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ARTICLE INFO ABSTRACT

Keywords: The present study investigates As(V) toxicity in tomato (Solanum lycopersicum L. cv Pusa Rohini) and its alle-
As(V) viation by exogenous supplementation of nitrate. The seven days old seedlings were grown up to thirty days
Ascorbate-glutathione cycle under defined levels of As(V) concentrations (0, 2.5, 6.25, and 12.5mg/250 g soil) in alone or/and in combi-

DNA damage nation with 20 mM nitrate. The arsenic accumulation, lipid peroxidation, DNA damage, photosynthesis, nitrogen
thrate o assimilation, and AsA-GSH cycle were evaluated. Results revealed that As(V) exposure significantly (P < 0.05)
Nitrogen assimilation . . .

Photosynthesis enhances the root, leaf and leaf sub-cellular arsenic accumulation, H;O», and MDA contents in a dose-dependent

manner. Comet assay indicated a progressive enhancement in the DNA damage with maximum tail length
(58.33 = 9.87 um) and tail moment (25.05 + 2.80) at 12.5 As(V) exposure. Nitrate supplementation coun-
teracted As(V) toxicity on photosynthesis, nitrogen assimilation, and boosts AsA-GSH cycle at each respective As
(V) treatments. The net photosynthesis was increased by 18% at 6.25 As(V), however, stomatal conductance and
F,/F,, were increased by 26%, and 11%, respectively, at 2.5 As(V) exposure. The activities of NR and GS were
enhanced by 29% and 18%, respectively; contents of NO;~, NO,~ and NH,* were improved by 21%, 56%, and
13%, respectively, at 6.25 As(V) exposure. The activities of APX and GR were increased concomitantly with the
ratios of AsA/DHA and GSH/GSSG. The study demonstrates that nitrate supplementation significantly
(P < 0.05) decreases As(V) accumulation, boosts the performance of AsA-GSH cycle, and consequently enhances
the photosynthesis and nitrogen assimilation. Based on present findings, nitrate supplementation could be re-
commended as a promising approach to ameliorate the As(V) toxicity in plants.

Solanum lycopersicum L

1. Introduction

Arsenic (As) is a highly toxic and carcinogenic metalloid, naturally
present in low to high amounts in the environment. It ubiquitously
occurs in the rocks and is naturally distributed in the soil and water by
geochemical events like weathering of rocks and volcanic emissions
(Shakoor et al., 2016). However, anthropogenic activities such as in-
dustrialization, mining, coal combustion, smelting and use of As en-
riched preservatives, insecticides and herbicides considerably enhance
As contamination in the environment (Niazi et al., 2017). Arsenic
contamination has become a global risk as it readily enters in the
ecological food chain and affects human health through biomagnifica-
tion. It commonly exists in two inorganic forms viz trivalent arsenite [As
(IID] and pentavalent arsenate [As(V)] of which former has better
mobility and hence is more toxic (Mehmood et al., 2017). In root cells,
As(III) transport is mediated by aquaporins channels, while As(V) is
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transported via phosphate transporters. Once taken up by the plant
cells, As(V) rapidly converted to As(II) by arsenate reductase (AR) and
subsequently the As(III) binds with glutathione (GSH) and phytoche-
latins (PCs) to make As(III)-thiols complex. The sequestration of As(III)-
thiols complex into the vacuole of root cells is crucial for As(III)-de-
toxification and restricting its long-distance transport to the other tis-
sues in the plants (Abbas et al., 2018). The accumulation of As in plant
tissues and sub-cellular distribution are closely linked to its phyto-
toxicity as it readily binds with sulfhydryl (—SH) groups of proteins and
impairs the DNA repair enzymes. It also replaces the phosphorus from
DNA, thus distorts the DNA stability (Abbas et al., 2018). Arsenic da-
mages the histone proteins and forms the As-DNA adducts that generate
the DNA fragments and DNA or DNA-protein cross-links (Chandrakar
et al., 2017; Abbas et al., 2018). Several phytotoxic effects of As are
reported on nutrients uptake, leaf gaseous exchange, photosynthetic
pigments, and nitrogen assimilation (Rafiq et al., 2017; Singh et al.,
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2018c).

The availability of plant nutrients has recently gained importance in
minimizing the phytotoxicity of heavy metals including As(V) and ni-
trate has a driving role in the regulation of nitrogen metabolism and
photosynthesis (Singh et al., 2016b, 2018c). Nitrogen supplementation
has shown positive impacts under abiotic stresses as it constitutes the
backbone of amino acids, proteins, nucleic acids, vitamins, chlorophyll,
and antioxidants (Krapp, 2015). In soil solution, nitrate and ammonium
represent the two common forms of inorganic nitrogen and their uptake
is mediated by nitrate transporters (NRT) and ammonium transporters
(AMT), respectively (Krapp, 2015). Nitrogen assimilation involves the
conversion of nitrate to ammonium by sequential actions of NR and
NiR. After direct uptake or conversion from nitrate, ammonium is as-
similated to glutamine and glutamate by GS-GOGAT or GDH cycle
(Singh et al., 2016b; Gupta et al., 2017). The photosynthesis and ni-
trogen metabolism have an intimate relationship as (i) proteins of the
Calvin cycle and thylakoids represent majority of the leaf nitrogen
(Zhong et al., 2018a) and (ii) photosynthetic electron transport chain
donates electrons for NO, ™~ reduction via ferredoxin for NiR activity. It
has been reported that nitrogen availability enhances the photosynth-
esis by increasing the chlorophyll biosynthesis, gaseous exchanges and
stomatal movement under the stress conditions (Zhong et al., 2017,
2018a).

Ascorbate-glutathione (AsA-GSH) cycle is an important mechanism
to avert the oxidative damages in different sub-cellular compartments.
It includes both enzymatic (APX, DHAR, MDHAR, GR) and non-enzy-
matic (AsA, DHA, GSH, GSSH) antioxidants. Ascorbate peroxidase
(APX) and Glutathione reductase (GR) are two key enzymes of the cycle
as APX directly involves in H,0O, detoxification and GR regenerates
GSH from GSSG at the expense of NADPH to maintain a high GSH/
GSSG ratio (Noctor et al., 2016). Glutathione is a decisive factor as it
regenerates the AsA and ensures the continuous running of the cycle
(Farooq et al., 2018). This cycle potentially scavenges ROS and protects
from their severe consequences on vital plants' metabolic processes like
photosynthesis, nitrogen metabolism and DNA damage under various
abiotic stresses (Zhong et al., 2018a; Farooq et al., 2018).

Tomato (Solanum lycopersicum L.) is an important vegetable crop
and occupies a unique position in the human diet due to its richness in
vitamins, mineral nutrients, tocopherols, polyphenols, antioxidants,
and lycopene. In the backdrop of increasing human demands under
unprecedented population rise, it is a great challenge for scientists to
combat the loss in tomato production growing under As-contaminated
soil. Therefore, it is imperative to devise our approach that can effi-
ciently restrict and minimize the phytotoxic effects of As(V) without
compromising with the soil fertility. The present study was carried out
to explore the possible mechanism(s) of nitrate mediated alleviation of
As(V) toxicity by analyzing the As(V) accumulation in root, leaf, and in
leaf subcellular fractions, lipid peroxidation, DNA damage, photo-
synthesis, nitrogen assimilation, and AsA-GSH cycle. Numerous studies
have been carried out to examine the ameliorative effects of nitrate
under various abiotic stresses. However, few reports are available on
nitrate mediated amelioration of As(V) toxicity in tomato plants.
Nitrate supplementation proved to be a feasible and promising ap-
proach for the enhancement of tomato growth by minimizing the As
uptake and improving the AsA-GSH cycle, photosynthesis and nitrogen
assimilation.

