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Mercury (Hg), a highly toxic element, poses significant risks to plant growth and human health. This study
investigated the mechanisms of Hg accumulation and tolerance by exogenous cysteine (Cys) and glutathione
(GSH) in rice. Here, we showed that exogenous Cys and GSH significantly enhanced Hg tolerance in rice but
exhibited contrasting effects on Hg accumulation. Exogenous Cys significantly increased Hg accumulation in rice
roots, primarily in the cell wall, while exogenous GSH decreased root Hg accumulation. Exogenous Cys signif-
icantly increased the expression of cell wall biosynthesis genes, particularly those involved in lignin synthesis,
resulting in greater lignin accumulation in epidermis, exodermis, and stele, which correlated with increased Hg
binding to the cell wall. In addition, exogenous Cys significantly upregulated several ABC transporters, partic-
ularly OsABCGs and OsABCCs, suggesting their possible involvement in Hg transport and vacuolar sequestration.
In the process of cellular Hg detoxification, GSH upregulated aquaporin to maintain membrane function and
water balance, Cys primarily activated peroxidase-mediated H202 scavenging. Taken together, these findings
highlight novel candidate genes involved in Hg cell wall binding, transport, and detoxification, regulated by Cys
and GSH, offering insights for enhancing our understanding of the molecular mechanisms underlying Hg
accumulation and tolerance. Furthermore, this study provides new insights into thiol-mediated Hg tolerance and
offers potential strategies for reducing Hg accumulation in crops.

Major plant non-protein thiols (NPTs) containing cysteine (Cys),
such as glutathione (GSH), phytochelatins (PCs), and metallothioneins

Introduction

Mercury (Hg) is a highly toxic pollutant originating from both nat-
ural processes and human activities such as fossil fuel combustion, waste
incineration, and mining. Due to its extreme persistence in the envi-
ronment, Hg readily accumulates in plants, posing a serious threat to
crop productivity and food safety (Natasha et al., 2020; Tang et al.,
2020). Given that rice (Oryza sativa L.) is one of the most widely culti-
vated food crops globally, mitigating Hg accumulation and toxicity in
rice is critical for ensuring both agricultural productivity and human
health. Hg strongly binds to the sulfhydryl (-SH) groups of proteins and
other biomolecules, interfering with cellular metabolic processes such as
enzyme activity, water transport, nutrient homeostasis, photosynthesis,
and mitochondrial metabolism, ultimately leading to cell damage and
growth inhibition in plants (Ajsuvakova et al., 2020; Natasha et al.,
2020; Patra and Sharma, 2000).

* Corresponding author.

(MT), chelate Hg?* ions through their Cys SH groups, converting Hg into
less toxic forms and thereby reducing its harmful effects (Ajsuvakova
et al., 2020; Dago et al., 2014; Kim et al., 2017, 2022; Manceau et al.,
2019). As Cys serves as both a structural component of MTs and as the
biosynthetic precursor of GSH—which subsequently serves as the sub-
strate for PC synthesis—both Cys and GSH are considered essential for
Hg accumulation and detoxification in plants. Studies have focused on
investigating the direct roles of Cys and GSH through exogenous
application studies under heavy metal (HM) stress. Although external
application of Cys or GSH improves tolerance to Cd, Cr, and Pb in
various plant species, their influence on metal uptake and accumulation
differs among species (Terzi and Yildiz, 2021; Wang et al., 2011; Yildiz,
Terzi., 2021; Zeng et al., 2012). Likewise, exogenous Cys and GSH en-
hances Hg tolerance in Arabidopsis but exert opposite effects on Hg
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accumulation (Kim et al., 2017, 2022), suggesting that Cys and GSH
differentially modulate Hg uptake and cellular distribution. However,
the underlying mechanisms remain largely unknown.

Several bacterial Hg transporters including merA, merB, merC, and
merT have been identified and play crucial roles in Hg resistance, up-
take, and accumulation in transgenic tobacco and Arabidopsis (Haque
et al., 2010; Li et al., 2020; Uraguchi et al., 2019; Xu et al., 2017). In
contrast, specific Hg transporters across the plant plasma membrane
remain unidentified. Previous studies have highlighted the ability of
thiol compounds to facilitate HM transport and sequestration. PCs bind
to HMs and act as carriers for HM ions during long-distance transport
from roots to shoots (Mendoza-Cozatl et al., 2010). PCs complexed with
Cd, As, and Hg are transported into vacuoles via vacuolar transporters,
such as AtABCC1 and AtABCC2 (Mendoza-Cozatl et al., 2010; Park et al.,
2012; Song et al., 2010). GSH also forms HM complexes that are
transported into vacuoles for sequestration (Roy et al., 2023). A recent
study indicates that amino acid transporter AtLHT1, induced by exoge-
nous Cys, may facilitate Hg uptake in the form of Hg-Cys complexes in
Arabidopsis roots (Kim et al., 2022). As plant Hg transporters remain
uncharacterized, exploring whether nonspecific transporters—including
those modulated by Cys or GSH—contribute to Hg uptake could provide
valuable insight into Hg accumulation mechanisms.

Intracellular Hg generates reactive oxygen species (ROS) and dam-
ages macromolecules, such as membrane components and proteins,
resulting in mitochondrial dysfunction and impaired metabolic pro-
cesses (Natasha et al., 2020; Vergilio et al., 2015; Zhou et al., 2007). The
detoxification of excess ROS is mediated by an antioxidant system
comprising enzymatic components—such as superoxide dismutase
(SOD), peroxidase (POX), catalase (CAT), and glutathione reductase
(GR)—and nonenzymatic antioxidants including GSH, ascorbic acid
(AsA), and carotenoids, which collectively maintain cellular redox ho-
meostasis (Foyer and Noctor, 2005; Mittler et al., 2004). Recent studies
show that exogenous Cys enhances the expression and activity of anti-
oxidant enzymes, including SOD, POD, CAT, and GR, under Co, Cr, Hg,
and Cd stress in rapeseed, Arabidopsis, sweet basil, and maize (Aysin
et al., 2020; Azarakhsh et al., 2015; Kim et al., 2022; Yildiz, Terzi.,
2021). Similarly, exogenous GSH increases the activity of antioxidant
enzymes and the levels of nonenzymatic antioxidants in As-treated rice
and Cd-treated wheat (Jung et al., 2019; Li et al., 2021). However, ev-
idence regarding how Cys and GSH modulate Hg-induced oxidative
stress in rice is still limited, and understanding their regulatory effects
on antioxidant gene expression could provide key insights into Hg
tolerance mechanisms in this important crop.

