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Abstract
Soil contamination with nickel (Ni) is a persistent threat to crop production worldwide. The present study examined the 
putative roles of jasmonic acid (JA) in improving Ni tolerance in soybean. Our findings showed that priming of soybean 
seeds with JA significantly improved the growth performance of soybean when grown under excessive Ni. The enhanced 
Ni tolerance of soybean prompted by JA could be ascribed to its ability to regulate Ni uptake and accumulation, and to 
decrease Ni-induced membrane damage as evidenced by reduced levels of reactive oxygen species (ROS), malondialdehyde, 
lipoxygenase activity, and electrolyte leakage in Ni-stressed plants. JA also boosted redox states and antioxidant capacity in 
Ni-stressed plants by maintaining increased levels of ascorbate and glutathione, and enhanced activities of ROS-detoxifying 
enzymes compared with Ni-stressed alone plants. Additionally, methylglyoxal detoxification system was significantly upregu-
lated in JA-primed and “JA-primed + Ni-stressed” plants, indicating an alleviating effect of JA on Ni-induced methylglyoxal 
toxicity. Our results conclude that JA-mediated regulation of Ni uptake and accumulation, and enhanced ROS metabolism 
by activating antioxidant defense and glyoxalase systems contributed to improved performance of soybean under excessive 
Ni, thereby suggesting JA as an effective stress regulator in mitigating Ni toxicity in economically important soybean, and 
perhaps in other crops.
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Introduction

Environmental contaminations by toxic metals have long 
been recognized in developing and underdeveloped coun-
tries; however, the pollution still continues because of 
rapid urbanization and lack of proper disposal practices of 
waste materials, especially industrial effluents (Chibuike 

and Obiora 2014). In this context, nickel (Ni) has arisen 
as a serious contaminant over the past centuries due to its 
tremendous applications in agricultural and manufacturing 
industries (Yusuf et al. 2011). As a consequence, agricultural 
lands of many countries, including India, are exceedingly 
polluted with Ni because of unrestrained and regular appli-
cations of Ni-containing poultry slurries, pesticides, and 
untreated industrial wastes to the crop fields (Ayangbenro 
and Babalola 2017). Soybean (Glycine max) is an economi-
cally important legume crop grown in many countries in 
the world, and is considered as one of the major oil-yield-
ing crops in many Asian countries, including India, China, 
Japan, and Pakistan (Agarwal et al. 2013; FAOSTAT 2015). 
In Asia, India is the second largest soybean-producing coun-
try after China, covering 3.95% of global soybean produc-
tion (Agarwal et al. 2013; FAOSTAT 2015). Cultivation 
of legume crops like soybean in Ni-polluted lands results 
in yield reduction and poor seed quality, as well as causes 
Ni toxicity to consumers, including animals and humans 
(Ayangbenro and Babalola 2017).
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Ni, a cofactor of various metallo-proteins and enzymes, 
plays pivotal roles in plant development, growth, and 
defensive mechanisms (Fabiano et al. 2015). However, a 
marginal accumulation of Ni beyond its beneficial win-
dow may cause Ni toxicity, affecting various physio-bio-
chemical processes, including mineral uptake, photosyn-
thesis, membrane permeability, nitrogen metabolism, and 
senescence in plants (Küpper and Andresen 2016; Sirhindi 
et al. 2015). Excessive Ni accumulation in plants results in 
abnormal root growth, and necrotic lesions, chlorosis, and 
rolling in leaves (Yusuf et al. 2011). Ni can also acceler-
ate the production of reactive oxygen species (ROS) that 
are responsible for inducing oxidative stress by causing 
damage to lipids, proteins, and DNA molecules (Küpper 
and Andresen 2016; Sirhindi et al. 2016). To overcome 
metal-induced oxidative damage, plant cell organelles are 
inherently equipped with a vibrant antioxidant defense 
system that comprises various enzymes, such as super-
oxide dismutase (SOD), glutathione peroxidase (GPX), 
catalase (CAT), ascorbate peroxidase (APX), glutathione 
S-transferase (GST), glutathione reductase (GR), dehy-
droascorbate reductase (DHAR), and monodehydroascor-
bate reductase (MDHAR), as well as non-enzymatic arse-
nals, such as glutathione (GSH) and ascorbic acid (AsA) 
(Gill and Tuteja 2010).

Methylglyoxal (MG), a highly cyto-reactive aldehyde is 
well-known to accumulate at high levels in cellular compart-
ments under various abiotic stresses, including metal toxic-
ity (Hoque et al. 2016; Hossain et al. 2009; Mostofa et al. 
2015a). Once overproduced inside cells, MG can exert its 
cytotoxic effects by (i) directly reacting with biomolecules, 
(ii) accelerating ROS production, and (iii) overproducing 
advanced glycation end products (AGEs) (Hoque et al. 2016; 
Li 2016). As a counter measure, plant cells possess a ubiq-
uitous glyoxalase (Gly) cycle to detoxify MG in a two-step 
reaction involving conversion of MG to non-toxic d-lactate 
by using antioxidant GSH, and Gly I and Gly II enzymes. 
Genetically modified plants harboring Gly genes have shown 
advanced tolerance to abiotic stresses and improved ROS 
detoxification ability (Álvarez Viveros et al. 2013; Ghosh 
et al. 2014; Kaur et al. 2014). Effective and coordinated 
performances of the Gly and antioxidant defense systems 
have known to dictate improved tolerance to multiple abiotic 
constraints in various plant species (Mostofa et al. 2015b; 
Mudalkar et al. 2017; Upadhyaya et al. 2011). Apart from 
defense mechanisms related to ROS and MG detoxifications, 
maintenance of Ni homeostasis is critically important in reg-
ulating intracellular Ni content to escape Ni toxicity. This 
could be achieved through numerous mechanisms, includ-
ing restriction of Ni uptake by forming complexes with root 
exudates, and intracellular sequestration after binding with 
phytochelatins or strong ligands, such as cysteine-rich com-
pounds (Yusuf et al. 2011).

