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Abstract 

Background: Osmanthus fragrans is an evergreen plant with high ornamental and economic values. However, they 
are easily injured by salt stress, which severely limits their use in high salinity areas. The trihelix transcription factor (TF) 
family, as one of the earliest discovered TF families in plants, plays an essential part in responses to different abiotic 
stresses, and it has potential functions in improving the salt-tolerance capability of O. fragrans.

Results: In this study, 56 trihelix genes (OfGTs) were first identified in O. fragrans and then divided into five sub-
families in accordance with a phylogenetic tree analysis. The OfGTs were found to be located randomly on the 20 O. 
fragrans chromosomes, and an analysis of gene replication events indicated that the OfGT gene family underwent 
strong purification selection during the evolutionary process. The analysis of conserved motifs and gene structures 
implied that the OfGT members in the same subfamily have similar conserved motifs and gene structures. A promoter 
cis-elements analysis showed that all the OfGT genes contained multiple abiotic and hormonal stress-related cis-
elements. The RNA-seq data suggested that the OfGTs have specific expression patterns in different tissues, and some 
were induced by salt stress. The qRT-PCR analysis of 12 selected OfGTs confirmed that OfGT1/3/21/33/42/45/46/52 
were induced, with OfGT3/42/46 being the most highly expressed. In addition, OfGT42/OfGT46 had a co-expression 
pattern under salt-stress conditions. OfGT3/42/46 were mainly localized in the nuclei and exhibited no transcriptional 
activities based on the analysis of the subcellular localization and transcriptional activity assay. Furthermore, the 
expression levels of most of the selected OfGTs were induced by multiple abiotic and hormonal stresses, and the 
expression patterns of some OfGTs were also highly correlated with gibberellic acid and methyl jasmonate levels. 
Remarkably, the transient transformation results showed lower MDA content and increased expression of ROS-related 
genes NbAPX in transgenic plants, which implying OfGT3/42/46 may improve the salt tolerance of tobacco.

Conclusions: The results implied that the OfGT genes were related to abiotic and hormonal stress responses in O. fra-
grans, and that the OfGT3/42/46 genes in particular might play crucial roles in responses to salt stress. This study made 
a comprehensive summary of the OfGT gene family, including functions and co-expression patterns in response to 
salt and other stresses, as well as an evolutionary perspective. Consequently, it lays a foundation for further functional 
characterizations of these genes.
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Background
Transcription factors (TFs) are proteins that can regulate 
transcription and expression of target genes by binding 
to specific DNA sequences [1]. Presently, more than 60 
TFs have been discovered in plants [2]. A trihelix TF was 
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first discovered to specifically bind to a light-responsive 
element, namely the GT component; consequently, it 
is also known as the GT factor family [3]. The common 
feature of trihelix TFs in plants is that the DNA-binding 
domain contains three helical structures (helix-loop-
helix-loop-helix). The amino acid sequences of these 
functional domains are highly consistent and strongly 
conserved among the same subfamilies [4]. On the basis 
of the changes in the conserved domain, the trihelix TF 
is generally classified into five subfamilies: GT-1, SH4, 
GTγ, GT-2, and SIP1 [5]. Each subfamily contains an 
N-terminal conserved domain (apart from At5g47660 
in Arabidopsis thaliana), but the C-terminal domains 
are different. In addition, the subfamilies have only one 
DNA-binding domain, except the GT-2 subfamily, which 
contains two DNA-binding domains [6]. Although all the 
members contain at least one domain, there are subtle 
differences in this domain among different subfamilies. 
In the GT-1 and SH4 subfamilies, the trihelix domains 
each have a tryptophan residue in the internal hydropho-
bic region of the tandem repeat. In the GTγ and GT-2 
subfamilies, the third conserved tryptophan is substi-
tuted by phenylalanine, whereas in the SIP1 subfamily, it 
is replaced by isoleucine [6, 7].

At present, the TF family of trihelix has been identified 
in A. thaliana, rice (Oryza sativa), Fagopyrum tataricum, 
Phyllostachys edulis, and Populus trichocarpa, and among 
them, Arabidopsis and rice have been studied in depth [2, 
8–11]. The initial research on trihelix TFs showed that 
they help to regulate the light responses of plants [12, 
13]. Additionally, the genes universally regulate multi-
ple processes of plant growth and development, such as, 
embryo sac development [14], seed separation [15], and 
floral organ development [16]. Furthermore, studies have 
shown that trihelix TFs are also related to the response 
of plants to biotic and abiotic stresses, such as, salinity, 
drought and methyl jasmonate (MeJA) [17–19]. Inter-
estingly, some trihelix genes participate in the responses 
to multiple stresses. In Chrysanthemum morifolium, the 
genes are affected by high salt, drought, low and high 
temperature, abscisic acid (ABA), and methyl jasmoate 
MeJA [20]. The salt tolerances of many plants have been 
improved by isolating and cloning trihelix TF genes 
related to salt tolerance. The GTγ subgroup members 
OsGTγ-1, OsGTγ-2, and OsGTγ-3 in rice were induced 
by most of the abiotic stresses. Especially, overexpression 
of OsGTγ-1 in rice enhanced salt tolerance at the seed-
ling stage [21]. In soybean (Glycine max), GmGT-2A and 
GmGT-2B enhance the tolerance to salt stress [22]. In A. 
thaliana, the AtGT2L protein enhances plant tolerance 
to salt stress by up-regulating the expression levels of the 
marker genes RD29A and ERD10 [17]. In addition, AST1 
which is a SIP1 subfamily TF member can combine with 

an AGAG-box or GT element to regulate downstream 
gene expression to enhance Arabidopsis salt-stress tol-
erance [23]. Interestingly, TFs also interact with other 
genes to enhance plant salt tolerance. For example, the 
AtGT4 interacts with the TEM2 gene to enhance the salt 
tolerance of Arabidopsis [24]. Some studies reported that 
MDA is closely related to cell membrane damage under 
abiotic stress [25]. Under cold stress, overexpressed Pub-
HLH1 and NtbHLH123 have lower MDA content, which 
can reduce the oxidative damage of cell membrane by 
activating ROS-related genes [26, 27].

Osmanthus fragrans is an evergreen plant with high 
ornamental and economic values. Research on O. fra-
grans has focused on floral fragrance and flower color 
[28, 29], with research on abiotic stress tolerance being 
limited. High salinity and other abiotic stresses are crit-
ical adverse environmental factors that severely restrict 
plant growth and distribution [30]. However, the molec-
ular regulatory mechanisms of O. fragrans involved 
in salt-tolerance and other abiotic stresses responses 
are still unclear. The publication of the whole-genome 
sequences of O. fragrans provides a resource for the 
screening of O. fragrans salt-tolerant genes and those 
involved in responding to other stresses [31].

In this research, 56 OfGT genes were screened from 
the O. fragrans genome data. They are located on 20 
different chromosomes and were classified as five sub-
families. A thorough analysis of conserved motifs and 
gene structure was performed. In addition, the expres-
sion and co-expression patterns of 12 OfGT genes 
under three abiotic stress treatments (salt, waterlog-
ging, and drought) and three hormonal stresses [MeJA, 
ABA, and gibberellic acid  (GA3)] were examined. Fur-
thermore, we analyzed the subcellular localizations 
and transcriptional activation activities of the potential 
salt tolerance genes OfGT3/42/46. Finally, the poten-
tial genes OfGT3/42/46 was transferred into tobacco 
for functional verification by transient transformation. 
The study will provide a beneficial genetic resource for 
improving the salt tolerance of O. fragrans.

