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Abstract

Salicylic acid (SA) is a signaling molecule and behaves as an antioxidant that induces stress tolerance in plants against
abiotic stress. The present study explored the rice seedling response to V stress and the role of SA in improving the V stress
tolerance of rice seedlings. The rice seedlings were sown in Petri dishes and incubated in a climate-controlled chamber for 4
days without light for germination. After that, the rice seedlings were shifted into hydroponic solution and allowed to grow
for 18 days in hydroponic solution. The roots of 21-day-old rice seedlings were pretreated with SA (200 pM) for 3 days,
and exposed to V (35 mg L") stress for 7 days. After 7 days of V stress, rice seedlings were harvested to determine the root
attributes, photosynthetic assimilation, reactive oxygen species (ROS), ascorbate-glutathione (AsA-GSH) pathway enzymes,
antioxidant and glyoxalase enzyme activities, and plant growth parameters. The findings disclosed that pretreatment of rice
seedlings with SA had a high SPAD index, chlorophyll pigment content, and photosynthetic assimilation resulted in better
growth compared to non-SA-pretreated rice seedlings. Strikingly, SA sustains the V homeostasis by inhibiting the accumu-
lation of V from rice root to shoot. Besides this, pretreatment of SA increased the superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), glutathione S-transferase (GST), and ascorbate-glutathione (AsA-GSH) pathway
enzymes, and also enhanced the ascorbate (AsA) and glutathione (GSH) level, and minimized the hydrogen peroxide (H,0,)
and superoxide anion (O3") of rice seedlings, by regulating the gene expression of antioxidant enzymes (OsCuZnSODI,
OsCaTB, OsGPX1, OsAPXI, OsGR2, and OsGSTU37). Furthermore, SA reduced methylglyoxal toxicity and enhanced
glyoxalase enzyme activity by upregulating the genes expression of glyoxalase genes (OsGLYI-1 and OsGLYII-2) under V
stress condition. Considering these findings demonstrated that SA may be utilized to reduce V availability to rice seedlings
while also improving rice seedling growth and V stress resistance.
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1 Introduction

Vanadium contamination of arable agricultural land is an
important risk to food security (Altaf et al. 2021a). The
presence of V in the earth crust fluctuates from 10 to 220
mg kg~!, while soil under human use contains compara-
tively high V content (Wazalwar et al. 2011). Anthropo-
genic activities such as burning of fossil fuels, mining,
industrial wastes, and phosphoric fertilizers are the domi-
nant sources of V-polluted soils (Taner 2002; Devi et al.
2021; Tiwari et al. 2021). Vanadium causes significant
irreversible changes in plant such as a reduction in growth
and leaf necrosis, water imbalance, chlorophyll depriva-
tion, antioxidant system destruction, and cell structure
demolition, ultimately reduces crop quality and production
(Altaf et al. 2022; Aihemaiti et al. 2019; Garcia-Jiménez
et al. 2018; Gokul et al. 2018; Imtiaz et al. 2018a). Ele-
vated V concentrations influence later root formation and
tempt leaf chlorosis due to chlorophyll destruction (Imtiaz
et al. 2017; Altaf et al. 2021b). V > 35 mg L~! persuades
the reactive oxygen species (ROS), which increases the
enzymatic activity and ultimately causes cell death in rice
plants (Altaf et al. 2020a). Higher V concentrations than a
threshold level cause suppression or disruption of essential
nutrient uptake (Aihemaiti et al. 2019), especially phos-
phorus uptake in plants (Imtiaz et al. 2017). The situation
is especially critical in southwest China, where V pol-
lutes 26.49% of agricultural land (Yang et al. 2017), and
is classified as a dangerous pollutant to humans alongside
lead (Pb), arsenic (As), and mercury (Hg) (Naeem et al.
2007). Vanadium affects human health through soil-plant-
food cycle connection; therefore, V has received atten-
tion in recent decades, and it is necessary to use some
eco-friendly substances on an urgent basis to minimize or
stop its uptake and also induce stress tolerance in plants
against V stress.

Salicylic acid (SA) is naturally occurring plant hormone
that performs as a major signaling molecule; promotes
several bio-physiological processes such as seed germina-
tion, photosynthesis, stomatal closure, cell growth, water
metabolism, ion transmembrane transport, and flower-
ing; and also improves the stress tolerance under both
biotic and abiotic stresses (Nazar et al. 2011; Zhao et al.
2005). Scientists have studied the physiological role of
SA in plants in recent years and have widely stated that it
induces tolerance to salt and drought stress (Hayat et al.
2010; Mutlu et al. 2013). Now, scientists consider SA to
be a signaling molecule that produces the plant response
to abiotic stresses (Jini and Joseph 2017). The majority of
recent studies have focused on the use of SA to improve
plant growth against abiotic stress by increasing plant tol-
erance to stresses (Faried et al. 2017; Gondor et al. 2016a).
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Salicylic acid is widely used to alleviate a series of abi-
otic stresses such as heavy metal stress, salt stress, drought
stress, temperature stress, and ozone stress (Metwally et al.
2003; Nazar et al. 2011; Zhao et al. 2005). The first response
of plants to heavy metals is the formation of ROS that sig-
nificantly damages the chloroplast and the photosynthetic
efficiency (Imtiaz et al. 2018b; Sharma et al. 2020). Reac-
tive oxygen species causes toxicity by interacting with pig-
ments, proteins, nucleic acids, and lipids and producing lipid
peroxidation, enzyme inactivation, and membrane damage.
Plants regulate the enzymatic and non-enzymatic machin-
eries to reduce ROS damage and sustain the equilibrium
between ROS production and damage to sustain cellular
redox homeostasis (Horvath et al. 2007).

