected for non-

specific turbidity at 532 nm by subtracting from the

absorbance at 600 nm.

Proline Contents

Proline content was measured using the method as

described by Bates et al. (1973).

Endogenous Hormone Content

Endogenous hormone concentration was estimated by

using the ELISA kit procured from Bei Nong Wei Tian

Biological Technology Co. Ltd. (Beijing, China). One

gram of fresh leaves was homogenised in chilled pestle and

mortar using the extraction buffer, which contained 80 %

methanol, and 1 mM 2,6-di-tert-butyl-4-methylphenol. The

homogenate was kept at 4 �C for 4 h and centrifuged at

4,000 rpm for 5 min. Then, the supernatant was collected

into another tube, and the residue was again mixed with

extraction buffer and centrifuged at 4,000 rpm for 5 min.

The combined supernatant was lastly used to measure the

ABA, GA3, IAA, and ZR concentration following the user

manual procedures given in the kit.

Data were subjected to analysis of variance (ANOVA);

mean separation was performed using the least significance

difference (LSD; P \ 0.05) procedure from the SPSS sta-

tistical package (SPSS Student version 15.0).

Results

Cold Resistance Index

The leaf relative electric conductivity increased signifi-

cantly with time under cold stress (Table 1). This

increasing rate was higher in YL 6 than in GT 28. After

exogenous ABA application, the relative permeability of

cell membranes in the two sugarcane varieties declined

significantly in the both varieties.
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As a result of low temperature stress, the MDA content

in both varieties increased first then decreased. During the

low temperature treatment period (3–14 DAT), the MDA

content was significantly higher in YL 6 than in GT 28.

After exogenous ABA application, MDA content in both

varieties decreased significantly, and it was decreased from

10.4 to 27.9 % treatment compared to the control from 1 to

14 DAT. Similarly, MDA content in GT 28 in the ABA

treatment decreased from 8.3 to 20.3 % during the same

period of time compared to the control. Significant

decreases were observed at 7, 10, and 14 DAT.

Plants protect their tissues from low-temperature damage

by accumulating proline in the cells leading to a better osmotic

adjustment. As cold stress increased over the treatment per-

iod, the proline content increased significantly in the both

varieties. The proline content was significantly higher in GT

28 than in YL 6 during the low temperature treatment period

(3–14 DAT). After exogenous ABA application, the proline

content significantly increased by 13.0 and 24.2 % at 7 and 10

DAT in GT 28, respectively, and by 24.26, 22.08, and 16.07 %

at 7, 10, and 14 DAT in YL 6, respectively.

Endogenous Hormones

During low temperature stress, the ABA content in the

leaves of the both varieties significantly increased

(Table 2). Notably, the ABA content increases were higher

in GT 28 than in YL 6. At 10 and 14 DAT, the ABA

content in GT 28 with ABA application increased by 26.0

and 24.7 %, respectively. In YL 6 ABA-treated plants, the

most significant increase in ABA content were at 3, 7, 10,

and 14 DAT, corresponding to 26.6, 45.8, 23.9, and

32.3 %, respectively.

As the cold treatment duration increased, the trends of

GA3 content in the both varieties varied. In GT 28, the GA3

content first decreased and then increased slightly, but in

YL 6, the GA3 content decrease was continuous. Interest-

ingly, the GA3 content was still higher in YL 6 than in GT

28. After exogenous ABA application, the GA3 content of

the treatment groups decreased overall compared with the

control groups, GT 28 treatment group exhibiting the

greatest rate of decline.

Under cold stress, the IAA content in leaves of the two

varieties also changed. The trend of the IAA contents over

time fluctuated; GT 28 reached the highest IAA content at

7 DAT, while YL 6 reached the highest IAA content at 10

DAT. After exogenous ABA application under cold treat-

ment for GT 28, from 1 to 7 DAT, the IAA content was

higher in the treatment group than in the control group, but

from 10 to 14 DAT, the IAA content was lower in the

treatment group than in the control group. The above

described phenomenon was reversed for YL6.

