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ABSTRACT: Glutathione S-transferases (GSTs) represent a large and diverse enzyme family ubiquitously distributed
across the plant kingdom. These proteins catalyze the conjugation of glutathione (GSH) with electrophilic substrates in
response to various stress conditions. Beyond their role in stress adaptation, certain GSTs are integral regulators of plant
growth and development, contributing to a range of physiological processes. Most GST proteins exhibit dual enzymatic
activities, functioning as both transferases and peroxidases, which enables their involvement in diverse cellular
processes, including detoxification and stress responses. Recent advancements, particularly in X-ray crystallography,
have enabled detailed structural analysis of GST proteins, significantly enhancing our understanding of their biological
functions. This review offers a comprehensive overview of the classification and structural characteristics of GSTs
in plants. It also highlights recent findings on their roles in plant growth and development, cell signaling, catalytic
transport, and stress tolerance. Furthermore, key scientific challenges related to GSTs are discussed, focusing on their
potential applications in agriculture. These insights aim to facilitate the screening of functional GST genes and support
molecular breeding efforts across diverse crop species.

KEYWORDS: Glutathione S-transferase; biotic and abiotic stress; plant growth and development; signal transduction;
biological functions

1 Introduction

Glutathione S-transferases (GSTs) are enzyme proteins with a wide range of biological functions in
both plants and animals [1]. In the plant kingdom, GSTs were first identified in maize, where they were
shown to conjugate with herbicides, thereby protecting the plant from damage [2]. Since then, various
members of the GST family have been reported to participate in distinct functions in plants. Throughout
their growth and development, plants must continuously adapt to fluctuations in their external environment.
In response to external stimuli, plants typically activate a series of signaling cascades that trigger defense
mechanisms, which, in some cases, may also negatively impact plant growth. The upregulation of GST gene
expression is widely recognized as a hallmark for plant stress responses [1,3]. In recent years, a number of
GST proteins have been identified in various plants including Arabidopsis thaliana [4], rice (Oryza sativa) [5],
poplar (Populus tomentosa) [6], oilseed rape (Brassica napus) [7], among others. Previous studies have
demonstrated that GSTs play a crucial role in plant stress responses by detoxifying both endogenous and
exogenous xenobiotics as well as oxidized molecules [8,9]. In addition, certain GST members are involved in
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the regulation of plant growth, development and metabolism. Given their diverse roles, understanding the
biological functions of GST proteins is essential. This review provides a comprehensive overview of the recent
research progress on the classification, protein structure, and biological functions of GST family members
in plants. These insights aim to promote further in-depth research on GSTs and facilitate their application in
the molecular breeding of diverse crop species.

2 Classification and Structural Characteristic of GST Protein
2.1 Classification of GSTs

The N- and C-terminal domains of GSTs are highly conserved, suggesting that these enzymes
retain conserved biological functions across different species [10-12]. Based on their subcellular
localization, GSTs can be classified into cytoplasmic, mitochondrial and microsomal types [I3].
Microsomal GSTs are also known as Membrane Associated Proteins in Eicosanoid and Glutathione
Metabolism (MAPEG proteins) [14,15]. Among these, cytoplasmic GSTs constitute the largest
family and are also the most extensively studied. Given the growing number of identified GST
members, it is essential to establish a systematic classification for these proteins. The widely used
GST classification system was initially proposed by Droog in 1997 [I6], that was further revised,
supplemented, and improved by Edwards in 2000 [17]. This system divides the GST superfamily into
multiple subfamilies based on gene structure (including exon and intron sequences), amino acid
sequence similarity, conservation of key amino acid sites and substrate binding specificity [5]. In plants,
cytoplasmic GST can be divided into at least 14 classes, namely, Tau (U), Phi (F), Zeta (Z), Theta (T),
Lambda (L), Elongation Factor 1 Gamma (EF1By), Metaxin, Ure2p, Hemerythrin, Lota, TetraChloro-
HydroQuinone Dehalogenase (TCHQD), DeHydroAscorbate Reductase (DHAR), microsomal
ProstaGlandin E-Synthase Type 2 (mPGES-2) and Glutathionyl-Hydroquinone Reductases (GHRs) [18-20].
Eight of these categories are prevalent across different plant species. Notably, GSTU, GSTF, GSTL, and
DHAR are overrepresented in plants, which is commonly regarded as plant-specific features [21]. However,
some studies have indicated that GSTF is also present in microorganisms, and its distribution is closely
associated with the size of microbial genomes and their habitats [22].

