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Introduction
As environmental challenges become increasingly severe, 
abiotic stress factors, such as salinity, low temperatures, 
and drought increasingly limit plant growth and devel-
opment [1]. Salt stress, affects 8.31  billion hm2 of land, 
which is one of the major abiotic stresses to plants [2, 
3]. Chlorophyll biosynthesis and the stomatal opening 
of plants are inhibited under salt stress, which decrease 
net photosynthetic rates and the accumulation of organic 
matter [4]. Further, salt stress induces changes in the per-
meability of plant membranes and generation of reactive 
oxygen species (ROS) [5]. In severe cases, salt stress can 
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Abstract
Background The C2H2 zinc finger protein family plays important roles in plants. However, precisely how C2H2s 
function in Opisthopappus (Opisthopappus taihangensis and Opisthopappus longilobus) remains unclear.

Results In this study, a total of 69 OpC2H2 zinc finger protein genes were identified and clustered into five Groups. 
Seven tandem and ten fragment repeats were found in OpC2H2s, which underwent robust purifying selection. Of 
the identified motifs, motif 1 was present in all OpC2H2s and conserved at important binding sites. Most OpC2H2s 
possessed few introns and exons that could rapidly activate and react when faced with stress. The OpC2H2 
promoter sequences mainly contained diverse regulatory elements, such as ARE, ABRE, and LTR. Under salt stress, 
two up-regulated OpC2H2s (OpC2H2-1 and OpC2H2-14) genes and one down-regulated OpC2H2 gene (OpC2H2-
7) might serve as key transcription factors through the ABA and JA signaling pathways to regulate the growth and 
development of Opisthopappus species.

Conclusion The above results not only help to understand the function of C2H2 gene family but also drive progress 
in genetic improvement for the salt tolerance of Opisthopappus species.
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even lead to plant death. Plants have evolved complex 
regulatory mechanisms to maintain normal growth and 
survival. For example, they can activate or suppress many 
genes via transcription factors to regulate physiological 
and biochemical processes in response to environmental 
changes [6, 7].

Among transcription factors, the zinc finger proteins 
(ZFPs) (referring to the ‘finger-like’ zinc finger) are one of 
the largest families which abundantly distributed among 
plants [8, 9]. ZFPs harbor a highly conserved domain that 
consists of ∼ 20–30 amino acid residues with a consen-
sus sequence of CX2-4CX3FX5LX2HX3-5  H (X repre-
sents any amino acid, subscript: the number of amino 
acids) [10]. As diverse as the functions of zinc finger 
proteins are, their structures are also varied and divided 
into distinct classes according to the numbers and posi-
tions of cysteine (Cys) and histidine (His) residues that 
bind the zinc ions [11]. Consequently, zinc finger protein 
members include C2H2 (TFIIIA), C8 (Steroid-thyroid 
receptor), C6 (GAL4), C3HC4 (RING finger), C2HC 
(Retroviral nucleocapsid), C2HC5 (LIM domain), C4 
(GATA-1), C3H (Nup 475), and C4HC3 (Requium) [12]. 
Within these subclasses, C2H2 zinc finger proteins con-
tain one of the best-characterized DNA-binding motifs, 
which is composed of two cysteine (Cys2) and two histi-
dine (His2) residues [13, 14].

Over the years, many C2H2 zinc finger proteins have 
been identified and characterized in plants. A total of 21 
C2H2 zinc finger proteins were initially discovered in 
petunia (Petunia hybrida) [15]. Subsequently, additional 
C2H2 zinc finger proteins were identified in Arabidop-
sis [16], rice (Oryza. sativa) [17], poplar (Populus tricho-
carpa) [11], wheat (Triticum aestivum) [18], Chinese 
cabbage (Brassica oleracea) [19], and canola (Brassica 
napus) [20]. These C2H2 were observed to be involved 
in an extensive range of biological processes, includ-
ing organogenesis and development, as well as defenses 
against stressors [21]. For example, the over-expression 
of the ZAT12 zinc finger protein in Arabidopsis thaliana 
increased osmotic stress resistance and interacted with 
ZAT10 to enhance tolerance against salinity [22]. Nine 
typical CsZFPs in Cucumis sativus were significantly 
correlated with drought, low temperature, heat, and salt 
stress [23]. C2H2s play important roles in regulating the 
growth and development of plants and can respond to 
adapt to environmental changes.

However, these studies focused primarily on exploring 
the roles and molecular mechanisms of C2H2 zinc fin-
ger proteins in model plants or crops, with fewer studies 
being conducted for wild or non-model plants.