Results
Identification of OfGT gene family members in O. fragrans
We identified 56 trihelix genes from the database of O. 
fragrans genomes [31]. In accordance with their loca-
tions on the chromosomes, these genes were named 
OfGT1–56. The protein lengths encoded by the 56 
OfGT genes range from 262 to 617 aa, with a mean 
length of 395 aa. The minimum isoelectric point value 
is 4.6, and the maximum is 9.58. The relative molecu-
lar masses range from 29.18 kDa to 69.75 kDa (Addi-
tional file 1: Table S1).
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Phylogenetic analysis and subcellular localization 
predictions for OfGT genes
To analyses the evolutional relationships between the 
56 OfGT proteins, a phylogenetic tree was constructed 
with the trihelix genes of rice (O. sativa) and Arabidop-
sis (Fig.  1, Additional  file  2: Table  S2). In accordance 
with the classifications of trihelix TFs in rice and A. 
thaliana, the 56 trihelix genes in O. fragrans were clas-
sified into five subfamilies (GT-1, SH4, GTγ, GT-2, and 
SIP1). The largest subfamily is SIP1, which contains 20 
members. The smallest subfamily is SH4, with only six 
members.

The subcellular localization predictions for the 56 
OfGT protein sequences revealed that most (80.36%) of 
the proteins are localized in the nucleus, a small por-
tion (14.29%) are localized in the chloroplasts, OfGT26 
and OfGT27 (3.57%) are localized in the cytoplasm, 
and OfGT48 (1.79%) is localized in the mitochondria 
(Additional file 3: Table S3).

The analysis of genes structures, motif compositions, 
and a promoter for the OfGT gene family
According to the exon/intron structure analysis, 56 
OfGT genes contain one to eight exons. In total, 23% 
of OfGT genes lack introns (Fig.  2a-b). The majority of 
genes clustered in the identical subfamily showed simi-
lar exon/intron structures. For example, in the GT-2 
subfamily, nine members contained two exons, whereas 
OfGT2/46/49 contained three exons. Using MEME, 
15 motifs were identified among the 56 OfGT proteins 
(Fig.  2c). Specific amino acid sequences for each motif 
are provided (Additional  file  4: Table  S4). All the OfGT 
proteins contain motif 1, which is the most conserved 
motif among the subfamilies. The OfGT proteins, except 
for the GTγ branch members, contain motif 3. The GT-2 
branch genes have two trihelix domains. In addition, the 
conserved motifs of the most closely related members of 
the phylogenetic tree showed similar arrangements and 
positions, indicating that the functions of the trihelix 
proteins in each defined subfamily may be similar.

Fig. 1 Phylogeny of trihelix proteins from O. fragrans, A. thaliana and O. sativa. The subfamilies of trihelix proteins are represented by different colors. 
The trihelix proteins of O. fragrans, O. sativa, and A. thaliana are marked with red squares, blue triangles, and green diamonds, respectively
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Fig. 2 Phylogenetic relationships, gene structures, and motif compositions of OfGT genes. a Unrooted neighbor-joining phylogenetic tree. The 
specific subfamilies are marked with specific colors. b Exons are represented by green boxes and introns are marked with gray lines. c Each colored 
box indicates a motif, and non-conserved sequences are shown by black lines
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In the promoter analysis, four categories of cis-ele-
ments were discovered in the OfGT genes (Fig.  3a–b). 
The first category is plant hormone-response elements, 
including the gibberellin-response element GARE-
motif (1.79%), TATC-box (1.97%), and P-box (4.84%); 
MeJA (37.46%) homeopathic element CGTCA motif 
(19.18%) and TGACG motifs (18.28%), ABA homeo-
pathic elements motifIIb (0.18%) and ABRE (21.96%); 
cis-regulatory elements involved in salicylic acid-
response TCA element (6.81%); and auxin cis-response 
regulatory elements AuxRR-core (3.76%) and TGA ele-
ment (3.05%). The second category is abiotic and biotic 
stress-response elements, including drought (14.41%) 

and low temperature (0.42%) response elements, as 
well as defense and stress responses (TC-rich repeats, 
10.59%), and anaerobic induction (ARE, 39.41%). The 
third category is plant growth and developmental fac-
tors, such as cis-elements involve in the specific acti-
vation of meristem (CCG TCC -box) and endosperm 
expression cis-regulating elements (Skin-1_motf and 
GCN4_motif ). The last category consists of light-
responsive elements, such as GT1 motif, G-box, and 
Sp1 (Additional  file  5: Table  S5). The above analysis 
of the hormonal and abiotic stress-response elements 
of the OfGT genes provides a basis for the subsequent 
hormonal and stress treatment of plants.

Fig. 3 The analysis of cis-elements in the promoter regions of OfGT genes. a The total number of cis-elements for each OfGT gene is indicated by 
the numbers. b The categorization of cis-acting elements relevant to biotic and abiotic stresses and plant hormone responses. The percentages and 
quantities of factors in each category are presented
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The gene duplication events of OfGT genes 
and distribution on the chromosomes
The MCScanX was used to analyze gene replication 
events, including tandem repeats and fragment replica-
tion. Three pairs of tandem repeat genes (OfGT1/OfGT2, 
OfGT33/OfGT34, and OfGT55/OfGT56) were identi-
fied. The 44 duplicated genes were also identified among 
the 56 OfGT genes (Fig.  4a). Furthermore, the OfGT 
gene pairs resulting from gene duplication events, non-
synonymous (Ka)/synonymous (Ks) substitution rate 
ratios were < 1, which indicated that the OfGT genes have 
undergone strong purification selection during the evolu-
tionary process (Additional file 6: Table S6). In addition, 
the 56 OfGT genes are scattered across the 20 chromo-
somes (Fig. 4b). The OfGT genes numbers distributed on 
each chromosome ranges from one to seven. The most 
OfGT genes are located on Chr03, whereas Chr05, Chr20, 
and Chr23 do not contain any OfGT gene.

Expression pattern of OfGT genes in different tissues
The RPKM values of 56 OfGT genes were derived from 
the O. fragrans transcriptome databases of seven dif-
ferent tissue samples [31]. On the basis of the cluster 
analysis, the 56 OfGT genes were roughly divided into 
five different groups, and these genes in the same cluster 
having similar expression values. The overall expression 
revealed that 16 genes are expressed in all samples, 17 
OfGT genes have different expression patterns in seven 
tissues, and 19 OfGT genes were not expressed in any tis-
sue (Fig. 5). Some of the OfGTs genes showed tissue-spe-
cific expression. For example, OfGT47 is only expressed 
in roots, and OfGT19/22/43 are only expressed in stems. 
Most SIP1 subfamily members had higher expression lev-
els in different tissues.

Expression analysis of OfGT genes in response to salt
The FPKM values of the 56 OfGT genes were derived 
from the transcriptome data of O. fragrans leaves treated 
with salt stress (Additional  file  7: Table  S7). Here, the 
OfGT genes that may be involved in the salt-stress 
response were initially screened. In total, the expres-
sion levels of 12 genes (OfGT1/3/12/13/15/21/23/33/42
/45/46/52) were higher (FPKM > 10) after the salt treat-
ment and showed obvious changes (Fig. 6a). Then, qRT-
PCR was used to determine whether these 12 genes were 
responded to salt stress. Under salt-stress conditions, the 
expression levels of OfGT1/3/42/45/46/52 were obvi-
ously upregulated. In particular, the FPKM values of the 

OfGT3/42/46 genes were highest after a 72 h salt treat-
ment. In addition, the expression levels of OfGT21/23 
obviously decreased, whereas the expression levels of the 
OfGT12/13/15/23 genes showed no changes under salt-
stress conditions (Fig.  6b). The expression patterns of 
these 12 genes showed that OfGT1/12/42/45/46/52 were 
strongly positively correlated, which indicates that these 
genes might enhance the tolerance to salt stress through 
cooperative effects (Fig.  6c). In general, the expression 
change trends of these 12 genes were basically the same 
as the change trends of their corresponding transcrip-
tome FPKM values. A correlation analysis chart of the 
relative expression values and transcriptome data FPKM 
values showed a high correlation coefficient (r2 = 0.76) 
(Fig.  6d), indicating the reliability of the transcriptome 
data.