GSTs are also classified differently across various plant species. The model plant Arabidopsis possesses
47 GST family members, which can be categorized into four main groups based on amino acid sequences
(Fig. 1A), exhibiting relatively low homology among these groups. In contrast, wheat contains 330 GSTs,
with the majority belonging to the GSTU and GSTF classes [4,21]. Poplar has 74 GST genes, which are
classified into 11 categories [6]. Oilseed rape contains 179 GST genes, grouped into 6 categories, with these
genes unevenly distributed across chromosomes [7]. Medicago (Medicago truncatula) has 73 GST genes,
divided into 8 categories based on phylogenetic analysis, and these genes vary in structure, distribution and
characteristics of their encoded proteins [23]. Rice (Oryza sativa) contains 59 GST genes classified into 6
categories [5] (Fig. 1B) and they are expressed in various tissues [18]. Soybean (Glycine max) and maize (Zea
mays) have 42 and 25 GST genes, respectively, which can also be divided into 6 categories [5].
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Figure 1: Alignment of GST proteins in Arabidopsis thaliana (A) and Oryza sativa (B). The Neighbor-Joining (NJ)
phylogenetic tree regarding the GST proteins was constructed with MEGA?7 software. These amino acid sequences of
GST members in Arabidopsis thaliana (https://www.arabidopsis.org/) (accessed on 25 February 2025) and Oryza sativa
(https://phytozome.jgi.doe.gov/pz/portal.html) (accessed on 25 February 2025) were obtained from online database.
Different colours indicate different subgroups. This is an originally developed figure

2.2 Structure of GST Proteins

Although the GST protein family consists of numerous members, different GSTs share conserved
domains, indicative of their ancient evolutionary origins [24,25]. These conserved features facilitate the
formation of stable homodimers or heterodimers, with each subunit typically ranging between 23 and
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30 kilodaltons (kDa) [17]. For example, in maize, specific GST classes, such as GSTF and GSTU, form
heterodimers [26-28]. Each GST monomer consists of two structural domains: the N-terminal domain
(NTD) and the C-terminal domain (CTD), connected by a linker region of approximately 10 amino acid
residues (Fig. 2). The NTD sequence is relatively conserved and typically includes three a-helices and four -
sheets, featuring a conserved binding site for glutathione (GSH), known as the GSH binding site (G-site). A
conserved serine residue within the NTD is located in the active site, positioned to stabilize the thiolate anion
of glutathione, as demonstrated by site-specific mutagenesis [29]. The NTD binds to reduced GSH through
its conserved G-site, utilizing cysteine residues in GSH to provide nucleophilic thiols and exert antioxidant
effects by binding with free radicals in plants [30,31]. Recent studies indicate that the G-site can also bind
to other tripeptide analogues, although its affinity and catalytic efficiency for these molecules are generally
low [32].
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Figure 2: The predicted protein structure of AtGSTU25 and the sequence alignment of GSTU25 in different plant
species. (A) The protein structure of AtGSTU25 is predicted with AlphaFold (https://alphafold.ebi.ac.uk/) (accessed on
25 February 2025). It produces a per-residue model confidence score (pLDDT) between 0 and 100. (B) The alignment of
GSTU25 amino acid sequences in different plant species was generated by DNAman software. At: Arabidopsis thaliana;
Bju: Brassica juncea; Bna: Brassica napus; Bni: Brassica nigra; Bo: Brassica oleracea; Br: Brassica rapa; Cg: Capsella
grandiflora; Cs: Camelina sativa; La: Leavenworthia alabamica; 1i: Lsatis indigotica; Rs: Raphanus sativus. The amino
acid sequences were obtained from database UniProt (https://www.uniprot.org) (accessed on 25 February 2025)

The CTD sequence exhibits considerable variation, composed of five a-helices, which form the active
sites for binding hydrophobic ligands (cosubstrate-binding domain or hydrophobic binding site, H-site).
These variations are important for the versatility of GST enzymes in interacting with different ligands [17].
The CTD determines substrate specificity by binding substrates at the H-site [33,34]. The H-site of GSTs
generally exhibits significant structural diversity, plasticity and flexibility, enabling it to accommodate a wide
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range of electrophilic substrates. This versatility is crucial, as it enables GSTs to interact with a variety of
compounds, thereby enhancing their role in detoxification and metabolism. A site-directed mutagenesis
approach and enzyme kinetics were used to unveil the role of key amino acids at the H-sites during the
conjugation of glutathione to hydrophobic compounds catalyzed by GSTs [35].