Opisthopappus belongs to the Asteraceae family (a 
perennial herbaceous species), which includes only two 
species (Opisthopappus taihangensis and Opisthopappus 
longilobus) [24, 25]. This genus is endemically distributed 

in China, and mainly restricted to the Taihang Mountains 
across Shanxi, Hebei, and Henan Provinces. It grows 
naturally in cliff cracks and the rock gaps of open forests 
below cliffs in infertile soils at an elevation of 1,000  m 
[25, 26]. Opisthopappus species present good tolerance 
to drought, cold and salt under cliff environment, and are 
an excellent wild resource of Asteraceae. Being a typical 
cliff plant, they have been regarded as a good non-model 
to study the origin, evolution and adaptation of species, 
especially in special habitats.

In our early experiments, it was observed that all O. 
taihangensis and O. longilobus individuals survived nor-
mally and exhibited good salt resistance when planted in 
saline soils. With the increase of salt stress time and salt 
concentration, Opisthopappus resist salt stress by turn-
ing on redox regulating enzymes antioxidant enzyme 
systems including superoxide dismutase (SOD), and 
peroxidase (POD), and catalase (CAT) [27]. Under salt 
stress, two types of alternative splicing (AS) were found 
in Opisthopappus species, namely skipping exon (SE) and 
mutually exclusive exons (MXE) to respond salt stress, 
and the ETH signal transduction pathway could enhance 
the resistance of salinity by activating the MAPK signal-
ing cascade in Opisthopappus species [28, 29]. As one of 
important transcription factors, how the C2H2 play the 
role in Opisthopappus species under slat stress would be 
unclear.

Derived from the whole-genomic and transcriptomic 
data obtained from O. taihangensis under salt stress, 
this study endeavored to elucidate the following: (1) the 
evolutionary relationships between C2H2 zinc finger 
protein genes in Opisthopappus species; (2) the physi-
cochemical properties and structural characteristics of 
identified C2H2s; (3) the potential roles of C2H2s under 
salt stress. These results might assist with the identifica-
tion of key C2H2s in Opisthopappus, while revealing the 
salt tolerance mechanisms of this genus in extreme cliff 
environments.

Materials and methods
C2H2s in Opisthopappus species
The genomic data for O. taihangensis was provided by 
our laboratory. The protein sequences of C2H2 zinc fin-
ger protein genes in Arabidopsis were downloaded from 
TAIR (https://www.arabidopsis.org/). To screen for 
potential C2H2 zinc finger proteins that coded for genes 
in the genome, the following methods were used. The 
Opisthopappus C2H2 zinc finger proteins were identified 
using their homology with Arabidopsis thaliana C2H2 
zinc finger protein sequences from the TAIR10 database. 
Subsequently, according to the Hidden Markov Model 
(HMM) profile the C2H2 zinc finger protein domains 
(PF00096 and PF13912) were downloaded from the 
Pfam database (http://pfam.xfam.org/) for identification. 

https://www.arabidopsis.org/
http://pfam.xfam.org/
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All obtained C2H2 zinc finger protein sequences were 
further confirmed using the NCBI Conserved Domain 
Database (CDD) (https://www.ncbi.nlm.nih.gov/Struc-
ture/bwrpsb/bwrpsb.cgi) with default parameters. Any 
proteins devoid of C2H2 zinc finger protein domains 
were removed. Meanwhile, all of the retrieved C2H2 
protein sequences in Opisthopappus were further exam-
ined using SMART (http://smart.embl-heidelberg.de/) to 
verify their domains. Any protein sequences that lacked 
C2H2 zinc finger proteins domain was discarded.

The physiological and biochemical properties of all 
C2H2s in Opisthopappus, including the number of amino 
acids, molecular weight (MW), theoretical isoelectric 
point (pI), aliphatic index, grand average of hydropathic-
ity (GRAVY), and instability index, were analyzed using 
ExPASy ProtParam (http://www.expasy.org/tools/prot-
param.html). Furthermore, the online website WoLF 
PSORT (https://wolfpsort.hgc.jp/) was used to predict 
the subcellular localization of the identified C2H2 zinc 
finger protein genes in Opisthopappus. The identified 
C2H2s in Opisthopappus were subsequently designated 
as OpC2H2.

Phylogenetic analysis of OpC2H2s
Using the Clustal X in MEGA7.0 with defaulted parame-
ters, multiple sequence alignment (MSA) was conducted 
based on the full-length protein sequences of OpC2H2s 
in Opisthopappus and AtC2H2s in A. thaliana. Conser-
vation regions of the obtained sequences were subse-
quently trimmed using trimAl in TBtools [30]. Then, the 
phylogenetic tree was constructed with Jones-Taylor-
Thornton (JTT) model using the maximum likelihood 
(ML) method by IQ-TREE v1.2.2, the bootstrap value set 
to 1000. Finally, the phylogenetic tree was classified, visu-
alized, and annotated using iTOL (https://itol.embl.de/).