The response of SA depends upon various factors such
as plant types, application method, application time, SA
application concentration, and concentration inside the tar-
get plant (Horvéth et al. 2007). Salicylic acid pretreatment
scavenging the free radical produced by ROS by promoting
the antioxidant enzymes and gene expression of OsWRKY45
that decreased the hydrogen peroxide (H,0,) accumulation
in rice (Chao et al. 2010). Salicylic acid apply as a foliar
application (600 pM) alleviated the cadmium (Cd) toxic
effect on potatoes by ameliorating the chlorophyll content,
relative water content, and proline content, and declining
the H,0,, malondialdehyde (MDA), and superoxide anion
(07" (Li et al. 2019). Salicylic acid recovers the oxidative
injury in bean plants by reducing the H,0, and MDA con-
tent under Cd stress (Saidi et al. 2013). Pretreatment of SA
improves photosynthesis and mung bean growth against
salt stress through enhancing the activities of antioxidant
enzymes, which comprise SOD, CAT, GPX, GR, and APX
(Khan et al. 2014). Salicylic acid pretreatment reduced cell
membrane injury to water-deficit conditions (Bandurska
2005). Salicylic acid increased the tolerance against cop-
per (Cu) stress by increasing the root and shoot growth,
and protein content, while declining the MDA, and proline
contents of bean seedlings (Zengin 2014). Furthermore, SA
pretreatment also reduced the Hg toxic effect on root by and
increased the root growth of alfalfa against Hg stress (Zhou
et al. 2009). Salicylic acid mitigates ROS and methylglyoxal
(MG) induces oxidative stress by stimulating the activities of
antioxidant and glyoxalase enzymes and improves the rice
growth under selenium (Se) stress (Mostofa et al. 2020).
Mostly, SA has been used to counter the adverse effects
of heavy metals, e.g., Cu stress in common beans (Zengin
2014), Cd stress in maize (Krantev et al. 2008), and Pb stress
in rice (Jing et al. 2007) by improving the photosynthetic
efficiency and growth. These reports clearly show that SA
has the potential to stimulate the plant growth and devel-
opment processes against abiotic stresses, but there is no
report available regarding the potential of SA to combat the
V toxicity in plants.
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Rice is a staple food for half of the world population and
is globally grown (Reyes and Chin 2009). Rice is the cheap-
est source of fiber and protein, which inhibits cancer infec-
tion in the human body (Tan and Norhaizan 2017). Vana-
dium not only adversely damages the plant growth (Yuan
et al. 2020) but also causes body weight reduction and can-
cer in human beings via the food chain (Ghosh et al. 2015).
However, V contamination in the soil continuously expands
due to industrialization, and the chances of V accumulation
in food are increasing day by day. Therefore, it is neces-
sary to search for an effective way to alleviate the damaging
effects on rice growth produced by V stress.

In view of previous reports, SA has been widely used to
manage the plant growth under several stresses; we assumed
that SA might alleviate the toxic effects of V in rice. Thus,
the current research was directed to study a sequence of
morphological, physiological, and biochemical mechanism
linked with (i) seedling growth and biomass production, (ii)
root morphology, (iii) photosynthetic activities, (iv) ROS
metabolism, (v) enzymatic and non-enzymatic activities, (vi)
detoxification of MG, (vii) V uptake and translocation, and
(vii) osmolytes accumulation in rice under V stress. Besides
this, we also assessed the several gene expression levels
linked with antioxidant and glyoxalase systems to explore
the mechanism of how SA protects rice plants from V stress
by regulating these systems. To best our knowledge, firstly
we report the potential role of SA to alleviate the V toxicity
in rice seedlings.

2 Material and Method

2.1 Plant Material, Treatment, and Growth
Conditions

The rice (Oryza sativa L.) cultivar “Chao you 37 was used
in this study and was bought from Hubei Tianmen Di Long
Seed Industry Co. Ltd., China. The rice seed surface was
disinfected with 0.1% (v/v) sodium hypochlorite (NaClO)
for 15 min before sowing, and then washed with distilled
water 8—10 times. A total of 50 rice seeds for each replica-
tion were sown in Petri dishes, and tap water was supplied
as per the requirement to maintain the moisture for germi-
nation. The Petri dishes were incubated for 4 days in the
climate-controlled chamber (RTOP-268B, Bio-Equip) at
20°C, relative humidity (RH) 75%, and supplied darkness
for germination. After germination, the fifteen uniform rice
seedlings were transferred into the black plastic box having
half-strength Hoagland solution. After 7 days of shifting,
full-strength Hoagland solution was provided to the rice
seedlings until two leaf stage attained (21 days after trans-
planting) with light dark (14—10h), temperature (27-23°C)
respectively, RH 75%, and photon flux density of 820 pmol

m~2s~! for the light duration. The nutrient medium (pH 5.6)
was replenished every 3 days during the whole study.

The V concentration (35 mg L™!) was selected on the
basis of our earlier studies (Altaf et al. 2020a), while we
designed an experiment to evaluate at which concentra-
tion; SA improves the rice seedling growth under V (35 mg
L~!) stress. The response of SA differs from species to spe-
cies and also depends upon the application methods (foliar
application or root application (soil conditions, hydroponic
conditions, and substrate conditions)) and application tim-
ing. We pretreated the rice seedlings at two leaf stages with
different SA concentrations (0—1000 pM) for 3 days, after
that exposed constant V (35 mg L™!) stress for 7 days. At
the time of the preliminary experiment, we noted that SA <
200 pM improves the plant growth (Fig. S1), while SA >
200 puM causes growth reduction in the term biomass (fresh
and dry) weight of roots and shoots under V (35 mg L™}
stress (Figs. S2 and S3). After that, we selected 200 pM SA
for further studies.

The current study consisted of four treatments and six
replications for each treatment in a complete randomized
design: (1) O0: control (CK); (2) SA: with amendment of
SA (200 pM); (3) V: with an amendment of V (35 mg L
NH,VO,); (4) SA + V: with pretreatment of SA and after
exposed to V stress. The SA was added into Hoagland solu-
tion and treated rice seedlings at two leaf stage (21 days after
transplanting) for 3 days and after that allows the seedlings
to grow under V stress for 7 days as elaborated in Fig. S4.
The SA (200 pM) was dissolved in ethanol (500 pM), while
the CK seedlings without SA were treated with ethanol and
water (500 pM L~1). After 7 days of stress, seedlings were
harvested and kept at —80 °C for the measurement and anal-
ysis of different parameters.

2.2 Determination of Plant Growth and Root
Morphological Parameters

For the measurement of plant growth parameters, six rice
seedlings from every replication were harvested. An electric
weight balance was used to estimate the roots and shoot
fresh weight. Afterward, seedlings were kept in paper bags,
oven-dried at 105 for 15 min, and kept at 70 °C for 72 h.
After that, roots and shoots dry weight was weighed and the
samples stored at 60 °C for the quantification of V content
in roots and leaves (Altaf et al. 2019).