Expression analysis of OfGT genes in response to other 
stresses
To further explore whether these 12 OfGT genes only 
respond to salt stress or respond to multiple stresses, 
the genes’ expression profiles under drought and water-
logging stresses were analyzed. For drought stress, 
after 6 h of a PEG-6000 treatment, the expression levels 
of OfGT3/13/45/46/52 decreased and then gradually 
increased. OfGT12/15/42 were down-regulated after the 
drought treatment. In contrast, the OfGT1 gene showed 
up-regulated expression. The OfGT21/3/33 gene expres-
sion levels remained unchanged (Fig.  7a). The expres-
sion profiles of 12 genes under drought-stress conditions 
revealed that the OfGT3/13/46/52 gene group and the 
OfGT12/15 and OfGT33/45 gene pairs had strong posi-
tive correlations (Fig.  7b). For waterlogging treatment, 
the expression levels of OfGT12/13/15/42/45/52 showed 
increasing to decreasing trends. The levels of OfGT21/23 
remained the same at the beginning and then declined 
after 24 h of treatment. The OfGT1/3//33/46 genes’ 
expression levels showed no significant changes under 
waterlogging-stress conditions (Fig.  7a). The correla-
tion analysis of 12 genes subjected to waterlogging stress 
revealed that OfGT1/12/13/45 gene group, and the 
OfGT3/21 and OfGT23/52 gene pairs, had strong positive 
correlations (Fig. 7b).

To further investigate whether OfGT genes respond 
to hormonal stresses, we treated O. fragrans seedlings 
with MeJA, ABA, and  GA3. The expression trends of the 
12 OfGT genes, under different hormonal treatments 
were roughly the same, which indicated that they slowly 

Fig. 4 The analysis of the OfGT chromosomal distribution and duplication events. a The relationships highlighted by red lines represent the 44 
segmental duplications of OfGT genes. The three pairs of genes marked on the outer ring of the circle are tandem replicated genes. The heatmaps 
in the outer orange rectangle represent the gene density levels on the chromosomes. The value on the upper part of each chromosome shows the 
total number of genes it contains. b The distribution of the 56 OfGT genes on chromosomal O. fragrans 

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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dropped after 6 h of treatment and gradually rose after 
12 h of treatment (Fig.  8a). The integration of expres-
sion data under multiple treatments have been used to 
perform the co-expression analysis (Additional  file  8: 

Fig. S1). Under MeJA-stress conditions, the expression 
patterns of 12 genes showed that the OfGT33/42/46 
and OfGT3/13/15/45/52 gene groups, as well as the 
OfGT1/23 and OfGT12/21 gene pairs have strong 

Fig. 5 The expression pattern of the OfGT genes in seven tissues and developmental stages. The RPKM values were converted to  log2(value)
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positive correlations (Fig.  8b). The expression relation-
ship of 12 genes under ABA-stress conditions showed 
that the OfGT1/3/12/13/21 and OfGT15/33/42/45/52 
gene groups, and OfGT42/46 gene pair have strong 
positive correlations. In addition, OfGT23 had a robust 
negative correlation with OfGT15/33/45/52 after 
the ABA treatment (Fig.  8b). For  GA3 treatment, the 
OfGT3/12/15/33/42/45/46/52 gene group are strongly 
positively correlated (Fig. 8b). Thus, some of OfGT genes 
had co-expression patterns under different stresses. We 
speculated that these OfGT genes improve tolerance lev-
els to a specific stress through cooperative relationships 
in O. fragrans. In particular, the positive correlations of 

12 OfGT genes was more obvious after  GA3 and MeJA 
treatments, which indicates that they may have closer 
cooperative relationships under these conditions. Fur-
thermore, most of selected OfGTs were induced by 
multiple abiotic and hormonal stresses. For example, 
OfGT3/42/46 were induced by salt, drought, MeJA, ABA, 
and  GA3 stresses.

Subcellular localizations and transcriptional activation 
activities of OfGT3/42/46
On the basis of the FPKM values and expression level of 
OfGT3/42/46 genes were relatively high, they also have 
high degrees of homology with the salt-tolerant members 

Fig. 6 Expression levels of the 12 OfGT genes’ responses to salt stress conditions. a The following periods of stress were used: control at 0 h (S0) 
and salt treatments for 6 h (S6h), 24 h (S24h), and 72 h (S72h). The FPKM values were converted to  log2(value). b Expression levels of the 12 OfGT 
genes related to the salt-stress treatment were examined by qRT-PCR. The black rectangles represent the relative expression levels, and the red 
lines represent the FPKM values. Significant differences were evaluated using Duncan’s test (p < 0.05). The SEs are presented as the values of the 
bars. c Correlation analysis of 12 OfGT genes under salt-stress conditions. The values represent the Pearson’s correlation coefficient. r > 0: positively 
correlated, r < 0: negatively correlated. The larger the absolute value of r, the stronger the correlation. d The correlation analysis chart of qRT-PCR and 
transcriptome data FPKM values
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Fig. 7 Expression patterns of the 12 OfGT genes in response to drought/waterlogging stress. a Expression levels of the 12 OfGT genes under the 
drought/waterlogging stress treatments were examined by qRT-PCR. The black rectangles represent the relative expression levels. Significant 
differences were evaluated using Duncan’s test (p < 0.05). The SEs are represented as the values of the bars. The specific stress times: control at 0 h 
(0 h) and drought/ waterlogging treatments for 6 h (6 h), 24 h (S24h/D24h), and 72 h (W72h/D24h). b Correlation analysis of 12 OfGT genes under 
drought/ waterlogging stress conditions
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of the trihelix TF family reported in soybean [22]. There-
fore, we selected the OfGT3/42/46 genes for further 
study. The constructed GFP::pCAMBIA1300–3/42/46 
fusion vectors and the 1300 empty vector were indepen-
dently transiently transformed into tobacco (Nicotiana 
benthamiana) leaves. As shown in Fig.  9, the protein-
coding nucleotide products of the three genes OfGT3, 
OfGT42 and OfGT46 in the trihelix TF family of O. fra-
grans were mainly expressed in the nuclei.

The transcriptional activation of OfGT3/42/46 was 
determined by constructing pGBKT7 vectors that were 
then transformed into yeast strain AH109. The positive 
control grew well on SD/−Trp, SD/−Trp-Ade, and SD/−
Trp-Ade + X-α-gal media and produced a blue color. In 
contrast, yeast strains transformed with the negative con-
trol pGBKT7 vector and the OfGT3/42/46 pGBKT7 vec-
tors were only able to grow well on the SD/−Trp culture 
medium. They did not grow on the SD/−Trp-Ade and 

SD/−Trp-Ade + X-α-gal media, and there were no blue 
color-producing reactions (Additional file 9: Fig. S2). The 
results indicated that OfGT3/42/46 were not active in the 
yeast strain AH109.