Exon‑intron and conserved motifs of OpC2H2s
The exon-intron structures of the identified OpC2H2 
were determined using coding and genomic sequences 
with Glycine max Wm82.a 2.v1, while the exon-intron 
structure graphics were generated by Gene Structure 
View (Advanced) of the TBtools software package.

The conserved motifs of OpC2H2s were identified 
using the online software MEME (https://meme-suite.
org/meme/tools/meme). The maximum number of 
motifs was set to 10, whereas the other parameters were 
set to default values, with the map of motifs being con-
structed by TBtools.

Chromosomal localization and synteny analysis of 
OpC2H2s
Using Gene Location Visualize from GTF/GFF in 
TBtools software, the identified OpC2H2 zinc finger pro-
tein genes were mapped to specific chromosomes.

Apart from this, the homology of C2H2 between Opis-
thopappus and four other species (A. thaliana, Lactuca 
sativa, Rosa chinensis, and Helianthus annuus) was ana-
lyzed using Dual Synteny Plotter. The genome sequences 
and gene annotation files of the four species were down-
loaded from the Ensemble database (https://plants.
ensembl.org/index.html).

The gene repetition events (such as tandem replica-
tion and fragment replication) were performed using 
MCScan X [31]. The protein sequences of these species 
were aligned using the Blastp program, with an e value of 
1 × 10− 10. Then, the co-linear blocks were detected using 
MCScanX, with the default parameters of TBtools [32, 
33]. The collinearity relationship of the OpC2H2s was 
performed visualized by “Advanced Circos” function of 
TBtools.

Meanwhile, the non-synonymous (Ka)/synonymous 
(Ks) values were calculated. The Ka/Ks ratio is a more 
powerful test for selective pressure than others that are 
available for assessing population genetics acting on pro-
tein coding genes [34]. The Ka and Ks substitutions per 
site between gene pairs were calculated by imple Ka/Ks 
Calculator in TBtools.

Promoter elements of OpC2H2s
To identify putative cis-acting elements in the promoters 
of OpC2H2 genes, TBtools was initially used to obtain 
a 2,000  bp upstream sequence of the promoter codon. 
Second, the online software PlantCARE (https://bioin-
formatics.psb.ugent.be/webtools/plantcare/html/) was 
used to analyze the cis-acting regulatory elements in the 
promoter regions of the OpC2H2 genes. Finally, the data 
was processed using Excel software followed by TBtools 
software for visualization.

Expression patterns of OpC2H2 genes
The transcriptome data for Opisthopappus species under 
salt stress were obtained from our laboratory, where the 
sampled individuals were treated at 0, 6, 24, and 48  h 
under a 500 mM/L salt concentration. TBtools was used 
to generate heatmaps.

GO annotation and prediction of protein interactive 
networks
The protein file for the Opisthopappus genome was 
employed to search against the eggNOG 5.0 database 
using eggNOG-mapper v211 for Gene Ontology (GO) 
functional annotation. The results were divided into 
three categories, namely molecular function, biological 
process, and cellular component. As a reference for Ara-
bidopsis thaliana, protein interactions network analysis 
was performed at the STRING (https://www.string-db.
org/) website between OpC2H2 and A. thaliana proteins.

https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
http://smart.embl-heidelberg.de/
http://www.expasy.org/tools/protparam.html
http://www.expasy.org/tools/protparam.html
https://wolfpsort.hgc.jp/
https://itol.embl.de/
https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://www.string-db.org/
https://www.string-db.org/
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Plant materials and salt stress treatment
The healthy seeds of Opisthopappus species were col-
lected from the experimental field of Shanxi Normal Uni-
versity in 2021. Then the seeds were placed in the petri 
dishes for germination at room temperature. After six 
weeks of growth, the uniform seedlings were selected for 
mixed salt stress treatment. And the seeding using dis-
tilled water cultivated was regarded as a control. When 
with different salt concentration treatment, it was found 
that 500 mM/L was the maximal tolerable dose for O. tai-
hangensis and O. longilobus. Under 500 mM/L treatment, 
the sampled individuals were treated at 0, 6, 24, and 48 h 
[28]. Three replicates were set up for each treatment. 
After sampling, the samples were immediately frozen in 
liquid nitrogen.

qRT − PCR analysis
The total RNA was extracted using Trizol reagent (Ther-
mofisher, 15,596,018) following the manufacturer’s pro-
cedure. The total RNA quantity and purity were detected 
using Bioanalyzer 2100 and the RNA 6000 Nano Lab-
Chip Kit (Agilent, CA, USA, 5067 − 1511). High-quality 
RNA with RIN number > 7.0 were used for further anal-
ysis. Using PrimeScript RT Reagent Kit (Takara, Japan), 
the RNA samples were initially reversed to cDNA, after 
which the synthesized cDNA was used as a template for 
quantitative qRT-PCR. The qRT-PCR was performed 
under the following conditions: 95℃ for 3 min, followed 
by 40 cycles of 95℃ for 5s, and at 60℃ for 20s.

