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Abstract
In order to investigate the effects of water stress on total phenolics content, antioxidant power, β-glucosidase activity
and stomatal properties of alfalfa, a factorial experiment based on randomized complete block design was carried out in
1-Lit pots containing half strength Hoagland culture medium using two cultivars of alfalfa at four osmotic pressures
including 0 (control), -0.5, -1.0 and -1.5 MPa. Polyphenol oxidase activity and total phenolics were increased in both
cultivars in response to osmotic stress. Although the increases in total phenolics were higher in Yazdi cultivar than
Gharayonjeh but the polyphenol oxidase activity had an inverse trend, thus resulting in higher levels of phenolic
compounds in Yazdi cultivar than Gharayonjeh. The β-glucosidase activity as a marker of ABA level in plant cells
increased in both cultivars. Furthermore, stomatal conductance and transpiration rates decreased in response to drought
stress. This means that both cultivars closed their stomata under osmotic pressure in order to reduce the transpiration,
however, Yazdi cultivar was more efficient in this respect. According to our results, it can be concluded that Yazdi can
be considered as a more tolerant cultivar than Gharayonjeh because of its ability to increase free ABA levels in leaves,
reduce transpiration rate and accumulate antioxidant compounds.
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Introduction

enhanced by irradiation. Soil water deficit induces

Drought stress is one of the most common adverse

the leaf dehydration and leads to intensify the

environmental conditions which can reduce crop

production of reactive oxygen species (ROS),

productivity seriously. The percentage of drought

which has direct and indirect effects on the

affected land areas has nearly doubled from 1970s

synthesis of antioxidants and on secondary

to the early 2000 in the world (Isendahl and

metabolism (Souza et al. 2004).

Schmidt 2006). It is estimated that the percentage
of droughty terrestrial areas will redouble by the
st

Plants adapt to drought by down-regulation
of

several

physiological

and

biochemical

end of 21 century. Drought as a world spread

processes, thereby maintaining growth even under

problem seriously influence grain production and

severe water stress (Izanloo et al. 2008). To

quality.

with

withstand

increasing population make above situation more

developed

serious (Hongbo et al. 2005). It has been reported

physiological,

that

the

characterized by the reduce in the water potential

photosynthetic apparatus can be additionally

of plant tissues which leads to a variety of

The

drought

global

climate

induced

changes

damages

to

against
a

the

number
and

stress,
of

plants

have

morphological,

biochemical

responses
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modifications
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different
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plant

processes

including accumulation of abscisic acid and

which may contribute to ABA homeostasis in
plant cells (Chiwocha et al. 2005).

osmoprotectant solutes, stomatal closure, growth

Selection of drought tolerant varieties would

inhibition, reduced transpiration and formation of

be the most economical approach to improve

radical scavenging compounds (Shao et al. 2009).

productivity and to reduce agricultural use of

The great attention has attracted to the

fresh water resource (Gao et al. 2008). This

ecological roles of phenolic compounds in

investigation was carried out to find a) water

protecting plants from unfavorable internal or

stress effects on total phenolics, polyphenol

external environment (Cheng and Li 2006).

oxidase (PPO) activity, antioxidant power and β-

Synthesis of polyphenol compounds is induced in

glucosidase activity as an indicator of ABA in two

response to biotic and abiotic stimuli such as UV-

alfalfa cultivars and b) to find how sensitive and

B radiation, drought, chilling, ozone, heavy

tolerant cultivars respond to stress condition.

metals, attack by pathogens, wounding or nutrient
deficiency.

Polyphenols

as

antioxidant

Material and Methods

compounds protect the plant against oxidative

Plant material

stress

compounds,

The experiment was carried out using two

including simple phenols (phenolic acids and

cultivars of alfalfa. The two cultivars, Yazdi and

derivatives) and polyphenols (flavonoids and

Gharayonje, were distinguished based on the

polymeric compounds) play an important role in

known standards as drought resistant and sensitive

the detoxification of free radicals (Ksouri et al.

cultivars, respectively (Hosseini-Boldaji et al.