Plant responses to environmental stimuli are mostly 
orchestrated by an array of plant growth regulators, includ-
ing phytohormones. Jasmonic acid (JA) and methyl jas-
monate (MeJA) have been known to activate a number of 
signaling events during plant responses to abiotic and biotic 
stresses, thus developing improved safeguard in plants under 
such stresses (Wasternack 2014). Modification of endoge-
nous JA levels in plants showed promising roles in provid-
ing protections against numerous abiotic stresses, including 
salinity, heat, drought, and metal toxicity (Piotrowska et al. 
2009; Sirhindi et al. 2016; Wasternack 2014). However, 
the interactions of JA with Ni and how JA modulates the 
physiological and biochemical changes under Ni stress in 
an economically important legume crop like soybean are 
still elusive. Moreover, only in few studies JA is known to 
affect metal tolerance by improving antioxidants (Sirhindi 
et al. 2015, 2016) but the precise roles of JA in simultaneous 
regulation of ROS and MG detoxification systems under Ni 
stress in crop plants are limited, thus warranting in-depth 
investigations to understand how antioxidant metabolism is 
changed in crop plants in response to Ni toxicity. The current 
work is the extension of our previous study (Sirhindi et al. 
2015, 2016). Here we aimed to investigate the effects of 
JA on growth and physio-biochemical processes in soybean 
by considering the mechanisms related to (i) Ni uptake and 
accumulation, (ii) JA-induced alterations in growth perfor-
mance and oxidative parameters, (iii) the effects of JA in 
modifying non-enzymatic and enzymatic defenses, and (iv) 
MG detoxification under Ni-stress conditions.

Materials and Methods

Plant Growth and Treatments

Seeds of soybean (G. max L. cv.SL-525) were sorted and 
sterilized with mercuric chloride (0.1%, v/v) for 5 min, and 
then rinsed five times with ion-free distilled water. Sterilized 
seeds were divided into two groups and separately soaked 
in (i) distilled water and (ii) freshly prepared 1 picomolar 
(pM) JA solution for 8 h. The air-dried seeds of both groups 
were sown in plastic pots filled with 3 kg of soil that had 
been composed of peat, perlite, and sand (1:1:1, v/v/v). The 
pots were arranged in completely randomized block design 
with three replications in a controlled growth chamber of 
26 ± 2 °C temperatures, 14 h/10 h of day/night cycle with 
350 µmol photon m−2 s−1 light intensity, and 65–70% humid-
ity. After 16 days of sowing, soybean seedlings were sub-
jected to Ni treatment by applying nickel chloride (4 mM) 
solution or water (for control) on the soil surface of pots, 
and then plants were grown for an additional period of 4 or 
8 days in the above-specified conditions. The third trifoliate 
leaves (from the top) of soybean plants from each treatment 
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were harvested after 4 and 8 days (20- and 24-day-old plants, 
respectively) of Ni application for determining various phys-
iological and biochemical parameters.

Estimation of Plant Height and Biomass

The root and shoot lengths of soybean plants were measured 
using meter scale. For determining plant biomass, DW of 
third leaves were recorded following the method described 
in Sirhindi et al. (2016).

Leaf Relative Water Content (RWC), Chl Content, 
and Proline Content

Leaf RWC was determined according to the method 
described by Barrs and Weatherley (1962). For determina-
tion of total Chl in leaves, 0.5 g of leaf samples was homog-
enized in 5 mL of 80% aqueous acetone followed by a cen-
trifugation at 10,000×g for 8 min. The optical density (OD) 
of acetone extract was recorded at 645 and 663 nm using 
spectrophotometer (Beckman 640 D, USA), and total Chl 
contents were estimated following the formula reported in 
Arnon (1949). Pro content was estimated using acid ninhy-
drin solution as previously described by Bates et al. (1973).

Ni Content and Ni Accumulation in Roots and Leaves 
of Soybean

For estimating Ni content, the separately harvested root and 
leaf samples were oven-dried at 80 °C for 48 h. The dried 
samples (0.1 g) were ground and completely digested with 
 HNO3:HClO4 (5:1 v/v) at 80 °C. The content of Ni in leaves 
and root samples was analyzed by atomic absorption spec-
trophotometry (AAS) (Z-5000, Hitachi, Japan), and the Ni 
concentration and accumulation were calculated using the 
following formulas:

Lipid Peroxidation,  H2O2 Content, and Electrolyte 
Leakage

Lipid peroxidation product malondialdehyde (MDA) in 
soybean leaves was estimated according to the method of 
(Heath and Packer 1968) using an extinction co-efficient 
of 155  mM−1  cm−1.  H2O2 content was determined by 
conducting a reaction of sample extract and 0.1%  TiCl4 
prepared in 20%  H2SO4 following the protocol described 
in Velikova et al. (2000). Leaf electrolyte leakage was 

Ni concentration
(

mg g−1 DW
)

= (Reading of AAS × dilution factor)∕DW of roots or leaves.

Ni accumulation
(

μg seedling−1
)

= Concentration of Ni × DW of roots or leaves per plant.

estimated by following the method previously published 
by Bajji et al. (2002).

Histochemical Detection of O
2

∙− in Soybean Leaves

O2
∙− localization in soybean leaves was detected following 

the method described by Mostofa and Fujita (2013). In 
brief, freshly harvested middle leaves of the third trifoliate 
leaves of 24-day-old plants were immersed in a solution of 
0.1% nitroblue tetrazolium (NBT), and incubated at room 
temperature for 24 h under light. The blue polymerization 
products in the incubated leaves were detected by decolor-
izing the leaves in boiling ethanol (90%) for 12 min fol-
lowed, and photographs were taken using a digital camera 
(Sony Cyber-shot H300 Point and Shoot Digital camera).

Contents of Non‑enzymatic Antioxidants

For determining reduced and oxidized AsA contents, soy-
bean leaves (0.5 g) were ground in 3 mL of 5% meta-
phosphoric acid containing 1 mM EDTA using ice-cold 
mortar and pestle followed by a centrifugation at 11,500×g 
for 12 min. Total and reduced AsA contents were spectro-
photometrically assayed at 265 nm in potassium phosphate 
buffer (100 mM, pH 7.0) using 1.0 unit (U) of ascorbate 
oxidase as described by Dutilleul et al. (2003). Reduced 
AsA content was subtracted from total AsA content to 
determine the level of oxidized AsA (DHA). Total GSH 
[GSH + oxidized GSH (GSSG)] in leaf samples was deter-
mined following the method of (Griffith 1980). GSSG con-
tent was estimated after eliminating GSH by 2-vinylpyri-
dine derivatization, and the content of reduced GSH was 
calculated by deducting GSSG content from total GSH 
content.