For the PCR, qRT-PCR-specific primers were designed 
using Primer 6.0 (Table S1) and actin (evm. TU. 
Chr8.13443, evm. TU. Chr8.39) was selected as the inter-
nal control gene. Finally, three biological replicates were 
established for each gene, and the expression levels of the 
selected genes were calculated using the 2−ΔΔCt method 
[35].

Results
Physiological and biochemical properties of OpC2H2s
For this study, a total of 69 putative C2H2 zinc finger 
protein genes were identified according to the genomic 
database. These genes were designated OpC2H2-1 to 
OpC2H2-69 based on their distribution across different 
chromosomes in Opisthopappus.

As shown in Table S2 the protein sequence lengths 
of OpC2H2s ranged from 138 to 597 amino acids, with 
OpC2H2-38 being the longest and OpC2H2-14 the 
shortest. The molecular weights (MWs) of these proteins 
ranged from 15781.26Da (OpC2H2-14) to 67207.3Da 
(OpC2H2-38). Meanwhile, the theoretical pH val-
ues ranged from 4.85 (OpC2H2-12) to 9.9 (OpC2H2-
22) (average 7.99), which indicated the amino acids of 
OpC2H2s were primarily alkaline. Among the OpC2H2 
proteins, 85% were unstable (instability index > 40), with 

only small proteins being stable. The aliphatic index 
ranged from 39.56 (OpC2H2-19) to 78.33 (OpC2H2-21). 
As anticipated, the average hydrophobicity indices for 
all proteins were negative (average − 0.73) which verified 
that all OpC2H2 were hydrophilic. 69 OpC2H2 proteins 
are all located in the nucleus. (Table S2).

Phylogenetic relationships between OpC2H2s
A phylogenetic tree was generated using the maximum 
likelihood (ML) method. The OpC2H2 zinc finger protein 
genes were segregated as five Groups (Group I, Group 
II, Group III, Group IV, and Group V) (Fig.  1). Twelve 
OpC2H2s and 20 AtC2H2s were assigned to group I, 23 
OpC2H2s and 14 AtC2H2s belonged to Group II, three 
OpC2H2s and 50 AtC2H2s were allocated to Group III, 
12 OpC2H2s and 9 AtC2H2s were clustered into Group 
IV, and 19 OpC2H2s and 23 AtC2H2s allotted to Group 
V. In summary, all OpC2H2s were not gathered together 
and mixed with the C2H2 members of Arabidopsis.

OpC2H2s gene features and conserved motifs
To elucidate the structural characteristics of the C2H2 
zinc finger protein genes, an additional phylogenetic tree 
was generated using all OpC2H2s (Fig. 2A), after which 
their exon/intron compositions and conserved domains 
were compared.

Ten conserved motifs were identified (Fig.  2B), 
among which motif 1 was distributed in nearly all of 
the OpC2H2s, which implied that motif 1 was likely an 
important conserved motif. Motif 1 and motif 2 were 
comprised of the sequence “QALGGH” (Fig. S1); indic-
ative of Q-type C2H2 zinc finger proteins, which are 
specific to plants. Cluster I gene members primarily con-
tained motifs 1, 4, and 5. Cluster II had the most motifs, 
including motifs 1, 2, 3, 4, 5, 6, 7, 8, and 10. Cluster III 
mostly contained motif 1, with only OpC2H2-47 hav-
ing motif 10. Most of the genes in Cluster IV possessed 
motifs 1, 4, and 8, whereas motifs 1, 2, 4, 7, 8, and 9 were 
identified in Cluster V. Overall, the OpC2H2s with simi-
lar motif structures were clustered together, which fur-
ther validated the reliability of the phylogenetic tree.

Among the 69 OpC2H2s, a total of 63 members did not 
contain introns (91.3%). Notably, there were no introns in 
Clusters I and II. Four members (5.8%) had one or two 
introns, while two members (3%) gained more than two 
introns. The exons/introns reflected the structural diver-
sity and complexity of the OpC2H2s (Fig. 2C).