Six uniform harvested roots from every replication were
washed with running water for scanning purposes and stud-
ies of root morphological attributes. The scanning of roots
was done by using the Imagery Scan Screen (Epson Expres-
sion 11000XL, Regent Instruments, Canada), and root scan-
ning softer WinRHIZO 2003a software (Regent Instruments,
Canada) was operated for root scanning and measurements
(Altaf et al. 2020b).
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2.3 Estimation of Photosynthetic Pigments, SPAD
Index, and Leaf Gas Exchange Parameters

For the determination of pigment content, fresh leaf
samples (0.5 g sample™') were treated in 10 mL of 80%
acetone, centrifuged (10,000g, 10min, 4 °C), after that
measured the reading at 662,645 and 470 nm by utilizing
the spectrophotometer (Lambda 25 UV/VIS, PerkinElmer,
USA). Pigment contents, i.e., chlorophyll (a + b) and total
carotenoids were determined and calculated using the pro-
tocol defined by Lichtenthaler and Wellburn (1983).

The relative chlorophyll content of rice leaves (fully
expanded) was estimated by operating the SPAD-502
Chlorophyll Meter (Minolta CameraCo., Ltd., Japan). The
leaf gas exchange (net photosynthetic rate (Pn), stomatal
conductance (gs), intercellular CO, concentration, and
transpiration rate (Tr)) of the rice leaves (fully expanded)
were determined by operating a portable photosynthesis
apparatus (LiCor-6400 LICOR Inc., Lincoln, NE, USA).
The growth condition of the measuring cabinet during the
recording was precise to adjust the leaf temperature 20
°C, CO, concentration 350 pM mol~!, and photosynthetic
photon-flux density 900 pM m~s~!. A total of 6 plants
were randomly selected from every treatment for taking
the readings (Altaf et al. 2021c¢).

2.4 Determination of Total Soluble Protein,
Ascorbate, and Glutathione Contents

Rice leaf and root samples (0.5g sample™') were homog-
enized in 10% of phosphate buffer solution (0.1 M, pH
7.3) for the measurement of soluble protein, AsA, and
glutathione (GSH) contents. The homogenates were cen-
trifuged at 3500 g for 10 min. After the centrifugation,
the supernatant was utilized for the quantification of solu-
ble protein, AsA, and GSH content followed the descrip-
tions of kits A045-2, BC1230, and A061-2-1 respectively,
assimilated from Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China. The wavelength of soluble protein,
AsA, and GSH was recorded at 595, 265, and 412 nm
respectively, by utilizing the spectrophotometer (Lambda
25 UV/VIS, PerkinElmer, USA).

2.5 Estimation of EL, Proline, MDA, H,0,, 0",
and MG

Leaves and roots of the six uniform rice seedlings were
harvested from every replication and washed with distilled
water for the determination of EL. The method defined
by Dionisio-Sese and Tobita (1998) was used to measure
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the EL. Electrolyte leakage was measured by applying the
following formula:

EC
Electrolyte leakage (EL) = —L % 100

where EC, and EC, indicate the electric conductivity
before and after boiling the leaf samples respectively.

The content of proline, MDA, H,0,, and O3 "were esti-
mated from the rice leaves and roots by using supernatant
collected at the time of total protein content estimation. The
proline, MDA, H,0,, and 05 ‘were measured by following
the guidelines explain in A107-1-1, A003-3-1, A064-1-1,
and A052-1-1 kits while the wavelength was recorded at
520, 530, 405, and 550, respectively by operating the spec-
trophotometer (Lambda 25 UV/VIS, PerkinElmer, USA).
Methylglyoxal content in leaf and root was estimated accord-
ing to the protocol established by Wild et al. (2012).

2.6 Histochemical Staining of H,0, and O;"

The histochemical staining of H,0, and O}*was accom-
plished according to the method established by Gong et al.
(2017). For H,0, histochemical staining, the rice leaves
were incubated with 1 mg-mL~' DAB in 50 mM Tris-acetate
(pH 3.8) in the dark at 25 °C 24 h. For O histochemical
staining, the leaves were incubated with 0.1 mg-mL~' NBT
in 25 mM K-HEPES buffer (pH 7.8) in the dark at 25 °C, 2
h. The leaves were washed five times in 80% ethanol at 70
°C in both cases (H,0, and O;-)before photographed.

2.7 Antioxidant Enzymatic Assay

Supernatants collected at the time of total protein content
measurement were utilized for the analysis of enzyme activi-
ties. The SOD, CAT, APX, GR, dehydroascorbate reductase
(DHAR), and monodehydroascorbate reductase (MDHAR)
activities were determined from the leaf and root samples of
rice seedlings by following the protocol defined in A001-4,
A007-1-1, A123-1-1, A062-1-1, BC0660, and BC0650 kits,
and wavelength was noted at 550, 405, 290, 340, 412, and
340 nm, respectively by operating the spectrophotometer
(Lambda 25 UV/VIS, PerkinElmer, USA).

2.7.1 Glutathione-Dependent Enzymes

The enzymatic activities of glutathione-dependent enzymes
were assayed from the leaves and roots of rice seedlings. The
activities of glutathione S-transferase (GST) and GPX were
measured by following the technique described in A004 and
A005-1, and wavelength (GST and GPX) was noted at 412
nm, by using the spectrophotometer (Lambda 25 UV/VIS,
PerkinElmer, USA). The protocol of Hossain et al. (2009)
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and Principato et al. (1987) was obeyed for the estimation
of GlyI and Glyll, respectively, and extinction coefficients
3.37 and 13.6 mM~'cm™! were used for estimation of GlyI
and GlylI activities respectively.

2.8 Vanadium Determination

The determination of V accumulation in the rice leaves and
root was performed according to the protocol of Hou et al.
(2013) by operating the graphite furnace atomic absorption
spectrophotometry (GFAAS-GTA 120).

2.9 Gene Expression Analysis

Total RNA from the leaf and root samples were extracted
at the seventh day after V stress by the Trizol method
according to protocol recommended by the manufacturer.
Total RNA concentration was confirmed by using the
Nanodrop 2000 spectrophotometer (Thermo, Germany),
and the quality and purity of the total RNA were checked
by agarose gel electrophoresis. For complementary DNA
(cDNA) synthesis, extracted RNA was reverse-transcribed
by RT-PCR using the Vazyme HiScript II Q RT Super-
Mix Kit (Vazyme, China), following the instructions
described by the manufacturer. The qrt-PCR was carried
out on 96-well plates by operating gTOWER? QPCR sys-
tem (Analytik jena AG, Germany) using FastStart Essen-
tial DNA Green Master Kit (Roche, USA) following the
manufacturer’s instructions. OsUbiquitin (OsUBQ) gene
was utilized as a reference gene, as formerly used in rice
gene expression profiling against metal stress (Mostofa
et al. 2020). The delta-delta Ct (*"AACT) formula was
used to quantify the relative gene expression level (Livak

Fig.1 (A) Effect of pretreat-
ment of salicylic acid (SA) on
rice seedling performance under
vanadium (V) stress and with-
out V stress. Whereas the CK,
control seedlings; SA, seedlings
pretreated with 200-pM sali-
cylic acid; V, seedlings treated
with 35 mg L~! vanadium;
SA+YV, seedlings pretreated
with salicylic acid (200 pM)

+ exposed 35 mg VL™!. (B)
Response of root morphol-

ogy of rice seedling pretreated
with SA grown under V stress.
(C) SA effect on V accumula-
tion in roots and leaves of rice
seedlings grown under V stress
conditions

CK SA

\ SA+V

and Schmittgen 2001). The primers used in this study are
listed in Table T1.