2007). Thus, increased synthesis of phenolic

2012). Seeds were surface sterilized with 5%

compounds is a common response to water deficit

sodium hypochlorite solution for 5 min and

(Parida et al. 2004).

washed with sterile water three times, then were

(Grace

2005).

Phenolic

Abscisic acid (ABA) is a phytohormone

germinated under greenhouse conditions at 24±4

critical for plant growth, development and

°C, relative humidity of 70±20% and dark

adaptation to various stress conditions. In order to

condition for 5 days in a growth chamber

respond

and

(Garouk, model GC.400, Iran). The seedlings

environmental conditions, plants have to regulate

were transplanted to 1-L pots containing half

ABA levels (Lee et al. 2006). In particular,

strength Hoagland solution and were grown under

cellular ABA levels increase significantly during

controlled condition at 25±5 °C, illumination

seed maturation and under abiotic stress. The

density of 400 µmol m-2s-1 with 16/8 day/night

amounts of cellular ABA in a leaf cell may be

photoperiod and aerated in necessary rate for 15

increased by two different ways, the first and

days. Afterward solutions with osmotic pressures

main way is de novo synthesis in the leaf cell and

of -0.5, -1.0 and -1.5 MPa were prepared using

supply from roots (Nambara and Marion-Poll

polyethylene glycol 6000, based on the equation

2005). The second way is ABA-GE hydrolysis

provided by Michel and Kaufmann (1973). Water

to

changing

physiological
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potential was daily adjusted by adding appropriate

plant extract. All samples were analyzed in three

volume of Hoagland half-strength solution to each

replications.

container (final volume 1 L). Plants were
harvested 30 days after transplanting and the

Polyphenol oxidase activity (EC 1.10.3.1)

samples were used for later analysis.

The assay of PPO was carried out by the method
of

concentration

and

Khan

(1982)

with

slight

modification. Assay mixture for PPO contained 2

Assay of total phenols
The

Kumar

was

ml of 0.1 M phosphate buffer (pH 6.0), 1 ml of

reagent

0.1 M catechol and 0.5 ml of enzyme extract. This

following the colorimetric method adapted by

was incubated for 5 min at 25 OC, after which the

Singh et al. (2002). Measurements were carried

reaction was stopped by adding 1ml of 2.5 N

out in triplicate and calculations were based on a

H2SO4. The absorbance of the purpurogallin

calibration curve obtained with gallic acid. The

formed was read at 495 nm. To the blank 2.5 N

levels of total phenols were expressed as

H2SO4 was added of the zero time of the same

milligrams of gallic acid equivalents per gram of

assay mixture. PPO activity was expressed

dry weight (mg GAE g-1 DW).

Ug−1 DW (U= change in 0.1 absorbance per min).

DPPH· radical scavenging activity

Extraction and assay of ABA-β-D-glucosidase

determined

The

with

of

total

phenols

Folin-Ciocalteu

diphenylpicrylhydrazyl

radical

as

(DPPH·)

For enzyme extraction, one gram of leaves was

scavenging activity was estimated according to

frozen into liquid nitrogen, powdered in a cold

Hanato et al. (1988). The dried plant extract was

mortar and pestle and homogenized with 1 ml ice-

diluted in the pure methanol at different

cold solution containing 2 mM EDTA, 1 mM

concentrations ranging from 1 to 250 μg.ml−1, and

magnesium acetate, 2 mM DTT and 5% (w/v)

then 2 ml was added to 0.5 ml of a 0.2 mM

insoluble PVP at 4 °C. The homogenation was

DPPH· methanolic solution. The mixture was

centrifuged at 15,000 g for 30 min and the

shaken vigorously and left standing at room

supernatant

temperature for 30 min in the dark and then the

immediately. The extracellular β-glucosidase

absorbance was measured at 517 nm. For each

activity was measured by a modified procedure

dilution of the extract, the DPPH· scavenging

based on Garcia et al. (1993) method. The

activity was calculated as 100* (A0−A1)/A0, where

reaction of mixture containing 100 µl of citrate

A0 is the absorbance of the control at 30 min and

buffer (250 mM, pH 6.5), 40 µl of p-nitrophenyl-

A1 is the absorbance of the sample at 30 min. The

β-D-glucopyranoside (pNPG; 25mM) and 10 µL

antiradical activity was finally expressed as IC50

enzyme was extracted. After incubation at 37 °C

−1

was

used

for

enzyme

assay

(μg.ml ), the extract concentration required to

for 30 min, the reaction was stopped by adding

cause a 50% inhibition. A lower IC50 value

850 µL of NaOH 0.25 M. The activity of β-

corresponds to a higher antioxidant activity of the

glucosidase was estimated spectrophotometrically
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by reading the absorbance of the liberated p-