The analysis of malondialdehyde content and the transient 
expression of OfGT3/42/46
Malondialdehyde (MDA) is a membrane lipid peroxida-
tion product [32]. By determining the levels of MDA, the 
degree of damage to the cell membrane can be evalu-
ated [33]. Under salt stress, the MDA content of tobacco 
infected with pCAMBIA1300-OfGT3/42/46 was lower 
than that of the control (pCAMBIA1300), and the dif-
ference reached a significant level (Fig. 10b). The results 
indicate that the cell membrane of tobacco infected by 
pCAMBIA1300-OfGT3/42/46 is less damaged than 
that in the control plants, indicating that the transient 

Fig. 8 Expression profiles of the 12 OfGT genes in response to a MeJA/ABA/GA3 treatments. a Expression profiles of the 12 OfGT genes in response 
to a MeJA/ABA/GA3 treatments were examined by qRT-PCR. The black rectangles represent the relative expression levels. Significant differences 
were evaluated using Duncan’s test (p < 0.05). The SEs are represented as the values of the bars. The specific stress times: control at 0 h (0 h) and 
MeJA/ABA/GA3 treatments for 6 h (M6h/A6h/G6h), 24 h (M24h/A24h/G24h), and 72 h (M72h/A72h/G72h). b Correlation analysis of 12 OfGT genes 
after MeJA/ABA/GA3 treatments
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transformation of OfGT3/42/46 might enhance the salt 
tolerance of tobacco. In addition, the results of semi-
quantitative RT-PCR strongly proved that the pCAM-
BIA1300-OfGT3/42/46 fusion protein was expressed in 
tobacco (Fig. 10a). The original uncropped gel (Fig. 10a) 

of qRT-PCR analysis was provided in the additional files 
(Additional file 10: Fig. S3).

To further explore the functions of OfGT family, the 
qRT-PCR analysis of the ROS-related genes (NbAPX, 
NbCAT , and NbSOD) in the OfGT3/42/46 and empty 

Fig. 9 Subcellular localizations of OfGT3/42/46. The GFP signals in epidermal cells separated from N.benthamiana leaves were observed using an 
LSM710 microscope. The nuclei are marked by DAPI staining

Fig. 10 The content of MDA and the expression of OfGT3/42/46 in tobacco. Significant differences were evaluated using Duncan’s test (**, 
p < 0.01). The SEs are presented as the values of the bars. a the NbL25 gene was amplified as an internal control of tobacco. L1–3, L4–6, L7–9, and 
L10–12 represent the three lines of tobacco injected with the pCAMBIA1300 vector (control), pCAMBIA1300-OfGT3, pCAMBIA1300-OfGT42, and 
pCAMBIA1300-OfGT46, respectively b Under salt treatment, the MDA content in tobacco transformed with OfGT3/42/46 genes
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vector transient expression tobaccos were conducted 
(Fig.  11). The expression of NbSOD in OfGT3/42/46 
overexpressing plants and empty vector (control) 
did not reach significant levels. Notably, the expres-
sion level of NbAPX was significantly up regulated in 
OfGT3/42/46 overexpressing plants compared to con-
trol, in addition, the expression level of NbCAT  was 
significantly higher in OfGT3/42 overexpressing plants 
than the control.

Discussion
Many researchers have systematically identified the tri-
helix TF gene family in various plants, such as A. thali-
ana, P. edulis, Camellia sinensis, and P. trichocarpa [10, 
11, 34, 35]. However, no comprehensive research on the 
trihelix TF gene family of O. fragrans has been reported. 
In this study, 56 OfGT gene members were identified 
in O. fragrans (Additional file  2: Table  S2). A phyloge-
netic analysis showed that the O. fragrans trihelix genes 
formed five clades (GT-1, SH4, GTγ, GT-2, and SIP1) 
(Fig. 1). According to previous studies, genes with few or 
no introns have high expression levels in plants [36], and 
34% of trihelix genes in the woody plant P. edulis have no 
introns [10]. This proportion is greater in grasses (87% in 
Brachypodium distachyon and 90% in wheat) [34]. The 
level in O. fragrans, at 23%, was similar to that of other 
woody plants. Therefore, we speculated that the expres-
sion levels of trihelix genes may be higher in grasses than 
in woody plants. The specific sequence motifs present in 
each subfamily may confer specific functions for the tri-
helix protein members [37]. A MEME analysis showed 
that OfGT genes coming from the same subfamily usually 
have similar motif compositions (Fig. 2c); therefore, their 
functions may have similar. In addition, the similarities 
in the motif compositions and genetic structures of most 
OfGT genes in each subfamily indicated that the phyloge-
netic tree was reliable (Fig. 2).

The outspread of the gene family and the mechanisms 
of genome evolution mainly depend on gene duplica-
tion events, including tandem and fragment duplica-
tions [38]. Previous studies have shown that the O. 
fragrans has two whole-genome duplication (WGD) 
events [31], which could lead the expansion of the 
Trihelix family. In this study, most of the OfGT genes 
(78.6%) were fragment duplication genes (Fig. 4a), and 
there were more than in P. trichocarpa (50%) [11]. We 
suggest that the amplification of trihelix gene family 
members in O. fragrans mainly occurred through gene 
fragment replication events. Generally, positive selec-
tion pressure is conducive to gene amplification or 
functional differentiation, whereas purification selec-
tion pressure tends to increase gene conservation [39]. 
In addition, all the pairs of tandem repeats and frag-
ment repeats in O. fragrans had Ka/ Ks < 1 (Additional 
file 6: Table S6), which indicates that most of the OfGT 
genes have undergone strong purification selection 
during the evolutionary process.

A gene expression profile is essential to analyze the 
functional roles of various trihelix genes [40]. In this 
study, the expression pattern of each OfGT gene in each 
different tissue varied (Fig.  5). The OfGT genes specifi-
cally expressed in tissues may have tissue-specific func-
tions. For example, AtGT2, which plays a fundamental 
role in salt-stress responses, is highly expressed in rosette 
leaves [17]. In a comparison of three candidate genes 
(OfGT3/42/46), OfGT3 was highly expressed in roots 
and mature leaves, whereas OfGT42/46 were highly 
expressed in leaves. We speculate that the OfGT3/42/46 
genes may be involved in responses to salt stress. In addi-
tion, OfGT47 is only expressed in roots, whereas three 
other genes (OfGT19/22/43) are only expressed in stems. 
These results implied that some OfGT genes have tissue-
specific functions in O. fragrans, and the genes could play 
crucial roles in plant growth and development.

Fig. 11 The relative expression level of NbSOD/NbCAT/NbAPX in tobacco. Significant differences were evaluated using Duncan’s test (*, p < 0.05; **, 
p < 0.01). The SEs are presented as the values of the bars
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The RNA-seq data and qRT-PCR confirmed that 
OfGT3/42/46 were induced by salt stress (Fig.  6a-b). 
In addition, NP_001236630.1and NP_001236643.1 
are salt tolerance genes reported in soybean, 
OfGT3/42 and OfGT46 have very high homology with 
NP_001236630.1 and NP_001236643.1, respectively 
[22]. (Additional file 11: Fig. S4). We speculated that the 
OfGT3/42/46 genes may play important roles in improv-
ing the salt-stress tolerance of O. fragrans. The subcellu-
lar localization results showed that OfGT3/42/46 localize 
in the nuclei (Fig.  9), which implies that the three TFs 
regulate the transcriptional processes of target genes in 
the nuclei. Furthermore, after transient expression of 
OfGT3/42/46 genes in tobacco, the MDA content was 
reduced compared with the control, which indicating 
that overexpression of OfGT3/42/46 increased the toler-
ance of plants to salt stress (Fig.  10). It is worth noting 
that the overexpressing of OfGT3/42/46 in the tobacco, 
the gene expression levels of NbAPX (ROS-related genes) 
were significantly up-regulated (Fig.  11), implying that 
OfGT3/42/46 genes can reduce the oxidative damage of 
cell membrane by activating ROS-related genes. How-
ever, OfGT3/42/46 showed no transcriptional activities, 
as assessed by a transcriptional self-activation analysis 
(Additional file 9: Fig. S2). In A. thaliana, the AtGT4 TF 
interacts with the TEM2 gene to regulate the expres-
sion of the salt-responsive gene Cor15A to enhance the 
plant’s salt tolerance [24]. Hence, we speculate that 
OfGT3/42/46 might regulate downstream genes by form-
ing complexes with other TFs.