2.10 Statistical Analysis

The obtained data was statistically analyzed by using the
statistical software (IBM SPSS 22.0, IBM Corporation,
New York, USA). The data in the figures are presented as
mean + standard errors (SEs) of six replications. Data was
analyzed using the one-way ANOVA and Duncan multiple
tests (P < 0.05). The graphical representation was done
with origin v.2018b.

3 Results

Rice seedlings exposed to V (35 mg L) for 7 days caused
drastic changes, including shorter root length, leaf decol-
orization, chlorosis, 2nd leaf tip burning, and yellowing
of whole plants (Fig. 1A-B). In contrast, pretreatment of
SA dismissed the V-caused phytotoxic changes, and ame-
liorated the phenotypic growth under V stress seedlings as
compared to only V-stressed seedlings. Nevertheless, the
pretreatment of SA without V stress did not induce any
distinct variation in the phenotypically appearance as com-
pared to untreated CK seedlings. Moreover, SA pretreat-
ment to V-stressed seedlings sustained the leaves’ green
color and timid chlorosis, and maintained the healthy and
longer roots as compared to only V-stressed seedlings
(Fig. 1A-B).

4500
4000
3500

(ng g™ DW)
N N W
S U O
o O O
o O O

Vanadium contents
-
(4]
o
o

1000

Root
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Fig.2 Effect of pretreatment of 0.6 0.20
salicylic acid (SA) on (A) fresh E a A = a B
. ~ 0.5- L 1
shoot weight, (B) dry shoot = b — 0.16
weight, (C) fresh root weight, 2 044 =) b
and (D) dry root weight of rice 3 c g 0.12+
seedlings grown in nutrient § 0.3 1 d 8 g
solution under vanadium (V) S 024 S 0.08 ~ d
stress. Whereas the CK, control < 4 0.04
seedlings; SA, seedlings pre- o 0.14 E <2
treated with 200-pM salicylic = ] i
acid; V, seedlings treated with o viig
35 mg L~ vanadium (V); 0.30 0.15
SA+V, seedlings pretreated ] 0.25 4 a C S a D
with salicylic acid (200 pM) + = 20.12
exposed 35 mg V L™!. Value ® 0204 P 5 b
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(means + S.E) of every treat- 3 0.15 - c g
ment was acquired from six ° - c
L . o d © 0.06
replications (n=6). Different = 0.101 e
lower case letters indicate sig- [ 20.03 4 d
nificant difference between the E 0.054 o™
treatments at P < 0.05 0.00 - 0.00 -
CK SA \ SA+V CK SA Vv SA+V
700 a 160 3.0
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Fig.3 Root characteristics of rice seedlings were grown in nutrient seedlings pretreated with salicylic acid (200 pM) + exposed 35 mg V
solution with or without pretreatment of salicylic acid (SA). Whereas L~L. Value (means + S.E) of every treatment was acquired from six
the CK, control seedlings; SA, seedlings pretreated with 200-uM sali- replications (n=6). Different lower case letters indicate significant dif-

cylic acid; V, seedlings treated with 35 mg L~! vanadium (v); SA+V, ference between the treatments at P < 0.05
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3.1 Plant Growth and Root Morphology

To assess the SA effect on V homeostasis, we measured the
V accumulation in rice roots and leaves during the investi-
gation. The maximum V was deposited in root than leaves
(Fig. 1C). However, SA pretreatment inhibited the V uptake
by the root as compared to only the V stressed seedlings
(Fig. 1C). It was also noted that V was markedly more
deposited in the roots than leaves.

Rice seedlings exposed to V stress markedly inhibited
their growth in terms of reduced root and shoot fresh weight,
and dry mass (Fig. 2). As displayed in Fig. 3, rice plants
under V stress showed a significant reduction in shoot fresh
weight (—=50.5%), root fresh weight (—48.4%), dry shoot
weight (—62.6%), and root dry weight (-72.9%) as com-
pared to CK seedlings. Conversely, SA supplementation alle-
viates the adverse effect of V and considerably enhances all
growth and biomass-related parameters of rice seedlings.

Root architecture plays an important role in better plant
growth. The findings of these experiments indicated that root
characteristics (root length, root surface area, root volume,
root forks, root tips, and root crossing) were significantly
reduced by V stress as compared to CK. Interestingly, in
SA-pretreated rice seedlings subjected to V stress, the root

30 14
a
25| a A 12 a B
E 20 b E 10{ b
= > 8- d
2% Ea c
10 ¢ =
5 5 ¢
5 2]
0! 0.
£ 20 =1 = 1.2 .
~— 7]
c - 2 1.0 a
S 16 o -
5~ o7 b
£ 52 08
= 12 o 'E d
[/, 3D =3
g E T o, 06 "
2e 8 8T
;23 E_g 0.44
) 4 [1 P
8 E 02
] »
x 0.0

"CK SA V SA+V "CK SA V SA+V

Fig.4 The response of photosynthetic pigments, photosynthetic gas
exchange, and relative chlorophyll content (SPAD index) of rice seed-
lings were grown in nutrient solution with or without pretreatment of
salicylic acid (SA). Whereas the CK, control seedlings; SA, seedlings
pretreated with 200-uM salicylic acid; V, seedlings treated with 35

characteristics were ameliorated compared with V-stressed
seedlings (Fig. 3).

