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Abstract The phytotoxin coronatine (COR) is a jasmonic
acid mimic produced by several pathovars of plant patho-
gen. In this study, we evaluated the protective effect of
COR and nitric oxide (NO) against the toxicity of sodium
arsenate in sweet basil (Ocimum basilicum L.). According
to the statistical analysis, arsenic had a significant adverse
effect on length and biomass of plants. Seedlings that
pretreated with COR and sodium nitroprusside (SNP),
significantly reversed fresh and dry lose and relative water
content decay induced by the metalloid. The protective
effects of COR and SNP were indicated by extent of lipid
peroxidation, increase glutathione (GSH), ascorbate and
thiol (-SH) content, promote antioxidant enzymes and
reduce H,0O, content in basil seedlings. The present
observation suggested that reduction of excess arsenic As-
induced toxicity in O. basilicum by COR and NO is
through the activation of enzymes involved in ROS
detoxification (CAT, SOD, POD, APX, GR) and mainte-
nance contents of molecular antioxidant (GSH, ascorbate,
non-protein thiol and protein-thiol). Moreover, the results
revealed a mutually amplifying reaction between COR and
NO in reducing As-induced damages.
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Abbreviations

As Arsenic

APX Ascorbate peroxidase
COR Coronatine

CAT Catalase

DW Dry weight
DTNB 5,5-dithiobis-2-nitrobenzoic acid
Fw Fresh weight

EDTA Ethylendiamine tetraacetic acid
GR Glutathione reductase

GSH Glutathione

JA Jasmonic acid

JA-Ile Jasmonyl isoleucine

MDA  Malondialdehyde

NO Nitric oxide

H,O,  Hydrogen peroxide

RWC  Relative water content

PMSF  Phenyl methane sulfonyl fluoride
PVP Poly vinyl pyrrolidone

SOD Superoxide dismutase

SNP Sodium nitroprusside

™ Turgid weight

Introduction

Heavy metals are important environmental pollutants and
many of them are toxic even at very low concentrations.
Arsenic (As) is the most toxic metalloid widely distributed
in the environment and is non-essential for plants (Zhao
et al. 2009). It occurs predominantly in inorganic form as
As(V) and As(IIl) (Tripathi et al. 2007). In soils, the most
abundant As species is arsenate (As(V), Garg and Singla
2011). The presence of As in irrigation water or in soil
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could hamper normal growth of plants with toxicity
symptoms such as biomass reduction. Arsenate is easily
incorporated into plant cells through the high-affinity
phosphate transport system (Finnegan and Chen 2012).
Exposure of plants to arsenate results in the generation of
reactive oxygen species (ROS). As-induced increase in
ROS production may act as a cellular signal triggering the
stress response (Garg and Singla 2011). In recent years, As-
contaminated groundwater is widely used for irrigating
green vegetables such as basil in dry season that results in
elevated arsenic accumulation in soil and plants. This is
very dangerous for human health because this heavy metal
is known to be a carcinogen (Gupta et al. 2009). Hence, a
better understanding of the mechanisms responsible for As
resistance and toxicity in plants is needed. In this context, it
becomes relevant to study the impact of As on antioxidant
defense system and other biochemical changes in sweet
basil, and investigate the protective roles of some com-
pounds in alleviating its toxicity. Sweet basil (Ocimum
basilicum L.) is an important commercial plant, widely
cultivated in many countries. It is also a medicinal plant
used for several purposes, especially for therapeutical ones.
Basil essential oil has been used extensively in the food
industry as a flavouring agent, and in perfumery and
medical industries (Tarchoune et al. 2010).

