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Abstract: Cadmium (Cd) toxicity causes oxidative stress damage in plant cells. Glutaredoxins
(GRXs), a type of small oxidoreductase, play a crucial role in modulating thiol redox states. However,
whether GRXs act in Cd stress remains to be identified. Here, we reveal that Arabidopsis GRX480,
a member of the CC-type family, enhances plant Cd stress tolerance. The GRX480 mutants exhibit
enhanced sensitivity to Cd stress, manifested by shortened root, reduced biomass, lower chlorophyll
and proline levels, and decreased photosynthetic efficiency compared with the wild type. The Cd
concentration in GRX480 mutants is higher than the wild type, resulting from the inhibition of Cd
efflux and transport genes transcription. Lower levels of GSH were detected in Cd-treated GRX480
mutants than in the wild type, indicating that GRX480 regulates plant Cd tolerance by influencing
the balance between GSH and GSSG. Furthermore, the hyperaccumulation of reactive oxygen species
(ROS) is associated with decreased expression of H2O2 scavenging genes in Cd-treated GRX480
mutants. Additionally, more toxic reactive carbonyl species (RCS), produced during oxidative stress,
accumulate in Cd-treated GRX480 mutants than in wild type. Overall, our study establishes a critical
role of GRX480 in response to Cd stress, highlighting its multifaceted contributions to detoxification
and the maintenance of redox homeostasis.
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1. Introduction

Human activities such as mining, metal smelting, irrigation with contaminated water,
and the use of metal-based fertilizers or agricultural chemicals are associated with Cd
accumulation in soil [1,2]. In soils, Cd elements can exist in various forms, and the mobility
and availability of Cd in the soil environment are controlled primarily by its adsorption–
desorption on the surfaces of soil minerals [3]. As a result, increases in soil pH and the
contents of carbonates or organic matter can all enhance the immobilization of Cd in soils
and exacerbate soil cadmium contamination [4].

Excessive exposure to Cd leads to its accumulation in plants, which negatively affects
plant growth and development, resulting in symptoms such as inhibited growth, chlorosis,
and even the death of the entire plant [5–7]. Like other heavy metal elements, Cd is
highly toxic to plants in their ionic forms and three main mechanisms of Cd have been
established. (i) Due to the strong affinity for thiol groups, histidyl- and carboxyl-groups, Cd
interacts robustly with proteins and can impair protein functions and (ii) indirectly causes
oxidative stress. (iii) Cd2+ displaces essential cations from specific binding sites, causing
functional disruption. For example, Cd inhibits chlorophyll biosynthesis by substitution
of Mg2+ [8–10]. A more pressing concern is that the accumulation of cadmium in plants
and its subsequent translocation into the food chain poses a significant threat to human
health [8]. Exploring the molecular mechanisms underlying plant responses to Cd stress
may lead to the development of new strategies to ensure food security and human health
and is therefore of great importance.
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Cd toxicity disrupts the absorption and transport of other ions in plant cells, impairs
protein and nucleic acid functions, and increases the accumulation of reactive oxygen
species (ROS), causing oxidative stress damage [11]. Plants have evolved an array of
effective ways to detoxify and tolerate Cd stress [11–14]. In response to Cd stress, plants
reduce the transportation of Cd from roots to stems. Additionally, the root cell walls serve
as a barrier to isolate Cd ions and Cd chelates are sequestered within the vacuoles of root
cells [15]. Furthermore, plants enhance their antioxidant enzyme activities [16]. In addition
to these physical barriers, they also upregulate the synthesis of metallothionein genes or
downregulate genes associated with heavy metal transport, which are mechanisms plants
employ to combat Cd stress [11]. Plants employ a range of Cd efflux genes, such as PCR1,
PCR2, and PDR8 [12,17], as well as Cd transport genes including HMA2, HMA3, and
HMA4 [18–20], to reduce Cd accumulation and its long-distance translocation in roots and
shoots. Additionally, plants utilize small cysteine-rich molecules like glutathione (GSH) and
phytochelatins (PCs) to chelate Cd [21,22]. To counteract Cd-induced ROS and oxidative
damage, plants have evolved complex antioxidant systems, enhancing ROS scavenging
by activating several antioxidant enzymes: catalase (CAT), superoxide dismutase (SOD)
and ascorbate peroxidase (APX) [9]. Glutaredoxins (GRXs), a type of small oxidoreductase
that modulates thiol redox states and engages in iron metabolism, play a crucial role in
maintaining cellular redox homeostasis [23]. They function as oxidoreductases and work
in concert with GSH, glutathione reductase (GR), and NADPH to reduce oxidized disulfide
bonds through monothiol or dithiol mechanisms [24]. Notably, while GRXs have been
widely shown to play antioxidant roles in bacteria, yeast, and mammals [23,24], their
specific functions under Cd stress in plants are not well understood.

In Arabidopsis, there are 31 GRXs, which is a more extensive array than the numbers
found in other organisms, such as Escherichia coli with 4 and humans with 3 [25]. GRXs
are categorized into three classes based on their active site cysteine pair: CPYC-type
(class I), CGFS-type (class II), and the most numerous and land plant-specific CC-type
GRXs (class III) [26]. The diverse roles of CC-type GRXs (ROXYs) in plant development
and stress response have been increasingly recognized. For instance, GRXC7/ROXY1
controls meristematic activity during floral organogenesis by negatively regulating the TGA
transcription factor PERIANTHIA (PAN) [27], while GRXC7/ROXY1 and GRXC8/ROXY2
are redundantly required for microsporogenesis through their interaction with TGA9 and
TGA10 [28]. GRXC14/ROXY8 and GRXC13/ROXY9 were interacting with TGA1 and TGA4
to negatively regulate auxin-mediated hyponastic growth [29]. In addition to research on
plant development, a study has indicated that GRXS13/ROXY18 can be induced by the
herbicide methylviologen (MV) and high light exposure, and the RNAi line accumulates
more superoxide anions O·−

2 , suggesting its involvement in oxidative stress response [30].
GRX480/ROXY19, a significant CC-type GRX that functions in plant disease resistance,
interacts with TGA2, TGA5 and TGA6 and has been shown to negatively regulate plant
defense processes by suppressing the transcription of jasmonic acid (JA) and ethylene
(ET) response genes [31–33]. Furthermore, it has been reported that the transcription of
GRX480/ROXY19 is induced in response to excess light stress [34]. Despite these findings,
the role of GRX480 under abiotic stress, particularly its function under heavy metal stress,
remains unclear.