Chromosome distribution and synteny analysis of OpC2H2 
genes
According to the GFF3, 69 OpC2H2 genes were randomly 
distributed on nine Opisthopappus chromosomes (Chr1-
Chr9) (Fig. 3), among which Chr9 had the most with 17 
OpC2H2 genes, while Chr6 and Chr8 had the least with 
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five. There were nine OpC2H2 genes in chromosome 1 
and six in chromosomes 2, 5, and 7 respectively. Finally, 
eight OpC2H2 genes were found in chromosome 3, and 
seven identified in chromosome 4.

Moreover, if two genes were situated in the same 
chromosome within 100  kb and separated by five or 
fewer genes, they were regarded as tandemly duplicated 
genes. Tandem repeats or localized replication are the 
most common mechanisms of gene family expansion. 
In the present study, seven pairs of OpC2H2 genes were 

regarded as tandem repeats, where chromosomes 2, 4, 
and 7 had one pair, and chromosome 9 had four (Fig. 3).

Aside from tandem duplication, 10 segmental duplica-
tion events (19/69, 28%) were also identified using MCS-
canX methods, which involved 19 OpC2H2 zinc finger 
protein genes (Fig. 4A). With the exception being chro-
mosome 7, these segmental duplication events were dis-
tributed across all chromosomes. Chromosomes 1, 3, 5, 
and 8 contained three OpC2H2 genes, followed by chro-
mosomes 4, 6, and 9, containing two, and chromosome 2 

Fig. 1 Phylogenetic tree of C2H2 zinc finger protein members between Opisthopappus and A. thaliana. Ranges and branches of the five groups are high-
lighted with different colors. C2H2 zinc finger protein genes from Arabidopsis and Opisthopappus are labelled as “At” and “Op”, respectively
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that contained one. These results implied that the evolu-
tion of the OpC2H2 gene family might be related to gene 
duplication events, particularly tandem and segmental 
repeats.

The substitution rate ratio (Ka/Ks) is useful for the 
detection of selective pressure during gene duplication. 
Thus, to explore the role of selective pressure in the evo-
lution of the C2H2 gene family, Ks values, Ka values, and 
the Ka/Ks ratios of orthologues were obtained. Generally, 
Ka/Ks ratios of < 1 represent purification selection, > 1 
positive selection; and = 1 neutral selection. The Ka/Ks 
ratio for all OpC2H2 genes was < 1 (Table S3). This sug-
gested that purifying selection played a critical role in the 
evolution of the C2H2 genes in Opisthopappus.

To further infer the origins and evolution of OpC2H2 
genes, their homology between Opisthopappus and 

several different species were analyzed and compared 
(Fig. 4B), including L. sativa and H. annuus (Asteraceae), 
A. thaliana, and R. chinensis (Rosaceae). It was found that 
47 OpC2H2 genes exhibited syntenic relationships with 
those in L. sativa, followed by H. annuus (42), A. thali-
ana (23), and R. chinensis (17). Meanwhile, there were 81 
OpC2H2 genes homologous with that of H. annuus, 75 
with L. sativa, 25 with A. thaliana, and 19 with R. chinen-
sis, respectively (Fig. 4B, Table S4).

Cis‑regulatory elements in the promoters and GO 
annotation of OpC2H2s
Cis-regulatory elements (CREs) are often used to deter-
mine the functions of genes. In this study, the 2000  bp 
upstream promoter regions of all OpC2H2 genes 
were employed for the prediction of CREs using the 

Fig. 2 Conserved motifs of C2H2 proteins and intron–exon organization of C2H2 genes. (A) Phylogenetic tree of C2H2 in Opisthopappus. (B) Conserved 
motifs of C2H2 proteins. Motifs with specific colors can be found on their respective C2H2s. The order of the motifs corresponds to their position within 
individual protein sequences. (C) Exon-introns of C2H2 genes in Opisthopappus. Exons and UTR are represented by yellow and green boxes, respectively, 
and grey lines represent introns between exons. Sequence lengths of proteins and genes are represented by grey bars at the bottom
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PlantCARE database. Finally, a total of 22 types of cis-
acting elements were predicted (Fig.  5), except for the 
core functional response elements and unknown func-
tional elements. Further, the identified cis-acting ele-
ments were correlated with four types of activities: plant 
development and growth, phytohormone responses, abi-
otic stress responses, and light responses.

Among them, there were four types of cis-acting ele-
ments involved in development and growth (ARE (anaer-
obic induced response element), CAT-box (meristem 

expression), O2-site (regulation of zein metabolism) and 
GCN4-motif (endosperm expression)).