Roots act as the primary barrier to Hg entry and predominantly
retain Hg, thereby limiting its translocation to aerial tissues in many
plant species (Ericksen and Gustin, 2004; Greger et al., 2005; Yuan et al.,
2022). HM ions can also be adsorbed and immobilized in the cell wall to
mitigate their toxic effects. The plant cell wall is a complex matrix
composed mainly of cellulose, hemicellulose, lignin, and pectin
(Voiniciuc et al., 2018; Yuan et al., 2022). Under HM stress, plants
modify the biosynthesis of these polysaccharides to enhance metal
binding capacity (Cheng et al., 2025). Lignin accumulation, commonly
induced by Cd and Zn, strengthens the cell wall and reduces the
movement of HMs from the apoplast into the cytoplasm (Dong et al.,
2023; Kanwal et al., 2025). Therefore, elucidating the mechanisms of Hg
sequestration in the root cell wall is important for understanding plant
tolerance. Although previous RNA-Seq studies have identified
Hg-responsive genes in rice roots (Chen et al., 2012, 2014; Huang et al.,
2022), the cellular mechanisms underlying Hg uptake, sequestration,
and metabolic fate remain poorly defined. Moreover, no study has
comprehensively examined how Cys and GSH influence Hg responses in
rice roots, highlighting the need to clarify the molecular pathways
involved. Thus, this study aims to (1) determine how exogenous Cys and
GSH differentially affect Hg uptake and intracellular distribution in rice
roots after 1 day of Hg exposure; (2) identify key genes and pathways
involved in Hg transport, sequestration, and detoxification through
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transcriptomic analysis; and (3) elucidate the regulatory mechanisms of
candidate genes, —including membrane transporters, cell wall-related
genes, and antioxidant genes—involved in the Cys- and GSH-mediated
responses to Hg stress.

Materials and methods
Plant materials and growth conditions

Rice (Oryza sativa L. japonica cv. Nipponbare) seeds were surface-
sterilized with a 10 % sodium hypochlorite solution for 20 min and
thoroughly rinsed with deionized water to remove residual sodium hy-
pochlorite. Subsequently, the seeds were sown on half-strength Mura-
shige and Skoog (1/2 MS) medium supplemented with varying
concentrations of HgCly (~200 pM) with Cys or GSH for evaluation of
germination rates and seedling growth (denoted as Hg, Hg+Cys, or
Hg+GSH). In preliminary experiments, rice seeds failed to germinate in
the presence of 400 pM HgClz, so 200 pM HgCl. was used as the
maximum concentration for phenotypic analysis. In addition, 50 pM Cys
and GSH were selected based on preliminary dose-response experiments
showing effective mitigation of Hg toxicity without causing independent
phytotoxicity. To examine the effects of Cys and GSH on seedling growth
under Hg stress, germinated seeds were transferred to 1/2 MS medium
containing HgCl, (50 pM and 100 pM), with 50 pM Cys and GSH, and the
plates were incubated in a vertical orientation. On the other hand, 2
weeks old rice seedlings were exposed to 5 nM, 50 nM, or 20 uM HgCl,,
with or without Cys or GSH, for 24 h and used for subsequent analyses.
All experiments were conducted in triplicate.

Determination of Hg content

Hydroponically grown rice seedlings were exposed to different HgCl,
concentrations (5 nM-20 pM), with Cys or GSH, for 24 h. Subsequently,
the seedlings were thoroughly rinsed with deionized water and sepa-
rated into roots and shoots. To isolate subcellular fractions (cell wall,
cytoplasm, and organelles), fresh root tissue (1.0 g) was homogenized in
10 mL of pre-chilled 10 mL extraction buffer solution (0.25 M sucrose,
50 mM Tris-HCI (pH 7.5), 1 mM dithiothreitol). The homogenate was
centrifuged at 3000 x g for 10 min at 4°C, and the resulting pellet was
designated as the cell wall fraction. The supernatant was further
centrifuged at 15,000 x g for 30 min at 4°C, yielding a pellet (organelle
fraction) and a supernatant (cytoplasmic fraction), collectively referred
to as the soluble fraction (Yang et al., 2018). Subsequently, the Hg
content in each fraction was determined. All samples were dried at 80°C
until completely dehydrated, and the Hg content was measured using a
DMA-80 Direct Mercury Analyzer (Milestone, Sorisole, Italy). Standard
reference material (SRM) MESS-3 (NRCC, National Research Council,
Canada) was used for the calibration and validation of analytical
methods.

Transmission electron microscopy analysis of subcellular Hg distribution

Root tips were harvested and prepared for transmission electron
microscopy (TEM) analysis. The root tips were pre-fixed in a modified
Karnovsky's fixative (mixture of 4 % paraformaldehyde and 2.5 %
glutaraldehyde in 50 mmol/L phosphate buffer, pH 7.2), post-fixed in
2 % osmium tetroxide, and dehydrated through a graded acetone series
(30 %, 50 %, 70 %, 80 %, 90 %, and 100 %). Subsequently, the samples
were infiltrated and embedded in Spurr’s low-viscosity epoxy resin for
polymerization. Ultrathin sections (70 nm) were cut using an MTX
Powertome X ultramicrotome (RMC Products, Boeckeler Instruments,
Egham, UK) with a diamond knife and stained with 3 % uranyl acetate
and lead citrate. The sections were analyzed using a JEOL JEM-1400
transmission electron microscope (JEOL, Leica Microsystems Inc., Buf-
falo Grove, IL, USA) operated at 80 kV.
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Fourier transform infrared (FTIR) spectral analysis

The dried rice roots were ground and analyzed via Fourier transform
infrared (FTIR) (PerkinElmer Spectum 3) spectrometer. FTIR spectra
were recorded in the range of 4000-400 cm™ with a resolution of
4cm™.

Assessment of cellular damage

To evaluate cell wall integrity using propidium iodide (PI) staining,
rice roots were treated with 20 pM HgCly in the presence of 50 pM Cys or
GSH for 24 h and then incubated in 5 mg/L PI solution for 5 min. For
fluorescence microscopy, the root samples were mounted on glass slides
(1.0-1.2 mm thick) with long coverslips (22 x 50 mm, 0.16-0.19 mm
thick). Samples were visualized using a Zeiss LSM 880 confocal micro-
scope with a 40 x objective lens, a 488 nm excitation wavelength, and
collecting emission at 496-577 nm. Hydrogen peroxide (HyO5) content
was measured using the potassium iodide method, where H-0: reacts
with iodide to form iodine, which is quantified spectrophotometrically
at 410 nm (Kim et al., (2017). To evaluate membrane damage using
Evans blue staining, the roots of the 10-day-old rice seedlings, as pre-
viously described, were incubated in a 0.25 % (w/v) Evans blue solution
for 10 min and rinsed thoroughly with deionized water. Subsequently,
the extent of dye taken up by the cells was quantified by grinding the 10
stained roots in 1 % SDS and measuring the absorbance at 600 nm. Al-
dehydes that originated from LOOH in the roots were visualized with
Schiff’s reagent (Yamamoto et al., 2001). Roots were stained with
Schiff’s reagent (Wako Pure Chemical) for 10 min, rinsed with a freshly
prepared sulfite solution (0.5 % [w/v] K2S50s5 in 0.05 M HCI), and then
kept in the sulfite solution and were instantly photographed.

