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Abstract Methyl jasmonate (MJ) is an important plant
growth regulator, involves in various physiological processes
of plants. In the present study, role of MJ in tolerance to
oilseed rape (Brassica napus L.) roots under arsenic (As)
stress was investigated. The treatments were comprised of
three MJ doses (0, 0.1, and 1 uM) and two levels of As (0
and 200 uM). Arsenic stress resulted in oxidative damage
as evidenced by decreased root growth and enhanced reac-
tive oxygen species and lipid peroxidation. However, plants
treated with MJ decreased the H,O, and O, ™ contents in
roots and have higher antioxidant activities. Importantly,
results showed that MJ enhanced the redox states of AsA and
GSH, and the related enzymes involved in the ASA-GSH
cycle. Moreover, MJ also induced the secondary metabo-
lites related enzymes (PAL and PPO) activities, under As
stress. PAL and PPO expression was further increased by
MJ application in the roots of B. napus under As stress. MJ
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also reduced the total As content compared with As alone
treated plants. These findings suggest the role of MJ in miti-
gation of the As-induced oxidative damage by regulating
AsA and GSH redox states and by reducing As uptake in
both cultivars.
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Introduction

Heavy metals are toxic to plants but certain heavy metals
are required as an essential element for plant metabolism.
However, essential or non-essential heavy metals including
some other metalloids in excess amount cause toxicity in
plants (Nagajyoti et al. 2010). When plants accumulate the
heavy metals at elevated levels, it results in oxidative stress
which in turn leads to morpho-physiological changes in
plants (Dhankar and Solanki 2011). Arsenic (As) is a ubig-
uitous non-essential element to plants (Jedynak et al. 2010).
Arsenic enters or its presence in the environment is both
due to anthropogenic activities, such as the use of As-based
pesticides and mining as well as natural including geogenic
(Farooq et al. 2016a; Lee et al. 2008; Heikens et al. 2007).
Although As is a non-redox active metalloid but its toxicity
causes the cellular disruption through induction of oxidative
stress via overproduction of reactive oxygen species (ROS)
(Farooq et al. 2015). Plants require controlled regulation
of intracellular ROS formation, but increased level of ROS
results in uncontrolled oxidation which leads to cellular
damage and eventual cell death.
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Plant hormones such as salicylic acid (SA), abscisic
acid (ABA), auxin, brassinosteroid (Br) gibberellic acid
(GA), hydrogen sulfide (H,S) and jasmonate (JA) are
signaling molecules, involved in plant defense against
biotic and abiotic stresses (Ali et al. 2014a; Ryu and Cho
2015; del Amor and Cuadra-Crespo 2011; Bari and Jones
2009). Among these hormones, methyl jasmonate (MJ)
an important derivative of JA, involved in several mecha-
nisms related to plant physiological, morphological and
biochemical processes. A considerable evidences indicate
that JA alleviate the stress conditions in plants tempted due
to salinity, drought, wounding, herbivory and plant -patho-
gens interactions (Dar et al. 2015; Santino et al. 2013;
Wu et al. 2012; Yoon et al. 2009; Farmer et al. 2003).
Several reports have shown that jasmonate-responsive
genes (JRGs) expression is changed under stress condi-
tions such as wounding, insect attack, pathogen infection,
ozone stress, and thus play important role in plants stress
tolerance (Howe 2004; Halitschke and Baldwin 2004;
Dombrowski 2003; Kanna et al. 2003). It has also been
observed that exogenous JA application enhanced the
antioxidative capability of plants under metal stress con-
dition (Yoon et al. 2009; Farmer 2007). In plants antioxi-
dant system superoxide dismutase (SOD), catalase (CAT)
and peroxidases (POD) and ascorbate peroxidase (APX)
detoxified the ROS and protect the plant cells from oxida-
tive damage (Islam et al. 2016a, b; Farooq et al. 2016b).
In antioxidant metabolism ascorbate and glutathione are
also important compounds and play defensive role against
oxidative stress. Sasaki-Sekimoto et al. (2005) found that
under ozone stress JA application regulate the ascorbate
and glutathione metabolism in Arabidopsis. However,
few studies have investigated the beneficial roles of MJ
on plants under metal stress induced antioxidant responses
(Poonam et al. 2013; Yan et al. 2013; Keramat et al. 2010).
Nowadays, oilseed rape (Brassica napus L.) is mainly used
to complete the edible oil requirements, but it is also con-
sidered as a potential candidate for phytoextraction (Ali
et al. 2014b). Due to its higher biomass in comparison
to natural metal (hyper) accumulators, B. napus contrib-
utes to the suitability as a phytoextraction (Grispen et al.
2006) and thus it is of utmost importance to exploit its
potential in roots against As stress under the exogenous
influence of JA. Most of the work related to the role of MJ
has been performed on the leaves and cell culture however
the alleviatory effects of MJ especially for root remain
insufficient. So, to identify the link between role of MJ and
As-induced oxidative stress in roots of plants, we used two
cultivars (cv. Zheda 622 and cv. ZS 758) of B. napus plant.
The effect of MJ under As stress on plant root length,
total As content, ascorbate and glutathione cycle related
enzymes and their gene expression in B. napus roots were
observed in the present study. Furthermore, the role of MJ
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in alleviation of plasma membrane damage, antioxidant
activities and metabolites changes as well as ultrastructure
alterations in B. napus roots were also evaluated.