Plants have evolved mechanisms to protect subcellular
systems from the effects of ROS by using enzymatic anti-
oxidant such as SOD, CAT and APX and non-enzymatic
antioxidants such as ascorbate, phenolic compounds,
carotenoid and glutathione (Gupta et al. 2009). The appli-
cation of growth substances could efficiently improve plant
resistance or tolerance to variable stresses (Wang et al.
2009). Coronatine is a bacterial blight toxin produced by
several pathovars of Pseudomonas syringae, and has
received much attention in recent years as a plant growth
regulator (Uppalapati et al. 2005; Xie et al. 2008). The
structure of coronatine is similar to that of a class of plant
hormones called jasmonates (JAs) which are involved in the
biological processes of plant growth and development
(Mino et al. 1980; Weiler et al. 1994; Wang et al. 2008).
Jasmonate is a plant growth hormone that plays a key role in
plant defense to biotic and abiotic stress (Uppalapati et al.
2005). The overall structure of coronatine, consisting of
polyketide coronafacic acid (CFA) and cyclized isoleucine
derivative coronamic acid (CMA), shows structural simi-
larity to that of jasmonates, most notably jasmonyl isoleu-
cine (JA-Ile; Koda et al. 1996; Melotto et al. 2008). CMA is a
structural analog of 1-aminocyclopropane-1-carboxylic acid
(ACC), an intermediate in the pathway to ethylene in higher
plants (Melotto et al. 2008). The most prominent effect of
coronatine is an intense spreading of chlorosis in leaves of
plants (Wang et al. 2008). In addition to chlorosis, COR
induces a wide array of effects in plants including
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anthocyanin production, alkaloid accumulation, ethylene
emission, tendril coiling, inhibition of root elongation, and
hypertrophy (Feys et al. 1994; Weiler et al. 1994). COR also
induces volatile production and the accumulation of pro-
teinase inhibitors, which are stress responses (Feys et al.
1994; wang et al. 2008). Several prior investigations have
confirmed the activation of JA-mediated responses by COR
(Fey et al. 1994; Uppalapati et al. 2005). Some research
using COR-defective bacterial mutants and purified COR
demonstrated that COR regulates the expression of jasmo-
nate induced protein genes (JIPs) and stimulates the JA
pathway in Arabidopsis and Tomato. Based on similarities
between COR and JA, it seems likely that COR and JA
interact with at least one common host receptor (Feys et al.
1994; Uppalapati et al. 2005). Furthermore, there is some
evidence that COR is more active than JAs for inducing
production of secondary metabolites and antioxidants which
have an important role in plant resistance to stresses (Feys
et al. 1994; Tamogami and Kodama 2000). An important
step in JA signaling is the SCF®'" E3 ubiquitin ligase-
dependent degradation of JAZ repressor proteins. Jasmo-
noyl isoleucine promotes physical interaction between JAZ1
and COIl (the F-box component of SCF°') proteins.
Melotto et al. 2008 indicated that coronatine also promotes
interaction between Arabidopsis COIl and multiple JAZ
proteins. On the whole, these data highlight the importance
of the isoleucine moiety in JA signaling and coronatine
action, and suggest that coronatine is a potent microbial
mimic of JA-Ile in the formation of COI-JAZ complexes as
a part of its virulence mechanism. In addition to JA and
COR, nitric oxide generation is one of the common reactions
of plant cells to biotic and abiotic stress (Delledonne et al.
1998; Durner et al. 1998). Wendehenne et al. (2004) dem-
onstrated that wounding or jasmonate treatment induces NO
production in sweet potato and Arabidopsis thaliana epi-
dermal cells and exogenous NO induces all of the genes that
are required for JA biosynthesis. Nitric oxide is a free radical
involved in numerous and diverse physiological processes in
plants (Lamattina et al. 2003). Evidence has been obtained
for the involvement of NO in plant growth and development,
as well as in defense responses (Beligni et al. 2002; La-
mattina et al. 2003; Yu et al. 2005). Recently, an increasing
number of articles have reported the effects of exogenous
NO on alleviating heavy metal toxicity in plants (Yu et al.
2005; Panda et al. 2011; Jin et al. 2010; Xiong et al. 2010).
Besides being involved in mediating the fungal elicitor-
induced secondary metabolite biosynthesis, JA and NO have
also been widely tested as chemical inducers for improving
secondary metabolite biosynthesis of plant cells. For
example, JA and MeJA have been used to stimulate the
production of Taxol, catharanthine, and baicalin of plant
cells (Yukimune et al. 1996; Xu et al. 2006). On the other
hand, NO was reported to induce the expression of genes
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related to phytoalexin biosynthesis in soybean (Glycine
max) cell in culture (Durner et al. 1998). Furthermore, Xu
and Dong (2008) reported that JA and NO act synergistically
to induce matrine production of Sophora flavescens cells.
However, we are not aware of any studies that have identi-
fied the effects of COR, with similar biological activities
compared with JAs, and NO on stress induced changes in the
antioxidative defense system in plants under heavy metal
stresses. Thus, the objective of this study was to investigate
the potential of COR for enhancing stress tolerance in sweet
basil and evaluation of amplifying reactions between COR
and NO in reducing As-induced damages in this plant.

Materials and methods

Plant material, growth condition and treatment
procedures

The seeds of O. basilicum washed with sterile distilled
water and transferred to plastic pots containing perlite.
Fresh nutrient solution (pH 5.7 £ 0.1) for irrigation was
prepared every time from the stock solutions (Hoagland
and Arnon 1950). The plants were kept in greenhouse with
photoperiod 16/8 h light/dark, 28/18 °C day/night and
50-60 % relative humidity. Coronatine (C8115) was pur-
chased from Sigma. At the three-leaved stage, seedlings
were treated with COR at concentrations of O (control) and
100 nM and SNP, as a nitric oxide donor, at 0 and 150 uM
added to the nutrient solution, for 72 h. Our preliminary
experiment showed that these concentrations created the
most measurable effects on As-stressed basil seedlings.
35 day-old seedlings were subjected to sodium arsenate
(Na,HASOQ,) in a 1/10 modified Hoagland solution at 0
(control) and 300 uM. 14 days after As treatment, the
plants were collected and all parameters were measured.
Each treatment contained three replicates.

Determination growth parameters and relative water
content (RWC)

At the end of the experiments, plants were uprooted and
shoot/root length and FW was recorded. The samples were
dried in oven at 70 °C and DW was obtained. The leaf
RWC was measured on the youngest fully expanded leaves
following the method of Turner (1981).

Lipid peroxidation and H,O, assay
Lipid peroxidation was estimated from the levels of mal-

ondialdehyde (MDA) and other aldehydes production using
the thiobarbituric acid (TBA) method as described by

Heath and Packer (1968) and (Meirs et al. 1992). The H,O,
content of both control and treated plants was determined
after reaction with potassium iodide (KI) according to
Velikova et al. (2000).