Most GSTs perform their full biological functions as homodimers or heterodimers, although individual
GST subunits retain active sites. The fluidity of the G- and H-sites suggests that significant conformational
changes occur in GST subunits upon substrate binding [27]. These structural adaptations are crucial for
accommodating various substrates, enhancing the catalytic efficiency and versatility of these GST enzymes.

These subunits facilitate the coupling of toxic substrates with reduced GSH, resulting in the formation
of GSH conjugates. The overall negative charge and increased water solubility of these conjugates enhance
detoxification processes and facilitate their transfer within biological systems, thereby supporting the
efficient removal of exogenous xenobiotics and intracellular oxidized molecules [31,36]. In Arabidopsis,
studies have shown that serine residues at certain active sites of GSTs can be replaced by cysteine or
non-proton-extracting residues, indicating the potential for different catalytic mechanisms [27,37]. The
advancement of X-ray crystallography has facilitated the determination of numerous crystal structures
of soluble GST proteins, significantly enhancing our understanding of their functional mechanisms and
interactions with substrates.

3 The Biological Functions of GSTs

GSTs are a multifunctional enzyme family that catalyzes the nucleophilic attack of the sulfur atom in
glutathione (gamma-glutamyl-cysteinylglycine) on electrophilic group of metabolic products or xenobiotic
compounds. This reaction forms conjugates that yield less toxic or non-toxic derivatives, thereby protecting
cells from oxidative stress [13,27]. Most GST proteins exhibit both catalase and transferase activities.