Materials and methods
Plant material and growth conditions

Seeds of two leading oilseed rape (B. napus L.) cultivars (cvs.
Zheda 622 and ZS 758) previously detected as differing in
metals tolerance (Farooq et al. 2015) were obtained from the
College of Agriculture and Biotechnology, Zhejiang Univer-
sity and used in this study. Mature seeds of both cultivars
were germinated in plastic pots (170 mm x 220 mm) filled
with peat soil. Three uniform plants per pot were plugged
into evenly spaced holes on the pot cover, and placed under
ambient conditions (20-24 °C temperature and 55-60% rela-
tive humidity) in a green house. After 2 weeks plants were
exposed to different concentrations of arsenic (As) (0, 50 and
200 pM) by using the salt NaAsO, and methyl jasmonate
M1J) (0, 0.1 and 1.0 uM) in different combinations for 14
days. Experiment was performed in four replicates. Analyses
were performed at both concentration but due to lower effect
at 50 pM and for the sake of conciseness, only the results at
the maximum concentration are given. The pH of solution
was maintained at 5.7 +0.1 with 1 M NaOH or HCI solution.
Aeration was given continuously through air pump. Hoagland
solution was changed after every 3 days. Fourteen days after
treatment, plants roots were thoroughly washed with deion-
ized water to remove surface ions. With respect to laboratory
assay, samples were collected either fresh or immediately
frozen in liquid N, and kept frozen until analysis.

Assessment of seedlings growth tolerance index (GTI)
and As uptake

The length of longest root of each plant was recorded after
14 days of treatment periods. Growth inhibitory rate (%) was
calculated according to Wilkins (1978).

Growth Tolerance Index %

Rowth growth in solution with metal

= 100
Root growth in solution with out metal

For total As concentration analysis, oven dried samples of
roots were ash at 550 °C for 20 h in a muffle furnace. After
that, by adding 31% (m/v) HNO; and 17.5% (v/v) H,0,, ash
was incubated at 70 °C for about 2 h. The As concentration
in the digest was determined using an atomic fluorescence
spectroscopy.
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Determinations of reactive oxygen species (ROS)
and histochemical staining

For hydrogen peroxide (H,0O,) measurement we follow the
procedure of Velikova et al. (2000) by extracting the root
sample in TCA (0.1%, w/v).1 mL KI (1 M) was added in
extracted supernatant in presence of 10 mM PBS (pH 7.0)
and change in the absorbance was calculated at 390 nm.

For measurement of superoxide radicals (O, ™), root
samples was homogenized in 65 mM PBS (pH 7.8), and
the contents was determined spectrophotometrically as
previously described by the method of Jiang and Zhang
(2001).

Hydrogen peroxide (H,0,) accumulation was visually
detected by using the method of Thordal-Christensen et al.
(1997) staining with 3,3-diaminobenzidine (DAB). The
O, accumulation was visualized using the nitrobluetet-
razolium (NBT) staining procedure (Romero-Puertas et al.
2004). The NBT and DAB stained roots were seen under a
light microscope (model leica MZ 95).

