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Abstract Cucumber (Cucumis sativus L.) seeds were

pretreated with exogenous abscisic acid (ABA) prior to

germination. After germination, seedlings with three leaves

were exposed to gradual dehydration. The effects of ABA

on photosynthetic rate (Pn), daily water loss (WL) and

water utilization efficiency (WUE) during dehydration

were investigated, in addition to the variation of carbohy-

drates in leaves. ABA improved the Pn, WL and WUE of

cucumber seedlings during dehydration. After rehydration,

the seedlings pretreated with ABA showed a higher

recovery in Pn, WL and WUE, as compared to those

without an ABA pretreatment. Subsequent to dehydration,

concentration of stachyose, raffinose, sucrose, glucose, and

fructose increased in seedlings pretreated with ABA.

Dehydration altered the proportions of the sugars in the

total carbohydrates, and accelerated the accumulation of

stachyose, raffinose and sucrose. After rehydration, car-

bohydrate concentrations of seedlings pretreated with ABA

recovered to levels observed prior to dehydration. These

results demonstrated that pretreatment of seeds with

exogenous ABA enhanced carbohydrate tolerance to

dehydration of cucumber seedlings.

Keywords Abscisic acid � Cucumber (Cucumis sativus

L.) � Carbohydrates � Dehydration

Abbreviations

RFOs Raffinose family oligosaccharides

ABA Abscisic acid

PPFD Photosynthetic photon flux density

Pn Photosynthetic rate

Tr Transpiration rate

WL Water lost every day

WUE Water utilization efficiency

ND No ABA pretreatment and natural dehydration

AD ABA pretreatment and natural dehydration

NAND No ABA pretreatment and no dehydration all

the time

FW Fresh weight

Introduction

Gradual soil water depletion is the most common situation

for drought in natural ecosystems. When plants subjected

to dehydration, it usually begins with decreased stomata

conductance, which in turn leads to reduced net CO2

assimilation rate, impaired photosynthesis, followed by

solute accumulation in cells, and finally, when water

availability is very low, leaf senescence is induced and

shoots growth ceases (Passioura 1996).

Synthesis, degradation, and transport of soluble sugars

are thought to interactively control the endogenous sugar

concentration in higher plants in response to environmental

conditions (Bachmann et al. 1994; Strand et al. 2003).

During water stress, some plants accumulate soluble car-

bohydrates (Ingram et al. 1997; Ghasempour et al. 1998;

Whittaker et al. 2001; Scott 2000; Cooper and Farrant

2002; Norwood et al. 2003) such as the disaccharide, tre-

halose, and the raffinose family oligosaccharides (RFOs)
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(Shaun et al. 2007). Those soluble carbohydrates may

function as cryoprotectants, antioxidants and osmotic reg-

ulators and act as compatible solutes or osmoprotectants to

allow osmotic adjustment of plant cells exposed to water

deficit stress (Blackman et al. 1992; Joyce et al. 2003).

Sugars can also act as regulators of gene expression and

signal molecules. Until recently, however, there were few

observations of carbohydrate metabolism in cucumber

(Miao et al. 2007; Meng et al. 2008).

In the green leaf tissue of variegated coleus (Coleus

blumei Benth.), drought stress greatly decreased the levels

of the RFOs stachyose and raffinose, as well as other

non-structural carbohydrates (galactinol, sucrose, hexoses

and starch), and decreased galactinol synthase activity was

accompanied by an accumulation of O-methyl-inositol

(Wattana and Monica 1999). RFOs have been suggested to

act as anti-stress agents in both generative and vegetative

tissues (Koster and Leopold 1988; Bachmann et al. 1994),

and to play a protective role against desiccation damage

(Horbowicz and Obendorf 1994; Black et al. 1996; Joyce

et al. 2003). To date, the role of compatible solutes, par-

ticularly oligosaccharides such as RFOs, in the dehydration

tolerance of cucumber has not been investigated.

Raffinose biosynthesis is regulated by the action of two

enzymes, galactinol synthase (GolS), which catalyzes the

committed step of the conversion of UDP-galactose and

myo-inositol to galactinol, and raffinose synthase. Raffi-

nose degradation proceeds by the action of galactosidase,

which catalyzes the hydrolytic cleavage of the terminal-

linked moiety from gal-containing oligosaccharides (Joyce

et al. 2003). Galactinol is found exclusively in plants and

serves solely as the galactosyl donor for RFO biosynthesis

(Peterbauer et al. 2002). Galactinol synthase activity is the

key regulatory factor in RFO biosynthesis.