2. Materials and methods
2.1. Plant material, growth conditions and As(V) exposure to plants

The tomato seeds were procured from the Indian Agricultural
Research Institute (IARI), New Delhi, India. Seven days old uniform
sized seedlings were transplanted in plastic pots (13 cm diameter)
containing 250 g soilrite (perlite + irish peat moss + vermiculite) and
garden soil mixture with a range of As(V) [0, 2.5, 6.25 and 12.5 mg]
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with or without 20 mM nitrate. The As(V) was applied as disodium
hydrogen arsenate (Na,HAsO,.7H,0) and potassium nitrate (KNO3)
was used as a source of nitrate. The plants were grown in a triplicate
manner with each pot containing three seedlings (nine plants per
treatment). The pots were kept in the net house of Department of
Botany, University of Delhi, India, and seedlings were grown up to one
month under natural environmental growth conditions (mean tem-
perature, 23 *= 2°C). The drainage of soil solution was prevented by
irrigating slightly lesser than the field capacity. After the termination of
the experiment, the plants were carefully uprooted (between 10:00 and
12:00 a.m.) and plant organs (root and leaves) were manually sepa-
rated. The upper fully-expanded young leaves and whole roots were
rinsed briefly (3-4 times) in deionized water and immediately sub-
merged in liquid N, and stored at —80 °C for DNA damage and bio-
chemical analysis. Separated leaf and root samples were dried in hot air
oven at 65 °C for 2-3 days till constant weight achieved.

2.2. Extraction and quantification of As(V) in root, leaf, and leaf
subcellular fractions

Dried and finely powdered root and leaf samples were acid digested
[HNO5:HClOy, (3:1,v/Vv)], filtered and diluted up to 50 mL by double-
distilled water. The samples were analyzed for Arsenic quantification
by using the atomic absorption spectrometer (Perkin-Elmer; Analyst
600, U.S.A).

For determination of arsenic subcellular accumulation, fresh leaf
samples (1g) were homogenized in pre-cold extraction buffer con-
taining 50 mM Tris-HCl (pH 7.5), 0.25M sucrose and 1 mM DTT and
the different fractions were isolated by differential centrifugation
technique (Farooq et al., 2016). The homogenate was centrifuged at
3000 rpm for 15 min (4 °C) and the precipitated residue was designated
as cell wall fraction (F1). The supernatant fraction was further cen-
trifuged at 15,000 rpm for 30 min (4 °C) and the obtained supernatant
and residue were considered as soluble fraction (F2) and organelles
fraction (F3), respectively. The separated fractions were acid digested,
diluted to 25 mL using deionized water and used for arsenic content
determination.

2.3. Determination of H,0, content and lipid peroxidation

Leaf samples (500 mg) were homogenized in 2.5mL of 0.1% TCA
(w/v) and centrifuged at 10,000 x g for 20 min at 4 °C. The supernatant
(0.5mL) was mixed with 0.1 M phosphate buffer (pH 7.6) and 1M
potassium iodide (Alexieva et al., 2001). After 1 h incubation in dark,
the absorbance of reaction mixture was recorded at 390 nm and H,O,
content was determined by using a standard curve of hydrogen per-
oxide.

The degree of lipid peroxidation was assessed by determining the
malondialdehyde (MDA) content. Briefly, leaf samples (100 mg) were
homogenized in 1% (w/v, TCA) and centrifuged at 10,000 x g for
15 min. The supernatant (1 mL) was mixed with 4 mL of thiobarbituric
acid (TBA) reagent (20% TCA containing 0.5% of TBA) and the reaction
mixture was incubated at 95 °C (30 min) in a water bath (Heath and
Packer, 1968).

2.4. Comet assay (single cell gel electrophoresis)

The nuclei were isolated under the dim yellow light in a petri dishes
containing ice-cold 400 mM Tris buffer (pH 7.5). The comet slides
prepared by scratching the glass slides with the diamond knife and
sinking into 1% aqueous normal melting agarose (NMP) solution. Onto
each NMP agarose coated slide, 100 pL each of nuclear suspension and
1% low melting agarose (LMA) were added and slides were allowed to
cool on ice after placing the coverslip. The slides were coated with an
additional layer of 0.5% LMP agarose (100 pL) and dipped in a hor-
izontal gel-electrophoresis tank containing cold electrophoresis buffer
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[300 mM NaOH containing 1 mM Na,EDTA (pH > 13)]. The electro-
phoresis was performed at 26 V, 300 mA for 30 min at 4 °C. After elec-
trophoresis, slides were gently rinsed with 400 mM Tris buffer (pH 7.5)
and stained with ethidium bromide (20 g mL™1). The comets were
observed under fluorescence microscope enabled with an excitation
filter of BP 546/10 nm and a barrier filter of 590 nm (Gichner et al.,
2016). The tail length and olive tail moment were determined by using
the CASP software.

2.5. Analysis of photosynthetic attributes under As(V) exposure and nitrate
supplementation

2.5.1. Scanning electron microscopy of leaf epidermal and guard cells

The fine sections of leaf samples (1 mm?) were fixed in Karnovsky
fixative followed by dehydration in 25%, 50%, 75%, and 100% ethanol
(for 30 min each) gradient series and then subjected to critical point
drying (Gupta et al., 2017). The samples were coated with a layer of
gold-palladium and observed under the Scanning electron microscope
(JEOL- JSM-6610LV, Japan). Minimum 6 SEM images per plant (12
pictures per replicate) were taken for the assessment of structural
anomalies in leaf epidermal and guard cells.

2.5.2. Leaf gas exchange parameters and chlorophyll fluorescence

The leaf gas exchange parameters (A, GH,0) were measured on
fully expanded young leaves using portable open system Infra Red Gas
Analyzer (IRGA, Gas Exchange Fluorescence System, GFS-3000,
Germany) between 9.00 a.m. and 12.00 noon. Before taking final ob-
servations, the IRGA was calibrated for ambient CO, concentration
(~398 ppm), photosynthetic photon flux density (750 pmolm~2 s~ 1),
cuvette temperature 25 °C, impeller at 7, and relative humidity inside
the cuvette at ~53%. The air humidity in the location where the ex-
periment conducted was ~60%. The half leaf portion was inserted in a
leaf chamber and the final observations were recorded. The F,/F,, va-
lues were calculated in dark-adapted leaves (30 min) by changing the
module of IRGA to fluorescence.

2.5.3. Photosynthetic pigments contents

Photosynthetic pigments (Chlorophyll a, b) and carotenoids were
extracted in 100 mg of fresh leaves homogenized in 7 mL of DMSO and
incubated at 60°C for 20 min. The DMSO (3mL) added again to
maintain the final volume to 10.0 mL (Hiscox and Israelstam, 1979).
The absorbance of the supernatant was recorded at 452.5, 645, 663 nm
(UV-visible spectrophotometer, Beckman Coulter DU 730, U.S.A) to
calculate the photosynthetic pigments.

2.5.4. Carbonic anhydrase activity and photosynthates contents

Frozen leaves (100mg) were homogenized in 20mM Tris- HCL
buffer (pH 8.3) containing 10 mM 2-mercaptoethanol and 1 mM EDTA.
The homogenate was centrifuged at 15,000 X g (4 °C) and the extract
proceeded for activity determination. The enzyme extract (100 pL) was
added to 6 mL of 20 mM Tris-HCl buffer (pH 8.3), and the reaction was
initiated by adding 4 mL of ice-cold CO, saturated water. The time re-
quired for pH drop from 8.3 to 6.3 in the presence (Ts) and absence (T,)
of the enzyme was recorded using pH-meter (Eutech, Singapore) and
the enzyme activity calculated by applying the formula: Units g~*
FW = 2(To -Ts)/To [g FW] (Singh et al., 2016b).