Determinations of lipid peroxidation and cell death
content

Lipid peroxidation was determined in terms of malondi-
aldehyde (MDA) content in B. napus plant roots by the
method of Zhou and Leul (1999). Root samples (0.5 g)
were extracted with 5-mL of 0.1% (w/v) trichloroacetic
acid (TCA).1-mL aliquot mixture extract and 4-mL 0.5%
thiobarbituric acid in 20% trichloroacetic acid was incu-
bated for 30 min at 95 °C, followed by a quick cooling on
ice bath. The absorbance of supernatant was recorded at
532 nm; correction for non-specific absorption was done
by subtracting values read at 600 nm.

Evans blue solution (0.25%) was used to stain the roots
for cell death contents. After washing two times with dis-
tilled water, 50% methanol/1% SDS mixture was used to
extraction the dye at 50°C for 1 h and subsequently meas-
ured by spectrophotometrically at 595 nm.

Measurement of endogenous JA concentration

Endogenous JA concentration was determined by using
a commercial enzyme-linked immunosorbent ELISA
kit (MLBIO tech, China) according to the manufacturer
instructions. About 0.1 g of fresh plant tissue was rinsed
with 1x saline phosphate-buffer then homogenized in
1 mL PBS and stored overnight at —20 °C. According
to the manufacturer instructions, samples and standards
were added and measured spectrophotometrically at a
wavelength of 450 nm.

Total RNA extraction and quantitative real-time PCR
(RT-qPCR) assay

Total RNA was isolated from root tissues (0.1 g) of differ-
ent treatments with the reagent Trizol following the method
of manufacturer’s procedure. Prime Script TMRT reagent
kit (Takara Co. Ltd., Japan) with gDNA (genomic DNA)
was used to synthesis the cDNA. By using SYBR® Premix
Ex Taq II (Takara Co. Ltd., Japan) cDNA samples were
assayed by quantitative real-time PCR (qRT-PCR) in the
iCycleriQTM Real-time detection system (Bio-Rad, Hercu-
les, CA, USA). Desire gene primer sequences were made
by using the vector NTI, a primer construction tool with the
help of sequence databases (http://www.ncbi.nlm.nih.gov).
Detail of forward (F) and reverse (R) primer of each gene
were presented in the supplementary material Table 1 with
PCR conditions.

Biochemical analysis of enzyme activities

Root samples (0.5 g) were homogenized in potassium phos-
phate buffer (PBS) (50 mM) (pH 7.8) in cold conditions
for enzyme activity. Total superoxide dismutase (SOD) was
assayed spectrophotometrically at 560 nm by measuring
the inhibition of nitro blue tetrazolium (NBT) (Zhang et al.
2008). The 3-mL reaction mixture was comprised of 50 mM
PBS, 100 pL of enzyme extract, 13 mM methionine, 75 pM
NBT, 2 pM riboflavin and 0.1 mM EDTA. One unit of SOD
activity was assayed by the amount of enzyme required to
cause 50% inhibition of NBT.

Catalase (CAT) activity was determined in change of
absorbance at 240 nm in 3 mL reaction mixture of 50 mM
PBS (pH 7.0) with 2 mM EDTA-Na,, 10 mM H,0O, and
100 pL enzyme extract by using the extinction coefficient
of H,0, (39.4 mM cm™!) for 1 min (Aebi 1984).

The ascorbate peroxide (APX) activity was determined
at 290 nm for 30 s after addition of H,0, according to the
method reported by Nakano and Asada (1981), in 3 mL
reaction mixture comprised of 100 mM phosphate (pH 7),
0.1 mM EDTA-Na,, 0.3 mM ascorbic acid, 0.06 mM H,0,
and 100 pL enzyme extract. Peroxidase (POD) activity was
determined as describe by Zhou and Leul (1999).

Determination of glutathione metabolites and ascorbate
content

Reduced glutathione (GSH) was measured by the method of
Fadzilla et al. (1997). Ground tissue of roots was suspended
in 5 mL of 10% trichloroacetic acid (TCA) and centrifuged
at 15,000xg for 15 min. Supernatant of an amount 150 pL
was added in to the 100 pL. DTNB, (6 mM) and 700 pL
NADPH (0.3 mM) in the presence of 50 puL glutathione
reductase (10 units mL™ l), monitored at 412 nm. Standard
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curve was made for analysis of GSH contents. To deter-
mine GSSG content, supernatant in amount of 120 uL. was
mixed with 2-vinylpyridine (10 puL) with triethanolamine
(20 pL) and incubated at 25 °C for 25 min. Solution was
analyzed at at 412 nm and calibration curve was developed
for GSSG contents. Glutathione reductase (GR) activity
was determined with the oxidation of NADPH for 1 min
at 340 nm (extinction coefficient 6.2 mM cm™') (Jiang and
Zhang 2002). The concentration of AsA was determined
according to Lukasik et al. (2012).

