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Abstract The current investigation was conducted to elu-

cidate the potential modulatory functions of both enzymatic

and non-enzymatic scavenging elements of three Iranian

basil (Ocimum basilicum L.) cultivars in response to dif-

ferent water-deficit stress treatments [i.e., control (W1:

100 % FC), mild (W2: 75 % FC), moderate (W3: 50 % FC),

and severe (W4: 25 % FC)]. In general, the growth

parameters, viz., plant height, number of lateral branches,

number of flowers in the inflorescence per plant, and dry and

fresh weights of leaves and inflorescence followed by yield

were considerably affected by water-deficit stress levels

(p B 0.05), though some fluctuations were observed among

three cultivars. Under severe water-deficit stress (W4), total

chlorophyll content overall increased, while a pronounced

reduction in the carotenoid content was observed by boost-

ing of water-deficit stress intensities. Apart from some

quantitative variations, ROS-scavenging enzymes, such as

SOD, CAT, APX, GPX, and PPO, exhibited different

behaviors versus different levels of water-deficit stress in the

basil cultivars, concluding that their modulation could be a

cultivar-dependent mechanism and stress-dependent mech-

anism. Among different metabolites detected in the essential

oil of basil cultivars, both methyl chavicol and squalene

were superior in the cultivars 2 and 3, while in cultivar 1,

linalool and squalene were the predominant constituents,

under water deprivation conditions. Taking all the features

studied here into consideration, presumably, cultivar 1 is

qualified enough to nominate as the most tolerant basil

cultivar, could be accordingly utilized as a promising

source/material for breeding programs of basil under

drought stress, and possibly other abiotic stresses.

Keywords Ocimum basilicum � Antioxidant enzymes �
Water-deficit stress � Antioxidant compounds � Oxidative

damage

Abbreviations

ANOVA Analysis of variance

FC Field capacity

APX Ascorbate peroxidase

CAT Catalase

GPX Guaiacol peroxidase

PPO Polyphenol oxidase

PSII Photosystem II

ROS Reactive oxygen species

RWC Relative water content

SOD Superoxide dismutase
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Introduction

As a member of abiotic stress category, water-deficit stress

has been regarded as the most pivotal factor restricting total

plant growth and productivity, thereof, worldwide (Bray

1997; Lei et al. 2006). From a global scale perspective,

water-deficit stress is rapidly promoting in both arid and

semi-arid areas, including Iran. Hence, deep and precise

understanding of all or at least most of the possible

molecular and physiological mechanisms governing on the

plant tolerance versus water-deficit stress is environmen-

tally an unavoidable and crucial task.

It is believed that water-deficit stress provokes broad

spectrum of common reactions in plants, leading to cellular

dehydration and, consequently, various osmotic alterations

(Bartels and Sunkar 2005; Farooq et al. 2012). Despite

their usefulness under normal magnitudes, the fact has

widely been accepted that overproduction of reactive

oxygen species (ROS; as one of the consequences of

environmental stresses) is too harmful for the normal

activity of plant cellular machinery (Gill and Tuteja 2010;

Sharma et al. 2012). ROS are generally clustered into the

following two main categories: the first one consists of free

radicals, such as hydroxyl radical (•OH) and superoxide

anion (O2
•-), while the second one takes account of non-

radical molecules, such as singlet oxygen (1O2), hydrogen

peroxide (H2O2), etc., as reviewed comprehensively by

Sharma et al. (2012) and Gill and Tuteja (2010).

To conquer destructive consequences of higher propor-

tions of ROS, including uncontrollable damages on cell

wall, and the synthesis of chlorophyll, proteins, nucleic

acids, and so forth (Noctor et al. 2014), plants commonly

recruit two different scavenging systems called non-en-

zymic and enzymic antioxidants. The former includes

Ascorbate (AsA), glutathione (GSH), phenolic con-

stituents, non-protein amino acids, alkaloids, and a-toco-

pherols, while the latter encompasses catalase (CAT),

superoxide dismutase (SOD), guaiacol peroxidase (GPX),

ascorbate peroxidase (APX), monodehydroascorbate

reductase (MDHAR), dehydroascorbate reductase

(DHAR), glutathione reductase (GR), glutathione peroxi-

dase, GPX; guaiacol peroxidase, GOPX, and glutathione-S-

transferase (GST) (Apel and Hirt 2004; Foyer et al. 2006).

Furthermore, under stress conditions, several antioxidant

activities have been also recorded for both isoprenoids

volatile compounds (e.g., hemiterpenes, homoterpenes,

monoterpenes, and sesquiterpenes) and phenylpropanoids

(Loreto and Velikova 2001; Vickers et al. 2009; Pollastri

et al. 2014; Loreto et al. 2014). The isoprenoids group are

assumed as the prominent category of natural products with

more than 55,000 known compounds structurally diversi-

fied (Chang et al. 2010). In plants, countless protective

functions have been recorded for volatile isoprenoids

against various abiotic stresses, including thermal (high

temperature) and oxidative stress, as comprehensively

reviewed by Vickers et al. (2009) and Loreto et al. (2014).

Similarly, phenylpropanoids are potentially capable to

moderate adverse consequences of ROS through an

antioxidant-based system, and are almost exclusively syn-

thesized versus diverse abiotic stresses, including drought

(Fini et al. 2012; Agati and Tattini 2010; Castellarin et al.

2007).

Basil (Ocimum basilicum L.; family Lamiaceae), as an

annual, ornamental, culinary, herbaceous and aromatic

plant, is climatologically distributed profusely in the trop-

ical and subtropical regions, including Iran, and currently

regarded as one of the globally most important medicinal

plant, particularly for the production of essential oil (Simon

et al. 1990; Ekren et al. 2012). Until now, from the

essential oil of O. basilicum, in excess of 140 different

constituents have been recorded (Hiltunen and Holm

2006), among which the main components include volatile

isoprenoids (monoterpenes and sesquiterpenes) and

phenylpropanoids, such as limonene, camphor, 1,8-cineole,

linalool, eugenol, and methyl chavicol (Gang et al. 2001;

Lee et al. 2005; Sajjadi 2006; Ekren et al. 2012). Though

the magnitudes of essential oil of the plant may be

attributable to the disparities in chemotypes, aroma, leaf

and flower colors, growth and developmental phases of

plant tissues, and the geographical origin of the plants

alongside environmental circumstances (Carović-Stanko

et al. 2010; Ekren et al. 2012; Ghasemi Pirbalouti et al.