ABA concentration increases significantly in xylem sap,

leaves and reproductive structures of drought-stressed

plants (Setter et al. 2001; Liu et al. 2003). During dehy-

dration in cucumber, ABA may contribute to water loss

resistance in the soil through increased Pn, stomata

conductance, chlorophyll fluorescence and improved os-

moprotection (Wang et al. 2010). ABA can also modify

carbohydrate concentrations and the activities of the

enzymes involved in carbohydrate biosynthesis (Blöchl

et al. 2005; Kobashi et al. 1999; Taji et al. 2002). Accu-

mulation of stachyose and raffinose has been found in ABA

treated somatic embryos of alfalfa (Blöchl et al. 2005), and

ABA treatment also leads to sugar accumulation in peach

fruit and cucumber during low temperatures (Kobashi et al.

1999; Meng et al. 2008). To date, the mechanisms of ABA

effects on carbohydrate concentrations in water deficit

stressed cucumber are not clearly understood.

Cucumber, one of the most popular greenhouse vege-

tables in China, is highly sensitive to water deficit stress

and the effect of water stress on the growth of cucumber

have been well documented (Wang and Zhang 2000; Wang

et al. 2010). As ABA is involved in drought-induced root-

to-leaf signaling, the objective of this study was to inves-

tigate the effects of dehydration, in regard to content and

composition in carbohydrates, on cucumber seedlings after

germination of ABA pre-treated seeds, and to characterize

the plant defense strategies used by cucumber to circum-

vent the deleterious effects of water stress on seedling

growth. This study also provides information on carbohy-

drates involved in the plant’s response and acclimatization

to, and recovery from, a gradual water deficit due to low

water availability.

Materials and methods

Cucumber (Cucumis stivus L.) cultivar ‘Zhongnong 12’,

purchased from the Institute of Vegetable and Flower

Chinese Academy of Agriculture Science, was used for all

experiments in this study. Stachyose, raffinose, sucrose,

galactose, fructose and glucose were purchased from

Sigma-Aldrich Trade Co., Ltd (Shanghai, China).

Seed germination test

Seeds were surface disinfected by submerging them in 1%

NaOCl for 20 min, followed by rinsing with sterile distilled

water. The disinfected seeds were soaked in aqueous solu-

tions containing 0, 100, 300 or 500 lM (±) ABA for 6 h at

room temperature, and then placed in Petri dishes (90 mm

diameter) that were lined with two sheets of sterilized filter

paper (90 mm diameter, Whatman No. 3) and moistened

with 5 ml of sterilized water. The Petri dishes were placed in

the dark in an environmental chamber and maintained at

25�C for 3 days. Seeds were watered daily with sterilized

water, and the germination status was recorded every 12 h.

A total of 50 seeds were assessed, with five replicates for

each treatment. As demonstrated in our laboratory previ-

ously (Wang et al. 2010), 500 lM ABA impacted seed

germination at 12 h, this was used as the final ABA con-

centration for the dehydration and rehydration studies.

Seedling dehydration test

Seeds were disinfected and subsequently soaked in either

water or 500 lM ABA at 25�C in the dark for 6 h. Seeds

were then transferred to plastic containers and remained in

the dark, at 25�C, to allow for germination. Germinated

seeds were sown in plastic containers filled with a mixture

of half vermiculite and half peat (v:v), the basic and sat-

urated water contents of the mixtures were evaluated prior

to use.
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All seedlings were cultivated in a phytotron with a day/

night temperature regimen of 25/18�C, an air relative

humidity of 60–70% and PPFD of 500 lmol m-2 s-1 for

10 h day-1. The surface of the plastic containers was

sealed with aluminum foil to prevent water from evapo-

rating. All seedlings were maintained at normal relative

soil water content (85–90% of the field water content)

(Wang and Zhang 2000). When water moisture reached

85% of the field water content, plants were watered to the

soil moisture of 90% of the field water content according to

Wang and Zhang (2000).

