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Abstract

Glutathione-S transferase (GST) is a most ancient protein superfamily of multipurpose roles and evolved principally from
gene duplication of an ancestral GSH binding protein. They have implemented in diverse plant functions such as detoxi-
fication of xenobiotic, secondary metabolism, growth and development, and majorly against biotic and abiotic stresses.
The vital structural features of GSTs like highly divergent functional topographies, conserved integrated architecture with
separate binding pockets for substrates and ligand, the stringent structural fidelity with high Tm values (50°-60°), and stress-
responsive cis-regulatory elements in the promoter region offer this protein as most flexible plant protein for plant breeding
approaches, biotechnological applications, etc. This review article summarizes the recent information of GST evolution,
and their distribution and structural features with emphasis on the assorted roles of Ser and Cys GSTs with the signature
motifs in their active sites, alongside their recent biotechnological application in the area of agriculture, environment, and
nanotechnology have been highlighted.
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et al. 1994; Dixon et al. 2009). Currently, GSTs are also
reported in chloroplasts, mitochondria, and also in the ER,
etc. (Lallement et al. 2014a, b). In kingdom planta, GSTs
were first documented in the 1970s in maize that was found
to be involved in conjugation reaction and hence detoxify
the chloro-s-triazine photosystem II inhibitor atrazine in
maize (Frova 2003). In plants, several GSTs have been
acknowledged for their functional involvement in biotic and
abiotic stress management; plant growth and development,
phytohormone signaling, cell signaling and regulation of
redox homeostasis, biosynthesis, and transport of second-
ary metabolites such as anthocyanin as well as controlled
cell death (apoptosis) (Nianiou-Obeidat et al. 2017; Chro-
nopoulou et al. 2017a; Chen et al. 2007; Singhal et al. 2015;
Singhal et al. 2015; Dixon et al. 2010 and Hu et al. 2016).
The nucleophilic attack of the thiol group of the tripeptide
glutathione GSH (y-Glu-Cys-Gly) to various electrophilic
molecules and hydrophobic toxic molecules is mainly cata-
lyzed by GSTs. Glutathionylation reaction is important in
herbicide selectivity because both cereal and broadleaf crops
holding high GST activities are tolerant to herbicides (Chro-
nopoulou et al. 2017b). According to various biochemical
studies, in contrast to the glutathionylation activity, several
GSTs despite catalyzing glutathionylation activity perform
deglutathionylation. This is due to the differential active site
residue replacement from Ser to Cys. It is also revealed that
GSTs bind hormones such as auxin and cytokinin and can be
induced by a wide variety of phytohormones, including eth-
ylene, auxin, MeJ, SA, and abscisic acid (Smith et al. 2003;
Shi et al. 2014). Certain GSTs like tau, phi, theta, and zeta
exhibit peroxidase activity (Zheng et al. 2008). The involve-
ment of GSTs in endogenous metabolism is less understood.
However, some secondary metabolites such as steroids, leu-
kotriene, sulfur-containing volatiles, and glucosinolates are
synthesized by some isoenzymes (Nianiou-Obeidat et al.
2017; Hu et al. 2016).

Plant GSTs classification and distribution

GSTs are a huge gene family of multidisciplinary functions.
The GST protein family consists of three members: cyto-
solic GSTs, mitochondrial GSTs, and microsomal GSTs.
Among them, the cytosolic GSTs are great in number com-
pared to the other two families. From plants, animals, fungi,
and bacteria, a total of 36 GST classes have been recog-
nized. Based on the phylogenetic study of photosynthetic
organisms a refined classification was proposed. Cd00570
Sequence Cluster of the “conserved domains” tool in NCBI
was used as a source, which includes the GST classes that
contain the typical N-terminal thioredoxin (Trx) domain
with a flalB2a2p3p4a3 topology and a C-terminal all-hel-
ical domain that together form a typical GST fold. By taking
the sequences of all GSTs from a model organisms such as
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Pinus tabulaeformis (gymnosperm), A. thaliana, Populus
trichocarpa, Oryza sativa, Solanum lycopersicum, and Hor-
deum vulgare (angiosperms), Selaginella moellendorffii (lyc-
ophyte), and P. patens (bryophyte) for phylogenetic analysis
it is concluded that eukaryote photosynthetic organisms can
be classified into 14 classes. Among them, Tau, Phi, Zeta,
Theta, and TCHQ classes contain GSTs with a serine as
active site residue. The nature of the catalytic residue in the
EF1By and Ure2p classes is not yet well known. The other
seven classes Iota (GSTIs), Hemerythrin (GSTHs), DHARs,
Lambda (GSTLs), GHRs, mPGES-2 s, and metaxins belong
to Cys- GSTs as they contain members that possess a very
conserved cysteine in the active site motif (Lallement et al.
2014a, b). The cysteine of the CPxC signature is conserved
to plants only. Initially, mPGES-2 s were not considered as
GSTs because they showed a low similarity with GSTs iden-
tified at that time, and also GSH was not required as their
substrate for a functional activity like in the isomerization
of ProstaGlandinH2 (PGH2) (Tanikawa et al. 2002). How-
ever, by extensive analysis it was proved that mPGES-2 s
do belong to the GST family based on (i) its typical GST
structure, (ii) the credentials of another activity requiring
GSH, and (iii) the identification of additional more closely
related Cys-GSTs (Yamada et al. 2005; Takusagawa et al.
2013). Moreover, particular proteins that are listed as puta-
tive GST members under the name “2-GST_N” possess two
repeated N-terminal Trx domains and a rather conserved
CPFC motif, which lack the C-terminal domain (Lallement
et al. 2014a, b).

In vascular plants, maize was the first which was reported
with GSTs. After then, GSTs have been identified in sev-
eral crops. To date, soybean is having the highest number of
GSTs 101, with a total of eight classes. Additionally, Arabi-
dopsis, rice, barley, wheat, poplar, mungbean, and Medicago
contain a total 55, 82, 84, 52, 81, 44, and 73 GSTs, respec-
tively. The tau and phi GSTs are the most numerous among
all the plants. Exceptionally, wheat contains lesser tau GSTs
represented by eight GST genes. Zeta and theta GSTs are
present in both animals and plants. The number of genes
for DHARS is ranging from two to four. Both DHAR and
lambda class GSTs function as thiol-transferases and are
central to terrestrial plants. Only one TCHQD GST has been
identified in the genome of Arabidopsis, rice, poplar, barley,
tomato, and broccoli while a maximum of three is known
in soybean. It is localized in the plasma membrane. The
functional characterization of this membrane-bound pro-
tein, TCHQD is so far not clear. This GST family member
showed (25% identity) resemblance to the TCHQD enzyme
recognized in Sphingobium chlorophenolicum, which cata-
lyzes the reductive dehalogenation of TCHQ and trichloro
hydroquinone, key steps in the degradation of the pesticide
pentachlorophenol (Warner et al. 2008). Microsomal class
of GST belongs to MAPEG superfamily and due to their
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membrane-bound localization, they perform the differential
function from cytosolic GSTs (Basantani et al. 2011). A new
class of GST, Omega GSTs, was reported in V. radiata. but
authors have detected error in Vaish et al. (2018) because it
contain CPFA motif that it is the key feature of glutathio-
nyl hydroquinone reductases (GHR) family and hence the
reported V. radiata omega GST belongs to the well charac-
terized glutathionyl hydroquinone reductases (GHR) and not
to the Omega class.

Earlier there was no report on GSTs gene family or their
molecular characterization in nonvascular plants. But from
the past severals years GST gene family has been identified
and characterized (Table 1) in bryophyte and gymnosperms.
The presence of GSTs has also been reported in lower organ-
isms like fungi algae, etc.