Promoter cis-elements play essential roles in responses 
to biotic and abiotic stresses in plants [41]. In this study, 
many important cis-acting elements relevant to plant 
abiotic and hormonal stresses were discovered in the 
56 OfGT genes, including CGTCA-motif, P-box, ARE 
and ABRE (Fig.  3). Here, some OfGT genes were found 
to play roles in responding to stresses. For example, the 
expression levels of OfGT1/3/42/45/46/52 were up-reg-
ulated under salt-stress conditions (Fig. 6b), the expres-
sion levels of OfGT12/13/15/42/45/52 changed under 
waterlogging stress (Fig.  7a), the expression levels of 
OfGT3/13/45/46/52 were induced by drought (Fig.  7a), 
and the expression levels of OfGT3/12/15/33/42/45/46 
were induced by MeJA, ABA, and  GA3 stresses (Fig. 8a). 
In addition, some OfGT genes responded to multiple 
abiotic and hormonal stresses in O. fragrans, such as, 
the OfGT3/42/46 genes were up-regulated under salt-
stress conditions, and they were also induced by drought, 
MeJA, ABA, and  GA3 stresses (Figs. 6b, 8a). In P. edulis, 
P. trichocarpa, and other species, there are reports of 
trihelix TFs responding to salt, drought, and hormonal 
stresses [10, 35]. These analyses indicate that the trihelix 
TFs play important roles in plant adaptation to stressed 

environments, and some of the OfGT genes respond to 
multiple stresses in O. fragrans. Moreover, most OfGT 
genes’ expression patterns are similar in different stresses, 
and there are many instances of co-expression (Figs. 6c, 
7b, and 8b). For example, OfGT42/OfGT46 showed a co-
expression pattern under salt-stress conditions (Fig. 6c), 
and this may play a role in improving the tolerance of O. 
fragrans to salt stress through cooperative relationships. 
In particular, the expression patterns of some OfGTs 
had high correlations after GA3 and MeJA treatments 
(Fig.  8b), which indicates that the OfGT genes might 
enhance the tolerance to GA3 and MeJA through coop-
erative effects. Remarkably, the integration of expression 
data under multiple treatments have been used to per-
form the co-expression analysis (Additional file  8: Fig. 
S1). We found that OfGT13/OfGT46, OfGT3/OfGT13 
and OfGT42/OfGT15 gene pairs had higher expression 
coefficients in most of stress conditions, indicating these 
gene pairs could have synergistic effect in response to dif-
ferent environmental signals.

Conclusion
In this study, 56 trihelix TF genes were identified in 
the O. fragrans genome, and they were divided into 
five subfamilies. The gene duplication events analysis 
showed that the fragment duplication events contrib-
uted to the expansion of the OfGT genes family in O. 
fragrans. Here, we determined that the OfGT genes 
have different expression patterns in specific tissues, 
and the OfGTs also contain a variety of cis-elements 
involved in responses to multiple abiotic and hor-
monal stresses. The qRT-PCR confirmed that these 
OfGT genes are induced by salt and other stresses. It 
is worth noting that the OfGT genes showed many co-
expression patterns during different stress induction, 
which may mean that some OfGT gene members play 
cooperative roles in specific stresses. Furthermore, the 
decrease in MDA content and the expression levels 
of ROS-related genes up-regulated after the transient 
expression of nucleus located OfGT3/42/46 genes in 
tobacco indicated that these genes could enhance the 
salt tolerance of tobacco. In short, our research results 
strengthen our understanding of the OfGT gene family 
and the salt-tolerance mechanisms of O. fragrans.

Materials and methods
Identification of the trihelix family in O. fragrans
The release of the genome-wide sequence data provided 
us an opportunity to research the members of the OfGT 
gene family [31]. The Hidden Markov Model (HMM) 
profiles of trihelix TFs (PF13837) were acquired from 
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the Pfam database (http:// pfam. xfam. org/) to iden-
tify putative OfGT gene members. Then, the online 
software SMART (http:// smart. embl- heide lberg. de/), 
Search Pfam (http:// pfam. xfam. org/ search/), and CDD 
(https:// www. ncbi. nlm. nih. gov/ Struc ture/ bwrpsb/ 
bwrpsb. cgi/) were used to examine the OfGT domains 
that were conserved among these protein sequences. 
The isoelectric points and protein molecular weights of 
the OfGT genes were predicted using the online website 
ExPASy (https:// web. expasy. org/ compu te_ pi/).

Phylogenetic analyses of the OfGT proteins
Phylogenetic trees from Arabidopsis, O. sativa, and 
O. fragrans were constructed using MEGA5.1 soft-
ware to perform 1000 bootstrap replications with the 
NJ (neighbor-joining) method. The trihelix TF protein 
sequences in Arabidopsis and rice were downloaded 
from TAIR (https:// www. arabi dopsis. org/) and Plant-
TFDB (http:// plant tfdb. gao- lab. org/), respectively. The 
online WoLF PSORT site (https:// wolfp sort. hgc. jp/) 
was customed to forecast the subcellular localizations 
of OfGT proteins.

Gene structure, motif compositions, and promoter analysis 
of the OfGTs gene family
The OfGT gene structures were visualized using 
TBtool tools [42]. The online website MEME (https:// 
meme- suite. org/ meme/) was utilized to analyze the 
conserved motifs of OfGT proteins, the parameters 
related to motif repeats were set to ‘any’, the motif pre-
diction number to 25, and the motif length to 6–200 
aa [43]. The online tool PLACE [44] was used to iden-
tify the cis-acting elements of 2000 bp DNA sequences 
upstream of the OfGT genes.

Chromosomal distribution and gene duplication events 
of OfGT genes
Chromosomal information for OfGT genes were iso-
lated from the genomic database for O. fragrans [31]. 
TBtools tools was used to visualize the distribution of 
the OfGT genes on the chromosomes [42]. A Multiple 
Collinearity Scan toolkit (MCScanX) was used to ana-
lyze duplication events involving OfGT genes [45]. The 
online tool DNAsp V6 (http:// www. ub. edu/ dnasp/) was 
utilized to calculate Ks and Ka substitution rates to fur-
ther analyze the evolutionary selection pattern of OfGT 
genes in O. fragrans [46].

Expression profiles of OfGTs in salt‑stressed leaves 
and different tissues of O. fragrans
We obtained the RPKM data for OfGT genes in the tis-
sues roots, stems, leaves (young and mature), and flow-
ers (initial, full-booming, and final fading flowering) 

from the O. fragrans transcriptome database [47]. 
The FPKM values for the OfGT genes in leaves were 
obtained from the O. fragrans transcriptome database 
under salt stress conditions (Additional file 7: Table S7). 
The TBtools software was used to construct heatmaps.