Protein Extraction and Determination of Enzyme 
Activities

Freshly harvested soybean leaves (1.0 g) were homogenized in 
1 mL of Tris–HCl (100 mM) containing 5 mM dithiothreitol, 
10 mM  MgCl2, 1 mM EDTA, 5 mM magnesium acetate PVP-
40 (1.5%), 1 mM phenylmethanesulfonyl fluoride (PMSF), and 
1 µg aprotinin. The homogenates were centrifuged at 11,500×g 
for 20 min at 4 °C, and the supernatants were separated for 
determining protein content and enzyme activities.
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The activity of LOX (EC 1.13.11.12) was determined using 
linoleic acid as a substrate solution following the method of 
Doderer et al. (1992). SOD (EC 1.15.1.1) activity was deter-
mined using xanthine–xanthine oxidase system according 
to the method of El-Shabrawi et al. (2010), and expressed 
in U (one U was the amount of enzyme required to inhibit 
50% photoreduction of NBT)  min−1 mg−1 protein. CAT (EC 
1.11.1.6) activity was measured according to the method of 
(Aebi 1984). For measuring APX (EC 1.11.1.11) activity, 
method of (Nakano and Asada 1981) was followed. MDHAR 
(EC 1.6.5.4) and DHAR (EC 1.8.5.1) activities were estimated 
following the methods of (Nakano and Asada 1981) and Hos-
sain et al. (1984), respectively. The activity of GR (EC 1.6.4.2) 
was measured by observing GSSG-dependent oxidation of 
NADPH following the protocol developed by (Foyer and 
Halliwell 1976). GST (EC 2.5.1.18) and GPX (EC: 1.11.1.9) 
activities were measured according to the method of Hos-
sain et al. (2009) and (Putter and Becker 1984), respectively. 
The activities of Gly I (EC 4.4.1.5) and Gly II (EC 3.1.2.6) 
enzymes were determined according to the method of Hos-
sain et al. (2009) using extinction co-efficients of 3.37 and 
13.6 mM−1 cm−1, respectively.

MG Content Estimation

For extracting MG from soybean leaves, freshly harvested 
leaves (0.5 g) were homogenized in 0.5 M perchloric acid 
(2.5 mL), incubated on ice for 15 min, and centrifuged at 
11,200×g at 4 °C for 10 min. After neutralizing with saturated 
 K2CO3, 650 µL of the supernatant was mixed with 330 µL of 
potassium phosphate buffer (100 mM, pH 7.0) and 20 µL of 
0.5 M N-acetyl-l-cysteine, and then incubated for 10 min at 
room temperature. The absorbance was recorded at 288 nm, 
and the content of MG was estimated using a standard graph 
developed with known concentrations of MG as described by 
Wild et al. (2012).

Statistical Analysis

The data were subjected to analysis of variance (ANOVA) and 
the mean differences were compared by Duncan’s multiple 
range test (DMRT) using XLSTAT 2015. Data in tables and 
figures are represented as means ± standard deviations (SD) 
of three (3) independent replicates from each treatment. Sig-
nificant differences between treatments are designated using 
different alphabetical letters at P < 0.05.

Results

JA Improves Soybean Plant Growth Under Ni Stress

Treatment of soybean plants with Ni (4 mM) alone for a period 
of 8 days resulted in adverse effects on plant performance, such 
as stunted growth as revealed by shoot height and root length 
(Fig. 1a). Seedlings treated with only Ni displayed significant 
reduction in shoot height by 20.34 and 30.31%, and root length 
by 33.46 and 46.41% at days 20 and 24, respectively, as com-
pared with untreated control plants (Table 1). Priming of seeds 
with JA relieved the toxic effects of Ni, and enhanced the shoot 
height by 30.15 and 50.45%, and root length by 60.68 and 
88.82% at days 20 and 24, respectively, in comparison with 
Ni-stressed only seedlings (Table 1). Plant biomass in terms 
of dry weight (DW) dramatically declined under Ni stress 
when compared with Ni-free conditions. The decline of DW 
was 36.65 and 45.93% at days 20 and 24, respectively. How-
ever, “JA-primed + Ni-treated” seedlings showed significantly 
higher DW (by 25.60 and 67.06%, at days 20 and 24, respec-
tively) relative to the Ni-stressed only seedlings, demonstrating 
the positive impacts of JA on growth performance of soybean 
under Ni stress.

JA Maintains the Chlorophyll, Relative Water, 
and Proline Contents

As compared with untreated control, a drastic reduction in total 
chlorophyll (Chl) content by 34.48% at day 20 and 43.95% at 
day 24 was noticed in Ni-stressed plants (Table 1). Priming 
of seeds with JA improved Chl content in Ni-treated plants 
by 35.08 and 54.90% at days 20 and 24, respectively, in com-
parison with Ni-stressed only plants. Relative water content 
(RWC) significantly declined by 20.78 and 28.82% at days 20 
and 24, respectively, compared with that of untreated control 
(Table 1). On the other hand, RWC remained significantly 
higher in “JA-primed + Ni-treated” seedlings (20.86 and 
28.00% at days 20 and 24, respectively), when compared with 
that of Ni-stressed only seedlings. The content of proline (Pro) 
significantly increased by 100.73% at day 20 and 128.53% at 
day 24 in the Ni-stressed plants as compared with that of con-
trol (Table 1). Pretreatment of soybean seeds with JA resulted 
in a lower increase of proline (Pro) content (20.54 and 24.53% 
at days 20 and 24, respectively) in the Ni-treated seedlings 
relative to the untreated control seedlings (Table 1).

Exogenous JA Attenuates Ni Uptake 
and Accumulation in Soybean

Ni uptake and accumulation in roots and leaves were dif-
ferentially regulated under the condition of seed priming 
with JA in soybean. Ni content in the roots of the Ni-stressed 
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Fig. 1  Effects of seed priming with jasmonic acid (JA) on pheno-
types, and Ni uptake and accumulation of soybean seedlings in the 
presence or absence of Ni stress. a Phenotypic appearance of soybean 
seedlings at day 8th of Ni treatment (day 24), b Ni content in roots, 
c Ni content in leaves, d Ni accumulation in roots, and e Ni accu-
mulation in leaves at days 20 and 24. Control, JA, Ni, and JA + Ni 