GSTs in lower organisms

Whole work on GST gene family which is reported focused
mainly on vascular plants, especially on agricultural plants.
Providentially, the data of the sequenced genome of the non-
vascular plant P. patens (moss) allowed to molecularly char-
acterize the whole GST gene family. It is the only bryophyte
whose whole genome has been sequenced till now. In P.
patens 37 GST genes were identified; out of these, 37 GSTs
and 28 GSTs were clustered into eight GST classes: the phi,
DHAR, theta, zeta, lambda, EF1By, Ure2p, and TCHQD
classes, and the rest nine P. patens GSTs were grouped into
two separate clades called iota and hemerythrin, the two
novel GSTs classes. In P. patens GST classes, phi, and hem-
erythrin GSTs were the most abundant, with ten and eight
members, respectively. The TCHQD and EF1By classes
had five and four members, respectively; both the DHAR
and theta classes had three members; and the zeta, lambda,
Ure2p, and iota classes were represented by one member
each (Liu et al. 2013). Gymnosperms are such a large group
of plants with a great evolutionary past. However, due to
the lack of genome information, natural enzyme family
evolution in conifers is limited. P. tabuliformis (pine) is the
first gymnosperm in which the GST gene family was char-
acterized. Based on the NCBI conserved domain analysis,
the 44 genes predicted to be GSTs were confirmed divided
into eight classes: Tau, Phi, Theta, Zeta, DHAR, Lambda,
TCHQD, and EF1B. The Tau GSTs were highly abundant
(26) followed by seven Phi and three Lambda classes, then
three members each of Zeta, DHAR, and EF1B classes, and
finally one member each of Theta and TCHQD classes (Lan
et al. 2013). Larix kaempferi is the second gymnosperm in
which a total of 27 GST genes were cloned and classified
into eight classes. Tau GSTs are the most numerous among
all other classes (Yang et al. 2014).

Distribution of GSTs was reported in Fucus species
and its varieties (Fucus ceranoides, Fucus spiralis var.

platycarpus, Fucus spiralis var. spiralis and Fucus vesicu-
losus var. vesiculosus) and the potential of GST activity of
Fucus as a biomarker of environmental contamination in
coastal zones and estuaries (Cairrao et al. 2004). The first
examination of GST in freshwater algae (Chlamydomonas
sp., Chlorella sp., Pediastrum sp., and Scenedesmus quad-
ricauda,) and diatoms including Cyclotella gamma, Cyelo-
tella meneghiniana, Synedra acus, and Synedra radians were
proposed. The enzyme was relatively stable at high tempera-
tures and exhibited higher activity under alkaline conditions
(Tang et al. 1998).

GSTs in diverse plant functions
Plant growth and development

GSTs are known to be induced by phytohormones such as
auxins, cytokinin, SA, methyl jasmonate, ethylene, and other
hormones (Gong et al. 2005; Moons 2005) implies that plant
GSTs may play dynamic roles in plant growth and develop-
ment. A systematic analysis was done by Jain et al. (2010) in
response to different phytohormones by taking 74GST genes
of rice and it was found that all these genes were responsive
to those hormones. Gong et al. (2005), demonstrated the role
of glutathione S-transferase in plant growth and development
and shoot morphogenesis in vivo and in vitro, respectively.
Kumar et al. (2013), developed the Arabidopsis transgenic
variety expressing rice lambda GST gene OsGSTL2 which
was found to be involved in early plant growth and develop-
ment, especially in seed germination. During their study, it
was found that though transgenic lines did not show much
phenotypic difference when grown in soil rite, whenseeds
were germinated on half-strength MS media, then during the
growth of the seedling, increased root length was observed
for the transgenic lines as compared to the wild type. The
rate of germination of seedlings was about twofold for the
transgenic lines compared to the wild type. The same results
were observed in cotyledon development. These results sug-
gest the role of OsGSTL2 in early plant development, exclu-
sively in seed germination.

Jiang et al. (2010), reported a tau class GST from Arabi-
dopsis AtGSTU17 which is involved in seedling develop-
ment, hypocotyl elongation, anthocyanin accumulation, and
far-red light-mediated inhibition of greening. It is revealed
by RT-PCR that the expression of AtGSTU17 is controlled
by various photoreceptors, especially phytochrome A (phyA)
under all light conditions and different phytohormones,
including auxin and ABA. Shi et al. (2014) depicted the role
of the two Pear (Pyrus pyrifolia) GST genes,PpGSTI and
PpGST2, in fruit ripening and senescence of pear. During
fruit development, the expression activity of PpGST2 gene
was higher than in PpGSTI1. Moreover, PpGST2 transcripts
were detected at a relatively high level in 140 days after full
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Table 1 (continued)

References

Types of GSTs

Plant GSTs

Total

HemerythrinOther

Phi Theta Zeta Lambda DHAR TCHQD  EFIBy GHR Iota

Tau

Zhu et al.

20

9

Dracaena

(2016)
Licciardello

61

29 20

Sweet

et al.

orange

(2014)
Islam et al.

85

4

Capsicum 59

(2019)
Ding et al.

42

2

Sweet potato27

(2017)
Du et al.

79

22

40

Chinese

(2018)

cabbage

The different gene numbers of their respective classes of the plant organisms. There are no data depicted in context to pseudogenes. The isoforms of Arabidopsis and maize have also been

shown

bloom fruit, suggesting that PpGST2 gene might be involved
in pear fruit ripening. In this study, it is also reported that
when the pear fruit was treated with glucose, salicylic acid
(SA), and indole-3-acetic acid (IAA), the expression level
of PpGST1 and PpGST2 gets induced. The same result was
reported with the diseased fruit. Conclusively, it can be sug-
gested that these two genes (PpGSTI and PpGST2) play a
role in response to sugar, SA, and IAA signaling during fruit
development.

Plant secondary metabolism

Interestingly, GSTs are also involved in secondary metabo-
lism and signaling. The GST protein of Arabidopsis is not
only involved in conjugating natural products but also sign-
aling and transport of secondary metabolites. For instance,
AtGSTF12 is involved in anthocyanin and proanthocyanidin
accumulation (Kitamura et al. 2004), whereas AtGSTU20
modulates responses to light reception (Chen et al. 2007).
Different Phi GSTs of the same organism A. thaliana per-
form different roles. For example, AtGSTF2 make a tight
association with indole-derived phytoalexin, camalexin and
may be involved in its transport Arabidopsis GSTF2 selec-
tively bind the flavonol quercetin-3- O-rhamnoside, suggest-
ing arole in regulating the binding and transport of defense-
related compounds in plants (Dixon et al. 2011), whereas a
defense compound camalexin is synthesized by catalyzing
the conjugation of glutathione onto indole-3-acetonitrile (Su
et al. 2011) by the AtGSTF6. On the other hand, AtGSTFS8
catalyzes glutathione conjugation to two stress signaling
molecules, prostaglandinl2-oxophytodienoic acids, and
Al-phytoprostanes (Mueller et al. 2008).

Conn et al. (2008), reported that the ligandin activity of
specific glutathione S-transferases (GSTs) is necessary for
the transport of anthocyanins from the cytosol to the plant
vacuole. The same is observed in anthocyanin-transporting
GSTs in Vitis vinifera. VVGST1 and VvGST4 are involved
in anthocyanin transport. In V. vinifera, the GST activity
and anthocyanin accumulation were enhanced by treatment
with sucrose, jasmonic acid, and light (Conn et al. 2008).
Kitamura et al. (2012), performed degenerate PCR using
total RNA from immature young petals of cyclamen, to iden-
tify the anthocyanin-related GSTs in cyclamen, and results
indicate the functional participation of CkmGST?3 in antho-
cyanin accumulation in cyclamen (Kitamura et al. 2012).