polyphenols. Biotic and abiotic stresses increase

nitrophenol at 405 nm. One unit (IU) of β-

production of free radicals and other oxidative

glucosidase activity was defined in one minute as

species in plants, which respond by increasing

the amount of enzyme required for releasing 1

their capacity to scavenge reactive oxygen species

mM p-nitrophenol under the assay conditions.

(ROS). Phenolics are very significant in this field.
It is also proposed that under stress conditions,

Physiological traits

phenylpropanoid biosynthesis may represent an

The stomatal conductance and transpiration rates

alternative pathway for photochemical energy

were measured for leaves using a portable IRGA

dissipation, which has the added benefit of

(infra red gas analyzer, Li 6200, Licor). The

enhancing the antioxidant capacity of the cell

measurements were taken around 12:00 AM using

(Grace

three leaves for each treatment and expressed as

mechanism of phenolic compounds stimulation by

mmol.m-2.s-1.

osmotic stress was not investigated in the current

and

Logan

2000).

Although

the

research, previous studies have shown that most
Statistical analysis

phenolic compounds are generated by the

The experiment was conducted as factorial based

phenylpropanoid pathway, which is stimulated by

on randomized complete block design using two

biotic and abiotic stress (Kim et al. 2006). This

cultivars of alfalfa at four different osmotic

observation also can be related to the fact that

pressures. The data reported in this study were the

phenolic compounds has strong hydrophilicity

mean±SE

Statistical

with phenolic hydroxyl and other hydrophilic

analysis was performed by two-way analyses of

groups in molecules in spite of hydrophobic parts

variance (ANOVA) and Duncan’s multiple range

such as aromatic rings which means that phenolic

test (p≤ 0.05). Analyses were carried out by

compounds could hold internal water of plants

statistical analysis system software (version 9.1,

and reduce water loss in the drought environment.

SAS Institute) and graphs drew by Excel 2003.

Thus, leaves with higher phenolic compounds

using

three

replicates.

would lessen transpiration (Song et al. 2000). Our
Results and Discussion

results indicated that the more tolerant cultivar

Total phenolics content

(Yazdi) increased phenolics content under water

All osmotic stress treatments caused significant

stress condition and had better capacity to

increases in phenolic compounds in Yazdi cultivar

confront drought stress. Similar to our findings,

as compared with the control, but those of

the enhancement in phenolic contents under water

Gharayonje were not affected significantly (p≤

stress was reported by Oh et al. (2010) in lettuce

0.05) as shown in Figure 1. Our results coincided

and Tattini et al. (2004) in Ligustrum vulgare.

with Hichem et al. (2009) observation who
reported that an osmotic stress tolerant maize
cultivar showed a higher accumulation of
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Figure 1. Changes in total phenolics of Gharayonje (gray bars) and Yazdi (black bars) cultivars incubated on
PEG 6000 solutions of 0, -0.5, -1.0 and -1.5 MPa water potential. Values are expressed as means of three
independent replications ± standard error. Treatments with the same lower-case letters were not significantly
different based on the mean comparison by Duncan’s multiple range test at p≤ 0.05.