Histochemical and content determination of lignin

The lignin content in rice roots was quantified according to the
method of Jang and Lee (2020)) with a few modifications. The rice roots
were ground with liquid nitrogen and freeze-dried. The dried samples
(10 mg) were transferred into a centrifuge tube containing 95 % ethanol,
thoroughly mixed, centrifuged at 5000g for 4 min, and rinsed with
distilled water twice. The pellets were then dried at 60 °C, and digested
in 25 % acetyl bromide (% v/v in glacial acetic acid) at 70 °C for 30 min,
then added to 0.9 mL of 2 M NaOH to terminate the digestion. The
samples were then mixed with 3 mL of acetic acid and 0.1 mL of 7.5 M
hydroxylamine HCl and centrifuged at 4000 g for 10 min. The super-
natant was diluted 10-fold with glacial acetic acid. The absorbance at
280 nm of each sample was measured. To determine lignin deposition in
rice roots, the roots were sectioned into 100-pm-thick slices using a razor
blade. The sections were stained with phloroglucinol-HCI solution (one
volume of concentrated HCl mixed with two volumes of 3 % (w/v)
phloroglucinol in ethanol) and photographed under Zeiss Stemi 2000C
stereo-zoom microscope.

RNA extraction and RNA-Seq analysis

Total RNA was extracted from the treated roots using a Plant RNA
Extraction Kit (Qiagen, Valencia, CA, USA) following the instructions of
the manufacturer. Three biological replicates were performed per each
treatment. RNA quality and concentration were evaluated using a
Nanodrop ND-8000 spectrophotometer (Nanodrop Technologies, Inc.,
Wilmington, DE, USA) or agarose gel electrophoresis. Sequencing li-
braries were prepared from 3 pg of RNA using the Illumina TruSeq RNA
Sample Preparation Kit v2 (Illumina, Inc., San Diego, CA, USA) and
sequenced on an Illumina Hiseq2000 platform. The transcriptome was
uploaded to NCBI Sequence Read Archive (accession number
PRJNA820281).
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Identification and clustering analysis of differentially expressed genes

Differentially expressed genes (DEGs) were identified from the
sequencing data based on a fold change (FC) of > 2 (significantly
upregulated) or < -2 (significantly downregulated), a false discovery
rate (FDR) < 0.01, and a read count > 100 across samples. The FDR was
calculated using DESeq to identify the threshold p-value for multiple
testing corrections. Cluster analysis was conducted to assess the differ-
ential upregulation and downregulation of annotated transcripts be-
tween each treatment group. Significance thresholds were set at FDR
< 0.1, p < 0.05, and log2 FC > +2. To visualize trends in gene
expression, the log,-transformed, normalized count values of each gene
were standardized to a mean of 0 and standard deviation of 1. A heat-
map was generated using the pheatmap package in R. Commonly upre-
gulated and downregulated DEGs were identified across treatments
compared to the control using the Venny diagram (v2.1.0). Mean-
centered, log-transformed fragments per kilobase of transcript per
million mapped reads (FPKM) values were used to generate hierarchical
clustering heatmaps in Cluster (version 3.0) and visualized using Java
TreeView (version 3.0).

Gene ontology enrichment analysis

Gene Ontology (GO) enrichment analysis of DEGs was performed
using AgriGO to identify significantly enriched GO terms. The reference
gene list and GO annotations were extracted from the Rice Genome
Annotation Project (RGAP) database. GO term distributions were visu-
alized using in-house scripts based on UniProt annotations for DEGs. GO
enrichment analysis was performed using the GOseq R package,
applying a significance threshold of P < 0.05. DEGs were categorized
into GO domains, cellular components, molecular functions, and bio-
logical processes.

Validation of differential gene expression using quantitative real-time
polymerase chain reaction

To validate the RNA-Seq results, the expression of selected DEGs was
evaluated using quantitative real-time PCR (qRT-PCR). Total RNA
(200 ng) was analyzed using TOPreal ™ SYBR Green qPCR High-ROX
PreMIX (Enzynomics) with gene-specific primers, listed in Tables S1,
on a Rotor-Gene Q PCR cycler (Qiagen, Valencia, CA, USA). Ubiquitin 5
was used as an internal control.

Statistical Analysis

All experiments were performed three independent replicates.
Values were shown as the means =+ standard deviation (SD). Statistical
significance was determined using one- or two-way analysis of variance
(ANOVA) followed by Tukey’s test (p < 0.05).

Results
Exogenous Cys and GSH enhance Hg tolerance in rice

Rice seed germination was inhibited in a dose-dependent manner
across various Hg concentrations (0-200 pM HgCly) (Fig. 1A). However,
significant recovery was observed after the application of Cys and GSH.
No germination occurred until day 6 at 200 pM Hg, while exogenous Cys
and GSH promoted germination starting from day 3. Consistent with
germination trends, post-germination root growth was significantly
reduced under Hg stress but increased by the application of Cys and GSH
(Fig. 1A). When seeds that had germinated under normal conditions
were transferred to MS medium containing various Hg concentrations
(50 pM and 100 pM), exogenous Cys and GSH significantly alleviated the
severe inhibition of seedling growth caused by Hg (Fig. 1B).
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Fig. 1. Effects of exogenous Cys and GSH on rice seed germination and seedling growth under Hg stress. (A) Photographic images (top) show representative seedlings
at 3 and 7 days after sowing on MS medium containing 100 uM Hg, with or without 50 uM Cys or GSH. Graphs (bottom) show germination rates of seeds grown on
MS medium supplemented with 50, 100, or 200 pM Hg, with or without 50 uM Cys or GSH, recorded over 6 days. (B) Photographic images (top) show representative
seedlings 3 days after transferring germinated seeds to MS medium containing 50 or 100 uM Hg, with or without 50 uM Cys or GSH. Bar graph (bottom) presents the
corresponding measurements of seedling growth. Data are presented as mean + SD of three biological replicates. Different letters indicate significant differences

(one-way ANOVA with Tukey’s HSD test, P < 0.05).

Effects of Cys and GSH on Hg accumulation in rice

Rice plants were exposed to HgCl, at concentrations of 5 nM, 50 nM,
and 20 pM for 24 h in a hydroponic system. Across all treatments, Hg
predominantly accumulated in the roots compared to that in the shoots
(Fig. 2B). Even with the application of Cys and GSH, Hg predominantly
accumulated in the roots compared to that in the shoots. Cys application
significantly increased Hg accumulation in the roots under all Hg stress
conditions, whereas GSH application significantly reduced Hg accu-
mulation in the roots compared to that of Hg stress alone. In contrast to
roots, exogenous Cys and GSH exhibited no significant effect on Hg
accumulation in the shoots. Hg contents in the root cell frac-
tions—including the cell wall, cell organelles, and soluble fraction
(cytoplasm)—were determined using rice roots treated with 20 pM, with
or without Cys and GSH (Fig. 2B). Hg accumulation in the cell wall was
much higher than that in the cytoplasm and cell organelles across all
treatments. Exogenous Cys significantly increased Hg accumulation in
the cell wall, whereas exogenous GSH significantly reduced it.

Effects of Cys and GSH on subcellular Hg distribution in rice root cells

To gain a more detailed understanding of the effects of Cys and GSH
on intracellular Hg accumulation, distribution, and root cell organelle
changes, TEM analysis was conducted (Fig. 2C). Hg accumulation within
the cell organelles was observed as dark spots. Application of Cys,
compared to that of Hg treatment alone, significantly increased Hg

accumulation across all cell organelles, as indicated by the dark color-
ation. Hg was particularly abundant in the cell wall, intercellular spaces,
and vacuoles. However, exogenous GSH significantly reduced Hg dis-
tribution within the cell organelles, although a higher Hg concentration
was observed within the larger vacuoles than that in Hg treatment alone.
Changes in cell organelles were observed under Hg stress, with or
without Cys and GSH. TEM analysis showed that control root cell or-
ganelles exhibited well-defined, thin cell walls and normal cell organ-
elles, such as mitochondria, cell nucleus, and smaller vacuoles (Fig. 2C).
Hg treatment partially destroyed the cell wall, while Cys and GSH
maintained the cell wall integrity, and Cys significantly increased cell
wall thickness. The number and size of vacuoles increased with the
addition of Cys and GSH. Hg treatment significantly decreased the
number of mitochondria and disrupted their structure. Conversely, the
application of Cys and GSH maintained mitochondrial structure.
Notably exogenous GSH increased the number of mitochondria.