3.2 Pigment Content, SPAD Index, and Leaf Gas
Exchange Parameters

Vanadium stressed seedlings sharply decreased the chloro-
phyll a (Chl a), chlorophyll b (Chl b), and carotenoid con-
tent by 57.7%, 41.5%, and 50.4%, respectively as compared
to CK seedlings. In contrast, SA supplementation intensely
upgraded the photosynthetic pigments in V-stressed seed-
lings, as indicated by 79.2%, 33.3%, and 74.6%, enhanced
Chl a, Chl b, and carotenoid content, respectively, when
compared to the V-stressed seedlings (Fig. 4A, B, and C). It
was also observed that relative chlorophyll content (SPAD
index) was drastically reduced from 31.8 in CK seedlings
to 18.5 in V-stressed seedlings, while SA supplementation
helped to reduce the leaf damage (Fig. 4D).

All the gas exchange parameters significantly reduced
under V stress; however, the reduction of Pn, Tr, Ci, and Gs
was eased by SA pretreatment. The Pn, Tr, Ci, and Gs were
declined by 44.5%, 58.0%, 52.1%, and 40.2% under V stress
respectively as compared to CK. However, pretreatment with
SA retrieved the Pn, Tr, Ci, and Gs by 18.1%, 43.4%, 53.3%,

2400
S 2000/ a c
A b
o)
> 1600 d x
= 2
» 1200 £
o a
2 & 2
§ 800, o
o
S 400
0.
600 4.0
a G
~ 500/ b EAs.s
25 <7 30
' 400 s
8 g c E €25
8 300 S Q20
i 8 d T
8 3 200 e
2 £ S E1.0-
£ <100 = "o g
0 0.0

"CK SA V SA+V CK SA V SA+V

mg L™! vanadium (V); SA+V, seedlings pretreated with salicylic acid
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Fig.5 Histochemical stain-

ing to determine (a) hydro-

gen peroxide (H,0,) and (b)
superoxide anion (0 ") utilizing
the diaminobenzidine (DAB)
and nitroblue tetrazolium
(NBT), respectively. Effect of
pretreatment of SA on oxidative
biostress markers (H,0,, O;‘,
MDA, and EL) in leaves and
roots of rice seedlings grown

in nutrient solution with or
without vanadium stress (V).
Whereas the CK, control seed-
lings; SA, seedlings pretreated
with 200-pM salicylic acid; V,
seedlings treated with 35 mg
L~! vanadium (V); SA+YV, seed-
lings pretreated with salicylic
acid (200 pM) + exposed 35 mg
V L1 Value (means + S.E) of
every treatment was acquired
from six replications (n=6). Dif- QOQ
ferent lower case letters indicate

significant difference among the 15

treatments at P < 0.05
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and 39.1% respectively, in V-stressed seedlings as compared
to only V-stressed seedlings (Fig. 4E-H).

3.3 Oxidative Damage

Second leaf rice seedlings were stained with DAB and NBT
to envision the production of H,0,, and OJ" respectively.
The rice seedling under V stress showed deep black circle
and dark brown polymerization products, which were rep-
resentatives of 05~ and H,0, respectively. Conversely, pre-
treatment of SA noticeably inhibited the over accumulation
of 05" and H,0, in leaves under V stress seedlings (Fig. SA
and B). Vanadium stress augmented the ROS accumulation
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in terms of H,0, and 05" in leaves/roots of rice seedlings
by 136.2/84.6% and 121.1/170.1% respectively, as compared
with CK (Fig. 5C and D). Strikingly, SA applicant reduced
H,0, and OJ" contents in leaves/roots as by 33.3/17.1% and
34.2/24.4% respectively, as compared with only V-stressed
seedlings.

To access the cell membrane integrity under V stress,
we measured the MDA and EL in rice seedlings. In com-
parison to CK, V toxicity intensely harmed the cellular
integrity in rice leaves/roots, as proofed by enhanced MDA
content (120.2/62.2%) and high EL (74.8/99%), respectively
(Fig. S5E and F). However, SA pretreatment exhibited a sig-
nificant decline in MDA and EL in leaves/root, as much as
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24.1/17.7% and 19.0/35.5%, respectively, compared to that
of V-stressed plants.

3.4 Proline, Protein, and Antioxidant Metabolites

Vanadium stress markedly enhanced in proline and
total GSH content in leaves/root by 322.1/272.3% and
97.6/103.6%, respectively, as compared with CK seed-
lings. In contrast, SA pretreatment significantly reduced
the proline and GSH content of leaves/roots by 31.8/23.0%
and 23.2/17.8%, respectively, as compared to only V stress
seedlings (Fig. 6A and B). As displayed in Fig. 6C and D,
V-stressed seedlings showed a reduction in protein and total
AsA contents of leaves/roots by 57.2/53.3% and 39.8/32.1%,
respectively, as compared to CK, while SA pretreatment
improved the protein and total AsA contents of leaves/roots
of rice seedlings as compared to only V-stressed seedlings
(Fig. 6).

3.5 Antioxidant Enzymes

In comparison with CK seedlings, SOD, CAT, GPX, and
GST activities were decreased in the leaves/root of rice
seedlings by 54.5/55.9%, 52.7/45.5%, 35.8/31.0%, and
58.0/48.2%, respectively, under V stress. Pretreatment
of SA under V-stressed seedlings resulted in a notable
enhancement of SOD, CAT, GPX, and GST by 59.2/54.4%,
54.2/50.5%, 29.4/26.2, and 71/46%, respectively, in leaves/
roots as compared to only V-stressed seedlings (Fig. 7A-D).

The activities of APX, DHAR, MDHAR, and GR par-
ticipating in the AsA-GSH cycle were measured in leaves
and roots of rice seedlings with and without SA against V

stress environment (Fig. 7E-H). V stress caused significant
reduction in APX, DHAR, MDHAR, and GR by 48/48.4%,
45.9/48%, 64.5/48.3%, and 50/57.2% in leaves/roots
respectively, with compared to CK seedlings while pre-
treatment of seedlings with SA elevated the APX, DHAR,
MDHAR, and GR activities in leaves/root by 56.1/28.8%,
47.2/49.1%, 105.8/32.2%, and 43/46.8, respectively,
under V stress as compared with only V-stressed seed-
lings (Fig. 7E-H). These results confirmed that V-induced
oxidative damage could be minimized with SA by synchro-
nized accomplishment of antioxidant enzymes and AsA-
GSH equilibrium, which helped to increase tolerance to
V stress.

