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Abstract 

Background Glutathione S-transferases (GSTs) are large and multifunctional proteases that play an important role in 
detoxification, protection against biotic and abiotic stresses, and secondary metabolite transportation which is essen-
tial for plant growth and development. However, there is limited research on the identification and function of NtGSTs.

Results This study uses K326 and other six tobacco varieties (Hongda, HG, GDH11, Va116, VG, and GDH88) as mate-
rials to conduct comprehensive genome-wide identification and functional characterization of the GST gene in 
tobacco. A total of 59 NtGSTs were identified and classified into seven subfamilies via the whole-genome sequence 
analysis, with the Tau type serving as the major subfamily. The NtGSTs in the same branch of the evolutionary tree 
had similar exon/intron structure and motif constitution. There were more than 42 collinear blocks between tobacco 
and pepper, tomato, and potato, indicating high homology conservation between them. Twelve segmental dupli-
cated gene pairs and one tandem duplication may have had a substantial impact on the evolution and expansion of 
the tobacco GST gene family. The RT-qPCR results showed that the expression patterns of NtGSTs varied significantly 
among tissues, varieties, and multiple abiotic stresses, suggesting that NtGST genes may widely respond to various 
abiotic stresses and hormones in tobacco, including NtGSTF4, NtGSTL1, NtGSTZ1, and NtGSTU40.

Conclusions This study provides a comprehensive analysis of the NtGST gene family, including structures and 
functions. Many NtGSTs play a critical regulatory role in tobacco growth and development, and responses to abiotic 
stresses. These findings offer novel and valuable insights for understanding the biological function of NtGSTs and the 
reference materials for cultivating highly resistant varieties and enhancing the yield and quality of crops.
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Background
Plant secondary metabolites are a class of non-essential 
small-molecule organic compounds produced by sec-
ondary metabolic processes. Despite not being directly 
involved in the growth and development of plants, they 
are crucial for ecological adaptation [1]. Studies have 
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shown that plant glutathione S-transferases (GSTs) are 
crucial for secondary metabolism and responding to vari-
ous biotic and abiotic stresses [2, 3]. In both eukaryotes 
and prokaryotes, GSTs (EC2.5.1.18) are a superfamily of 
dimeric proteases with multiple biological functions [3, 
4]. Up to 90 genes in plants encode GSTs, which is mainly 
distributed in the cytoplasm, with a few in the chloro-
plasts and the nucleus [5], and plays an important role 
in plant detoxification [6]. It catalyzes the covalent bind-
ing of reduced glutathione (GSH) with hydrophobic and 
electrophilic substrates to form conjugates that are iso-
lated in vacuoles or transferred to the apoplast, thereby 
degrading both endogenous and exogenous harmful sub-
stances[2]. Simultaneously, in many plants, GSTs serve as 
a non-enzymatic catalytic carrier, allowing anthocyanins 
to combine with GSH and selectively transfer anthocya-
nins to vacuoles by ABC transporters [7–9].

Each subunit of glutathione transferase contains two 
N-terminal and C-terminal domains with different spa-
tial structures [10]. The N-terminal consists of a β-sheet 
and an α-helix and is more conserved, whereas the lat-
ter consists of 4–7 α-helices, connected to the N-ter-
minal domain by a short sequence of about ten amino 
acids [11]. The major differences in the structure and 
sequence of different GST genes are reflected in the 
N-terminal and C-terminal domains, which determine 
the substrate specificity [12]. In higher plants, based on 
the sequence characteristics of GST genes, they can be 
classified into eight typical subfamilies, including Tau 
(U), Phi (F), Lambda (L), Zeta (Z), Theta (T), elongation 
factor 1 gamma (EF1Bγ), dehydroascorbate reductase 
(DHAR), and tetrachlorohydroquinone dehalogenase 
(TCHQD) [13, 14]. However, in some species, GSTs can 
be classified into 14 categories, where the remaining six 
include metaxin, Ure2p, microsomal prostaglandin E 
synthase type 2 (PGES2), hemerythrin, iota, and gluta-
mate hydroxyquinone reductases (GHR) [15, 16]. The 
discovery and characterization of GST gene families have 
become increasingly precise in recent years due to spe-
cies genome sequencing. Additionally, there are signifi-
cant differences in the number and classification of GST 
genes among different species. According to existing 
reports, there are 79 GSTs in rice [17], 55 GSTs in Arabi-
dopsis [18], 40 in radish [19], 22 in Salix [20], 73 in Med-
icago [21], and 38 in apple [22].

The ability of plants to adapt to adversity can be 
improved by the GST genes. The function of the GST 
gene family has been isolated and identified in many spe-
cies, including Arabidopsis [23], cotton [24], Chinese 
cabbage [25], etc. According to studies, GSTs enhance 
plant resistance to salt stress by elevating antioxidant 
enzyme activity, increasing chlorophyll content, reduc-
ing reactive oxygen species accumulation [26], and 

decreasing cell membrane damage [27]. Plant GST genes 
are crucial for maintaining the balance between cell tur-
gor and reactive oxygen species [28], reducing oxidative 
damage caused by drought, and enhancing plant toler-
ance to drought stress [29, 30]. In response to low-tem-
perature stress, GSTs can catalyze the reaction of GSH 
with membrane lipid peroxides, reducing the damage 
that low-temperature stress causes to the cell membrane 
structure [7, 31]. The GST genes also involving the patho-
gen resistance [32], and it has found that the interaction 
between TaGSTU6 and TaCBSX3 may positively enhance 
wheat resistance to powdery mildew [33]. Furthermore, 
GSTs are crucial in heavy metal stress [34, 35], herbicide 
detoxification [36], high temperature [37], light [38], and 
hormonal response [39].