FTIR spectra of Cys and GSH with Hg complexes

It is known that Hg has strong binding affinity with thiol (SH) groups
of Cys and GSH in vitro (Kim et al., 2017, 2022). To identify molecular
interaction between Hg** ions and functional groups of Cys or GSH
molecules in root tissues, FTIR spectral analysis was performed (Fig. S1).
A comparative analysis of the FTIR spectra for free Cys and GSH revealed
distinct spectral changes indicative of complex formation by Hg ion.
N-H stretching bands in 3200-3400 cm™ showed slight shift or
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Fig. 2. Effects of exogenous Cys and GSH on Hg accumulation and subcellular distribution in rice roots. (A) Two-week-old rice were treated with 5 nM, 50 nM, and
20 pM Hg with 50 uM Cys or GSH for 24 h. Hg content in roots and shoots were quantified. Data are presented as mean =+ SD of three biological replicates. Different
letters indicate significant differences (one-way ANOVA with Tukey’s HSD test, P < 0.05). (B) Rice roots were exposed to 20 uM Hg with or without 50 pM Cys or
GSH for 24 h, and Hg contents in the fractions of cell wall, cell organelle, and soluble (cytoplasm) of rice roots were quantified. Data are presented as mean + SD of
three biological replicates. Different letters indicate significant differences (two-way ANOVA with Tukey’s HSD test, P < 0.05) (C) Cellular Hg distribution and
ultrastructural alterations observed by transmission electron microscopy (TEM). Rice roots were treated to 20 uM Hg with or without 50 pM Cys or GSH for 24 h.
Scale bars = 2 um. CW, cell wall; V, vacuole; M, mitochondria; IS: intercellular space.

intensity change in free Cys and broader peak in Hg+GSH in the pres-
ence of Hg, suggesting the possible change in hydrogen bonding or in-
direct effect due to structural changes. The S-H stretching region
(~2550 cm™) in Hg+Cys showed an absent or diminished spectrum,
and that in Hg+GSH showed absent the thiol (-SH) peak, which indicate
Hg-S bond formation and strongly suggests binding of Hg** to the thiol

group of Cys. COOH group (~1400-1700 cm™) in both Cys and GSH
showed slight shift or change in intensity by Hg treatment, suggesting
that Cys and GSH’s carboxylic acid group might experience minor co-
ordination after Hg binding. Hg+Cys shows sharper and more distinct
peaks, particularly in COO™ and NH: regions due to its simpler structure
compared to Hg+GSH.
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Effects of Cys and GSH on cellular damage under Hg stress

Next, we investigated the effects of Cys and GSH on alleviating
cellular damage, including destruction of cellular structures and cell
membrane, and oxidative stress, in the presence of Hg in rice roots. PI
staining, a marker of compromised membrane integrity and cell death
(Truernit and Haseloff, 2008), revealed clear differences in root cell
viability among treatments. In the control roots, PI fluorescence was
minimal and uniformly faint, indicating largely intact and viable cells. In
contrast, roots exposed to Hg exhibited markedly increased PI fluores-
cence, with distinct punctate and diffuse bright red signals throughout
the tissue, signifying extensive loss of cell membrane integrity and
widespread cell death (Fig. 3A). Exogenous Cys and GSH yielded PI
staining patterns similar to those of control roots, indicating that they
protected cellular structure and reduced membrane damage under Hg
exposure. Further experiments clearly showed that Cys and GSH
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significantly alleviate lipid peroxidation and the loss in plasma mem-
brane integrity. Significantly increased HO2 by Hg stress was also
reduced by exogenous Cys and GSH (Fig. 3B). Evaluation of cell viability
using Evans blue staining showed that Hg stress markedly increased
staining intensity, while Cys or GSH exhibited noticeably lower staining
intensity. Spectrophotometric quantification confirmed these trends,
demonstrating that both Cys and GSH significantly mitigated
Hg-induced loss of cell viability (Fig. 3C). The staining with Schiff's re-
agent highlights the lipid peroxidation of the membranes through an
intense red coloring (Yamamoto et al., 2001). Hg treatment increased
the red signal in the roots compared to control (Fig. 3D). By contrast, the
intensity of staining in the presence of Cys and GSH was relatively less
than Hg treatment alone.

30 o | | | |
| a | | |
[ S | i
= 20 - : : : :
= : : : :
E | b
= c i i E
Um 10 = : | | |
0 : | : |
Control Hg Hg+Cys Hg+GSH
Control Hg Hg+Cys Hg+GSH
— 03
2 024
:ﬁ
=
— 0.1
S 0

Control Hg  Hg+Cys Hg+GSH

Fig. 3. Effects of exogenous Cys and GSH on cellular damage in rice roots. (A) Cell viability assessed after 24 h exposure to 20 uM Hg with or without 50 pM Cys or
GSH using propidium iodide staining. Arrows indicate damaged cells. Scale bars = 100 pm. (B) H>O, accumulation in rice roots after 24 h of treatment. (C) Cell
membrane damage visualized by Evans blue staining. (D) Detection of lipid peroxidation using Schiff’s reagent. Staining intensity was quantified using image J. Data
in (B-D) are presented as mean + SD of three biological replicates. Different letters indicate significant differences (one-way ANOVA with Tukey’s HSD

test, P < 0.05).
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Identification and analysis of differentially expressed genes by RNA-Seq

