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Abstract Coronatine (COR) is a chlorosis-inducing

phytotoxin that mimics some biological activities of methyl

jasmonate (MeJA). Although MeJA has been reported to

alleviate drought stress, it is unclear if COR has the same

ability. Our objective was to determine the influence of

exogenously applied MeJA and COR on the growth and

metabolism of cauliflower seedlings under drought stress

and recovery. Both MeJA and COR enhanced the growth

and accumulation of dry matter in cauliflower seedlings

during drought-stressed and rewatering conditions. Treat-

ment with MeJA or COR enhanced tolerance of drought

stress through increased accumulation of chlorophyll and

net photosynthetic rate. Enzymatic (superoxide dismutase,

peroxidase, catalase, ascorbate peroxidase, and glutathione

reductase) and nonenzymatic antioxidant (proline and sol-

uble sugar) systems were activated, and lipid peroxidant

(malondialdehyde and hydrogen peroxide) was suppressed

by MeJA and COR under drought stress. MeJA and COR

also increased leaf relative water content and endogenous

abscisic acid level under drought-stressed conditions. After

rewatering, the contents of leaf water, chlorophyll, abscisic

acid, and photosynthetic characteristics as well as enzy-

matic and nonenzymatic antioxidant systems showed

nearly complete recovery. Both MeJA and COR can alle-

viate the adverse effects of drought stress and enhance the

ability for water stress resistance through promotion of

defense-related metabolism in cauliflower seedlings.
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Introduction

Drought and water stress are considered some of the main

environmental factors limiting crop growth and yields in

the world (Panozzo and Eagles 1999) and are major issues

of future climate change (Loreto and Centritto 2008). Thus,

crops must adapt and evolve survival strategies to increase

their tolerance in their rapidly changing habitats. Crop

developmental stages and drought stress severity and

duration affect mainly crops resistant to water stress. In

general, symptoms of drought stress are suppressed growth

(Clua and others 2009; Galle and others 2010), reduced

photosynthetic rate (Warren and Adams 2006; Flexas and

others 2008), and accelerated leaf senescence (Rivero and

others 2009). Moreover, drought stress can trigger an

oxidative burst, accelerate the degradation of photosyn-

thetic pigments and cell membrane damage, induce an

array of antioxidant enzymes expression, and elicit mem-

brane lipid accumulation (Zgallai and others 2005; Ai and

others 2008).

Cauliflower (Brassica oleracea L. var. botrytis) is an

important vegetable in China, which has the largest planting

acreage and production of cauliflower in the world.

According to a FAO estimate (http://www.fao.org/waicent/

portal/statistics.en.asp), the annual production of cauli-

flower in China was 8.3 million tons, representing around
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46.3% of global production. Cauliflower is sensitive to

drought stress at all growth stages, responding to drought

with reduced growth and premature heading. Therefore,

cauliflower growth is limited and its dry matter production

and yield are more seriously depressed by water deficit

(Cheruth and others 2009). Exposure of plants to drought

stress induces numerous physiological and biochemical

changes resulting in a disturbance of normal growth and

development. Multiple factors activate the resistance

response of plants to drought stress, and phytohormones are

one of the most important endogenous substances involved

in the mechanisms of susceptibility or tolerance of various

plant species (Dodd and Davies 2004). Several studies have

shown that the improvement of plant drought resistance is

induced by phytohormones such as abscisic acid (Yang and

others 2007), brassinosteroid (Behnamnia and others 2009),

and jasmonates (Creelman and Mullet 1995; Pedranzani and

others 2007). The physiological mechanisms and hormonal

relationships that alleviate or enhance adverse effects of

drought stress are unknown in cauliflower.