Plant materials and treatments
The material for this experiment was 2-year-old cut-
ting seedlings of O. fragrans ‘Rixianggui’ [48], which 
was planted in the experimental field of Nanjing For-
estry University, Nanjing, China (32°5′N,118°48E′). 
First, seedlings with the same growth trend were 
transplanted into a pot (10 cm pot height, 10 cm inner 
diameter), and placed in a growth chamber for 3 weeks 
under the following conditions: light/dark: 16/ 8 h, 
day/ night temperatures: 23 °C/21 °C, light intensity: 
260 μmol  m− 2  s− 1, and relative humidity: 62% [49]. 
Then, the seedlings were exposed to abiotic stresses 
and hormones. Abiotic stress treatments included salt, 
waterlogging, and drought. The salt stress was achieved 
by treating with 250 mM NaCl solution containing 1/2 
Hoagland’s nutrient solution. Waterlogging stress was 
achieved by soaking the seedlings in a container with 
1/2 Hoagland’s solution. Drought stress was achieved 
by treating with 20% PEG6000. Hormone treatments 
involved spray plant leaves with MeJA (100 μM),  GA3 
(50 μM), and ABA (100 μM) [11, 34, 50]. Finally, sam-
ples were collected at 0, 6, 24, and 72 h after the abiotic 
stress treatment, and hormone treatment samples were 
collected after 0, 6, and 24 h. Three biological replicates 
were collected for each sample. Identification of the 
plant variety was made by Qibai Xiang based on reli-
able sources available in the literature. A voucher speci-
men of ‘Rixianggui’ has been deposited in the National 
Germplasm Bank of Osmanthus fragrans in Nanjing, 
China (31°35′N,119°09E′).

RNA extraction and qPCR
The Plant RNA Extraction Kit V1.6 (Biofit, Chengdu, 
China) was utilized to extract total RNA from similar-
sized leaves from the top of O. fragrans. The cDNA 
Synthesis SuperMix kit (Transgen, Beijing, China) was 
used to transcribe the RNA into cDNA [51]. We used 
the Primer 5.0 tool to design specific primers (Addi-
tional file 12: Table S8). The internal reference gene was 
RAN in O. fragrans [47, 49]. The selected gene expres-
sion levels were analyzed using the  2−ΔΔCT method 
[52]. The comparative cycle threshold (Ct) values were 
adopted to calculate the relative expression levels of 
OfGT genes [53]. Each qRT-PCR assay provided three 
biological replicates and three technical replicates. 
SPSS and Origin2019 software were used to perform 
the statistical analyses.

http://pfam.xfam.org/
http://smart.embl-heidelberg.de/
http://pfam.xfam.org/search
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi/
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi/
https://web.expasy.org/compute_pi/
https://www.arabidopsis.org/
http://planttfdb.gao-lab.org/
https://wolfpsort.hgc.jp/
https://meme-suite.org/meme/
https://meme-suite.org/meme/
http://www.ub.edu/dnasp/
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Subcellular localization and transcriptional activation
The GFP::pCAMBIA1300-OfGT3/42/46 fusion expres-
sion vectors were constructed, and the fusion vectors 
were transformed independently into A. tumefaciens 
GV3101. The fusion vectors were injected into 40-day-
old growing tobacco leaves, and the fluorescence sig-
nals of green fluorescent protein were observed using an 
LSM710 microscope (Zeiss, Germany). BD::PGBKT7-
OFGT3/42/46 vectors were constructed, and both the 
constructed vectors carrying the target genes and the 
empty vector were transformed into the AH109 yeast 
strain. By observing the growth of the transformed yeast 
strains on SD/−Trp, SD/−Trp-Ade, and SD/−Trp-
Ade + X-α-gal media, the transcriptional activation activ-
ity of each target gene was determined.

Transient transformation of OfGT3/42/46 and measuring 
the malondialdehyde content
Agrobacterium infection of N. benthamiana leaves is the 
commonly used transient expression system in plants 
[54–56]. The fusion vector pCAMBIA1300-OfGT3/42/46 
and pCAMBIA1300 (control) were introduced into A. 
tumefaciens GV3101 and then injected into 35-day-old 
tobacco leaves. The transiently transformed tobacco was 
placed in a growth chamber for cultivation (the condi-
tions were the same as previously described). After 2 days, 
the plants were irrigated with 500 mM NaCl solution and 
then samples were collected after 12 h, with three biologi-
cal replicates for each sample. RNA was extracted from 
the collected samples and reverse transcribed into cDNA 
for semi-quantitative RT-PCR analysis. Tobacco NbL25 
was used as an internal reference and the primers used 
in OfGT3/42/46 were the same as those used in the qRT-
PCR analysis. The determination of MDA content was 
modified with reference to Zhou and Leul [57]. After 
grinding the fresh leaves without main veins with liquid 
nitrogen, a 0.2 g sample was weighed and homogenized in 
5 mL 5% TCA. We mixed the extract with 2 ml of 0.67% 
TBA. The mixture was heated at 100 °C for 30 min and 
then placed in an ice bath to cool. After centrifugation at 
8500 r/min for 20 min, the supernatant absorbance was 
measured at 450, 532, and 600 nm. The qRT-PCR analysis 
of the ROS-related genes in the OfGTs and empty vector 
transient expression tobaccos were conducted.

Abbreviations
Aa: Amino acids; ABA: Abscisic acid; At: Arabidopsis thaliana; Bp: Base pair; 
Da: Dalton; FPKM: Fragments per kilobase of transcript per million fragments 
mapped; GA3: Gibberellic acid; GFP: Green fluorescent protein; HMM: Hidden 
Markov Model; Ka: Number of non-synonymous substitutions per non-
synonymous site; Ka/ Ks: Nonsynonymous to synonymous substitution ratio; 
Ks: Number of synonymous substitutions per synonymous site; MeJA: Methyl 
jasmonate; MW: Molecular weight; Mya: Million years ago; Of: Osmanthus fra-
grans; Os: Oryza sativa; PEG: Polyethylene glycol; PI: Isoelectric point; qRT-PCR: 

Quantitative real-time polymerase chain reaction; RPKM: Reads per kilobase 
per million mapped reads; TBA: Thiobarbituric acid; TCA : Trichloroacetic acid; 
TFs: Transcription factors.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12864- 022- 08569-7.

Additional file 1. 

Additional file 2. 

Additional file 3. 

Additional file 4. 

Additional file 5. 

Additional file 6. 

Additional file 7. 

Additional file 8. 

Additional file 9. 

Additional file 10. 

Additional file 11. 

Additional file 12. 

Acknowledgments
We thank the editors and reviewers for their work on promoting the 
manuscript.

Authors’ contributions
Zhu M conducted experiments and drafted the original manuscript; Zhu M, 
Bin J, Wang L and Yue Y were involved in the design of the experiments and 
in the revision of the manuscript; Ding H, Pan D, Tian Q and Yang X assisted in 
plant treatments and data analyses. The authors read and agreed on the final 
manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(Grant Nos. 32071828 and 31870695) and the Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD).

Availability of data and materials
For RNA-seq data, we used roots, stems, leaves (young and mature), and flow-
ers (initial, full-booming, and final fading flowering) samples data of Osman-
thus fragrans in NCBI Sequence Reads Archive (SRA) under the accession 
number SRP143423. The datasets supporting the conclusions of this article are 
included in the article and its additional files.

Declarations

Ethics approval and consent to participate
The use of plant parts in the present study complies with international, 
national and/or institutional guidelines. The plant material used in this study 
is O. fragrans ‘Rixianggui’, which is planted in the experimental field of Nanjing 
Forestry University, Nanjing, China. This study did not require ethical approval 
or consent as did not involve any endangered or protected species.

Consent for publication
Not applicable.

Competing interests
The authors state that there is no conflict of interest.