Dried leaves (200 mg) were homogenized in 8 mL of 80% ethanol
(v/v), and centrifuged (3000 X g for 10 min) to collect the supernatant
and pellet. The process was repeated three times and the supernatants
were pooled and made up to 50 mL using 80% ethanol. The supernatant
was used for sucrose and the pellet was for starch determination. The
reaction mixture for sucrose content determination contains 1 mL of
extract, 1 mL 15% phenol and 5 mL of conc. H,SO, (Buysse and Merckx,
1993). Starch was extracted from the pellet using 52% perchloric acid
and the content was determined using the anthrone reagent at 630 nm
(Clegg, 1956).
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2.6. Analysis of nitrogen assimilation under As(V) exposure and nitrate
supplementation

2.6.1. Nitrate, nitrite and ammonium contents

For nitrate, nitrite and ammonium contents estimation, dried and
finely powdered leaves samples (50 mg) were acid digested, filtered and
maintained to 50 mL using double distilled water. The reaction mixture
for nitrate content estimation consisted of 100 pL filtrate and 200 pL of
5% salicylic acid (Cataldo et al., 1975). The reaction was terminated
after 15 min by adding 1 mL of 4 M NaOH and the absorbance recorded
at 410 nm. The nitrate content was calculated by using a standard curve
of KNOs,

Nitrite content was determined in a reaction mixture containing
1 mL of the supernatant, 2 mL of 1% (w/v) sulfanilamide, and 2 mL of
0.02% (w/v) of N-(1-naphthyl) ethylenediamine dihydrochloride
(Varner et al., 1953). The absorbance was recorded at 520 nm and ni-
trite content was determined by using a standard curve of NaNO,

Ammonium content was determined in a reaction mixture con-
taining 100 pL supernatant, 10 uL. 10% K—Na tartrate, 2.4 mL double
distilled water, and 100 puL Nessler's reagent (Molins-Legua et al.,
2006). The absorbance was measured at 425 nm and ammonium con-
tent was calculated using a standard curve of NH4Cl

2.6.2. Nitrogen assimilating enzymes assay

Nitrate reductase (NR, EC 1.7.99.4) activity was determined as
earlier (Gupta et al., 2017). The enzyme extract was added to 1% sul-
phanilamide and 0.02% N-(1-naphthyl)-ethylenediamine dihydro
chloride-HCl (NED-HCI) and the absorbance was recorded at 540 nm
using spectrophotometer. The activity was determined by using a KNO,
standard and expressed in ymol NO,~ produced h™' g~? fresh weight.

Nitrite reductase (NiR, EC 1.7.2.1) assay reaction mixture consisted
of 50 mM Tris-HCl buffer (pH 7.5), 0.1 mM NADPH, 0.1 mM KNO,,
0.01 mM FAD™* and enzyme extract (Sengupta and Shaila, 1996). The
disappearance of NADPH was recorded at 340 nm. The NiR activity was
determined by using KNO, as a standard and expressed in pmol NO, ™
disappeared h™! g~ ! fresh weight.

Glutamine synthetase (GS; EC 6.3.1.2) activity assay reaction mix-
ture consisted of 100 mM Tris-HCl buffer (pH 7.9), 60 mM hydro-
xylamine hydrochloride, 10 mmol glutamine, 20 uM disodium hy-
drogen arsenate, 50 pM ATP, 1 uM MgCl,, and the aliquot of enzyme
extract. After 30 min incubation at 37 °C, the reaction was terminated
by adding freshly prepared 2mL of FeCl; reagent (equal volumes of
0.57 M FeCl3, 1 M HCI, 0.5 M trichloroacetic acid). The absorbance was
recorded at 540 nm and GS activity expressed in pmol y-glutamyl hy-
droxamate produced min_lg_1 fresh weight (O'neal and Joy, 1973).

Glutamine-2-oxoglutarate aminotransferase (NADH-GOGAT; EC
1.4.1.14) activity assay reaction mixture consisted of 5mM a-ox-
oglutaric acid, 10 mM glutamine and 0.15mM NADH in 50 mM phos-
phate buffer (pH 7.5) and the enzyme extract. The oxidation of NADH
was recorded at 340 nm for 3 min and the activity expressed in umol
NADH oxidized h=' g~ fresh weight (Rachim and Nicholas, 1985).

2.7. Determination of enzymatic and non-engymatic antioxidants of AsA-
GSH cycle

2.7.1. APX and GR activities

Leaf samples (150mg) were homogenized in extraction buffer
containing 50 mM potassium phosphate buffer (pH 7.8) containing
0.1 mM EDTA, 2mM AsA and 2% (w/v) polyvinyl pyrrolidone 0.1 mM
EDTA. The homogenate was centrifuged at 10,000 x g for 20 min at 4 °C,
and the collected supernatant was used for analysis of APX and GR
activity (Noctor et al., 2016). The reaction mixture (1 mL) for APX assay
contained 10 mM ascorbate, 100 mM phosphate buffer (pH 7.5), 1 mM
EDTA, and the aliquot of the enzyme extract. The reaction was initiated
by adding 0.2mM H,0, and the decrease in absorbance recorded at
290 nm. The APX activity was calculated using a molar extinction
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coefficient (2.8 mM ' em~1) and expressed as mmol Vit. C min ! g_1

FW. The GR activity was determined in a reaction mixture consisted of
100 mM potassium phosphate buffer (pH 7.0) containing 1.0 mM EDTA,
10mM NADPH and the aliquot of enzyme extract. The reaction in-
itiated by adding 50 mM oxidized glutathione (GSSG) and the decrease
in absorbance was recorded at 340 nm. GR activity was calculated using
a molar extinction coefficient (6.20mM~'cem™!) and expressed as
umol NADPH min~! g~! FW.

2.7.2. Ascorbate and glutathione contents

The supernatant for AsA and GSH contents determination was pre-
pared by homogenizing the leaf samples (500 mg) in 5% (w/v) TCA
followed by centrifugation at 10,000 x g for 15minat 4°C (Wu et al.,
2006). The reaction mixture for AsA determination consisted of
100 mM phosphate buffer (pH 7.7), 10% (w/v) TCA, 4% (w/v) 2, 2’-
bipyridyl, 44% (v/v) H3POy, 3% (w/v) FeCls, and the supernatant. The
absorbance of the colored reaction was recorded at 525 nm. For de-
termining the total AsA content 0.2 mM DTT was added to the aforesaid
reaction mixture. The DHA content was derived as a difference of the
total AsA and AsA.

The reaction mixture for GSH content estimation consisted of
100 mM phosphate buffer (pH 7.7), 0.6 mM DTNB and the supernatant.
The reaction mixture was incubated at room temperature for 30 min
and the absorbance was recorded at 412 nm. The total GSH content was
determined in the same reaction mixture containing an additional 1
unit GR and 0.15mM NADPH. The GSSG content was derived as a
difference of total GSH and GSH.

3. Statistical analysis

The experimental data is a mean of three biological and three
technical replicates. The data is processed by using the Microsoft Excel
2010 and represented as mean *+ standard error. Statistical analysis
was performed by two way ANOVA analysis to assess the effect of ni-
trate and arsenic and the interaction, followed by Duncan's multiple
range test to compare between all the treatments using the SPSS soft-
ware version 21.0. (SPSS, Chicago, USA) at P < 0.05.

4. Results

4.1. As(V) accumulation in root, leaf and in leaf subcellular fractions of
plants grown under As(V) exposure and nitrate supplementation

The differential accumulation of As(V) in roots, leaves and leaf sub-
cellular fractions is presented in Table 1. Arsenic was undetectable in
the plants grown in control and nitrate alone treatments. The As ac-
cumulation in both roots and leaves significantly (P < 0.05) increased
with the As concentrations in the soil with a higher magnitude reported
in roots as compared to the leaves. Nitrate supplementation sig-
nificantly (P < 0.05) lowered the As content in roots and leaves under

Table 1
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arsenic stress. At 12.5 As(V) treatment, roots and leaves accumulated
873.97 + 7.76 and 218.73 + 3.88ugkg ! DW arsenic, respectively,
while nitrate co-application lowered it in both roots
(688.47 * 3.37ugkg”™' DW) and leaves (181.05 = 2.65ugkg™*
DW). For leaf sub-cellular fractions i.e. cell wall (F1), soluble (F2) and
organelles fraction (F3) arsenic accumulation exhibited the similar
pattern to that of root and leaves. In sub-cellular fractions, the arsenic
sub-cellular accumulation followed F1”F27F3 pattern. However, nitrate
supplementation under As(V) stress effectively lowered the As(V) ac-
cumulation in all three fractions as compared to their As(V) alone
counterparts. Two-way anova analysis showed that arsenic accumula-
tion was significantly (P < 0.05) affected by arsenic, nitrate and their
interaction. At 6.25 and 12.5 As(V) alone treatments, the As contents in
cell wall fraction were 70.16 + 2.23 and 86.17 = 11.32ugkg ™' DW,
respectively, while at each respective nitrate treatment the deposition
lowered to 31.74 + 0.072 and 61.15 *+ 6.51 pgkg~ ' DW, respec-
tively.