Methyl jasmonate (MeJA) is a naturally occurring plant

growth regulator in higher plants. Exogenous MeJA can

elicit a great variety of morphological and physiological

responses to environmental stresses (Creelman and Mullet

1995). It has been reported that MeJA can alleviate dam-

aging effects of drought stress by changing endogenous

phytohormones, polyamines, and protein-banding patterns

of soybean (Hassanein and others 2009). A role for MeJA

in plant response to water deficit has been suggested

because the stress induces the expression of jasmonate-

responsive genes (Agrawal and others 2003). In addition,

several reports have shown that jasmonates play an

important role in signaling drought-induced antioxidant

responses (Shan and Liang 2010). Exogenously supplied

JA or MeJA can increase the transcript levels and activities

of antioxidant enzymes in plants under water stress (Shan

and Liang 2010). Coronatine (COR), a non-host-specific

phytotoxin produced by several pathovars of Pseudomonas

syringae (Bender and others 1999), is a structural and

functional mimic of MeJA, but it is more active than MeJA

with regard to production of secondary metabolites

(Tamogami and Kodama 2000). However, COR and MeJA

have similar but not identical activities in and effects on

plants (Uppalapati and others 2005). Coronatine can

induce a wide array of effects in plants, for example,

inhibition of root elongation and hypertrophy, senescence,

production of defense-related protease inhibitors, and

resistance to abiotic stresses (Bender and others 1999;

Schüler and others 2004; Uppalapati and others 2005; Ai

and others 2008; Braun and others 2009). However, few

studies have shown that exogenously applied MeJA and

COR could alleviate or enhance adverse effects of drought

stress in cauliflower.

The objective of this work, therefore, was to evaluate

the role of exogenously applied MeJA and COR in coun-

teracting drought stress in cauliflower. The present work

was carried out in an attempt to understand the physio-

logical mechanism of MeJA- and COR-induced tolerance

to drought stress in cauliflower. For this, we investigated

the changes of growth (expressed as dry weight) and

photosynthesis (chlorophyll and net photosynthetic rate) in

cauliflower treated with MeJA and COR under drought

stress and water recovery. We also verified the hypothesis

that MeJA- and COR-induced changes in growth and

metabolism are possibly related to their influence on the

oxidative response, that is, enzymatic (superoxide dismu-

tase, peroxidase, catalase, ascorbate peroxidase, and glu-

tathione reductase) and nonenzymatic antioxidant (proline

and soluble sugar) systems and lipid peroxidant (mal-

ondialdehyde and hydrogen peroxide). In addition, their

regulatory role on abscisic acid was studied.

Materials and Methods

Plant Material, Growth Conditions, and Treatments

The cauliflower cultivar Xuefeng selected for this study is

resistant to black rot disease; seeds were provided by

Tianjin Vegetable Research Institute, China. Standard

COR was provided by Professor Carol L. Bender of

Oklahoma State University (Stillwater, OK, USA). The

COR was prepared as described in Palmer and Bender

(1993).

Cauliflower seeds were surface sterilized in 75% (v/v)

ethanol solution for 10 min and rinsed three times with

distilled water. The seeds were then sown in 12-cm-

diameter 9 12-cm-deep pots containing a mixture (1:1 by

volume) of vermiculite and commercial garden soil (Jixi-

ang Horticulture Company, Beijing, China) sterilized by

heating to 120�C for 2 h. Pots were arranged in a green-

house under 30/20�C and 10-h/14-h day/night conditions at

China Agricultural University, Beijing. Seedlings were

thinned to one per pot at the first true leaf stage.

Five hundred forty seedlings were randomly divided

into nine treatments comprising three regulator treatments

(deionized water as control, MeJA and COR 9 three water

status: well watered, water deficit stress, and post-stress

rewatering). There were 60 seedlings per treatment, and

each treatment had three replications (20 seedlings per

replication).

Deionized water, 10 lM MeJA, and 0.1 lM COR were

separately applied by foliar spray when the seedlings had a

fully expanded fourth leaf. After 24 h, water deficit stress

treatments commenced by not watering seedlings for

8 days; seedlings for the rewatering treatment were returned
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to the well-watered condition after 5 days of stress, whereas

the seedlings for well-watered treatments remained under

normal water conditions. For the physiological measure-

ments, the fourth leaf was sampled on the 8th day after

treatments. The leaf samples were frozen in liquid nitrogen

and stored at -40�C.

Biomass Determination

For dry matter determination, seedlings were collected on

the 8th day after treatment to determine the fresh and dry

weights. Seedlings were separated into roots and shoots,

oven-dried at 105�C for 30 min, and then at 80�C for 24 h.

Relative Water Content (RWC)

The fourth true leaf was sampled on the 8th day after

treatment to determine RWC. After determining the fresh

weight, the samples were soaked in distilled water for 24 h

and cleansed of surface water with absorbent paper before

taking the saturation fresh weight. Samples were then dried

at 105�C for 15 min and then at 80�C to constant weight,

which was recorded. Calculation of RWC of leaf tissue was

based on Munné-Bosch and others (2003).