Author details
1 Key Laboratory of Landscape Architecture, Jiangsu Province, College of Land-
scape Architecture, Nanjing Forestry University, Nanjing 210037, People’s 

https://doi.org/10.1186/s12864-022-08569-7
https://doi.org/10.1186/s12864-022-08569-7


Page 17 of 18Zhu et al. BMC Genomics          (2022) 23:334  

Republic of China. 2 Co-Innovation Center for Sustainable Forestry in Southern 
China, Nanjing Forestry University, Nanjing 210037, People’s Republic of China. 

Received: 14 October 2021   Accepted: 18 April 2022

References
 1. Wray GA, Hahn MW, Abouheif E, Balhoff JP, Pizer M, Rockman MV, et al. 

The evolution of transcriptional regulation in eukaryotes. Mol Biol Evol. 
2003;20(9):1377–419.

 2. Riechmann JL, Heard J, Martin G, Reuber L, Jiang C, Keddie J, et al. Arabi-
dopsis transcription factors: genome-wide comparative analysis among 
eukaryotes. Science. 2000;290(5499):2105–10.

 3. Kaplan-Levy RN, Brewer PB, Quan T, Smyth DR. The trihelix family of 
transcription factors-light, stress and development. Trends Plant Sci. 
2012;17(3):163–71.

 4. Wang W, Wu P, Liu T, Ren H, Li Y, Hou X. Genome-wide analysis and 
expression divergence of the trihelix family in brassica Rapa: insight into 
the evolutionary patterns in plants. Sci Rep. 2017;7(1):6463.

 5. Qin Y, Ma X, Yu G, Wang Q, Wang L, Kong L, et al. Evolutionary his-
tory of trihelix family and their functional diversification. DNA Res. 
2014;21(5):499–510.

 6. Luo JL, Zhao N, Lu CM. Plant trihelix transcription factors family. Yi Chuan. 
2012;34(12):1551–60.

 7. Kuhn RM, Caspar T, Dehesh K, Quail PH. DNA binding factor GT-2 from 
Arabidopsis. Plant Mol Biol. 1993;23(2):337–48.

 8. Li J, Zhang M, Sun J, Mao X, Wang J, Wang J, et al. Genome-wide charac-
terization and identification of trihelix transcription factor and expression 
profiling in response to abiotic stresses in Rice (Oryza sativa L.). Int J Mol 
Sci 2019;20(2):251.

 9. Ma Z, Liu M, Sun W, Huang L, Wu Q, Bu T, et al. Genome-wide iden-
tification and expression analysis of the trihelix transcription factor 
family in tartary buckwheat (Fagopyrum tataricum). BMC Plant Biol. 
2019;19(1):344.

 10. Cheng X, Xiong R, Yan H, Gao Y, Liu H, Wu M, et al. The trihelix family of 
transcription factors: functional and evolutionary analysis in Moso bam-
boo (Phyllostachys edulis). BMC Plant Biol. 2019;19(1):154.

 11. Wang Z, Liu Q, Wang H, Zhang H, Xu X, Li C, et al. Comprehensive analysis 
of trihelix genes and their expression under biotic and abiotic stresses in 
Populus trichocarpa. Sci Rep. 2016;6:36274.

 12. Nagano Y. Several features of the GT-factor trihelix do-main resemble 
those of the Myb DNA-binding domain. Plant Physiol. 2000;124(2):491–4.

 13. Ayadi M, Delaporte V, Li YF, Zhou DX. Analysis of GT-3a identifies a distinct 
subgroup of trihelix DNA-binding transcription factors in Arabidopsis. 
FEBS Lett. 2004;562(1–3):147–54.

 14. Tzafrir I, Pena-Muralla R, Dickerman A, Berg M, Rogers R, Hutchens S, et al. 
Identification of genes required for embryo development in Arabidopsis. 
Plant Physiol. 2004;135(3):1206–20.

 15. Li C, Zhou A, Sang T. Rice domestication by reducing shattering. Science. 
2006;311(5769):1936–9.

 16. Pagnussat GC, Yu HJ, Ngo QA, Rajani S, Mayalagu S, Johnson CS, et al. 
Genetic and molecular identification of genes required for female 
gametophyte development and function in Arabidopsis. Development. 
2005;132(3):603–14.

 17. Xi J, Qiu Y, Du L, Poovaiah BW. Plant-specific trihelix transcription factor 
AtGT2L interacts with calcium/calmodulin and responds to cold and salt 
stresses. Plant Sci. 2012;185-186:274–80.

 18. Zheng X, Liu H, Ji H, Wang Y, Dong B, Qiao Y, et al. The wheat GT factor 
TaGT2L1D negatively regulates drought tolerance and plant develop-
ment. Sci Rep. 2016;6:27042.

 19. Yu C, Song L, Song J, Ouyang B, Guo L, Shang L, et al. ShCIGT, a trihelix 
family gene, mediates cold and drought tolerance by interacting with 
SnRK1 in tomato. Plant Sci. 2018;270:140–9.

 20. Song A, Wu D, Fan Q, Tian C, Chen S, Guan Z, et al. Transcriptome-wide 
identification and expression profiling analysis of Chrysanthemum trihelix 
transcription factors. Int J Mol Sci. 2016;17(2):198.

 21. Fang Y, Xie K, Hou X, Hu H, Xiong L. Systematic analysis of GT factor family 
of rice reveals a novel subfamily involved in stress responses. Mol Gen 
Genomics. 2010;283(2):157–69.

 22. Xie ZM, Zou HF, Lei G, Wei W, Zhou QY, Niu CF, et al. Soybean trihelix 
transcription factors GmGT-2A and GmGT-2B improve plant tolerance to 
abiotic stresses in transgenic Arabidopsis. PLoS One. 2009;4(9):e6898.

 23. Xu H, Shi X, He L, Guo Y, Zang D, Li H, et al. Arabidopsis thaliana trihelix 
transcription factor AST1 mediates salt and osmotic stress tolerance by 
binding to a novel AGAG-box and some GT motifs. Plant Cell Physiol. 
2018;59(5):946–65.

 24. Wang X, Li Q, Chen H, Zhang W, Ma B, Chen S, et al. Trihelix transcription 
factor GT-4 mediates salt tolerance via interaction with TEM2 in Arabidop-
sis. BMC Plant Biol. 2014;14:339.

 25. Xin J, Ma S, Zhao C, Li Y, Tian R. Cadmium phytotoxicity, related physi-
ological changes in Pontederia cordata: antioxidative, osmoregulatory 
substances, phytochelatins, photosynthesis, and chlorophyll fluores-
cence. Environ Sci Pollut Res. 2020;27(33):41596–608.

 26. Jin C, Huang X, Li K, Yin H, Li L, Yao Z, et al. Overexpression of a bHLH1 
transcription factor of Pyrus ussuriensis confers enhanced cold tolerance 
and increases expression of stress-responsive genes. Front Plant Sci. 
2016;7:1664–462X.

 27. Qiang Z, Xiao X, Dan L, Yang A, Wang Y. Tobacco transcription factor 
NtbHLH123 confers tolerance to cold stress by regulating the NtCBF 
pathway and reactive oxygen species homeostasis. Front Plant Sci. 
2018;9:1664–462X.

 28. Ding W, Ouyang Q, Li Y, Shi T, Li L, Yang X, et al. Genome-wide investiga-
tion of WRKY transcription factors in sweet osmanthus and their potential 
regulation of aroma synthesis. Tree Physiol. 2020;40(4):557–72.

 29. Chen H, Zeng X, Cai X YJ, Shi Y, Zheng R, et al. Whole-genome resequenc-
ing of Osmanthus fragrans provides insights into flower color evolution. 
Hortic Res. 2021;8(1):98.