Secondary metabolism-related enzyme assay

Based on reaction product of cinnamic acid, the phenylala-
nine ammonia-lyase (PAL) activity was determined accord-
ing to the procedure of Dai et al. (2006). One unit of PAL
activity is the change in absorbance at 290 nm of enzyme
extract. We followed the Ruiz et al. (1999) to determine the
polyphenol peroxidase (PPO) activity by monitoring the
absorbance at 370 nm.

Transmission electron microscopy

Small root sections were fixed overnight in 2.5% glutaralde-
hyde. After 24 h phosphate buffer (PBS) was used to wash
the samples and post fixed in 1% osmium oxide (OsO,) for
1 h. Again after washing with PBS, samples were dehydrated
with ethanol and embedded in Spurr’s resin overnight. Spec-
imens in ultrathin sections (80 nm) were mounted on copper
grids and examined through transmission electron micro-
scope at 60.0 kV.
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Fig. 1 Effects of different treatments of methyl jasmonate (MJ) and
arsenic (As) on a growth rate inhibition (GRI) % and b As uptake in
roots of two cultivars of B. napus. Different letters showed statisti-
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Statistical analysis

The analysis of variance (ANOVA) was computed to deter-
mine the statistically differences while Duncan’s multiple
range test applied for the calculation of confidence level at
95% by using the statistical package SPSS, (Chicago, IL,
USA).

Results

Effects of MJ and As on root growth rate inhibition
(GRI) and total As content

Data regarding root growth inhibition of B. napus seedlings
under different treatments of As and MJ has been presented
in Fig. 1. After 14 days of As stress, the reduction of root
length was 36 and 47% in ZS 758 and Zheda 622 respec-
tively, compared to control plants (Fig. 1). However, exog-
enous application of MJ improved the decrease in root length
under As stress in both cultivars, and the maximum effect
was observed at 1 pM MIJ (Fig. 1a). The root growth of B.
napus plants increased by 26% (ZS 758) and 35% (Zheda
622) after MJ application (1 uM), when compared with
As alone stressed plants. Analysis of total As concentra-
tion revealed that cultivar Zheda 622 roots had higher As
contents than ZS 758. However, As uptake in plant roots
was alleviated after the MJ application, especially for the
treatment of 1 uM MJ. Application of MJ to As stressed (MJ
14200 uM) plants reduced the As concentration in both
cultivars by 27 and 25% in ZS 758 and Zheda 622 respec-
tively (Fig. 1b).
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Exogenous MJ alleviated As-induced ROS
accumulation in B. napus roots

In order to evaluate the As-induced oxidative stress, H,O,
and O, contents representing the major reactive oxygen
species (ROS) were estimated (Fig. 2). Application of MJ
treatments alone had no significant effect on H,0, and O, .
M1 treated plants, under As stress showed significantly lower
H,0, and O, "contents in comparison with alone As-treated
B. napus root (Fig. 2a, b). As shown in Fig. 2a, As expo-
sure resulted in significant increase in H,O, content, while
application of MJ resulted in decrease in H,0, content,
however more reduced contents was observed in ZS 758.
In turn, O, ™ content significantly decreased by MJ applica-
tion regardless of cultivars compared with As alone treated
plants (Fig. 2b). Histochemical staining results also showed
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Fig. 3 Effects of different treatments of methyl jasmonate (MJ) and
arsenic (As) on antioxidant enzymes activities of a superoxide dis-
mutase (SOD), b ascorbate peroxidase (APX), ¢ catalase (CAT) and
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that MJ application modulated the As stress-triggered ROS
accumulation in both B. napus cultivars root.