Photosynthesis and Chlorophyll Content

Net photosynthetic rate (Pn), stomatal conductance (Gs),

transpiration rate (Trmmol), and intercellular CO2 (Ci) of the

fourth leaf were analyzed with a portable photosynthetic

system (LI-6400; LI-COR, Lincoln, NE, USA). The rela-

tive chlorophyll contents of leaves were obtained with the

portable chlorophyll meter SPAD-502 (Minolta, Japan).

Chlorophyll Fluorescence Parameter

The chlorophyll fluorescence parameter Fv/Fm of the fourth

leaf was measured using a portable chlorophyll fluores-

cence detector (PAM2100; Walz, Germany).

Determination of Proline and Soluble Sugar

Proline content was determined according to Monreal and

others (2007) with some modification. Fresh samples

(0.5 g) were ground with 3% sulfosalicylic acid (5 ml) and

clarified by centrifugation. The supernatant (2 ml) was

mixed with the same volume of acetic acid and acid nin-

hydrin (3 ml); the mixture was oven-incubated at 100�C

for 40 min, and the reaction was finished in an ice bath.

The reaction mixture was extracted with toluene (5 ml) and

the absorbance was read at 520 nm, using toluene as a

blank. The proline concentration was determined from a

standard curve and calculated on a fresh weight basis.

Contents of total soluble sugars were extracted and

analyzed according to Ci and others (2009). The leaf

samples (0.5 g) were homogenized in 2 ml of 80% (v/v)

alcohol, and the mortar was washed three times with 3 ml

of 80% alcohol. The homogenates were placed at room

temperature for 30 min and then centrifuged at 4,000g for

20 min. The supernatant was stored at 4�C. The superna-

tant (0.5 ml) was mixed with 3 ml of anthrone and the

mixtures were incubated at 95�C for 10 min. The absor-

bance at 620 nm was then recorded.

H2O2 and Malondialdehyde (MDA) Contents

Leaf samples (0.5 g) were homogenized at 4�C in 8 ml of

50 mM ice-cold phosphate buffer (pH 7.0) containing 1%

(w/v) polyvinylpyrrolidone (PVP). The homogenates were

centrifuged at 15,000g for 20 min at 4�C and supernatants

were stored at -80�C until assayed. The H2O2 content was

measured using the method of Xie and others (2008).

The MDA content was determined according to the

method of Kuk and others (2003) with slight modification.

The supernatant (1 ml) was added to 2 ml of 20% (v/v)

trichloroacetic acid containing 0.5% (m/v) thiobarbituric

acid. The mixture was incubated in boiling water for 20 min

and cooled immediately. The solution was centrifuged at

10,000g for 10 min and the MDA content was calculated

using the extinction coefficient of 155 mM-1 cm-1 by

measuring the absorbance at 532 and 600 nm.

Antioxidant Enzyme Activity Assay

Superoxide dismutase (SOD) activity was determined fol-

lowing the method of Kuk and others (2003). Activity was

expressed in enzyme units per mg protein. One unit of SOD

is defined as the amount of enzyme that inhibits the

reduction rate of NBT by 50%.

Peroxidase activity (POD) was determined by the

guaiacol oxidation method (Nakno and Asada 1981). The

reaction mixture consisted of 50 ml of 0.2 M phosphate

buffer (pH 6.0), 19 ll guaiacol, and 28 ll of 30% H2O2.

The reaction started after adding 0.5 ml of the supernatant

to 1.5 ml of the reaction mixture, and changes in A470 were

recorded for 3 min. Enzyme activity was expressed as an

increase in absorbance min-1 mg-1 protein.

Catalase (CAT) activity was estimated by monitoring

the disappearance of H2O2 by recording the decline in

absorbance at 240 nm according to Ai and others (2008), in

a reaction mixture containing 50 mM sodium phosphate

buffer (pH 7.8), 100 mM 30% H2O2, and crude enzyme

extract.

Ascorbate peroxidase (APX) activity was determined

according to the method of Nakno and Asada (1981).