Biotic stress

It is reported in many studies that during biotic stresses,
pathogen infections, phytohormone signaling, etc., plant
GSTs exhibit variant expressions. Tau GSTs are defense-
specific GST enzymes. A tau class GST from G. max, GmG-
STUI10-10, has been characterized by their structure and
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function. It shows differential over-expression in response
to the infection of soybean mosaic virus (SMV). Upon
infection by the SMYV, the infected soybean leaf tissues
show significant upregulation of GmGSTUI10-10, suggest-
ing that GmGSTU10-10 represents a defense-specific GST
enzyme (Skopelitou et al. 2015). Specifically, it is the only
GST among the 25 different GST isoenzymes in soybean
that are induced upon infection by the SMV (Babu et al.
2008). G. max tau GST, GmGSTU10-10 catalyzes several
other different reactions and shows extensive substrate speci-
ficity and high antioxidant catalytic function, and acts as
hydro-peroxidase. Additionally, its substrate affinity (km) for
GSH is considerably lower, suggesting that GmGSTU10-10
can perform efficient catalysis under reduced GSHconcen-
tration (e.g., oxidative stress) (Skopelitou et al. 2015). The
biological role of GmGSTU10-10 in biotic stress is also sup-
ported by the recent finding that this enzyme is differentially
expressed in soybean in response to Phakopsora pachyrhizi
infections (Morales et al. 2013). Reports also have cleared
that enzyme is down-regulated by abiotic stress (salt stress,
NaCl) as established using proteomic analysis (Xu et al.
2011). It is found that the GmGSTU10-10 gene was found
to be constitutively expressed in soybean, suggesting that the
enzyme has housekeeping roles and is involved in various
developmental processes of soybean (Ali et al. 2012).

A tau GST from Phaseolus vulgaris, PvGSTU3-3, which
shows high substrate specificity, got induced by infection
of a pathogen Uromyces appendiculatus and thus detoxifies
the toxic chemicals produced and protects the plants again
biotic stress. The enzyme exhibits high antioxidant catalytic
function and also functions as hydroperoxides, thioltrans-
ferase, and dehydroascorbate reductase (Chronopoulou et al.
2012). It has been reported by Chen et al. (2013) that when
Nicotiana benthamiana was infected with Bamboo mosaic
virus (BaMV), the expression levels of tau GSTs, NbGSTU1,
and NbGSTU3 were found to be upregulated post-infection,
while those of NbGSTU2 and NbGSTF1 were unaffected.
On the other hand, NbGSTU4 makes binding with viral
RNA and deliver GSH to the replication complex to cre-
ate an unfavorable condition for BaMV minus-strand RNA
synthesis. With this study of a plant GST protein involving
the replication of a plant, a virus could help to gain insights
into the relationship between viral replicating proteins, its
process, and the GST mediated metabolic pathway.

Abiotic stress

Abiotic stresses such as high and low temperature, salin-
ity, drought, heavy metals, UV radiation, etc. extensively
affect plant growth and development and, therefore, plants
are developed with refined defense systems to overcome
them. GSTs are one among the naturally inbuilt defense
mechanisms in plants to fight against such stress and lead a
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healthy life. In this area of resistance against abiotic stress
confer by GSTs many studies have been done. A GST gene
from tomato (Lycopersicon esculentum) LeGSTU2, when
cloned in Arabidopsis, is highly expressed in flowers and
roots. The developed transgenic lines show an increased
rate of germination and root length and exhibit enhanced
resistance to salt and osmotic stress induced by NaCl and
mannitol. It was also reported that LeGSTU2 may act as a
stress regulator through increasing the activity of antioxidant
enzymes (SOD, POD) to strengthen the ROS scavenging
ability or maintain ROS homeostasis (Xu et al. 2014). Fur-
ther, in addition to the role of GSTs in abiotic stress man-
agement, a transgenic approach was performed by Li Cicero
et al. (2015) in which they developed transgenic tobacco
plants overexpressing tau GSTs of Citrus sinensis CsGSTUI
and CsGSTU?Z and found that the transformed tobacco lines
demonstrate tolerance against a herbicide fluorodifen. The
mechanism behind this protective role against fluorodifen is
mainly due to the GSH conjugating activity of the GSTs and
there is no GSH-peroxidase activity involved in scavenging
of the oxidative stress by-products. Developed transgenic
plants also displayed resistance against drought and salt
stress when grown on mannitol (8%) and NaCl (150 and
200 mM) containing substrates.

SbGSTU gene from Salicornia brachiata plays a vital role
in abiotic stress tolerance. Tiwari et al. (2016) have studied
the long promoter region of GSTU from S. brachiata, a halo-
phyte that grows in salt marshes. They observed that the abi-
otic stress reactive cis-elements like ABRE, MYB, GATA,
GT]1, etc. phytohormones, pathogen, and wound responsive
motifs from S. brachiata. MYB and MYC are regulatory
genes that code for a transcription factor. Binding sites for
ABRE and MYB transcription factors on the SbGSTU pro-
moter region are indicative of the SbGSTU regulation by
the ABA-mediatedd signaling pathway under abiotic stress.
GATA and GT1 are themselves a class of transcription fac-
tors involved in promoting or repressing gene expression
under altered circumstances. These are up-regulated in the
salinity, drought, and cold stress and also by ABA treatment
thus revealing that these promoters are involved in confer-
ring stress tolerance against drought and salinity and can
be used in developing genetically engineered crops. Salt,
drought, and cold stress generate ROS in plants, and the
induction of the SbGSTU gene then reduces secondary nox-
ious by-products generated during oxidative stress. Over-
expression of tau GST gene SbGSTU in transgenic tobacco
is central to enhance seed germination and grow under salt
stress (Tiwari et al. 2016). In Pumpkin, GSTs play a major
role in combatting against cold stress (Kayum et al. 2018).

Sharma et al. (2014) categorized the role of a tau class
GST gene from rice, OsGSTU4. They developed and
analyzed Arabidopsis transgenic plants over-express-
ing OsGSTU4. The developed transgenic plants showed
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increased tolerance to salinity and oxidative stresses at vari-
ous developmental stages and also proposed that OsGSTU4
might be involved in auxin- and ABA-dependent pro-
cesses that provide stress tolerance to transgenic plants.
0OsGSTU4 may represent a component mediating cross-talk
between auxin and redox signaling to regulate abiotic stress
responses. The transgenic Arabidopsis plants expressing
OsGSTU4 also showed better seed germination, root and
plant growth, and increased capacity to retain chlorophyll
content in plant leaves as compared to WT plants under
salinity and oxidative stress conditions. The Arabidopsis
transgenic lines showed lower accumulation of ROS and
increased GST activity. The increased salinity and oxida-
tive stress tolerance might be related to the higher level of
GST activity in transgenic lines due to the overexpression of
OsGSTU4. Roxas et al. (1997) have shown in their studies
that transgenic tobacco seedlings overexpressing Nt107, a
GST encoding cDNA, with twofold high GST/GPOX activ-
ity than wild-type plants, were more tolerant to chilling
and oxidative stress and reveals increased seed germina-
tion and growth under extreme chilling and oxidative stress.
AmGSTF]1, a phi class GST possesses GPOX activity and
is highly active in the herbicide-resistant form of the weed
black-grass (Alopecurus myosaroides) but is only detected
in low amounts in the herbicide sensitive form (Cummins
et al. 2013). Phi class GST AtGSTF2 was functionally char-
acterized in Arabidopsis against phenol treatment. Trans-
genic plants exhibit increased tolerance to oxidative stress
when treated with phenol. It is also reported that the activity
of SOD and POD is higher in transgenic plants. This work
suggested the application of GSTs in bioremediation under
phenol contaminated areas (Xu et al. 2017).