Tobacco is a model plant for studying various biologi-
cal phenomena and is an important leaf cash crop [40, 
41]. For analyzing the expression pattern of the tobacco 
GST genes, many studies have focused on the cloning 
and validation of a single gene [42, 43]. However, there is 
no relevant report on the identification, characterization, 
and expression pattern analysis of the tobacco GST gene 
family. In this study, a comprehensive identification and 
analysis of the tobacco GST gene family have been con-
ducted, including subfamily classification, gene naming, 
gene structure and motif, distribution on chromosomes, 
sequence comparison, phylogenetic tree, and the expres-
sion profile of NtGSTs under different stresses have 
been analyzed. This can provide evidence for analyzing 
the role of the NtGSTs and cultivating novel resistant 
tobacco varieties. At the same time, it is crucial to predict 
the function of the GST genes in other crops and improve 
the quality traits and stress resistance of crops.

Results
Identification and phylogenetic analysis of members 
of the NtGSTs gene family
In this study, 59 NtGSTs in seven subfamilies were 
identified in the genome of tobacco K326 and were 
named according to their location and order on chro-
mosomes. Simultaneously, the physical and chemical 
properties and basic characteristics of these 59 genes 
were analyzed. Table S1 provides basic information on 
the length of the amino acid, isoelectric point (pI), pro-
tein molecular weight (Mw), and predicted subcellular 
location (Supplementary file 1). These NtGST proteins 
varied substantially in their amino acid composi-
tion, ranging from 61 to 512. Among them, NtGSTZ2 
was the smallest protein, encoding 61 amino acids, 
and NtGSTL1 was the largest protein, encoding 512 
amino acids. Mw varied significantly among different 
genes, with the mean Mw of 28264.41 KDa, the low-
est Mw of 6909.98 KDa (NtGSTU39), and the highest 
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Mw of 59313.6 KDa (NtGSTU1). The isoelectric point 
(pI) varied significantly among the same subfamilies, 
ranging from 4.63 (NtGSTL3) to 9.44 (NtGSTL2). Sub-
cellular localization predictions found that there were 
43 NtGST proteins located in the cytoplasm, with six 
NtGST located in the chloroplast, six in the nucleus, 
two (NtGSTL2 and NtGSTZ3) in the chloroplast 

thylakoid membrane, one (NtDHAR2) in the mitochon-
drion, and one (NtGSTZ4) in the organelle membrane.

To investigate the phylogenetic relationship of 
tobacco GST proteins, we constructed an evolution-
ary tree of 59 tobacco and 56 Arabidopsis GST pro-
teins using the maximum likelihood method (Fig.  1). 
All identified NtGSTs were divided into seven sub-
families, including Tau subfamily (U), Zeta subfamily 

Fig. 1 Unrooted phylogenetic tree representing the relationships among 59 NtGSTs in tobacco and 56 AtGSTs in Arabidopsis. The genes in tobacco 
are marked with a dot, while those in Arabidopsis are marked with a triangle. The different color blocks represent different subfamilies
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(Z), Lambda subfamily (L), Theta subfamily (T), 
Dehydroascorbate reductase subfamily (DHAR), Tet-
rachlorohydroquinone dehalogenase-like subfam-
ily (TCHQD), and Phi subfamily (F). Among them, 
the Tau subfamily was the largest group, represent-
ing 67.8% of the number of all NtGST proteins (NtG-
STU1–40). Moreover, five proteins (NtGSTF1–5) 
were classified as Phi subfamily, three proteins (NtG-
STL1–3) as Lambda subfamily, four proteins (NtG-
STZ1–4) as Zeta subfamily, two proteins (NtGSTT1–2) 
as Lambda subfamily, three proteins (NtDHAR1–3) as 
DHAR subfamily, and two proteins (NtTCHQD1–2) 
as TCHQD subfamily. The phylogenetic relationship 
showed that the tobacco NtGST proteins had high 
homology with Arabidopsis AtGST proteins, suggest-
ing that the evolution of GST genes between the two 
species was conservative and may have the same bio-
logical functions.

Gene structure and motif composition of the NtGST 
proteins
A total of 10 conserved motifs were identified in the 
NtGSTs and named motif 1 to motif 10 to better under-
stand tobacco NtGST proteins’ function. The findings 
suggested that those genes in the same branch of the phy-
logenetic tree contained similar motifs, suggesting that 
these genes might perform similar biological functions. 
Except for a few genes, the remaining NtGSTs contained 
conserved motif 3. Most genes also contained motif 
2, suggesting that these motifs can be used as markers 
to recognize NtGSTs (Fig.  2A, 2B). Among the tobacco 
NtGST proteins, the Tau subfamily covers most motif 
types. The motifs annotation results showed that motifs 
1, 3, and 5 were annotated as the GST-N domain, and 
motifs 2, 4, and 6 were annotated as the GST-C domain. 
After the conserved domain prediction and analysis of 59 
tobacco NtGST proteins, all proteins were found to con-
tain both GST-N and GST-C domains (Fig. 2C).