Glutathione reductase (GR) activity was assayed by
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monitoring the glutathione-dependent oxidation of NADPH

at 340 nm (Kuk and others 2003; Ai and others 2008).

Extraction, Purification, and Determination of ABA

Extraction and purification of endogenous ABA were car-

ried out as previously described in Yang and others (2001).

Leaf samples (0.5 g) were homogenized at 4�C in 5 ml of

80% (v/v) methanol extraction medium containing 1 ml

butylated hydroxytoluene as an antioxidant. The extracts

were incubated at 4�C overnight and centrifuged at

4,000 rpm for 15 min at the same temperature. Then, the

supernatant was applied to preconditioned Chromosep C18

columns (C18 Sep-Park Cartridge, Waters, Milford, MA,

USA). The hormone fractions were eluted with 10 ml of

100% (v/v) methanol, and 10 ml ether from the columns

were dried under N2 and dissolved in 4 ml phosphate

buffer containing 0.1% (v/v) Tween 20 and 0.1% (w/v)

gelatin (pH 7.5). The endogenous levels of ABA were

determined by an indirect ELISA technique (Yang and

others 2001).

Statistical Analysis

Data were analyzed using one-way analysis of variance

(ANOVA) and the means were separated using Duncan’s

multiple-range tests at the 5% level of significance.

Results

Changes in Dry Matter Accumulation During Drought

Stress and Recovery

The dry weight of cauliflower seedlings was reduced by

37.3% after 8 days of drought stress and by 33.1% after

rewatering (Table 1). However, MeJA and coronatine

(COR) markedly alleviated biomass reduction under

drought stress by increasing the dry weight by 10.2 and

9.4% relative to control plants. After rewatering, the dry

weights of MeJA- and COR-treated plants were 9.9 and

7.4% higher than control plants. Dry weight of seedlings

under well-watered conditions was slightly higher in

MeJA- or COR-treated plants than in control plants.

Changes in Photosynthetic Parameters During Drought

Stress and Recovery

Under well-watered conditions, MeJA- and COR-treated

plants showed higher net photosynthetic rate (Pn), stomatal

conductance (Gs), intercellular CO2 concentration (Ci), and

transpiration rate (Trmmol) than control plants (Fig. 1a–d).

Drought stress had adverse effects on Pn, Gs, Ci, and Trmmol

across treatments, although the pattern and intensity of

these effects varied. However, the photosynthetic parame-

ters in MeJA- and COR-treated plants were remarkably

higher than control plants. Rewatering after drought stress

resulted in the recovery of Pn, Gs, Ci, and Trmmol to varying

degrees across treatments. Whereas the Pn and Trmmol in

MeJA- and COR-treated plants recovered fully to levels

observed for well-watered plants, the Gs and Ci recovered

to only 93 and 83% of well-watered plants.

Changes in Chlorophyll (Chl) Content and Fv/Fm

During Drought Stress and Recovery

Under well-watered conditions, the chlorophyll contents of

MeJA- and COR-treated plants were higher than those of

control plants. For MeJA- and COR-treated plants, similar

changes were observed during drought stress, as Chl con-

tent determined from SPAD values decreased from 40.9 to

38.6, but Chl values were 12.0-12.9% higher in MeJA- and

COR-treated plants than in control plants (Fig. 2a, b).

During rewatering, the Chl content was restored to values

observed under well-watered conditions.

The Fv/Fm values declined considerably by greater than

13.9% with progression of drought stress, and for MeJA-

and COR-treated plants they were markedly increased by

6.0 and 8.3%, respectively, under drought stress. However,

this reduction was completely reversed after rewatering.

Changes in Membrane Leakage and Lipid Peroxidation

During Drought Stress and Recovery

Nonsignificant changes in the relative water content

(RWC) of leaves were observed in all treated plants under

well-watered conditions. In contrast, the RWC declined

from 95 to 77% under drought stress (Fig. 3c). The RWC

of MeJA-treated leaves was the highest, and the RWC of

COR-treated plants was higher than that of control plants

Table 1 Effect of MeJA and COR on dry weight of cauliflower

seedlings under different water conditions

Treatment Dry matter accumulation (g plant-1)

WW DS RW

Control 0.324 aa 0.234 b 0.243 b

MeJA 0.334 a 0.258 a 0.267 a

Coronatine 0.328 a 0.256 a 0.261 a

WW well-water conditions, DS drought stress, RW rewatering
a Data are means of three independent replicates. Within each col-

umn, means followed by same letters are not significantly different

according to LSD test at P B 0.05
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under drought stress. However, the RWC was immediately

restored in differently treated plants after rewatering.