Here, our study establishes the role of GRX480 in plant Cd tolerance. Using two
T-DNA insertion knock-down mutants, grx480-1 and grx480-2, we found the inhibition
of GRX480 caused the hypersensitive Cd stress, which manifested as the inhibition of
photosynthesis and the enhancement of Cd accumulation. As a member of the GRXs,
GRX480 has the potential to bind with GSH and form part of the antioxidant system. In our
study, GRX480 regulates plant Cd tolerance by influencing the balance between GSH and
GSSG, as well as inhibiting the accumulation of ROS and reactive carbonyl species (RCS).
This study not only provides new insights into the molecular mechanism of plant responses
to Cd stress but also offers potential genetic resources for cultivating crop varieties with
higher Cd tolerance.
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2. Results
2.1. GRX480 Functions in Plant Cd Stress Tolerance

GRX480, encoding a protein of the CC-type GRXs family, has not been reported to be
involved in Cd stress [35]. To investigate its potential role in plant response to Cd stress,
we first assessed the effect of Cd stress on GRX480 expression. Arabidopsis seedlings
grown on 1/2 MS medium were treated with 50 µM CdCl2 for 0, 6, 12 and 24 h. RT-
qPCR analysis revealed a significant induction of GRX480 expression with increasing time
(Figure 1A). To further explore the function of GRX480 in Cd stress, we employed two
T-DNA insertion mutants of GRX480, grx480-1 and grx480-2 (Supplemental Figure S1A,B).
RT-qPCR analysis revealed that GRX480 mutants exhibited reduced GRX480 expression
(Figure 1B). Additionally, previous studies on poplar have demonstrated that the in vitro
purified simulated CC-type GRXs exhibit oxidoreductase activity [36]. We extracted the
total proteins of WT and GRX480 mutants and detected GRX enzyme activities using the
HED assay, and the results indicated that the activities of GRXs decreased in the mutants
compared to the wild type (Figure 1C).
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Figure 1. GRX480 mutants are hypersensitive to Cd stress. (A) The expression levels of GRX480 in 
5-day-old wild-type seedlings subjected to 50 µM CdCl2 for 0, 6, 12 and 24 h and its control. Values 
are normalized to the 0 h control, with this baseline set at 1. Values represent the mean ± SEM of 
three independent experiments. (B) The expression levels of GRX480 in 5-day-old wild-type, grx480-
1 and grx480-2 seedlings cultivated on 1/2 MS medium. Values are normalized to the untreated WT, 
with this baseline set at 1. Data are means ± SEM of three independent experiments. (C) The HED 
assay of 5-day-old wild-type, grx480-1 and grx480-2 seedlings grown on 1/2 MS medium. Different 
letters represent significant differences as determined using ANOVA followed by Tukey’s test (p < 
0.05). (D) Representative images of 5-day-old wild-type, grx480-1 and grx480-2 seedlings grown on 
1/2 MS medium with or without 50 µM CdCl2. Bar = 10 mm. (E,F) Root length (E) and fresh weight 
(F) of 5-day-old seedlings grown on 1/2 MS medium with or without 50 µM CdCl2. Values represent 
the mean ± SD of three independent experiments. Different letters represent significant differences 
as determined using ANOVA followed by Tukey’s test (p < 0.05, n > 60). 
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for 5 days, their growth status was monitored. As shown, GRX480 mutants displayed 
significant chlorosis under Cd stress compared to the WT (Figure 2A). The quantitative 
result exhibited that GRX480 mutants had lower chlorophyll content compared to the WT 
(Figure 2B,C). Under Cd stress, the chlorophyll a content of WT was reduced to 76.7 ± 
3.08%; however, in the grx480-1 and grx480-2, the content of chlorophyll a plummeted to 
35.4 ± 1.71% and 31.8 ± 1.28%, respectively, compared with untreated seedlings (Figure 
2B). The quantification of chlorophyll b showed similar results, indicating that Cd stress-
mediated reduction in chlorophyll content was aggravated in the grx480-1 and grx480-2 
mutant (Figure 2C).  

Figure 1. GRX480 mutants are hypersensitive to Cd stress. (A) The expression levels of GRX480 in
5-day-old wild-type seedlings subjected to 50 µM CdCl2 for 0, 6, 12 and 24 h and its control. Values
are normalized to the 0 h control, with this baseline set at 1. Values represent the mean ± SEM of three
independent experiments. (B) The expression levels of GRX480 in 5-day-old wild-type, grx480-1 and
grx480-2 seedlings cultivated on 1/2 MS medium. Values are normalized to the untreated WT, with
this baseline set at 1. Data are means ± SEM of three independent experiments. (C) The HED assay
of 5-day-old wild-type, grx480-1 and grx480-2 seedlings grown on 1/2 MS medium. Different letters
represent significant differences as determined using ANOVA followed by Tukey’s test (p < 0.05).
(D) Representative images of 5-day-old wild-type, grx480-1 and grx480-2 seedlings grown on 1/2 MS
medium with or without 50 µM CdCl2. Bar = 10 mm. (E,F) Root length (E) and fresh weight (F) of
5-day-old seedlings grown on 1/2 MS medium with or without 50 µM CdCl2. Values represent the
mean ± SD of three independent experiments. Different letters represent significant differences as
determined using ANOVA followed by Tukey’s test (p < 0.05, n > 60).

Cd, recognized as a highly phytotoxic heavy metal, significantly affects plant growth,
development, and a range of physiological processes. Previous studies have demonstrated
that a 50 µM CdCl2 concentration is effective for investigating plant responses to Cd stress,
as it significantly inhibits growth without inducing lethal toxicity [5–7]. Accordingly, we
cultivated wild-type and GRX480 mutants on 1/2 MS medium with or without 50 µM
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CdCl2 for 5 days. Under control conditions, the WT and GRX480 mutants exhibited similar
root lengths and fresh weight. However, under Cd stress, the root length and biomass
of the GRX480 mutants were significantly reduced than those of the WT (Figure 1D–F).
While the root length of WT was reduced to 55.6 ± 7.18% after Cd treatment compared
to the control conditions, the root lengths of the grx480-1 and grx480-2 were markedly
shorter after Cd treatment, being 39.2 ± 7.19% and 37.7 ± 8.47% of those of the untreated
mutants, respectively (Figure 1D,E). Furthermore, fresh weight measurements showed that
the biomass of grx480-1 and grx480-2 decreased to 54.0 ± 2.37% and 53.6 ± 2.02% after
Cd treatment compared to the control conditions, respectively, whereas that of the wild
type was reduced to 63.6 ± 3.32% (Figure 1F). Taken together, these results indicated that
the knock-down of GRX480 causes hypersensitivity of plants to Cd stress. This suggests
GRX480 is involved in plant Cd tolerance.