2013), water supply can also augment the overall quantity

of essential oil as well as the main individual constituents

of essential oils. For instance, in basil, linalool and methyl

chavicol contents can be positively affected by severe

water shortage, albeit the ratio of total sesquiterpenes

decreased under the same condition (Simon et al. 1992;

Omidbaigi et al. 2003; Khalid 2006; Radácsi et al. 2010;

Ekren et al. 2012). Water-deficit stress have also exhibited

significant negative impacts on the plant height and yield of

purple basil, while a remarkable growth occurred regarding

the essential oil compositions (Singh et al. 2010; Ekren

et al. 2012; Forouzandeh et al. 2012). In sweet basil, the

amounts of linalool, methyl chavicol, 1,8-cineole, and

trans-a-bergamotene, as the major constituents of essential

oil were markedly changed under water-deficit stress

(Omidbaigi et al. 2003; Radácsi et al. 2010).

Irrespective of many studies with the aim of determining

the composition of essential oil under diverse environ-

mental cues, including salinity, extreme temperature, and

water-deficit stress (Liu et al. 2011a, b; Nowak et al. 2010;

Pavarini et al. 2012; Alavi-Samani et al. 2015), according

to the best of our knowledge, there is a research gap in the
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identification of the possible function(s) of volatile com-

pounds as a measure of non-enzymatic oxidative defense

systems and its association with antioxidant enzyme

activities under water stress to protect basil against

oxidative damages. To examine this, three geographically

different Iranian cultivars of sweet basil were employed

first, and subsequently, a number of drought-induced

variables were measured in response to different levels of

water-deficit stress at the full bloom stage.

Materials and methods

Plant materials and culture conditions

In general, three cultivars of O. basilicum, originating from

geographically two different areas of Iran [i.e., Amol

(Cultivar 2 and 3) and Jahrom (Cultivar 1) cities], were

employed as starting plant materials. The seeds of each

cultivar were subjected first to sterilization process with

submerging in 10 % sodium hypochlorite for 5 min and

immediately washed thrice using sterilized autoclaved

water to remove disinfection liquid. Afterwards, the ger-

mination process of the seeds was undertaken at tempera-

ture ranging from 20 to 30 �C, under natural light

condition, in an isolated nursery located at the research

greenhouse of Faculty of Agriculture, University of Teh-

ran, Karaj, Iran, with the beginning time of mid May, 2014

(35�4905700N, 50�5902900E). For each cultivar, three out of

ten-day-old seedlings were transferred into individual pots

containing sandy-loam soil and allowed to continue their

growth under optimum circumstances for four additional

weeks. Some physical and chemical characteristics of the

soil are presented in Table 1.

Water-deficit stress treatment

When the basil seedlings reached 10 cm in plant height,

seedlings were transplanted into new plastic pots. All the

seedlings were irrigated thrice/week with applying no

water-deficit stress until they adapted to the soil circum-

stances and reached six leaf stages. In applying water-

deficit stress treatment, four different stress levels were

adjusted first in relation to field capacity (FC) through

withholding water, nominated then as W1: 100 % FC, W2:

75 % FC, W3: 50 % FC, and W4: 25 % FC, and subse-

quently, the healthy and uniform seedlings were transferred

into each pot (Omidbaigi et al. 2003; Khalid 2006; Moeini

Alishah et al. 2006). Notably, all the control plants were

maintained under optimal irrigation conditions (W1:

100 % FC). For each pot, the ratio of soil moisture was

measured through the calculation of the soil water content

percentage (Yadav et al. 2014). The work was performed in

a factorial scheme (3 9 4) based on a completely ran-

domized design with two factors (i.e., three cultivars and

four water-deficit stress treatments) and three replications.

Sampling of the three cultivars was performed at full

bloom stage (from May to June, 2014), after applying

29 days water scarcity stress treatment. The shoot samples

of each treatment were harvested carefully and subse-

quently detached into two parts: the first one immediately

frozen in liquid nitrogen and stored at -80 �C until further

analyses, while the second one allowed to dry completely

at 25–30 �C for the GC–MS analysis.

Plant growth parameters

For each cultivar, a number of growth parameters,

including plant height, length of lateral branches, number

of secondary branches per plant, and flowers in the inflo-

rescence, were recorded at the time of harvesting. Mean-

while, both dry and fresh weights of the leaves and

inflorescence of each basil cultivar were measured, as well.

Determination of the RWC

The measurement of relative water content (RWC) was

performed in the full flowering stage from middle leaves

under the top of the shoots (three replications per treat-

ment), using the following formula (Slatyer 1967):

RWC %ð Þ ¼ FW � DWð Þ= SW � DWð Þ½ � � 100;

where FW, SW, and DW indicate ‘‘fresh weight’’ (i.e., the

individual weight of fresh middle leaf sample immediately

upon harvesting), ‘‘saturated weight’’ (the individual

weight of each harvested leaf sample upon immersing in an

equal amount of distilled water at 4 �C for 24 h), and ‘‘dry

weight’’ (the individual weight of each harvested leaf

sample upon drying in an oven at 70 �C for 72 h),

respectively.

Chlorophyll content

The measurement of leaf chlorophyll content as well as

total carotenoids was conducted according to the method

described by (Arnon 1949; Davies 1976). In this context,

Table 1 Some soil physical

and chemical characteristics of

the experiment

Texture FC (g g-1) PWP (g g-1) Organic matter (%) pH CaCO (%)

Sandy loam 19.6 8.2 1.03 7.6 7.08
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400 mg of fresh leaves of each sample were carefully

fragmented into tiny segments in 80 % acetone. The

resultant extracts were individually centrifuged at 8,000g

for 5 min and chlorophyll concentration total carotenoids

were spectrophotometrically determined in terms of the

absorbance at the wavelengths of 470, 645, and 663 nm

using Shimadzu UV-160 spectrophotometer. Calculations

were carried out through the following formulas:

Chl a ¼ 12:7 OD663ð Þ � 2:69 OD645ð Þ½ � � V=1000 �W ;

Chl b ¼ 22:9 OD645ð Þ � 4:68 OD663ð Þ½ � � V=1000 �W ;

Total chl ¼ 20:2 OD645ð Þ � 2:69 OD663ð Þ½ � � V=1000

�W ;

Total carotenoids ¼ ð1000 OD470ð Þ � 1:9 � chl a �63:14

� chl bÞ=214;

where V and W indicate volume of the extract and weight

of leaf segments, respectively.