4.2. H,0; and lipid peroxidation

A significant (P < 0.05) enhancement in the contents of HO, and
malondialdehyde (MDA) were observed upon As(V) exposure as com-
pared to the control. The H,O5 content increased by 15%, 50% and
117%, respectively, at 2.5, 6.25 and 12.5 As(V) as compared to the
control, however, nitrate supplementation curbed the H,O, by 6%, 9%,
and 10%, respectively, as compared to their As(V) alone counterparts
(Fig. 1A). The MDA content increased by 3.8 fold and more than 7.0
fold at 6.25 and 12.5 As(V), respectively. By contrast, nitrate supple-
mentation decreased the MDA content at each respective As(V) alone
treatment (Fig. 1B). A two-way ANOVA analysis showed that MDA
content was significantly affected by arsenic (F = 2117.78, P = 0.000),
nitrate (F = 256.97, P = 0.000), and their interaction (F = 64.46,
P = 0.000; Table 6).

4.3. DNA damage under As(V) exposure and nitrate supplementation

The cellular comet assay revealed significant (P < 0.05) enhance-
ments in the tail length (TL) and olive tail moment (OTM) under As(V)
stress. The lowest As(V) exposure did not induce severe DNA damage,
however, 6.25 and 12.5 As(V) treatments aggravated the DNA damage
(Fig. 2A—C). The DNA tail length increased from 6.0 + 1 [2.5 As(V)] to
58.33 + 9.87 um [12.5 As(V)] and OTM values from 0.698 =+ 0.18
[2.5 As(V)] to 25.05 = 2.81 [12.5 As(V)]. By contrast, the nitrate
supplementation showed ameliorative effects and lowered the DNA
damage as compared to the respective As(V) alone treatments. The TL
values range from 4.67 + 0.58 [2.5 As(V)+nitrate] to 20.66 + 4.04
[12.5 As(V)+nitrate], whereas OTM from 0.51 = 0.06 [2.5 As(V)
+nitrate] to 4.39 * 0.42 [12.5 As(V) +nitrate]. A two-way ANOVA
analysis revealed that tail length and olive tail moment were sig-
nificantly affected by As(V), nitrate, and their interaction (Table 6).

Quantification of As(V) accumulation in root, leaf, and leaf-subcellular distribution in cell wall (F1), soluble (F2) and organelles (F3) fractions from Solanum
Lycopersicum L. grown under various As(V) treatments and 20 mM nitrate supplementation. Data is presented as mean = S.E (n = 3). Different lower case letters

indicate significant differences among the treatments as per Duncan's test.

Accumulation of Arsenic (ug Kg”! DW)

Leaf sub-cellular distribution of Arsenic (pg Kg™' FW)

Treatments Root Leaf Cell wall Soluble Organelles
Control Nd Nd Nd Nd Nd

NO3 Nd Nd Nd Nd Nd

2.5 As(V) 555.20 = 1.95¢ 129.39 * 6.16° 55.23 + 3.05%¢ 38.89 + 2.05° 6.71 + 0.38°
2.5 As(V) +NO3" 42417 + 3.36° 72.98 + 6.14° 44.77 + 4.25¢ Nd Nd

6.25 As(V) 734.95 = 3.00° 172.53 + 4.73° 70.16 + 2.23° 48.04 + 1.98° 40.84 + 1.81°
6.25 As(V)+NO3 555.41 + 2.219 94.94 + 5359 31.74 = 0.072° 25.91 + 2.51¢ 18.67 + 0.81¢
12.5 As(V) 873.97 * 7.76° 218.73 + 3.88° 86.17 + 11.32° 73.22 + 3.54° 52.50 * 5.87°
12.5 As(V) +NO5’ 688.47 + 3.37° 181.05 + 2.65° 61.15 + 6.51°¢ 41.46 + 2.70° 27.81 * 5.24°
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Fig. 1. (A) Hydrogen peroxide and (B) Malondialdehyde content in the leaves
of Solanum lycopersicum L. grown under various As(V) treatments and 20 mM
nitrate supplementation. Data is presented as mean * S.E (n = 3). Different
lower case letters indicate significant differences among the treatments as per
Duncan's test.

4.4. Photosynthetic performance under As(V) exposure and nitrate
supplementation

4.4.1. Structural anomalies in leaf epidermal and guard cells

The SEM images revealed that As(V) exposure largely deteriorated
the shape of the guard and leaf epidermal cells. The stressed leaves
showed distorted, shrunk epidermis and closed stomata with distorted
guard cells. At the highest As(V) exposure, guard cells were seen
completely fused with epidermal cells, however, under nitrate supple-
mentation epidermal and guard cells showed relatively improved shape
and structure (Fig. 3).

4.4.2. Leaf gas exchange parameters, chlorophyll fluorescence, and
photosynthetic pigments

The net photosynthetic rate (A), stomatal conductance (GH-0), and
chlorophyll fluorescence (F,/F,,) were deteriorated by 51%, 35%, and
13%, respectively, under the 12.5As(V) exposure. However, nitrate
supplementation improved the aforesaid parameters by 17%, 31%, and
13%, respectively, as compared to the 12.5As(V) alone treatment. The
chlorophyll a, b and carotenoids contents were decreased by 69%, 72%,
and 67%, respectively under 12.5 As(V) alone treatment as compared to
the control (Table 2). However, nitrate supplementation significantly
(P = 0.05) increased the photosynthetic pigments contents than their
respective As(V) alone treatments. The maximum enhancement in
chlorophyll a, b and carotenoids contents were 59%, 58%, and 97%,
respectively than the respective 2.5 As(V) alone treatment. A two way
ANOVA analysis showed that A, GH,O, F,/F,,, and photosynthetic
pigments were significantly (P < 0.05) affected by As(V), nitrate, and
their interaction (Table 6).
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4.4.3. Carbonic anhydrase activity and photosynthates contents

The decrease in carbonic anhydrase (CA) activity and photo-
synthates (starch, and sucrose) contents were directly related to the As
(V) levels in the soil. Nitrate supplementation enhances the CA activity,
starch, and sucrose contents more effectively at 2.5 As(V) treatment and
to a lesser extent at higher treatments. The CA activity, starch, and
sucrose contents were reduced by 43%, 38%, and 68%, respectively, at
12.5As(V) treatment (Table 3) as compared to the control. Furthermore,
nitrate supplementation improved the aforesaid parameters by 18%,
13%, and 13%, respectively, as compared to 12.As(V) alone counter-
part. A two way ANOVA analysis revealed that CA activity, starch, and
sucrose contents were significantly (P < 0.05) affected by As(V), and
nitrate treatments; contrarily the interaction between As(V) and nitrate
was non-significant for CA activity and starch contents (Table 6).

4.5. Inorganic nitrogen contents and nitrogen assimilating enzymes under
As(V) exposure and nitrate supplementation

4.5.1. Inorganic nitrogen contents

The nitrate, nitrite, and ammonium contents were significantly
(P < 0.05) declined by 47%, 59%, and 40%, respectively, at 12.5 As(V)
treatment as compared to the control (Table 4). However, nitrate sup-
plementation enhanced the NO;~, NO,~ and NH,* contents in alone
and under As(V) stress. The 6.25 As(V)+nitrate treatment generated
the best response and enhanced the NO;~ and NO,~ contents by 21%
and 57%, respectively, as compared to 6.25 As(V) alone treatment. A
two-way ANOVA analysis showed that nitrate, nitrite, and ammonium
contents were significantly (P < 0.05) affected by As(V) and nitrate
treatments, however, the interaction between As(V), and nitrate was
non-significant for nitrite, and ammonium contents (Table 6).

4.5.2. Nitrogen assimilating enzymes

The activities of nitrate (NR and NiR) and ammonium (GS and
GOGAT) assimilating enzymes were significantly (P < 0.05) decreased
under As(V) stress (Fig. 4A-D). The decline in NR activity was 16%,
47%, and 56%, whereas NiR activity decreased by 16%, 47%, and 56%
with 2.5, 6.25 and 12.5 As(V) treatments, respectively, in comparison
to the control. The decrease in GS activity was 8% and 29% and the
corresponding decrease in GOGAT was 43% and 56% at 6.25 and 12.5
As(V) treatments, respectively. Nitrate supplementation improved NR,
NiR, GS and GOGAT activities as compared to the activities recorded
under 2.5, 6.25 and 12.5 As(V) alone treatments. The two-way ANOVA
analysis did not reveal any significant (P < 0.05) interactions between
As(V) and nitrate treatments for NR, NiR, and GOGAT activities
(Table 6).