2.2. Suppressing GRX480 Reduces Plant Cd Tolerance with Decreased Photosynthetic Activity and
Proline Levels

The toxicity of Cd to plants also includes damage to chloroplasts [37]. To further
explore the functions of GRX480 in plant Cd tolerance, both WT and GRX480 mutants were
planted on 1/2 MS medium with or without 50 µM CdCl2. After growing horizontally
for 5 days, their growth status was monitored. As shown, GRX480 mutants displayed
significant chlorosis under Cd stress compared to the WT (Figure 2A). The quantitative
result exhibited that GRX480 mutants had lower chlorophyll content compared to the
WT (Figure 2B,C). Under Cd stress, the chlorophyll a content of WT was reduced to
76.7 ± 3.08%; however, in the grx480-1 and grx480-2, the content of chlorophyll a plum-
meted to 35.4 ± 1.71% and 31.8 ± 1.28%, respectively, compared with untreated seedlings
(Figure 2B). The quantification of chlorophyll b showed similar results, indicating that
Cd stress-mediated reduction in chlorophyll content was aggravated in the grx480-1 and
grx480-2 mutant (Figure 2C).
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cultivated on 1/2 MS medium supplemented with or without 50 µM CdCl2. Values represent the 
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Figure 2. GRX480 mutants exhibit serious damage in photosynthesis under Cd stress. (A–C) Repre-
sentative images (A) and chlorophyll a (B) and chlorophyll b (C) content of 5-day-old wild-type, grx480-1
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and grx480-2 seedlings cultivated on 1/2 MS medium supplemented with or without 50 µM CdCl2.
Bar = 10 mm. (D,E) Representative images (D) and intensity (E) of Fv/Fm of 5-old-day wild-type,
grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium with or without 50 µM CdCl2.
Bar = 10 mm. (F) The proline content of 5-day-old wild-type, grx480-1 and grx480-2 seedlings cul-
tivated on 1/2 MS medium supplemented with or without 50 µM CdCl2. Values represent the
mean ± SD of three independent experiments. Different letters represent significant differences as
determined using ANOVA followed by Tukey’s test (p < 0.05).

Based on the reduction in photosynthetic pigment content, we further evaluated the
photosynthetic efficiency of GRX480 mutants under Cd stress. Fv/Fm, representing the
maximum photochemical quantum yield of chlorophyll fluorescence, is an important indi-
cator for assessing the photosynthetic potential [38]. Measurements of Fv/Fm showed that
Cd stress resulted in a reduction in light energy conversion efficiency of the Photosystem
II (PSII), with the Fv/Fm of WT decreased to 87.6 ± 0.92% after Cd treatment compared
with untreated. However, grx480-1 and grx480-2 mutants showed further declines to
79.7 ± 1.22% and 77.7% ± 3.11% compared to untreated seedlings, respectively, suggesting
GRX480 may stabilize photosynthesis under Cd stress (Figure 2D,E).

The accumulation of proline content is associated with an adaptive response of plants
to adverse stress, such as salinity, drought, and heavy metal exposure [39–41]. Here, the
proline content with and without Cd stress was examined. Under control conditions, the
proline content of WT and GRX480 mutants was similar. However, under Cd treatment
conditions, while the proline content of WT accumulated to 80.4 ± 3.21 µg/g FW, the
proline content of grx480-1 and grx480-2 was 58.9 ± 1.39 µg/g FW, 57.5 ± 4.09 µg/g FW,
respectively (Figure 2F). Notably, proline accumulation was significantly lower in GRX480
mutants than in the wild type under Cd stress. These results suggest that the inhibition
of GRX480 suppresses plant Cd tolerance leading to lowering photosynthetic activity and
proline levels.

2.3. GRX480 Mutants Alter Cd Accumulation by Modulating Cd Efflux and Transport
Genes Transcription

To assess whether GRX480 affects Cd accumulation under Cd stress, we harvested
roots and shoot tissue from WT and GRX480 mutant seedlings that were grown on 1/2 MS
medium supplemented with 50 µM CdCl2, and subsequently measured the Cd content. We
found that GRX480 mutants accumulated more Cd than the WT in the roots (Figure 3A). In
the shoots, although a slight increase was detected in the grx480-1 and grx480-2 mutants,
no significant differences were statistically analyzed between the GRX480 mutants and
the wild type under Cd stress (Figure 3A). It means that GRX480 likely influences Cd
accumulation in roots, contributing to plant tolerance to Cd.

Metal ions are typically absorbed by active transport by plant root cells. Numerous
studies have been conducted on the absorption, transport, and efflux of Cd ions [2,12,17,18,42].
In this study, we examined the expression of Cd efflux and transport-related genes in
GRX480 mutants. Under Cd stress, the transcription of PCR2 and PDR8 was induced in WT
and GRX480 mutants; however, the induction of these genes by Cd stress was alleviated in
GRX480 mutants (Figure 3B,C). Notably, HMA3, which mediates vacuolar sequestration
of Cd, exhibited similar expression levels in both WT and GRX480 mutants under control
conditions; however, its induction by Cd stress was observed in WT, while this induction
was abolished in GRX480 mutants (Figure 3D). These results suggest that the increased
accumulation of Cd in mutants is derived from the alteration of Cd efflux and transport.
These findings could potentially account for the observed difference in Cd content between
the roots and shoots of the WT and GRX480 mutants.
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Figure 3. More cadmium has accumulated in GRX480 mutants. (A) Cd contents in the root and shoot
of 10-old-day wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented
with or without 50 µM CdCl2. Values represent the mean ± SD of three independent experiments.
(B–D) The expression levels of PCR2 (B), PDR8 (C) and HMA3 (D) of 5-day-old wild-type, grx480-1
and grx480-2 seedlings cultivated on 1/2 MS medium supplemented with or without 50 µM CdCl2.
The expression of these genes was quantified by RT-qPCR and the values are normalized to the
untreated WT, with this baseline set at 1. Values represent the mean ± SEM of three independent
experiments. Different letters represent significant differences as calculated using ANOVA followed
by Tukey’s test (p < 0.05).