Measurement of H2O2 content

So as to quantify the H2O2 content, the methodology of

Loreto and Velikova (2001) was employed. Briefly, fresh

leaf fragments (*0.35 g) were homogenized in an ice

bath with 5 mL of 0.1 % TCA. The resultant homogenate

was centrifuged at 12,000g for 15 min, and then, 0.5 mL

of the supernatant was added to 0.5 mL of 10 mM

potassium phosphate buffer (pH 7.0) and 1 mL of 1 M

potassium iodide. For each extract treatment, the absor-

bance of the corresponded supernatant was individually

calculated at 390 nm using a Shimadzu UV-160 spec-

trophotometer. The proportion of H2O2 content of each

sample, in the following, was calculated based on a

standard calibration curve formerly acquired with differ-

ent concentrations of H2O2 and eventually expressed as

lmol of H2O2 per gram of fresh leaf weight of each plant

sample.

Determination of total protein content

and antioxidant enzyme activity

Frozen leaves of each cultivar under study were homoge-

nized in the extraction buffer (50 mM Tris–HCl, pH 7.8,

and containing 10 % glycerol) with a mortar and pestle,

and subsequently centrifuged at 12,000g for 15 min at

4 �C. The resultant supernatant was collected and utilized

immediately for the determination of enzyme activity.

Total protein concentration was determined according to

the Bradford method (1976) using the commercial protein

assay (BioRad, USA).

SOD activity was spectrophotometrically assayed on the

basis of the inhibition of photoreduction of nitroblue

tetrazolium (NBT) at 560 nm, as formerly developed by

McCord and Fridovich (1969). The reaction mixture con-

sisted of 100 mM Tris HCl buffer (pH 7.8), 0.1 mM

EDTA, 12 mM methionine, 75 lM NBT, and 0.025 %

Triton X-100. The 50 lL of enzyme extract and 11 lL of

2 lM Riboflavin were added to 2.9 mL of the reaction

mixture. Reactions were conducted in 30 min at 25 �C
under light intensity of 276 lmol m-2 s-1. One unit of

SOD was defined as the amount of the enzyme that would

inhibit 50 % of NBT photoreduction. SOD activity was

expressed as unit mg-1 of protein.

CAT activity was determined in terms of H2O2 oxida-

tion according to the method of Aebi (1984). The reactions

solution (3 mL) consisted of 50 mM phosphate buffer (pH

7.0), 5.0 lL of 30 % H2O2, and 50 lL of crude enzyme

extract. Changes in absorbance at 240 nm were recorded

every 20 s for 4 min by means of Shimadzu UV-160

spectrophotometer. The activity of CAT enzyme was

defined as nmol of H2O2 decomposed min-1 mg-1 of

protein.

The assay of APX activity was accomplished according

to Nakano and Asada (1981), using ascorbic acid as a

substrate. The reaction mixture contained 1.5 mL of 0.5 M

sodium phosphate buffer (pH 7.0), 600 lL of 0.1 mM

EDTA, 400 lL of 0.5 mM ascorbic acid, and 100 lL of

enzyme extract. The initiation process of ascorbate oxida-

tion occurred via the addition of 400 lL of 30 % H2O2, and

the decrease at 290 nm was recorded after 20 s for 60 s

using Shimadzu UV-160 spectrophotometer. APX activity

was expressed in nmol of ascorbate oxidized min-1 mg-1

of protein.

Regarding GPX activity, the reaction mixture consisted

of 3 lL of guaiacol and 10 lL H2O2 (30 %) in 3 mL of

phosphate buffer (pH 7.0) (Dionisio-Sese and Tobita

1998). The reaction was initiated through adding 50 lL of

crude extract, and absorbance was recorded after 4 min at

interval of 20 s. GPX activity was expressed as nmol of

guaiacol oxidized min-1 mg-1 of protein.

Polyphenol oxidase (PPO) activity was determined as

described by Kar and Mishra (1976) with some minor

modifications. Assay system consisted of 50 lL of 0.01 M

pyrogallol in 3 mL of phosphate buffer (pH 7.0), and

enzyme extract initiated the reaction, absorbance was

recorded at 420 nm for 3 min at interval of 20 s. The PPO

activity was defined as nmol of purpurogallin obtained

min-1 mg-1 of protein.

Isolation and chemical analysis of essential oils

Fresh plants were collected from each treatment and dried

at 25–30 �C after the harvest. Shoot biomass dried from

each pot of treatment was pooled and hydro-distilled for

3 h using a Clevenger-type system. Samples were dried
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with anhydrous sodium sulfate and kept in amber vials at

4 �C until the chromatographic analysis. The quantitative

analysis of the chemical composition of the essential oils

was performed using a gas chromatograph coupled with a

mass spectrophotometer (GC–MS) (Agilent technologies

7890A), equipped with 5975 C mass selective detector.

A HP5M5 column of dimension 30 m 9 0.25 mm and

film thickness 0.25 lm was used for the chromatographic

resolution. Oven temperature was programmed to remain

at 60 �C for 3 min, then an increase at a rate of 3 �C
min-1 until 150 �C was reached; since then, temperature

was programmed at 3 �C min-1 until reaching 260 �C,

and this temperature was maintained for 3 min; the

injector and detector temperature were maintained at 230

and 250 �C, respectively. Hydrogen was used as carrier

gas with a flow rate of 1 mL min-1 and split ratio of 1:40.

The components of the oils were identified by their

retention indices relative to C8–C25 n-alkanes and com-

pared with standard published data (Adams 2007) and

commercial library (Wiley).

Statistical analysis

The results were subjected to statistically analyze using the

analysis of variance (ANOVA) to discriminate significant

differences (defined as p B 0.05). The data calculations

were performed with the SAS software and shown as the

mean ± standard deviation (SD). The significant differ-

ences between treatments were compared by Duncan’s

multiple range tests.

Results

Effect of water-deficit stress on plant growth

parameters

As shown in Table 2, growth parameters, viz., plant height,

number of lateral branches, number of flowers in the

inflorescence per plant, and dry and fresh weights of leaves

and inflorescence followed by yield were considerably

affected by water-deficit stress levels (p B 0.05). Under

normal conditions (W1), cultivar 2 showed lower levels of

fresh and dry weight than the others. Furthermore, the plant

height and number of lateral branches declined under

water-deficit stress circumstances in all the three cultivars

under study (Fig. 1). The same trend occurred for the

number of flowers in the inflorescence in parallel with

increasing the severity of stress levels. Fresh and dry aerial

biomasses were strictly diminished under water shortage

stress, particularly for the plants sampled from W4. Con-

sidering the above results, the plant growth and yield were

eventually found to be dramatically restricted under the

water-deficit stress conditions.