Measurement of total and non-protein thiol content

Thiol content was measured according to Sedlak and
Lindsay (1968). Samples were homogenized in 0.02 M
EDTA in an ice bath. Aliquots of 0.5 ml of the homoge-
nates were mixed with 1.5 ml of 0.2 M Tris buffer (pH 8.2)
and 0.1 ml of 0.01 M DTNB. The mixture was brought to
10 ml by the addition of 7.9 ml of absolute methanol.
Color was allowed to develop for 15 min. Absorbance of
the clear supernatant was read at 412 nm. Total sulfhydryl
groups were calculated from the extinction coefficient of
13.1 mM cm ™. For measuring non-protein thiols, 5 ml of
the homogenates were mixed with 4 ml distilled water and
1 ml of 50 % TCA. The contents were mixed and after
15 min the tubes were centrifuged for 15 min. 2 ml of the
supernatant was mixed with 4 ml of 0.4 M Tris buffer (pH
8.9), 0.1 ml of DTNB and absorbance was read within
5 min at 412 nm against a reagent blank. The protein
bound thiols (PT) were calculated by subtracting the non-
protein thiols (NPT) from total thiols (TT).

Determination of phenolic compounds and anthocyanin

The total amount of phenolic compounds in the sweet basil
leaves was determined using Folin—Ciocalteu’s reagent
according to the method of Singleton and Rossi (1965).
Fifty microliters of the methanolic extract was mixed with
450 pl of distilled water and 250 pl of 2 N Folin—Ciocal-
teu’s reagent. The mixture added to 1.25 ml of 20 %
Na,CO5; was incubated at 25 °C for 20 min and then cen-
trifuged at 2,000g for 10 min. The absorbance of the
supernatant was measured at 735 nm and the standard
curve was prepared using the gallic acid. Anthocyanin was
extracted by grinding 0.1 g leaf samples with 10 ml of
methanol containing 1 % (v/v) HCl and determined
according to Wagner (1979).

Measurement of ascorbate (ASA), dehydroascorbate
(DHA) and GSH content

The plants were homogenized with 5 % metaphosphoric
acid at 4 °C. The homogenate was centrifuged at
20,000g for 15 min at 4 °C and the supernatant was col-
lected for analysis of ascorbate and glutathione. ASA and
DHA were determined according to the method of
Kampfenkel et al. (1995). Briefly, total ascorbate was
determined after reduction of DHA to ASC with DTT, and
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the concentration of DHA was estimated from the differ-
ence between total ascorbate pool (ASC plus DHA) and
ASC. A standard curve was developed based on ascorbate
in the range of 0-50 pg/ml. GSH content was determined
at 412 nm using DTNB, according to the spectrophoto-
metric method of (Ellman 1959).

Antioxidant enzyme activity

For determination of antioxidant enzyme activity, samples
were homogenized in extraction buffer containing 50 mM
phosphate buffer (pH 7.4), I mM PMSF, 1 mM EDTA and
1 % PVP in a pestle and mortar under frozen condition
using liquid nitrogen. The homogenate was centrifuged at
22,000g for 30 min at 4 °C and the resulted supernatant
was used for the assays of protein content and the activity
of antioxidative enzymes. The total protein content was
determined according to the method of Bradford (1976).
All spectrophotometric analyses of enzyme were con-
ducted in a Carry UV/visible light spectrophotometer. SOD
activity was determined by measuring its ability to inhibit
the photochemical reduction of nitro blue tetrazolium
chloride (NBT) (Giannopolitis and Ries 1977). The reac-
tion mixture contained 50 mM potassium phosphate buffer
(pH 7.4), 0.1 mM Na-EDTA, 75 uM riboflavin, 13 mM
methionine and 0.05 ml the enzyme extract. One unit of
SOD activity was defined as the amount of enzyme
required to cause 50 % inhibition of NBT reduction at
560 nm. CAT activity was determined by measuring the
rate of disappearance of hydrogen peroxide using the
method of Dhindsa et al. (1981). The reaction mixture
consisted of 50 mM potassium phosphate buffer (pH 7.4),
15 mM H,0,; and 100 pl enzyme extract. The decrease in
hydrogen peroxide was inferred from the decline in
absorbance at 240 nm. POD (GPX) activity was deter-
mined by measuring the change of absorption at 470 nm
due to guaiacol oxidation following Putter (1974). The
reaction mixture containing 50 mM potassium phosphate
(pH 7.4), 0.3 % H,0,, 1 % guaiacol and 20 pl enzyme
extract. The activity of APX was measured by monitoring
the rate of ascorbate oxidation at 290 nm according to the
modified method of Nakano and Asada (1981). The reac-
tion mixture contained 50 mM potassium phosphate (pH
7.4), 0.1 mM EDTA, 0.15 mM H,O, and 150 pl enzyme
extract. Because APX is labile in the absence of ascorbate,
0.5 mM ascorbate was added to the reaction mixture which
used for APX determination. One unit of APX was defined
as the quantity of enzyme required to oxidize 1 pmol of
ascorbate per min (extinction coefficient, 2.8 mM ™'
cm™ ). GR activity was assayed by monitoring the gluta-
thione-dependent oxidation of NADPH at 340 nm by the
method of Foyer and Halliwell (1976).
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PAL extraction and assay

phenylalanine ammonia lyase g enzyme (PAL) was
extracted from 0.3 g sample with 6.5 ml of 50 mM Tris—
HCI buffer (pH 8.8) containing 15 mM B-mercaptoethanol
in an ice-cooled mortar. The homogenate was centrifuged
at 10,000g for 15 min, and the supernatant was collected
for enzyme assay. PAL activity was measured by a modi-
fied method of Tanaka et al. (1974). Briefly, 1 ml of the
extraction buffer, 0.5 ml of 10 mM L-phenylalanine,
0.4 ml of double-distilled water and 0.1 ml of enzyme
extract were incubated at 37 °C for 1 h. The reaction was
terminated by the addition of 0.2 ml of 25 % TCA and the
cinnamic acid (CA) concentration was quantified with the
absorbance measured at 290 nm. One unit of PAL activity
is equal to 1 pmol of CA produced per min.