The involvement of GSTs in apoptosis has been shown by
a research group. They transformed yeast cells expressing
Bax, a mammalian pro-apoptotic Bax protein which induces
apoptosis, with a tomato cDNA library and found a tau class
tomato GST which inhibits the Bax directly or indirectly.
This “Bax-inhibitor GST” (BI-GST, SIGSTU24) possesses
GST/weak GPOX activity when expressed in E. coli. Its
expression in yeast decreases the intracellular level of total
GSH and total cellular phospholipids and changes the mito-
chondrial membrane potential. The Co-expression of the
BI-GST/GPX expressively enhanced resistance to H202-
induced stress re-established the mitochondrial membrane
potential and brought the total glutathione back to normal.
With this approach, it would be possible to practice a yeast-
based genetic strategy for the isolation of novel antioxidant
and antiapoptotic genes (Kampranis et al. 2000).

Juglans regia is a nutritional nut tree (Abdallah et al.
2015). It possesses a tau GST (JrGSTTaul ) which is respon-
sible for chilling tolerance of J. regia. To confirm this spe-
cific activity of this plant, GST transgenic tobacco lines
were developed by transforming the 35S::JrGSTTaul into

tobacco and it was found that JrGSTTaulis highly induc-
ible under low temperature in plant’s root stems and leaves
and provides chilling tolerance to the plant. The transgenic
lines also exhibited much higher GST, GPX, SOD, and POD
activities, and lower H202 content under low-temperature
stress. Transgenic tobacco lines were also increased in their
biomass accumulation and lower cell damage. The promot-
ers of J. regia JrGSTTaul could be a possible candidate in
developing chilling resistant transgenic crops (Yang et al.
2016).

Major involvement of GSTs in combatting
against herbicidal stress

GSTs are centrally known for their role against herbicide
tolerance in plants. They work by forming a GST/GSH
conjugation complex that is involved in detoxifying several
classes of herbicides like alachlor, fluorodifen, glyphosate,
atrazine, metolachlor, thiocarbamates, etc. Glyphosate is a
broad-spectrum herbicide and widely used for weed control
in many crop plants. According to a report by Basantani
et al. (2011) the activity of tau class GST of V. radiate gets
elevated in response to glyphosate treatment. It is involved
in glyphosate detoxification and aids plant survival against
stress conditions. A novel sigma class GST from a fresh-
water planaria (flatworm) Dugesia japonica was cloned
and found to be involved in defending against oxidative
stress induced by glyphosate (Zhang et al. 2020). Multiple
herbicide resistance (MHR) has become a very major and
common agricultural issue in many countries. Keeping this
in mind Georgakis et al. (2020) identified a specific GST
that belongs to the Phi class and responsible for multiple
herbicide resistance named MHR-GSTFs. They have a high
hydroperoxidase activity and function by diminishing the
toxic hydroperoxides. Alopecurus myosuroides and Lolium
rigidum are the two grass weeds possesing MHR-GSTEFS,
and H. vulgare and T. aestivum are the two crop plants
in which MHR-GSTFs have been reported. The catalytic
properties and substrate specificities are different in grass
weeds and crops. These MHR-GSTFs can be of great inter-
est to the plant breeders for developing herbicide-tolerant
crops. In a recent review on herbicide resistance, it is men-
tioned that GSTs are the natural inbuilt defense system in
plants against oxidative stress caused by herbicide treat-
ment (Nakka et al. 2019). The upregulation of GST activ-
ity in response to glyphosate is also reported in goosegrass
(Eleusine indica (L.) Gaertn.). The study was done taking
two populations, resistant (R) and susceptible (S). On the
treatment of glyphosate, the GST activity of both the plants
R and S increases but S plants exhibit low activity than R
plants. The enhanced GST activity against glyphosate indi-
cates its role in herbicide resistance in goosegrass (Chen
et al. 2017). A comparative study was done in maize shoots
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and roots about the effect of the herbicide metolachlor and
it was correlated with GST activity and expression in these
plant parts. In conclusion it was found that the expression
of GST gene and GST activity is much higher in roots than
shoots which leads to enhanced tolerance to metolachlor in
maize roots (Li et al. 2017). From the past few years, many
herbicide-tolerant transgenic crops have been developed with
recombinant DNA technology. A transgenic tobacco plant
was developed by Agrobacterium-mediated transformation
of the GmGSTU4-4 gene from G. max, which is a diphe-
nyl ether herbicide, fluorodifen inducible GST gene. The
resulting transformants exhibit enhanced tolerance towards
fluorodifen and alachlor (Benekos et al. 2010). A transgenic
approach was performed by Li Cicero et al. (2015) in which
they developed transgenic tobacco plants overexpressing tau
GSTs of Citrus sinensis CsGSTUI and CsGSTU2 and found
that the transformed tobacco lines unveil tolerance against
a herbicide fluorodifen. The mechanism behind this protec-
tive role against fluorodifen is mainly the GSH conjugating
activity of the GSTs and there is no GSH-peroxidase activ-
ity involved in scavenging of the oxidative stress by-prod-
ucts. Developed transgenic plants also displayed resistance
against drought and salt stress when grown on mannitol (8%)
and NaCl (150 and 200 mM) containing substrates.

GSTs in tetrapyrrole metabolism

There are several reports related to binding of GSTs with
tetrapyrolic compounds in animals but the first report of the
interaction of tetrapyrroles with oat GSTs (photosynthetic
organism) was reported by (Singhal et al. 2015). It was found
that the four tetrapyrroles (bilirubin, biliverdin, chlorophyl-
lin, and hemin) have an inhibitory effect on the activity of
oat glutathione-S-transferases. This, in turn, can enhance the
plant senescence because of the inhibition of GSTs as GSTs
play an important role in the plant detoxification system.
GSTs also play an important role in tetrapyrrole metabolism
because GSTs can bind different porphyrins such as proto-
porphyrin ix, mesoporphyrin, coproporphyrin, Mg protopor-
phyrin, and uroporphyrin. They also have a preventive role.
A GST from Zea mays Zm GST HI-1II, which binds proto-
porphyrin with high affinity, prevents autoxidation of proto-
porphyrinogen (Lederer and Boger 2003). It is also reported
that ZmGSTU1, ZmGSTU2 reduces the heme levels and
accumulates porphyrin precursors such as harderoporphyrin
in the chloroplast (Dixon et al. 2008). In current research
by Sylvestre-Gonon et al. (2020), a tau class GST from A.
thailiana ATGSTUS binds protoporphyrin IX (PPIX) and
haem moieties in their substrate binding sites suggesting
their role in binding and transport. The GSTU members
are involved in chaperon function more significantly in the
cytosolic trafficking of haem as GSTs can also interact with
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ABC transporters. The involvement of GSTs has also been
reported in plastid to nucleus retrograde signaling to regulate
the expression of photosynthesis associated nuclear genes.

