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Abstract

Even though lead (Pb) poses a hazard to the plants, an eco-friendly strategy in reducing Pb toxicity in wheat has received
little attention. The purpose of this work was to define the effect of sulfur (S), a critical nutrient element, in reducing Pb
toxicity in wheat plants. S reduced the adverse effects of Pb on root biomass, cellular integrity, redox status and chlorophyll
score. The exogenous S also restored the Fe status accompanied by the upregulation of 7aNASI and TaDMAS1 genes in
roots. The ICP-MS analysis revealed that Pb concentrations increased in the root, shoot, and vacuole but not in the cell
wall subjected to Pb-toxicity compared to the plants cultivated without Pb and S. In addition, cysteine, glutathione, and
phytochelatin were increased together with the induction of 7aGST and TaPCSI genes in roots subjected to the dual
application of Pb and S. It implies that higher glutathione levels caused by S may allow phytochelatin to bind with excess
Pb, resulted in the subcellular sequestration in the root vacuole. S can also stimulate the S-metabolites in Pb-exposed wheat
to restore redox equilibrium. These findings can be used to promote the usage of S and to develop Pb-free wheat through
breeding and transgenic initiatives.
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Die mechanistische Grundlage der Schwefel-vermittelten Verringerung der Pb-Toxizitdt in Weizen

Zusammenfassung

Obwohl Blei (Pb) eine Gefahr fiir die Pflanzen darstellt, wurde einer umweltfreundlichen Strategie zur Verringerung der
Pb-Toxizitdt in Weizen bisher wenig Aufmerksamkeit geschenkt. Ziel dieser Arbeit war es, die Wirkung von Schwefel (S),
einem kritischen Néhrstoff, bei der Verringerung der Pb-Toxizitdt in Weizenpflanzen zu bestimmen. Schwefel verringerte
die nachteiligen Auswirkungen von Pb auf die Wurzelbiomasse, die zelluldre Integritit, den Redoxstatus und den Chlo-
rophyllwert. Der exogene Schwefel stellte auch den Fe-Status wieder her, begleitet von einer Hochregulierung der Gene
TaNASI und TaDMAS1 in den Wurzeln. Die ICP-MS-Analyse ergab, dass die Pb-Konzentrationen in der Wurzel, im Spross
und in der Vakuole, nicht aber in der Zellwand, die der Pb-Toxizitéit ausgesetzt war, im Vergleich zu den ohne Pb und S
kultivierten Pflanzen zunahmen. Auflerdem stiegen Cystein, Glutathion und Phytochelatin zusammen mit der Induktion
der Gene 7aGST und TaPCS1 in den Wurzeln an, die der doppelten Anwendung von Pb und S ausgesetzt waren. Das
bedeutet, dass die durch Schwefel verursachten hoheren Glutathionwerte es Phytochelatin ermoglichen, tiberschiissiges Pb
zu binden, was zu einer subzelluldren Sequestrierung in der Wurzelvakuole fiihrt. Schwefel kann auch die S-Metaboliten
in Pb-belastetem Weizen stimulieren, um das Redox-Gleichgewicht wiederherzustellen. Diese Erkenntnisse konnen ge-
nutzt werden, um die Verwendung von Schwefel zu férdern und durch Ziichtung und transgene Initiativen einen Pb-freien

Weizen zu entwickeln.

Schliisselworter Metalltoxizitit - Phytochelatin - S-Metaboliten - Chlorophyll - Weizen

Introduction

Lead (Pb) is a pollutant that pollutes the environment and
has an adverse effect on the growth of plants. Improper
management of industrial waste and agrochemicals causes
a rapid increase in Pb in soil and water system (Li et al.
2020). The bioavailability of Pb is determined by the
amount of Pb present in the soil, the physical and chemical
condition of the soil, and the exact genotype of specific
plant species (Peralta-Videa et al. 2009; Li et al. 2020).
Pb is immobilized in the soil as a result of its complicated
formation, and as a result, it is inaccessible for plant ab-
sorption (Peralta-Videa et al. 2009). Pb is taken up by the
root epidermal cells and then transported to the root xylem
vessels, where it is distributed to the rest of the plant’s
organs. All transporter proteins in plants are membrane
proteins, and they are all responsible for maintaining Pb
homeostasis (Romanowska et al. 2002). Pb-toxicity in soil
caused poor biomass, reduced growth, chlorosis, photosyn-
thetic disturbance, and alteration in water balance, nutrient
uptake, and maturity in plants (Pourrut et al. 2011). Early
on in the course of Pb poisoning, the production of reactive
oxygen species (ROS) such as H,O, increases, resulting
in secondary oxidative stress and growth inhibition (Yang
et al. 2010). According to Mroczek-Zdyrska and Wojcik
(2012), Pb toxicity reduces the number of mitochondria in
the cell, which negatively impacts the photosynthesis and
respiration processes by diminishing oxidative phosphory-
lation potential.