Exogenous MJ mediated lipid peroxidation and plasma
membrane integrity in B. napus

Malondialdehyde (MDA) concentration enhanced in both
cultivars of B. napus when exposed to alone As stress com-
pared with the non-treated plants (Fig. 2c). The enhanced
concentration of MDA was 101% in ZS 758 and by 178%
in Zheda 622, compared with their corresponding controls.
Lower MDA concentration was observed in ZS 758 than
in Zheda 622. The concentration of MDA, however, sig-
nificantly decreased after the MJ application as compared
with alone As-stressed treatment (Fig. 2¢). The MJ appli-
cation was significant in cultivar ZS 758 than in cultivar
Zheda 622 and more effective at higher MJ level (1 uM)
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than at lower MJ level (0.1 uM). Similarly, both B. napus
cultivars exhibited significantly higher level of plasma
membrane integrity under As stress (Fig. 2c). Applica-
tion of MJ to B. napus help in sustaining the membrane
integrity in roots, as exhibited by lower cell death content
in comparison with stressed plants (Fig. 2d).

MJ] alleviated As-induced antioxidant enzymes
activities in B. napus roots

Results showed that As stress significantly increased SOD
and APX activities in both cultivars. SOD activity was
greater as 45 and 27% in ZS 758 and Zheda 622 respectively,
as compared with their respective controls (Fig. 3a). MJ
alone did not show any significant difference but considera-
bly showed significant effect at 1 uM when supplied with As.
Under stress condition, application of MJ further enhanced
the SOD activity by 36% (ZS 758) and 39% (Zheda 622)
(Fig. 3a). APX activity in the plants exposed to As stress
(200 uM) was 62% greater in Zheda 622 and 39% in ZS 758
than that of control. MJ application significantly increased
APX activity in both cultivars, but considerably no sig-
nificant difference was noted among the cultivars (Fig. 3b).
POD and CAT activities were decreased by 45 and 3% in ZS
758 and 57 and 5% in Zheda 622, respectively (Fig. 3c, d).
Application of MJ further enhanced the activities of CAT
and POD as compared to As stressed plants (Fig. 3c, d).

MJ induced changes in glutathione cycle related
enzymes under As stress

Transcriptional analysis of yECS gene, a key enzyme for glu-
tathione biosynthesis was performed in 14-days-old B. napus
seedlings after MJ and As treatments (Fig. 4a). yECS genes
showed an up-regulation after As treatment by 1.95- and
1.53-fold in ZS 758 and Zheda 622 respectively; however,
their expression was further significantly up-regulated after
MIJ application by 3.02- and 2.74-fold respectively. The GSH
contents in As exposed significantly increased in both cul-
tivars. MJ (1 uM) treatment to As exposed seedling further
increased the GSH contents as compared with As treated
plants (Fig. 4b). Similarly, GR gene in ZS 758 showed an
up-regulation of 0.25-fold under As treatment and 0.48-fold
after MJ (1 uM) treatment to stress plants (Fig. 4c). In con-
trast, Zheda 622 showed significant decrease of 0.11-fold
in GR gene after As treatment. While, expression of GR
was up-regulated by 0.41-fold after MJ (1 uM) treatment to
stressed plants (Fig. 4c). Similarly, GR activity significantly
increased under As alone and after MJ + As treatment in ZS
758. While in Zheda 622 a significant decrease was observed
when treated with As alone (200 uM) as compared with
control plants. Application of MJ reduced the As effects and

increased the GR activity as compared with As alone treated
plants (Fig. 4d).

GSSG contents decreased significantly by 37% in ZS
758 and 41% in Zheda 622 under As alone treatment, com-
pared with control plants (Fig. 4e). Alone MJ treatments
showed no significance differences with the control. When
MJ was applied under As stress, it increased the GSSG con-
tents significantly by 35 and 45%, in ZS 758 and Zheda 622
respectively. The maximum contents of GSSG contents was
observed by the addition of 1 pM MIJ to As stressed plants in
both cultivars (Fig. 4e). In contrast, the similar ratio of GSH/
GSSG was observed under control condition while signifi-
cantly increased under As alone and MJ + As treatments, as
compare to control plants. However, among As alone and
MJ + As treated plants no significant differences in GSH/
GSSG ratio was observed in both cultivars (Fig. 4f).