4.6. Enzymatic and non-enzymatic antioxidants of AsA-GSH cycle

The APX and GR activities were increased at 2.5 As(V), whereas
showed inhibition at 6.25 As(V) and 12.5 As(V) treatments. The ac-
tivities of APX and GR were increased by 79% and 31%, respectively, at
2.5 As(V), while further declined by 54% and 39%, respectively, at 12.5
As(V) treatment as compared to the control. Nitrate supplementation
boosts the APX and GR activities as compared to respective As(V) alone
counterparts. At 12.5 As(V) alone treatment, nitrate supplementation
improved the APX and GR activity by 51% and 9%, respectively, as
compared to 12.5 As(V) alone counterpart (Fig. SA and B). A two-way
ANOVA analysis showed that APX and GR activities were significantly
(P < 0.05) affected by As(V), nitrate, and their interactions (Table 6).
The non-enzymatic antioxidants viz. AsA, DHA, GSH, GSSG, exhibited
an interesting pattern. The antioxidants contents showed a gain at 2.5
and 6.25 As(V), while decreased at 12.5 As(V) exposure as compared to
the control plants. The plants exposed to 2.5 As(V) increased the AsA
content and AsA/DHA ratio by 48% and 34%, and the corresponding
increase in GSH content and GSH/GSSG ratio was 61% and 27%, re-
spectively, as compared to the control. Furthermore, nitrate
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Fig. 2. (A) Comet images, (B) tail length, and (C) olive tail moment of leaf nuclei of 30 days old Solanum lycopersicum L. illustrating the degree of DNA damage at
various As(V) treatments and its recovery up to the certain extent at each nitrate counterparts. (A = Control, B = 20 mM nitrate, C = 2.5 As(V), D = 2.5 As(V) +
20 mM nitrate, E = 6.25 As(V), F = 6.25 As(V)+ 20 mM nitrate, G = 12.5 As(V), H = 12.5 As(V)+ 20 mM nitrate).

supplementation to the As(V) stressed plants resulted in the improve-
ment of AsA, AsA/DHA, GSH, and GSH/GSSG as compared to their
alone counterparts (Table 5). A two-way ANOVA analysis did not reveal
any significant (P < 0.05) interactions between As(V) and nitrate
treatments with respect to AsA, AsA/DHA, GSH, GSSG, and GSH/GSSG
(Table 6).

5. Discussion

5.1. As(V) accumulation, lipid peroxidation and DNA damage under As(V)
exposure and nitrate supplementation

Arsenic is a toxic metalloid and has no known essential function in
promoting the plant growth (Mehmood et al., 2017). In the present
study, a dose-dependent enhancement of As(V) accumulation was ob-
served in both roots and leaves (Table 1). The arsenic uptake is largely
governed by As concentration gradient between soil and plant cells
(Abbas et al., 2018). It is reported that phosphate (Pi) transporters fa-
cilitated As(V) uptake as the oxyanion chemical structure of As(V) is
structurally analogous to that of Pi (Niazi et al., 2017). Roots accu-
mulated higher As(V) as compared to the leaves probably due to (i)
their close proximity to increasing As concentration in the soil solution,
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and (ii) GSH and PCs mediated chelation and sequestration into the
vacuoles through C-type ABC transporters (Zhao et al., 2010). The
higher As-accumulation in roots compared to the leaves with increasing
soil arsenic levels have also been reported in Pisum (Rafiq et al., 2017)
and Brassica genotypes (Niazi et al., 2017). The total As content in both
roots and leaves at each As(V) treatment was comparatively lower in
nitrate supplemented plants which indicates the antagonistic effect of
nitrate on As(V) uptake and translocation. The decrease in arsenic
content could also be correlated with (i) decrease in soil pH which re-
sults in the poor arsenic solubility, and increased sorption of As on Fe
oxyhydroxides at low soil pH (Niazi et al., 2017) (ii) nitrate enhances
the uptake of Pi and others nutrients that competes with As for its
uptake (Singh et al., 2018c).

In leaves, sub-cellular distribution analysis revealed that arsenic
was predominantly accumulated in the cell wall followed by soluble
and organellar fraction The cell wall is considered as the first barrier to
restrict the entry of heavy metals into cells and higher As(V) accumu-
lation in cell wall suggests an efficient way to prevent its accumulation
in the cytoplasm and organelles (Farooq et al., 2016). Moreover, bio-
molecules such as cellulose, hemicellulose, pectin, and proteins present
in the cell wall may restrict arsenic transportation beyond the cell wall.
Nitrate supplementation under As(V) toxicity caused substantial



P. Gupta and C.S. Seth

Plant Physiology and Biochemistry 139 (2019) 44-55

N .

o

WD2Zfmm + $543 x2,500  10fim
\ 07 Sep 2015

x2500  10um WD19mm 543 \xz.soa 10pm

10 Sep 2015

Fig. 3. Scanning electron micrographs of abaxial leaf surface of 30 days old Solanum lycopersicum L. showing the reduced stomatal aperture along with abnormal
epidermal and guard cells at various As(V) treatments set but recovered up to the certain extent at each nitrate counterparts. (A = Control, B = 20 mM nitrate,
C = 2.5As(V), D = 2.5 As(V)+ 20 mM nitrate, E = 6.25 As(V), F = 6.25 As(V)+ 20 mM nitrate, G = 12.5 As(V), H = 12.5 As(V)+ 20 mM nitrate). The images

were taken at 2500 X magnification.

reduction in the As(V) accumulation in each sub-cellular fraction
compared to As(V) alone counterparts. This could be attributed to the
enhanced synthesis of GSH followed by thiolation and sequestration of
As into the vacuole via As(III)-(GS)s] transporter proteins (Zhao et al.,
2010; Abbas et al., 2018).

Exposure of tomato plants to different concentrations of As(V) re-
sulted in the accumulation of H>O, and MDA in a dose-dependent
manner (Fig. 1A and B). The enhanced production of H,O, might be
due to the disturbances in redox homeostasis and dismutation of su-
peroxide free radicals into H,O,, which, in turn, reacts with un-
saturated fatty acids of membrane lipids and produces toxic lipid per-
oxides (MDA). MDA readily forms conjugates with membrane lipids,
proteins, and nucleic acids and causes irreversible damages to the cells
(Farooq et al., 2016). The results are in agreement with the studies of
Singh et al. (2016a) and Rafiq et al. (2017), who also reported the in-
crease in H,O, and MDA accumulation in Oryza sativa and Pisum sa-
tiuvum, respectively, under As-toxicity. The decrease in H,O, and MDA
content upon nitrate supplementation could be attributed to hindrance
in As(V) uptake in root cells, and increase in both enzymatic and non-
enzymatic antioxidants (Zhang et al., 2014; Mehmood et al., 2017). The
fall in MDA and H,O, upon nitrate supplementation have also been
reported by Zhang et al. (2014) in Populus under Cd stress.

DNA is the cell's genetic material and any damage to it leads to the
malfunctioning or inactivation of the encoded proteins involved in
photosynthesis, nitrogen metabolism, and AsA-GSH cycle. In order to
understand the role of nitrate in alleviating the As(V) induced geno-
toxicity, comet assay was performed. The results showed substantial

Table 2

Table 3

Carbonic anhydrase activity, starch and sucrose content in leaves of Solanum
lycopersicum L. grown under various As(V) treatments and 20 mM nitrate sup-
plementation. Data is presented as mean = S.E (n = 3). Different lower case
letters indicate significant differences among the treatments as per Duncan's
test.