Fig. 2 Phylogenetic, gene structure, and motif analyses of the NtGST genes. (A) The phylogenetic analysis of NtGST family genes in tobacco. (B) 
Amino acid motifs in the NtGST proteins (1–10) are represented by coloured boxes. Black lines indicate relative protein lengths. (C) Conserved 
domains of the NtGST genes. (D) Exons and introns are indicated by yellow rectangles, and black lines, respectively
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The genomic sequences of tobacco NtGST proteins 
were examined to determine the number and structural 
information of their introns and exons. The findings 
revealed that all the NtGST proteins contained introns 
except for the NtGSTU2, and the numbers ranged from 
1 to 12. About 57.6% of the NtGSTs contained only one 
intron (Fig.  2D, Table S1). Furthermore, the number 
and structure of introns/exons with similar evolution-
ary degrees were also similar. There were many introns 
and exons in the Zeta subfamily, Lambda subfamily, and 
DHAR subfamily, among which the Zeta subfamily had 
the largest number, with an average of 10 exons and nine 
introns, and NtGSTZ4 had 12 introns. In the Tau subfam-
ily, most tobacco NtGST proteins, except for some genes, 
contained two exons and one intron. Furthermore, 32 
NtGST proteins (54.2%) had untranslated region (UTR).

Distribution of chromosomes and duplication events 
analysis of the NtGST proteins
Based on the genomic information of tobacco K326, 
chromosome localization analysis of tobacco GST pro-
tein was performed to further understand its distribu-
tion on the chromosome. The findings suggested that 59 
NtGST proteins were localized on 21 chromosomes, and 
the number of proteins on each chromosome was sig-
nificantly different (Fig. 3A). Most of the NtGST proteins 
(13, 22.0%) were distributed on chromosome 2, followed 
by distribution on chromosome 24 (5 NtGST proteins). 
There were four NtGST proteins distributed on chro-
mosomes 7, 10, 19, and 20, respectively, three NtGST 
proteins on chromosomes 1, 4, and 8, and two NtGST 
proteins on chromosomes 13, 15, 17, and 21. Moreover, 
one NtGST protein was distributed on chromosomes 
3, 5, 9, 12, 14, 16, 22, and 23, respectively. However, no 
protein was distributed on chromosomes 6, 11, and 18. 
During the evolution of species, gene duplication or loss 
might lead to the absence of NtGST proteins on some 
chromosomes. Furthermore, it was found that the dis-
tribution of NtGST proteins on chromosomes was not 
directly associated with chromosome length, size, etc.

Segmental duplication often occurs during chromo-
some rearrangement, resulting in a large number of 
duplicated chromosome blocks in the genome. However, 
multiple members of adjacent homologous gene families 
amassed on one chromosome results in tandem duplica-
tion [44]. Tandem and segmental gene duplication can 
generate a large number of gene families and promote 
their amplification, which is critical for species genome 
evolution [45]. The duplication events of NtGST proteins 
at the genome-wide level were investigated to reveal the 
amplification mechanism of the tobacco GST gene fam-
ily. The results revealed that twelve pairs of segmental 
duplicated genes and one pair of tandem duplication 

were unevenly distributed on 21 chromosomes and 
were connected by red curves (Fig.  3B; Supplementary 
file 2, Table S2), suggesting that the amplification of the 
tobacco GST gene family was associated with gene dupli-
cation events, and the segment duplication was the pri-
mary driving force for the generation of new members of 
the NtGST gene family.

Collinearity analysis of the NtGST proteins in tobacco
According to the evolutionary relationship and motif 
composition of GST proteins in different plants, one 
dicotyledonous plant (Arabidopsis thaliana), two mono-
cotyledonous plants (Oryza sativa and Triticum aesti-
vum), and three Solanaceae plants (Capsicum annuum, 
Lycopersicon esculentum, and Solanum tuberosum) were 
selected for collinearity analysis to investigate the col-
linearity relationship between GST gene members and 
NtGSTs in different species and their evolutionary ori-
gins. The findings revealed that 47 NtGSTs displayed a 
collinearity relationship across the six species, indicating 
that during the process of evolution, tobacco GSTs were 
highly conserved on the corresponding chromosomes. A 
total of 15, 4, 4, 42, 47, and 49 collinear blocks of NtGST 
genes were identified in Arabidopsis thaliana, Oryza 
sativa, Triticum aestivum, Capsicum annuum, Lycoper-
sicon esculentum, and Solanum tuberosum, respectively 
(Supplementary file 3, Table  S3). Based on these collin-
earity results, six collinear maps were drawn, represent-
ing homologous gene pairs in tobacco and other species 
connected by blue lines (Fig.  4). The results revealed 
that there were only a few collinear gene pairs between 
tobacco and monocotyledonous plants (Oryza sativa and 
Triticum aestivum), indicating that most GST genes were 
formed after the differentiation of dicotyledonous and 
monocotyledonous plants. However, there were more 
than 42 collinear blocks between tobacco and Capsicum 
annuum, Lycopersicon esculentum, and Solanum tubero-
sum, showing a high homology of the GST genes at the 
same family level.