3.6 MG and Gly Enzymes

Rice seedlings exposed to V stress caused a remarkable
enhancement in MG level by 108.4/138.9% in leaves/roots
respectively, relatively to CK seedlings. Pretreatment of
roots with SA under V stress resulted in reduction in MG
level by 30.5/23.9% in leaves/roots respectively, as com-
pared to only V stress seedlings (Fig. 71). The activities of
Gly I were reduced in leaves/roots by 42.1/40.5%, respec-
tively, while MG contents were increased in comparison
with CK seedlings (Fig. 7J). Similarly, Gly II activity was
also reduced in leaves/roots by 60.3/28.5%, respectively,
over CK seedlings (Fig. 7K). Pretreatment of roots with
SA in nutrient medium played magic role to eliminate the
MG toxicity under V stress by enhancing Gly I (36.3/39%)
and Gly II (76.1/30.3%) in the leaves/roots respectively, as
compared to CK (Fig. 71-K).

Fig. 6 Effect of pretreatment of
rice seedlings with salicylic acid
(SA) on protein, proline, and
non-antioxidant enzymes (AsA
and GSH) in the leaves and
roots under vanadium (V) stress.
Whereas the CK, control seed-
lings; SA, seedlings pretreated
with 200-pM salicylic acid; V,
seedlings treated with 35 mg
L~! vanadium (V); SA+V, seed-
lings pretreated with salicylic

Proline (ug g™ prot)
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acid (200 pM) + exposed 35 mg
V L~L. Value (means + S.E) of
every treatment was acquired
from six replications (n=6). Dif-
ferent lower case letters indicate
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the treatments at P < 0.05
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Fig.7 Effect of pretreatment of salicylic acid (SA) on antioxidant,
and glyoxalase defense system, and methylglyoxal contents of leaves
and roots under vanadium (V) stress. Whereas the CK, control seed-
lings; SA, seedlings pretreated with 200-pM salicylic acid; V, seed-
lings treated with 35 mg L~ vanadium (V); SA+V, seedlings pre-

3.7 Relative Gene Expression

Next, we measured the transcriptional levels of antioxidant
and glyoxalase-associated genes in V-stressed seedlings with
or without SA pretreatment by using the qrt-PCR (Fig. 8).
Vanadium stress induced a significant decline in the tran-
script level of the SOD representative gene CuZnSODI gene
in leaves/root by 61/50.3%, respectively, as compared to CK
seedlings (Fig. 8A). Conversely, SA-pretreated rice seedlings
exposed to V stress caused maximum transcript levels of
OsCuZnSODI] in leaves/roots by 54.8/42.7%, respectively, as
compared to V stress seedlings (Fig. 8A). In the case of the
CAT representative gene, OsCATB expression is reduced by
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Root
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treated with salicylic acid (200 pM) + exposed 35 mg V L', Value
(means + S.E) of every treatment was acquired from six replications
(n=6). Different lower case letters indicate significant difference
between the treatments at P < 0.05

68.5/72.2% in leaves/roots, respectively, with comparison to
CK seedlings (Fig. 8B). However, rice seedlings pretreated
with SA under V stress strikingly increased the OsCATB
expression level by 77/88.3% in leaves/roots, respectively, as
compared to only V stress seedlings (Fig. 8B). The expres-
sion level of GPX and GST representative genes, namely
OsGPX1 and OsGSTU37 respectively, was measured, indi-
cating decreased OsGPX1 transcript level (by 62.2/65.8% in
leaves/roots, respectively) in V-stressed seedlings as com-
pared to CK seedlings (Fig. 8C and D), while transcript level
of OsGSTU37 was also reduced only V-stressed seedlings
by 67.9/70.8% in leaves/roots, respectively, as comparison
to CK seedlings (Fig. 8D). On the other hand, rice seedlings
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Fig. 8 Relative transcript abundance of different antioxidant and gly-
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Fig.9 Systematic sketch of V
stress tolerance in salicylic acid-
pretreated rice seedlings. Red
bars and purple arrows display
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pretreated with SA increased the transcript level of OsGPX1
and OsGSTU37 by 44.8/141% and 55.1/193% in leaves/roots
respectively, under V stress as compared to only V-stressed
seedlings (Fig. 8C and D). The transcript level of APX and
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gene expression level (Livak and Schmittgen 2001)
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GR representative genes OsAPX2 and OsGR2 was low-
ered in V-stressed seedlings by 271/60.6% and 41.5/63%
in leaves and roots, respectively, as compared to CK seed-
lings (Fig. 8E and F), while pretreatment of SA enhances
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the transcript level of OsAPX2 and OsGR2 by 72.5/48.9%
and 38.1/87.5% in leaves/roots, respectively, in comparison
to on V-stressed seedlings (Fig. 8E and F).

Furthermore, glyoxalase system representative genes
OsGLYI-1 and OsGLYII-2 were also studied (Figure 9). Our
findings imply that the transcript level of OsGLYI-1 was
remarkably decreased in the leaves/roots of V-stressed seed-
lings by 77/73.6%, respectively, as compared to CK seed-
lings (Fig. 8G). Moreover, pretreatment of rice seedlings
with SA increased the transcript level in leaves/roots under
V stress by 158.8/47%, respectively, as compared to only V
stress seedlings (Fig. 8G). The results of the OsGLYII-2 gene
showed the V stress rapidly reduced the transcript level of
rice leaves/roots by 77/73.6%, respectively, as compared to
CK seedlings, while the pretreatment of SA increased the
transcript level in leaves and roots in rice seedlings under
V stress as compared to only V-treated seedlings (Fig. 8H).

4 Discussion

Vanadium toxicity reduced the plant growth and yield, as
earlier reported in various plant species such as rice, chick-
pea, watermelon, and mustard (Altaf et al. 2020a; Imtiaz
et al. 2018b; Imtiaz et al. 2016; Nawaz et al. 2018). In the
present study, V toxicity markedly declined the rice growth
in terms of biomass yield reduction (root and shoot) and leaf
necrosis, while pretreatment of SA improved the rice seed-
ling growth. The cause for the reduction in biomass yield
could be that under V stress, the roots were unable to trans-
port adequate water and minerals to the shoot. Salicylic acid
improved plant growth by reducing the metal toxicity effect
which has also been observed in several crops such as rice,
wheat, and maize (Gondor et al., 2016b; Mostofa et al. 2019;
Moussa and El-Gamal 2010; Singh et al. 2015). Salicylic
acid supplementation can effectively increase cell division
and elongation, which may be one of the factors contributing
to increased rice growth under stressful environment.