3.1 GST Involvement in Plant Response to Stress

The role of GSTs in plant stress responses has garnered considerable attention in recent decades (Fig. 3).
In rice, OsGSTUI7 knockout mutants exhibit markedly reduced drought tolerance compared to wild-type
plants. Furthermore, the expression levels of several drought stress marker genes are significantly lower
in these mutants, suggesting that OsGSTUI7 positively regulates drought tolerance in rice [38]. Recently,
the miR6445-NAC029-GSTU23 module has been identified as a crucial regulator of drought tolerance in
poplar by modulating reactive oxygen species (ROS) homeostasis [39]. In wheat (Triticum aestivum), the
TaWRKY74 transcription factor interacts with the promoter region of TaGSTUI to regulate GSH levels,
catalyzing the binding of GSH and H,0O,, thereby enhancing wheat tolerance to copper stress. This finding
is crucial for developing strategies to maintain food security [40]. Overexpression of OsGSTU4 from rice
enhances tolerance to salt and oxidative stress in Arabidopsis [41], likely by reducing ROS levels and
increasing GSH levels in plants, thereby mitigating cellular damage. Similarly, in tea (Camellia sinensis),
the transcription factor CsMYC2.2 regulates the expression of CsGSTU45, leading to H,O, accumulation
in tea plants, which negatively affects resistance to tea anthracnose [42]. In tomato (Solanum lycopersicum),
SIGSTU43 enhances salt stress tolerance by regulating lignin biosynthesis through its interactions with
SICOMT?2, SIMYB71, and SIWRKY8 [43]. In Medicago sativa, calmodulin-like protein (CML) acts as a
Ca®* sensor that plays a crucial role in plant growth, development, and adaptation to environmental
stress. Cold stress induces the activation of Ca’>* channels in alfalfa (Medicago sativa), resulting in elevated
intracellular Ca®* levels. An increase in Ca?* concentration activates MsCML10, which subsequently triggers
the downstream activation of MsGSTUS. Together, MsCML10 and MsGSTU8 regulate the cold tolerance
of Medicago by maintaining Ca** homeostasis, a crucial factor in stabilizing cellular processes under stress
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conditions [44]. In wheat, the interaction between TaGSTU6 and the cysteine sulfide B-cystathionine-p-
synthase (CBS) domain protein TaCBSX3 enhances resistance to powdery mildew by strengthening the
plant’s defense mechanisms, likely through improved detoxification and antioxidant activities [45]. In soy-
bean, two specific candidates, GmGSTU23 and GmGSTU24, exhibited distinct upregulation across all three
cell types in response to soybean mosaic virus (SMV) infection. Transient overexpression of GmGSTU23
or GmGSTU24 in tobacco inhibited SMV infection, demonstrating the antiviral function of soybean GSTU
proteins [46]. In Arabidopsis, UV-B treatment activates genes encoding the TGA2/5/6 transcription factors,
which subsequently upregulate the expression of downstream genes AtGSTU7, AtGSTUS8 and AtGSTU25,
thereby enhancing UV-B tolerance through improved antioxidant and stress response mechanisms [47].
When trifoliate orange (Poncirus trifoliate) is subjected to cold stress, the PtrERF9 transcription factor
activates the expression of the downstream gene PtrGSTU17, thereby enhancing cold tolerance in plants [48].
Recent studies have revealed that CsCIPKI11 plays a central role in the cold signaling pathway and modulates
antioxidant capacity by phosphorylating CsGSTU23, thereby enhancing cold tolerance in tea plants [49].
GSTs bind with toxic substances through GSH to form complexes, which are subsequently transported to
vacuoles for detoxification [50]. Herbicide safeners are compounds that enhance the tolerance of cereal crops
to herbicides by upregulating the expression of herbicide-detoxifying enzymes, among which GSTs represent
a critical class. In Arabidopsis, the expression of AtGSTUIY is significantly induced by herbicide safeners,
thereby improving the plant’s tolerance to herbicides by facilitating the detoxification process through
GSH-conjugation [51]. When wheat is exposed to bromobenzyl herbicide, two safeners-cyanobacterial
extract and tryptophan, activate the expression of GST genes. Consequently, the increased GST enzyme
activity enhances the plant’s tolerance to herbicides by improving the detoxification of harmful herbicide
compounds [52-54]. Overexpression of GSTI from maize in tobacco (Nicotiana tabacum) also enhances
resistance to herbicides [55]. Similar observations of induced GST gene expression and increased herbicide
tolerance have also been reported in weeds and maize, further supporting the role of safeners in enhancing
plant resilience to herbicides [56-58]. In poplar (Populus trichocarpa), overexpression of PtGSTFI positively
regulates cell proliferation and salt tolerance [59]. In addition, overexpression of GmGSTLI from Glycine max
in Arabidopsis reduces ROS accumulation, thereby enhancing salt tolerance by alleviating oxidative stress
in the plant [60]. In cassava (Manihot esculenta), the transcription factor MeLSD3 forms complexes with
the nuclear factor (NF) MeNF-YCI15, MeNF-YA2/4, and MeNF-YBIS8. This regulatory module activates the
expression of downstream genes MeGSTU37 and MeGST U39, which enhance tolerance to oxidative stress by
facilitating the detoxification of ROS and improving overall stress response in plants [61]. In walnuts (Juglans
regia), the ethylene-responsive factor JrERF2-2 interacts with the WRKY transcription factor Jf'WRKY?7 to
regulate GST activity, remarkably improving drought tolerance [62]. Similarly, overexpression of JrGSTUI
further enhances drought tolerance under osmotic stress [63]. In flax (Linum usitatissimum), GST23 and
GSTUS likely play important roles in response to aluminum (Al) stress through the regulation of ROS and
modifications to the cell wall, which help mitigate oxidative damage [64]. Moreover, the overexpression of a
winter rapeseed GSTF gene in Arabidopsis significantly improves cold tolerance in plants [24].
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Figure 3: GST involvement in plant stress responses encompasses both biotic and abiotic stresses. Biotic stresses include
fungal diseases, pests, weeds, etc., while abiotic stresses include drought, cold, heavy metal, etc. The figure illustrating
these responses was originally created, and several components were prepared using the BioRender online software
(https://www.biorender.com/) (accessed on 25 February 2025)

3.2 The Roles of GSTs in Catalysis and Transportation

When grapes (Vitis vinifera) are infected with pathogens, the plants release antitoxins such as trans-
resveratrol. It has been reported that VWGSTU?2 in grapes is involved in transporting trans-resveratrol to the
intercellular space, thereby contributing to resistance against pathogen invasion [65]. Similarly, in maize,
different ZmGSTs can bind to protoporphyrin IX (PPIX), mesoporphyrin, coproporphyrin, uroporphyrin,
and Mg protoporphyrin. However, these GSTs do not form GSH- conjugates, indicating a distinct role
in porphyrin metabolism [26]. It has been demonstrated that AtGSTFI2 is involved in the transport and
distribution of flavonoids [66]. In carnation (Dianthus caryophyllus), the flavonoid 3 gene encodes a GST
that functions in the final step of anthocyanin biosynthesis, facilitating the storage of these synthesized
anthocyanins within vacuoles, effectively isolating them from the external environment [67]. During this
process, a GST-anthocyanin complex or a GST-flavonol complex can be formed [68-70]. In another study,
the crucial role of GSTUI in the transfer of anthocyanin pigments into the vacuole in blood orange was
highlighted, with its expression used to discriminate non-pigmented and pigmented fruits [71]. GSTU1
is also considered a potential target for genetic modification to create novel germplasm with enhanced
stress tolerance. Additionally, GSTs are involved in catalyzing the transfer of flavonoids. They also catalyze
ATP hydrolysis by ABC transporters, supplying the energy necessary for flavonoid transport [69]. Several
GSTs bind to the auxin indole-3-acetic acid (IAA) for its intracellular transport [72]. In tobacco and
maize, auxin IAA can also induce the gene expression of some GSTs [10]. Similar findings have been
observed in Arabidopsis, where the auxin analogue naphthaleneacetic acid (NAA) induces the expression of
AtGSTU2 [27].