Proline and soluble sugar play an important role in

osmotic regulation. Proline values for MeJA- and COR-

treated plants were similar to that of control plants under

well-watered conditions. The values increased from 42 to

183 nmol g-1 under drought stress (Fig. 3a) and were

highest for COR-treated leaves. These increases were

slightly reversed upon rewatering, but proline values in

MeJA- and COR-treated plants were higher than values

observed at well-watered conditions.

Soluble sugar values changed little under well-watered

conditions and followed a similar trend during drought

stress and rewatering (Fig. 3d). During drought stress,

soluble sugar was significantly increased in MeJA- and

COR-treated plants and was completely restored to well-

watered values within 4 days of rewatering.

There was no difference in MDA values among treat-

ments under well-watered conditions (Fig. 3e). Under

drought stress conditions, the MDA values in MeJA- and

COR-treated plants were 32.8 and 16.5% lower than those of

control plants. After rewatering, the values of MeJA-treated

plants were restored to well-watered levels, but those of

COR-treated and control plants were about 17% higher than

that of well-watered plants.

Hydrogen peroxide (H2O2) as a strong oxidant, together

with MDA, has toxic effects on the enzymes and mem-

brane. The H2O2 values of MeJA- and COR-treated plants

were slightly lower than that of control plants under well-

watered conditions (Fig. 3b). During drought stress, the

value for COR-treated plants was the lowest across treat-

ments, and the value for MeJA-treated plants was lower

than that of control plants. H2O2 was completely restored

to well-watered levels after rewatering.

Changes in Antioxidant Enzyme Activities During

Drought Stress and Recovery

Cell membrane lipid peroxidation is an important index of

plant injury due to drought stress. This arises from
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Fig. 1 Effect of MeJA and COR on net photosynthetic rate (Pn) (a),

stomatal conductance (Gs) (b), intercellular CO2 concentration (Ci)

(c), and transpiration rate (Trmmol) (d) in leaves of cauliflower

seedlings grown under different water conditions. WW well-water

conditions; DS drought stress; RW rewatering. Data are means of

three determinations ± standard deviation (error bars). Bars with the

same letters are not significantly different according to LSD test at

P B 0.05
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accumulation of free radicals when the balance between

free radical generation and removal in plant is disturbed.

Catalase, APX, SOD, POD, and GR are important defen-

sive enzymes for scavenging the enzyme system of active

oxygen free radicals. Slightly different levels of CAT and

APX were observed in different treatments under well-

watered conditions. Under drought stress, CAT values in

MeJA and COR-treated plants were 40.0 and 47.3% higher

than in control plants (Fig. 4a). The APX values of MeJA-

and COR-treated plants were 33.3 and 50.0% higher than

that of control plants. After rewatering, APX values were

restored to slightly above well-watered levels (Fig. 4c).

The CAT values were about 32% higher than well-watered

values.

There were no marked changes in SOD and POD values

under well-watered conditions (Fig. 4b, d). Under drought

stress, the SOD and POD increased across treatments to

varying degrees; the SOD values in MeJA- and COR-trea-

ted plants were 19.1 and 24.5% higher than that in control

plants, and POD values in MeJA- and COR-treated plants

were 22.0 and 41.2% higher than that in control plants.

However, this increase was reversed after rewatering.

The GR values in MeJA- and COR-treated plants were

27.3 and 18.2% higher than that in control plants under

well-watered conditions (Fig. 4e). Under drought stress,

the values in MeJA- and COR-treated plants were 15.0 and

20.0% higher than that in control plants. During rewater-

ing, GR values decreased across treatments but values in

MeJA- and COR-treated plants remained slightly higher

than that in control plants.

Changes in Abscisic Acid (ABA) During Drought

Stress and Recovery

There was no significant change in ABA values under well-

watered conditions (Fig. 5). Under drought stress, the ABA

values in MeJA- and COR-treated plants were 21.1 and

23.6% higher than that in control plants. After rewatering,

the values in MeJA- and COR-treated plants were restored

to well-watered levels, resulting in somewhat higher ABA

values in MeJA- and COR-treated plants than that in the

corresponding controls.