Plants absorb sulfur (S) as sulfate, which is required for
the biosynthesis of proteins, co-enzymes, prosthetic groups,
vitamins, amino acids as well for the tolerance of abi-
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otic and metabolic stress (Yoshimoto et al. 2003). Syn-
thetic S-containing molecules such as the amino acids cys-
teine and methionine, as well as proteins and lipids as well
as coenzymes and many secondary metabolites of sulfur,
can be produced using this method (Saito 2004; Siddiqui
et al. 2020). S is linked to co-enzymes, proteins, vitamins,
anti-oxidants, glutathione, methionine, cysteine, and phy-
tochelatin, as well as glutathione and methionine synthe-
sis (Yoshimoto et al. 2003; Kabir et al. 2016). Further-
more, glutathione serves as a precursor for phytochelatin
(PC) production, and it is produced by the glutathione syn-
thetase (GS) enzyme (Ortega-Villasante et al. 2007). The
glutathione S-Transferase (GST) has been shown to defend
plants against some abiotic stressors, including heavy met-
als (Zhang et al. 2013). The biosorption capacity of Pb can
be found within the root cell wall, which can help to reduce
heavy metal translocation. Metals are sequestered intracel-
lularly mediated by PC, which is commonly observed in
the detoxification process (Zhang et al. 2013). PC’s ability
to bind to metal is mostly determined by the occurrence
or lack of metal, which is commonly located in the root
vacuole of the cell (Bari et al. 2019). The PCS gene is acti-
vated, on the other hand, and is principally responsible for
PC accumulation in plants, resulting in the accumulation of
heavy metal chelates (Piotrowska-Niczyporuk et al. 2020).

Excessive ROS in plant cells is a well-known side
effect of Pb toxicity (Gechev and Petrov 2020). Further-
more, plants contain adaptive systems for scavenging ROS,
which are generally controlled by glutathione (Rahman
et al. 2020). To detoxify ROS molecules, glutathione in-
teracts with them and also regulates enzymes that combat
free radicals in the body (Kabir et al. 2016). Furthermore,
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various endogenous metabolites (such as cysteine, glycine
and alanine) play crucial roles in decreasing metal stress
damage, according to the study (Kabir 2016). Aside from
enzymes, the amino acids cysteine and methionine have
also been linked to the lowering of ROS in plants, ac-
cording to research. Furthermore, methionine is essential
for the production of nicotianamine, which is beneficial in
maintaining metal homeostasis (Bonneau et al. 2016).

Wheat (Triticum aestivum L.) is a grass species that is
one of the world’s oldest and most important cereal crops,
with great nutritional benefits. It is also one of the most
widely planted crops in the world. It is believed that the
addition of excess S helps to protect plants against the
toxicity of heavy metals (Park et al. 2012). However, the
mechanisms behind S-mediated Pb-toxicity detoxification
in wheat are unknown. Therefore, we investigated whether
and how exogenous S decreases Pb toxicity in wheat plants.
We also performed a series of physiological, biochemical,
and molecular techniques to investigate the mechanistic ba-
sis of S-mediated Pb detoxification in wheat.

Material and Methods
Plant Cultivation

Wheat seeds (BARI Gom-26) were disinfected with 70%
ethyl alcohol for three minutes before being rinsed twice
with distilled water. At room temperature, the sterilized
seeds sprouted on a germination plate containing moist tis-
sue paper. Plants that are 2 days old were subsequently
transported into 2liters of half-strength aerated Hoagland
solution (Hoagland and Arnon 1950). In addition to these
components, the following was done with Pb and S: con-
trol (without 500uM Pb(NOs), and 2.5mM K,SOs), +Pb
(500 uM Pb(NO:s),), +Pb +S (500 uM Pb(NOs), and 2.5 mM
K;S0,), and +S (2.5mM K,SOs). The pH of the nutrient
solution was adjusted to 6.0 using 1M KOH. Plants were
grown for 7 days after transferring to the hydroponic condi-
tions under 10h of light and 14 h of darkness (550-560 umol
s7! perpA) in the growth room before analyzing data.