The mystery of the evolution of GSTs

GSTs are evolutionarily primordial protein. In animals,
these enzymes were first discovered in the 1960s as a result
of their importance in the metabolism and detoxification
of drugs. In plants, GSTs were discovered in the 1970s in
maize. The structures of GSTs from prokaryotes and eukary-
otes so far characterized through crystallography and X-ray
diffraction exhibit a remarkable level of structural conser-
vation (Dixon and Edwards 2009). Initially, plant GSTs
have progressed from a common ancestral GST into four
distinct classes, namely Tau, Phi, Theta, and Zeta, based on
sequence assessment and gene organization. Due to high
sequence similarity, Theta and Zeta share common ancestral
evolution. The first model of evolution, Theta class GSTs
was present in bacteria. The mode of evolution of soluble
GSTs is duplications followed by divergent evolution from
this ancestral gene that has been reported in the early 1990s
in plants, animals, and fungi (Sylvestre-Gonon et al. 2019).
Reports suggested Theta, Zeta, and Omega GSTs as the
most ancestral classes (da Fonseca et al. 2010; Frova 2003).
The superfamily of mitochondrial and microsomal GSTs
(MAPEGQG) is evolutionarily distinct compared to cytosolic
GSTs having a restricted ability to conjugate xenobiotics
with GSH. Three evolutionary mechanisms play a pivotal
role in gene family expansion such as tandem duplication,
segmental duplication, and transposition due to the pres-
ence of high repeating units in plant chromosomes. Besides
this unequal crossing over, alternative splicing (around
C-terminal domain) (Armstrong 1998; Wongsantichon and
Ketterman 2005), swapping and mutagenesis (around N-ter-
minal domain), domain combinations are also key factors
to gene distribution and functional heterogeneity of GSTs.
In Capsicum annuum, the members of the GST gene family
arise largely due to several rounds of tandem and segmental
gene duplications (Islam et al. 2019). The same factor is
mentioned in sweet potato and Medicago truncatula (Kou
et al. 2019; Han et al. 2018 and Du et al. 2018). The selec-
tive pressure is very strong in GSTs subfamilies, it has been
proved by their potential to respond to various Xenobiotics
in cell metabolism, and also in expressing functional diver-
gence that facilitates evolutionary divergence and attainment
of novel activities (Lan et al. 2013). The evolution of GTSs
has also been reported with GSH in aerobic organisms such
as bacteria, fungi, higher plants, and parasites. Phylogenetic
analysis reveals the rise of soluble GSTs from an ancient
progenitor gene through convergent and divergent path-
ways. The evolution of GSTs has also been reported from
a thioredoxin-like ancestor in response to oxidative stress
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(Koonin et al. 1994; Martin 1995), and glutaredoxins are the
proposed ancestors of the GST_N domain. Several GST_N
domains, for instance, in the sorghum locus Sb02g003090,
possess very high sequence similarity to the glutaredoxin
domain, supporting the putative origin of GSTs from glu-
taredoxins (Oakley 2005). Among several identified GSTs,
both GST_N and GST_C domains are usually encoded in a
single gene to support the co-evolution of both GST_N and
GST_C domains with unlike evolutionary rates. Interest-
ingly, few GST genes have been identified that encode only
GST_N or GST_C domain indicating the loss of GST_N
or GST_C domain during long evolution (Apic et al. 2001;
Chothia et al. 2003) or suggesting the limited domain com-
bination in this family. In a study on plant sorghum, the Ka/
Ks ratios of these two domains suggested that both domains
were under differential selective pressures and the GST_C
domain might have been exposed to more relaxed functional
constraints (Chi et al. 2011).

In monocots and dicots, GSTs have been evolved differ-
entially and exhibit a considerable difference in their evolu-
tionary history. They have been reported to be involved in
the lineage-specific expansion and species diversification.
Most of the dicot members fall into their subclasses, separat-
ing from monocot plants. These results suggested the rapid
gene expansion for monocots occurred after the divergence
of monocots from dicot plants. The large-scale expansion of
Tau or Phi members for dicot plants occurred during their
divergence from their most recent common ancestors thus
signifying the differential tau and phi subfamily expansion
history of both monocots and dicots plants. The expansion
rate of tau or phi in monocot plants was earlier than in dicot
plants. Furthermore, GST_N and GST_C domain evolved
faster in dicot plants than that in monocot plants as proved
in an analysis when the frequency distribution of the Ka/
Ks ratios was tested. In a study, genome-wide phylogenetic
analysis of Tau GST revealed two major clades: A and B.
Clade A contained Tau GSTs of eight seed plant species but
not lycophyte, indicating that this group of GSTs might have
been lost in lycophyte. The clade B can be divided into two
major groups, B1 and B2. B1 contained GSTs from all spe-
cies, whereas B2 contained only lycophyte and gymnosperm
GSTs. This phylogeny suggests that the B2 GSTs might have
been lost in angiosperms (Chi et al. 2011) (Table 2).

Genomics of plant GSTs

The genomic organization of plant GSTs is very well known
and their chromosomal locations are well established in
many plant species such as Arabidopsis, rice, soybean,
wheat, maize, etc. Recently, a review reported a typical gene
structure, i.e., one-intron/two-exon in tau class GSTs and
two-intron/three-exon in a phi class GSTs in higher plants
(Chronopoulou et al. 2017a). The number of introns and

exons differ from the type of GSTs. With the growing stud-
ies on GSTs, these patterns of GST gene are shown to be
present in many plant species from moss to angiosperms
including gymnosperms, etc. In P. patens, number of intron/
exon among classes and within-class varied greatly. Due to
the diverse gene structure of P. patens phi, theta, EF1By,
TCHQD, and DHAR classes, a high rate of intron gain/loss
has been documented. Intron number in phi GST genes var-
ied from 2 to 3, whereas three theta GSTs possess four, five,
and six introns. Like angiosperms, four PpEF1By contained
both a GST and an EF1By domain with conserved intron
positions and numbers. Intron number in five PpTCHQD
GSTs ranges from one to three with conserved numbers
and positions in the GST domain regions. Highly variable
gene structures were observed in three PPDHAR genes with
four, five, and seven introns, respectively (Liu et al. 2013).
Recently, in mung bean and pepper same gene architecture
of tau and phi has been reported with few variations (Vaish
et al. 2018; Islam et al. 2019).

Protein architecture of plant GSTs

The comparative molecular masses of plant GSTs are nearby
50 kDa. It is a homodimer or heterodimer composed of two
similarly sized (~ 25 kDa) subunits with an isoelectric point
in the pH range of 4-5. Both the subunits are linked via an
interaction between the N-terminal domain of one subunit
and the C-terminal domain of the other. Plant GSTs have a
propensity to attain a-helical structure followed by a ran-
dom coil and then by p-sheet (Martin 1995). Thus, the loop
a2-B3, the strand p4, and the helix a3 of one subunit inter-
act with the helices a4 and a5 of the other subunit. Theses
subunits are along a structural C2 axis roughly parallel to
the helix bundle axis (binary axial symmetry) (Lallement
et al. 2014a, b). In Theta, the interaction surface is rather
hydrophilic, whereas in Tau, Phi, and Zeta GSTs, the surface
is more hydrophobic (Frova 2003). Most of the GSTs attain
an established dimeric quaternary structure. A conserved
N-terminal domain with G-site is hydrophilic for binding of
GSH adopts the typical TRX-fold (with flalp2a2p3p4a3
topology); and relatively less conserved C-terminal domain,
the H-site, with which hydrophobic toxic molecules inter-
act (Fig. 1). The G-site of each subunit in plant GSTs is
strictly restrained and autonomous that facilitates thiol
binding without requiring the firm co-alignment of subu-
nits (Prade et al. 1997). In GSTFs, the H-site residues are
chiefly located around the active site serine (N-terminal end
of helix al), in the loop p2-a2, and the C-terminal end of
helix a4. The C-terminal domain is a bundle of minimum
five helices (a4—a8). Tau GSTs have supplementary a9 helix
that is oriented toward the active site without blocking it
(Sylvestre-Gonon et al. 2019). In Cys-GSTs, two distinct
motifs, an N-terminal motif (Blalp2) and a C-terminal motif
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Table2 Important events in the plant GSTs research (1970-2020)

Year

Major event(s)

References

2020

2019

2018

2017

2016

2015

2014

2013

2012

2011

2010
2009
2008

2007
2005

2004
2003
2002
2001

2000

1999
1998

1997

1996
1994

1980
1970

Role of GSTs in tertrapyrrole metabolism

Role of Phi class GST in multiple-herbicide resistance of grass weeds and crops
82 GST genes identified in radish

GST gene family identification and characterization in capsicum

A review on Plant GSTs and light

First report of 73 GSTs in Medicago truncatula

First report of 44GSTs in Vigna radiata

First report of 88 GST genes in Oak (Quercus robur)