correspond to control, 1 pM jasmonic acid, 4 mM  NiCl2, and 1 pM 
jasmonic acid + 4 mM  NiCl2 in nutrient solutions, respectively. Bars 
represent standard deviation (SD) of the mean (n = 3). Different let-
ters (a, b, c) indicate statistically significant differences between treat-
ments, according to Duncan’s multiple range test (P < 0.05). DW dry 
weight
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only seedlings increased to 30.02 and 38.05 (mg g−1 DW) 
at days 20 and 24, respectively. However, JA-priming sig-
nificantly inhibited Ni uptake, and Ni content was reduced 
to 18.01 (mg g−1 DW) at days 20 and 28.00 (mg g−1 DW) at 
days 24 in the roots of JA-primed Ni-treated plants (Fig. 1b). 
In comparison with control plants, Ni content significantly 
increased in the leaves of Ni-stressed only plants, whereas 
JA-priming in Ni-treated plants reduced the content by 0.46 
and 0.65 (mg g−1 DW) at days 20 and 24, respectively, in Ni-
treated plants (Fig. 1c). Consistently, Ni accumulation was 
significantly higher in Ni-stressed plants than that of control 
plants; however, JA-priming reduced Ni accumulation in Ni-
stressed roots to 18.20 from 21.15 (µg g−1 DW) and 26.44 
from 37.12 (µg g−1 DW) and in Ni-stressed leaves by 2.90 
from 3.90 (µg g−1 DW) and 3.44 from 4.16 (µg g−1 DW) at 
days 20 and 24, respectively (Fig. 1d, e). These data revealed 
that JA-priming attenuated Ni toxicity, at least in part, by 
restricting its uptake and accumulation in soybean seedlings 
under excessive Ni.

JA Reduces Oxidative Stress, Electrolyte Leakage, 
and Lipoxygenase Activity

To investigate Ni-induced oxidative stress, we observed 
ROS generation by estimating superoxide ( O2

∙− ) accumula-
tion and hydrogen peroxide  (H2O2) level in the middle leaves 
of third trifoliate of soybean plants. Histochemical staining 
with nitroblue tetrazolium (NBT) showed much higher accu-
mulation of dark-blue polymerization products, indicating 
overproduction of O2

∙− in the Ni-treated plants relative to the 
Ni-untreated control. However, the accumulation of O2

∙− in 
“JA-primed + Ni-treated” plants markedly reduced in compari-
son with that of Ni-treated only plants (Fig. 2a). The content of 
 H2O2 enormously increased by 45.24% at day 20, which was 
further, enhanced by 111.43% at day 24 in Ni-stressed plants, 

as compared with that of untreated control plants. Soaking 
seeds with JA resulted in reduction of  H2O2 level by 16.12 
and 28.99% at days 20 and 24, respectively, in the leaves of 
the Ni-stressed plants when compared with that of Ni-treated 
only plants (Fig. 2b). Moreover, under unstressed conditions 
exogenous JA showed a reduced tendency (15.87 and 3.61%) 
in the  H2O2 content at days 20 and 24, respectively, as com-
pared with JA-unprimed control plants (Fig. 2b).

To observe Ni-mediated membrane damage, we also 
measured lipid peroxidation in terms of malondialdehyde 
(MDA) content, electrolyte leakage (EL), and lipoxyge-
nase (LOX) activity in soybean plants. In comparison with 
untreated control plants, MDA content increased by 157.99 
and 179.29% at days 20 and 24, respectively, in Ni-stressed 
only plants (Fig. 2c). However, “JA-primed + Ni-treated” 
plants showed a significant reduction in MDA content (25.36 
and 23.34% at days 20 and 24, respectively) as compared 
with Ni-stressed only plants. Ni-treated plants recorded 
542.86 and 555.36% increase in EL as compared with con-
trol plants at days 20 and 24, respectively; however, priming 
with JA reduced EL by 39.70 and 22.62% at days 20 and 24, 
respectively, in Ni-stressed plants when compared with Ni-
treated only plants (Fig. 2d). In Ni-stressed soybean plants, 
LOX activity was amplified by 86.84 and 88.50% at days 20 
and 24, respectively, as compared with that of control. How-
ever, priming seeds with JA exhibited a decrease in LOX 
activity by 35.09 and 39.02% at days 20 and 24, respectively, 
in Ni-treated plants when compared with that of Ni-stressed 
only plants (Fig. 2e).

JA Maintains Ascorbic Acid and Glutathione Levels, 
and Redox States Under Ni Stress

In comparison with the control plants, the level of AsA 
significantly declined at both days 20 and 24 in the Ni-fed 

Table 1  Effects of seed priming with jasmonic acid (JA) on growth 
(shoot height, root length) and biomass (DW, dry weight), and the 
levels of total chlorophylls (Chls), relative water content (RWC), and 

proline (Pro) of soybean plants in the presence or absence of Ni stress 
at days 20 and 24

Control, JA, Ni, and JA + Ni correspond to the group of plants receiving nutrients only, 1 pM jasmonic acid, 4 mM  NiCl2, and 1 pM jasmonic 
acid + 4 mM  NiCl2 in nutrient solutions, respectively. Values are means ± SDs of three independent replications (n = 3). Different letters within 
the column indicate statistically significant differences among the treatments, according to Duncan’s multiple range test (P < 0.05)

Duration Treatment Shoot height (cm) Root length (cm) DW
(mg seedling−1)

Total Chls (mg  g−1 FW) Leaf RWC (%) Pro (µmol g−1 FW)

Day 20 Control 18.19 ± 1.00b 7.95 ± 0.56b 78.30 ± 1.72b 0.87 ± 0.08a 98.76 ± 0.55a 12.27 ± 1.28c

JA 24.32 ± 0.93a 12.93 ± 0.86a 88.02 ± 1.14a 0.88 ± 0.07a 98.84 ± 0.93a 13.08 ± 1.58c

Ni 14.49 ± 1.21c 5.29 ± 0.50c 49.60 ± 1.01d 0.57 ± 0.08c 78.24 ± 0.94c 24.63 ± 0.52a

JA + Ni 18.86 ± 0.76b 8.50 ± 0.50b 62.30 ± 0.92c 0.77 ± 0.02b 94.56 ± 0.25b 19.57 ± 0.73b

Day 24 Control 20.88 ± 0.39b 10.02 ± 0.99b 87.14 ± 0.89b 0.91 ± 0.06a 98.54 ± 0.77b 14.02 ± 0.66c

JA 27.13 ± 0.70a 14.01 ± 1.01a 98.34 ± 0.36a 0.88 ± 0.08a 98.91 ± 0.89a 15.12 ± 0.61c

Ni 14.55 ± 0.39c 5.37 ± 0.29c 47.12 ± 1.00d 0.51 ± 0.06c 70.14 ± 1.05d 32.04 ± 0.77a