Treatments Carbonic Starch content (mg Sucrose content
anhydrase activity g™ FW) (mg g™ FW)
(Unit g FW)
Control 99.60 + 7.36™° 154.17 + 19.09° 38.00 + 0.71¢
NO3 109.24 + 14.11°  187.5 + 12.5° 42.67 + 1.61°
2.5 As(V) 87.55 + 5.02°¢ 125.00 * 12.5%¢ 42.67 + 3.75°
2.5 As(V)+NOs 9237 + 3.68° 133.33 + 14.43>%9  50.83 + 3.62%
6.25 As(V) 63.45 + 6.06%° 108.33 + 7.22%¢ 17.67 + 1.04¢
6.25 As(V)+NO;”  76.31 * 6.06%¢ 141.67 * 7.22°¢ 23.00 + 3.28°
12.5 As(V) 48.19 + 6.38° 95.83 + 14.43° 12.33 = 1.04f
12.5 As(V)+NO3™  57.03 + 8.46°° 108.33 + 19.09%¢ 13.92 + 0.95%f

enhancements in the comet tail length and olive tail moment which can
be correlated with excess H,O, and MDA production under As(V) ex-
posure. The increase in DNA damage under As(V) toxicity could be
attributed to the (i) oxidative base damage via formation of DNA-pro-
tein adducts, (ii) chromosome breaks, (iii) generation of apyrimidinic/
apurinic sites, and (iv) inactivation of DNA repair enzymes by limiting
the ATP availability (Chandrakar et al., 2017; Abbas et al., 2018). It has
been reported that arsenic-aggravates DNA damage in Glycine max by
increasing the DNA oxidation, DNA fragmentation, and DNase activity

Net photosynthetic rate (A), stomatal conductance (Guzo), chlorophyll fluorescence (F,/F,;) and contents of chlorophyll a, chlorophyll b and carotenoids in Solanum
Lycopersicum L. grown under various As(V) treatments and 20 mM nitrate supplementation. Data is presented as mean *+ S.E (n = 3). Different lower case letters

indicate significant differences among the treatments as per Duncan's test.

Treatments A (umol CO2 m?s') GH,0 (mmol H,0 m?s?) F,/Fp, Chlorophyll a (mg g* FW)  Chlorophyll b (mg g FW)  Carotenoids (mg g FW)
Control 17.12 + 0.05° 516.87 + 0.18% 0.78 + 0.0010¢ 0.83 + 0.025" 0.50 + 0.015” 0.57 * .005"

NOs 18.18 + 0.13° 520.50 + 0.48° 0.81 + 0.0023° 1.03 * 0.015° 0.62 = 0.008f 0.70 * .007°

2.5 As(V) 14.53 + 0.42¢ 412.81 * 6.09° 0.72 + 0.0032¢ 0.51 * 0.031° 0.31 = 0.019° 0.29 = 0.068%¢

2.5 As(V)+NO3”  16.02 * 0.01° 520.65 + 0.30° 0.80 + 0.0017° 0.81 * 0.014° 0.49 + 0.007" 0.57 + 0.005"

6.25 As(V) 9.40 + 0.28%8 463.71 = 3.12¢ 0.75 + 0.006%  0.43 + 0.013¢ 0.26 + 0.008¢ 0.31 * 0.010%¢

6.25 As(V)+NO5  11.13 + 0.11° 503.22 + 2.36" 0.79 + 0.0047° 0.49 + 0.014° 0.30 * 0.008° 0.35 + 0.010°

12.5 As(V) 8.46 + 0.13" 336.32 * 4.15 0.68 + 0.0016" 0.26 + 0.004° 0.15 * 0.002° 0.19 = 0.006f

12.5 As(V)+NOs™  10.21 + 0.04 488.16 + 2.41° 0.70 + 0.0021% 0.35 + 0.006 0.21 * 0.003° 0.26 = 0.008°
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Table 4

Inorganic nitrogen (nitrate, nitrite and ammonium) content in leaves of
Solanum lycopersicum L. grown under various As(V) treatments and 20 mM ni-
trate supplementation. Data is presented as mean * S.E (n = 3). Different
lower case letters indicate significant differences among the treatments as per
Duncan's test.

Inorganic nitrogen contents (ug g”' DW)

Treatments
Nitrate content Nitrite content Ammonium

Control 1503.57 + 61.37° 733.47 + 66.68"°  287.74 + 5.15°
NO3 1677.48 = 17.72° 977.96 * 76.99°  324.84 + 11.84°
2.5 As(V) 1186.49 + 35.43° 622.34 + 38.50°  250.65 + 10.84°
25 As(V)+NO3  1247.86 + 35.43° 811.26 + 50.93°  284.37 + 5.15"
6.25 As(V) 859.18 + 61.37°  411.19 * 83.90°  213.56 * 10.30¢
6.25 As(V)+NO3™  1043.29 + 30.69¢ 644.56 = 38.50%¢  240.54 + 1.95°
12.5 As(V) 797.81 + 30.69°  300.06 * 33.34° 171.97 + 5.84°
12.5 As(V)+NO;”  838.72 + 35.43°  466.75 * 66.68°  209.06 + 8.92¢

(Chandrakar et al., 2017). Nitrate mediated decrease in TL and OTM
values under As(V) toxicity could be due to (i) limitation in the uptake
of As from the soil, (ii) overproduction of metal chelators i.e. GSH and
PCs, and sequestration of As-chelators complex into the vacuole, and
(iii) scavenging of excess ROS as nitrate increases both enzymatic and
non-enzymatic antioxidants (Zhang et al., 2014; Zhong et al., 2018a),
and (iv) involvement of nitrogen in the synthesis of DNA base pairs
(Krapp, 2015).

Plant Physiology and Biochemistry 139 (2019) 44-55

5.2. Photosynthetic performance under As(V) exposure and nitrate
supplementation

As(V) treated plants showed abnormal, dysfunctional and closed
stomata with distorted guard cells (Fig. 3). It has been reported that the
differentiation and development of guard cells are mediated through
the appearance of microtubules at a specific time and locations (Gupta
and Bhatnagar, 2015). The anomalies in the stomatal shape could be
attributed to the failure of microtubules assembly due to their inter-
action with As. The direct involvement of ABA in stomatal closure and
subsequent reduction in water loss and CO, availability have been re-
ported in Soybean under As toxicity (Armendariz et al., 2016). In the
present study, nitrate mediated enhancement in the stomatal opening is
in agreement to Zhong et al. (2018b) who also reported the positive role
of nitrate in enhancing the stomatal opening by depolarizing the guard
cells under the stress conditions.

The leaf gaseous exchange parameters (A and GH,0) and chlor-
ophyll fluorescence (F,/F,,) were declined in a concentration-dependent
manner with increasing As(V) in the soil. As(V) induced stomatal clo-
sure disturbed the H,O/CO, gas exchanges which further limit the A
and GH,0 (Armendariz et al., 2016; Singh et al., 2018c). However, the
direct effects of As on thylakoid membranes and different components
of light reactions are responsible for the inhibition in F,/F,, (Farooq
et al.,, 2016). Earlier, arsenic is reported to decrease the net photo-
synthesis and stomatal conductance in Brassica (Farooq et al., 2016;
Niazi et al., 2017), and Zea mays (Mehmood et al., 2017; Anjum et al.,
2017). Nitrate supplementation improved the A, GH,O, and F,/F,, as
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Fig. 4. Leaf nitrogen assimilating enzymes activities (A) nitrate reductase (NR), (B) nitrite reductase (NiR), (C) glutamine synthetase (GS), and (D) glutamate
oxoglutarate amino transferase (GOGAT) in Solanum lycopersicum L. grown under various As(V) treatments and 20 mM nitrate supplementation. Data is presented as

+

mean
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S.E (n = 3). Different lower case letters indicate significant differences among the treatments as per Duncan's test.
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Fig. 5. Antioxidant enzymes (A) ascorbate peroxidase (APX), and (B) glu-
tathione reductase (GR) activities in leaves of Solanum lycopersicum L. grown
under various As(V) treatments and 20 mM nitrate supplementation. Data is
presented as mean * S.E (n = 3). Different lower case letters indicate sig-
nificant differences among the treatments as per Duncan's test.

evidenced by the increase in their values as compared to their As(V)
alone counterparts. This could be due to the recovery of stomatal in-
tegrity, which, in turn, facilitates the H,O/CO, gas exchanges. It is
reported that nitrate mediated enhancement in N metabolism can
consume excessive energy (ATP) and reducing power [NAD(P)H],
which, in turn, partly dissipates the excessive captured light energy to
mitigate the photoinhibition of photosynthesis under the stress condi-
tions (Singh et al.,, 2018c). The nitrogen mediated enhancement of
photosynthesis along with coordinated regulation of carbon and ni-
trogen metabolism have also been reported in Oryza sativa under short-
term water stress (Zhong et al., 2018b).