Similar to the trend of IAA contents, the trend in ZR

content in leaves of the both varieties also fluctuated

(Table 2). After exogenous ABA application, the ZR

content decreased in the both varieties. The ZR content

decrease in GT 28 ranged from 5.9 to 48.1 % from 1 to 14

DAT under cold stress, while the ZR content decrease in

YL 6 was from 5.2 to 33.9 % from 1 to 14 DAT under cold

stress. The most significant decrease was observed at 3, 10,

and 14 DAT for GT 28 and at 1, 7, and 14 DAT for YL 6.

Hormone Ratio

The ratio of ABA/GA3, ABA/IAA, and ABA/ZR for each

treatment and variety are summarised in Table 3. Under

Table 1 Effects of exogenous ABA on cold resistance indices in sugarcane leaves under cold stress

Parameters Variety Treatment Duration of cold treatments (days)

0 1 3 7 10 14

REC (%) GT28 T1 16.1a 20.7b 30.8b 41.5b 43.5b 47.1b

GT28 T2 14.7a 15.9c 22.8c 30.8c 35.2c 38.5c

YL6 T1 16.9a 25.6a 38.1a 51.7a 58.8a 65.0a

YL6 T2 17.0a 18.0bc 26.3bc 37.3b 40.9b 50.9b

MDA content (lmol/g FW) GT28 T1 7.01a 8.09bc 8.81b 10.09b 9.50b 9.49b

GT28 T2 6.83a 7.45c 8.11c 8.42c 8.46c 7.89c

YL6 T1 7.29a 8.89a 9.81a 11.50a 12.09a 11.49a

YL6 T2 7.12a 8.05bc 8.61bc 9.42bc 9.56b 8.99b

Proline content (mg/g FW) GT28 T1 28.7a 32.1a 35.5ab 38.5b 38.0b 42.1a

GT28 T2 29.7a 31.7a 37.7a 43.5a 47.2a 42.4a

YL6 T1 27.9a 28.0a 32.3b 31.5c 33.6c 35.8b

YL6 T2 28.6a 30.1a 35.4ab 39.1b 41.0b 41.6a

T1 (the control), T2 (foliar application of 100 lM ABA). Means with different letters are significantly different (P \ 0.05) between different

varieties and treatments at the same day
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prolonged cold stress, the changes in ABA/GA3, ABA/

IAA, and ABA/ZR ratio in leaves of the two sugarcane

varieties showed an increasing trend. The ABA/GA3,

ABA/IAA, and ABA/ZR ratio in leaves were higher in the

treatment group than those in the control group. Also the

ABA/GA3 ratio in GT 28 was higher than that of YL 6.

Discussion

Free radicals induced by cold stress damage cell mem-

branes (Fridovich 1978). Under cold stress, OH- and O2
-

free radicals increase in cells, which increase membrane

lipid peroxidation, leading to membrane damage and

Table 2 Effects of exogenous ABA on endogenous hormone contents in sugarcane leaves under cold stress

Endogenous hormone contents (ng/g FW) Variety Treatment Duration of cold treatment (days)

0 1 3 7 10 14

ABA content GT28 T1 581b 618b 727b 961b 925b 875b

GT28 T2 697a 735a 859a 1068a 1166a 1091a

YL6 T1 483c 488c 644c 669c 694c 688c

YL6 T2 585b 553bc 816a 975b 860b 910b

GA3 content GT28 T1 302a 267b 243b 220b 285a 268a

GT28 T2 259b 218c 198c 174c 220b 242ab

YL6 T1 315a 327a 302a 266a 279a 238b

YL6 T2 282ab 289ab 231b 244ab 256ab 250ab

IAA content GT28 T1 597a 433c 463b 654a 385b 491b

GT28 T2 556ab 489b 564a 698a 362b 406c

YL6 T1 573ab 576a 524ab 474b 626a 472bc

YL6 T2 536b 508ab 517ab 409b 656a 560a

ZR content GT28 T1 220a 190ab 209b 265a 282a 207b

GT28 T2 209a 169b 147c 240ab 267a 140c

YL6 T1 183ab 219a 308a 224b 241ab 263a

YL6 T2 165b 164b 293a 188c 223b 198b

T1 (control), T2 (foliar application of 100 lM ABA). Means with different letters are significantly different (P \ 0.05) between different

varieties and treatments at the same day

Table 3 Effects of exogenous ABA on ABA/GA3, ABA/IAA, and ABA/ZR ratios in sugarcane leaves under cold stress

Ratio Variety Treatment Time of cold treatment (days)