2.4. GRX480 Influences the Balance Between GSH and GSSG During Plant Response to Cd Stress

Given that GRX480, as a member of the GRXs, has the potential to bind with GSH
and form the antioxidant system, acting as an electron donor in the reduction of disulfide
bonds [35]. We hypothesize that the functional alterations of GRX480 may affect the
levels of GSH and consequently impact the Cd tolerance of plants. Subsequently, we
measured glutathione content, including reduced GSH and oxidized GSSG, in WT and
GRX480 mutants treated with or without 50 µM CdCl2. We found that the content of GSH
was increased and oxidized GSSG was unchanged, leading to inhibition of GSH/GSSH
ratio, in the wild type under Cd stress compared with untreated plants (Figure 4A,B).
However, in Cd treated-GRX480 mutants, total glutathione is reduced accompanied by
a significant decrease in GSH content compared with the wild type under Cd stress,
indicating that GRX480 regulates the response of plants to Cd by inhibiting GSH, leading
to influencing the balance between GSH and GSSG (Figure 4A,B). Besides, to investigate
whether the altered GSH content is due to an impact on GSH synthesis, we assessed GSH1
and GSH2 expression levels using RT-qPCR, which are coding two glutathione synthetase
and induced by Cd stress [21]. Our results revealed no significant differences between
WT and mutants detected both under control and Cd stress (Figure 4C,D), indicating that
GRX480 regulates the balance between GSH and GSSG rather than directly impacting
the synthesis of GSH. In conclusion, our results reveal that the knock-down of GRX480
contributes to the hypersensitivity phenotype to Cd stress through the breaking of the
balance between GSH and GSSG.
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Figure 4. GRX480 mutants have less GSH compared with WT. (A) Glutathione (GSH plus 2GSSG)
content of 5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium
supplemented with or without 50 µM CdCl2. Values represent the mean ± SD of three independent
experiments. Different letters represent significant differences as determined using ANOVA followed
by Tukey’s test (p < 0.05), and capital letters represent total glutathione statistical analysis, while
lowercase letters represent GSH difference analysis. (B) The relative ratio of GSH/GSSG of 5-day-old
wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented with or
without 50 µM CdCl2. The data of untreated WT were set to 1. Values represent the mean ± SD of
three independent experiments. Different letters represent significant differences as determined using
ANOVA followed by Tukey’s test (p < 0.05). (C,D) The expression levels of GSH1 (C) and GSH2 (D) of
5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented
with or without 50 µM CdCl2. The expression of these genes was quantified by RT-qPCR and the
values are normalized to the untreated WT, with this baseline set at 1. Values represent mean ± SEM
of three independent experiments. Different letters represent significant differences as calculated
utilizing ANOVA followed by Tukey’s test (p < 0.05).

2.5. GRX480 Regulates ROS Homeostasis Under Cd Stress

It is reported that Cd stress causes the production of ROS, leading to oxidative damage.
Through 3,3-diaminobenzidine (DAB) staining and nitroblue tetrazolium (NBT) staining,
we examined the levels of H2O2 and O·−

2 in WT and GRX480 mutants.
Under Cd stress, both WT and GRX480 mutants exhibited an increase in the precip-

itation of colored substances formed by DAB and NBT staining, with the grx480-1 and
grx480-2 showing a more pronounced enhancement (Figure 5A,B). We quantified the stain-
ing intensity of DAB and NBT, although there was no statistically significant difference in
the DAB staining intensity between WT and GRX480 mutants (Figure 5C,D).
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Figure 5. The homeostasis of ROS is disrupted in GRX480 mutants. (A) Representative DAB-staining
images of leaves from 5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS
medium supplemented with or without 50 µM CdCl2. Bar = 1000 µm. (B) The relative intensity
in (A). The data of untreated WT were set to 1. (C) Representative NBT staining images of leaves from
5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented
with or without 50 µM CdCl2. Bar = 1000 µm. (D) The relative intensity in (C). The data of untreated
WT were set to 1. Values represent the mean ± SD of three independent experiments. Different letters
represent significant differences as determined using ANOVA followed by Tukey’s test (p < 0.05
n > 30). (E–I) The expression levels of CAT2 (E), CAT3 (F), APX1 (G), CSD2 (H) and FSD1 (I) of
5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented
with or without 50 µM CdCl2. The expression of these genes was quantified by RT-qPCR and the
values are normalized to the untreated WT, with this baseline set at 1. Values represent mean ± SEM
of three independent experiments. Different letters represent significant differences as calculated
utilizing ANOVA followed by Tukey’s test (p < 0.05).
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To elucidate the molecular mechanism of GRX480-mediated ROS homeostasis changes
under Cd stress, we employed the RT-qPCR assay to measure the transcription levels of
several genes that encode the antioxidant enzymes, such as CAT2 and CAT3 (encoding two
catalases), APX1 (encoding a cytosolic ascorbate peroxidase); CSD2 and FSD1 (encoding
two superoxide dismutases). As shown, Cd treatment markedly suppressed the expression
of all these genes in WT and GRX480 mutants, notably, the inhibition of these genes was
aggravated in GRX480 mutants (Figure 5E–I). These results indicate that the GRX480
regulates ROS homeostasis under Cd stress.

2.6. GRX480 Mutants Show the Hyperaccumulation of Toxic RCS Under Cd Stress

This oxidative stress often leads to intracellular lipid peroxidation, resulting in the
production of a large amount of toxic reactive carbonyl species (RCS) [43]. GRX480 was
thought to be involved in the detoxification process of RCS under photooxidative stress,
but its function under Cd stress is still unknown [34,44]. Consequently, we employed
LC-MS to examine the accumulation of RCS in WT and GRX480 mutants under Cd stress.
Under Cd stress, two toxic reactive carbonyl species (RCS), acrolein and malondialdehyde
(MDA), were significantly induced in both WT and GRX480 mutants. Notably, grx480-1
and grx480-2 accumulated more acrolein and malondialdehyde (MDA) than the WT under
Cd stress (Figure 6A,B). These findings suggest that GRX480 alleviate oxidative stress in
plants by detoxifying RCS, thereby conferring Cd tolerance.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 9 of 18 
 