First report of GST’s specific activity, kinetic behavior, substrate specificity, and protein expression

levels in the leaves, fruits, stems, and roots of olive tree cv.Picual
Review on plant GSTs: Functions and biotechnological applications
First report of 42 GST genes in sweet potato

Identification of the role of Tau GST gene promoter SBGSTU of Salicornia brachiata under salin-

ity and osmotic Stress
Very first characterized all GST classes of Glycine max
First report of essential role of GSTs in pathogenicity of Alternaria brassicicola
Review on plant GSTs
Report of 27 GST genes in gymnosperm Larix kaempferi
Characterization of GST gene family in Citrus Sinensis

First report of total 37 GSTs in Physcomitrella patens, a nonvascular plant (bryophyte) with two
novel classes’ iota and hemerythrin and no tau GST

First report of maximum number of GSTs that possess a- helix followed by turns and p- sheets and

also that they undergo post translational reversible phosphorylation activation

Expansion mechanisms and functional divergence of the Glutathione S-Transferase family in
sorghum and other higher plants

Total 79 GSTs in rice

Physiological role of GSTs in root nodule of Glycine max
Review on plant GSTs

Report on presence of GSTs in red and brown algae
Review published on plant GSTs

Molecular characterization of GSTs for the first time in gymnosperm Pinus tabulaeformis
(Pinaceae)

First characterization of GST gene family in rice
GSTs undergo glycosylation
Identification of two novel GSTs DHAR and Lambda in Arabidopsis thaliana

Structure of Zeta class GST from A. thaliana was proposed with its putative role in Tyrosine
catabolism

Review of plant GSTs with new modified nomenclature

Development of transgenic tobacco overexpressing GST with high stress tolerance
A phi class GST was reported in black grass Alopecurus myosuroides

First classification of GSTs into Type LII and III

Identification of GSTs in fresh water algae

Identification of additional zeta class GSTs

Purification of multiple glutathione transferases involved in herbicide detoxification from wheat
(Triticum aestivum L.) treated with the safener fenchlorazole-ethyl

Review on plant GSTs

Cloning and characterization of maize herbicide safener-induced cDNAs encoding subunits of
glutathione S-transferase isoforms I, II, and IV

Very first report on presence of GSTs in microorganism bacteria, fungi, protozoa, etc
First report of plant GSTs in maize

Sylvestre-Gonon et al. (2020)
Georgakis et al. (2020)

Gao et al. (2020)

Islam et al. (2019)

Gallé et al. (2019)

Han et al. (2018)

Vaish et al. (2018)

Plomion et al. (2018)

Peragén and Amores-Escobar (2018)

Nianiou-Obeidat et al. (2017)
Ding et al. (2017)
Tiwari et al. (2016)

Liu et al. (2015)

Cicero et al. (2015)
Labrou et al. (2015)
Yang et al. (2014)
Licciardello et al. (2014)
Liu et al. (2013)

Puglisi et al. (2013)
Chi et al. (2011)

Jain et al. (2010)

Dalton et al. (2009)

Oztetik (2008)

Herv’E et al. (2008)

Basantani and Srivastava (2007)
Zeng et al. (2005)

Soranzo et al. (2004)
Moons (2003)
Dixon et al. (2002)
Thom et al. (2001)

Dixon and Edwards (2009)
Roxas et al. (1997)
Cummins et al.(1999)
Dixon et al. (1998)

Tang et al. (1998)

Board et al. (1997)
Cummins et al. (1998)

Marrs (1996)
Jepson et al. (1994)

Edward et al. (1980)
Frear and Swanson (1970)
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Fig. 1 Schematic representation of the protein architecture of plant
Ser and Cys GSTs. The N-terminal and C-terminal domain are rep-
resented in orange containing G and H site, respectively. The posi-
tion of the active site residue, i.e., Ser and Cys are shown in green

(B3p4a3) of a common N-terminal thioredoxin domain, were
explained which are connected together with a2 helix and
form a four p-sheet in the order 2134 with B3 anti-parallel to
the others. In GSTUs both subunits are connected with con-
served salt bridges. whereas, in GSTFs, the nature and the
number of polar interactions varied considerably with one
isoform to another. In AtGSTF2, a single H, bond connects
two subunits whereas in PtGSTF1 nine H, bonds are present
(Pégeot et al. 2014). a6—a7 linkage analytically embraces a
small helix («60) in GSTFs (Pégeot et al. 2014, 2017).

The crystal structure of zeta class GST was characterized
in A. thaliana (AtGSTZI). The N-terminal 2° structure of
AtGSTZ1, specifically the loop structure between P2 and
B3, was found identical to theta class. AtGSTZ1 contains
four proline residues out of eight in its linker region that
promotes this region to adopt the extended structure, not
observed in any other classes previously. The helices a4 and
aS of AtGSTZ1 aligned differentially with a4. The core of
the C-terminal domain of AtGSTZ]1 carries more aliphatic
than aromatic amino acid residues. The superimposition
of other GST classes with AtGSTZ1 reveals the dominant
hydrophobic core of the subunit interface (Thom et al. 2001).
GSTs are diverse proteins and also associated with various
non- catalytic activities such as secondary metabolism. For
their ligandin role, GSTs possess an L-site other than the
active site to which a wide range of compounds binds in
a non-catalytic manner. The crystallographic structure of
AtGSTF2 was revealed in complex with an organic ligand
indole-3-aldehyde. The 2° structure analysis explored the
presence of 12 « helices with two 3, helices and four f
strands. Two ligands binding site L1 and L2 were observed.
L1 site was located in a hydrophobic binding pocket formed
between helices a4 and L2 site was present at the base of the
dimer interface, including helices o3 of one subunit and o4
of its neighboring subunit (Ahmad et al. 2017).

Among cysteinyl-GSTs, DHAR and Lambda are mon-
omeric, whereas GHRs and mPGES2s are dimeric. Only
a few plant Cys-GSTs’ protein structures are solved such

and blue circles, respectively, at the G site. Secondary structures are
shown as a-helices and p-strands. The stretch of the boxes is directly
correlated with the length of the amino acids

as the first 3D structures of lambda GST was solved in P.
trichocarpa (Pt-GSTL1 and Pt-GSTL3) and it was estab-
lished that Pt-GSTL1 and Pt-GSTL3 are monomeric. These
two monomeric enzymes elucidate the standard GST fold
which consists of an N-terminal domain adopting a thiore-
doxin-fold (Blalp2a2p3p4a3) and a-helical C-terminal
domain (adaSada7a8a9 in PtGSTL3). Glutathione is cova-
lently bound to the catalytic cysteine residue, i.e., Cys36 in
Pt-GSTL1 and Cys41 in Pt-GSTL (Lallement et al. 2014a,
b). DHAR GST from a gymnosperm Pinus bungeana has
been molecularly characterized, as it has been found that the
PbDHAR gene encodes a protein of 215 amino acid residues
with a molecular mass of 24.26 kDa. The predicted 3-D
structure of PbDHAR showed a typical glutathione S-trans-
ferase fold (Yang et al. 2009). In comparison to other GSTs
classes, GSTL members have an extended N-terminal analo-
gous to that of GSTOs (Lallement et al. 2014a, b). Struc-
ture of GHR1 of Phanerochaete chrysosporium which is
a crust fungi possesses two monomers to interact via their
C-terminal domain and are related to each other by a twofold
symmetry axis. The structure of mPGES-2 s GST isoform
is solved in only Macaca fascicularis which is a crab-eating
macaque (Yamada et al. 2005).