3.3 The Involvement of GSTs in the Regulation of Signal Transduction

When tobacco leaves are treated with jasmonic acid (JA), the amount of oxidized glutathione (GSSG)
and cytoplasmic calcium ions increases. This feedback regulation promotes JA biosynthesis and signal
transduction [73,74]. In Arabidopsis, the Far-red (FR) insensitive 219 (FIN219) interacts with FIN219-
interacting protein 1 (FIP1), which exhibits GST enzyme activity, to participate in light signaling transduction
and regulate plant growth and development [75]. Transcriptome analysis indicates that some signaling genes,
including those for JA and abscisic acid (ABA), are activated following treatment with reduced GSH in
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Arabidopsis, thereby enhancing the plant’s tolerance to drought and salt stress [76]. Several studies suggest an
interaction between GSTPI and nitric oxide (NO), highlighting their potential role in cellular signaling. An
elevated concentration of GSTP1 inhibits the activity of c-Jun N-terminal Kinase (JNK) in the cell apoptosis
signaling pathway, thereby suppressing cell apoptosis [77].

3.4 The Roles of GSTs in Regulating Plant Growth and Development

Under salt stress conditions, overexpression of the GST gene SbGST from Salicornia Brachiate promotes
seed germination and growth in tobacco [78]. The endophytic fungus Piriformospora indica, which colonizes
plant roots, enhances root development in Chinese cabbage. During this process, the expression of a
BcGSTU gene, highly homologous to AtGSTU24 and AtGSTU25 in Arabidopsis thaliana, is largely induced.
Overexpression of this gene in Arabidopsis promotes root and stem development [79,80]. In addition,
overexpression of an AtGSTF gene in Arabidopsis stimulates the regeneration of explant stems and leads to
earlier flowering. In contrast, double-stranded RNA interference (RNAi) targeting AtGSTF prevents explant
stem regeneration under the same cultivation conditions and delays flowering time [25]. Transcriptomic
and proteomic analyses suggest that several GmGSTU genes in soybean may play a role in regulating anther
development [81].

3.5 Other Functions of GSTs

In recent years, some other functions of GSTs have been identified, including their involvement in
anthocyanin accumulation and secondary metabolite biosynthesis [37]. LcGST4 and PcGST57 are involved
in anthocyanin accumulation in lychee (Litchi chinensis) and pear (Pyrus communis), respectively [82,83]. In
Arabidopsis, the expression of AtGSTUI9 facilitates selective binding of the glutathionylated oxophytodienoic
acid-GSH conjugate, with the enzyme catalyzing the conjugation reaction, highlighting its role in metabolite
stabilization [84]. Furthermore, in barley (Hordeum vulgare), a senescence-induced GST (SIGST) has been
linked to leaf senescence. The expression of SIGST was significantly upregulated following treatment with
herbicide and low temperature, suggesting its potential involvement in secondary metabolism, antioxidant
activity, and enzymatic enhancement during senescence [85]. In wheat, TaGSTUIB and TaGSTF6 are highly
expressed in flag leaves during monocarpic senescence, indicating a conserved role in regulating senescence
in monocot species [86]. In Arabidopsis, AtGSTUI3 contributes to thioglucoside metabolism, thereby playing
a role in pathogen defense [87]. In addition, studies have demonstrated that herbicide-treated Arabidopsis
plants exhibit increased GST content when exposed to the safener fenclorim within a defined concentration
range, reflecting the plant’s adaptive mechanism involving GST-mediated metabolism. Further research
indicates that GST enzymes can also activate the metabolism of other safeners, such as glyphosate, thereby
enhancing herbicide tolerance [88].