 

medium supplemented with or without 50 µM CdCl2. Bar = 1000 µm. (B) The relative intensity in 
(A). The data of untreated WT were set to 1. (C) Representative NBT staining images of leaves from 
5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented 
with or without 50 µM CdCl2. Bar = 1000 µm. (D) The relative intensity in (C). The data of untreated 
WT were set to 1. Values represent the mean ± SD of three independent experiments. Different letters 
represent significant differences as determined using ANOVA followed by Tukey’s test (p < 0.05 n > 
30). (E–I) The expression levels of CAT2 (E), CAT3 (F), APX1 (G), CSD2 (H) and FSD1 (I) of 5-day-
old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium supplemented with or 
without 50 µM CdCl2. The expression of these genes was quantified by RT-qPCR and the values are 
normalized to the untreated WT, with this baseline set at 1. Values represent mean ± SEM of three 
independent experiments. Different letters represent significant differences as calculated utilizing 
ANOVA followed by Tukey’s test (p < 0.05). 

2.6. GRX480 Mutants Show the Hyperaccumulation of Toxic RCS under Cd Stress 
This oxidative stress often leads to intracellular lipid peroxidation, resulting in the 

production of a large amount of toxic reactive carbonyl species (RCS) [43]. GRX480 was 
thought to be involved in the detoxification process of RCS under photooxidative stress, 
but its function under Cd stress is still unknown [34,44]. Consequently, we employed LC-
MS to examine the accumulation of RCS in WT and GRX480 mutants under Cd stress. 
Under Cd stress, two toxic reactive carbonyl species (RCS), acrolein and malondialdehyde 
(MDA), were significantly induced in both WT and GRX480 mutants. Notably, grx480-1 
and grx480-2 accumulated more acrolein and malondialdehyde (MDA) than the WT under 
Cd stress (Figure 6A,B). These findings suggest that GRX480 alleviate oxidative stress in 
plants by detoxifying RCS, thereby conferring Cd tolerance. 

. 

Figure 6. More RCS has accumulated in grx480 mutants. (A,B) The content of acrolein (A) and MDA 
(B) in 5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium 
supplemented with or without 50 µM CdCl2. Values represent the mean ± SD of three independent 
experiments. Different letters represent significant differences as determined utilizing ANOVA 
followed by Tukey’s test (p < 0.05). 

2.7. Overexpression of GRX480 Enhances Plant Tolerance to Cd Stress 
To further explore whether the overexpression of GRX480 enhances plant tolerance 

to Cd stress, we generated transgenic lines 35S::GRX480 by overexpressing GRX480 under 
the control of 35S promoter. RT-qPCR assay revealed that the GRX480 transcription level 
in 35S::GRX480 plants was higher than that in WT (Figure 7A). Under normal grown 
conditions, 35S::GRX480 plants showed similar root length and fresh weight compared to 
WT. However, under Cd stress, the root length and biomass of the 35S::GRX480 plants 
were significantly increased compared to those of the WT (Figure 7B–D). In addition, we 
monitored the effects of chloroplast damage caused by Cd stress in WT and 35S::GRX480 
plants cultured horizontally on 1/2MS medium, with or without 50 µM CdCl2. As shown, 
35S::GRX480 plants displayed significantly reduced chlorosis under Cd stress compared 
with the WT (Figure 7E). The quantitative result exhibited that 35S::GRX480 had higher 

Figure 6. More RCS has accumulated in grx480 mutants. (A,B) The content of acrolein (A) and
MDA (B) in 5-day-old wild-type, grx480-1 and grx480-2 seedlings cultivated on 1/2 MS medium
supplemented with or without 50 µM CdCl2. Values represent the mean ± SD of three independent
experiments. Different letters represent significant differences as determined utilizing ANOVA
followed by Tukey’s test (p < 0.05).

2.7. Overexpression of GRX480 Enhances Plant Tolerance to Cd Stress

To further explore whether the overexpression of GRX480 enhances plant tolerance to
Cd stress, we generated transgenic lines 35S::GRX480 by overexpressing GRX480 under
the control of 35S promoter. RT-qPCR assay revealed that the GRX480 transcription level
in 35S::GRX480 plants was higher than that in WT (Figure 7A). Under normal grown
conditions, 35S::GRX480 plants showed similar root length and fresh weight compared
to WT. However, under Cd stress, the root length and biomass of the 35S::GRX480 plants
were significantly increased compared to those of the WT (Figure 7B–D). In addition, we
monitored the effects of chloroplast damage caused by Cd stress in WT and 35S::GRX480
plants cultured horizontally on 1/2MS medium, with or without 50 µM CdCl2. As shown,
35S::GRX480 plants displayed significantly reduced chlorosis under Cd stress compared
with the WT (Figure 7E). The quantitative result exhibited that 35S::GRX480 had higher
chlorophyll content compared to the WT (Figure 7F,G). In summary, GRX480 overexpression
enhanced plant tolerance to Cd stress, consistent with the hypersensitive phenotype of
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the grx480 mutants to Cd stress, further confirming the positive role of GRX480 in plant
tolerance to Cd stress.
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Figure 7. Overexpression of GRX480 enhances Cd stress tolerance. (A) The expression levels of
GRX480 in 5-day-old wild-type, 35S::GRX480 #1, #3 and #7 seedlings cultivated on 1/2 MS medium.
Values are normalized to the WT, with this baseline set at 1. Values represent the mean ± SEM of
three independent experiments. Different letters represent significant differences as determined
using ANOVA followed by Tukey’s test (p < 0.05). (B) Representative images of 5-day-old wild-type,
35S::GRX480 #1, #3 and #7 seedlings cultivated on 1/2 MS medium with or without 50 µM CdCl2.
Bar = 10 mm. (C,D) Root length (C) and fresh weight (D) of 5-day-old seedlings grown on 1/2 MS
medium with or without 50 µM CdCl2. Values represent the mean ± SD of three independent
experiments. Different letters represent significant differences as determined using ANOVA followed
by Tukey’s test (p < 0.05, n > 60). (E–G) Representative images (E) and chlorophyll a (F) and
chlorophyll b (G) content of 5-day-old wild-type, 35S::GRX480 #1, #3 and #7 seedlings cultivated on
1/2 MS medium supplemented with or without 50 µM CdCl2. Bar = 10 mm. Values represent the
mean ± SD of three independent experiments. Different letters represent significant differences as
determined using ANOVA followed by Tukey’s test (p < 0.05).