Effect of water-deficit stress on RWC

The RWC values of the three cultivars under study

changed significantly as a result of varying in irrigation

contents (Fig. 2). As expected, the highest ratios of

RWC (an average of 96 %) were obtained for the control

plants (W1). Under the water stress conditions, the RWC

Table 2 Effect of water-deficit stress on plant growth parameters of the three Iranian cultivars of O. basilicum L

Plant Treatment Plant height

(Cm)

Lateral branches

(Number/pots)

Flowers in the Inflorescence

(Number/pots)

Fresh weight

(mg/pots)

Dry weight

(mg/pots)

Cultivar 1 W1 50.5 ± 0.52c 10 ± 0.01bcd 18.7 ± 1de 67.6 ± 1.85bc 18.8 ± 0.23a

W2 48.1 ± 0.14c 10 ± 0.01bcd 17.1 ± 0.86c 58.3 ± 2.37d 9.4 ± 0.25de

W3 21.6 ± 0.87f 8 ± 1.15cd 13.7 ± 1.5ab 30.6 ± 4.7fg 5.5 ± 0.25g

W4 13.1 ± 0.12g 8 ± 0.02 cd 7 ± 1.25a 20.6 ± 1.35h 3.6 ± 0.305 h

Cultivar 2 W1 64.3 ± 4.03a 14.6 ± 1.15a 17.2 ± 1.32ab 60.2 ± 8.12cd 13.4 ± 0.4b

W2 63.7 ± 1.4ab 14 ± 2a 14 ± 1bc 54.1 ± 3.15a 11.0 ± 1.88c

W3 27 ± 2.6e 11 ± 1bc 8.6 ± 1.52d 35.9 ± 4.99ef 8.2 ± 0.11ef

W4 12.9 ± 2.95g 7.3 ± 1.15d 4.6 ± 1.52e 23.9 ± 1.84gh 5.2 ± 0.37gh

Cultivar 3 W1 65 ± 1a 14.6 ± 1.15a 14.3 ± 0.57bc 71.7 ± 2.47h 15.6 ± 0.35a

W2 59.4 ± 0.36b 14.6 ± 1.15a 12 ± 2c 59.3 ± 1.36e 10.6 ± 0.4cd

W3 42.6 ± 2.5d 12 ± 2ab 7.6 ± 1.52de 39.6 ± 2.11 cd 7.9 ± 0.1f

W4 30 ± 2e 10 ± 2bcd 4.3 ± 1.52e 20.3 ± 1.25b 4.1 ± 0.61gh

Values represent mean ± standard deviation (SD) of the three replicates. Values followed by different letters (a–c) are significantly different at

p B 0.05 (Duncan’s multiple range test). W1: 100 % FC (control), W2: 75 % (mild water stress), W3: 50 % (moderate water stress), and W4:

25 % FC (severe water stress)
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of the entire cultivars decreased, falling to its minimum

value in 25 % FC (W4). Meanwhile, the occurrence of

RWC was significantly reduced for the plant samples

harvested from W2 as compared with their correspond-

ing controls in all the three cultivars. A comparison of

RWC values in the three cultivars at the highest level of

water-deficit stress showed that cultivar 1 had the

highest leaf RWC under severe drought stress, could be

accordingly marked as the most tolerant basil cultivars

under water-deficit stress rather than the others.

Effect of water-deficit stress on plant pigments

As shown in Fig. 3a–c, Chl a, Chl b, and total chl con-

centrations increased first and then declined under water-

deficit stress levels in cultivars 2. The highest Chl a

concentration was found in cultivar 2 growing at 75 % of

field capacity (W2). Under W4 treatment, the total chl

content increased as compared with their corresponding in

the cultivars 1 and 3. Furthermore, Chl a and Chl b had

an apparent increase in cultivar 1 and 3 as compared with

their control in the W4 treatment of stress. On the con-

trary, a pronounced reduction in the carotenoid content

was observed by the increment of water-deficit stress.

Furthermore, decrease of cartenoid content in cultivar 1

was detected more than the cultivars 2 and 3 under water-

deficit stress treatments (Fig. 3d).

H2O2 content fluctuations

Under normal conditions, H2O2 content of cultivar 1

and 2 was approximately similar (p B 0.05), as the

level of H2O2 was shown to remain unchanged in the

first three levels of water-deficit stress. Afterwards, the

level of H2O2 significantly increased in cultivar 2

under severe stress. According to Fig. 4, as the stress

severity increased the level of H2O2 rose considerably

in cultivar 3 as compared with the two remaining

cultivars.

a b c d

a

b

c

d

a b c d

Cultivar 1

Cultivar 2

Cultivar 3

Fig. 1 Effect of water-deficit stress on the three Iranian cultivars of

O. basilicum L. a W1: 100 % FC (control), b W2: 75 % (mild water

stress), c W3: 50 % (moderate water stress), and d W4: 25 % FC

(severe water stress)
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Fig. 2 Effect of water-deficit stress on relative water content (RWC)

(%) of the three Iranian cultivars of O. basilicum L. Bars are mean

values of three replicates ± standard deviation. W1 100 % FC

(control), W2 75 % (mild water stress), W3 50 % (moderate water

stress), and W4 25 % FC (severe water stress). Cul 1 cultivar 1, Cul 2

cultivar 2, Cul 3 cultivar 3
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Changes in activities of antioxidant enzymes

As shown in Fig. 5a, SOD activity significantly increased

in cultivar 3 under W2. The maximum SOD activity was

observed in cultivar 3 for both control and stress

conditions. In fact, water-deficit stress led to small increase

or no effect on SOD activity in cultivar 1 and 2. In addi-

tion, CAT activity in the three cultivars differentially

increased. In cultivar 2, CAT was more active than the

other two cultivars, but according to Fig. 5b, its activity

was unaffected by the increase of water stress, excepting an

increase in Cultivar 3 under W2. APX activity was

increased with 50 and 75 % of field capacity only in cul-

tivar 1. In cultivar 2, APX activity did not change, while

W3 decreased APX activity. In cultivar 3, APX activity

was statistically unaffected in W2 and W3 (Fig. 5c). The

three cultivars exhibited a low GPX activity for W1

(Fig. 5d). More precisely, GPX activity substantially

increased under W4 treatment of the water-deficit stress

condition. Although in cultivar 1, GPX activity showed a

sharp increase in W4 treatment. In general, GPX responded

with a substantial effect in activity. In response to water-

deficit stress, PPO exhibited some fluctuations. In normal

conditions, PPO activity in cultivar 1 and 3 was similar

with the exception of this treatment group in cultivar 2

(Fig. 5e). Briefly, different levels of water-deficit stress

brought about a significant increase in PPO activity in

cultivar 1 as PPO activity increased in severe stress only in
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cultivar 1. However, no significant difference was detected

in PPO activity in cultivar 1 between W3- and W4-level-

deficit water stresses. PPO activity was not significantly

different under water-deficit stress conditions in cultivar 3.