JA + Ni 21.89 ± 0.10b 10.14 ± 0.97b 78.72 ± 1.71c 0.79 ± 0.09bc 89.78 ± 1.04c 24.18 ± 0.63b
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Fig. 2  Effects of seed priming with jasmonic acid (JA) on the accu-
mulation of a superoxide ( O

2

∙− ) in the middle leaf of trifoliate at day 
24, and on the levels of b hydrogen peroxide  (H2O2), c malondialde-
hyde (MDA), d electrolyte leakage (%EL), and e lipoxygenase (LOX) 
activity in the leaves of soybean seedlings in presence or absence of 
Ni stress at days 20 and 24. Control, JA, Ni, and JA + Ni correspond 

to control, 1  pM jasmonic acid, 4  mM  NiCl2, and 1 pM jasmonic 
acid + 4 mM  NiCl2 in nutrient solutions, respectively. Bars represent 
standard deviation (SD) of the mean (n = 3). Different letters (a, b, 
c) indicate statistically significant differences among the treatments, 
according to Duncan’s multiple range test (P < 0.05). FW fresh weight
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seedlings, with the highest decrease (30.42%) recorded 
at day 24 (Table 2). However, Ni-stressed plants primed 
with JA showed enhancement in AsA content by 67.48 
and 74.82% at days 20 and 24, respectively, in compari-
son with Ni-stressed only plants. On the other hand, oxi-
dized AsA dehydroascorbic acid (DHA) content increased 
by 10.91 and 21.24% in Ni-treated plants, and 22.44 and 
26.29% in “JA-primed + Ni-stressed” plants at days 20 and 
24, respectively, in relation to the levels of control plants. 
As a result, “JA-primed + Ni-stressed” plants possessed rela-
tively higher DHA level (10.44 and 4.16% at day 20 and 
24, respectively) than Ni-stressed plants alone. Because 
the AsA level was considerably higher in “JA-primed + Ni-
treated” plants than in Ni-stressed only plants, the redox 
state of AsA in terms of AsA/DHA ratio was 47.06 and 
61.59% higher in the “JA-primed + Ni-treated” plants at days 
20 and 24, respectively, than that of Ni-stressed only plants 
(Table 2). The content of GSH was found to be varied dur-
ing the Ni treatment period; that is, it showed a decreased 
tendency by (11.62%) at day 20, but an increased tendency 
(by 4.88%) at day 24 in Ni-treated plants as compared with 
control value. However, JA-priming ensured a significant 
and consistent rise of GSH content in Ni-treated plants 
(59.93 and 15.37% at days 20 and 24, respectively) in “JA-
primed + Ni-treated” plants when compared with Ni-stressed 
only plants (Table 2). On the other hand, although the con-
tent of oxidized GSH (GSSG) showed insignificant changes 
in Ni-fed only plants in comparison with control plants, it 
was significantly increased by 25.04 and 30.20% at days 20 
and 24, respectively, in “JA-primed + Ni-stressed” plants 
relative to control plants. Additionally, “JA-primed + Ni-
stressed” plants showed increased GSSG content by 7.56 
and 21.82%, respectively, as compared with Ni-stressed only 
plants (Table 2). Unlike the AsA/DHA ratio, GSH/GSSG 

ratio did not exhibit significant changes during both days of 
Ni treatments in either presence or absence of JA-priming. 
Interestingly, JA significantly boosted the contents of GSH 
and GSSG in plants generated from JA-primed seeds in 
comparison with untreated control plants while a significant 
increase in GSH/GSSG ratio by 43.97% was recorded at day 
20 relative to control plants (Table 2).

JA Induces Antioxidant Enzymes in Response to Ni 
Stress

A slight increase in SOD activity (2.99 and 3.61% at 
days 20 and 24, respectively) was observed in Ni-stressed 
plants over untreated control plants. Priming seeds with 
JA remarkably enhanced the activity of SOD by 59.77 
and 62.36% at days 20 and 24, respectively, in Ni-stressed 
plants as compared with that of Ni-treated plants alone 
(Fig. 3a). Soybean plants exposed to Ni stress showed a 
drastic decrease in CAT activity by 24.74 and 40.60% at 
days 20 and 24, respectively, as compared with control 
plants (Fig. 3b). In contrast, “JA-primed + Ni-stressed” 
seedlings displayed significant enhancement in CAT activ-
ity (86.50 and 117.43% at days 20 and 24, respectively) 
as compared with Ni-stressed only seedlings. Moreover, 
in comparison with control seedlings, CAT activity was 
found to be increased by 65.63 and 62.61% at days 20 and 
24, respectively, in the JA-primed seedlings. The seedlings 
exposed to excessive Ni showed a reduction in GPX activ-
ity by 29.70 and 23.17% at days 20 and 24, respectively, 
compared with control (Fig. 3c). However, treatment of 
soybean seeds with exogenous JA resulted in significant 
increases in GPX activity by 47.11 and 32.45% at days 20 
and 24, respectively, in Ni-stressed plants in comparison 
with the plants treated with Ni alone. Moreover, under 

Table 2  Effects of seed priming with jasmonic acid (JA) on the levels 
of non-enzymatic antioxidants ascorbic acid (AsA) and glutathione 
(GSH), as well as their redox states (AsA/dehydroascorbic acid, DHA 

and GSH/oxidized GSH, GSSG ratios) in the leaves of soybean seed-
lings with or without Ni stress at days 20 and 24

Control, JA, Ni and JA + Ni correspond to the group of plants receiving nutrients only, 1 pM jasmonic acid, 4 mM  NiCl2, and 1 pM jasmonic 
acid + 4 mM  NiCl2 in nutrient solutions, respectively. Values are means ± SDs of three independent replications (n = 3). Different letters within 
the column indicate statistically significant differences between treatments, according to Duncan’s multiple range test (P < 0.05)
FW fresh weight, DHA dehydroascorbic acid, GSSG oxidized glutathione

Duration 
(days)

Treatment AsA
(nmol g−1 FW)

DHA
(nmol g−1 FW)

AsA/DHA ratio GSH
(nmol g−1 FW)

GSSG
(nmol g−1 FW)

GSH/GSSG ratio

20 Control 75.08 ± 1.00c 36.10 ± 1.17c 2.07 ± 0.08a 34.08 ± 1.62c 12.06 ± 0.74c 2.82 ± 0.11b

JA 100.02 ± 1.98b 38.14 ± 1.11c 2.62 ± 0.14a 57.02 ± 1.14a 21.02 ± 1.72a 4.06 ± 0.14a