Photosynthetic pigments are important indicators to assess the

Table 5
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photosynthetic performance of plants under normal and stress condi-
tions. The decline in photosynthetic pigments under As(V) toxicity
might be linked to hindrance in the uptake of essential nutrients, in-
hibition in aminolevulinic acid and protochlorophyll reductase, and
degradation of chlorophyll by increasing chlorophyllase activity
(Anjum et al., 2017). The increase in photosynthetic pigments by ni-
trate supplementation could be correlated with the stimulating effects
on pigments biosynthesis as reported in Populus plants subjected to
cadmium stress (Zhang et al., 2014).

Carbonic anhydrase (CA) catalyzes the reversible interconversion of
CO, and HCO3~ and facilitates the CO5 supply to Rubisco in the Cs
plants and to PEPCase in C4 plants. The inhibition in CA activity was
probably due to hindered Zn uptake, which is an important component
of its active site (Singh et al., 2016b) and decreased internal CO, con-
centration due to the stomatal closure. However, under nitrate sup-
plementation the increase in CA activity attributed to the enhancement
in the stomatal opening, which eases the CO, availability in the leaf.
(Singh et al., 2016¢; Zhong et al., 2017). The photosynthates (sucrose,
starch) production represent the coordinated function of A, GH5O, F,/
Fp,, photosynthetic pigments, and carbonic anhydrase under stress and
normal conditions. The decrease in photosynthates contents under As
(V) exposure could result due to perturbations in gaseous exchange,
photosynthetic pigments biosynthesis, and carbonic anhydrase activity.
Contrarily, the enhancement in both starch and sucrose contents upon
nitrate supplementation could be due to increased activities of sucrose
phosphate synthetase (SPS), hexokinase (HXK), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as reported in Oryza sativa under
nitrogen application and moderate water deficit stress (Zhong et al.,
2018a).

5.3. Nitrogen assimilation under As(V) exposure and nitrate
supplementation

Nitrogen is an essential nutrient and considered to be an integral
part of proteins, enzymes, chlorophyll, and nucleic acids that are crucial
for photosynthesis and nitrogen assimilation (Krapp, 2015). Hence, the
impact of As(V) toxicity on NO;~, NO,~, and NH,* contents along
with different enzymes involved in nitrogen assimilation was studied.
The results showed that NO;~, NO,~, and NH,* contents were de-
creased with increasing As(V) concentrations in the soil. The decline in
NO;~ content could be attributed to (i) As-induced stomatal closure,
which decreased the transpiration (Niazi et al., 2017) and lowers the
NO; ™~ flux from root to shoot via xylem, (ii) generation of excess ROS
that disturbs the membrane integrity and hinders the uptake of NO3 ™
by nitrate transporters (Singh et al., 2018c). The decrease in NO,~ and
NH, " contents could directly be linked with limited NO3~ supply and
inhibition in NR and NiR activities (Table 4; Fig. 4A and B). Nitrate
supplementation increased the NO;~, NO, ™, and NH, " contents as it
(i) promotes stomatal opening and transpiration for efficient nitrate
uptake, (ii) maintains membrane integrity by increasing the ROS
scavenging enzymes activities, and (iii) enhances the NR and NiR

Contents of ascorbate (AsA), dehydroascorbate (DHA), reduced glutathione(GSH), oxidized glutathione(GSSG) and ratios' of AsA/DHA, and GSH/GSSG in leaves of
Solanum lycopersicum L. grown under various As(V) treatments and 20 mM nitrate supplementation. Data is presented as mean + S.E (n = 3). Different lower case
letters indicate significant differences among the treatments as per Duncan's test.

Treatments AsA (u mol g FW) DHA (u mol g FW) AsA/DHA GSH (u mol g FW) GSSG (1 mol g™ FW) GSH/GSSG
Control 18.95 + 1.30° 12.49 + 2.13% 1.55 + 0.32¢¢ 3.47 + 0.22° 1.76 + 0.1% 1.98 + 0.23>d
NO3 25.82 + 1.59° 11.09 + 1.12%b 2.35 * 0.31° 4.05 + 0.26¢ 1.98 + 0.02*>¢ 2.04 * 0.15*°
2.5 As(V) 28.00 + 1.01° 13.64 + 2.16% 2.08 * 0.31%¢ 5.60 * 0.27° 2.27 * 0.31*° 2,51 * 0.43*°
2.5 As(V) +NO3" 33.83 + 1.04° 7.39 + 0.29° 4,58 + 0.04° 6.75 + 0.18° 2.42 + 0.34° 2.80 = 0.5%
6.25 As(V) 21.20 * 1.73¢ 12,52 + 2.51° 1.72 + 0.20%%¢ 4,62 + 0.27¢ 1.78 + 0.1°¢ 2.60 = 0.17*°
6.25 As(V)+NO3 27.99 + 1.71° 9.06 * 1.20>¢ 3.15 * 0.62° 5.54 + 0.39° 2.00 * 0.1%>¢ 2.76 + 0.12*
12.5 As(V) 12,60 + 1.18¢ 11.38 + 2,11 1.15 * 0.33° 226 = 0.278 1.68 * 0.33¢ 1.39 + 0.38¢
12.5 As(V) +NO5’ 15.68 + 0.52° 9.66 + 1.13%¢ 1.88 + 0.38%¢ 2.77 + 0.17 1.89 + 0.43>¢ 1.53 + 0.4%¢
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Table 6
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Two-way ANOVA analysis reveals the effects of As(V), nitrate, and their interactions on arsenic contents, photosynthesis, nitrogen metabolism, AsA-GSH cycle,

toxicity indices, and DNA damage in Solanum lycopersicum L. Data represent the values of F and P and the significance level is < 0.05.

Arsenic (V)

Nitrate

Arsenic X Nitrate

1. Arsenic contents
Cell wall (F1)

Soluble (F2)
Organelles (F3)

Root

Leaf

2. Toxicity Indices
H202 content

MDA content

3. DNA damage

Tail length

Olive tail moment

4. Photosynthesis

Net photosynthetic rate
Stomatal conductance
Fv/Fm

F =299.52, P = 0.000
F = 839.92, P = 0.000
F =173.91, P = 0.000
F = 554.65, P = 0.000
F = 2238.60, P = 0.000

F = 148.74, P = 0.000
F =2117.78, P = 0.000

F = 98.01, P = 0.000
F = 265.91, P = 0.000

F = 2507.82, P = 0.000
F = 1148.02, P = 0.000
F = 2126.05, P = 0.000

Chlorophyll a
Chlorophyll b

F = 1430.62, P = 0.000
F = 1533.73, P = 0.000

Carotenoids F = 291.68, P = 0.000
CA activity F =51.73, P = 0.000
Starch F = 25.19, P = 0.000
Sucrose F = 258.21, P = 0.000

5. N-metabolism
Nitrate content
Nitrite content
Ammonium content
NR activity

NiR activity

GS activity
GOGAT activity
6. AsA-GSH cycle
AsA content
DHA content
AsA/DHA ratio
GSH content
GSSG content
GSH/GSSG ratio
APX activity

GR activity

F = 412.55, P = 0.000
F = 225.19, P = 0.000
F =72.57P = 0.000
F = 87.47, P = 0.000
F = 98.52, P = 0.000
F =162.94, P = 0.000
F =90.79, P = 0.000

F = 165.88, P = 0.000
F=1.129, P = 0.367
F = 29.87, P = 0.000
F = 224.29, P = 0.000
F =5.81, P = 0.007

F =19.00, P = 0.000
F = 157.84, P = 0.000
F = 329.77, P = 0.000

F =110.21, P = 0.000
F = 754.20, P = 0.000
F = 61.44, P = 0.000

F = 7343.72, P = 0.000
F = 594.41, P = 0.000

F =9.69, P = 0.007
F = 256.97, P = 0.000

F = 60.69, P = 0.000
F = 204.24, P = 0.000

F = 360.02, P = 0.000
F = 3629.61, P = 0.000
F =1667.23, P = 0.000

F = 30.35, P = 0.000
F =100.34, P = 0.000
F =12.69, P = 0.000
F = 887.01, P = 0.000
F =87.49, P = 0.000

F =0.69, P = 0.571
F = 64.46, P = 0.000

F = 26.85, P = 0.000
F = 139.83, P = 0.000

F = 4.01, P = 0.026
F = 800.55, P = 0.000
F =159.41, P = 0.000

F = 523.82, P = 0.000
F = 557.02, P = 0.000
F = 156.23, P = 0.000
F = 8.20, P = 0.000

F =14.70, P = 0.001
F =6.52, P = 0.021

F = 57.67, P = 0.000
F = 62.57, P = 0.000
F =25.17, P = 0.000
F=0.27, P =0.843
F=1.38,P =0.289
F=8.92, P =0.001

F =4.922, P = 0.013
F=0.51, P = 0.681
F =0.57, P = 0.645
F=234,P=0.111
F = 0.85, P = 0.489
F =75.53, P = 0.000
F=0.37,P =0.777