3. Discussion

Glutaredoxins (GRXs), small and ubiquitous thiol reductases within the thioredoxins
(TRXs) superfamily, and most of the biochemical and structural studies on plant GRXs
have been focused on Class I and Class II isoforms. They utilize GSH as a cofactor to
form an antioxidant system and serve as an electron donor, which is essential for plant
growth, development, and response to oxidative stress [45–49]. CC-type GRXs are a
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unique class of GRXs found in land plants [26]. Although as a subfamily of GRXs, it
remains unclear whether they possess oxidoreductase activities in vivo [35], previous
studies on poplar have demonstrated that the purified simulated CC-type GRXs exhibit
oxidoreductase activity in vitro [36]. In our study, we made the discovery that GRX480
plays a crucial role in plant responses to Cd stress by using GRX480 mutants. We also
measured the overall GRX enzyme activity by HED analysis and found that the overall GRX
enzyme activity is significantly inhibited in grx480-1 and grx480-2. The enzyme activity of
GRXs is associated with its potential to bind with GSH and together with GR, NADPH,
etc., forming an antioxidant system as an electron donor in the reduction of disulfide
bonds [50]. Furthermore, GSH has been shown to play crucial roles in the response of
plants to Cd, as increased accumulation of GSH can enhance Cd tolerance in transgenic
lines [21]. Consistently, total glutathione is reduced accompanied by a significant decrease
in GSH content in Cd treated-GRX480 mutants, which are hypersensitive to Cd stress with
hyperaccumulation of Cd in roots, compared with the wild type, indicating that GRX480
regulates plant Cd tolerance by influencing the balance between GSH and GSSG.

In order to deal with Cd stress, plants develop effective mechanisms against Cd stress
from uptake, transport, compartmentalisation and efflux of Cd. PCR2 is a homolog of the
plasma membrane-localized Cys-rich protein PCR1, which mediates the efflux of Cd and
confers plant Cd tolerance [17,42]. PDR8, belonging to the pleiotropic drug resistance (PDR)
subfamily of ABC transporters, is located in the plasma membrane and the root epidermal
cells. It plays a role in Cd tolerance by pumping out Cd2+ from the plasma membrane of
root epidermal cells [12]. HMA3, a P1B-type ATPase located in the vacuolar membrane,
is involved in the sequestration of Cd in the vacuolar [18], and genome-wide association
studies identify that the HMA3 gene is the only major locus that causes variation in Cd
accumulation in the leaves of Arabidopsis thaliana [51]. Our results demonstrate that the
expression of these Cd response genes was suppressed in GRX480 mutants under Cd stress,
potentially contributing to the higher accumulation of Cd content in plants. This suggests
that GRX480 plays a role in regulating Cd efflux and transport, thereby enhancing plant
tolerance to Cd.

Cd stress triggers the production of ROS in plants, which can cause damage to essen-
tial macro molecules like DNA, proteins, and membrane lipids, consequently impairing
growth [9]. An array of antioxidant systems has been evolved by plants to scavenge
ROS. The efficacy of the antioxidant systems is mirrored by the expression and activity
of these antioxidant enzymes. Usually, disruption of their normal expression or activity
correlates with exacerbated ROS accumulation [52]. In Arabidopsis, CAT1, CAT2 and CAT3
serve as catalases that decompose H2O2, especially when H2O2 is present in relatively
high amounts [53,54]. APX1, which encodes a cytosolic ascorbate peroxidase, facilitates
the conversion of H2O2 into H2O and O2 by utilizing ascorbate as a specific electron
donor [55]. CSD2 and FSD1, encoding two superoxide dismutases, can detoxify superoxide
radicals [56,57]. In our study, the transcription levels of CAT2, CAT3, APX1, CSD2 and FSD1
were inhibited after Cd treatment, and this inhibition was more pronounced in GRX480
mutants than in WT, which was consistent with the observed hyperaccumulation of ROS in
mutants. These results suggest that repression of ROS scavenge genes may be the main
reason for the hyperaccumulation of ROS in Cd-treated GRX480 mutants.

For plants, photosynthesis is necessary for their growth and development, and it is
similarly essential for agricultural productivity. During heavy metal stress, the chloroplasts
of plant cells were damaged, accompanied by the chlorosis of leaves. In our study, we
measured the Fv/Fm, which assesses the photosynthetic potential [38] by detecting the
maximum photochemical quantum yield of chlorophyll fluorescence reflecting the potential
of photosynthesis, and found that Cd stress reduced the efficiency of photosynthesis in
WT and GRX480 mutants, and this reduction was further aggravated in GRX480 mutants.
Excess light is a common stressor that affects the activity of photosynthesis, leading to the
production of a large amount of toxic reactive carbonyl species (RCS) under excessive light,
which causes severe photo-oxidative damage [58]. GRX480 has been reported to be induced
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in response to excess light stress and is involved in the detoxification response of RCS in
the SCARECROW-LIKE (SCL) 14-dependent protective mechanism [34,44]. However, the
role of RCS in Cd stress still requires further investigation. We used LC-MS to detect the
levels of two important RCSs: acrolein and MDA. The results showed that Cd caused an
accumulation of RCS content in both the WT and GRX480 mutants but to a greater extent in
grx480-1 and grx480-2. This suggests that the reduction in photosynthetic efficiency under
Cd stress may be due to the accumulation of RCS, and that GRX480 may play a role in
this process.

In summary, our study reports the crucial role of CC-Type GRX480 in Cd stress and
elucidates its involvement in plant detoxification of Cd accumulation. Firstly, GRX480
regulates the expression of genes related to the Cd efflux and transport. Secondly, it
influences the content of GSH. Simultaneously, it reduces the oxidative damage caused by
heavy metal exposure by regulating the expression of ROS-scavenging genes and detoxing
RCS (Figure 8). Our work provides novel insights for understanding plant GRXs.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 12 of 18 
 

 

photosynthesis, leading to the production of a large amount of toxic reactive carbonyl 
species (RCS) under excessive light, which causes severe photo-oxidative damage [58]. 
GRX480 has been reported to be induced in response to excess light stress and is involved 
in the detoxification response of RCS in the SCARECROW-LIKE (SCL) 14-dependent 
protective mechanism [34,44]. However, the role of RCS in Cd stress still requires further 
investigation. We used LC-MS to detect the levels of two important RCSs: acrolein and 
MDA. The results showed that Cd caused an accumulation of RCS content in both the WT 
and GRX480 mutants but to a greater extent in grx480-1 and grx480-2. This suggests that 
the reduction in photosynthetic efficiency under Cd stress may be due to the accumulation 
of RCS, and that GRX480 may play a role in this process. 