Measurement of Morphological Parameters
and Chlorophyll Score

The length of the longest root and shoot of each sample
was measured using a digital caliper. Before being weighed
dry, the root and shoot were dried in an electric oven for
three days at 80°C. A chlorophyll meter (atLEAF CHL
STD, Wilmington, Delaware, USA) was used to measure
the chlorophyll content of juvenile leaves.

Determination of Electrolyte Leakage

The electrolyte leakage, an indicator of the cell membrane
integrity, was determined using a conductivity meter (Lutts
et al. 1996). Briefly, contaminants on the root and shoot sur-
face were removed by repeated washing with distilled water.
Following that, the new samples were moved to a beaker
containing distilled water (20mL) and maintained at 25°C
for 2h. Finally, the electrical conductivity of the solution
was calculated as a percentage of its initial and final con-
ductivity values at the beginning and end of the incubation
time.

Measurement of Cell Death (%)

Evans blue was used to calculate the cell death (%) (Zhao
et al. 2005). Briefly, the entire fresh root and shoot were
placed into an Evans blue mixture tube that contained 2 mL
of water and incubated for 15 min. The samples were then
transferred to 80% ethanol and kept for 10min. The tubes
were then incubated in a water bath for 15min at 50°C
and subsequently centrifuged for 10 min at 12,000 rpm. The
absorbance of the supernatant was measured at 600 nm. Fi-
nally, the total cell loss % in the root and shoot tissues was
determined based on the fresh weight.

H.,O, Measurement

As previously mentioned, the H,O, content in roots was
measured using a spectrophotometric technique (Sayed and
Gadallah 2019). After cleaning with deionized water, fresh
root and shoot were homogenized with 0.1% trichloroacetic
acid. To separate the aqueous component, the liquid extract
was centrifuged for 15 min at 10,000 rpm. To allow fora 1 h
reaction, 10mM potassium phosphate (pH 7.0) and 1M KI
were added to the top aqueous fraction. Finally, at 390 nm,
the absorbance was measured.

O, Measurement

The superoxide (O;) concentration was determined by
utilizing an extinction coefficient of 2.16x 104M-! cm™!
(Hu et al. 2012). In a nutshell, the samples of root and
shoot were rinsed with water and then homogenized using
cold K-phosphate buffer (10 mM) before being centrifuged
for 10min at 12,000 rpm at 4°C. Subsequently, the translu-
cent supernatant was combined with a supplementary test
solution containing 0.25mM XTT sodium salt (2,3-Bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-
anilide) and 50mMTris-HCl, followed by centrifugation
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(pH). Lastly, the optical densities of the solutions were
measured at 580 nm.

Determination of Pb and Fe Concentration

To remove exterior elements, roots were rinsed once with
CaSO4 (0.1 mM) and numerous times with Milli-Q water.
The roots and shoots were then individually desiccated
in an oven for 72h at 70°C. The dried materials were
then weighed and dissolved in a 1:3 v/v suspension of
HCIO4/HNO:3, and the Pb and Fe concentrations in the di-
gested solution were determined using ICP-MS (inductively
coupled plasma mass spectrometry) based on the standard
known solution of these components (Agilent 7700, ICP-
MS). The centrifugation procedures mentioned before were
utilized to measure Pb compartmentalization in the cell wall
and root vacuole (Pourghasemian et al. 2019). In summary,
root fresh weight was obtained and mashed using a mortar
and pestle (chilled) in 1ml extraction buffer (500mM su-
crose, S0mM HEPES, 5.0mM ascorbic acid, 1.0mM DTT
(dithiothreitol), 1.0% (w/v) PVP) after multiple washes with
Mili Q water (polyvinylpyrrolidone). The homogenate was
sifted using a nylon cloth (10 mm), and the residue on the
nylon fabric was rinsed twice with the same homogeniza-
tion buffer (1 ml) and labeled as the cell wall fraction. The
precipitate was labeled as the fraction of the vacuole after
centrifuging the first filtrate at 4000rpm for 10min. The
particles were dried in an oven after the supernatant was
discarded. ICP-MS was used to calculate the Pb concentra-
tions in the cell wall and vacuole.