0 1 3 7 10 14

ABA/GA3 GT28 T1 1.98b 2.31b 2.99b 4.38b 3.25b 3.26b

GT28 T2 2.70a 3.37a 4.33a 6.13a 5.31a 4.51a

YL6 T1 1.53c 1.49c 2.13c 2.51c 2.49b 2.89bc

YL6 T2 2.07b 1.91b 3.53a 3.99b 3.37b 3.64b

ABA/IAA GT28 T1 0.97bc 1.43a 1.57a 1.47b 2.40b 1.78b

GT28 T2 1.26a 1.5a 1.52a 1.53b 3.22a 2.69a

YL6 T1 0.84c 0.85c 1.23b 1.41b 1.11c 1.85b

YL6 T2 1.09b 1.09b 1.58a 2.39a 1.31c 1.63b

ABA/ZR GT28 T1 2.63b 3.25b 3.49b 3.63bc 3.28c 4.22b

GT28 T2 3.35a 4.34a 5.86a 4.45b 4.37a 7.79a

YL6 T1 2.64b 2.23c 2.09d 2.98c 2.88cd 2.62c

YL6 T2 3.35a 3.38b 2.78c 5.17a 3.85b 4.59b

T1 (control), T2 (foliar application of 100 lM ABA). Means with different letters are significantly different (P \ 0.05) between different

varieties and treatments at the same day
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destruction (Wang et al. 1988). This experiment showed

that, under cold stress, lipid peroxidation was enhanced and

triggered cell-produced MDA accumulation. Cold stress

also led to increased membrane permeability, which then

caused electrolyte leakage outside the membrane; therefore

the relative electric conductivity increased. This result is

consistent with the results of Sun et al. (2012) and Chen

(1992). Cell water-holding capacity and biological mac-

romolecule stability are enhanced by proline. After cold

stress treatment, the proline content in sugarcane signifi-

cantly increased; increase in cultivar GT 28 was consid-

erably higher than those of cultivar YL 6. Thus, the

accumulation of proline is associated with improving cold

tolerance in sugarcane, similar to results reported by Zhang

et al. (2011). Under cold stress, the control groups of the

two cultivars of sugarcane leaves exhibit differences in cell

membrane permeability, MDA content, and proline con-

tent. Cell membrane permeability and MDA content were

lower while proline content was higher in GT 28 compared

to those in YL 6. In the treatment groups, the osmotic

adjusting proline content increased under cold stress, which

reduced the MDA content and improved the cell mem-

brane. Previous research indicated that spraying ABA

improved cold resistance (Zhu 1995; Huang et al. 2002). In

previous research, it was reported that because exogenous

ABA promoted the transportation of water from roots to

leaves, it improved cell membrane permeability and

enhanced the stability of the membrane to reduce electro-

lyte leakage (Shi et al. 2006; Xin and Li 1992). In the

present study, the ABA content increased continuously

over time as the plants innately regulated the exogenous

ABA effects. According to Lang et al. (1994) and Wang

et al. (2009), during cold treatment cold resistance was

stronger when the ABA content was higher.

GA3 was the first hormone suspected to be related to

cold resistance (Donald and Kathryn 2001). GA3 content

decreased in the both varieties, and the cold resistant

variety GT 28 exhibited a more rapid decrease than YL 6.

In regulating plant stress, the endogenous hormones are

likely stress signal factors, therefore playing the role of

defense mechanism signals in the plant system, with ABA

acting as the positive signal and GA3, ZR, and IAA acting

as the negative signals (Zhang et al. 2002). After ABA

application, the GA3 content decreased in the treatment

groups greater than the control groups, but the content of

IAA and ZR did not exhibit any consistent trends. In the

present study, the ABA/GA3, ABA/IAA, and ABA/ZR

ratio in the treatment groups were higher than the ratio in

the control groups, especially under cold stress, where all

the ratios in the treatment groups increased significantly.

This indicates that various hormones mutually promote

each other under normal circumstances but restrict this

mutual promotion when the sugarcane experiences cold

stress. Exogenous ABA application reduced GA3 and ZR

content but increased ABA content, ABA/GA3 ratio, ABA/

IAA ratio, and ABA/ZR ratio. Our data strongly suggests

that ABA applications improve sugarcane cold resistance.
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