In addition, PPO activity in cultivar 2 increased in W2, but

decreased in W3 and W4.
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Effect of water-deficit stress on the essential oil

composition

Under both control and water-deficit stress conditions, the

magnitude and composition of essential oil compounds

varied in the three cultivars under study (Table 3), albeit

methyl chavicol, squalene, linalool, a-bergamotene, ger-

macrene D, a-caryophyllene, eicosane, and c-cadinene

were found as the main constituents in all the cultivars

throughout water-deficit stress, excepting methyl chavicol

as not found in cultivar 1. Furthermore, in cultivar 3, a-

bergamotene, c-cadinene, and linalool were not detected.

According to our results, the majority (81.49–100 %) of

essential oil constituents under normal and stress condi-

tions were identified using the GC–MS analysis in the all

three cultivars. The occurrences of linalool and squalene

contents in essential oil of cultivar 1, methyl chavicol,

squalene, and epi-bicyclose squiphellandrene contents in

essential oil of cultivar 2, methyl chavicol, squalene, and

eicosane in essential oil of cultivar 3 were dramatically

influenced by increasing stress intensity. Nonetheless,

some constituents, interestingly, were induced in low levels

and nearly unchanged under water-deficit stress in all the

three cultivars. Notably, germacrene D, b-elemene, cis-a-

bisabolene, and c-cadinene (in %) in the essential oil of

cultivar 1 and a-bergamotene followed by c-cadinene in the

essential oil of cultivar 2 and a-caryophyllene, germacrene

D alongside Cis-a-bisabolene in the essential oil of cultivar

3 were marginally decreased under water-deficit stress. On

average, the essential oil contains 39.14–76.54 % methyl

chavicol in cultivar 2 and 3, 1.84–45.6 % linalool in cul-

tivar 1 and 2, and 8.33–20.73 % squalene in all the three

cultivars under water-deficit stress treatments.

Discussion

In nature, unavoidably, plants are struggling to immense

biotic and abiotic stresses, including water-deficit stress,

leading often to the generation of a wide range of bioactive

compounds to diminish the detrimental consequences into

minimum scales (Sandalio et al. 2009). Meanwhile, ROS

generation as well as its modulation through plant cellular

machinery is a critical factor, mainly as they are capable

enough to exert substantial negative effects on various

physiological and biochemical mechanisms of living cells

Table 3 Effect of water-deficit stress on essential oils compositions of the three Iranian cultivars of O. basilicum L

Constituents Molecular formula Cultivar 1 Cultivar 2 Cultivar 3

W1 W2 W3 W4 W1 W2 W3 W4 W1 W2 W3 W4

Methyl eugenol C11H14O2 – – – – – – – – 4.39 1.78 – –

a-Caryophyllene C15H24 2.95 2.03 6.52 2.77 – – 3.34 3.38 2.88 2.67 6.22 2.83

Cis-a-bisabolene C15H24 – – – – – 5.3 – – 4.58 3.07 4.65 3.07

Germacrene D C15H24 4.88 3.53 4.35 4.31 4.15 – 8.54 3.9 2.51 2.47 3.55 1.99

n-tetracosane C24H50 – – – – – 41.45 – – 3.43 – – –

Methyl chavicol C10H12 O – – – – 39.14 – 45.80 49.25 53.33 62.67 63.14 76.54

Eicosane C20H42 6.55 2.82 1.08 3.28 3.82 10.82 – – 10.44 10.51 – 2.47

Squalene C30H50 8.98 14.83 13.2 18.4 10.65 – 12.82 13.88 16.99 12.88 20.73 8.33

a-humulene C15H24 – – – 0.7 – – – – – – – –

b-pinene C10H16 – – – 0.57 – – – – – – – –

1,8-cineole C10H18 O 3.52 3.13 3.52 4.02 – – – – – – – –

Linalool C10H18 O 41.5 45.6 44.6 44.6 – – 2.78 1.84 – – – –

Camphor C10H16 O – – 0.6 0.48 – – – – – – – –

a-terpineol C10H18 O 1.25 – – 2.04 – – – – – – – –

b-elemene C15H24 3.75 3.45 2.68 2.65 – 5.3 – – – – – –

a-bergamotene C15H24 4.88 – 4.6 4.85 4.15 – 8.54 3.9 – – – –

a-farnesene C15H24 – 3.05 – – – 6.67 – – – – – –

c-cadinene C15H24 5.28 3.05 4.35 4.31 5.15 – 4.24 4.40 – – – –

b-ocimene C10H16 – – – 0.34 – 3.64 – – – – – –

Limonene C10H16 – – – – 5.19 10.86 3.27 – – – – –

Epi-bicyclose

Squiphellandrene

C15H24 – – – – 10.65 12.86 13.88 – – – –

The relative amounts of individual components were calculated from GC–MS peak areas given in percentage (%). W1: 100 % FC (control), W2:

75 % (mild water stress), W3: 50 % (moderate water stress), and W4: 25 % FC (severe water stress)

Acta Physiol Plant (2016) 38:226 Page 9 of 15 226

123



(Sandalio et al. 2009). Therefore, a number of enzymatic

and non-enzymatic mechanisms (see above) are commonly

recruited by plants to moderate the extra accumulation of

ROS which are undoubtedly toxic (but in higher amounts)

and may result in apoptosis or cell death. With this in mind,

the possible reaction(s) of different basil cultivars were

assessed in terms of the accumulation/production of some

volatile metabolites as non-enzymatic antioxidants plus a

number of scavenging enzymes under water shortage

stress.

Considering the possible physiological consequences of

cellular water-deficit stress, the metrics RWC has been

regarded as the most applicable measure of plant water

status (Khanna et al. 2014; Talbi et al. 2015; Vaz et al.

2016). The amounts of leaf RWC remained somewhat

unchanged (*90 %) for W1 and W2 in all the basil cul-

tivars (see above), but as stress intensified, its value sig-

nificantly decreased in all the three cultivars, as the highest

diminution occurred in cultivar 3, concluding that it is

more susceptible versus water-deficit stress than the others

two cultivars of basil. The differences in RWC have been

suggested to be due to the variations in cell wall elasticity,

as cell wall of tolerant cultivars is more vigorous than that

of sensitive ones (Kramer and Boyer 1995; Martı́nez et al.