Prediction of cis‑acting element analysis of tobacco NtGST 
proteins
The cis-acting elements include promoters, enhanc-
ers, regulatory sequences, and inducible elements, 
which primarily regulate target gene expression. The 
promoter sequence 2000  bp upstream of the transcrip-
tion start site was selected and the cis-regulatory ele-
ments of 59 NtGST proteins were analyzed using the 
plant CARE website. The prediction revealed that these 
cis- acting elements primarily included hormone-related 
response elements such as auxin, abscisic acid (ABA), 
salicylic acid (SA), methyl jasmonate (MeJA), and gib-
berellin acid (GA), stress-related response elements 
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such as light, dehydration, low-temp, and salt stresses, 
and wound-responsive elements (Fig.  5, Supplementary 
file 4, Table  S4). Furthermore, these cis-acting elements 
were also found to contain elements related to the cell 
cycle, meristem expression, endosperm development, 
and circadian response. These findings indicated that 
NtGSTs could be crucial for response to hormones, stress 

conditions, plant growth and development, and wound 
induction.

Transcriptome expression profile of NtGST proteins 
in different materials and tissues
To further verify the function of tobacco GST protein, 
we selected 6 genes with relatively highest or lowest 

Fig. 3 Distribution on chromosomes and duplication events analysis. A Schematic representations of the chromosomal distribution of the NtGSTs. 
The blue vertical bars represent the tobacco chromosomes, Chromosome number is indicated to the left of each chromosome (black), and gene 
number is indicated to the right of each chromosome (red). B Schematic representations of the interchromosomal relationships of the NtGSTs. The 
grey lines represent all colinear blocks in the tobacco genome, and red lines represent duplicated GST gene pairs
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Fig. 4 Collinearity analysis of GST genes between Nicotiana tabacum (tobacco) and six other species. A, B, C, D, E, and F are collinearity 
comparisons with Arabidopsis thaliana (arabidopsis), Oryza sativa (rice), Triticum aestivum (wheat), Capsicum annuum (pepper), Lycopersicon 
esculentum (tomato), and Solanum tuberosum (potato), respectively. The gray lines in the background represent the collinearity block in the genome 
of tobacco and other plants, while the blue lines highlight the collinearity GST gene pairs

Fig. 5 The cis-actingelement analysis of 2000-bp sequences upstream of NtGST genes
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expression levels on different chromosomes and in differ-
ent subfamilies from 59 NtGSTs, and analyzed their tran-
scriptome expression profiles in different tissues (roots, 
stalks, leaves) and different materials (Hongda, HG, 
GDH11, Va116, VG, and GDH88). The results showed 
that the expression patterns of six NtGSTs in the same 
tissue were significantly different, indicating that NtGSTs 
served different physiological functions in tobacco 
(Figs.  6A, B, and C). In other words, except NtGSTL1, 
the other five genes were expressed in three tissues, 
with significant expression in roots, followed by stems, 
and finally in leaves. NtDHAR3 showed a high expres-
sion level in the root of GDH88. The expression pattern 

of NtGSTZ1 in tobacco plants revealed that the root had 
higher expression than the leaf, with the stem having the 
lowest expression. NtGSTF4, NtGSTT2, and NtGSTU40 
had the highest expression levels in the three tissues, 
especially NtGSTU40, which had a certain tissue expres-
sion tendency to roots. At the same time, the expression 
pattern of the same gene in different materials was rela-
tively consistent, indicating that these genes were highly 
conservative. Most NtGSTs were negatively correlated 
in the three tissues; for example, the expression level of 
NtDHAR3 was negatively correlated with NtGSTZ1, 
NtGSTF4, NtGSTT2, and NtGSTU40 (Fig. 6D). Further-
more, some genes were positively correlated in the three 

Fig. 6 Transcriptome expression profile of NtGST genes in different materials and tissues. The data is expressed in FPKM values using transcriptome 
sequencing. The abscissa represents the material name (Hongda, HG, GDH11, Va116, VG, and GDH88, respectively). The ordinate represents gene 
name (NtDHAR3, NtGSTF4, NtGSTL1, NtGSTT2, NtGSTU40, and NtGSTZ1, respectively). The (A), (B), and (C) are the expression profiles of six NtGST genes 
in the leaves, stalks, and roots, respectively. (D) Positive number: positively correlated; negative number: negatively correlated
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tissues, such as NtGSTU40, which showed a positive cor-
relation with NtGSTZ1 and NtGSTT2.

Expression pattern analysis of NtGST genes in response 
to temperature
Previous cis-acting element prediction results showed 
that NtGSTs had a certain response effect on tempera-
ture. To study the expression patterns of these genes in 
response to temperature stress, tobacco plants were 
treated with low (4  °C) and high temperatures (38  °C), 
and the expression level of six NtGSTs was measured 
using qRT-PCR. The results revealed that different 
NtGSTs expression patterns varied in high and low tem-
peratures, as well as in roots, stalks, and leaves. Under 
low-temperature treatment, the expression pattern of 
NtGSTL1, NtGSTT2, and NtGSTZ1 was relatively con-
sistent, whether in the root, stalks, or leaf and indicated 
stimulated expression in the early stress response stage. 
Moreover, the expression level was first increased and 
then decreased (Fig. 7). While NtGSTF4 expression was 
consistently induced in the root and stem, the expression 
level in the leaves was first increased and then decreased. 
NtGSTU40 was highly expressed in the leaves after 12 h 
of treatment, more than 20 times higher than in the con-
trol group. Also, at high-temperature treatment, differ-
ent NtGSTs showed different response capacities (Fig. 8). 
In general, most genes, including NtDHAR3, NtGSTF4, 
NtGSTL1, and NtGSTZ1, responded significantly in the 

later stage of stress. However, the expression of NtD-
HAR3 was inhibited in the early stage. In all three tis-
sues, NtGSTT2 and NtGSTU40 were first increased and 
then decreased, and these two genes were induced in the 
roots and leaves at 12  h after treatment. These findings 
indicated that NtGSTs have a certain response to tem-
perature stress and could, under necessary conditions, 
enhance the plant’s defense against extreme temperature.