The cis-acting elements involved in phytohormone 
responses included P-box (gibberellin-responsive ele-
ment), TCA elements (SA-responsive element), ABRE 
(abscisic acid-responsive element), GARE-motif (gib-
berellin-responsive element), TGA elements, CGTCA 
motifs, and TGACG motifs (elements involved in MeJA 
responsiveness). Among the predicted plant hormone 
response elements, ABRE was the most abundant, 

Fig. 4 Schematic diagram of synteny relationships of OpC2H2 genes. (A) Gray represents all collinear segments in the Opisthopappus genome, and red 
lines represent duplicated OpC2H2 gene pairs. The outermost circle shows the chromosome number, and second outer circle shows the density of each 
chromosome. (B) Synteny analyses of C2H2 genes between Opisthopappus and four representative species. Gray lines represent the collinear regions 
within Opisthopappus and other genomes, and red lines indicate the syntenic OpC2H2 gene pairs

 

Fig. 3 Chromosomal location of C2H2 zinc finger protein genes in Opisthopappus genome. Chromosome lengths were measured in Mb. C2H2 zinc finger 
protein genes are marked in black. Tandemly duplicated genes are represented as red wavy lines
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Fig. 5 Cis-elements in the promoters of OpC2H2 genes
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followed by TGACG and CGTCA motifs, which were 
involved in the regulation of methyl jasmonate (MeJA).

Two cis-acting elements were involved in abiotic 
stresses (LTR and MRE), which also included many 
light-responsive CREs, such as AE-box, ACE, Box4, 
GATA motif, G-box, G-Box, LAMP-element, I-box, and 
GT1-motif.

GO annotation was performed to understand the bio-
logical processes associated with OpC2H2 genes (Fig. 
S2). The identified OpC2H2s were classified into three 
main gene ontology (GO) terms, including CC (cellular 
component), MF (molecular function), and BP (biological 
process). In the MF category, the majority of OpC2H2s 
were annotated for transcription regulator activity and 
sequence-specific DNA binding. As for the CC category, 
all OpC2H2s were assigned to the nucleus. BP showed 
that OpC2H2s participated in various biological pro-
cesses, with most being related to the regulation of RNA 
metabolic processes.

Expression patterns of OpC2H2 genes under salt stress
Expression calorimetry according to the FPKM value 
showed that eight OpC2H2 genes (OpC2H2-2, 27, 50, 32, 
38, 47, 22, and 36) were significantly upregulated follow-
ing salt stress, while five OpC2H2 genes (OpC2H2-29, 
5, 52, 51, and 30) were significantly downregulated in O. 
taihangensis. Nine OpC2H2 genes (OpC2H2-23, 13, 65, 
60, 63, 33, 8, 22, and 12) were significantly upregulated 
after salt stress, while seven OpC2H2 genes (OpC2H2-
37, 51, 34, 21, 28, 46, and 53) were significantly downreg-
ulated in O. longilobus (Fig. 6, Table S5).

It was worth noting that the expression patterns of 
OpC2H2-1, 14, and OpC2H2-7 were the same in both 
species, whereas OpC2H2-1 and 14 were upregulated 
and OpC2H2-7 was downregulated. It was speculated 
that these genes may have been related to the regulation 
of salt tolerance in Opisthopappus.

OpC2H2s interaction network
Within the interactive network, OpC2H2-1 was ortholo-
gous with ZFP3 (Fig. 7A), OpC2H2-7 with GIS (Fig. 7B), 
and OpC2H2-14 with ZAT12 (Fig.  7C). OpC2H2-1 was 
more closely related to ZFP10, which regulated cell divi-
sion and growth, while OpC2H2-14 was more associ-
ated with WRKY70, WRKY25, and HST1. Meanwhile, 
OpC2H2-7 was more closely related to DREB2A (Table 
S2).

qRT‑PCR validation
qRT-PCR revealed that the randomly selected genes 
(OpC2H2-24, 37, 51, and 53) were dramatically upregu-
lated or decreased under different salt treatments, which 
indicated that the expressions of these genes were signifi-
cantly induced or inhibited under salt stress. Among the 

four genes (Fig. 8A and B) OpC2H2-24 was upregulated 
under salt stress, whereas OpC2H2-37,51, and 53 were 
downregulated under salt stress, which was consistent 
with the RNA-Seq data.

In particular, the expression levels of OpC2H2-37 and 
53 were strongly inhibited under salt stress for 6 h, while 
OpC2H2-51 was the least expressed at 24 h.

Discussion
Plant transcription factors have long been a focus of 
functional genomics research. C2H2 zinc finger pro-
teins are one of the most abundant transcription factor 
families in higher plants. They are plant-specific signal-
ing agents for sense phytohormones, which play impor-
tant regulatory roles in plant processes, from growth and 
development to resistance against environmental stresses 
[10, 36].

In the present study, 69 genes encoding C2H2 zinc 
finger proteins were identified in the Opisthopappus 
genome.