Differential functioning of GSTs, containing Ser
and Cys active site residue

Structural studies of plant GSTs revealed that plant-specific
tau, phi, theta, and zeta GSTs contain Ser as active site resi-
due involved in GSH binding and activation (Axarli et al.
2009), whereas DHAR, Lambda, GHR, mPGES2, Hemer-
ythrin, Tota, and metaxin classes hold in their active site Cys
residue that facilitates deglutathionylation reaction. EF1By
beenpredicted to hold Ser or Tyr residue (Koonin et al.
1994). The nature of the residue promoting GSH activation
in class Ure2p is yet not known. Traditionally, GSTUs are
mainly associated with plant xenobiotic detoxification, spe-
cifically in herbicide detoxification. Later on, the functional
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diversity of GSTU extended from xenobiotic detoxification
to other chemical pollutants such as 2,4,6-trinitrotoluene
(TNT) by GSH-conjugation reaction (Gunning et al. 2014).
When A. thaliana plants were treated with TNT, the over-
expression of tau GST, AtGSTU?24, and AtGSTU25 endure
and detoxify TNT. Additionally, GSTUs are also associated
in response to light signals. GSTU of A. thaliana GSTUS
and GSTU14 is also involved in response to light stress
(Lv et al. 2015). Recently, the Arabidopsis Phi class GST
(AtGSTF2) has been suggested to have a role in regulating
the binding and transport of defense-related compounds in
plants (Dixon et al. 2011). Mutants of Azgstf9 have elevated
levels of AsA and GSH levels with increased GST activity.
It is also reported that Azgstf9 plays a significant role in salt
stress (Horvath et al. 2015). The Zeta-class GSTs from a
range of species contain a characteristic motif [SSCX (W/H)
RVIAL] in the N terminal region and expected to carry
active site Ser residue (Board et al. 1997, 2003; Oztetik et al.
2015) (Fig. 2). It functions as maleylacetone isomerase that
catalyzes the isomerization of maleylacetoacetate to fuma-
rylacetoacetate. Thus, it is found to be involved in tyrosine
degradation. Moreover, AtGSTZ]1 is found to be involved in
glutathione-dependent dehalogenation of dichloroacetic acid
to glyoxylic acid in plants, suggesting another additional
possible function in planta (Sylvestre-Gonon et al. 2019).
Theta GSTs are generally about 250 amino acids long. The
conserved active site residue is found around position 10 of
the signature motif SQPS. This signature motif is conserved
among mammals (SQPC) and insects [S(/A)PC] with few
exceptions (Fig. 2). In vitro analysis reveals weak GSH-
conjugation reaction but high GSH associated peroxidase
activity towards fatty acids (Dixon et al. 2009). ArGSTT2
functions as an interacting factor of FLD (FLOWERING

20
Gmax_GSTZ1l ASLQSNL|Vi#Ts|Y[C] S
Osativa_OsGSTZ4 AAPERRLIK S|F[W] S
Osativa_OsGSTZ3 AVAPAKL|G S|Y (W] S
Osativa_OsGSTZ1l AAEKTIKP|V S|E|W S
Osativa_OsGSTZ2 .MASSKP|I G|A|W| S
Athaliana GSTZl NSGEEKLIK S|Y[w A
Athaliana_ GSTZ2 DFYQAIKLIK S|Y|W| A
Gmax_GSTZ2 EMEEKKLIK S|Y (Wi S
Vradi07g26200_Zeta MATESKIK S|H[W| S
1 10

Osativa_OsGSTT1 MQ
Athaliana GSTT1
Athaliana GSTT2
Gmax_GSTT1
Vradi07g30490_Theta

Fig.2 Alignment of Ser-GST sequences of Zeta and Theta class is
done, taking the amino acid sequences of A. thaliana, O. sativa, G.
max, and V. radiata through Clustal omega alignment tool, and the
protein alignments are rendered in ESPript 3.0. Conserved residues
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LOCUS D), which is required for systemic acquired resist-
ance (SAR), SAR-associated epigenetic modifications, and
SAR activation (Banday and Nandi 2018).

The biochemical and structural characterization of Cys-
GSTs reveals that it follows a ping pong reaction so the
regeneration of these glutathionylated GSTs requires a
GSH molecule to produce GSSG as another end product
and the reduced Cys-GSTs are ready for another catalytic
cycle. Most Cys-GSTs require a single cysteine in the
active site motif to follow this reaction mechanism. Con-
versely, a few isoforms have an additional cysteine in the
active site, for instance, some DHAR isoforms which have
CPFC or CPFES active sites motifs (Fig. 3). In a report, it
is mentioned that not all but most of the GSTLs, GHRs,
GSTOs, and DHARs that have been characterized unveil
thiol-transferase and DHAR activities but no transferase,
peroxidase or isomerase activities have been reported.
GHRs are involved in the catabolism of chlorinated qui-
nones, probably preventing noxiousness of quinones,
either found naturally or present as environmental pollut-
ants and in lignin degradation through the deglutathionyla-
tion of metabolic intermediates (Lallement et al. 2014a,
b). Among GSTLs, the active site motif, which is CP(F/Y)
A, (Fig. 3) is found around position 40 and is similar to
GSTOs might endorse a common origin. Plant GSTLs may
be involved in the metabolism or trafficking of flavonoids
and combatting against Arsenic (As) stress (Kumar and
Trivedi 2018) (Table 3).
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are marked with red background in white characters. The catalytic
Ser residue is marked with (*). The conserved motifs of Zeta GST
[SSCX (W/H) RVIAL] and Theta GSTs (SQPS) are marked with
black dashed box (Fig adopted from Vaish et al. 2018)
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Fig.3 Alignment of Cys-GST amino acid sequences of Lambda and
DHAR GST classes. The GST amino acid sequences of A. thaliana,
O. sativa, G. max, and V. radiata are aligned on Clustal omega align-
ment tool and the protein alignments are rendered in ESPript 3.0.

Table 3 Characteristics of Ser and Cys plant GSTs

Conserved residues are marked with red background in white char-
acters. The catalytic Cys residue is marked with (*). The conserved
motifs of Lambda GST [CP(F/Y)A] and DHAR GST (CPFC/S) are
marked with black dashed box (Fig adopted from Vaish et al. 2018)

S.no Class Typical catalytic ~ Average amino Oligomerization References
motif with active  acid length state
site residue
1 Tau 10/20 W(A/V) 250 Dimer Sylvestre-Gonon
S(P/M) et al. (2019)

2 Phi 12A(A/V)(C/N)P 215 Dimer Pégeot et al. (2017)

3 Theta 10SQPS/C 250 Dimer Sylvestre-Gonon
et al. (2019)

4 Zeta 20SSCS/A 225 Dimer Thom et al. (2001)

5 Lambda 40CPF/YA 230 Monomer Lallement et al.
(20144, b)

6 DHAR 20CPFC/S 220 Monomer Lallement et al.
(2014a, b)

7 TCHQD 2SCIS 265 Monomer Lallement et al.
(2014a, b)

8 mPGES-2 120CPYC 310 Dimer Lallement et al.
(2014a, b)

9 GHR 50CPWA 330 Dimer Lallement et al.
(2014a, b)

10 GSTI 120CPYC 490 ? Lallement et al.
(2014a, b)

11 GSTH 50CPF/YT 510 ? Lallement et al.
(2014a, b)
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GSTs in biotechnological applications

The ongoing research on GSTs and demarcation of their
varied function abilities have made them a striking tool in
various biotechnological applications:

GSTs in stress-resilient crops

The salient functional features of GSTs like detoxification
of foreign compounds, inter or intracellular chemical com-
pounds, against several stresses and contribution in herbicide
detoxification have fascinated the researchers to combine
it with genetic engineering and plant breeding approaches
and to develop herbicide-resistant, negative climatic factors
such as drought, flood, high salt, and cold resilient crops.
Many research groups have developed herbicide-tolerant
plants that exhibit resistance to fluorodifen, oxyfluorfen,
alachlor, atrazine, and other multiple herbicides (Benekos
et al. 2010; Kissoudis et al. 2015). Additionally, transgenic
tobacco plants were developed showing chilling tolerance,
expressing the genes from J. regia (Yang et al. 2016). In
a transgenic approach by Sharma et al. (2014), transgenic
Arabidopsis plants were developed showing increased toler-
ance to salinity and oxidative stress. Fusarium is a causative
agent of Fusarium head blight (FHB), a fungal disease, in
the wheat crop. Due to this fungal disease, the wheat pro-
duction gets hampered worldwide. In a recent approach by
Wang et al. (2020), a FHB resistant gene, Fhb7, was cloned
by accumulating the genome of Thinopyrum elongatum.
The Fhb7 gene encodes a GST protein which functions by
detoxifying trichothecenes through de-epoxidation reaction
and provides tolerance against Fusarium. So Fhb7 gene can
be a good option in plant breeding approaches to the devel-
opment of the Fusarium resistant transgenic crops.