Expression pattern analysis of NtGST genes in response 
to salt and drought
Drought is the primary environmental stress factor 
that restricts plant growth and causes crop yield reduc-
tion. In arid and semi-arid areas, drought generally 
occurs simultaneously with soil salinization, signifi-
cantly impacting plants [46]. To study the response of 
NtGSTs to drought and salt stress, the expression of six 
NtGSTs was measured, and the expression pattern was 
analyzed. The results revealed that each gene had signif-
icant differences in response to salt and drought in dif-
ferent tissues, and the time of stress response varied as 
well. Under salt stress, the expression patterns of NtG-
STU40 and NtGSTZ1 were relatively similar, being highly 
induced in all three tissues at 24  h after the treatment, 
with the highest expression in the stalk, more than 100 
times that in the control group, followed by leaves, and 
then the root (Fig.  9). However, with the delay in treat-
ment time, the expression level of NtGSTU40 increased 

Fig. 7 Gene expression pattern of six NtGST genes in response to low temperature (4 °C) in roots, stalks, and leaves. Error bars represent significant 
differences among the three replicates. Significant differences in the gene expression level at P < 0.05 and P < 0.01 were determined using Duncan’s 
new multiple-range tests. The lowercase alphabets represent a significant difference (P < 0.05), while the uppercase alphabets represent a highly 
significant difference (P < 0.01). Similarly hereinafter
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continuously, while NtGSTZ1 decreased first and then 
increased. NtGSTF4, NtGSTL1, and NtGSTT2 showed 
a trend of increasing first and then decreasing in leaves, 
with the highest expression at 12  h after the treatment. 
However, the expression level of NtDHAR3 was inhib-
ited in the roots, stems, and leaves. Under drought stress, 
most genes responded in the early, and middle stages of 
stress in the three tissues, including NtGSTF4, NtGSTT2, 

NtGSTU40, and NtGSTZ1, whose expression levels were 
increased first and then decreased (Fig.  10). NtGSTU40 
demonstrated a more than 20-fold increase in expres-
sion in leaves 12  h after treatment compared to the 
control group. However, NtDHAR3 showed a trend of 
first decreasing and then increasing, and the maximum 
expression was only 1.4 times that of the control, which 
showed inhibition in the three tissues. In general, NtGSTs 

Fig. 8 Gene expression pattern of six NtGST genes in response to high temperature (38 °C) in roots, stalks, and leaves

Fig. 9 Gene expression pattern of six NtGST genes in response to salt in roots, stalks, and leaves
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have a certain response to salt and drought, and different 
genes have different response effects. These genes could 
enhance the defense ability of tobacco plants against salt 
and drought to some extent.

Expression pattern analysis of NtGST genes in response 
to hormones
Hormones can jointly participate and regulate plant 
growth and development and improve their adaptability 
to the environment. The promoter sequence of NtGSTs 
was found to contain many hormone-related response 
elements, such as auxin, abscisic acid, salicylic acid, and 
methyl jasmonate (Fig.  5). To investigate the expression 
pattern of NtGSTs after hormone treatment, tobacco 
seedlings were treated with indole-3-acetic acid (IAA) 
and salicylic acid. The results demonstrated that the 
expression of NtGSTs was induced by hormones and SA, 
with significant induction by SA. Most genes responded 
to hormone stress mainly at 2 h and 12 h after treatment. 
Under IAA treatment, the induced expression of NtGSTs 
included up-regulation and down-regulation, and the 
expression levels of different genes differed (Fig. 11). The 
maximum expression time of different genes in root, 
stem, and leaf tissues also differed; for example, NtG-
STF4 was expressed after 24 h, 12 h, and 2 h of treatment, 
respectively. Under SA stress, NtDHAR3, NtGSTF4, 
NtGSTU40, and NtGSTZ1 expressions were signifi-
cantly induced, and most of them showed a trend of first 
decreasing and then increasing (Fig.  12). NtGSTs often 

respond to hormones differently, which reflects their 
ability to regulate plant growth and development.

Discussion
Plant GSTs are a large, ancient and multifunctional 
gene family. In addition to being crucial for secondary 
metabolism and multi-drug detoxification, it is critical in 
responding to biotic and abiotic stresses [19, 47, 48]. The 
GST family genes have been identified and studied in var-
ious plants due to their special and abundant functions, 
and the number of GST identified in different plants var-
ies greatly. However, the tobacco GST genes research 
is mostly focused on verifying the role of a single gene 
because its genetic transformation is easy. Therefore, we 
conducted systematic studies on the tobacco GST gene 
family.