Phylogenetic relationships and evolution of OpC2H2s
Knowledge of phylogenetic relationships is fundamen-
tal for many studies in biology [37]. Phylogenetic analy-
sis can be utilized to derive orthogonal relationships 
based on sequence similarities and protein structures, 
while the most closely related genes in a phylogenetic 
tree may share similar functions [37]. According to our 
phylogenetic tree, 69 OpC2H2s were gathered into five 
groups (Fig. 1). Within each group, OpC2H2s were com-
bined with the C2H2 genes of A. thaliana. For example, 
Group I included At2G17180 (DAZ1) and At4G35280 
(DAZ2), which can regulate A. thaliana flowering. 
Group III consisted of the indeterminate domain (IDD)-
type C2H2-ZFPs (e.g., At3G45260 (BIB), At1G55110 
(IDD7), At3G13810 (IDD11), At4G02670 (IDD12), and 
At5G66730 (IDD1)). IDD-type C2H2-ZFPs play a vari-
ety of roles in plant growth and processes, including root 
development, flowering, seed maturation, leaf growth, 
hormone regulation, and defense against pathogens 
[38]. Group V included multiple reported functional A. 
thaliana. ZAT genes, among which AtZAT10 enhances 
salt tolerance [22, 39]. Furthermore, At1G10480 
(ZFP5), At3G58070 (GIS), At5G06650 (GIS2), and 
At2G41940 (ZFP8) contribute to trichome branching, 
and At5G04340 (ZAT6) has relevance for cold stress [22]. 
Additionally, the OpC2H2-66 gene was closely associated 
with Arabidopsis ZFP5 (At1G10648). AtZFP5 can regu-
late the development of trichomes [40]. The above sug-
gested that OpC2H2s might have similar functions to the 
relative C2H2 genes of Arabidopsis and exhibited func-
tional diversity.

During evolution, ubiquitous genome duplication 
events typically lead to gene family expansion in plants 
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Fig. 7 Predicted interactions of three salt responsive OpC2H2s using the online STRING program. (A) OpC2H2-1. (B): OpC2H2-7. (C) OpC2H2-14

 

Fig. 6 Expression profiles of OpC2H2 genes in Opisthopappus species under salt stress. Abscissa represents the samples of Opisthopappus species (T rep-
resents O. taihangensis, L represents O. longilobus) under salt treatments at 0, 6, 24, and 48 h. All ratios underwent a log2 transformation, with red blocks 
indicating high relative expression levels and blue blocks indicating low relative expression levels
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[41], with tandem and segmental gene duplication being 
the two primary duplication patterns. Among C2H2 
genes in Opisthopappus, seven tandem repeat events 
were found in 14 OpC2H2 genes, and 10 fragment rep-
licates were involved in 19 OpC2H2 genes (Figs.  3 and 
4A). Through these gene duplication events, the diver-
sification of C2H2 genes can increase and/or evolve 
new members, which may lose their original functions 
or acquire new functions to enhance the adaptability of 
plants [42]. This is similar to the C2H2 zinc finger gene 
family of other species, such as sweet potato (Ipomoea 
batatas) [43], potato (Solanum tuberosum) [44] and sor-
ghum (Sorghum bicolor) [40].

Meanwhile, the Ka/Ks ratios suggested that OpC2H2 
genes experienced strong purifying selection. With a 
lower likelihood of undergoing mutations, OpC2H2s 
could possess stable biological functions that are crucial 
for the adaptability, survival capacity, and genetic stabil-
ity of Opisthopappus.

Additionally, several OpC2H2 genes were found to 
be collinear with no less than three C2H2 genes, which 
suggested that OpC2H2-23, 29, 25, 35, 41, 45, 52, 51, 49, 
48, 52, and 67 were conserved in terms of structure or/
and function, and played vital evolutionary roles. Based 
on the collinearity analysis results, it was discovered that 
there were 81 gene pairs with a high degree of similarity 
with H. annuus and L. sativa. This might be relative to the 
close correlations between Opisthopappus, H. annuus, 

and L. sativa., each of which belong to the Asteraceae 
family.

Structural characteristics of OpC2H2s
Since most OpC2H2s are hydrophilic and reside within 
the nucleus, they have the capacity to more easily enter 
into the nucleus to engage in gene expression and regula-
tion. This is facilitated through their natural characteris-
tics as zinc finger proteins, which was supported by the 
findings of C2H2 zinc finger proteins in strawberry [45].