DPPH radical scavenging activity

the r-squared values were 0.83 and 0.92 for Yazdi

The free radical scavenging activity, was used to

and Gharayonjeh, respectively (Figure 3). The

evaluate antioxidant power of the leaf methanolic

phenolic compounds can limit the chlorophyll

extraction under optimal osmotic pressure and

excitation during conditions unfavorable for the

water deficit conditions. Antiradical properties of

photosynthetic apparatus (Burchard et al. 2000).

two cultivars are shown in Figure 2. The half

Moreover, phenolics have the ability to scavenge

inhibition concentration (IC50) was decreased in

free radicals including the reactive oxygen species

Yazdi cultivar under all drought treatments in

(Blokhina et al. 2002). The antioxidant activity of

comparison with the control. But, in Gharayonjeh

phenolic compounds is owed primarily to their

cultivar, it was increased under the highest

redox properties, which enable them to act as

osmotic pressure only and no differences were

reducing agents and hydrogen donors (Hichem et

observed between other levels and the control.

al. 2009). Our results indicated that phenolic

The principle of the antioxidant activity is the

compounds played an antiradical role in alfalfa

availability of electrons to neutralize free radicals

under drought stress. Similar to our study other

such as DPPH. Substances to perform this

investigators have noted that cultivars with higher

reaction can be considered as antioxidants and

amounts of phenolic compounds has a better

therefore radical scavengers (Brand Williams et

scavenging activities (Meot-Duros and Magne

al. 1995). The DPPH radical scavenging activity

2009; Gursoy et al. 2009).

correlated with the total phenolic content, since
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Figure 2. DPPH free radical scavenging ability of Gharayonje (gray bars) and Yazdi (black bars) cultivars
incubated on PEG 6000 solutions of 0, -0.5, -1.0 and -1.5 MPa water potential. Values are expressed as means of
three independent replications ± standard error. Treatments with the same lower-case letters were not
significantly different based on the mean comparison by Duncan’s multiple range test at p≤ 0.05.

Polyphenol oxidase activity (EC 1.10.3.1)

et al. 2008). Therefore, it could act to promote

The results of polyphenol oxidase (PPO) activity

peroxidase activity, because of the generation of

in alfalfa cultivars under different levels of

hydrogen peroxide during the oxidation of

osmotic stress are shown in Figure 4. The enzyme

phenolic compounds. So, investigators believed

activities were increased differently in alfalfa

that PPO activity can mitigate oxidative damages

cultivars under osmotic stress (p≤ 0.05); the

of stresses together with other antioxidant

enzyme activity was higher in Gharayonjeh

enzymes such as APX, POD and CAT. Our

cultivar than Yazdi. The metabolism of phenolic

coworkers’ studies on peroxidases activities in

compounds includes the action of oxidative

alfalfa under water stress confirmed the above

enzymes such as PPO and peroxidases. Some

suggestion. They observed that APX and POD

studies have reported that the activity of these

increased

enzymes increases in response to different types

although these enzymes activities were higher in

of stress (Jouili and Ferjani 2003). The PPO of

Yazdi in comparison with Gharayonjeh (Hosseini

plants, which catalyses the oxygen dependent

Boldaji et al. 2012). According to the present

oxidation of phenols to quinones, has been

study, the PPO activities in alfalfa cultivars were

proposed as a defense mechanism. But, in this

ultimate to phenolic oxidation which can raised

way it has been suggested that phenol oxidation

free radical production and reduced antioxidant

involves ROS production and could increase

properties of leaf extract, so more tolerant

oxidative stress under stress conditions (Mahanil

cultivar, showed lower PPO activity under water

significantly

under

water

stress,
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results

were
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Thipyapong et al. (2004) and Sunchez-Rodriguez
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higher activity of PPO in tomato, could improve
resistance against water stress.

et al. (2011) findings, who proposed that the

Figure 3. Relationship of total phenolics with free radical scavenging ability of Gharayonje (pink curve) and
Yazdi (dark blue curve) cultivars incubated on PEG 6000 solutions of 0, -0.5, -1.0 and -1.5 MPa water potential.