Based on tobacco genome sequence and RNA seq 
data, 59 NtGSTs were found. Comparing the number of 
GST genes in different plants, the evolution of NtGSTs 
can be analyzed. Fifty-five AtGST genes were identi-
fied in Arabidopsis thaliana [18], 79 OsGSTs in Oryza 
sativa [49], 90 SlGSTs in Lycopersicon esculentum [48], 
85 CaGSTs in Capsicum annuum [37], 90 StGSTs in 
Solanum tuberosum [50], and 346 TaGSTs in Triticum 
aestivum [51]. The genome size of these plant spe-
cies (Nicotiana tabacum, Arabidopsis thaliana, Oryza 
sativa, Lycopersicon esculentum, Capsicum annuum, 
Solanum tuberosum, and Triticum aestivum) was 
4.5  Gb [52], 117  Mb [52], 466  Mb [53], 900  Mb [54], 
3.5-Gb [55], 1.67 Gb [56], and 16 Gb [57], respectively. 

Fig. 10 Gene expression pattern of six NtGST genes in response to drought in roots, stalks, and leaves
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We speculated that there may be a relationship between 
the size of the species genome and the number of 
GST genes. For instance, Arabidopsis has the smallest 
genome and the fewest GST, whereas wheat has the 
largest genome and the most GST genes. In Arabidop-
sis, the GST genes were classified into seven subfami-
lies. However, compared with the plants belonging to 
the Solanaceae (potato, ten subfamilies; tomato, ten 
subfamilies; pepper, ten subfamilies), none of the genes 

belonged to the subfamilies of EF1Bɣ1, GHR, MGST, 
and others. This may be due to the loss of the NtGSTs 
in the evolutionary process or differentiation into other 
subfamily members. A total of 40 NtGSTs in tobacco 
come from Tau (U) subfamily, and Tau subfamily mem-
bers are the most common in other plants, with the 
largest number, indicating that NtGSTs conforms to the 
distribution characteristics of GST gene subfamilies in 
plants.

Fig. 11 Gene expression pattern of six NtGST genes in response to IAA in roots, stalks and leaves

Fig. 12 Gene expression pattern of six NtGST genes in response to SA in roots, stalks and leaves
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The 59 NtGSTs were distributed on twenty-one chro-
mosomes, and no NtGST was found on the other three 
chromosomes, suggesting an important role of of gene 
family expansion. During species evolution, gene dupli-
cation events can result in the expansion of a gene fam-
ily, including tandem duplication, segmental duplication, 
transposition events, and genome-wide duplication [45, 
56]. In most polyploid plants, segmental duplication 
occurs frequently [37]. In this study, twelve pairs of seg-
mental duplicated genes and one pair of tandem dupli-
cation were found to be unevenly distributed on 21 
chromosomes in the NtGST family. The findings indi-
cated that these gene replication events were crucial in 
the evolution of the tobacco GST gene family, with the 
segment duplication event playing a leading role. We 
hypothesized that this might be because tobacco is allo-
tetraploid, and the results of gene replication events are 
consistent with those in pepper and wheat [37, 58]. The 
NtGSTs were primarily distributed in the U-type and 
F-type subfamilies. Hence it can also be speculated that 
the expansion of the GST family of tobacco is mainly due 
to the duplication events of these two families, which is 
also consistent with that of cotton [24]. Genes with repli-
cation events are often accompanied by the loss or addi-
tion of functions, the latter may be the result of the two 
genes showing different functions in the duplicated gene 
pair, and gene expression patterns often reflect their bio-
logical functions [54].

In this study, ten motifs in 59 NtGSTs were found, and 
genes in the same branch of the evolutionary tree con-
tained similar motif constitutions, indicating that they 
may perform similar functions in plants. According to 
gene function studies, GST family members can par-
ticipate in various biotic and abiotic stresses, including 
mechanical damage, heavy metals, drought, temperature, 
and phytohormones [18, 37]. Cis-acting elements are cru-
cial in regulating plant adaptation to stress, growth, and 
development by participating in the expression of target 
genes [59]. Through the analysis of upstream cis-acting 
elements, it was found that the members of the tobacco 
GST gene family contain various environmental stress 
response elements, including hormones, stress, MYB 
binding site, circadian rhythm, and injury induction. This 
result was consistent with the promoter analysis results 
of gene families such as SlGSTs and AtGSTs, indicating 
that these response elements directly determine the tran-
scriptional expression level and response-ability of GST 
family genes under stress[48].

Analysis of gene expression patterns can reveal crucial 
information about the physiological function of genes. 
Most of the tobacco GST gene family members were 
found to be expressed normally in different cultivars, and 
only individual genes, such as NtGSTU40 in the stack of 

Va116 and NtDHAR3 in the root of GDH88, displayed 
specific expression. Simultaneously, we found that the 
expression of NtGSTs have tissue specificity. Tobacco 
roots had a higher expression level than stalks, followed 
by leaves. These results were consistent with those of soy-
beans [60] and peppers [37], indicating that NtGSTs are 
crucial in the growth and development of tobacco. This 
may be because the root is the key organ for the absorp-
tion and transportation of water and mineral nutrients in 
plants and also the most important organ for recognizing 
and feeling injuries, which can quickly respond to stress 
[61, 62]. Moreover, this result also reflects the possible 
functions of the GST gene family.