Cys, GSH and PC Determination

Empower3TM software and high-performance liquid chro-
matography (HPLC) at 280 and 360nm with a dual Waters
2489 detector were used to analyze cysteine, glutathione,
and phytochelatin in wheat roots and shoots (Kabir et al.
2016). As gradient conditions, a C18 reverse-phase col-
umn was employed with 100% acetonitrile as the mobile
phase (Kabir et al. 2016). Before injection (0.22 mm Min-
isart Syringe Filters), the extracts and samples were diluted
(100 times) and filtered. For identifications, known GSH
and PC3 standards were employed (Greger et al. 2016). By
comparing the standard’s peak area and retention time, the
concentration of the unidentified samples was determined.

Expressions of Genes

In response to Pb stress, the genes involved in vacuo-
lar storage (7aNASI and TaDMASI) and sulfate transport
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(TaGST and TaPCSI) in wheat plants were found in the
ENSEMBL (https://plants.ensembl.org/Triticum aestivum/
Info/Index) and NCBI databases. As previously disclosed,
total RNA was extracted from wheat plant root tissues
using the SV total RNA isolation system kit (Promega,
USA). In a nutshell, RNA extraction buffer was used to
homogenize 80mg of root samples from each condition
in a mortar pestle, and 1% (v/v) B-mercaptoethanol was
added before centrifuging at 12,000rpm for 2min. After
the washing processes were completed, additional RNase-
free water was used to recover RNA from the RNA spin
columns, and the RNA’s final yield was measured using
a Nanodrop Spectrophotometer. The first-strand cDNA
was generated from RNA using the PrimeScriptTM RT
kit (Takara, United States). The real-time PCR was done
on a CFX-96TM real-time PCR (BIORAD, United States)
using gene-specific primers created using the NCBI primer
designing tool (Supplementary Table S1) modeled on the
database of sorghum genes. The PCR protocol was as fol-
lows: 95°C for 30sec, followed by 40 cycles of 95°C for
5sec and 60°C for 30sec. The expression level of the target
gene was measured using Actin as an internal control (Li-
vak and Schmittgen 2001). Three independent replications
were performed for each condition.

Statistical Analysis

All studies were carried out using three distinct biological
replications. The significance level for analysis of variance
(ANOVA) was set at 5%, which was subsequently followed
by Duncan’s Multiple Ranking Test (DMRT) (SPSS Statis-
tics 20 software). The GraphPad Prism 6 software produced
graphic figures.

Results
Chlorophyll Score and Morphological Parameters

The chlorophyll score was significantly reduced in leaves
of wheat owing to the toxicity of Pb in contrast to con-
trols (Fig. 1). The exogenous S combined with Pb showed
a significant increase in chlorophyll score in contrast to
Pb-exposed wheat. Plants only cultivated with S displayed
a similar chlorophyll score compared to the rest of the pa-
rameters except for Pb-exposed plants (Fig. 1b). Pb-stressed
plants showed adverse phenotypic effects including reduced
root dry weight and root length than the plants cultured
with Pb and S (Fig. 2a,b). However, exogenous S applied
with Pb-stressed plants caused a significant improvement
in these root morphological characteristics contrasting with
Pb-stressed wheat. The addition of S merely demonstrated
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Fig. 1 Phenotype (a) and leaf chlorophyll (b) score in wheat plants
cultivated in different growth conditions: control (without K2SO4 and
PbSO4), +Pb (500uM PbSO4), +Pb +S (500uM PbSO4 and 2.5mM
K2S0O4) and +S (2.5mM K2SOy4). Data represent means+ SD of three
independent biological samples. Different letters indicate significant
differences at P<0.05 level, where applicable

resembling morphological features compared to the con-
trols and plants exposed to Pb with S (Fig. 2a—d). However,
there were no significant differences in shoot height or dry
weight when Pb or S was present or not (Fig. 2¢,d).