β-glucosidase activity

predominant form of conjugates (Cutler and

The activity of β-glucosidase in alfalfa cultivars

Krochko 1999). This form may contribute to ABA

under water stress condition were shown in Figure

homeostasis in plant cells. The β-glucosidase

5. Results showed that the enzyme activity

generates ABA from ABA-GE. This pathway is

increased in both cultivars under water stress as

ideal for rapid increase of the ABA content

compared with the control (p≤ 0.05). Although a

necessary for plants to meet physiological needs

significant difference in the enzyme activities of

under stress condition (Lee et al. 2006). The

two cultivars was observed at the osmotic

results of current study represented that more

pressure of -1.5 MPa, at other levels of water

tolerant

stress, enzyme activity did not differ significantly

glucosidase activity under crucial conditions than

cultivars (p≤ 0.05). The cellular

Gharayonjeh in order to increase ABA levels and

ABA content is regulated via two pathways,

its induced stomata closure to prevent waterless

hydroxylation and conjugation (Kushiro et al.

through osmotic stress period.

between the

2004). ABA glucose ester (ABA-GE) is the

cultivar

(Yazdi)

showed

higher
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Figure 4. Polyphenol oxidase activity of Gharayonje (gray bars) and Yazdi (black bars) cultivars incubated on
PEG 6000 solutions of 0, -0.5, -1.0 and -1.5 MPa water potential. Values are expressed as means of three
independent replications ± standard error. Treatments with the same lower-case letters were not significantly
different based on the mean comparison by Duncan’s multiple range test at p≤ 0.05.

Physiological traits

agreement with our findings about β-glucosidase

Stomatal properties under drought stress were

activity as a marker of free ABA levels which

shown in Figure 6. Stomatal conductance of both

indicated that drought stress increased ABA levels

cultivars reduced significantly under water stress

and led to stomata closure. Similar to our

conditions (p≤ 0.05). The reduction rate of

findings, Liang et al. (2002) and Heschel and

stomatal conductance in Gharayonjeh occurred

Riginos (2005) reported that drought stress

moderately whereas that of Yazdi happened

reduced stomatal conductance and transpiration

severely (Figure 6A). Also, the transpiration rate

rate

of alfalfa cultivars showed the same mode of

respectively.

of

wheat

and

Impatiense

capensis,

action to stomatal conductance (Figure 6B). All of

As concluding remarks, our findings showed

these proved that drought stress had significant

that phenolic compounds as antioxidant agents

effects on stomatal properties and caused the

increased under water stress. The higher phenolics

reduction in transpiration rate and stomatal

content of Yazdi cultivar was resulted from lower

conductance. Taiz and Zeiger (2007) proposed

activities of PPO, or may be from the higher

that the decrease in stomatal conductance under

synthesis of phenolics in this cultivar than

osmotic stress may be due to ABA accumulation

Gharayonjeh which was not investigated in this

as a signal from roots and stomatal closure under

study, and is suggested for further investigation.

the stress condition. These results were in
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Figure 6. Stomatal conductance (A) and Transpiration rate (B) of Gharayonje (gray bars) and Yazdi (black
bars) cultivars incubated on PEG 6000 solutions of 0, -0.5, -1.0 and -1.5 MPa water potential. Values are
expressed as means of three independent replications ± standard error. Treatments with the same lower-case
letters were not significantly different based on the mean comparison by Duncan’s multiple range test at p≤ 0.05.

Also β-glucosidase which plays an important role

Acknowledgments

in ABA metabolism showed higher activities in

The authors gratefully acknowledge the financial

Yazdi cultivar. This result confirmed that Yazdi

and other supports of this research, provided by

cultivar had better ability for stomata closure to

the Islamic Azad University, Tonekabone Branch,

encounter water stress.

Mazandaran, Iran.

96

Babakhani et al.