To understand why Cys and GSH exhibit opposing effects on Hg
accumulation in rice roots despite contributing equally to Hg tolerance,
we investigated the molecular mechanisms underlying Hg uptake,
transport, and detoxification mediated by exogenous Cys and GSH. A
comparative transcriptome analysis (RNA-Seq) was conducted using
RNA extracted from rice roots treated with or without 20 pM Cys and
GSH in the presence of 20 pM HgCl, for 24 h. In this study, putative
DEGs in rice roots were identified based on the following criteria: a log2
FC > 1 for upregulated and < 1 for downregulated DEGs, with a cor-
rected P value < 0.01. RNA-Seq analysis and the corresponding MA plot
showed 3152 (2203 upregulated and 949 downregulated genes), 1704
(1440 upregulated and 264 downregulated genes), and 295 DEGs (159
upregulated and 136 downregulated genes) in the Hg, Hg+Cys, and
Hg+GSH treatments, respectively (Fig. 4A-B). Venn diagram analysis
revealed that only 7 and 15 genes were commonly upregulated and
downregulated, respectively, across all Hg, Hg+Cys, and Hg+GSH
treatments (Fig. 4C). Hg and Hg+Cys treatments commonly upregulated
and downregulated 1220 and 190 genes, respectively. In Hg and
Hg+GSH comparison, 10 upregulated and 22 downregulated genes were
commonly observed. While 980, 218, and 147 DEGs were upregulated
by Hg, Hg+Cys, and Hg+GSH, respectively, 752, 59, and 99 DEGs were
specifically downregulated in each treatment (Fig. 4C). These findings
indicate that Hg treatment predominantly affects genes that are more
responsive to Hg+Cys than to those of Hg+GSH. Hg+Cys and Hg+GSH
upregulated 92 (27.2 %) of 338 DEGs and 1462 (85.6 %) of 1708 DEGs,
respectively, compared to those of Hg treatment, whereas they down-
regulated 86 (17.1 %) of 502 DEGs and 2507 (85.8 %) of 2923,
respectively (Fig. S2A-C). As shown in the Venn diagrams, 246 upre-
gulated and 416 downregulated DEGs were commonly identified be-
tween the Hg+Cys and Hg+GSH treatments—substantially much more
than those shared with the control group (Fig. S2C). The complex
transcriptional patterns of DEGs were visualized by hierarchical clus-
tering heat map analysis. Upregulation and downregulation of the C1
and C2 clusters were observed under Hg and Hg+Cys treatments, while
Hg+GSH showed no significant changes in these clusters (Fig. 4D-E).
Hg+GSH downregulated C1 and C2 gene clusters compared to those of
Hg treatment, while Hg+Cys and Hg+GSH upregulated genes within the
C3 cluster (Fig. S2D-E).

Gene ontology enrichment of differentially expressed genes

To identify the possible functional roles of DEGs responding to Hg,
Hg+Cys, and Hg+GSH, Gene Ontology (GO) enrichment analysis was
conducted. The DEGs were categorized into three major GO domains,
including molecular function (MF), biological process (BP), and cellular
component (CC) (Fig. 5). Most upregulated DEGs by Hg and Hg+Cys
were more highly enriched in MF than in BP and CC. The Hg-induced
DEGs categorized under MF primarily induced genes involved in bind-
ing (e.g., DNA, heme, vitamin B6, cation, and metal ion) and catalytic
activities (e.g., transferase, oxidoreductase, and acyltransferase). Addi-
tionally, a relatively small number of DEGs were enriched in the BP
category—primarily related to primary metabolic processes and protein
modification—and in the CC category, including the apoplast, extra-
cellular region, and ubiquitin ligase complex (Fig. 5A). Similar to Hg
treatment, exogenous Cys highly enriched genes are involved in MF and
BP categories. These findings indicate that the 1220 DEGs commonly
upregulated by Hg and Hg+Cys treatments are highly enriched in BP
and MF, as described above (Fig. 5B). In contrast to Hg and Hg+Cys
treatments, Hg+GSH upregulated a smaller subset of DEGs, primarily
associated with BP terms such as transmembrane transport and estab-
lishment of localization, CC terms related to membrane, and MF terms
including transporter, small molecule sensor, phosphorelay sensor ki-
nase, phosphotransferase, and protein histidine kinase activities
(Fig. 5C). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
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analysis (Fig. S3) showed patterns of upregulated DEGs consistent with
those identified in the GO analysis for each treatment condition. Hg and
Hg+Cys treatments led to significantly more upregulated genes than
those of Hg+GSH, such as those involved in folding, sorting and
degradation, environmental adaptation, signal transduction, meta-
bolism of amino acids, carbohydrate, and lipid, as well as the biosyn-
thesis of secondary metabolites. On the other hand, the 190 DEGs
commonly downregulated by Hg and Hg-+Cys were highly enriched in
phosphorylation, stress response, and protein kinase activity (Fig. 54).
Conversely, Hg+GSH downregulated DEGs associated with primary
metabolic processes, ion and nucleic acid binding, and catalytic activ-
ities, showing no overlap in GO terms with Hg treatment (Fig. S4).

Exogenous GSH modulated significantly more genes—upregulated
or downregulated—than those of exogenous Cys compared to Hg stress
(Fig. S5). The 92 most highly enriched upregulated DEGs by Cys were
primarily involved in catalytic activities and ion binding, while the
downregulated DEGs were associated with carbohydrate metabolism
and small molecule processes. Conversely, exogenous GSH additionally
upregulated a number of DEGs, including those related to BP, binding,
and catalytic activity, while downregulated BP genes were primarily
involved in phosphorus metabolism, protein modification, binding, and
catalytic activities.

Expression of cell wall synthesis-related genes and lignin accumulation

Polysaccharides—including components of plant cell walls such as
cellulose, hemicellulose, lignin, and pectin—play a crucial role in
binding HMs and preventing their entry into the plant cytoplasm (Cheng
et al., 2025; Jia et al., 2019; Liang et al., 2022; Voiniciuc et al., 2018).
Given that Hg is primarily retained in the root cell wall (Fig. 2), we
investigated the transcriptomic changes in genes involved in cell wall
biosynthesis, focusing on lignin, cellulose, and pectin, and validated the
differential expression results from RNA-Seq using qRT-PCR analysis
(Fig. 6, Table S2). Cellulose synthase genes— OsCslF1, OsCslF2, and
OsCslF3—were upregulated by Hg and Hg+Cys, and their levels in
Hg+Cys were higher than those in Hg treatment. In Hg+Cys, OsCslF1
and OsCslF2 exhibited higher expression levels than Hg+GSH, but
OsCslF3 showed similar level with Hg+GSH, according to RNA-Seq data
and qRT-PCR analysis. Pectin biosynthesis enzymes, including gal-
acturonyltransferase OsGATL2, OsGATL4, and OsGATL6, were induced
4-7 fold by Hg and Hg+Cys, but not by Hg+GSH. Genes involved in
lignin biosynthesis tend to be induced by Hg and Hg+Cys but not by
Hg+GSH (Table S2). In RNA-Seq results, the most significantly upre-
gulated lignin synthesis genes, OsC4H and OsC4H1, were highly induced
by Hg (16-18 fold) and Hg+Cys (25-28 fold). Additionally, Os4CL5, and
OsCCR13 showed approximately 10-fold induction under Hg and
Hg+Cys treatments. qRT-PCR confirmed the same expression pattern
(Fig. 6C). The expression levels of all these genes were higher in
Hg+Cys. Other lignin synthesis genes, including OsPAL04, OsPALOS5,
OsC4H2, OsCCR17, and OsCADS8D, exhibited varying levels of induction
(> 3-fold) in response to Hg and Hg+Cys. Lignin quantification using
acetyl bromide showed that Hg significantly increased lignin content
compared with control. Hg+Cys showed pronounced increase relative to
Hg alone. Conversely, lignin content in the Hg+GSH was reduced
compared with Hg treatment and remained close to control. Microscopic
observation revealed clear treatment-dependent differences in lignin
deposition (Fig. 6D-E). Very low lignin accumulation in control and
Hg+GSH was detected, whereas Hg noticeably enhanced lignification,
particularly in the cortex (CO). Hg+Cys further intensified lignin
deposition in the exodermis (EX), and epidermis (EP), and central stele
(ST), indicating widespread induction of secondary cell wall formation.
These results indicate that Cys strongly promotes Hg-induced lignifica-
tion in rice roots, whereas GSH suppresses this response.
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Fig. 6. Validation of cell wall synthesis genes and lignin accumulation. (A-C) qRT-PCR validation of RNA-Seq-identified genes involved in cellulose (A), pectin (B),
and lignin (C) biosynthesis. (D) Lignin content in rice roots was determined by acetyl bromide. Data are presented as mean + SD of three biological replicates.
Different letters indicate significant differences among treatments (one-way ANOVA with Tukey’s HSD test, P < 0.05). (E) Histochemical detection of lignin in rice

roots. CO, cortex; ST, stele; EX, exodermis; EP, epidermis.