Changes in Stress Indicators

Wheat plants that exposed to Pb manifested a considerable
rise in electrolyte leakage, H,O, and O, concentration in
roots in comparison to the controls (Fig. 3a,c,d). Despite
this, the addition of both S and Pb resulted in a significant
reduction in root electrolyte leakage, H,O, and O, concen-
trations compared to the plants exposed to Pb (Fig. 3a,c,d).
Additionally, plants treated alone with S had similar elec-
trolyte leakage, H,O, and O; concentrations in the roots
relative to controls (Fig. 3a,c,d). However, no significant
changes were found in electrolyte leakage, H,O», or O; con-
centrations in the shoot between the treatments (Fig. 3a,c,d).
Besides this, the cell death (%) was significantly increased
due to Pb-toxicity both in root and shoot compared to con-
trols (Fig. 3b). However, when S was combined with Pb,
there was a considerable reduction in root and shoot cell
death (%) compared to plants exposed to Pb. Plants treated
alone with S had the similar root and shoot cell death as
controls (Fig. 3b).

The Concentration of Pb and Fe

When compared to untreated controls, the concentration of
Pb in the roots and shoots of wheat plants increased con-
siderably as a result of Pb stress (Fig. 4a,b). Plants grown
with Pb and S showed no significant changes in Pb con-
centration in the root, but the Pb concentration in the shoot
decreased significantly as compared to plants grown with
Pb-toxicity (Fig. 4a,b). Furthermore, Pb concentrations in
root vacuoles increased in Pb-stressed plants compared to
untreated controls (Fig. 4c). Moreover, S added with Pb fur-
ther displayed a significant increase of Pb in root vacuoles
relative to Pb-stressed wheat (Fig. 4c). Pb concentration in
the root cell wall increased significantly when Pb was added
alone or in combination with S. (Fig. 4d). Pb concentrations
in the root, shoot, vacuoles, and cell walls of wheat plants
treated separately with S were similar to that of controls
(Fig. 4a—d).

In this experiment, Fe concentration significantly de-
clined because of the detrimental effect of Pb as opposed
to untreated controls in both root and shoot. Subsequently,
Fe concentration was strongly inversed due to exogenous S
together with Pb (Fig. 4e.f). Plants grown alone with S had
Fe levels in the root and shoot that were similar to controls
(Fig. 4e,f).

S-metabolites and Phytochelatin Analysis

Among the metabolites, cysteine and glutathione concen-
trations in roots decreased significantly due to Pb-toxicity
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Fig.3 Electrolyte leakage (a), cell death % (b), H2O2 (¢) and O3 (d) in wheat plants cultivated in different growth conditions: control (without
K>SOy and PbSO4), +Pb (500 uM PbSO4), +Pb +S (500 uM PbSO;4 and 2.5mM K2SO4) and +S (2.5mM K2SO4). Data represent means + SD of
three independent biological samples. Different letters indicate significant differences at P<0.05 level
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Fig.4 Pb concentration in
root (a), Pb concentration in
shoot (b), Pb concentration

in vacuole (¢) and Pb con-
centration in cell wall (d), Fe
concentration in root (e) and
Fe concentration in shoot (f) of
wheat plants cultivated in differ-
ent growth conditions: control
(without K2SO4 and PbSOy4),
+Pb (500 uM PbSO4), +Pb +S
(500uM PbSO4 and 2.5mM
K2SO04) and +S (2.5 mM K2SO4).
Data represent means+ SD of
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in comparison to the untreated controls (Fig. 5a,b). How-
ever, plants cultivated in the presence of Pb with S demon-
strated significantly increased cysteine and glutathione lev-
els in roots compared to Pb-exposed conditions. Further-
more, plants grown alone with S had similar cysteine and
glutathione levels in the roots relative to controls (Fig. 5a,b).
PC content, on the other hand, demonstrated no significant
alterations in response to Pb stress compared to controls
(Fig. 5¢). In contrast to the other treatments (control, +Pb,
and +S), the addition of S with Pb resulted in a significant
accumulation of PC in roots (Fig. 5c¢).
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Expression Analysis of Candidate Genes