2007; Hessini et al. 2009).

On the other hand, upon applying W3 and W4, chloro-

phyll content of cultivar 2 was reduced as compared with

W1, indicating that it has possibly low capacity for light

perception. In fact, it has been suggested that drought stress

may result in irreparable damages on photosynthetic pig-

ments, and consequently, thylakoid membrane would be

unavoidably destroyed (Bijanzadeh and emam 2010; Din

et al. 2011; Kannan and Kulandaivelu 2011). Therefore,

photosynthetic capacity would be declined under drought

stress. In cultivar 1 and 3, however, considerable increase

in chlorophyll content occurred under W4 treatment, sug-

gesting that these two cultivars have evolved a protective

mechanism against water stress-induced damages, possibly

via alterations in the genomic capability for the synthesis of

protective pigments (Batra et al. 2014). Similarly, drought

stress was positively provoked the growth of chlorophyll

contents in various plant species (Megdiche et al. 2008;

Mafakheri et al. 2010; Pirzad et al. 2011; Ashraf and Harris

2013; Batra et al. 2014), representing a stimulated growth

of chlorophyll contents under water-deficit stress. The

reason of increased chlorophyll contents in cells could be

explainable by the chloroplast development under water

stress, as it may facilitate enhanced generation of antioxi-

dant defense systems derived from the more excessive

excited energy produced by photosynthetic apparatus

(Chang et al. 1997; Talbi et al. 2015).

In addition to chlorophyll contents, carotenoids also

appear to play key roles under drought stress. For instance,

they could be employed as a precursor in signaling as well

as a protective element for photosynthetic machinery under

different biotic and abiotic stresses (Ashraf and Harris

2013). Such features could be due to the compounds with

conjugated double bonds, so that energy transfer would be

easily taken place under diverse stress conditions (Cantrell

et al. 2003). Here, our results indicated that different basil

cultivars exhibited different responses for carotenoid con-

tents. As a result, both chlorophyll and carotenoid contents

could be utilized as reliable selection criteria for breeding

programs of the plant, as the same was reported by Ziaf

et al. (2009) in pepper.

Moreover, the fact is currently well known that virtually,

all environmental stresses stimulate or involve oxidative

stress somewhat through the generation and accumulation

of ROS (Sharma et al. 2012). Under stress conditions,

when ROS overproduced, H2O2 especially can diffuse

across biological membranes and severely damage plant

metabolism (Tripathi 2010; Mubarakshina et al. 2010).

Here, the rapid rate of H2O2 accumulation rose in cultivar 3

in parallel with increasing the water-deficit stress levels.

Comparing with the other cultivars, it appears that cultivar

3 may also create genomic organization, since increased

levels of H2O2 occurred under higher levels of water-deficit

stress, concluding that cultivar 3 is possibly a drought-

sensitive cultivar of basil. Moreover, under control condi-

tion, H2O2 accumulation was not similar in the three cul-

tivars (Fig. 4). It can be deduced that plants may have

different genetic capacities in response to stress, so that

significant changes were observed in H2O2 contents and

antioxidant enzymes activities nearly in all the stress

levels. It is worth noting that only in the cultivar 3, there

was a significant difference between the control and stress

water levels, which led to a significant increase in H2O2

content and may lead to instability of cell membrane.

Under high levels of stress, stress-susceptible plant

revealed increased amounts of H2O2, the initial relative

tolerance, but their surveillance would be threatened for a

long period (Luna et al. 2004; Nazari et al. 2012). These

characteristics are correlated to the drought-sensitive plants

(Nazari et al. 2012; Murshed et al. 2013). Even though

exposure to sub-lethal levels of some stresses activated the

most imperative elements in the scavenging system, the

great accumulation of H2O2 demonstrates the lack of

antioxidant activity (Mittler 2002). In this regard, com-

paring with the other two cultivars, higher levels of SOD

activity were observed in cultivar 3 either for control or

under water-deficit stress (Fig. 5a), which is in accordance

with the high level of H2O2. H2O2 is commonly generated

from b oxidation of fatty acids and photorespiration, as

well as a byproduct of SOD activity, and due to its toxicity

must be eradicated by the conversion to H2O via subse-

quent reactions (Foyer et al. 2006; Gill and Tuteja 2010).
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Higher activity of CAT, APX, GPX, and PPO regulates

H2O2 levels in cell and promotes the membranes stability.

In a direct manner, CAT activity catalyzes H2O2 conver-

sion through breaking it down to produce both water and

oxygen in the peroxisome (Willekens et al. 1997; Sharma

and Dubey 2005; Sharma et al. 2012). Considering CAT

activity, the current data demonstrated that all the basil

cultivars had similar trends as water stress levels increased.

However, this enzyme activity was higher in cultivar 2 and

exhibited a significant difference as compared with the

others. Our data indicated that cultivar 2 harbored higher

levels of H2O2 in W4. It has been suggested that induction

of Cat activity could be activated in response to water-

deficit stress (Abedi and Pakniyat 2010; Murshed et al.

2013; Wei et al. 2013; Talbi et al. 2015). The increase in

APX activity could be a sign that plants react to ROS

accumulation. APX scavenges H2O2 by reducing it at the

expense of ascorbate in plant (Mittler 2002; Sharma et al.

2012). Water stress-induced stimulation of APX activity

was more pronounced in W2 and W3 for cultivars 1.

Hence, it plays a key role in scavenging H2O2 in the cul-

tivar 1. Nonetheless, at higher water stress treatment (W4),

other enzymes may cooperate or replace APX activity.

From the results obtained, overall, it could be concluded

that elevated levels of CAT and APX may be related to

water stress-induced tolerance activation in cultivar 1.

The important induction of GPX activity has been

reported with various stressful conditions, including

drought, salinity, and metal toxicity (Sajedi et al. 2012;

Mishra et al. 2013; Pandey et al. 2016). Our results showed

a significant increase in GPX activity in the plants sub-

jected to W4, implying the imperative role of GPX in

efficient quencher of H2O2 in plant. However, a different

response of GPX activity was also observed in the plants of

three cultivars exposed to W2 and W3 treatments (Fig. 5d),

possibly due to variation in genetic and biochemical

capacities (Sajedi et al. 2012).