As relates to structural features, ten motifs were pre-
dicted from among all identified OpC2H2s, where motif 
1 appeared in all OpC2H2s (Fig. 2B), while motifs 1 and 2 
had a conserved ‘QALGGH’ sequence, which represented 
the plant-specific Q-type C2H2. The binding activities of 
Q-type C2H2 were reported to be involved in the growth, 
development, and organogenesis of a variety of plants, as 
well as in stress and defense responses [11, 17, 46]. Simi-
larly, there were abundant C2H2 in the conserved motif 
1 of Arabidopsis [16] (34%, 64 out of 176), rice [17] (52%, 
99 out of 189), and cucumber [23] (84%, 85 out of 101).

Preceding literature revealed that intronless genes 
(or genes with few introns) were often prone to exhibit 
lower expression levels in plants; however, their presence 
may contribute to rapid gene expression in response to 
abiotic stresses [47–49]. In OpC2H2s (Fig. 2C), ∼ 91.3% 
of the genes had no introns, 5.79% had two or more 
introns, and two members (2.89%) (e.g., OpC2H2-69 

Fig. 8 Expression patterns of OpC2H2 genes using qRT-PCR analysis. T represents O. taihangensis, L represents O. longilobus. T0, T6, T24, and T48 represent 
salt stress of 500 mM/L NaCl for 0, 6, 24, and 48 h. Figure 8A shows the internal reference gene evm. TU. Chr8.13443, Fig. 8B shows the internal refer-
ence gene evm. TU. Chr8.39. Vertical bars indicate the mean ± SD calculated from three replicates. Statistical comparisons (one-way analysis of variance 
(ANOVA) are presented for each variable (**** p < 0.0001 *** p < 0.001 ** p < 0.01* p < 0.05)
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and OpC2H2-56) contained single short length introns. 
Conversely, genes with fewer exons are classified as early 
response genes and are more rapidly induced. Specifi-
cally, most OpC2H2s that possess few introns and exons 
can rapidly activate and react under salt stress [48].

Upstream sequences in the promoter regions of genes, 
which served as transcription factor binding sites were 
considered as cis-regulatory elements (CREs). In this 
study, abundant of light-responsive, hormone-responsive, 
and abiotic stress-responsive elements were detected 
in the promoters, including ABRE (ABA-responsive 
element) and cis-acting TGACG and CGTCA motifs 
(MeJA-responsive elements) [50]. ABRE can respond to 
ABA in Arabidopsis and plays vital roles in ABA signal-
ing pathways [30, 51]. Furthermore, the ABA and JA hor-
mones can mediate abiotic stress tolerance.

In the OpC2H2-1, 7, and 14 promoters, ABRE, TGACG 
and CGTCA motifs were detected. These elements 
regulated the expression of key genes in the ABA and 
JA signaling pathways to improve species’ stress resis-
tance. More, the expressions of these three OpC2H2s 
occurred obvious changes under salt stress (Table S5), 
which suggested their closely respond to salt stress for 
Opisthopappus.

Meanwhile, the function of a given gene can also be 
inferred from its homologous genes. OpC2H2-1, 7, and 
14 were orthologs of Arabidopsis genes (Fig.  7). Under 
high-salt stress, the expression levels of four zinc fin-
ger protein genes (AZF1, AZF2, AZF3, and STZ) were 
enhanced in Arabidopsis. AZF1 and AZF3 can respond 
rapidly to salt stress and may enhance salt tolerance by 
regulating downstream ENA1-like genes [52, 53]. Fur-
ther, the ZAT12 in Arabidopsis enhances salt tolerance 
by interacting with the WRKY33 miRNA transport-
related proteins [54]. As a positive regulator of salt stress 
response and ABA signaling, WRKY33 might provide a 
potential mechanistic link between ABA and JA signal-
ing. Another C2H2 (CZF1) may positively modulate plant 
tolerance to salt stress. In view of the above, OpC2H2-1, 
7, and 14 were key transcriptomic factors engaged in the 
defensive responses of Opisthopappus.

Conclusion
A total of 69 OpC2H2 zinc finger protein genes were ini-
tially identified, based on genomic and transcriptomic 
data. All OpC2H2s possessed the conserved motif 1, 
which was a symbol of the plant-specific Q-type C2H2. 
With few introns and exons, these OpC2H2 genes 
were rapidly induced and expressed. Under salt stress, 
Opisthopappus resisted via upregulated or downregu-
lated expression with the cis-regulatory elements in the 
OpC2H2s promoters (particularly OpC2H2-1, 7, and 
14) through the ABA and JA signaling pathways. Dur-
ing evolution, OpC2H2s underwent gene expansion and 

purifying selection to enhance their functional diversity 
and maintain biological stability. In this study, the sys-
tematic analysis of OpC2H2 zinc finger protein genes 
provided a theoretical foundation and a clear direction 
for subsequent in-depth research into the biological func-
tions of additional Opisthopappus C2H2 gene families.
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