Ni 68.14 ± 1.00d 40.04 ± 0.99b 1.70 ± 0.12b 30.12 ± 1.90c 14.02 ± 0.38ab 2.14 ± 0.08c

JA + Ni 114.12 ± 1.96a 44.20 ± 0.62a 2.50 ± 0.13a 48.17 ± 1.69b 15.08 ± 0.37ab 3.19 ± 0.10b

24 Control 92.12 ± 1.24c 38.04 ± 0.85c 2.45 ± 0.09a 43.06 ± 1.09c 13.08 ± 0.74c 3.29 ± 0.17a

JA 120.34 ± 1.15a 42.22 ± 1.96b 2.85 ± 0.08a 68.12 ± 1.42a 27.12 ± 1.73a 2.51 ± 0.6b

Ni 64.09 ± 0.99d 46.12 ± 1.09a 1.38 ± 0.06c 45.16 ± 0.96c 13.98 ± 1.90c 3.23 ± 0.09a

JA + Ni 112.04 ± 1.40b 48.04 ± 0.86a 2.23 ± 0.16b 52.10 ± 1.83b 17.03 ± 1.00b 3.05 ± 0.10a
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non-stressed conditions, application of JA to soybean 
seeds enhanced GPX activity by 58.84 and 56.94% at 
days 20 and 24, respectively, compared with JA-untreated 
control. Soybean seedlings exposed to Ni stress showed 
a reduction in GST activity by 17.67 and 34.63% at days 
20 and 24, respectively, compared with their respective 
control plant. In contrast, “JA-primed + Ni-stressed” 
plants exhibited significant enhancement in GST activity 
by 59.18 and 67.22% at days 20 and 24, respectively, in 
comparison with the plants treated with Ni alone. Addi-
tionally, under normal growing conditions, JA-priming 
enhanced GST activity by 8.10 and 15.17% at days 20 
and 24, respectively, compared with the untreated control 
(Fig. 3d).

JA Recovers the Activities of the Enzymes Involved 
in Ascorbate–Glutathione Cycle

We determined the activities of four enzymes APX, 
MDHAR, DHAR, and GR to assess the effects of JA 
on the efficiency of ascorbate–glutathione (AsA–GSH) 
system in the leaves of soybean plants under Ni stress 
(Fig. 3e–h). In response to Ni stress, APX activity signifi-
cantly decreased by 31.70 and 24.74% at days 20 and 24, 
respectively, relative to that of unstressed control (Fig. 3e). 
However, seed priming with JA recovered APX activity 
in excessive Ni-exposed soybean leaves to control level. 
Additionally, JA-priming enhanced the activity of APX 
by 98.84 and 105.10% at days 20 and 24, respectively, 
under unstressed conditions compared with that of con-
trol. In comparison with control, MDHAR activity in soy-
bean leaves decreased by 50.46 and 20.03% at days 20 and 
24, respectively, under Ni stress (Fig. 3f). JA-priming of 
soybean seeds did not show recovery effect on MDHAR 
activity, as the decrease in activity was further pronounced 
(25.95 and 33.17% at days 20 and 24, respectively) in “JA-
primed + Ni-stressed” seedlings when compared with that 
of Ni-stressed only plants. Ni stress significantly decreased 
the activity of DHAR by 14.11 and 12.49% at days 20 and 
24, respectively, compared with that of control (Fig. 3g). 
On the contrary, JA-priming significantly increased DHAR 
activity (26.36 and 33.09% at days 20 and 24, respectively) 
in Ni-stressed plants than that of the plants subjected 
to Ni alone. The activity of GR, the last enzyme of the 
AsA–GSH cycle, was negatively affected by Ni stress, 
and it was noted to be drastically decreased by 57.62 and 
55.55% at days 20 and 24, respectively, in the Ni-stressed 
seedlings over that of control seedlings (Fig. 3h). However, 
GR activity noticeably boosted by 156.46 and 155.64% at 
days 20 and 24, respectively, in “JA-primed + Ni-stressed” 
plants compared with that of Ni-stressed only plants. Addi-
tionally, JA-priming significantly enhanced the activities 

of DHAR and GR under normal conditions compared with 
control (Fig. 3g, h).

JA Modulates Gly System to Minimize MG Toxicity

Soybean plants showed a consistent increase in the level 
of MG (67.17 and 75.50% at days 20 and 24, respectively) 
under Ni stress in relation to the level in unstressed control 
plants (Fig. 4a). However, priming of seeds with JA was 
shown to be effective in decreasing the MG level, and it was 
significantly lower (14.85 and 14.53% at days of 20 and 24, 
respectively) in “JA-primed + Ni-stressed” plants than that 
in the plants exposed to Ni only. The higher level of MG 
in Ni-stressed only plants was coincided with a significant 
decrease in the activities of Gly I by 24.05 and 32.53% and 
Gly II by 28.57 and 19.61% at days 20 and 24, respectively, 
in comparison with control plants (Fig. 4b, c). In contrast, 
JA-priming of soybean seeds increased Gly I activity by 
25.00 and 28.57% and Gly II activity by 22.85 and 4.88% at 
days 20 and 24, respectively, in Ni-stressed plants compared 
with that of plants exposed to Ni alone, suggesting a positive 
role of JA in relieving MG-induced toxicity under Ni stress.

Discussion

Ni has been added to the list of vital micronutrients because 
of its requirement as a cofactor for numerous Ni-requiring 
enzymes essential for optimum growth and development of 
various species, including plants and endophytes (Fabiano 
et al. 2015). However, excessive concentrations of Ni are 
vastly toxic and harmfully affecting growth, metabolism, and 
life excellence of plants (Fashola et al. 2016; Sirhindi et al. 
2016). In the present study, exposure of soybean plants to Ni 
resulted in reduced root and shoot growth (Table 1), which 
might be due to inhibition of mitotic activities and destruc-
tion of root architecture that limit plants’ capacity to absorb 
water and minerals, leading to reduction of the overall 
plant growth (Fashola et al. 2016; Yusuf et al. 2011). How-
ever, JA-priming of soybean seeds confronted Ni-induced 
growth inhibition and rescued plant biomass, leading to an 
improved growth performance of soybean under excessive 
Ni stress (Table 1). In accordance to our study, JA-mediated 
improvement of growth-related parameters under metal tox-
icity was also reported in other plant species, such as Wolffia 
arrhiza and Vicia faba (Ahmad et al. 2017; Anjum et al. 
2011; Piotrowska et al. 2009). Our data also revealed that 
Ni exposure of soybean plants caused a significant reduc-
tion in total Chl content, whereas JA-priming recovered the 
loss of Chl to some extent (Table 1), suggesting a shielding 
effect of JA on Chl pigments to enhance photosynthetic effi-
ciency of soybean under Ni stress. Similar to our results, Ni-
induced Chl loss was also recorded in T. aestivum and Pistia 
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stratiotes (Siddiqui et al. 2011; Singh and Pandey 2011), and 
exogenous JA-mediated improvement of Chl content under 
Cd stress was reported by Keramat et al. (2010) in soybean.