When roots were exposed to Pb, the expression of TaNASI
decreased considerably compared to controls (Fig. 6). In
comparison to Pb-exposed plants, exogenous S with Pb
resulted in a significant induction of the 7aNASI gene.
TaNAS1 expression in the roots of plants grown solely
with S was similar to that of controls (Fig. 6). Further-
more, the expression of the TaDMAS1 gene in wheat roots
was dramatically reduced due to Pb compared to controls.
When compared to Pb-exposed plants, Pb with exogenous S
showed a substantial increase in 7aDMASI expression in
roots. Further, the expression of TaDMASI showed simi-
lar expression pattern under exogenous S in the roots to
that of controls (Fig. 6). Finally, there were no significant
differences in the expression of TauGST and TaPCSI genes
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Fig.5 Cysteine (a), GSH (b) and PC concentration (c) in the roots of
wheat plants cultivated in different growth conditions: control (without
K2S04 and PbSO4), +Pb (500 uM PbSO4), +Pb +S (500 uM PbSO4 and
2.5mM K2S04) and +S (2.5mM K3SOg4). Data represent means+ SD
of three independent biological samples. Different letters indicate sig-
nificant differences at P<0.05 level
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Fig.6 Quantitative gene expression analysis in the roots of wheat
plants cultivated in different growth conditions: control (without
K2S04 and PbSO4), +Pb (500 uM PbSO4), +Pb +S (500 uM PbSO4 and
2.5mM K2S04) and +S (2.5mM K3SOg4). Data represent means+ SD
of three independent biological samples. Different letters indicate
significant differences at P<0.05 level

in roots between controls and Pb-toxic conditions (Fig. 6).
The addition of S with Pb showed a significant upregula-
tion of 7aGST and TaPCSI genes in roots to that of Pb-
exposed plants. However, the expression of 7aGST and
TaPCS1 showed similar expression patters in roots to those
of controls and Pb-toxic plants (Fig. 6).

Discussion

Pb is a hazardous contaminant that causes cell damage and
an increase in ROS, resulting in diminished growth and de-
velopment in plants (Mroczek-Zdyrska and Wéjcik 2012).
S is an essential element that plays a key role in physio-
logical function as well as resistance to a variety of abi-
otic stimuli, including heavy metal stress (Saifullah et al.
2016; Das et al., 2021). In this investigation, exogenously
adding S into the culture medium resulted in improvements
in the morphological and physiological properties of wheat
that had been exposed to Pb. We revealed how S indirectly
promotes Pb detoxifying mechanisms in wheat plants by
fine-tuning of physiological and molecular features.

In wheat, S supplementation resulted in a considerable
increase in root biomass and length. The decrease in plant
biomass is reported in several plants when exposed to heavy
metals due to cell injury (Rucinska-Sobkowiak 2016; Das
et al. 2021). However, we did not see growth retardation in
shoot parameters in Pb-stressed wheat. This is possibly due
to the early age of the wheat plants. In sorghum, the early
stage Fe-deficiency also caused no damage in shoot (Prity
et al. 2021). Heavy metals disrupt the equilibrium of ions
and the osmosis of plants (Roy et al. 2016). The morpho-
logical improvement in wheat plants following S addition in
the presence of Pb is compatible with decreased cell death
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Fig.7 The mechanistic basis of
sulfur-mediated alleviation of Pb
toxicity in wheat. The diagram
shows the elevated retention

of Pb in the roots due to the
upregulation of 7aGST and
TaPCS, while Fe was restored

. . — Stress signaling

Induction of gene

due to the increased expression
of TaNASI and TaDMAS1

Physiological
improvement

Reduced Pb translocation

and electrolyte leakage; in addition, S addition improves
the redox state in the roots and shoots. As a result, S can
aid wheat plant recovery from Pb-induced morphological
retardation and cell damage.

Photosynthesis is extremely vulnerable to stress caused
by the environment and metals, and it is essential for plant
development (Das et al. 2021). Chlorophyll degradation,
photosystem damage, photosynthetic electron flow arrest,
and lower PSI and PSII quantum yields are all symptoms
of Pb poisoning in plants (Mroczek-Zdyrska and Wdjcik
2012; Mallhi et al. 2019). In this investigation, the pres-
ence or absence of Pb and S revealed a substantial connec-
tion between chlorophyll score and photosynthesis. Under
Pb stress, wheat plants were unable to regulate the photo-
synthetic activity, as evidenced by the decrease in chloro-
phyll score. Surprisingly, when wheat plants were supplied
with S under Pb stress, chlorophyll scores were restored.
These findings are in agreement with Cd-stressed alfalfa in
which S surplus showed substantial improvement in chloro-
phyll synthesis and photosynthesis biophysical traits (Das
et al. 2021). In another study, S fertilization in the pres-
ence of Pb boosted photosynthetic and transpiration rates,
resulting in higher wheat straw and grain yields in a pot
experiment (Saifullah et al. 2016). Given the fact that Pb
toxicity is detrimental to photosynthesis, we further demon-
strated the decrease of Fe status in root and leaves of Pb-
exposed wheat. Thus, it may also be possible the Pb-in-
duced chlorophyll reduction is related to the decreased Fe
accumulation in wheat. This phenomenon is further sup-
ported by the restoration of Fe status accompanied by the
upregulation of 7aNAS1 and TaDMAS1 genes in roots fol-
lowing S addition in Pb-exposed wheat.