Seedlings with three true leaves and of similar sizes

were selected for the following treatments: no ABA pre-

treatment and natural dehydration (ND), ABA pretreatment

and natural dehydration (AD) and no ABA pretreatment

and no dehydration (control, NAND). When photosynthetic

rates of ND seedlings approached near 0.0 lmol m-2 s-1

during dehydration (6 days after onset of dehydration), all

seedlings were rehydrated to original water moisture levels

(85–90% of the field water content).

Leaf gas exchange

Photosynthetic rates (Pn) and transpiration rates (Tr)

were measured using a portable photosynthesis system

(LI-6400, LI-COR Co., Lincoln, Nebraska, USA) under the

following conditions: CO2 concentration of the in-flow air

was 380 ± 10 lmol mol m-2 s-1, the PPFD = 500 lmol

photons m-2 s-1, the ambient relative humidity was

60 ± 5% and the leaf temperature was maintained at 25�C.

At least six functional leaves from each treatment were

measured. Water utilization efficiency (WUE) was deter-

mined as WUE = Pn/Tr. Daily water loss (WL) was cal-

culated as

WL ¼W1�W2

Where, W1 is the weight of the whole plastic container

measured at 8:00 a.m. each day and, W2 is the weight of

the whole plastic container measured the following day at

8:00 a.m. prior to watering.

Extraction and analysis of carbohydrates

Carbohydrates were analyzed essentially as described by Hu

et al. (2009). Cucumber seedling leaves (0.5 g FW), frozen

in liquid nitrogen, were homogenized and extracted 3 times,

for 30 min each time, in 5 ml 80% ethanol at 80�C. The

samples were then centrifuged for 10 min at 17,000 rpm.

Supernatants were evaporated to dryness at 50�C in a vac-

uum; pellets were dissolved in 1 ml of deionized water and

then filtered through a 0.22 lm filter. An Agilent 1200

HPLC system (Agilent Technologies, USA) was used to

analyze carbohydrates. Fifty microlitres of 20 lM fructose

(purchased from Sigma-Aldrich Trade Co., Ltd, Shanghai,

China) was used as an internal standard. Carbohydrate

compounds were separated on a Waters Sugar Pak column

(Agilent Technologies, USA, 6.5 9 300 mm) at 50�C with

water as mobile phase at a flow rate of 0.5 ml min-1.

Stachyose, raffinose, sucrose, glucose, galactose and fruc-

tose were identified by comparison of retention times of

known standards purchased from Sigma-Aldrich Trade Co.,

Ltd (Shanghai, China), and quantified by a refractive index

detector (G1362A RID, Agilent Technologies, USA). Total

sugar amounts were calculated as the sum of stachyose,

raffinose, sucrose, glucose, galactose and fructose.

Statistical analysis

Data were analyzed using the Data Processing System

(DPS, China) 7.05 software with Duncan’s newmultiple-

range test, as well as Excel2003 (Microsoft office 2003,

USA).

Results

Effect of dehydration on the Pn, WL and WUE

of cucumber seedlings

Two days after the onset of dehydration, the photosynthetic

rate (Pn) of dehydrated seedlings (ND and AD) decreased

quickly, and was only half of that observed for NAND

seedlings (Fig. 1). The lowest Pn, for all the groups, was

observed 6 days after dehydration in ND seedlings, which

was 1.7 lmol CO2 m-2 s-1, almost one seventh of that

seen in NAND seedlings. After rehydration, the Pn of

dehydrated seedlings in the AD and ND treatments

increased quickly, especially in AD where recovered to

8.1 lmol CO2 m-2 s-1. During both dehydration and

rehydration, the Pn of the AD group was always greater

than that of the ND group (Fig. 1). The results demon-

strated that a reduction in Pn under dehydration was sig-

nificantly alleviated by ABA pretreatment.

Dehydrated plants in AD and ND had a consistently

lower WL than that seen in NAND plants at all experi-

mental time points (Fig. 1). The lowest WL overall was

observed in AD seedlings. After rehydration, the ND group

showed only a 65% recovery in WL of pre-dehydration

levels, which was higher than that observed in the AD

group upon rehydration. These results indicate that ABA

can reduce the WL of cucumber plant during water stress.