Statistical analysis

The data were analyzed by one-way ANOVA, using SPSS
software, Version 18 for Windows. Duncan’s multiple
range test (DMR) was used to separate means for signifi-
cant treatment (p < 0.05). The reported values are means
of three replicates £+ SE.

Results
Effect of treatments on growth parameters and RWC

As shown in Table 1, it is clear that arsenic exposure had a
large reducing effect on the shoot and root fresh/dry
weight, length and leaf relative water content in As-treated
plants. COR and SNP alone did not affect the growth of
plants, but alleviated height reduction and increased shoots/
roots fresh and dry weight under arsenic treatment. The
leaves of the plants pretreated with COR and SNP main-
tained a much higher RWC under As stress. The beneficial
effects of COR and NO were seen by all growth parameters
and were shown to be statistically significant especially
when these compounds supplied together.

Lipid peroxidation and hydrogen peroxide content

Table 2 compares malondialdehyde and H,O, contents in
basil plants subjected to arsenic with or without COR and
SNP pretreatment. MDA and other aldehyde contents
indicate lipid peroxidation and increased upon As exposure
in leaves of the COR-, SNP-free controls, but by less than
31.04, 15.2 and 65.5 % in seedlings previously exposed to
COR, SNP and COR+SNP, respectively. Arsenic stress
caused significant accumulations (p < 0.05) of H,O, in
basil leaves, Compared to the control. Application of COR,
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Table 1 Effects of SNP and COR application on growth parameters and relative water content in O. basilicum under As toxicity
Treatments Shoot Root Leaf RWC

%
As COR NO Length FwW DW Length FwW DW %
(M)  (nm) (puM) (cm plantfl) (g plantf') (g plantf') (cm plantfl) (g plantf') (g plantfl)
0 0 0 421 £05a 7.08x04a 1.00 £008a 284+41a 454+03a 030+£003a 920+29a
300 0 0 168 £09d 073x£01d 0.13+001e 102£05¢c 052+01d 005+001c 634+£36d
0 100 0 372 £ 06ab 626+06a 0.85 =+ 0.04 ab 26 £12a 436+x02a 025+£003a 846=£21ab
300 100 0 285 +£0.7¢ 242+ 04c 042+0.05d 179 £09b 1.88+01c 0.13£001b 780=%1.9bc
0 0 150 3909 +£23ab 589+02ab 0.86+002ab 251+£27a 442+£05a 026£003a 837=£21b
300 0 150 252+ 16¢ 273 +02c¢ 034+003d 16 £06bc 185+03c 014+002b 737+18¢c
0 100 150 372 +£31ab 578+ 06ab 083£006b 246£19a 427+£02a 024+003a 850=£3.1ab
300 100 150 348+ 06b 471 +£04b  0.66 £ 0.03 ¢ 243+ 1.1a 3224+02b 022+0.02a 826=£19b

Values are mean £ SE of three replications. The different letters (a, b, etc.) in the same column indicated significant difference at p < 0.05 by

Duncan’s multiple range test

Table 2 Effects of SNP and COR application on aldehydes, H>O, and thiol content in O. basilicum leaves under As toxicity

Treatments MDA 1 Other alldehydes H,0, 1 Total—SI;I P-SH 1 NP-SH 1

s COR_ NO (nM g™ 'FW) (nM g FW) (1M g~ 'FW) (1M g7 'FW) (1M g~ 'FW) (uM g~ 'FW)

™M) (nm) (M)

0 0 0 30.1 £2.15¢ 299.0 + 38.5d 569 + 1.1d 3.19 £ 0.3 be 147 £ 0.2 ab 1.71 £ 0.2 be
300 0 0 311.8 £ 113 a 2,049.5 £ 2278 a 43.03 £32a 054 £0.1d 0.17 £ 0.02d 0.37 £ 0.03d
0 100 0 36.5+2.15¢e 393.8 £ 63.1d 10.37 £ 1.7 cd 248 £ 05¢ 0.94 + 0.3 be 1.53 £ 06 ¢

300 100 0 215+ 155¢ 1,145.1 £ 1139 ¢ 30.03 £ 48D 258 +02c 0.75 £ 0.1 ¢ 1.83 £ 0.2 be
0 0 150 344+ 119e¢ 547.0 £4554d 791 +£19d 416 £0.7b 1.29 + 0.2 be 2.87 + 0.6 ab
300 0 150 2645+ 149b 1,611.9 £ 2657 b 34.62 £ 49 ab 3.12 + 0.4 be 1.36 0.3 b 1.75 £ 0.3 be
0 100 150 580+£37¢ 612.6 £75.8d 801 £1.0d 259 +02c¢ 0.89 + 0.1 be 1.69 £ 0.2 be
300 100 150 107.5 £22.7d 671.0 £ 1464 ¢ 1849 £ 3.7 ¢ 570 £ 04 a 198 £ 0.1 a 372+ 03a

Values are mean £ SE of three replications. The different letters in the same column indicated significant difference at p < 0.05 by Duncan’s

multiple range test

SNP and COR+SNP considerably reduced the accumula-
tion of H,O, in leaves by about 30.2, 28 and 57.03 %,
respectively (Table 2).