GSTs in nanotechnology

Nanotechnology is an emerging field of science and catch-
ing the attention of molecular biologists in the area of agri-
cultural science for the engineering of nanomaterials with
plant proteins such as GSTs. Bai et al. (2013) designed a
self-assembled nanoring by exploiting the concept of metal-
ion-chelating interactions and nonspecific protein — protein
interactions and key structural topographies of Schistosoma
japonicum GST protein (SjGST) as a building block. The
SjGST protein is present naturally as a stable homodimer
with two subunits which are linked to each other via non-
covalent interactions and have twofold axis symmetry (C2)
with His residue and Ni metal-chelating sites on the protein
surface. Nanowires were also developed using the Ni ion
directed and His tag arm (Zhang et al. 2012).
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GSTs in developing biosensors

From the past few decades there has been extensive work
in the development of biosensor as they have many advan-
tages over traditional chemical experiments:quick to per-
form, accurate results, easy sample preparation, etc. By
exploiting the ability of GSTs in conjugation reaction of
GSH with xenobiotics, herbicides, pesticides have given an
idea of developing biosensors that can be used in the detec-
tion of cancers, various pathogen infections, pesticides, and
herbicides, etc. Safarpour et al. (2012), developed a quantum
dot FRET-based biosensor for detecting the fungal infection
in sugar beets. Anti-GST, the GST protein corresponding
antibody, was conjugated to the quantum dots. Recently, an
optical GST-based biosensor was designed for the detection
of pesticide, i.e., a-endosulfan which is a toxic insecticide
and also a Persistent Organic Pollutant (POP). A structure-
based design method was implemented for generating a
synthetic and an augmented GST mutant PvGmGSTUG, by
taking the glutathione transferase from P. vulgaris and G.
max (Chronopoulou et al. 2019). Additionally, the GST—glu-
tathione (GSH) interaction system was also employed in the
immobilization protein surface for developing the matrixes
(Paternolli et al. 2002). Ki et al. (2013), by exploiting the
affinity binding between GST and GSH, created a recombi-
nant selection fused to GST (GST-SIL), by protein immo-
bilization method. GST-SIL protein was then bound to the
GSH coated glass plate and the matrix developed could be
used in biosensing, biocatalyzing equipment, various diag-
nostic plates, and also in the bioactive tissue-culture frame-
work. Recently, for the detection of the cancerous cells, an
electrochemical biosensor was developed. For generating
this kind of biosensor in which GSH is a biomarker for can-
cer cells, GSTs (as a probe) were immobilized on the MoS2
sheet. MoS2 is a two- dimensional graphene or transition
metal dichalcogenides (TMDs), frequently used in develop-
ing highly sensitive biosensors (Rawat et al. 2020). Oliveira
et al. (2013), developed a GST based biosensor to quantify
molinate, a thiocarbamate herbicide commonly used in rice
paddy fields worldwide to control weed overgrowth. The
biosensor was prepared by immobilizing the GST on the
glassy carbon electrode.

GSTs in environmental biotechnology

The application of GSTs is also widespread in metabolizing
and bioremediation of the environmental pollutants such as
TNT (2,4,6-trinitrotoluene), anthracene, and chloromequat
chloride. Two tau class GST from Arabidopsis U24 and U25
exhibits detoxifying activity towards TNT and was found to
be upregulated on exposure to TNT (Gunning et al. 2014).
Additionally, a transgenic Arabidopsis plant expressing the
GST gene from Drosophila melanogaster (DmGSTE6) was
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found tolerant to TNT and highly efficient in removing the
environmental TNT and could be an attractive option for
the biodegradation of such hazardous chemical compounds
(Tanikawa et al. 2002). BphKLB400 protein of a bacteria
Burkholderia xenovoransLB400, is a GST analog and cata-
lyzes the dechlorination of toxic chlorinated organic com-
pounds (chloromequat chloride). It can also be a potential
natural tool in bioremediation (McGuinness et al. 2007).
In a study by Dixit et al. (2011), a transgenic tobacco plant
expressing a GST gene from fungi Trichoderma virens was
involved in the destruction and remediation of a polyaro-
matic hydrocarbon- anthracene.

Concluding remarks and future perspectives

With the ongoing research plant GSTs have been identi-
fied and characterized diversely. Their extensive functional
characterization reveals its versatility towards a wide range
of functions from traditional glutathionylation to deglutath-
ionylation, combatting against several biotic and abiotic
stresses, plant growth and development, secondary metabo-
lism, tetrapyrrole metabolism, etc. The evolutions of GSTs
were reported through gene duplication, transposition, and
exon shuffling of an ancestral GSH binding protein, yet a
lot of work is needed to find the mystery of the evolution
of GSTs. Cytosolic GSTs are most numerous and exten-
sively characterized both structurally and functionally. The
interacting surfaces of GSTs can be hydrophilic or hydro-
phobic and their interaction with the substrate ranges from
salt bridges to polar. With the all-embracing research from
the few last decades, many new classes of plant GSTs like
iota, hemerythrin, GHR, Ure2p, and metaxin have also been
reported. Due to its flexibility relating to its roles this protein
has gained a lot of attention in the field of recombinant DNA
technology to selectively modify GST expression concern-
ing genetically engineering resistance against abiotic and
biotic stresses. Specifically, the detoxification properties of
tau and phi class GSTs have been exploited for the develop-
ment of herbicide-tolerant (e.g., alachlor, fluorodifen) crops
like rice and tobacco.

In the current review the key features of Plant GSTs
which represent a multipurpose and resourceful tool have
been shown. The constant analysis of this protein superfam-
ily will undoubtedly reveal many other examples of their
functional expansions like their role in plant physiology such
as photosynthesis, respiration, etc. that will further excite
the researchers to think and work out of the box. Although
a plethora of research is been done and so far continue at
different levels in plant GSTs, yet a wide range of queries
are arising, such as activities like the evolution of GSTs is
through gene duplication only? or any epigenetic change
in related protein get evolved into a new class called as

Glutathione-S transferase? Additionally, a series of ques-
tions are left to be answered such as the following: is there
any new class of plant GSTs to be identified? Is there any
organelle-specific plant GST? Are TATA-less promoters a
feature of zeta class only? Do GSTs interact with substrates
other than glutathione, xenobiotics, ROS, etc.? Reports sug-
gested Theta, Zeta, and Omega GSTs as the most ancestral
classes but why there is no report of omega GSTs in plants?
What is the reason behind the extensive tandem duplication
event in the GST gene family with the diverse kinetic prop-
erty? If concentrating on the earlier and currently character-
ized GST gene family in different plants and crops it was
found that the number of tau class GSTs are more than any
other classes, exceptionally in wheat, so why the tau GSTs
are the highest in number? Why is there no report of tau
GST in P. patens which is an only bryophyte in which GST
gene family has been identified and characterized? Addition-
ally, why there is no report of iota and hemerythrin in higher
plants except moss?
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