AsA content and DHAR gene expression in B. napus
roots under MJ and As application

Arsenic stress significantly decreased AsA contents by
14% in ZS 758 and 13% in Zheda 622 as compared to con-
trol plants (Fig. 5a). MJ treatments showed a synergetic
effect on AsA contents in both cultivars under As stress
and it increased the AsA contents in ZS 758 by 10% and in
Zheda 622 by 7% as compared with As alone stress plants
(Fig. 5a). The transcript level of DHAR was up-regulated
after As-exposure by 0.21-fold in cultivar ZS 758 and 0.2-
fold in Zheda 622 as compared to control plants (0.16-fold)
(Fig. 5b). MJ application at 0.1 and 1 pM, the DHAR showed
an up-regulation of 0.23-, 0.21-fold in ZS 758 and 0.24- and
0.22-fold in Zheda 622, respectively (Fig. 5b).

Effects of As stress and MJ on JA content and LOX
gene expression

Data regarding JA contents in the roots of two B. napus
cultivars are presented in Fig. 4. JA contents were signifi-
cantly decreased in both cultivars which were more obvi-
ous in Zheda 622 when treated with As alone. However,
the exogenous application of MJ significantly increased the
total JA contents in both B. napus cultivars as compared
with control, while the higher contents was observed in
Zheda 622 compared with ZS 758 (Fig. 5c). Furthermore,
the analysis of JA synthesis pathway gene lipoxygenase 2
(LOX 2) also showed a significant increase under As stress
conditions (Fig. 5d). LOX showed significant up-regulation
upon exposure in ZS 758 and Zheda 622 (1.78- and 1.54-fold
respectively). In both cultivars, better effect was observed
at MJ 1 uM +200 uM As level and the expression of LOX
was found to be up-regulated by 2.01- fold in ZS 758 and
twofold in Zheda 622.
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Effects of As stress and MJ on plant secondary
metabolites

Secondary metabolites analysis showed that the activities of
PAL and PPO in B. napus roots were increased after 14-days
of As exposure, being 70 and 4% in ZS 758, and 25 and 4%
in Zheda 622 respectively (Fig. 6a, b). MJ treatment alone
had no effect but when applied with As it significantly fur-
ther increased the PAL and PPO activities by 52 and 6% in
ZS 758 and 60 and 5% in Zheda 622, respectively as com-
pared with As alone treatment (Fig. 6a, b). PAL and PPO
genes showed an up-regulation of 1.38-, 0.74-fold in ZS 758
and 1.27-, 0.63-fold in Zheda 622 under As alone treatment,
as compared with control plants (Fig. 6¢, d). Application of
MIJ under As stress also led a significant increases in PAL
and PPO transcripts compared with As alone treated plants.
After As treatment, the increase in PAL and PPO transcript
was 1.86 and 1.25- fold in ZS 758 and 1.71 and 1.12-fold
in Zheda 622 respectively, as compared to control plants
(Fig. 6c, d).
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Effects of As stress and MJ on root ultrastructure

Transmission electron microscopic (TEM) micrographs
revealed well-defined cytoplasm and organelles, smaller
vacuoles, and bigger nuclei and nucleoli in the roots of
control plants (Fig. 7). Numerous alterations were noted in
the root ultra-structure cells under As stress. Increase in the
size of vacuole, disappearance of the nucleolus and disrup-
tion of the nucleus and nuclear membrane were some of the
features, which could be observed more evidently in both
the cultivars (Fig. 7a—f). Moreover, in cultivar Zheda 622
vacuoles were larger in size and the structure of nucleus was
more irregular as compared to ZS 758 (Fig. 7b). While the
supplementation of MJ alleviated the damage to the nucleus
caused by As stress (Fig. 7c, f). In As+MIJ (1 uM) treated
plants, MJ reduced the effect of As stress and improved the
structure of nucleus and nuclear membrane in comparison
with the plants exposed to alone As stress.
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Fig. 7 TEM micrographs of nucleus of root tip cells of two B.
napus cultivars. a Control of cultivar ZS 758. b Cultivar ZS 758
exposed to (200 uM) As alone. ¢ Cultivar ZS 758 exposed to As
(200 uM) +MJ (1 uM). d Control of Zheda 622. e Cultivar Zheda 622

Discussion

Heavy metal stress is among the important abiotic stresses
that affects various physiological and biochemical aspects
(e.g., plant growth, energy, protein synthesis, lipid metabo-
lism) associated with plant growth and development (Hos-
sain and Komatsu 2013; Farooq et al. 2016a). Root bioassay
of B. napus seedlings showed that root elongation was sig-
nificantly reduced under As stress. This could be explained
as the negative effects of As on cell elongation. However,
the stress produced by As was alleviated when the B. napus
roots treated with an exogenous MJ application. Exposure of
As resulted in inhibition of root elongation in both cultivars
(ZS 758 and Zheda 622) of B. napus, while the effects of
M]J, improved As tolerance in B. napus plants observed as
increase in root elongation and reduced As uptake (Fig. la,
b). These results are consistent with the earlier reports of
Yan et al. (2013) who suggested that MJ mitigated the inhib-
itory effect of Cd on root growth.