 30. Gong Z, Xiong L, Shi H, Yang S, Herrera-Estrella LR, Xu G, et al. Plant 
abiotic stress response and nutrient use efficiency. Sci China Life Sci. 
2020;63(5):635–74.

 31. Yang X, Yue Y, Li H, Ding W, Chen G, Shi T, et al. The chromosome-level 
quality genome provides insights into the evolution of the biosynthe-
sis genes for aroma compounds of Osmanthus fragrans. Hortic Res. 
2018;5:72.

 32. Janero DR. Malondialdehyde and thiobarbituric acid-reactivity as diag-
nostic indices of lipid peroxidation and peroxidative tissue injury. Free 
Radic Biol Med. 1990;9(6):515–40.

 33. Zhang H, Jiang Y, He Z, Ma M. Cadmium accumulation and oxidative 
burst in garlic (Allium sativum). J Plant Physiol. 2005;162(9):977–84.

 34. Xiao J, Hu R, Gu T, Han J, Qiu D, Su P, et al. Genome-wide identification 
and expression profiling of trihelix gene family under abiotic stresses in 
wheat. BMC Genomics. 2019;20(1):287.

 35. Li H, Huang W, Liu ZW, Wu ZJ, Zhuang J. Trihelix family transcription 
factors in tea plant (Camellia sinensis): identification, classification, 
and expression profiles response to abiotic stress. Acta Physiol Plant. 
2017;39:217.

 36. Ren XY, Vorst O, Fiers MW, Stiekema WJ, Nap JP. In plants, highly expressed 
genes are the least compact. Trends Genet. 2006;22(10):528–32.

 37. Smalle J, Kurepa J, Haegman M, Gielen J, Van Montagu M, Van Der 
Straeten D. The trihelix DNA-binding motif in higher plants is not 
restricted to the transcription factors GT-1 and GT-2. Proc Natl Acad Sci U 
S A. 1998;95(6):3318–22.

 38. Vision TJ, Brown DG, Tanksley SD. The origins of genomic duplications in 
Arabidopsis. Science. 2000;290(5499):2114–7.

 39. Song H, Nan Z. Genome-wide identification and analysis of WRKY tran-
scription factors in Medicago truncatula. Yi Chuan. 2014;36(2):152–68.

 40. Yu C, Cai X, Ye Z, Li H. Genome-wide identification and expression 
profiling analysis of trihelix gene family in tomato. Biochem Biophys Res 
Commun. 2015;468(4):653–9.

 41. Singh K, Foley RC, Oñate-Sánchez L. Transcription factors in plant defense 
and stress responses. Curr Opin Plant Biol. 2002;5(5):430–6.

 42. Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, et al. TBtools: an 
integrative toolkit developed for interactive analyses of big biological 
data. Mol Plant. 2020;13(8):1194–202.

 43. Wang Z, Zhao K, Pan Y, Wang J, Song X, Ge W, et al. Genomic, expres-
sional, protein-protein interactional analysis of trihelix transcription factor 
genes in Setaria italia and inference of their evolutionary trajectory. BMC 
Genomics. 2018;19(1):665.

 44. Higo K, Ugawa Y, Iwamoto M, Higo H. PLACE: a database of plant cis-
acting regulatory DNA elements. Nucleic Acids Res. 1998;26(1):358–9.



Page 18 of 18Zhu et al. BMC Genomics          (2022) 23:334 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 45. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit 
for detection and evolutionary analysis of gene synteny and collinearity. 
Nucleic Acids Res. 2012;40(7):e49.

 46. Cheng Y, Li H. Interspecies evolutionary divergence in Liriodendron, 
evidence from the nucleotide variations of LcDHN-like gene. BMC Evol 
Biol. 2018;18(1):195.

 47. Yue Y, Li L, Li Y, Li H, Ding W, Shi T, et al. Genome-wide analysis of NAC 
transcription factors and characterization of the cold stress response in 
sweet Osmanthus. Plant Mol Biol Report. 2020;38:314–30.

 48. Xiang Q, Liu Y. An illustrated monograph of the sweet osmanthus culti-
vars in China: Zhejiang Science and Technology Press; 2008.

 49. Li Y, Li L, Ding W, Li H, Shi T, Yang X, et al. Genome-wide identification 
of Osmanthus fragrans bHLH transcription factors and their expression 
analysis in response to abiotic stress. Environ Exp Bot. 2020;172:103990.

 50. Zhang Q, Liu X, Liu X, Wang J, Yu J, Hu D, et al. Genome-wide identifica-
tion, characterization, and expression analysis of calmodulin-like proteins 
(CMLs) in apple. Hortic Plant J. 2017;3(06):219–31.

 51. Yue Y, Yin C, Guo R, Peng H, Yang Z, Liu G, et al. An anther-specific gene 
PhGRP is regulated by PhMYC2 and causes male sterility when overex-
pressed in petunia anthers. Plant Cell Rep. 2017;36(9):1401–15.

 52. Yue Y, H Jiang, J Du, L Shi, Q Bin, X Yang, et al. Variations in physiological 
response and expression profiles of proline metabolism-related genes 
and heat shock transcription factor genes in petunia subjected to heat 
stress. Sci Hortic 2019;258:108811.

 53. Yue Y, Liu J, Shi T, Chen M, Li Y, Du J, et al. Integrating transcriptomic and 
GC-MS metabolomic analysis to characterize color and aroma formation 
during tepal development in Lycoris longituba. Plants (Basel). 2019;8, 
53(3).

 54. Kapila J, De Rycke R, Van Montagu M, Angenon G. An Agrobacterium-
mediated transient gene expression system for intact leaves. Plant Sci. 
1997;122(1):101–8.

 55. Yang Y, Li R, Qi M. In vivo analysis of plant promoters and transcription 
factors by agroinfiltration of tobacco leaves. Plant J. 2000;22(6):543–51.

 56. Joensuu JJ, Conley AJ, Lienemann M, Brandle JE, Linder MB, Menassa 
R. Hydrophobin fusions for high-level transient protein expression and 
purification in Nicotiana benthamiana. Plant Physiol. 2010;152(2):622–33.

 57. Zhou W, Leul M. Uniconazole-induced alleviation of freezing injury in 
relation to changes in hormonal balance, enzyme activities and lipid 
peroxidation in winter rape. Plant Growth Regul. 1998;26:41–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Insights into the trihelix transcription factor responses to salt and other stresses in Osmanthus fragrans
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Identification of OfGT gene family members in O. fragrans
	Phylogenetic analysis and subcellular localization predictions for OfGT genes
	The analysis of genes structures, motif compositions, and a promoter for the OfGT gene family
	The gene duplication events of OfGT genes and distribution on the chromosomes
	Expression pattern of OfGT genes in different tissues
	Expression analysis of OfGT genes in response to salt
	Expression analysis of OfGT genes in response to other stresses
	Subcellular localizations and transcriptional activation activities of OfGT34246
	The analysis of malondialdehyde content and the transient expression of OfGT34246

	Discussion
	Conclusion
	Materials and methods
	Identification of the trihelix family in O. fragrans
	Phylogenetic analyses of the OfGT proteins
	Gene structure, motif compositions, and promoter analysis of the OfGTs gene family
	Chromosomal distribution and gene duplication events of OfGT genes
	Expression profiles of OfGTs in salt-stressed leaves and different tissues of O. fragrans
	Plant materials and treatments
	RNA extraction and qPCR
	Subcellular localization and transcriptional activation
	Transient transformation of OfGT34246 and measuring the malondialdehyde content

	Acknowledgments
	References