Total soluble phenols, anthocyanin content and PAL
activity

In this study, arsenic exposure decreased total soluble
phenols and anthocyanin content in the leaves of treated
plants. However, it was observed that exogenously applied
COR and SNP in O. basilicum not only compensated the
reduction of these compounds but also enhanced signifi-
cantly phenols pool in As+COR+SNP treated plants
(Table 3).

Ascorbate, glutathione, thiols and protein content

The ASC, GSH and thiol content of O. basilicum leaves
exposed to As with or without pretreatments are presented

in Table 3. Arsenic caused a significant decrease in ASC,
GSH, protein- and NP-thiol content in absence of any
pretreatment. Similar trend was observed for leaf protein
content (Table 3). However, these negative effects were
not observed in plants pretreated with COR and SNP,
separately. This effect was significantly greater in the
plants pretreated with both COR and SNP in compared
with the samples exposed to these compounds, separately.
These results show that coronatine and nitric oxide may act
synergistically to increase sweet basil resistance against
heavy metal toxicity by enhancing non-enzymatic antiox-
idant pool.

Activities of PAL and antioxidant enzymes
In order to investigate the mechanism of difference of
phenolic content by treatments in this study, we determined

PAL activity in the leaves of sweet basil under experi-
mental conditions. As shown in Fig. la, PAL activity of
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Table 3 Effects of SNP and COR application on total phenolic compounds, ASA, DHA, GSH and soluble protein content in the leaves of O.

basilicum under As toxicity

Treatments Phenols1 Anthoc;llanin ASC 1 DHA : GSH 1 Soluble Protein
As COR__NO (mg g~ FW) (mg g~ FW) (mg g~ FW) (mg g~ FW)  (mg g FW) (mg/g Fw)
(M) (m) (M)

0 0 0 327+59b 315+ 0.19b 9.01 £093d 28+ 0.13 ¢ 25.8 + 0.78 bc 18.6 £ 1.39b
300 0 0 9.1+ 1.0¢ 1.14 £ 0.07 ¢ 301 £036e¢ 14 +£0.24d 11.1 £ 0.63d 10.6 £ 0.54 ¢
0 100 0 39.6 + 10.8 ab 3154+ 0.19b 10.7 & 0.23 cd 324+037c¢ 292 +0.73 b 219 +2.08b
300 100 0 278 £3.1b 3.09 £020b 149+ 1.12 b 46 £038b 235+ 1.10¢ 203 £ 1.08 b
0 0 150 209+30b 333 £054b 12.1 £+ 0.67 bed 2.7+038c 202+ 1.34b 204 +£350b
300 0 150 23.1 £ 3.5 bc 2.81 £022b 13.4 £ 1.45 bc 33+041c 222 £ 1.08 ¢ 19.7 £ 1.09 b
0 100 150 295+ 6.6Db 3.48 £ 0.15 ab 13.5 £ 2.53 be 33+021c 293 + 1.58b 214+ 4200
300 100 150 508 £52a 423 +022a 223 +095a 594+0.15a 352 +201a 293 + 148 a

Values are mean + SE of three replications. The different letters in the same column indicated significant difference at p < 0.05 by Duncan’s

multiple range test
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Fig. 1 Effect of treatments on PAL and POD activity in O. basilicum. Values are mean = SE (n = 3). In the individual column, bars with
different letters (a, b, etc.) are statistically different (p < 0.05) according to Duncan’s multiple range tests

plants treated with arsenic is decreased compare with the
control. Pretreatment with COR, SNP and COR+SNP
before As supply, significantly increased PAL activity in
the leaves by 90.79, 76.64 and 198.3 %, respectively.

The change in the activities of representative enzymes
responsible for O, dismutation (SOD), H,O, detoxifica-
tion (CAT, APX and POD) and antioxidant redox couples
GSH regeneration (GR) after treatments are shown in
Figs. 1, 2 and 3. In the arsenic exposed plants, there was a
significant increase in the activities of CAT, POD and SOD
compared to the control (Figs. 1b, 2a, b). The APX and GR
activity decreased upon metal treatment (Fig. 3a, b).
However, it was observed that in plants were pretreated
with 100 nM COR and 150 uM NO before As exposure, the
activities of all antioxidant enzymes were higher than those
that did not have any pretreatment. Under normal condition,
COR and SNP had negligible effects on the activity of
antioxidant enzymes in O. basilicum but under As supply,
significantly increased these activities, especially when
COR and SNP were applied together (Figs. 1, 2, 3).
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Discussion