2017, 7(1): 87-97

References
Blokhina O, Virolainen E and Fagerstedt KV, 2002. Antioxidants, oxidative damage and oxygen deprivation
stress: a review. Annals of Botany 91: 179-94.
Brand-Williams W, Cuvelier M and Berset C, 1995. Use of a free radical method to evaluate antioxidant
activity. Lebensmittel-Wissenschaft und-Technologie 28: 25-30.
Burchard P, Bilger W and Weissenbock G, 2000. Contribution of hydroxycinnamates and flavonoids to
epidermal shielding of UV-A and UV-B radiation in developing rye primary leaves as assessed by
ultraviolet-induced chlorophyll fluorescence measurements. Plant, Cell and Environment 23: 1373-80.
Cheng CL and Li JQ, 2006. Research advance in ecological significance and quantification of plant
polyphenols. Chinese Journal of Applied Ecology 17 (12): 2457–2460.
Chiwocha SD, Cutler AJ, Abrams SR, Ambrose SJ, Yang J, Ross AR and Kermode AR, 2005. The etr1-2
mutation in Arabidopsis thaliana affects the abscisic acid, auxin, cytokinin and gibberellins metabolic
pathways during maintenance of seed dormancy, moist-chilling and germination. Plant Journal 42: 35–
48.
Cutler AJ and Krochko JE, 1999. Formation and breakdown of ABA. Trends in Plant Sciences 4: 472–478.
Gao WR, Sh X, Wang QY, Liu H, Peng Ch, Chen JG, Li, Zhang JS, Hu SN and Ma H, 2008. Comparative
analysis of ESTs in response to drought stress in chickpea (C. arietinum L.). Biochemical and
Biophysical Research Comunications 376: 578–583.
Garcia C, Hernandez T, Costa F, Ceccanti B and Gianni A, 1993. Hydrolases in the organic matter fractions
of sewage sludge: changes with composting. Bioresource Technology 45: 47–52.
Grace S, 2005. Phenolics as antioxidants. In: Smirnoff N (Ed). Antioxidants and Reactive Oxygen Species in
Plants. Blackwell Publishing Limited, Oxford, UK.
Grace SC and Logan BA, 2000. Energy dissipation and radical scavenging by the plant phenylpropanoid
pathway. Philosophical Transactions of the Royal Society: B Biological Sciences 355: 1499–1510.
Gursoy N, Sarikurkcu C, Cengiz M and Solak MH, 2009. Antioxidant activities, metal contents, total
phenolics and flavonoids of seven Morchella species. Food and Chemical Toxicology 47: 2381–238.
Hanato T, Kagawa H, Yasuhara T and Okuda T, 1988. Two new flavonoids and other constituents in licorice
root: their relative astringency and radical scavenging effects. Chemical and Pharmaceutical Bulletin 36:
2090–2097.
Heschel MS and Riginos C, 2005. Mechanisms of selection for drought stress tolerance and avoidance in
Impatiens capensis (Balsaminaceae). American Journal of Botany 92 (1): 37- 44.
Hichem H, Mounir D and Naceur EA, 2009. Differential responses of two maize (Zea mays L.) varieties to
salt stress: changes on polyphenols composition of foliage and oxidative damages. Industrial Crops and
Products 30: 144–151.
Hongbo S, Zongsuo L and Mingan S, 2005. Changes of anti-oxidative enzymes and MDA content under soil
water deficits among 10 wheat (Triticum aestivum L.) genotypes at maturation stage. Colloids and
Surfaces B: Biointerfaces 45: 7-13.
Hosseini-Boldaji SA, Khavari-Nejad RA, Hassan-Sajedi R, Fahimi H and Saadatmand S, 2012. Water
availability effects on antioxidant enzyme activities, lipid peroxidation and reducing sugar contents of
alfalfa (Medicago sativa L.). Acta Physiologiae Plantarum 34: 1177–1186.
Isendahl N and Schmidt G, 2006. Drought in the Mediterranean: WWF Policy Proposals. A WWF Report,
Madrid.
Izanloo A, Condon AG, Langridge P, Tester M and Schnurbusch T, 2008. Different mechanisms of
adaptation to cyclic water stress in two South Australian bread wheat cultivars. Journal of Experimental
Botany 59: 3327–3346.
Jouili H and El-Ferjani E, 2003. Changes in antioxidant and lignifying enzyme activities in sunflower roots
(Helianthus annuus L.) stressed with copper excess. Comptes Rendus Biollogies 326: 639–644.
Kim HJ, Chen F, Wang X and Choi JH, 2006. Effect of methyl jasmonate on phenolics, isothiocyanate, and
metabolic enzymes in radish. Journal of Agricultural and Food Chemistry 54: 7263-7269.
Ksouri R, Megdiche W, Debez A, Falleh H, Grignon C and Abdelly C, 2007. Salinity effects on polyphenol
content and antioxidant activities in leaves of the halophyte Cakile maritima. Plant Physiology and
Biochemistry 45: 244–249.
Kumar KB and Khan PA, 1982. Peroxidase and polyphenol oxidase in excised ragi (Eleusine coracana cv.
PR 202) leaves during senescence. Indian Journal of Experimental Botany 20: 412–416.