Wheat plants’ roots and shoots accumulated a significant
amount of Pb in response to Pb treatment. Surprisingly, S in
addition to Pb supplementation increased Pb concentration
in the root, but subsequent Pb translocation into the shoot

{ TaNAS1 )
Steady Fe restoration
chlorophyll
synthesis
TaDMAST,
TaGST )+
Pb retention Elevated
in root vacuole [+ phytochelatin
TaPCS1 j+—

in Pb-stressed wheat plants showed no significant changes.
This shows that there is an excess of Pb in the root sys-
tem, resulting in a Pb status in the shoot that is harmless.
Although the molecular rationale was not explored, S fertil-
ization was revealed to be crucial in lowering Pb in wheat
by increasing Pb accumulation by aboveground plant parts
(Saifullah et al. 2016). Thus, we performed an in-depth Pb
analysis in vacuole and cell wall of wheat plants to whether
any of these organs do have any association with the excess
Pb accumulation even after S addition. Excess metals are
retained in roots by vacuolar sequestration, which has been
observed in some metal-tolerant plant species (Bari et al.
2019). Our analysis showed that it is the vacuole not the cell
wall of the root system that showed a significant increase of
Pb in response to the dual application of Pb and S compared
to Pb-stressed wheat. To understand more about the mech-
anisms impacted by S, we observed that the concentration
of S-metabolites (cysteine, GSH, and PC) in the root was
considerably increased when wheat plants were treated with
Pb and S at the same time. It suggests that S supplemen-
tation induces an increase in S-metabolites, which causes
PC levels to rise, allowing more Pb to bind to it. However,
whether PC-induced Pb retention happens in plants’ vac-
uoles or cell walls is unknown (Bari et al. 2019; Das et al.
2021). According to Carrier et al. (2003), the negatively
charged cell walls bond to the positively charged metal via
the ability to exchange cations. S-mediated Pb accumula-
tion in wheat roots is linked to increased Pb accumulation
in vacuoles rather than cell walls, according to our findings.
This demonstrates that in wheat plants, the reduction of Pb
toxicity is followed by an increase in Pb deposition in the
vacuole, which is mediated by PC. To further validate these
findings, we performed real-time PCR analysis of candi-
date genes responsible for GSH and PC synthesis in wheat
plants. While Pb and S were used to treat wheat plants at
the same time, the 7aGST and TaPCSI genes were found
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to be upregulated in the roots. The influence of S-induced
PC buildup on Cd detoxification in Tartary buckwheat was
also reported by Lu et al. (2019), albeit this result was not
supported by molecular data. Overexpression of arsenic-
phytochelatin synthase 1 (AsPCSI) and yeast cadmium fac-
tor 1 (YCFI) in Arabidopsis thaliana boosted tolerance to
Cd and As, as well as the ability to accumulate more met-
als (Shukla et al. 2013; Guo et al. 2012). Thus, PCS can be
a promising candidate gene to increase resistance in plants
to heavy metals.

Conclusion

The addition of exogenous S significantly increases the
root biomass, cellular integrity, and redox status under Pb
stress in wheat. In addition, the S supplementation in Pb-ex-
posed wheat improved the chlorophyll score and Fe status
in the roots and shoots, accompanied by the upregulation
of Fe-related genes (TuNASI and TaDMAS1). Furthermore,
S treated with Pb revealed a considerable increase in Pb
in the vacuole but not in the cell wall, indicating that safe
Pb deposition in the root vacuole inhibits long-distance Pb
transport in wheat (Fig. 7). Concomitantly, the increase of
glutathione and phytochelatin accompanied by the upreg-
ulation of 7TaGST and TaPCSI expression in root confirm
the PC-driven vacuolar sequestration of Pb due to S sup-
plementation in wheat. The findings further suggest that
S-metabolites have a role in scavenging Pb-induced ox-
idative damage in wheat. These conclusions provide vital
information to lessen the environmental and health risks of
bioremediation of Pb in wheat and other crops.
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