According to the statistical analysis, arsenic had a signifi-
cant adverse effect on length and biomass (root, shoot) of
basil seedlings. This result indicates that the basil seedling
is sensitive to As and the growth of root and shoot inhibit
by arsenic exposure (at 300 uM in this study). One of the
most effects of heavy metal toxic influence on plants is
largely a strong and fast inhibition of growth process of the
above and underground parts (Garg and Singla 2011).
Some workers believed that the excess heavy metal
induced disturbance in mineral nutrition (Mascher et al.
2002; Finnegan and Chen 2012). Arsenic has no known
beneficial function, and its presence in the plant interferes
with the metabolism and alters the uptake of other essential
elements (Shri et al. 2009). Gomes et al. (2012) indicated
that arsenic supply caused disturbances in the concentra-
tions and distribution of nutrients in the roots and shoots of
Anadenanthera peregrine. Whenever uptake of nutrition
was inhibited in roots, the growth of the whole plant was
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Fig. 2 Effect of treatments on CAT and SOD activity in O. basilicum. Values are mean £+ SE (n = 3). In the individual column, bars with
different letters are statistically different (p < 0.05) according to Duncan’s multiple range tests
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Fig. 3 Effect of treatments on APX and GR activity in O. basilicum. Values are mean + SE (n = 3). In the individual column, bars with
different letters are statistically different (p < 0.05) according to Duncan’s multiple range tests

constrained and the plant biomass decreased finally (Chun-
xi et al. 2007). Arsenate is known to interfere on phosphate
(P) uptake by plant cells since P transporters had high
affinity to As, therefore competing with P anions (Finnegan
and Chen 2012). Competition between As and P physio-
logically results in blocking the electron transport chain at
the level of cell membranes and therefore, ATP synthesis is
significantly inhibited (Pigna et al. 2009). This leads to the
disruption of energy flows in cells and finally represses the
growth and development of plants.

The formation of TBARs in plant exposed to heavy
metals is an indicator of free-radical formation in the tis-
sues (Singh et al. 2006). The present results show an
increase in the level of MDA and H,O, in the leaves with
As exposure, indicating that arsenic induces oxidative
stress in sweet basil. Increasing H>O, and lipid peroxida-
tion has been obtained in other plants under arsenic stress
(Singh et al. 2006; Jin et al. 2010; Gupta et al. 2013;
Hasanuzzaman and Fujita 2013). Recently, Gupta et al.
(2013) demonstrated that As causes oxidative stress in
Arabidopsis by inducing glycolate oxidase (H,O, produc-
ers). It has been suggested that the inhibition of key
enzyme systems, together with electron leakage during the

conversion of As (V) to As (III), lead to formation of ROS,
which in turn causes lipid peroxidation (Zhao et al. 2009).
One likely reason for increasing H,O, content in As-treated
basil is that, H,O, is a major product of photorespiration, a
pathway whose activity greatly increases to abiotic stress
(Panda et al. 2011). Plant cell membranes are generally
considered to be primary sites of metal injury (Jin et al.
2010). It is possible that increasing H,O, formation with
metal toxicity can decrease cell wall extensibility and such
results into lipid peroxidation (Foreman et al. 2003).
Stimulating effects of 300 uM As on MDA and ROS level
in O. basilicum indicated plants encountered oxidative
stress causing cellular damage, inhibition of the growth as
well as the loss in phenolic compounds and thiol content.
Some workers believed that Arsenic induces oxidative
stress by over-accumulation of ROS and reduction of nitric
oxide content in plants (Gupta et al. 2013). In opposite, Jin
et al. (2010) believed that arsenic stress elevated endoge-
nous NO level in tall fescue leaves and NO might act as a
signaling molecule to protect against injuries caused by
arsenic toxicity. Several studies have evidenced the
capacity of NO to counteract oxidative damages (Beligni
et al. 2002; Wang and Wu (2005). However, there is still
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limited information regarding the functional role of
endogenously produced NO in plants challenged with
heavy metals. Singh et al. (2009) demonstrated that exog-
enously supplied NO significantly provides resistance to
rice against As-induced toxicity and has an ameliorating
effect against As-induced oxidative stress. As an antioxi-
dant, NO could be directly quenches the ROS and modu-
lates various cellular physiological processes to limit
oxidative injury (Wendehenne et al. 2004; Singh et al.
2009). ROS can react with NO to form peroxynitrite, witch
in turn may react with H,O, to yield nitrite ion and oxygen
(Laspina et al. 2005). NO supplied exogenously provides
resistance against stress induced by heavy metals like Cd in
sunflower and rice (Laspina et al. 2005; Panda et al. 2011),
Cu in rice (Yu et al. 2005) and As in rice and fescue (Singh
et al. 2009; Jin et al. 2010). It was in agreement with the
results obtained in present study that an increased NO level
upon SNP addition paralleled a decrease in H,O, content
and lesser MDA accumulation. In addition to a direct ROS
scavenging activity, NO may also modulate lipid peroxi-
dation by inhibiting lipoxygenase activity (Innocenti et al.
2007). COR diminished lipid peroxidation probably
through the stimulation of non-enzymatic (ascorbate and
glutathione) antioxidant machinery responsible for a tight
regulation of ROS balance during heavy metal stress.
Cellular antioxidants such as phenolic compounds play
an important role in inducing resistance of plants to metals
by protecting macromolecules and membrane against
attacks induced via free radicals (Sanchez-viveros 2010).
Antioxidant action of phenolic compounds is due to their
high tendency to chelate metals. There is new evidence
that indicates the metal-binding activity of many flavo-
noids (Winkel-Shirley 2002). The roots of many plants
exposed to heavy metals exude high levels of phenolics
which inactivate free radicals by suppressing the super-
oxide-driven Fenton reaction (Michalak 2006). The neg-
ative effects of As on the growth of basil might be related
to impaired synthesis of soluble phenols and other anti-
oxidant compounds such as GSH and ASC by which, the
sweet basil was not able to alleviate the oxidative stress
induced by the accumulation of this metalloid in tissues.
There have been many reports of induced accumulation of
phenolic compounds, PAL and peroxidase activity in
plants treated with high concentration of metals (Michalak
2006). The induction of phenolic compound biosynthesis
was observed in pepper in response to Cu (Diaz et al.
2001) and in maize in response to Al (Winkel-Shirley
2002). In this study, exogenously applied COR and SNP
increased the content of phenolic compounds in basil
leaves. Induction of phenolic content after coronatine
application has been reported in Tomato (Mino et al.
1980). Tamogami and Kodama (2000) also reported that
coronatine elicits phytoalexin production in rice leaves
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(Oryza sativa L.) in the same manner as jasmonic acid.
According to Kovacik et al. (2009) exogenously apply of
SNP cause accumulation of soluble phenol by stimulating
PAL activity in N-deficient Matrica chamomilla roots. In a
study with tobacco bright-yellow 2 cells, only the com-
bined application of NO and ROS generators caused a
remarkable increase in PAL activity. Both ROS and NO
may stimulate expression of the pal gene (De Pinto et al.
2002). In addition, Durner et al. (1998) reported that NO
induced activation of PAL gene (pal) expression and PAL
enzyme activity in tobacco. In Taxus chinensis cells, the
combined application of MeJA and NO scavenger
decreased NO content, PAL activity and taxol production
but increased H,O, accumulation (Kovacik et al. 2009).
However, we found no data focused on the changes in
PAL activity or phenolic metabolism-related enzymes in
COR-treated plants.