Our data also demonstrated that V mainly accumulated
in roots followed by leaves. These findings propose that V
amply existed as an easily available form in the nutrient
solution, which was rapidly uptake by roots and accumu-
lated to aerial parts of the plant. Similar to our results, oth-
ers scientists also confirmed that V was more deposited in
roots of watermelon (Nawaz et al. 2018), tomato (Vachirapa-
tama et al. 2011), chickpea (Imtiaz et al. 2017), and mustard
(Imtiaz et al. 2018b). In contrast, SA behaved antagonisti-
cally when interacting with V, restricting the excessive V
uptake by rice roots, thereby minimizing V over-disposition
in leaves. Salicylic acid intervened restriction of uptake and
deposition of heavy metals has also been observed in sev-
eral crops, such as maize and wheat (Gondor et al. 2016b;
Shakirova et al. 2016; Singh et al. 2017).
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Root size and architecture are important factors that play a
major role in the nutrient uptake efficiency of crops (Postma
and Lynch 2012). Alteration in root structure improves plant
growth by increasing the uptake of nutrients and utiliza-
tion efficiency (Wissuwa et al. 2016). The adverse effect of
V inhibited the root growth is testified in rice (Altaf et al.
2020a). In this study, V inhibited the root growth by disturb-
ing the root attributes, while pretreatment of SA improved
the root growth due to improvement in root-related attrib-
utes. It may have caused a reduction in root growth due to
cell growth impairment (Altaf et al. 2020a). The role of SA
in improving the root-related attributes has been reported in
barley (Metwally et al. 2003), wheat (Moussa and El-Gamal
2010), and rice (He et al. 2010) under heavy metal stress.

Heavy metal-induced photosynthetic reduction directly
damaged the functioning of photosynthesis machinery (Car-
pentier 2001), as well as stomatal closure (Sheoran et al.
1990), and decreased the efficiency of CO, uptake and
assimilation (Seregin and Kozhevnikova 2006). The pho-
tosynthesis rate reflects the performance of plant growth
that is directly connected with chlorophyll and carotenoid
contents (Jahan et al. 2019; Jiang et al. 2017). Generally, a
higher level of chlorophyll leads to better plant growth. In
the present research work, high V concentration in leaves
significantly reduced the SPAD index, photosynthetic
assimilation, stomatal conductance, intercellular CO,, tran-
spiration rate, and level of chlorophyll and carotenoids,
eventually produced leaf chlorosis and poor plant growth.
Similar to our results, V inhibited the photosynthetic rate
and chlorophyll pigment destruction in several crops such as
rice, chickpea, and mustard (Altaf et al. 2020a; Imtiaz et al.
2018b; Imtiaz et al. 2016). Heavy metals disturb the activity
of enzymes involved in chlorophyll biosynthesis, such as
aminolaevulinic acid dehydratase and protochlorophyllide
reductase. Heavy metal stress also has a negative effect on
the intake of magnesium, which is an essential component
of the chlorophyll molecule, resulting in a considerable
reduction in chlorophyll synthesis (Sela et al. 1989). The
decline in gas exchange characteristics during metal stress is
ascribed to stomatal deformation, which causes suppression
of gas exchange and hence lower conductance (Anjum et al.
2016). In contrast, the pretreatment of SA enhanced the pho-
tosynthetic rate and reduced the chlorophyll pigment losses
by protecting the photosynthetic apparatus from the V toxic
effect. This protective response of SA might also play an
important role in improving the rice growth against V stress
condition, as the rice seedlings pretreated with SA were
able to sustain the photosynthetic rate and chlorophyll pig-
ments under V stress as compared to only V stress seedlings.
Similarly, results of improving the photosynthetic rate and
chlorophyll pigment contents by SA under metal stress have
been reported in mustard and lemon balm under nickel stress
(Soltani Maivan et al. 2017; Zaid et al. 2019), maize and
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peppermint under Cd stress (Ahmad et al., 2018a; Krantev
et al. 2008), and mustard under Pb stress (Kohli et al. 2018).
Photosynthetic processes also control the protein and sugar
content in plants against stressful circumstances (Simkin
et al. 2019). In this research work, we also noted a posi-
tive association of photosynthetic rate and photosynthetic
pigments with protein in rice seedlings pretreated with SA
under V stress. These findings suggested that SA improved
the photosynthetic activity to sustain the protein, which
might support cob V toxicity by supplying metabolites and
energy through several biochemical pathways.

The plant faced environmental stresses that triggered
the overproduction of ROS, which disturbs the metabolic
processes. Excessive production of ROS response as toxic
to cellular parts such as DNA, lipids, and protein, caus-
ing membrane injury and cell death in plants (Altaf et al.
2021d). Vanadium induced excessive ROS production by
disrupting the equilibrium between generation detoxification
of ROS in plants. V-treated rice seedlings accumulated high
ROS (H,0, and O3°) and MDA in leaf tissues. These bio-
molecules are very likely to disturb the ion exchange capac-
ity of the cell membrane as well as all metabolic activities
that are linked to cell membrane stability (Zahra et al. 2018).
The excessive accumulation of these compounds produced
oxidative damage in rice seedlings, which is consistent with
results in mustard (Imtiaz et al. 2018b) and rice (Yuan et al.
2020). Besides this, SA supplementation in V-stressed seed-
lings significantly decreased the H202,02‘ *, MDA, and EL,
possibly due to higher enzymatic activities of AsA-GSH
cycle and less accumulation of V in root and leaves. Simi-
larly, SA facilitated to reduce the H,O,, 0;‘, MDA contents,
and EL level have been reported in rice under Se stress
(Mostofa et al. 2020), and mustard under Ni stress.

Plants produce GSH and AsA, the most abundant solu-
ble antioxidants in cells, to trigger the antioxidant defense
system and allow plants to respond to environmental chal-
lenges (Nanda and Agrawal, 2016; Foyer and Noctor, 2011).
These antioxidant defense system metabolites scavenge
ROS, consequently stabilizing the cellular redox state (Noc-
tor et al. 2018; Altaf et al. 2021e). Our findings related to
non-enzymatic compounds showed that total AsA contents
were drastically reduced, while GSH content precipitously
enhanced in the rice leaves of V-stressed seedlings, showing
their distinguishing response to V toxicity. It is possible that
V-induced reduction in AsA content by increasing the GSH
level as a similar pattern was also observed in rice under
Cu and Se stress (Mostofa et al. 2020; Mostofa et al. 2014).
The ROS produced due to a contemporized antioxidant
defense system might confer lipid peroxidation, as manifest
by enhanced production of reactive aldehydes like MG and
MDA. These increments were more supported by increased
enzyme activities of GSH-dependent like GPX and GST,
which are recognized to be persuaded for detoxifying several

aldehydes that are over accumulated against a stressful envi-
ronment (Hossain et al. 2012). Additionally, glutathione-
S-transferase, which is activated by GSH, contributes to
the protection of the cell membrane against the oxidation
of lipids and proteins (Hausladen and Alscher et al. 2017).