Metalloid is known to cause oxidative injury in plant tis-
sue by enhancing reactive oxygen species (ROS) levels. The
excess H,O, and O, contents caused by As stress resulted
increase in lipid peroxidation (MDA) and plasma membrane

exposed to (200 uM) As alone. f Cultivar Zheda 622 exposed to As
(200 uM) +MJ (1 puM). N nucleus; Nu nucleolus; NM nuclear mem-
brane; and Vac vacuole

integrity, which were considered markers for membrane lipid
peroxidation (Garg and Singla 2011; Farooq et al. 2015). In
biological membrane system, lipid peroxidation impairs the
membrane functions and causes the inactivation of enzymes
and membrane-bound receptors. The present study showed
that As treated B. napus roots had high levels of H,0, and
O, (Fig. 2a, b) linked with the increased MDA content and
plasma membrane integrity (Fig. 2¢, d). Under As stress
condition, roots of MJ-treated B. napus plants accumulated
less H,0,, O, and MDA, and had lower plasma membrane
integrity as compared to As treated plants (Fig. 2). These
results suggest that MJ may sustain the oxidative stress by
maintaining the steady-state ROS intracellular concentra-
tions and play a defensive role in alleviating the As-induced
membrane damage. Our results are in the agreement with
those found in Phaseolus coccineus where MJ exhibited
protective effect in alleviating the lipid peroxidation under
metal stress (Hanaka et al. 2016).

Plants have a wide range of defense mechanisms to tol-
erate the toxic effects of metal including the antioxidant
activities that are good indicator of internal cell situation.
The roots of cultivar ZS 758 experienced low oxidative
damage and had higher activities of antioxidant enzymes as
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compared to Zheda 622 which showed overwhelming pro-
duction of ROS under As stress (Fig. 3). MJ application is
reported to reduce metal toxicity by preventing the oxidative
stress in roots of P. coccineus and Solanum nigrum (Yan
et al. 2015; Hanaka et al. 2016). MJ application significantly
increased the antioxidant enzyme activities (Fig. 3) and alle-
viated the oxidative damage induced by As stress.

Moreover, AsA and GSH are well-known antioxidants in
the AsA—GSH cycle (Noctor and Foyer 1998). GSH biosyn-
thetic pathway in plants can be determined by yECS and GR,
both are the important key enzymes for the GSH synthesis
and recycling pathway. The regulatory role of MJ in glu-
tathione redox homeostasis can be given by the expression
of yECS (Shan and Liang 2010). The expression of yECS
in stressed and MJ treated plants supported the enhanced
level in GSH content in comparison with As alone treated
plants. Similarly, an increase in yECS was observed in ozone
stress by Sasaki-Sekimoto et al. (2005). Further, Xiang
and Oliver (1998) also found that JA treatment increased
the yECS transcript level and GSH content, as well as GR
activity and expression (Fig. 4). The present study showed
the ability of MJ treated plants to cope with As stress cor-
related with maintenance of glutathione redox states. This
was achieved as increasing GSH content, GR activity and
GSH/GSSG ratio in accordance with the findings of Singh
and Shah (2014), who also experienced similar induction
in GSH metabolites in rice seedlings treated with MJ under
Cd stress. Results showed that GSSG content was decreased
significantly and this decrease possibly due to induction of
GR activity that was suggested to play an important role in
the GSH regeneration from GSSG (Gill and Tuteja 2010).