Ni-induced adverse effects also manifested as water 
shortage in leaf tissues (Table 1), as were also evidenced 
in Solanum nigrum and Melissa officinalis under Ni stress 
(Soares et al. 2016; Soltani Maivan et al. 2017). Moreover, 
a decrease in leaf RWC was also accompanied with an accu-
mulation of the osmoprotectant Pro, indicating Ni-caused 
water imbalance and osmotic stress in soybean (Table 1). In 
support of our findings, a compensating tendency by pro-
ducing Pro in response to water loss was also observed in 
wheat under Ni stress (Siddiqui et al. 2011). Pro has been 
considered as a noble indicator of stress tolerance because 
of its plausible roles in ROS signaling, osmotic adjustment, 
and protecting antioxidant enzymes and photosynthetic pig-
ments (Liang et al. 2013). In the current study, JA restored 
water content in soybean leaves, especially to almost the 
level of control at day 20, despite allowing Pro accumu-
lation in “JA-primed + Ni-treated” plants as was observed 
in JA-unprimed Ni-stressed plants, although at lower level 
(Table 1), suggesting the role of Pro as a stress-responsive 
metabolite, whose level in cells regulated by the intensity of 
stress imposed by Ni.

The degree of metal toxicity is associated with the amount 
of metals accumulated, distributed and partitioned in differ-
ent organs of the plants. Importantly, roots are the primary 
sites of plant body that come first to the contact of metals 
and control their entries into root tissues (Nagajyoti et al. 
2010). As expected, soybean roots accumulated much higher 
amount of Ni, as compared with leaves, under Ni stress 
either in presence or absence of JA-priming (Fig. 1b–d). 
However, JA-priming of seeds allowed a lower accumula-
tion of Ni in both roots and shoots (Fig. 1b–d), resulting in 
smaller amount of Ni in these plant tissues, thereby mini-
mizing detrimental effects of Ni and enhancing the growth 
performance of soybean plants (Table 1). It is possible that 
JA stimulated the production of organic acids, such as malate 
and citrate in root exudates or thiol-containing compounds 
to sequestrate Ni in the roots, as was observed in studies 
involving cadmium (Cd) and copper (Cu) (Dresler et al. 
2014). Chen et al. (2014) also demonstrated the role of 

MeJA in reduction of both Cd uptake and Cd translocation 
to the aerial parts of Kandelia obovata seedlings by increas-
ing stomatal closure and decreasing transpiration rate. In 
addition, being a regulator of various signaling cascades in 
cells, JA might regulate the genes involved in Ni uptake, 
transportation, and efflux (Asgher et al. 2015), thus curtail-
ing Ni content to ensure better adaptability of soybean in 
presence of excessive Ni.

ROS is omnipresent in cellular compartments; however, 
the production of ROS is drastically amplified and accu-
mulated at enormous quantities in the presence of adverse 
environmental stresses, including metal toxicity (Gill and 
Tuteja 2010). Ni, as a non-redox metal, can elicit ROS pro-
duction by disrupting the balance between detoxification and 
generation of ROS, particularly through the deactivation of 
enzymatic and non-enzymatic components of the antioxi-
dant defense system (Sreekanth et al. 2013). In this study, 
we observed a steady increase in ROS like O2

∙− and  H2O2 
contents in soybean leaves over the duration of Ni treatment 
(Fig. 2a, b), which corroborated the findings in rice (Rajpoot 
et al. 2016). This ROS accumulation also corresponded with 
the content of lipid peroxidation product MDA (Fig. 2c), 
suggesting Ni-mediated oxidative stress in soybean. Moreo-
ver, heavy metal-induced LOX activity also contributed to 
lipid peroxidation and EL (Choudhary et al. 2012; Mostofa 
et al. 2015a), as also evidenced under Ni stress in this study 
(Fig. 2d, e). On the other hand, JA-priming of soybean seeds 
remarkably decreased the production of O2

∙− and  H2O2, and 
the activity of LOX under Ni stress, both of which posi-
tively correlated with the reduced levels of MDA and EL 
(Fig. 2a–e). These results suggest that JA might restrict ROS 
accumulation, contributing to the protection of membrane by 
lowering lipid peroxidation, thereby maintaining a healthy 
cellular environment to support better growth performance 
of soybean under Ni stress (Table 1). Apart from the antago-
nistic effect against Ni stress as observed in this study, JA 
also played a crucial roles in enhancing tolerance of plants 
to other heavy metals like Cu and Cd by reducing ROS lev-
els and subsequent membrane damage (Chen et al. 2014; 
Poonam et al. 2013).

The rate of ROS accumulation and the extent of oxidative 
stress are controlled by redox status and the whole antioxi-
dant system in plants under environmental stress conditions 
(Mittler 2017). However, under severe stress, ROS can accu-
mulate at higher pace and overwhelm the antioxidant capac-
ity, resulting in oxidative damage to cellular components 
(Saleh and Plieth 2010). Non-enzymatic antioxidants AsA 
and GSH play a pivotal role in scavenging ROS by main-
taining cellular redox metabolism (Gill and Tuteja 2010). 
In this study, decreased AsA and unchanged GSH contents 
together with decreased AsA/DHA and GSH/GSSG ratios 
observed under Ni stress represented a compromised redox 
system (Table 2), which might contribute to an ineffective 

Fig. 3  Effects of seed priming with jasmonic acid (JA) on the activi-
ties of antioxidant enzymes in leaves of soybean seedlings with or 
without Ni stress at days 20 and 24. a Superoxide dismutase (SOD), 
b catalase (CAT), c glutathione peroxidase (GPX), d glutathione 
S-transferase (GST), e ascorbate peroxidase (APX), f monodehy-
droascorbate reductase (MDHAR), g dehydroascorbate reductase 
(DHAR), and h glutathione reductase (GR). Control, JA, Ni, and 
JA + Ni correspond to control, 1 pM jasmonic acid, 4 mM  NiCl2, and 
1 pM jasmonic acid + 4 mM  NiCl2 in nutrient solutions, respectively. 
Bars represent standard deviation (SD) of the mean (n = 3). Different 
letters  (a, b, c, d) indicate statistically significant differences among 
the treatments, according to Duncan’s multiple range test (P < 0.05)