4 Conclusion and Perspective

GSTs have emerged as pivotal regulators of plant stress responses, however, significant gaps persist in our
understanding of their precise functions. Elucidating the functional diversity of GSTs across different plant
species is essential for uncovering their specific roles and the intricate interactions within stress-response
pathways. As climate change intensifies environmental stresses, including drought, salinity, and extreme
temperatures [89-92], understanding the role of GSTs in stress tolerance has become increasingly critical for
developing resilient crop varieties. The following issues represent key areas for further investigation.
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4.1 Elucidating the Mechanisms of GST-Mediated Stress Tolerance

GSTs are well described for their essential roles in detoxification, regulation of oxidative stress, and
maintenance of cellular redox balance in plants. These enzymes catalyze the conjugation of GSH to a
range of toxic compounds, mitigating the effects of detrimental substances and protecting cells from
oxidative stress. These detrimental substances, also referred to as xenobiotics, encompass a wide range of
compounds, including heavy metals, pesticides and herbicides, pathogen-derived toxins, ROS, etc. [8,31].
These substances pose a significant threat to plant cells as they disrupt cellular functions, damage cellular
structures, and interfere with metabolic processes. GSTs mitigate these stresses primarily through their two
enzymatic properties. As transferases, GSTs catalyze the conjugation of the reduced tripeptide GSH with the
electrophilic centers of various organic molecules [13]. As peroxidases, some GSTs exhibit GSH-dependent
glutathione peroxidase (GPOX) activity, enabling the reduction of lipid peroxides to their corresponding
alcohols [17,82].

4.1.1 Heavy Metals

Heavy metals (HM), such as cadmium, lead, and mercury, are highly toxic to plants due to their
tendency to accumulate in tissues and disrupt cellular homeostasis [93,94]. These HMs impair enzyme
activity, hinder protein synthesis, and induce oxidative stress by generating ROS. GSTs play a vital role
in alleviating HM toxicity by catalyzing the conjugation of GSH to these metals. This process forms less
reactive metal-GSH complexes, which are subsequently sequestered in vacuoles, reducing cellular damage
and preserving metabolic stability [37,95]. For instance, TaGSTUI in wheat contributes to improved tolerance
to copper-induced stress [40].

4.1.2 Pesticides and Herbicides

Synthetic pesticides and herbicides, commonly used in agriculture, can accumulate in plant tissues and
cause significant toxicity [96,97]. GSTs contribute to the detoxification of these chemicals by conjugating
them with GSH, enhancing their water solubility and reducing their reactivity. The resulting GSH conjugates
are either transported out of the cell or stored in vacuoles, minimizing their detrimental effects on cellular
processes [17,98]. Overexpression of ZmGSTI in tobacco enhances resistance to herbicides [55].

4.1.3 Pathogen-Derived Toxins

During pathogen attacks, plants are exposed to various toxic compounds, including phytotoxins,
which can disrupt cellular functions [99,100]. GSTs enhance plant defense mechanisms by catalyzing the
conjugation of GSH to these toxins, rendering them inactive. This detoxification process prevents damage to
plant tissues and strengthens resistance to pathogen infection [4,17]. CsGSTU45 regulate the plant resistance
to anthracnose [48].

4.1.4 ROS

ROS, such as hydrogen peroxide (H,O,) and superoxide anion (O, "), are byproducts of cellular
metabolism, particularly under stress conditions like drought, high light intensity, or pathogen infec-
tion [101,102]. Excessive ROS accumulation can damage lipids, proteins, and DNA, leading to oxidative
stress. GSTs, along with other antioxidant enzymes like superoxide dismutase (SOD) and catalase, neutralize
ROS-derived metabolites by conjugating them with GSH. This process reduces oxidative damage and helps
maintain cellular homeostasis [103,104]. For instance, GmGSTLI plays a crucial role in soybean by mitigating
the accumulation of ROS under saline conditions [60].
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Despite their pivotal roles, the precise molecular mechanisms by which GSTs contribute to plant stress
tolerance, particularly in the context of stress signaling and cross-talk, remain poorly understood. A key
area requiring further exploration is the interaction between GSTs and plant signaling pathways, especially
those involving phytohormones such as ABA, JA and salicylic acid (SA). Previous transcriptome analysis
has revealed that certain GST genes play a role in the cross-talk between GSH, JA and ABA [76]. These
phytohormones play crucial roles in plant responses to environmental stresses such as drought, salinity
and pathogen-induced infection [105]. Although GSTs are known to play a key role in stress responses,
their involvement in modulating phytohormone signaling remains largely unexplored. It is plausible that
GSTs regulate phytohormone activity by balancing their biosynthesis, metabolism, and signal transduction
pathways. Therefore, future research should focus on elucidating the dynamic interactions between GSTs
and critical signaling molecules, aiming to uncover novel regulatory networks that link detoxification
mechanisms to stress response signaling.