Parallel to GSH, AsA is also an important enzyme, plays
a crucial role in cellular defense (Singh and Shah 2014).
AsA is recycled by DHAR with the help of GSH as a reduct-
ant. Previously, it has been reported that AsA activation
through recycling pathway is important for increasing AsA
content (Chen et al. 2003). Thus, with AsA content we also
reported the expression of DHAR, an AsA recycling path-
way gene. We found that MJ induced the DHAR expres-
sion, as well also increased the AsA content (Fig. 5). It has
been reported that under ozone and water stress jasmonate
induces the accumulation of AsA content and increases the
transcript level of DHAR (Sasaki-Sekimoto et al. 2005; Shan
and Liang 2010) which is consistent with our result under As
stress. So, MJ activates the GSH and AsA metabolism and
compounds involved in metabolism that provides protection
against oxidative damage.

In addition to the above-mentioned enzymes mechanism,
secondary metabolites are naturally present in plants and
also play diverse roles in physiological processes (Chen
et al. 2009). In present study, MJ-treated plants exhibited
higher activities of PAL and PPO compared with non-MJ-
treated plants (Fig. 6). Further, secondary enzymes such as
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PAL and PPO as well as their transcripts were induced by
MJ and/or As (Fig. 6). In addition, the induction of PAL and
PPO genes treated with MJ, may assist the plants to cope
with the oxidative stress, in consistence with the finding of
Ahammed et al. (2013) who also found that EBr helps in
alleviating the oxidative stress in tomato leaves through the
induction of these defense compounds.

LOX is an important key gene in JA synthesis. JA plays
a key role in regulating a wide range of physiological func-
tions, such as signal transduction, development and senes-
cence, and protection from oxidative stress through enhanc-
ing the antioxidant activities and defense gene induction,
under heavy metal stress conditions (Devoto and Turner
2003; Wasternack and Hause 2013). Higher level of JA sug-
gests a defensive role in mitigation of excesses ROS during
metal stress (Dar et al. 2015). Our results showed that MJ
treatment significantly increased the JA content (Fig. 5).
This increase in JA content might be possibly due to the
enhanced expression of LOX that subsequently increased the
synthesis of JA. Arsenic stress significantly lowered the JA
contents in B. napus roots (Fig. 5). However, the application
of MJ significantly increased the JA contents in both culti-
vars. In a similar study, Chen et al. (2014) also examined the
decrease of JA contents in Kandelia obovata, while the MJ
application increased the JA content. Similarly, the expres-
sion of LOX 2 in both the cultivars enhanced after 1 uM
MIJ application under As stress (5). Under abiotic stress
condition MJ may be attributed as an inducer of LOX gene
expression in different plant such as potato (Geerts et al.
1994), soybean (Park et al. 1994) and Arabidopsis (Melan
et al. 1993).

There are few findings of about cellular level changes
occur in root tips under the effect of MJ and As. Ultrastruc-
ture alteration study provide the insights at cellular level
changes in response to oxidative stress (Ali et al. 2013;
Caasilit et al. 1997). The present study reported that root tips
showed changes in different cell organelles under As stress
(200 pM) (Fig. 7). The root tip cells of cultivar Zheda 622
were significantly injured under As stress as compared to
ZS 758. Recently, B. napus roots were found to be severely
damaged under heavy metal stress (Ali et al. 2014a; Farooq
et al. 2015). However, when As-stressed plants treated with
MJ, well developed cell structure was observed in root tips.
This describes the MJ improving capability in root that was
also obvious from antioxidant enzymes study. Exogenously
applied MJ clearly recovered the cell damage observed in
roots of B. napus cultivars, but these positive effects were
more pronounced in ZS 758. Thus, we can conclude that
under As stress MJ application, could increase the antioxi-
dant activities and decrease the generation of ROS concen-
tration, leading to reduction of the ultra-structure damage in
B. napus root tips.
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Conclusion

Present study revealed the important role of MJ in the pro-
tection process against As-toxicity in the roots of B. napus
by preventing oxidative damage with the enhancement of
glutathione metabolism. Interestingly, we found that higher
level of 200 uM As on AsA—GSH cycle was potentiated
by the exogenous treatment of MJ and helped to maintain
membrane integrity and root elongation by reducing lipid
peroxidation and cell death content. Moreover, exogenous
MJ application also maintained the root function under
As stress by reducing the ROS accumulation, probably
through modulating the AsA-GSH redox status, enhanced
antioxidant enzyme activities and secondary metabolites.
The employment of comprehensive systems biological
approaches is needed to determine the detailed elucidation
of MJ signaling in abiotic stress, which stands as a challeng-
ing future perspective.
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