F = 47.093, P = 0.000
F =102.13, P = 0.000
F = 73.05, P = 0.000
F = 38.56, P = 0.000
F = 20.34, P = 0.000
F = 407.92, P = 0.000
F =13.79, P = 0.002

F =109.99, P = 0.000
F = 23.52, P = 0.000
F = 91.26, P = 0.000
F = 55.03, P = 0.000
F =3.79, P = 0.069

F =1.49, P = 0.240

F =34.72, P = 0.000
F = 51.04, P = 0.000

F=272,P=0.079
F=1.99, P =0.156
F = 8.19, P = 0.002
F =1.96, P = 0.160
F =0.009, P =0.999
F =0.134, P = 0.939
F=0.75,P = 0.538
F =23.34,P =0.046

activities.

Nitrate reductase is a rate-limiting enzyme in nitrogen assimilation
and is highly sensitive to heavy metal toxicity (Singh et al., 2009). The
decrease in NR activity might be due to the direct inhibitory effects of
arsenic on the enzyme synthesis and/or activity. Since sulfhydryl (—SH)
groups are critical for NADH binding and catalytic activity of NR, ar-
senic might also affect the NR activity by reacting with functional —SH
groups present in the active sites (Abbas et al., 2018; Singh et al.,
2018c). In addition, NR has been demonstrated to be sensitive to H,O,
(Singh et al., 2009), therefore enhancement in the H,O, content could
be responsible for lowered NR activity. The damages in the photo-
synthetic electron transport chain can affect the NiR activity as it do-
nates electrons for NO, ™~ reduction via ferredoxin. Also, the decline in
NO;3;~ and NO,~ contents in the cell's interior under arsenic exposure
might have resulted in the decreased NR and NiR activity. The GS/
GOGAT cycle incorporates ammonium ions into glutamate, which is
used for biosynthesis of several other amino acids. The decreased GS
and GOGAT activities were probably due to (i) oxidative modifications
of these enzymes by excess ROS (Singh et al., 2018c), and (ii) limitation
in the substrate NH,* due to lowered NOs;~ and NO,~ availability.
Previously, As-induced decreases in NR, NiR, GS and GOGAT activities
were reported in Brassica juncea (Singh et al., 2018c) and similar results
were obtained for NR and NiR activities in Pteris vittata under different
levels of arsenic stress (Singh et al., 2009). Nitrate supplementation
resulted in higher NR, NiR, GS and GOGAT activities as compared to
their As(V) alone counterparts. This improvement could be achieved
due to enhanced availability of nitrate which is the prerequisite for
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nitrogen metabolism (Krapp, 2015). The nitrogen mediated enhance-
ments of NR, NiR, GS and GOGAT activities were also reported in to-
mato (Singh et al., 2016b) under salinity stress, and rice (Zhong et al.,
2018a) under moderate water deficit stress.

5.4. Ascorbate-glutathione cycle under As(V) exposure and nitrate
supplementation

The AsA-GSH cycle is crucial to maintain the cellular redox home-
ostasis under stress conditions and consequently alleviates the lipid
peroxidation, DNA damage, photosynthesis and nitrogen metabolism
(Chandrakar et al., 2017; Farooq et al., 2018; Zhong et al., 2018a). The
AsA-GSH cycle efficiently detoxifies H,O,, and enzymes such as APX
and GR are crucial to the cycle (Noctor et al., 2016). The APX directly
scavenges the H>O, and GR maintains a high GSH/GSSG ratio required
for the regeneration of AsA. The activities of APX and GR were in-
creased at 2.5 As(V), while decreased at 6.25 and 12.5 As(V) treatments
(Fig. 5A and B). The increased activity of both enzymes at 2.5 As(V)
indicates the signalling behavior of free radicals in the induction of the
transcription of their genes (Farooq et al., 2016). Contrarily, the loss in
APX and GR activities at 6.25, and 12.5 As(V) treatments could have
occurred due to (i) inhibition in the uptake of essential nutrients and
sensitivity of thiol groups at their active sites to heavy metals (Singh
et al., 2018c) (ii) inactivation by excess H,0,, and (iv) inhibition at
transcription and translation levels (Farooq et al., 2016). Nitrate sup-
plementation boosts APX and GR activity effectively at each respective
As(V) treatments probably due to up-regulation of the gene expression
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to create more antioxidant enzymes (Zhang et al., 2014). Nitrate re-
ductase-dependent nitric oxide (NO) biosynthesis is well documented in
plants. In this study, nitrate supplementation increases the NR activity
and thus, improved performance of AsA-GSH cycle may indirectly be
linked to the enhanced NO biosynthesis, which is well-reported abiotic-
stress modulator in plants (Singh et al., 2016a). The nitrate mediated
enhancement in APX activity is also reported in Populus under Cd stress
(Zhang et al., 2014), and in APX and GR in Brassica juncea under arsenic
stress (Singh et al., 2018c).

Ascorbate and glutathione are two important redox buffering agents
that protect the plasma membrane from oxidation. Ascorbate is an ef-
fective ROS scavenger while GSH is critical for sequestration of HMs to
the vacuoles (Farooq et al., 2018). AsA/DHA and GSH/GSSG ratios
reflect redox status of the cell and their high ratios are crucial for plant
survival under the stress conditions. In this study, the contents of AsA,
DHA and AsA/DHA ratio were increased at 2.5 and 6.25 As(V), while
decreased at 12.5 As(V) treatment as compared to the control; similar
results were obtained for GSH, GSSG and GSH/GSSG ratio. The decline
in the AsA content, and AsA/DHA ratio at the highest As(V) treatment
attributed to its consumption for quenching ROS. However, decreased
GSH content, and GSH/GSSG ratio probably occurred due to (i) in-
creased consumption in the biosynthesis of phytochelatins (Seth et al.,
2012), (ii) decreased GR activity resulting in less GSH regeneration
from GSSG, and (iii) its consumption in several cellular metabolic
processes as it acts as a central defense molecule (Seth et al., 2012;
Farooq et al., 2018). Earlier studies also reported the decline in GSH
content in Helianthus annus under As stress (Azeem et al., 2017), ratios
of AsA/DHA, and GSH/GSSG in Ozyza sativa L. under Cd (Rahman
et al., 2016) stress. Nitrate supplementation improved the contents of
AsA, GSH, and ratios of AsA/DHA, GSH/GSSG at each of their re-
spective As(V) alone treatments. The enhancement in GSH could be due
to the upregulation of y-glutamine cysteine synthetase (gsh1) and glu-
tathione synthetase (gsh2) as reported in Arabidopsis under Cd exposure
(Xiang and Oliver, 1998). Further, the enhanced GSH is responsible for
efficient AsA regeneration and maintaining the AsA pool and AsA/DHA
ratio.

6. Conclusions

The present study concludes that As(V) stress hampered the plant
growth by interfering with two key metabolic processes viz. photo-
synthesis and nitrogen assimilation as obvious from higher As-accu-
mulation in root, leaf and leaf sub-cellular fractions. Nitrate supple-
mentation ameliorates As(V) toxicity through boosting the performance
of the AsA-GSH cycle, which curbs the lipid peroxidation and DNA
damage. The efficient AsA-GSH cycle also maintains the cellular redox
homeostasis and thereby improves the overall plant growth by enhan-
cing the photosynthetic performance and nitrogen assimilation. This
study lays a platform to elucidate the molecular mechanism(s) of nitrate
mediated alleviation of As(V) toxicity in plants by examining the re-
sponsive genes and transporters proteins involved in As-speciation,
accumulation and vacuolar sequestration.
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