Discussion

Well-watered Conditions

Exogenously applied JA and MeJA inhibited or promoted

morphological and physiological changes in plants. The

pleiotropic action of JA and MeJA was in a concentration-

dependent manner. For example, MeJA at a concentration

of 100 lM or 1.0 mM arrested the germination, growth,

and leaf expansion in several plants (Jubany-Marı́ and

others 2010; Zalewski and others 2010). Application of

JA and MeJA to leaves decreased expression of photo-

synthesis-related genes, reduced translation and increased

degradation of Rubisco, reduced the net photosynthesis

rate, and caused a loss of chlorophyll in barley or soybean

(Wierstra and Kloppstech 2000; Scandalios 1993). In

contrast, MeJA at sub-micromolar concentrations could

promote lateral root initiation and growth (Tung and

others 1996). Mabood and others (2006) showed that

treatment with MeJA at 50 lM stimulated growth, dry

matter accumulation, and grain yield under short soybean

season field conditions. Enhanced biomass production and

high levels of photosynthetic pigments, monosaccharides,

and proteins were observed in Wolffia arrhiza exposed to

1.0 lM JA (Piotrowska and others 2010). In the present

study, our results indicated that MeJA at 1.0 lM stimu-

lated dry matter accumulation in cauliflower seedlings by

promoting accumulation of chlorophyll and increasing the

net photosynthetic rate, Gs, Ci, and transpiration rate

(Figs. 1, 2). Although COR-treated plants had higher

chlorophyll content and photosynthetic rates, COR treat-

ment did not affect total seedling biomass as reported

earlier for rice or cotton (Ai and others 2008; Xie and

others 2008).
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Whereas most previous studies were based on external

MeJA applications through plant roots (Ali and others

2006; Parra-Lobatoa and others 2009; Maksymiec and

Krupa 2002), this study focused on changes in nonen-

zymatic and enzymatic antioxidant systems based on

foliar application of MeJA at lower concentrations. Our

results showed slight decreases in H2O2 and MDA con-

tent and increases in the activities of SOD, POD, CAT,

APX, and GR in cauliflower seedling leaves treated with

MeJA (Figs. 3, 4). These agreed with the results reported

in Jung (2004) and Kumari and others (2006), that is,

total activities of antioxidative enzymes increased

greatly in response to MeJA in Arabidopsis and peanut

seedlings.

The accumulation of soluble sugar and proline in MeJA-

treated plants was less than that in control plants, whereas

the relative water and ABA contents and Fv/Fm showed

no difference between MeJA-treated and control plants,

suggesting that MeJA treatment did not induce osmotic

stress in the cauliflower seedlings. Application of COR also

enhanced the activities of SOD, POD, CAT, APX, and GR

and decreased the accumulation of H2O2 and MDA. Our

results were in agreement with those of Ai and others

(2008) and Xie and others (2008), who examined the effect

of COR on enzyme antioxidant defense systems in rice and

cotton.

Drought Stress Conditions

In our study drought stress seriously decreased chlorophyll

content (Fig. 2), net photosynthetic rate, Gs, Ci, and tran-

spiration rate (Fig. 1), which led to inhibition of dry matter

production in cauliflower seedlings (Table 1). A similar

inhibition of dry matter production and yield reduction by

water deficit were reported in Cheruth and others (2009).

Exogenous application of MeJA could improve plant
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tolerance to environmental stresses, including drought and

low temperature (Gao and others 2004). MeJA application

greatly mitigated the adverse effects of NaCl on soybean

growth, chlorophyll content, leaf photosynthetic rate, and

proline content (Yoon and others 2009). In our study, MeJA

application to cauliflower seedlings significantly increased

photosynthesis and chlorophyll content and promoted bio-

mass production under water deficit stress. Like MeJA, COR

application increased dry matter production, chlorophyll

content, and leaf photosynthetic rate under drought stresses.

Our results were in agreement with observations for maize

and rice seedlings treated with COR under drought stress

(Wang and others 2008; Ai and others 2008).

Drought stress could damage the chlorophyll pigments and

photosynthetic electron transport system, which led to pro-

duction of reactive oxygen species (Zgallai and others 2005).