Unlike Pn and WL, the WUE of AD seedlings steadily

increased from the initial stage before dehydration until the

fourth day after dehydration, at which it was almost 2 times

that seen in the NAND seedlings during both dehydration and

rehydration. The lowest WUE, 2.1 lmol CO2 mmol-1 H2O,
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appeared in the ND seedlings at the end of the dehydration,

(Fig. 1), and the ND plants appeared wilting at the end of

dehydration. Two days after rehydration, the WUE of AD

seedlings declined, however it was still higher than that

observed in ND seedlings, but was lower than that seen in the

NAND seedlings at the end of treatment (Fig. 1). This result

demonstrated that ABA pretreatment allowed for a higher

WUE in cucumber during dehydration.

Effect of dehydration on soluble sugar concentration

During dehydration, the ratios of nonstructural carbohydrate

concentrations were altered in leaf tissues. Particularly,

stachyose, raffinose, sucrose, and fructose concentrations

increased gradually in ND and AD seedlings under dehy-

dration, and the highest concentration was observed at the

end of dehydration in ND seedlings (Fig. 2). The increase in

stachyose, raffinose and sucrose in AD and ND seedlings

was higher than that of other carbohydrates measured, such

as glucose, fructose, galactose and galactinol. Compared

with the ND group, carbohydrate concentrations in AD

seedlings varied little during all of dehydrated period.

NAND seedlings had relatively constant carbohydrate con-

centrations during the entire sampling period.

Upon rehydration, all of the carbohydrate concentrations

were reduced in both AD and ND seedlings, as compared to

pre-dehydration measurements. Carbohydrate concentra-

tions in ND seedlings were higher than those observed in

the AD seedlings, and showed a 20–30% recovery of the

initial measurements seen before dehydration. The elevated

stachyose and raffinose concentrations observed in AD and

ND seedlings recovered to 85–90% of pre-dehydration

levels, while sucrose, glucose and fructose showed only a

35–50% recovery after rehydration. These results imply that

stachyose and raffinose are more sensitive to water stress in

cucumber leaves under dehydration, than glucose, sucrose

and fructose.

Discussion

Plant response to dehydration

The general pattern of photosynthetic activity throughout the

day period was similar in the NAND and ND treatment

groups, in that photosynthetic activity decreased from the

first day of dehydration until the sixth day, while dehydrated

ND plants had a consistently lower Pn than NAND plants

during the experiment (Fig. 1). The WL of the ND plants was

also somewhat reduced compared with NAND plants, and

thus followed the same general daytime Pn pattern.

In response to water deficit, an increased concentration of

endogenous ABA rapidly limits water loss from transpira-

tion by reducing stomata conductance, which results in a

decrease in Tr (Wang et al. 2010). Our experiments dem-

onstrated that, under dehydration, WL decreased and ABA

could improve water loss tolerance in cucumber. Water

stress significantly decreased Pn, whereas, under dehydra-

tion, ABA pretreated cucumber seedlings had higher Pn than

those without pretreatment. Maintenance of a higher Pn and

stomata conductance in ABA pretreated seedlings confirmed

the higher stability of the photosynthetic apparatus compared

to the non-pretreated seedlings (Wang et al. 2010).

Rehydration resulted in a recovery in Pn of AD and ND

seedlings, suggesting a reversible inhibition of the photo-

synthetic apparatus in the seedlings. The slow recovery of

Pn in ND seedlings, upon rehydration, suggested that the

basic mechanisms of photosynthesis might be impaired due

to water stress. In the present study, the leaves of 5–6 day

old plants were selected for measurement, and it is possible

the leaf age contributed to the observed decrease in Pn in

the NAND seedlings. In addition, the Pn of the AD and ND

seedlings was lower than that seen in the NAND seedlings,

Fig. 1 Effect of dehydration and rehydration on the photosynthetic

rate (Pn), daily water loss (WL) and water utilization efficiency

(WUE) of cucumber seedlings. NAND control, no ABA pretreatment

and no dehydration, ND no ABA pretreatment and natural dehydra-

tion, AD ABA pretreatment and natural dehydration. Error bars
represent standard errors
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and the Pn of the ND seedlings was lower than that of the

AD group, which indicated that water loss accelerated with

leaf senescence (Bogeat-triboulot et al. 2007) and that

ABA may mitigate the rate of senescence caused by

dehydration.