4.2 Functional Characterization of GST Isoforms

The increasing availability of genomic and transcriptomic data across a diverse range of plant species
has opened new avenues for the identification and functional characterization of GST isoforms. While model
plants such as Arabidopsis and rice have been extensively studied, many crop species lack well-characterized
mutant lines, which limits the functional analysis of specific genes. The development of advanced techniques,
such as CRISPR/Cas9 gene editing and RNA interference (RNAi) [106,107], have enabled the generation
of knockout and overexpression lines in various crop species, such as barley, wheat, and oilseed rape,
facilitating the exploration of the roles of individual GST isoforms in key physiological processes, including
stress tolerance, growth regulation, and development. For example, the GSTU1 isoform in blood orange
exhibits significantly higher enzymatic activity against 1-chloro-2, 4-dinitrobenzene (CDNB) as a substrate
compared to that in red orange [71]. These tools allow for precise manipulation of GST gene expression,
enabling us to dissect the contributions of specific isoforms to plant responses under both abiotic and biotic
stress conditions.

The functional characterization of GST isoforms is crucial for understanding their distinct roles
in plant stress tolerance. For instance, specific isoforms may predominantly participate in detoxification
pathways, whereas others could play a pivotal role in modulating cellular redox homeostasis or hormone
signaling [98,108]. In poplar, the GSTU23 isoform contributes to improved drought tolerance by regulating
the homeostasis of ROS [39]. Similarly, the overexpression of OsGSTU4 isoform from rice increases tolerance
to both salt and oxidative stress in Arabidopsis [41]. By clarifying the functional diversity of GST isoforms,
researchers can identify the most promising candidates for integration into crop improvement programs
designed to enhance stress resilience and productivity. Incorporating these insights into breeding strategies
has the potential to significantly accelerate the development of crops with enhanced stress tolerance, thereby
addressing the challenges imposed by climate change and contributing to global food security.

4.3 Applications of Biotechnologies for Crop Improvement

Genetic manipulation represents a promising strategy for enhancing crop performance under both
biotic and abiotic stress [109-111]. GSTs play a pivotal role in detoxifying ROS and maintaining cellular redox
homeostasis, which are crucial for stress tolerance. Although the upregulation of GST expression has been
shown to enhance stress resistance, it is essential to consider the trade-offs between increased stress tolerance
and potential effects on growth, yield, and other agronomic traits [112,113]. Overexpression of some GSTs
might inadvertently interfere with metabolic pathways or compromise plant growth and development under
non-stress conditions.
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Future research should focus on optimizing the regulation of GST expression in crops by identifying
the most effective GST isoforms for specific stress conditions and employing inducible or tissue-specific
promoters to control their expression [114]. It is also possible to fine-tune the regulation of GST genes by
using different CRISPR-based technologies [115-117]. Such strategies could enhance stress tolerance while
minimizing negative impacts on yield, disease resistance, and plant growth, thereby ensuring a balanced
improvement in crop performance.

4.4 Integrating GSTs into Multi-Omics Approaches

A comprehensive understanding of the functions of GSTs requires the integration of multiple omics
technologies, including genomics, transcriptomics, proteomics, and metabolomics [118,119]. By incorpo-
rating these datasets, researchers can unravel the intricate regulatory networks that govern GST activity,
stress responses, and metabolic adaptations in plants [120]. These approaches provide a more in-depth
understanding of the interactions between GSTs and other key molecules, such as ROS, phytohormones, and
secondary metabolites [121], which play vital roles in plant stress tolerance.

Multi-omics integration enables the identification of important biomarkers linked to GST function
under various stress conditions, offering deeper insights into the mechanisms by which GSTs contribute to
stress resilience. Recently, single-cell RNA sequencing of soybean has revealed significant transcriptional
changes in response to soybean mosaic virus, highlighting the antiviral roles of the genes GmGSTU23 and
GmGSTU24 [46]. Furthermore, these integrated datasets can reveal gene-environment interactions that
regulate GST expression and activity, providing a more comprehensive understanding of how plants adapt
to environmental challenges. Another promising application of these approaches lies in the development of
predictive models for plant performance under diverse stress conditions. By integrating data from genomics,
transcriptomics, proteomics, and metabolomics, more robust and accurate models can be constructed,
facilitating the identification of candidate genes for breeding stress-resistant crops. This approach could
lead to more efficient breeding strategies, ultimately accelerating the development of crops with enhanced
tolerance to both biotic and abiotic stress.