The glutathione level has been shown to correlate with
the plant adaptation to extreme heavy metal stress and
reduced GSH pool shows marked alterations in response to
metal stress (Singh et al. 2006). Flora (2011) reported that
arsenic increased oxidative stress in plants by disturbing
the pro/antioxidant balance. During the present study,
reduced levels of protein-thiol, NP-thiol, ascorbate and
glutathione were observed in As-treated plants. This result
is similar with those of Hasanuzzaman and Fujita (2013),
who reported a decrease in ASC and GSH content and the
GSH/GSSG ratio in As-treated wheat (Triticum aestivum).
This might be attributed to the toxicity of the arsenic
(Sanchez-viveros 2010). Therefore, measured decline in
the content of ASC and GSH in O. basilicum could be
partially due to its consumption while acting as antioxidant
to limit lipid peroxidation. Moreover, Glutathione as an
sulfur-containing tripeptide thiol is involved in the plant
protections against heavy metals as a precursor in the
synthesis of phytochelatins (PCs) and in the scavenging of
ROS by the ascorbate—glutathione cycle (Sharma and Dietz
2006; Xiong et al. 2010). Glutathione levels in plant tissues
are known to increase under metal stress (Koricheva et al.
1997). In this study, decreasing GSH content in sweet basil
may be caused by increase conversion of GSH to PC in the
response of As toxicity. Recently, Gupta et al. (2009)
demonstrated that PC synthesis is stimulated by As supply
in Brassica juncea due to the overexpression of PCs gene.
The PC—metal complex is often sequestered in the vacuoles
(Sharma and Dietz 2006). The chemical structure of PCs
contains repetitions of the dipeptide Glu—Cys. NO is able to
react with Cys residues (S-nitrosylation), especially when
these are surrounded by acidic amino acids like Glutamate,
and NO reacts rapidly with glutathione, the precursor of
PCs, to form S-nitrosoglutathione (Stamler et al. 1997).
However, Michele et al. (2009) indicated that PCs might
similarly be nitrosylated. They believed that a mechanism
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through which NO might modulate the PC capability to
chelate heavy metals is by direct nitrosylation. Modulation
of cellular thiols for protection against ROS is a therapeutic
strategy of plants against arsenic. In plants pretreated with
COR/SNP in this research, thiol contents increased sig-
nificantly. Our hypothesis is supported by observation that
JA stimulated significantly accumulation of phytochelatins
in Wolffia arrhiza in response to Pb leading to enhance
plant tolerance to stresses (Piotrowska et al. 2009). In
addition, a considerable decrease in GR which act in GSH
regeneration in ASC-GSH cycle may be affected the
decrease in glutathione content under As stress. GSH in
reaction with ROS, generated in the presence of As, is
oxidized to GSSG and a decrease in re-reduction of GSH
by GR contributes to the decrease in GSH pool in plants
(Xiong et al. 2010). Although multiple factors can affect
the GSH pool in plants, some conditions are known to
modify the GSH biosynthesis pathway at the transcriptional
level. However, such regulation was observed in response
to heavy metals, JA and SNP treatments (Sasaki-Sekimoto
et al. 2005; Innocenti et al. 2007). Our data provided that
GSH content is increased in plants by NO and COR
application. This result is similar with those of Innocenti
et al. (2007), who reported an increase of GSH content in
SNP-treated Medicago. They believed that NO triggered an
increase of the endogenous GSH amount in M. truncatula
roots through the stimulation of GSH synthesis gen tran-
script accumulation. In addition to a direct ROS scavenging
activity and to the modulation of lipid peroxidation, NO
may also protect cells against oxidative processes by
stimulating GSH synthesis (Innocenti et al. 2007). Xiang
and Oliver (1998) showed that JA does potentiate and
enhance the capacity for GSH synthesis due to stimulation
the expression of the GSH synthesis genes and JA-pre-
treated plants produced more GSH when challenged with
cadmium or copper. They mentioned that the up-regulation
of GSH metabolic genes by JA and heavy metal largely
controlled at the transcriptional level. Shan and Liang
(2010) also reported that JA treatment increased the tran-
script level of y-ECS (y-glutamyl cysteine synthetase) and
GSH, genes, as well as GR in Agropyron cristatum under
water stress. Moreover, these researchers indicated that JA
increased the transcript levels and activities of APX and
GR as well as the content of ASA and GSH in the leaves.
Our results indicated the existence of cross talks between
NO and COR in the GSH accumulation in similar with JA
and NO. Ascorbate is also known to operate as an anti-
oxidant either in direct chemical interaction with ROS or
during the reaction catalyzed by APX (Singh et al. 2006).
Since, ASC and GSH are able to detoxify ROS by a direct
scavenging or by acting as substrate in the enzymatic
reactions (APX and GR), an elevation or protection in their
contents with COR and SNP pretreatments enhanced the