Plants rapidly respond to negative effects caused by heavy
metals and metalloids such as arsenic and Cd by regulating
endogenous SA content (Lu et al., 2018; Singh et al. 2017).
Likewise, SA application improved the SA cellular level,
resulted in an upgraded protection apparatus under oxida-
tive stress produced by arsenite in rice and Cd in Lemna
minor (Lu et al. 2018; Singh et al. 2017). The dismutation
of 07 to H,0, is catalyzed by SOD activity, which is widely
regarded as the most important component of defense, and
it plays a significant role in the antioxidant system (Jomova
et al. 2011). Actually, the addition of SA in nutrient medium
successfully initiated the ROS metabolic pathways by
increasing the SOD and CAT enzyme activities, which both
collectively act for the elimination of H,0, and O3 (Czar-
nocka and Karpiriski 2018). The excessive ROS elimination
by SOD and CAT was also made easy by AsA-GSH cycle,
which also displayed a defensive role by holding the high
activities of AsA-GSH cycle in SA-treated seedlings under
V stress (Fig. 7A-H).

The antioxidant system plays a key role in diminish ROS
and inducing metal tolerance in plants (Ahmad et al. 2018b).
Salicylic acid has reportedly increased enzyme activity in
several plant species under metal stress (El Dakak and Has-
san, 2020; Faraz et al., 2020; Majumdar et al. 2020). Desyn-
chronizing of antioxidant systems by V is also observed in
the AsA-GSH cycle, in which the activities of APX, GR,
DHAR, and MDHAR were altered. One of the most impor-
tant enzymes associated with the AsA-GSH cycle is APX,
which is found mostly in the plastid stroma and membrane
and is responsible for scavenging H,0, through the AsA-
GSH cycle in plants (Ghosh and Biswas 2017). Glutathione
reductase activity helps to restore GSH and enhances cel-
lular antioxidant capability, as GSH works as a scavenger of
ROS in stressed plants, increasing their tolerance to oxida-
tive damage (Bela et al. 2015). DHA is converted to AsA
via DHAR activity (Suekawa et al. 2017). In the present
study, the activities of APX, GR, DHAR, and MDHAR were
found to be reduced in the roots and leaves of V-stressed rice
seedlings, as previous were recorded in rice seedlings (Singh
et al. 2015), peas (Rodriguez-Ruiz et al. 2019), and soybeans
(Chandrakar et al. 2016) under heavy metal stress. Impeded
APX activity can result in an excess of H,0, buildup in
many subcellular compartments, resulting in lipid and pro-
tein damage (Singh et al. 2015). On the other hand, SA
supplementation upregulated the AsA-GSH cycle enzyme
activities under V stress conditions, as previous noted in rice
(Singh et al. 2017) and maize (Kaya et al. 2020). In the cur-
rent study, SA addition to V-treated plants upregulated the
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enzymatic and non-enzymatic activities, which established
that SA recovers oxidative injury induced by V stress in rice
by upraising the defense system of antioxidants.

The current study also assessed the metabolism of MG,
known as reactive aldehyde, and its overproduction in plant
tissue caused toxicity at a cellular level (Mostofa et al.
2018). Glutathione-dependent Gly system (Gly I and Gly
II) played a vital role in eliminating the toxic effect of MG
induced under metal stress conditions (Mostofa et al. 2018).
The results of this study displayed that V excessive deposi-
tion in leaves and root tissues caused by overproduction of
MG (Fig. 71) may be due to an ineffective Gly system as pro-
posed by a substantial reduction in Gly I and Gly II activi-
ties under V stress (Fig. 7J and K). Conversely, declined
in MG levels was observed V-stressed seedlings pretreated
with SA, which increased the Gly I and Gly II activities
(Fig. 71-K), presenting that SA is engaged to detoxify the
MG by upregulating the Gly defense system under V stress.
A similar response of the Gly system was also reported in
rice under Se stress (Mostofa et al. 2020).

Most of the genes studied (OsCuZnSODI1, OsCaTB,
OsGPX1, OsGSTU37, OsAPX2, and OsGR2) exhibited the
opposite pattern in their transcript abundance when com-
pared with representative enzyme activities (Figs. 7A-F and
8A-F). The reason for this could be that gene expression
and enzyme activity tests were performed on samples taken
at the same time point (7 days after treatment). It is well
established that transcript levels peak before protein levels
because gene expression begins before protein accumulation
(Mostofa et al. 2020). We could not rule out the possibility
that separate genes code for distinct isozymes that together
control the overall activity of a single enzyme, necessitat-
ing the determination of the expression levels of all genes
associated with that enzyme (Mostofa et al. 2020). Thus,
sampling at multiple time points for expression profiling
(e.g., transcriptome analysis) and enzyme activity assays
will be critical for future investigations aimed at elucidat-
ing the link between gene expression levels and enzyme
activities. Nonetheless, rice seedlings pretreated with SA
enhanced the transcript levels of OsCuZnSODI, OsCaTB,
OsGPX1, OsGSTU37, OsAPX2, OsGR2, OsGLYI-1, and
OsGLYII-2 under V stress as compared to only V-stressed
seedlings. Similar results have also been reported in rice
under Se stress (Mostofa et al. 2020).

5 Conclusion

The findings in the present study led us to conclude that
SA may be an efficient growth regulator for mitigating
V-induced detrimental effects in rice by influencing a vari-
ety of physiological, biochemical, and molecular processes.
Vanadium stress suppressed the root growth, photosynthesis,
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and leaf gas exchange parameters of rice plants. Vanadium
accumulation in rice root and shoot was noted the primary
cause of the reduction in plant growth. Salicylic acid pre-
treatment minimized the V accumulation in root and shoot;
enhanced the antioxidant and ascorbate-glutathione (AsA-
GSH) pathway enzyme activities; decreased the reactive
oxygen species (ROS) and methylglyoxal (MG) contents;
upregulated the antioxidant and glyoxalase-related genes;
and improved the photosynthetic efficiency of the rice plants
under V stress. Besides this, addition of SA along with fer-
tilizer could be an option to overcome the V-induced toxic
effect while the crops are being sown in V-polluted soil.
Furthermore, field trials with cost-benefit ratio should be
investigated to validate SA use as an antidote to V toxicity
for minimizing yield losses in V-contaminated soils.
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