Expression of membrane transporter genes

Given that understanding how Cys and GSH differentially modulate
Hg accumulation and contribute to Hg tolerance is essential, we inves-
tigated candidate genes involved in Hg transport and detoxification
(Table S2). RNA-Seq and KEGG pathway analyses revealed a significant
upregulation of ATP-binding cassette (ABC) transporter genes in
response to Hg and Hg+Cys treatments. Therefore, in this study, we
investigated the regulation patterns of ABC transporters.

Hg and Hg+Cys treatments upregulated numerous ABC transporter
genes, exhibiting significantly higher expression levels than those
observed under Hg+GSH. In plants, ABC transporters are categorized
into eight subfamilies, such as ABCA-ABCG and ABCI (Kang et al., 2011).
Among these, genes belonging to the G subfamily were most promi-
nently induced by Hg and Hg+Cys, whereas Hg+GSH exhibited minimal
effect (Table S2). Among the genes, several OsABCGs members—such as
OsABCG3, OsABCG9, OsABCG27, OsABCG35, OsABCG39, OsABCG41,
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OsABCG44, OsABCG45, and OsABCG48—exhibited higher expression
levels in Hg+Cys than those in Hg. The qRT-PCR result showed similar
expression patterns for OsABCG3, OsABCGY9, OsABCG27, OsABCG39,
OsABCG45, and OsABCG48 (Fig. 7). Relatively small numbers of other
subfamilies—including OsABCA4, OsABCB6, OsABCB9, OsABCBIO0,
OsABCB11, and OsABCC3 —were significantly upregulated by Hg and
Hg+Cys treatments (approximately 3- to 13-fold) but not by Hg+GSH,
and the expression patterns of OSABCB6, OsSABCB11, and OsABCC3 were
reconfirmed by qRT-PCR (Fig. 7). Conversely, Hg+GSH-specific induced
genes such as OsABCB27, OsABCG14, and OsABCG49 were observed.
The significant induction of multiple ABC transporters suggests possible
involvement in Hg handling during Cys-mediated Hg response.

Excess metal ions decrease water absorption by roots, leading to
water deficit (Rucinska-Sobkowiak, 2016). Aquaporins (AQPs) are
transmembrane channels that facilitate the passive transport of water
and other small molecules across cellular ~membranes
(Przedpelska-Wasowicz and Wierzbicka, 2011; Shivaraj et al., 2019).
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Fig. 7. Validation of ABC transporter genes by qRT-PCR. Expression of selected target genes from the RNA-Seq analysis were validated by qRT-PCR. Data are
presented as mean + SD of three biological replicates. Different letters indicate significant differences (one-way ANOVA followed by Tukey’s HSD test, P < 0.05).

They are considered key candidates involved in HM tolerance. Hg and
Hg+Cys treatments downregulated several AQP genes, such as PIPs,
NIPs, and TIPs, with Hg showing lower expression levels than that in
Hg+Cys (Table S2). However, Hg+GSH treatment upregulated a sig-
nificant number of AQP genes, including PIP (OsPIP1-2, OsPIP2-1,
OsPIP2-2, OsPIP2-3, OsPIP2-6, and OsPIP2-7), OsTIP (OsTIP1-1,
OsTIP1-2, and OsTIP2-2), and OsNIP genes (OsNIP1-2, OsNIP2-1,
OsNIP2-2, and OsNIP3-1).

Expression of antioxidative enzyme genes

Upon entry into plant cells, free Hg ions generate excessive ROS,
leading to significant damage to cellular organelles. Since ROS scav-
enging plays an important role in enhancing Hg tolerance, we investi-
gated the transcriptomic changes in antioxidant enzyme genes in
response to exogenous Cys and GSH (Table S2). Hg and Hg+Cys upre-
gulated OsGR2 and OsGR3 at similar levels, and Hg+Cys upregulated
OsCATC but was not observed under Hg stress. Hg and Hg+Cys signif-
icantly upregulated several peroxidase genes (OsPOD2, Osprx22,
Osprx62, Osprx70, Osprx81, Osprx82, Osprx83, Osprx84, Osprx85, and
Osprx86), with Hg+Cys showing lower expression levels than those in
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Hg. Notably, Osprx84 and Osprx85 were highly induced, with 15- and
37-fold increases by Hg, respectively. In contrast to Hg and Hg+Cys,
Hg+GSH did not significantly induce peroxidase but induced SOD
(OsFeSOD1) and catalase (OsCATA).

Discussion

Cys and GSH enhance Hg tolerance but differentially regulate Hg
accumulation and cellular distribution

Mercury is readily absorbed by plant roots, highlighting the need to
understand the underlying mechanisms governing Hg transport, accu-
mulation, and tolerance in crop species. Previous studies show that
exogenous Cys and GSH significantly enhance Hg tolerance in Arabi-
dopsis thaliana, though they regulate Hg accumulation differently (Kim
et al., 2017, 2022). However, the mechanism by which Cys and GSH
mediate Hg transport and cellular accumulation in plant roots remains
unclear. Consistent with previous Arabidopsis findings, exogenous Cys
and GSH exhibited positive effects on Hg tolerance during germination
and seedling growth in rice (Fig. 1). These findings suggest that Cys and
GSH play an important role in enhancing Hg tolerance in both
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dicotyledons and monocotyledons.

Notably, absorbed Hg was primarily retained in rice roots, with or
without Cys and GSH. However, Cys and GSH applications significantly
increased or reduced Hg accumulation in rice roots, respectively
(Fig. 2A). These results strongly suggest that Cys and GSH have different
regulatory mechanisms for Hg uptake and transport in root cells, as they
do not significantly affect Hg transport from root to shoot. Cys appli-
cation led to prominent Hg accumulation in the cell walls and inter-
cellular spaces of rice roots (Fig. 2B-C). Since positively charged Hg ions
can be strongly bound to the negatively charged root cell walls (Amos
and Mohnen, 2019; Cheng et al., 2025), exogenous Cys may enhance the
Hg binding capacity to the cell wall, thereby potentially reducing Hg
influx into cells and its translocation from roots to shoots (Fig. 2B). In
plant cells, vacuoles play a crucial role in the detoxification of HMs by
sequestering them, preventing cellular damage and maintaining ho-
meostasis. Therefore, Hg sequestration in the cell wall and vacuole
observed in this study is thought to play an important role in protecting
cells from Hg toxicity in roots (Fig. 3). Mitochondria are important or-
ganelles serving as the primary source of ATP through respiration.
Mitochondrial dysfunction is a common phenomenon in HM-induced
cytotoxicity (Keunen et al., 2011). The results of this study showed
that Hg caused structural damage and reduced their numbers, but the
mitochondrial structure was protected from Hg-induced damage by
exogenous Cys and GSH (Fig. 2C). The changes of SH peak in both Cys
and GSH spectrum by Hg treatment confirm that Hg binds preferentially
to SH group of Cys and GSH in rice roots (Fig. S1). Both Cys and GSH
showed additional changes in the C=0 stretching and NH stretching by
Hg, suggesting slight backbone involvement or structural changes.
Collectively, these data clearly indicate the formation of a stable Cys- or
GSH-Hg complex, resulting in reducing the possibility of Hg ions
binding to mitochondrial nucleic acids. The significant increase in
mitochondrial numbers with exogenous GSH suggests that
GSH-mediated Hg tolerance is largely dependent on mitochondrial
metabolic processes. Further biochemical or genetic evidence will be
required to establish a mechanistic role for mitochondria in
GSH-mediated Hg tolerance.