To counter the adverse effects of reactive oxygen species,

plants evolved numerous nonenzymatic and enzymatic anti-

oxidant defenses. JA or MeJA were involved mainly in

response to water stress by regulating oxidative reactions and

inducing antioxidant defenses (Shan and Liang 2010).
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Exogenously supplied COR also alleviated drought

stress by activating antioxidant enzymes and inducing

resistant protein expression(Ai and others 2008). In this

experiment, in response to exogenous MeJA or COR

treatment under drought stress, the H2O2 and MDA con-

tents were significantly reduced and accumulation of sol-

uble sugar and proline and the Fv/Fm ratio were markedly

promoted in cauliflower seedlings, suggesting that MeJA or

COR application could alleviate drought-induced injury in

cauliflower. It was widely recognized that accumulation of

soluble sugar, proline, and betaine led to a decline in cell

osmotic potential, and plants had to absorb water from the

outside to maintain cell turgor and adjust osmotic balance

(Dong and others 2002).

The accumulation of proline, MDA, and H2O2 also was

regarded as a sign of drought stress (Ai and others 2008).

Apart from the positive effect of MeJA and COR on

nonenzymatic antioxidants, they stimulated the activity of

enzymatic antioxidants and reduced the production of lipid

peroxide in cauliflower seedlings. The activities of func-

tionally interrelated antioxidant enzymes such as SOD,

POD, CAT, APX, and GR were significantly increased by

MeJA or COR treatment. Thus, enhanced activities of these

enzymes were generally associated with an adaptation to

high levels of active oxygen species and environmental

changes in cauliflower seedling.

In response to water stress, the leaf water status as mea-

sured by the relative water content gradually decreased. MeJA

or COR application significantly inhibited drastic reductions

in leaf water content and maintained reasonable leaf water

status in cauliflower seedlings under drought stress. The

results confirmed the findings of Wang and others (2008) for

COR effects on maize or of Pan and Gu (1995) for MeJA

effects on peanut. It had been reported that ABA accumulation

could be induced by JA in plant cells (Creelman and Mullet

1995), and ABA was involved in cell signaling systems for

drought in plants (Zhang and others 2001).

Exogenous application of jasmonic acid rapidly

increased the endogenous level of ABA in rice (Rakwal

and Komatsu 2000). Our results clearly showed that

drought-stressed cauliflower treated with MeJA or COR

showed a marked increase in endogenous ABA contents

(Fig. 5). Therefore, the increase in ABA content was an

adaptive response and safeguard mechanism of cauliflower

plants to cope with drought stress.

Recovery During Rewatering

Leaf water status recovered gradually after rewatering of

cauliflower seedlings, as observed in Cistus albidus (Jubany-

Marı́ and others 2010). As Pn and chlorophyll content were

restored to normal values after rewatering, values of Gs, Ci,

and Trmmol at recovery were slightly lower than those under

well-watered conditions. Our results agreed with previous

reports that photosynthetic characteristics after rewatering

were lower than those of well-watered values but were

greatly higher than those of water-stressed values (Anyia and

Herzog 2004). Similarly, MeJA or COR application ensured

near complete recovery in leaf water content, Pn, chlorophyll

content, and other photosynthetic characteristics after re-

watering. Cauliflower seedlings recovered upon rewatering

and resumed growth, indicating that the plants had mecha-

nisms of adaptation to water stress.

An increase in H2O2 was observed during recovery from

water stress in lichens (Weissman and others 2005), blue-

grass (Bian and Jiang 2009), and Cistus albidus (Jubany-

Marı́ and others 2010). However, this was not the case in

Cistus albidus plants exposed to drought when the release

of water stress was gradual (Jubany-Marı́ and others 2010).

Our results showed that the H2O2 level declined to that in

well-watered conditions, and MeJA or COR application did

not affect the declining trend, as reported in Sofo and

others (2005). During the rewatering phase, the activities of

SOD, POD, CAT, APX, and GR decreased, and levels of

proline and soluble sugar were reduced in cauliflower

leaves. Our results indicated that the downregulation of the

enzymatic antioxidant system observed in rewatered plants,

possibly owing to a reduced need for removal of activated

oxygen species, was consistent with the recovery in leaf

water potential and gas exchange of cauliflower seedlings.
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