Unlike APX which is largely intracellular, PPO is more

frequently secreted into the apoplast and involved in

phenolic metabolism using H2O2 as a substrate (Passardi

et al. 2005; Radwan et al. 2010). In this study, our data

showed that PPO activity had a different trend to the

water stress conditions. We observed significant increases

in PPO activity in severe stress only in cultivar 1,

alongside no significant changes in cultivar 3 under all the

water-deficit stress levels. Furthermore, PPO activity in

cultivar 2 increased in W2, but decreased in W3 and W4.

It is probable that the elevated PPO activity in cultivar 1

under severe water-deficit stress could be due to an

increased ROS-scavenging capacity and decreased mem-

brane damage. Besides the critical role of PPO activity as

a scavenger of H2O2, PPOs are involved in phenolic

metabolism in normal plant growth and development,

lignification, and cross linking of cell wall compounds

(Fan et al. 2014).

On the basis of GC–MS data, the highest average levels

of essential oil were methyl chavicol and squalene in cul-

tivar 2 and 3 and linalool and squalene in cultivar 1. Methyl

chavicol, linalool, and squalene appeared as the major

constituents in essential oil components in our studied

cultivar, agreeing with the previous reports (Gang et al.

2001; Ekren et al. 2012, Blank et al. 2012; pirmoradi et al.

2013). Nonetheless, the mean values of these constituents

in the studied cultivars of basil were much higher than

those recorded by Khalid (2006), Telci et al. (2006) and

Ekren et al. (2012) under water-deficit stress conditions.

Increased phenylpropanoids (methyl chavicol) biosynthesis

may represent an impressible response of cultivar 2 and 3

to ROS scavenging under water-deficit stress. Several

evidences exhibited that the most phenylpropanoids

derivatives act as ROS detoxifying compounds in the

adaptation of plants to water-deficit stress (Fini et al. 2012;

Janz et al. 2010). Among the cultivars of basil studied,

cultivar 3 had the highest squalene content in W1, whereas

the oil from the other basil cultivars did not contain a

measure of this chemical compound (Table 3), probably

due to its cultivar origin. In our study, the amounts of some

volatile isoprenoids include linalool, a-caryophyllene,

germacrene D, b-elemene, a-bergamotene, a-farnesene,

and c-cadinene were decreased in cultivar 1 by increasing

stress intensity, representing the association of isoprene

emitting and environmental stress in this treatment,

agreeing with Velikova (2008) and Way et al. (2011).

As mentioned above, the constituents amounts of the

three cultivars varied under control condition, and even

some of these compounds were not detected under water-

deficit stress condition in the cultivars. The presence of

some constituents, such as methyl eugenol, a-caryophyl-

lene, germacrene D, cis-a-bisabolene, n-tetracosane, squa-

lene, a-humulene, limonene, a-bergamotene, c-cadinene,

b-pinene, 1,8-cineole, b-ocimene, and a-farnesene, in all

three cultivars, presumably, could be owing to their roles in

water-deficit stress modulation in basil, agreeing with

(Lavoir et al. 2009; Liu et al. 2011a, b; Manukyan 2011;

Fini et al. 2012; Alavi-Samani et al. 2015; Sanchita et al.

2015). Thus, considering the current observations, it could

be overall hypothesized that induction of volatile com-

pounds may play pivotal roles in water-deficit stress

modulation. It has been suggested that isoprenes can be

recruited in plant defense system, not only through

strengthening structure of cell membranes, but also owing

to their possible antioxidant activities to moderate haz-

ardous consequences of ROS generated under various

environmental stresses (Loreto and Velikova 2001; Vickers

et al. 2009; Pollastri et al. 2014; Loreto et al. 2014). In

plants, scavenging process of the entire or majority of ROS
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(i.e., singlet oxygen, hydroxyl radicals, and H2O2) which is

mediated by some volatile compounds of essential oil can

support the unrivaled protective roles of such secondary

metabolites under different environmental stresses (Vickers

et al. 2009; Loreto et al. 2014). In aqueous solution, for

instance, isoprene reacts with hydroxyl radicals to generate

2-methyltetrols, and it has been reported that isoprene

scavenges hydroxyl radicals to protect from any stress led

to oxidative damage (Santos et al. 2006). These effects

related to reactions through the conjugated double-bond

system in the isoprene molecule may serve to easily

mediate electron and energy transfers, which give a ROS-

scavenging ability to the molecule (Affeck and Yakir 2002;

Vickers et al. 2009).

In cultivar 1, under W4, a drastic decrement occurred

for the accumulation/production of several mono- and

sesquiterpenes compounds. Under severe drought stress, as

a consequence of the closure of stomata and reduction in

the ratio of carotenoids, photosynthesis would be declined

or completely prohibited, leading ultimately a significant

reduction in stored carbon (Schnitzler et al. 2004; Brilli

et al. 2007; Vickers et al. 2009). Under such situations, this

small quantity of carbon is utilized to generate volatile

isoprene through MEP and MVA pathways (Vickers et al.

2009; Loreto et al. 2014). It has also been proved that the

effect of drought on the emission ratios of plant volatile

compounds depends on the level of damage. In fact, the

previous drought stress-based studies indicated that the

emission of volatile isoprenoids will be intensified so long

as they are combined with ROS (Loreto and Schnitzler

2010; Velikova et al. 2006). Under severe levels of envi-

ronmental stress, an increase in the emission ratio of

monoterpenes and isoprenes is expected to inhibit extra

accumulation of H2O2 as well as other types of ROS

(Velikova and Loreto 2005; Velikova et al. 2006; Loreto

et al. 2014). Interestingly, the earlier works demonstrated

that only volatile isoprenoids are able to exhibit protective

functions under stress circumstances, but not triterpenes

and other non-volatile isoprenoids (Helmig et al. 2004;

Velikova et al. 2006). In our results, squalene, as a member

of sesquiterpenes, increased dramatically under drought

stress, agreeing with the mentioned hypothesis. Notably, as

the precise quantification of sesquiterpenes is nearly

impossible under environmental stresses, the contemporary

efforts are mainly focused on the non-volatile isoprenoids

(Vickers et al. 2009).

As mentioned above, water-deficit stress failed to con-

siderably enhance H2O2 content in cultivar 1. In fact, high

activities of GPX and APX enzymes and unchanged H2O2

level in different treatments of water-deficit stress in cul-

tivar 1 were in accordance with decrease the volatile iso-

prenoids, actually to exhibit their antioxidant activities in

the too complex protective network of the plant. On the

subject of the increased tolerance to environmental stress in

aromatic plants, the previous investigations demonstrated

that antioxidant activities in isoprene-inhibited leaves are

lower than in isoprene emitting, under high-temperature

circumstances (Loreto and Velikova 2001; Loreto et al.

2014).