Transcriptomic divergence reveals distinct molecular responses to Cys and
GSH under Hg stress

Although both Cys and GSH enhance Hg tolerance, understanding
how they differently regulate cellular response pathway, including Hg
transport, accumulation, and detoxification and remains of interest.
RNA-Seq analysis revealed that Hg and Hg+Cys modulated and shared
significantly more genes than those of Hg+GSH. Notably, the signifi-
cantly increased metal ion binding genes is correlated with the strong Hg
retention in cell organelles under Hg and Hg+Cys treatments. GO and
KEGG enrichment analyses reveal that Hg and Hg+Cys highly enriched
biological pathways related to protein modification, particularly protein
ubiquitination pathways (Figs. 4-5, Fig. S3). This suggests that Cys in-
creases the turnover of Hg-induced damaged or misfolded proteins,
thereby activating proteotoxicity and metabolic stress responses. Simi-
larly, enrichment of trehalose metabolic process points to activation of
metabolic buffering mechanisms that stabilize proteins and membranes
under Hg stress. These pathways, together with the induction of oxi-
doreductases, transferases, and signal-transduction genes, imply that
Cys reinforces Hg-induced stress at both the protein and metabolic levels
while also promoting Hg immobilization at the cell wall and limited
internal transport. In contrast, GSH induced a much narrower tran-
scriptional response mainly related to membrane transport and phos-
phorelay signaling (Fig. 5C, Fig. S5), suggesting that GSH-mediated Hg
tolerance may be attributed to membrane maintenance and metabolic
activation under Hg stress. The absence of strong enrichment for ubiq-
uitination, trehalose metabolism, and other stress-related pathways
under Hg+GSH suggests that GSH’s efficient inhibition of Hg uptake
reduces cellular stress and, consequently, minimizes the need for
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extensive proteostasis and metabolic adjustment.

Cys strongly induces genes involved in cell wall biosynthesis and
lignification

As the first line of defense against HMs, plants employ strategies that
restrict metal uptake and long-distance transport, largely by immobi-
lizing metals within the cell wall (Hasan et al., 2015; Manara, 2012). HM
exposure commonly induces the accumulation of major cell-wall poly-
saccharides—including cellulose, pectin, and lignin—thereby thick-
ening the wall and promoting metal fixation (Krzestowska et al., 2016;
Liang et al., 2022; Liu et al., 2014; Voiniciuc et al., 2018). In our study,
exogenous Cys significantly enhanced Hg sequestration in root cell walls
(Fig. 2), making the molecular regulation of cell wall biosynthesis genes
particularly relevant. Cellulose and pectin contain abundant carboxyl
groups capable of binding metal ions (Cheng et al., 2025; Li et al., 2022).
Recent work further demonstrates that exogenous Cys can reduce Cd
translocation Chinese cabbage by enhancing Cd retention in the root cell
wall pectin (Li et al., 2024), highlighting amino acids as important
modulators of apoplastic detoxification pathways. In our study,
Hg-induced genes associated with cellulose (OsCslF1, OsCslF2, OsCslF3)
and pectin biosynthesis (OsGATL2, OsGATL4, OsGATL6) were similarly
or even more strongly upregulated by Cys application (Fig. 6; Table S2),
supporting a broader role of amino acids in fortifying the apoplastic
barrier and restricting HM mobility through coordinated stimulation of
cell wall polysaccharide synthesis. Lignin biosynthesis also plays a
crucial role in HM tolerance. We observed significant induction of key
lignin-associated genes in Hg-treated roots, with several (OsC4H,
OsC4H1, Os4CL5, OsCCR13) further upregulated by Cys. These expres-
sion patterns closely matched the observed lignin accumulation in rice
roots (Fig. 6D-E). While GSH did not increase lignin accumulation
relative to the control, Hg alone elevated lignin in both the cortex and
central stele, and Cys treatment led to even stronger lignification in the
stele and outer tissues such as the epidermis. Lignin accumulation is a
common adaptive response to various metals, including Cd (Dong et al.,
2023), Cu (Chen et al., 2002; Zhou et al., 2025), and Al (Mao et al.,
2004), and reduced lignin content has been linked to heightened Hg
sensitivity in maize (Shao et al., 2022). The abundant functional groups
in lignin such as hydroxyl, methoxyl, and carboxyl groups likely facili-
tate efficient Hg binding at the root surface (Cheng et al., 2025; Zhang
et al., 2023), while lignification of the stele restricts Hg entry into the
vascular system and thereby limits systemic translocation. On the other
hand, lignin assembly requires transport of monolignols and related
precursors. Plant ABCG transporters mediate the efflux of such metab-
olites, and their upregulation under HM stress suggests coordination
with lignin biosynthetic pathways (Takeuchi et al., 2018). Thus, the
Cys-induced activation of lignin biosynthesis may be complemented by
enhanced ABCG transporters (Table 52), which mediate the transport of
lignin precursors, thereby promoting efficient polymerization and
reinforced cell wall deposition. Beyond the plant cell wall, the effec-
tiveness of Cys and GSH in phytoremediation should be considered
within the ecological context of the rhizosphere microbiome. Micro-
biome influence Hg speciation, mobility, and plant stress responses
(Lang et al., 2025), suggesting that integrating Cys/GSH treatments with
microbiome-aware soil management could improve Hg immobilization.