Several studies have shown that GSTs play multiple 
functions in many aspects of growth and development 
in plants. Yang et  al. demonstrated that the JrGSTU1 
gene in walnut (Juglans regia L.) could enhance the GST 
activity to regulate the expression of other stress- related 
genes and thus reduce the levels of reactive oxygen spe-
cies [7]. To evaluate the potential biological function of 
the NtGST genes and their ability to respond to stress, 
we examined the expression patterns of six NtGSTs in 
response to six stresses. The results showed that the 
expression patterns of different genes varied under dif-
ferent stresses, which were consistent with previous 
studies[24, 50]. For example, NtGSTF4 expression was 
up-regulated in the roots, stems, and leaves under cold 
stress, while NtGSTL1 and NtGSTZ1 were first increased 
and then decreased. Furthermore, the response times 
of the same gene to low and high temperatures differed. 
For example, NtGSTZ1 responded to low temperature at 
2 h after treatment, while its maximum response to high 
temperature was at 12  h after treatment. Interestingly, 
NtGSTU40 exhibited the maximum expression level in 
the leaves under low- or high-temperature stresses, and 
the highest stress response occurred at 12 h after treat-
ment. These results indicated that the NtGSTs might be 
involved in a complex cross-regulatory network in plants.

Salt and drought, the two primary abiotic stresses, 
have serious impacts on plant growth and crop yield 
[46]. Under salt stress, many genes showed strong stress 
responses, including NtGSTF4, NtGSTT2, NtGSTL1, 
NtGSTU40, and NtGSTZ14, exhibiting an overall upward 
trend. Previous studies have shown that the heterolo-
gous expression of the lambda subfamily, VvGSTF13 or 
JrGSTT1, in tobacco enhanced the tolerance to salinity 
and drought stresses[63–65]. This finding was consist-
ent with our results. Although Moons et al. [66] claimed 
that genes in the DHAR subfamily were significantly 
up-regulated under drought stress, NtDHAR3 showed 
a down-regulated expression pattern under salt and 
drought stresses, indicating that the expression pattern 
of GST family genes would also vary by species. Under 
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the treatment of hormones (IAA and SA), NtGSTU40 
was significantly expressed, which was consistent with 
the expression of TaGSTU62 and OsGSTU4 in rice [67]. 
Therefore, we hypothesized that the NtGSTs might func-
tion similarly to other plant GST genes.

In this study, a comprehensive and systematic identifi-
cation and analysis of the NtGSTs was conducted to pro-
vide a reference for studying the GST gene function in 
plants. The potential role of NtGSTs in plant resistance 
to stress was verified using RT-qPCR analysis. However, 
the mechanism of action of NtGSTs in response to stress 
requires further investigation for better application to the 
cultivation of highly resistant cultivars and thus improve 
crop yield and quality.

Conclusions
In summary, a comprehensive characterization and anal-
ysis of the NtGSTs at the genome level were performed 
in this study. A total of 59 NtGSTs were identified and 
categorized into seven subfamilies, and information on 
physicochemical properties and subcellular localization 
for these genes was provided. The NtGSTs in the same 
branch of the evolutionary tree have similar exon/intron 
structures and motif constitutions. And the 59 NtGSTs 
were unevenly distributed on 21 chromosomes. The 
analysis of their collinearity with the GST gene in other 
plants provided an important reference for studying the 
evolutionary characteristics of NtGSTs. Furthermore, 
twelve pairs of segmental duplicated genes and one pair 
of tandem duplication were unevenly distributed on 21 
chromosomes, suggesting that gene duplication events 
are crucial in the evolution and expansion of the tobacco 
GST gene family. The expression of NtGSTs in different 
tissues and varieties and the response to multiple stresses 
and hormone treatment indicated that NtGSTs play a 
critical regulatory role in tobacco growth and develop-
ment. These results provide novel and valuable insights 
for studying the biological function of NtGSTs.

Materials and methods
Plant materials: planting, treating and sampling
In this experiment, seven tobacco varieties, including 
K326, Hongda, HG, GDH11, Va116, VG, and GDH88, 
were selected to determine the function of NtGSTs. The 
K326 was used for different stress treatments, and the 
remaining six varieties were used to analyze the expres-
sion pattern of NtGSTs in different tissues and stages. All 
materials were provided by Key Laboratory for Tobacco 
Quality Research Guizhou Province and cultivated in the 
plant culture laboratory. The collection of plant material, 
experimental research, and field studies on plants were 
complied with relevant institutional, national, and inter-
national guidelines and legislation. Using floating dish 

breeding, sowing and seedling raising were performed 
under environmental conditions, including 75% relative 
humidity, 16  h/28  °C during the day, and 8  h/20  °C at 
night. On the 75th day of transplantation, three consist-
ently growing plants in each replicate were sampled from 
three tissues (roots, stalks, and leaves), and three biologi-
cal replicates were set.

Based on the chromosome location information of 59 
NtGSTs, combined with the results of their transcrip-
tome analysis in roots, stems and leaves, we focused on 
exploring the potential biological functions under abi-
otic stress of six genes with relatively highest or lowest 
expression levels in different subfamilies located on dif-
ferent chromosomes. When the tobacco plants grew to 
the sixth real leaf, the same growing plants were selected 
and treated with high temperature (38 °C), low tempera-
ture (4 °C), salt (5% NaCl), drought (15% PEG6000), and 
hormone (100  µmol/L IAA and SA). Three biological 
replicates were set for each treatment, and samples were 
taken at 0 h, 2 h, 12 h, and 24 h after treatment. The col-
lected samples were immediately frozen in liquid nitro-
gen and stored in a hypothermia refrigerator at -80  °C 
for real-time fluorescence quantitative PCR (RT-qPCR) 
experiments.