Dehydration and carbohydrates

It is well established that dehydration can alter the compo-

sition of carbohydrates in many plants (Wattana and Monica

1999; Kerepesi et al. 1996; Kerepesi and Galiba 2000).

Carbohydrates have been generally proposed to act as

compatible solutes or osmoprotectants to allow osmotic

adjustment of plant cells exposed to environment stress.

Oligosaccharides have been considered as factors involved

in glass formation in cells and as a means of prevention

against deterioration of macromolecular structures during

desiccation (Horbowicz and Obendorf 1994). With incre-

mental soil water loss, sucrose concentration in soybean

nodules increased, as well as did carbohydrates in roots and

Fig. 2 Effect of dehydration and rehydration on carbohydrate content

in cucumber seedling leaves. NAND control, no ABA pretreatment

and no dehydration, ND no ABA pretreatment and natural

dehydration. AD ABA pretreatment and natural dehydration. Error
bars represent standard errors
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stems (Robert et al. 1987). RFOs were the predominant

fraction (75–77%) of all soluble carbohydrates measured in

drought stressed lupine seeds (Zalewski et al. 2001) and

raffinose showed significant increases during water deficit in

Populus euphratica and Xerophyta viscosa under water

stress (Bogeat-triboulot et al. 2007; Shaun et al. 2007).

Carbohydrates induced by drought stress may serve not only

as an osmo-protectant and free radical scavenger, as was

previously thought, but also as a phloem-mobile anti-

senescence metabolite (Wattana and Monica 1999).

In this study, stachyose, raffinose, sucrose, glucose,

fructose and galactinol concentrations all increased in

cucumber leaf during dehydration. Sucrose and hexose

accumulation was proposed to play a role in osmotic

adjustment in sucrose-transporting plants such as maize

(Setter et al. 2001). However, for cucumber seedlings,

which are RFO transporting plants, sucrose, stachyose and

raffinose were the main carbohydrates (Schaffer et al.

1996), especially during dehydration in the present study.

The increased carbohydrate concentrations, along with the

elevated protein and proline levels (Wang et al. 2010), all

contributed to the osmosis during dehydration.

ABA and carbohydrates

ABA plays important roles in various responses to abiotic

stresses such as drought, cold and high salinity. Exogenous

ABA in the 50 nM–50 mM range significantly increased

the accumulation of galactinol, raffinose and stachyose in

alfalfa somatic embryos, and at the highest ABA concen-

tration, the amount of galactinol, raffinose and stachyose

accumulated was three-, four- and seven-fold higher,

respectively, than that of controls (Blöchl et al. 2005). In

our study, the leaf content of raffinose and stachyose in AD

seedlings decreased, compared with that of NAND plants

during dehydration, demonstrating that cucumber seeds

pretreated with ABA could increase the tolerance of

cucumber plants to water loss stress. As documented by

Meng et al. (2008), exogenous ABA (50 and 150 lM)

sprayed cucumber plants accumulated substantial amounts

of soluble carbohydrates in the leaves under low temper-

ature, and at higher ABA concentrations, the carbohydrate

content decreased. In our previous study, cucumber seeds

pretreated with 500 lm ABA showed an increase in the

WUE of the plants, and, in addition, demonstrated an

increase in scavenging enzyme activity (Wang et al. 2010).

In desiccated seeds, RFOs accumulated in the cotyledons

or endosperm, and they were also involved in the acqui-

sition of desiccation tolerance (Koster and Leopold 1988;

Horbowicz and Obendorf 1994). In our study, the increased

raffinose, stachyose and sucrose may have contributed to

dehydration tolerance in ND seedlings, and ABA may

increase seedling tolerance to dehydration.

Conclusion

The results presented here suggest that all the carbohy-

drates analyzed increased in cucumber leaf under dehy-

dration, with raffinose, stachyose and sucrose being the

largest components in cucumber seedling leaf, contributing

to the prevention of harm from dehydration. Cucumber

seeds pretreated with 500 lm ABA showed a decrease in

the harmful effects of dehydration to seedlings had a

change in the concentration of carbohydrates, and an

improvement in the WUE of the seedlings.
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