Cys and GSH differently regulate membrane transporters

The next question is how Hg can enter across cell membranes, since
Cys application increases Hg import into the cells. Heavy metal ions, due
to their charge, require active transport systems which requires energy
and specific transporters to cross cell membranes. HMs are transported
across cell membranes through diffusion and active transport which
requires energy and specific transporters. Hg may be absorbed and
transported via transporters or channels of other HM and nutrient. To
gain insight into Hg transport, we examined the expression of several
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transporter families—such as NRAMPs, ZIPs, MTP, CAXs, CCXs, VTLs,
OPTs, ECAs, and ABC—associated with plasma and tonoplast mem-
brane. Among these, ABC transporters showed the clearest transcrip-
tional response to Hg exposure based on our GO and KEGG enrichment
analyses. Notably, Hg strongly induced larger number of G-type ABC
transporters, and several OsABCG genes (3, 9, 27, 35, 37, 39, 41, 44, 45,
and 48) were further upregulated under Hg+Cys treatment (Fig. 7,
Table S2). Studies show that OsABCGs (9, 31, 36, and 43) which are
induced by Cd, As, and Zn, play direct roles in the transport and accu-
mulation of these metals (Chen et al., 2011; Fu et al., 2019; Moons,
2003, 2008; Oda et al., 2011; Tian et al., 2023; Yu et al., 2012). Given
the strong induction of several OsABCG transporters under Hg treat-
ment, they likely play a preferential role in handling Hg-derived sub-
strates. Because Cys readily binds Hg to form stable Hg—Cys complexes
(Fig. S1), rice roots are likely to encounter Hg predominantly in this
chelated form under Cys-enriched conditions. In this context, the strong
induction of OsABCG genes and increased intracellular Hg content in the
presence of Cys suggests the import of Hg-Cys complexes, supporting
the hypothesis that these transporters act as Hg importers. To determine
whether these OsABCGs mediate influx, efflux, or sequestration of Hg or
Hg-Cys complexes, localization, heterologous transport assays, and
mutant analysis will require. OsABCB6 and OsABCB9 are upregulated by
salt stress, while OsABCB11 is induced by drought (Saha et al., 2015;
Zou et al., 2025). In this study, these genes were induced by Hg and
Hg+Cys (Table S2), indicating their potential involvement in both Hg
transport and broader abiotic stress responses. Moreover, vacuolar
compartmentalization is a general adaptive strategy that plants use to
cope with HM stress. AtABCC1, AtABCC2, and AtABCC3 are known as
important vacuolar transporters that contribute to tolerance against Cd

Exogenous Cys Exogenous GSH

t Roots
Inhibited
Uptake

Enhanced
Uptake
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and Hg (Brunetti et al., 2015; Park et al., 2012). In this study, the
additional upregulation of ABCC transporters (OsABCC2, 3, and 15) by
exogenous Cys suggests their potential role in transporting Hg from the
cytosol to the vacuole (Fig. 8), thereby reducing intracellular Hg
toxicity. A more detailed analysis of subcellular localization of the
induced genes is necessary to clarify the relationship between ABC
transporter gene expression and Hg transport.

Heavy metal exposure can affect water uptake and transport by
reducing the water permeability of the cell membrane. AQPs—a family
of integral membrane proteins—are believed to play a crucial role in HM
stress tolerance by maintaining water balance under HM stress
(Przedpelska-Wasowicz and Wierzbicka, 2011; Shivaraj et al., 2019).
Our results showed that Hg significantly downregulated three types of
AQPs (PIP, NIP, and TIP) (Table S2), which could interfere with water
uptake and induce Hg sensitivity in rice roots. It has been suggested that
plants compensate for HM-induced water stress by altering AQP
expression or activity (Vats et al., 2021). Notably, Hg+GSH upregulated
several AQP genes, including PIPs (OsPIP1-2, 2-1, 2-2, 2-3, 2-6, and
2-7), TIPs (OsTIP1-1, 1-2, and 2-2), and NIPs (OsNIP1-2, OsNIP2-1,
OsNIP2-2, and OsNIP3-1), compared to those of Hg and Hg-+Cys
treatments. The increase in AQPs by Hg+GSH strongly reflects the GO
enrichment results, which showed an increase in the expression of
membrane-related genes in particular (Fig. 4C). GSH probably may
alleviate Hg-induced water deficit by activating AQPs in the cell mem-
branes, thereby contributing to Hg tolerance.

Differential activation of Cys- and GSH-mediated antioxidant pathways

Despite the large amount of Hg fixed in the cell wall, a significant
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Fig. 8. Schematic diagram illustrating the proposed mechanisms by which exogenous Cys and GSH regulate Hg uptake, accumulation, and tolerance in rice roots.
Exogenous Cys enhances Hg uptake and accumulation primarily by promoting Hg fixation to the cell wall via lignin biosynthesis and by upregulating ABC trans-
porters, thereby facilitating intercellular Hg transport. In contrast, exogenous GSH suppresses Hg uptake and accumulation and enhances aquaporin expression. Both
Cys and GSH alleviate Hg-induced oxidative stress; Cys enhances POD-mediated ROS scavenging, whereas GSH reduces ROS production by limiting intracellular

Hg levels.
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portion still enters the root cell membrane, leading to excessive ROS
production in the cells and cellular damage (Fig. 3). Therefore, ROS
scavenging is considered a crucial mechanism of Hg tolerance (Kim
et al., 2017; Natasha et al., 2020). Exogenous Cys and GSH efficiently
reduced Hg-generated ROS (e.g., Hy0,) and alleviated oxidative damage
in rice roots (Fig. 3). Previous study shows that Hg+Cys slightly induced
MnSOD1 and GR1 in Arabidopsis roots (Kim et al., 2022), but primarily
induced several PODs in rice roots (Table S2). This suggests that Cys
preferentially stimulates the HoO5 scavenging pathway rather than that
of the O3 scavenging pathway, clearly demonstrating that Cys actively
reduces HyO» levels through PODs, in addition to its role in directly
scavenging ROS. Although POD:s are also significantly induced by Hg, Hg
generates ROS levels much higher than that of the scavenging capacity
of the antioxidant system, which may result in oxidative stress and
disruption of mitochondrial and cellular metabolism. In contrast,
Hg+GSH treatment slightly induced OsFeSOD1 and CATA. It is clear that
GSH treatment reduced ROS production by keeping the intracellular Hg
concentration very low (Fig. 2, Fig. 8). Therefore, although the expres-
sion of related genes is not as diverse as that of Cys, it may be sufficient
to scavenge ROS and reduce oxidative damage.

Conclusion

This study demonstrated that exogenous Cys and GSH enhanced Hg
tolerance in rice through distinct mechanisms. Cys promoted Hg accu-
mulation in roots primarily by enhancing sequestration in the cell wall
and intercellular spaces, likely through the lignin biosynthesis. This
leads to physical immobilization of Hg and limits its cellular entry and
long-distance transport. In contrast, GSH reduced Hg accumulation in
roots and increased mitochondrial number with preserved mitochon-
drial structure. Transcriptome analysis revealed that Cys and Hg treat-
ments showed commonly upregulated DEGs related to ion binding and
cell wall metabolism. In contrast, GSH uniquely upregulated catalytic
function and membrane-related genes including AQPs, suggesting roles
in maintaining membrane function and water balance under Hg stress.
Additionally, the strong induction of ABC transporter genes, especially
OsABCGs and OsABCCs, by Hg and further by Cys indicates their po-
tential roles in Hg transport into cells and vacuoles. Further studies are
needed to elucidate specific roles of individual ABC transporters in Hg
transport across the cell or vacuolar membranes based on the expression
patterns of ABC transporter genes identified in this study. Both Cys and
GSH effectively reduced Hg-induced ROS and oxidative damage, with
Cys favoring the activation of POD-mediated H20: scavenging and GSH
reducing ROS through minimizing intracellular Hg with slight induction
of SOD and CAT. The data presented in this study offer new insights into
the Cys- and GSH-mediated mechanisms of Hg tolerance and transport
by investigating the gene responses associated with various metabolic
pathways—including Hg cell wall binding, membrane transport, and
ROS scavenging—in rice root cells during Hg stress (Fig. 8). Cys and GSH
applications may be effective and feasible for removing Hg from
contaminated soils using plants or for the cultivation of eco-friendly
crop.
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