4.5 Comparisons between Different Plant Species and Evolutionary Insights

The evolutionary conservation and functional diversity of GSTs across different plant species offer
valuable insights into the roles these enzymes play in mitigating environmental stresses. GSTs are highly
conserved in plants [122,123] (Fig. 2), yet their functional diversity has evolved to respond to diverse
environmental stresses and meet physiological demands [112,124]. Comparative studies between model
plants, such as Arabidopsis, and important crops like rice, wheat, and maize, can uncover key variations in
GST isoform expression, regulation, and activity (Table Al). PtGSTU23 in poplar is involved in regulating
drought tolerance [45], whereas in soybean, GmGSTU23 plays a role in controlling soybean mosaic virus [52].
These investigations shed light on how different plant species have evolved distinct GST functions to adapt
to environmental stresses, offering a foundation for developing targeted breeding strategies to enhance
crop resilience.

The Identification of specific changes in GST functionality across diverse plant species is likely to yield
a deeper understanding of the mechanisms that enable certain crops to thrive under specific environmental
conditions. This knowledge could pave the way for the development of tailored crop improvement strategies
by integrating the beneficial traits of various GST isoforms. Furthermore, evolutionary analyses of GSTs
across species may uncover conserved functional motifs and regulatory networks, offering a broader
framework for enhancing stress resilience in crops worldwide. Ultimately, comparative studies of plant
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species and evolutionary studies of GSTs could enable the development of more precise and effective crop
breeding strategies aimed at enhancing stress tolerance and ensuring food security.

In conclusion, the current research on GSTs in plants shows great potential to substantially enhance agri-
cultural productivity and sustainability. A deeper understanding of their molecular mechanisms and roles
in crop breeding could lead to the development of plants with enhanced tolerance to environmental stresses,
thereby contributing to the maintenance of global food security amidst changing environmental conditions.
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Appendix A

Table Al: The functions of GSTs in plants

Major function Gene Plant species Function Reference
GSTs in response ~ OsGSTUI7 O. sativa Tolerance to drought stress [38]
to abiotic stress PtrGSTU23 P, trifoliata Tolerance to drought stress [39]
TaGSTI T. aestivum Tolerance to copper [40]
SIGSTU43 S. lycopersicum Tolerance to salt stress [43]
MsGSTUS8 M. sativa Tolerance to cold stress [44]
AtGSTU7 A. thaliana Tolerance to UV-B stress [47]
AtGSTUS8
AtGSTU25
PtrGSTU17 P, trifoliata Tolerance to cold stress [48]
CsGSTU23 C. sinensis Tolerance to cold stress [49]
PtGSTFI1 P. tomentosa Tolerance to salt stress [59]
MeGSTU37 M. esculenta Tolerance to oxidative stress [61]
MeGSTU39
JrGSTUI J. regia Tolerance to drought stress [63]
LuGST23 L. usitatissmum Tolerance to aluminum stress [64]
LuGSTUS8

(Continued)
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Table Al (continued)
Major function Gene Plant species Function Reference
GSTs in response ~ CsGSTU45 C. sinensis Weakening the resistance to [42]
to biotic stress anthracnose
TaGSTU6 T. aestivum Enhanced resistance to powdery [45]
mildew
GmGSTU23 G. max Tolerance to soybean mosaic [46]
GmGSTU24 virus
The role of GSTsin  ZmGSTUI Z. mays Catalyze the binding of GSH [26]
catalysis and ZmGSTU2 with porphyrinogen
transportation AtGSTU2 A. thaliana Induction of response to auxin [27]
analogue NAA
WGSTU2 V. vinifera Mediating the transport of trans [65]
resveratrol
GSTs improve AtGSTF2 A. thaliana Enhanced explant regeneration [25]
plant growth and and flowering
development BcGSTU B. campetris Regulation of root and shoot [79,80]
development
GmGSTU G. max Regulation of flower [81]
development
Other functions of NtGSTI N. tabacum Enhanced resistance to [55]
GSTs herbicides
LcGST4 L. chinensis The accumulation of [82]
PcGST57 P. communis anthocyanins [83]
AtGSTUI3 A. thaliana Involvement in the metabolism [87]
of glucosinolates
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