Identification of the GST genes of Tobacco
The genome sequence was obtained from the tobacco 
genome project website (https:// solge nomics. net/ 
organ ism/ Nicot iana_ tabac um/ genome), and the hid-
den Markov model (HMM) profile of the GST domains 
(PF00043 and PF02798) was obtained from the Pfam 
protein family database (http:// pfam. sanger. ac. uk/). The 
NtGSTs were searched in the tobacco genome database 
using the HMMER3.0 software with the default param-
eters (the cutoff value of 0.01). Meanwhile, using the 
sequence information in PF00043 and PF02798 files as 
templates, BLASTP software was used to compare the 
entire tobacco genome and screen out proteins con-
taining these two sequence information. The results of 
BLASTP and HMMER 3.0 were integrated and analyzed. 
Pfam and SMART programs were used to detect can-
didate genes that may contain GST domains obtained 
from the BLASTP and HMMER 3.0 analysis results. Each 
potential gene was then manually examined to ensure 
predicted conserved sequences in the N and C termi-
nal regions of the GST domain. A total of 59 NtGSTs 
were identified from the tobacco genome via testing and 
screening. The molecular weight (MW) and isoelectric 
points (pl) of the NtGST family members were predicted 
and analyzed using the online analysis software ExPASy 
(http:/www. expasy. org/ tools/), and BUSCA (http:// busca. 
bioco mp. unibo. it/) was used for subcellular localization 
prediction.

https://solgenomics.net/organism/Nicotiana_tabacum/genome
https://solgenomics.net/organism/Nicotiana_tabacum/genome
http://pfam.sanger.ac.uk/
http://www.expasy.org/tools/
http://busca.biocomp.unibo.it/
http://busca.biocomp.unibo.it/
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Phylogenetic analysis and gene structure
A multiple sequence alignment of the obtained GST pro-
tein sequences and the previously reported Arabidopsis 
thaliana sequences was performed using the ClustalW 
default parameters. Subsequently, the amino acid 
sequence of the deduced GST domain was adjusted using 
GeneDoc software. To determine the exon–intron struc-
ture of the NtGSTs, the predicted coding sequence was 
compared with the corresponding full-length sequence 
using Gene Structure Display Server (GSDS: http:// gsds. 
cbi. pku. edu. cn) [68]. The online software MEME (http:// 
meme- suite. org/ tools/ meme) was used for the conserved 
domain analysis with the number of motifs set to 10 and 
the motif width range set to 50–100 amino acids [69].

Chromosomal mapping, gene replication, and syntenic 
analysis with other plant species
Based on the tobacco annotation data obtained from 
the Solanaceae database, the data of starting position of 
the GST genes on the chromosome was obtained. The 
gene homologous duplication events were then obtained 
according to the alignment between the pairwise genes. 
Finally, the chromosomal mapping and alignment results 
were visually analyzed using online bioinformatics tools. 
A multiple collinear scanning tool, MCScanX, was used 
to analyze the gene duplication events [70]. The GST 
collinear analysis atlas was constructed using the Dual 
Systeny Plotter software, and the GST collinear relation-
ship of tobacco with Arabidopsis thaliana, Oryza sativa, 
Triticum aestivum, Capsicum annuum, Lycopersicon 
esculentum, and Solanum tuberosum was determined, 
respectively.

The cis‑acting element analysis
A total of 2000  bp gene sequences upstream of the 
NtGSTs were obtained from the Solanaceae database. 
These sequences with cis-acting elements were analyzed 
using the PlantCare online software and visualized using 
the bioinformatics software.

Transcriptome sequencing analysis
The Hongda, HG, GDH11, Va116, VG, and GDH88 were 
used for transcriptome sequencing analysis. The tran-
scriptome data used in this study is derived from the 
previous experimental data of our research group. The 
samples were root, stalks and leaf tissues, and the sam-
pling stage was one week after topping. The sequencing 
of biological samples was entrusted to Shanghai Major-
bio Company. Data analysis was conducted using the 
method of Mo et  al. [71]. The original data has been 
uploaded to the NCBI public database. The names of the 

repository/repositories and accession number(s) can be 
found below: https:// www. ncbi. nlm. nih. gov/ geo/ query/ 
acc. cgi? acc = GSE233199.

Expression of the NtGST genes according to real‑time 
fluorescence quantitative PCR
Six genes were randomly selected for RT-qPCR experi-
ments to determine the expression levels of NtGST genes 
under different abiotic stresses. The experiments were 
performed using the SYBR Premix Ex Taq kit (Takara) 
and the Applied Biosystems 7500 Real-Time PCR sys-
tem (Life Technologies Corporation, Beverly, MA, USA). 
Primer Premier 6 was used to design the gene primers. 
The gene names and corresponding primers used for the 
qPCR test are listed in Supplementary file 5. The  2−ΔΔCT 
method was used to determine the relative expression 
level of each gene [72].

Statistical analysis
Duncan’s new multiple range test was conducted to ana-
lyze the variation in the gene expression levels (P < 0.05 
and P < 0.01) using the SPSS (version 16.0) software. Ori-
gin 2018 (95_64) and Adobe Illustrator CS6 were used for 
figure drawing.
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