tolerance against As-induced oxidative stress in O.
basilicum.

Plants possess several antioxidative defense systems to
scavenge toxic free radicals to protect themselves from the
oxidant stress. In this experiment, arsenic supply lead to a
significant increase in the activity of some antioxidant
enzymes such as CAT, POD and SOD and decrease in the
activity of APX, PAL and GR in the leaves of O. basilicum.
The function of SOD in antioxidative defense is to elimi-
nate active oxygen species (ROS), which generates H,0,,
while the resulting H,O, can be removed by CAT, APX,
and GPX enzymes. Increased activities of these enzymes
commonly have been reported in plants exposed to metals
(Koricheva et al. 1997). Some of the enzymes are sensitive
to inhibition by heavy metal like Cu and As which react
with thiol groups, due to the presence of thiol groups at the
active site of the enzymes (Garg and Singla 2011). Thus,
the reduced activity of GR and PAL may be due to inac-
tivation of the enzyme by As ions. Some researchers
believed that this reduction could be due to different effects
of heavy metals like As and Cd at the transcriptional and
post-transcriptional levels (Romero-puertas et al. 2007;
Gupta et al. 2013). The increase in POD, SOD and CAT
activity is related with the increase production of reactive
oxygen species or expression of genes encoding these
enzymes. Gupta et al. (2013) reported that all SOD iso-
forms (mainly CuZn—SODs) are induced by arsenic in wild
type A. thaliana. Other study also indicated As-induced
POD, SOD and CAT activity in a number of plants (Cao
et al. 2004; Chun-Xi et al. 2007; Gupta et al. 2009; Shri
et al. 2009). Optimum activities of CAT and POD and
severely depressed activities of APX and GR under As
toxicity suggest that excessive H,O, in leaves was elimi-
nated by CAT and POD mainly and the enzymes of
ascorbate—glutathione cycle are more prone to inhibition by
excess As supply in O. basilicum. APX along with CAT
and SOD are considered to be key enzymes within the
antioxidative defense mechanism, which directly deter-
mines the cellular concentration of oxygen radicals (Tri-
pathi et al. 2007). There is some evidence that the
exogenous application of NO rendered the plants more
tolerant to As-induced oxidative damage by enhancing
their antioxidant defense and glyoxalase system. Hasa-
nuzzaman and Fujita 2013 reported that the treatment with
SNP increased the RWC, chl and proline contents, AsA
and GSH contents and the GSH/GSSG ratio as well as the
activities of MDHAR, DHAR, GR, GPX, CAT, glyoxalase
I and glyoxalase II in the wheat seedlings subjected to As
stress. Pronounced increase in antioxidant enzymes and
reduce the level of H,O, and MDA in samples that pre-
treated with COR and SNP indicated that these compounds
alleviated oxidative injuries through raising antioxidant
enzymes activity to scavenge newly-produced ROS. In
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addition, increase APX and GR activity supported by sig-
nificant increase of GSH and ASC content in COR+-SNP-
pretreated plants suggest that, ascorbate—glutathione cycle
has a pivotal role in arsenic detoxification, apart from the
role of PCs in the chelation of metals.

Conclusion

The reduction of growth and some antioxidant materials
and induction of enzymatic antioxidative system indicated
that excess As induces oxidative stress in sweet basil.
Application of COR and SNP before As exposure sup-
ported a considerably higher non-enzymatic antioxidant
contents and promoted antioxidant enzyme activities in the
basil leaves, especially when seedlings were subjected to
both compounds (COR+SNP). In summary, our results
suggest that there was a mutually amplifying reaction
between COR and NO in reducing As-induced damages.
However, whether COR and NO participate synergically in
regulation the transcript level and the activity of key
enzymes remains unknown and further research is required
to understand the signaling relationships between COR and
NO in plant defenses against heavy metal stress.
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