Earlier investigations demonstrated the overproduction

of phenylpropanoids for the plants under environmental

stresses, albeit their ROS-scavenging mechanisms are still

unknown. Comparing with the controls, for both cultivars 2

and 3, considerable growth was detected for both methyl

chavicol and methyl eugenol, connoting their H2O2 scav-

enging activities, though the amount of H2O2 increased in

parallel with enhancement in the water-deficit stress levels.

Similar observations have been recorded under salt, high

light intensity, and drought stresses (Fini et al. 2012; Tat-

tini et al. 2004; Agati et al. 2011). Subsequently, antioxi-

dant enzyme activities decreased remarkably, indicating a

possible negative association between the quantities of

phenylpropanoids plus antioxidant enzymes and growth in

H2O2 levels, agreeing with Fini et al. (2011, 2012). Con-

sidering such or similar interesting findings, it could be

concluded that phenylpropanoids possibly are able to

constitute a secondary antioxidant system, even tempo-

rally, as the same pointed out by Fini et al. (2012), whose

research indicated the contrasting impacts of drought stress

on phenylpropanoid biosynthesis and antioxidant enzymes

activity in the leaves of Fraxinus ornus (Fini et al. 2012).

Taking the results as a whole, it could be deduced that

phenylpropanoids can be utilized as pivotal scavenging/

protective vehicles, particularly when the dynamic coor-

dinated antioxidant network of the plants are severely

damaged under diverse environmental stresses.

Conclusions

The results of this study revealed that plant growth

parameters followed by physiological status of the cultivars

are generally reduced under water-deficit stress circum-

stances, although several significant variations were also

detected among three Iranian cultivars of basil. In addition,

the accumulation of H2O2 in cultivars 2 and 3 was signif-

icantly stimulated under different water-deficit stress

levels, while moderate increase was taken place for cultivar

1. Interestingly, in all the three cultivars of basil, the

scavenging enzymes, including SOD, CAT, APX, GPX,

and PPO, exhibited different responses against different

levels of water-deficit stress, albeit some fluctuations were

also detected. Marginal reduction and/or unaffected chan-

ges in carotenoids contents as structural components of

Photosystem II (PSII) were physiological responses in all

the three cultivars of basil in response to water-deficit
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stress. On the other hand, it was concluded that water-

deficit stress could be regarded as a stimuli to intensify the

essential oil ratios of all the basil cultivars studied here.

The main components of the essential oil were methyl

chavicol and squalene in the cultivars 2 and 3 and linalool

and squalene in cultivar 1 with the possible positive roles in

water-deficit stress modulation, concluding that both

quality and quantity of a given secondary metabolite could

be affected by various factors, such as cultivar under study,

environmental conditions, and so on. Interestingly, it could

also be deduced that the compensation of low levels of

antioxidant enzymes activity in cultivars 2 and 3 may occur

through the increase in the ratios of both methyl chavicol

and methyl eugenol under water deprivation conditions. As

the last point of view, our finding demonstrated that an

increase in the phenylpropanoid components of essential

oil could encourage the role of ROS-scavenging enzymes,

including SOD, CAT, APX, GPX, and PPO enzymes.

Author contribution statement FK carried out the

experimental works and drafted the manuscript. MR par-

ticipated in the selection of basil cultivars and helped to

analyze GC–MS data. JN assisted in manuscript revising

and provided scientific helps. FSH conceived the study and

helped to draft the manuscript. AB participated in the

design of the study and performed the statistical analyses.

HA participated in the design of the study and helped in the

interpretation of GC–MS data. All the authors read and

approved the final version of the manuscript.

References

Abedi T, Pakniyat H (2010) Antioxidant enzyme changes in response

to drought stress in ten cultivars of oilseed rape (Brassica napus

L.). Czech J Gent Plant Breed 46:27–34

Adams RP (2007) Identification of essential oil components by gas

chromatography/mass spectrometery. Allured Publishing Corp,

USA

Aebi H (1984) Catalase in vitro. Meth Enzymol 105:121–126

Affeck HP, Yakir D (2002) Protection by isoprene against singlet

oxygen in leaves. Plant Physiol 129:269–277

Agati G, Tattini M (2010) Multiple functional roles of flavonoids in

photoprotection. New Phytol 186:786–793

Agati G, Biricolti S, Guidi L, Ferrini F, Fini A, Tattini M (2011) The

biosynthesis of flavonoids is enhanced similarly by UV radiation

and root zone salinity in L. vulgare leaves. J Plant Physiol

168:204–212

Alavi-Samani SM, Ataei Kachouei M, Ghasemi Pirbalouti A (2015)

Growth, yield, chemical composition, and antioxidant activity of

essential oils from two thyme species under foliar application of

jasmonic acid and water deficit conditions. Hortic Environ

Biotechnol 56:411–420

Apel K, Hirt H (2004) Reactive oxygen species: metabolism,

oxidative stress, and signal transduction. Ann Rev Plant Biol

55:373–399

Arnon DI (1949) Copper enzymes in isolated chloroplasts, polyphe-

noxidase in Beta vulgaris. Plant Physiol 24:1–15

Ashraf M, Harris PJC (2013) Photosynthesis under stressful environ-

ments: an overview. Photosynthetica 51:163–190

Bartels D, Sunkar R (2005) Drought and salt tolerance in plants. Crit

Rev Plant Sci 24:23–58

Batra NG, Sharma V, Kumari N (2014) Drought-induced changes in

chlorophyll fluorescence, photosynthetic pigments, and thy-

lakoid membrane proteins of Vigna radiate. J Plant Interact

9:712–721

Bijanzadeh E, Emam Y (2010) Effect of defoliation and drought

stress on yield components and chlorophyll content of wheat.

Pak J Biol Sci 13:699–705

Blank AF, Rosa YRS, Filho J, Santos C, Arrigoni-Blank M, Niculau

E, Alves P (2012) A diallel study of yield components and

essential oil constituents in basil (Ocimum basilicum L.). Ind

Crop Prod 38:93–98

Bradford MM (1976) A rapid sensitive method for quantification of

microgram quantities of protein utilizing the principle of protein-

dye binding. Anal Biochem 72:248–254

Bray EA (1997) Plant responses to water deficit. Trends Plant Sci

2:48–54

Brilli F, Barta C, Fortunati A, Lerdau M, Loreto F, Centritto M (2007)

Response of isoprene emission and carbon metabolism to

drought in white poplar (Populus alba) saplings. New Phytol

175:244–254

Cantrell A, McGarvey DJ, Truscott TG, Rancan F, Böhm F (2003)
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