◂
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ROS detoxification system (Fig. 2a, b). SOD and CAT con-
stitute the frontline of antioxidant batteries by detoxifying 
O2

∙− and  H2O2, respectively (Gill and Tuteja 2010). In the 
absence of JA-priming, Ni-stressed plants did not enhance 
SOD activity, but profoundly declined the activity of CAT 
(Fig. 3a, b), indicating an imbalanced antioxidant system 
that led to an overaccumulation of ROS (Fig. 2a, b). More-
over, decline in GST and GPX activities under Ni stress 
(Fig. 3c, d) indicated inefficient removal of lipid hydroper-
oxides and reactive aldehydes that are deliberately produced 
under abiotic stresses (Mano 2012). More importantly, an 
abrupt decrease in the activities of AsA–GSH cycle enzymes 
APX, MDHAR, DHAR, and GR further contributed to 
ROS accumulation (Fig. 2a), and inefficient recycling of 
AsA and GSH (Fig. 3e–h; Table 2). On the other hand, 
enhanced SOD and CAT activities, and a well-balanced 
redox status in terms of AsA/DHA and GSH/GSSG ratios 
under JA-priming played the crucial roles in executing JA-
mediated ROS removal in Ni-stressed plants (Figs. 2a, b, 
3a, b; Table 2). Additionally, activation of AsA–GSH cycle 
enzymes (APX, DHAR, and GR) in addition to upregulated 
SOD and CAT activities (Fig. 3a, b, e, g, h) has made JA-
primed + Ni-stressed plants equipped with a fully functional 
antioxidant weapon to save cellular constituents from oxida-
tive injuries, as evidenced by lower levels of MDA and EL 
in JA-primed Ni-stressed seedlings (Fig. 2c, d). It should 
also be noted that JA-induced upregulation of DHAR and 
GR activities actively recycled AsA and GSH corresponding 
to an improved redox state, which eventually helped keep a 
strict check on the rise of cellular  H2O2 in the presence of 
excessive Ni stress (Fig. 2b). A well-controlled redox status 

further assisted in efficient scavenging of lipid hydroperox-
ides and reactive carbonyl compounds by ensuring continu-
ous supply of GSH needed for the activities of GPX and 
GST. Overall, this positive regulatory role of JA on oxidative 
stress tolerance is in agreement with the previous findings 
(Farooq et al. 2016; Yan et al. 2015), which demonstrated 
that MeJA and JA improved growth and better performance 
of S. nigrum (Yan et al. 2015) and Brassica napus (Farooq 
et al. 2016), respectively, by modulating the activities of 
various antioxidant enzymes, including SOD, APX, CAT, 
and POD under Cd stress.

In addition, the present study revealed the combined 
effects of JA and Ni on GSH-dependent Gly system that is 
particularly involved in MG detoxification and also in redox 
homeostasis by regenerating GSH (Álvarez Viveros et al. 
2013; Hossain et al. 2012). At both durations of Ni treat-
ment, significant increases in the levels of MG coincided 
with the drastic reductions of the activities of Gly I and Gly 
II (Fig. 4a–c). These results indicated that Ni aggravated Ni 
toxicity to soybean plants by disrupting MG detoxification 
system, allowing accumulation of MG to a toxic concen-
tration (Fig. 4a). Furthermore, a decrease in Gly II activ-
ity (Fig. 4c) also indicated a reduced recycling of GSH, 
which is entrapped by S-d-lactoyl GSH (SLG), a highly 
cytotoxic intermediate in MG metabolism (Álvarez Viveros 
et al. 2013; Hossain et al. 2012). In contrast, priming of 
seeds with JA dramatically improved the efficiency of MG 
detoxification system by maintaining elevated activities of 
Gly enzymes (Fig. 4b, c), thereby decreasing the accumu-
lation of MG (Fig. 4a). By doing so, JA relieved the load 
of MG toxicity on cellular components, contributing to the 

Fig. 4  Effects of seed priming with jasmonic acid (JA) on the glyoxa-
lase system of the leaves of soybean seedlings in presence or absence 
of Ni stress at days 20 and 24. a Methylglyoxal (MG) content, b gly-
oxalase (Gly) I activity, and c Gly II activity. Control, JA, Ni, and 
JA + Ni correspond to control, 1 pM jasmonic acid, 4 mM  NiCl2, and 

1 pM jasmonic acid + 4 mM  NiCl2 in nutrient solutions, respectively. 
Bars represent standard deviation (SD) of the mean (n = 3). Different 
letters (a, b, c, d) indicate statistically significant differences among 
the treatments, according to Duncan’s multiple range test (P < 0.05). 
FW fresh weight
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maintenance of redox balance by channeling more GSH into 
the system (Hossain et al. 2012). Our findings, therefore, 
suggest that JA enhances soybean tolerance to Ni stress by 
alleviating Ni-induced MG and ROS toxicity through syn-
chronized biochemical activities of the enzymatic and non-
enzymatic antioxidants, and the action of the Gly systems. 
Barrameda-Medina et al. (2014) also reported a similar 
cooperation between Gly and antioxidant defense systems 
in conferring efficient tolerance of B. oleracea to Zn stress.

Based on the findings described in the current study, a 
diagram representing the summary of the potential roles of 
JA in managing Ni-induced damage in soybean was depicted 
in (Fig. 5) Our results clearly demonstrated that seed prim-
ing with JA is an effective strategy to improve growth perfor-
mance of soybean under Ni toxicity because of the follow-
ing important mechanisms revealed from this study, which 
include: (1) restriction of Ni uptake and accumulation, (2) 
protection of photosynthetic pigments, (3) maintenance of 
water status, (4) reduction of oxidative load by detoxifying 
excessive ROS, and (5) minimization of Ni-induced MG 
toxicity by accelerating MG detoxification. Moreover, the 

observation of improved redox balance and simultaneously 
activated antioxidant defense and Gly systems in the pres-
ence of JA illustrates a heightened oxidative stress metabo-
lism in JA-primed soybean plants under Ni stress. However, 
a detailed study on how seed priming with this phytohor-
mone regulates molecular events in achieving above-listed 
mechanisms should be considered to facilitate our under-
standings toward Ni tolerance of soybean, and perhaps other 
important crops.
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