In summary, our study reports the crucial role of CC-Type GRX480 in Cd stress and 
elucidates its involvement in plant detoxification of Cd accumulation. Firstly, GRX480 
regulates the expression of genes related to the Cd efflux and transport. Secondly, it 
influences the content of GSH. Simultaneously, it reduces the oxidative damage caused 
by heavy metal exposure by regulating the expression of ROS-scavenging genes and 
detoxing RCS (Figure 8). Our work provides novel insights for understanding plant GRXs. 

 
Figure 8. Model for the role of GRX480 in Cd stress tolerance. The Cd-induced GRX480 is involved 
in regulating the expression of Cd response genes (PCR2, PDR8, and HMA3) and altering the GSH 
level to protect plants against Cd stress. The GRX480 mediates the expression of genes involved in 
scavenging ROS and detoxifying RCS in response to Cd-induced oxidative damage, thereby 
conferring tolerance to Cd in plants. 

4. Materials and Methods 
4.1. Plant Materials and Growth Conditions 

Arabidopsis thaliana ecotype Columbia-0 was used in this study. Two T-DNA insertion 
lines SALK_031817C and SALK_052093C were obtained from the Arashare 
(https://www.arashare.cn/index/, accessed on 2 November 2022), a non-profit Arabidopsis 
Share Center, and verified by PCR, and then they were named grx480-1 and grx480-2, 
respectively. Primers used for genotyping are listed in Supplemental Table S1. 

The seeds were sterilized by surface treatment with 5% (w/v) bleach for 5 min, 
followed by three washes with sterile ddH2O. Afterwards, the seeds were incubated at 4 
°C in the dark for 72 h before being transferred to plates containing half-strength 
Murashige and Skoog (1/2 MS) medium at pH 5.8, supplemented with 1% (w/v) agar and 
1% (w/v) sucrose. Seedlings were grown vertically at 23 °C under a 16-h light (100 µmol 
m−2 s−1 illumination)/8-h dark photoperiod. For Cd treatment, the medium was 

Figure 8. Model for the role of GRX480 in Cd stress tolerance. The Cd-induced GRX480 is involved
in regulating the expression of Cd response genes (PCR2, PDR8, and HMA3) and altering the GSH
level to protect plants against Cd stress. The GRX480 mediates the expression of genes involved
in scavenging ROS and detoxifying RCS in response to Cd-induced oxidative damage, thereby
conferring tolerance to Cd in plants.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia-0 was used in this study. Two T-DNA insertion
lines SALK_031817C and SALK_052093C were obtained from the Arashare (https://www.
arashare.cn/index/, accessed on 2 November 2022), a non-profit Arabidopsis Share Center,
and verified by PCR, and then they were named grx480-1 and grx480-2, respectively.
Primers used for genotyping are listed in Supplemental Table S1.

The seeds were sterilized by surface treatment with 5% (w/v) bleach for 5 min, fol-
lowed by three washes with sterile ddH2O. Afterwards, the seeds were incubated at 4 ◦C
in the dark for 72 h before being transferred to plates containing half-strength Murashige
and Skoog (1/2 MS) medium at pH 5.8, supplemented with 1% (w/v) agar and 1% (w/v)
sucrose. Seedlings were grown vertically at 23 ◦C under a 16-h light (100 µmol m−2 s−1

illumination)/8-h dark photoperiod. For Cd treatment, the medium was supplemented
with or without 50 µM CdCl2, as previous studies have demonstrated that this concen-

https://www.arashare.cn/index/
https://www.arashare.cn/index/
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tration is effective for investigating plant responses to Cd stress, significantly inhibiting
growth without inducing lethal toxicity [6].

4.2. Transformation of Arabidopsis

To generate 35S::GRX480, the CDS of GRX480 was amplified and cloned into pCAM-
BIA1300 under the control of the 35S promoter. The resultant plasmids were transformed
into the wild-type Arabidopsis Col-0 by Agrobacterium tumefaciens strain pGV3101 using
the florap dip method. Primers used for molecular cloning are listed in Table S1.

4.3. Determination of Proline Content

L-proline was utilized as the standard to ascertain proline content, according to
the method already documented [7]. In brief, after collection and weight measurement,
the leaves were extracted in 3% sulfosalicylic acid. Incubation was performed on 2 mL
aliquots of each extract, each mixed with 2 mL of ninhydrin reagent (2.5% [w/v] ninhydrin,
60% [v/v] glacial acetic acid, and 40% [v/v] 6 M phosphoric acid) and 2 mL of glacial
acetic acid. The mixture was boiled at 100 ◦C for 40 min, after which the reaction was
discontinued on ice. The mixture was added to toluene (5 mL), vortexed to homogeneity,
and incubated at 23 ◦C for 24 h before the absorbance at 520 nm was recorded using a
UV-5200 spectrophotometer (METASH, Shanghai, China).

4.4. Measurement of Chlorophyll

Approximately 0.1 g leaves were collected to extract total chlorophyll using 3 mL of
80% (v/v) acetone at 4 ◦C for 24 h in darkness. The absorbances of the extract at 663 and
645 nm were measured using spectrophotometry. Chlorophyll contents were calculated as
previously described [6].

4.5. Measurement of Fv/Fm

The assessment of Fv/Fm was carried out according to a method previously ap-
plied [59]. First, 5-day-old seedlings treated with or without 50 µM CdCl2 were transferred
to a dark room at 23 ◦C for 30 min. A fluorometer HEXAGON-IMAGING-PAM (WALZ,
Zealquest, Shanghai, China) was employed to measure Fv/Fm.

4.6. GRXs Activity Analysis (HED Assay)

Plant proteins were extracted with a buffer containing 375 mM NaCl, 2.5 mM EDTA,
1% β-mercaptoethanol, 125 mM Tris–HCl (pH8.0), and 1% SDS. Crude protein extract
concentrations were ascertained by employing the Bradford method. The HED assay
was carried out following the method previously described [60]. A mixture of 1 mM GSH,
0.2 mM NADPH, 2 mM EDTA, 0.1 mg/mL bovine serum albumin (BSA), and 6 µg/mL yeast
glutathione reductase was prepared in 100 mM Tris-HCl (pH 7.9). Then, 2-Hydroxyethyl
disulfide (HED) was added at a final concentration of 0.7 mM. The mixture was vortexed
to homogeneity, incubated in 3 min, and protein extracts were added. The decrease in
absorbance at 340 nm was followed using a spectrophotometer. Enzyme activities were
expressed as micromoles of NADPH oxidized/min.