Biochemical and Physiological Responses of Alfalfa…

97

Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S, Asami T, Hirai N, Koshiba T, Kamiya Y
and Nambara E, 2004. The Arabidopsis cytochrome P450 CYP707A encodes ABA 8΄-hydroxylases:
key enzymes in ABA catabolism. The EMBO Journal 23: 1647–1656.
Lee KH, Piao HL, Kim HY, Choi SM, Jiang F, Hartung W, Hwang I, Kwak JM, Lee IJ and Hwang I, 2006.
Activation of glucosidase via stress-induced polymerization rapidly increases active pools of Abscisic
acid. Cell 126: 1109–1120.
Liang Z, Zhang F, Shao M and Zhang J, 2002. The relation of stomatal conductance, water consumption,
growth rate to leaf water potential during soil drying and rewatering cycle of wheat (Triticum aestivum).
Botanical Bulletin of Academia Sinica 43: 187-192.
Mahanil S, Attajarusit J, Stout MJ and Thipyapong P, 2008. Overexpression of tomato polyphenol oxidase
increases resistance to common cutworm. Plant Science 174: 456–466.
Meot-Duros L and Magne C, 2009. Antioxidant activity and phenol content of Crithmum maritimum L.
leaves. Plant Physiology and Biochemistry 47: 37–41.
Michel BE and Kaufmann MR, 1973. The osmotic potential of polyethylene glycol 6000. Plant Physiology
51: 914–916.
Nambara E and Marion-Poll A, 2005. Abscisic acid biosythesis and catabolism. Annual Review of Plant
Biology 56: 165–185.
Oh M, Carey EE and Rajashekar CB, 2010. Regulated water deficits improve phytochemical concentration
in lettuce. Journal of American Society for the Horticultural Science 135: 223–229.
Parida A, Das AB, Sanada Y and Mohanty P, 2004. Effects of salinity on biochemical components of the
mangrove Aegiceras corniculatum. Aquatic Botany 80: 77–87.
Sanchez-Rodriguez E, Moreno DA, Ferreres F, Rubio-Wilhelmi MM and Ruiz JM, 2011. Differential
responses of five cherry tomato varieties to water stress: Changes on phenolic metabolites and related
enzymes. Phytochemistry, 72: 723-729.
Shao HB, Chu LY, Jaleel CA, Manlvannan P, Panneerselvam R and Shao MA, 2009. Understanding water
deficit stress-induced changes in the basic metabolism of higher plants-biotechnologically and
sustainably improving agriculture and ecoenvironment in arid regions of the globe. Critical Review in
Biotechnology 29: 131-151.
Singh RP, Murthy KNC and Jayaprakasha GK, 2002. Studies on the antioxidant activity of pomegranate
(Punica granatum) peel and seed extracts using in vitro models. Journal of Agricultural and Food
Chemistry 50: 81–86.
Song LJ, Di Y and Shi B, 2000. The significance and development trend in research of plant polyphenols.
Progress in Chemistry 12 (2): 161–170.
Souza RP, Machado EC, Silva JAB, Lagoa AMMA and Silveira JAG, 2004. Photosynthetic gas exchange,
chlorophyll fluorescence and some associated metabolic changes in cowpea (Vigna unguiculata) during
water stress and recovery. Environmental and Experimental Botany 51: 45–56.
Tattini M, Galardi C, Pinelli P, Massai R, Remorini D and Agati G, 2004. Differential accumulation of
flavonoides and hydroxycinnamates in leaves of Ligustrum vulgare under excess light and drought
stress. New Phytology 163: 547–561.
Thipyapong P, Melkonian J, Wolfe DW and Steffens JC, 2004. Suppression of polyphenol oxidases
increases stress tolerance in tomato. Plant Science 167: 693-703.
Taiz L and Zaiger E, 2007. Plant Physiology. 3rd edition. Sinauer Associates, Inc., Sunderland, MA, USA.