4.7. Determination of Cd Content

Inductively coupled plasma mass spectroscopy (ICP-MS) was employed to determine
Cd content according to previously described [5]. Briefly, the roots and shoots of 10-day-old
seedlings grown on 1/2 MS medium containing 50 µM CdCl2 were harvested separately.
Subsequently, about 0.2 g of dried plant materials was ground to a fine powder. Then, it
was digested in a mixture of concentrated HNO3 and HClO4 (4:1, v/v). The volume of the
sample was adjusted to 50 mL using ddH2O. Then, the concentration of Cd was detected
by ICP-MS.
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4.8. Determination of Glutathione

Five-day-old seedlings grown on 1/2 MS media with or without 50 µM CdCl2 were
harvested to measure GSH/GSSG levels according to a previous report [5]. Briefly, glu-
tathione reductase (GR) catalyzes the reduction in GSSG to GSH. Subsequently, GSH
reacts with 5,5′-dithiobis-(2-nitrobenzoic acid) (DNTB) resulting in the formation of the
yellow-colored compound 2-nitro-5-thiobenzoic acid (TNB) and GSSG. The absorbance at
412 nm can be measured to calculate the total glutathione content. By eliminating GSH, the
aforementioned reaction can be used to calculate the GSSG content. The GSH content can
then be determined by excluding the GSSG content from the total glutathione content.

4.9. LC-MS Analysis of RCS Content

The method was employed as previously described with slight modifications [61].
In summary, 5-day-old seedlings were harvested and extracted by RCS extraction buffer
[acetonitrile with 5 µM 2-ethylhexanal (as internal standard) and 0.005% (w/v) of butylated
hydroxytoluene]. Next, the extracts were incubated at 60 ◦C for 50 min and then centrifuged
for 20 min at 27,900× g. The supernatant was transferred to a fresh tube, and 0.5 mM of
2,4-DNPH and 0.5 M formic acid were added. The mixture was incubated at 25 ◦C for 1 h
for derivatization. Before injection, the sample was diluted with ultra-pure H2O at a ratio
of 50:50.

Acrolein-DNPH and malondialdehyde-DNPH were identified and quantified by LC-
MS mass spectrometer (Q-Exactive, Thermo Scientific, Waltham, MA, USA) in negative ion
mode. A reversed-phase column (Thermo Scientific Hyper GOLDTM C18 100 × 2.1 mm,
3 µm) was selected to separate carbonyl-DNPH compounds. A multistep gradient was
used with 0.1% formic acid (v/v) (A) and acetonitrile (B). The flow rate was maintained at
0.5 mL/min for the entire duration of the 10 min run: 0–2 min, 5% B; 2–7 min, 5–95% B;
7–9 min, 95% B; 9–10 min, 5% B (all percentages in v/v). The LC-MS instrument parameters
were set as follows: capillary temperature at 320 ◦C, spray voltage at 3.2 kV, sheath gas
flow rate at 40, auxiliary gas flow rate at 15, and S-lens radio frequency level at 55. Full MS
mode was employed to obtain the mass spectra, with a resolution setting of 70,000 at full
width at half maximum.

4.10. RNA Extraction and RT-qPCR Analysis

The RNA was extracted following the method previously described [62]. In brief,
plants were flash-frozen in liquid nitrogen and ground to a fine powder. TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) was used to extract RNA and RQ1 RNase-free DNase I
(Promega, Madison, WI, USA) was employed to remove DNA. RNA reverse transcription
was conducted using the ReverTra Ace kit (TOYOBO, Tsuruga-shi, Japan) as per the
instructions. qPCR was carried out on BioRad CFX96 instrument (Hercules, CA, USA) with
SYBR Green I dye (Invitrogen), following a program of 95 ◦C for 3 min, 40 cycles of 95 ◦C for
15 s, and 60 ◦C for 45 s. Reference genes selected for the study included Protein Phosphatase
2A Subunit A3 (PP2AA3, AT1G13320) and Eukaryotic Translation Initiation Factor 4A1 (EIF4A1,
AT3G13920). Each experiment was conducted with three separate biological replicates and
three technical replicates. Primer sequences are listed in Supplemental Table S1.

4.11. DAB and NBT Staining

The 5-day-old seedlings were harvested to determine H2O2 and O·−
2 accumulation as

previously described [63,64]. Incubation of the seedlings was carried out using fresh pre-
pared DAB staining solution [1 mg/mL DAB, 10 mM Na2HPO4 and 0.1% (v/v) Tween-20]
and NBT staining solution [0.1 mg/mL NBT in 25 mM HEPES buffer (pH 7.6)] for 8 and
2 h, respectively. Subsequently, chlorophyll was removed using 70% (v/v) ethanol. Stere-
omicroscopy was employed for photography, and the staining intensity was statistically
analyzed using ImageJ version 1.54k.
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4.12. Statistical Analysis

All experiments were performed with at least three repetitions. The significance of
differences was determined by ANOVA, as indicated in the figure legends.

5. Conclusions

In conclusion, our research revealed the pivotal role of GRX480 in modulating plant
responses to Cd stress, highlighting its multifaceted regulatory capabilities in enhancing
plant Cd tolerance. The Cd-induced GRX480 enhances plants’ Cd tolerance by regulating
the expression of Cd efflux and transport gene transcription to reduce Cd enrichment,
as well as the expression of ROS scavenge enzyme encoding genes to reduce oxidative
damage. Moreover, as a member of glutaredoxins, GRX480 is involved in influencing the
balance between GSH and GSSG, thereby conferring tolerance to Cd in plants.

CC-type class GRXs are widely present in land plants. However, less research focuses
on their roles in plant development and stress tolerance. Therefore, the role of GRX480
homologous genes in other plant species, especially crops, in enhancing plant Cd tolerance
is worth further exploring. These results will be used for the crop breeding design for high
Cd stress tolerance and low cadmium enrichment germplasm resources, and ultimately
serve food security and human health.
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