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Abstract

WRKY is one of the major transcription factor (TF) families in plants and is involved in
various biological processes. However, studies on WRKY TFs are lacking in Stewartia, an
early-diverged genus of Theaceae. This study aims to identify and analyze the WRKY
members in S. gemmata, a deciduous tree with horticultural potential. We predicted their
potential roles and explored their evolutionary relationships with those in other Theaceae
species. Our study identified 87 WRKY genes in S. gemmata, which were classified into
three groups (group I, II, and III). Groups I and II-c contained the most SgWRKY genes, a
pattern consistently found in the other four Camellia species examined, providing a basis
for further investigation into the potential roles of these genes in functioning. In addition,
we revealed gene expression patterns in leaves and floral organs with qRT-PCR validation,
identifying four SgWRKY genes (SgWRKY24, SgWRKY84, SgWRKY67, and SgWRKY77)
that were upregulated in multiple comparisons across flowering stages. Collinearity and
selection pressure analyses further supported sequence conservation and the presence
of purifying selection among analyzed gene pairs. Cis-acting element prediction and
enrichment analyses also suggested that these four SgWRKYs may play roles in plant
development, stress responses, and secondary metabolism regulation. Collectively, our
findings lay the foundation for further functional genomics of SgWRKY genes and provide
insights into the evolution of WRKY TFs in Theaceae.

Keywords: WRKY transcription factors; Stewartia gemmata; flowering stages; phylogenetic
analysis; gene expression patterns; synteny analysis

1. Introduction
Transcription factors (TFs) are DNA-binding proteins that recognize specific nucleotide

sequences to modulate the transcription of target genes, playing crucial roles in diverse
biological processes [1,2]. WRKY represents one of the largest plant TF families [3,4] and is
not only involved in plant development and the response to environmental stresses but
also regulates the biosynthesis of secondary metabolites [5–12]. Members of this family are
characterized by their conserved WRKYGQK motif and zinc-finger structures, both of which
enable sequence-specific DNA binding to W-boxes cis-elements (TTGAC(C/T)) [3,4]. Based
on the number of WRKY domains and the features of their zinc-finger motifs, WRKY TFs
can be classified into three groups (I, II, III) [3,4]. Group II can be further divided into five
subgroups (II-a, II-b, II-c, II-d, and II-e) according to their phylogenetic relationships [3,4,13].
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There are two WRKY domains included in group I, while group II and group III contain
only one. Group I and group II share the same zinc finger (C-X4–5-C-X22–23-H-X-H [C2H2]),
whereas group III contains a distinct zinc-finger motif (C-X7-C-X23-H-X-C [C2HC]) [3,4].
The first cDNA encoding a WRKY protein named SPF1 was cloned from sweet potato
(Ipomoea batatas) in 1994 but was not commonly found in other species at that time [14].
With the rapid advancement of genomic research, an expanding array of WRKY genes has
been identified across diverse plant species. Evidence suggests that the higher number of
WRKY genes in plants may reflect lineage-specific gene duplication and retention, which
can provide genetic material for functional innovation, such as enhanced adaptive potential
to extreme environments [15], whereas the lower number of WRKY genes may result from
genomic structural variation [16].

Stewartia (Theaceae) is recognized as the earliest-diverged clade within the tea fam-
ily [17,18], comprising approximately 20 species [19]. Unlike predominantly evergreen
genera such as Camellia, Stewartia is the only genus that contains extant deciduous species,
providing a valuable research direction to investigate the factors underlying its deciduous
habit. Stewartia gemmata was first described in 1931 based on type material collected from
Mt. Tianmu in Zhejiang Province [20], which is deciduous mainly distributed in south-
eastern China [21,22]. Species in the tea family hold significant economic and ecological
importance, including Camellia sinensis, the source of tea, as well as ornamental species [23]
and timber-producing trees [24]. Additionally, many plants in this family have strong envi-
ronmental adaptability and high ecological plasticity [25,26], playing indispensable roles
in maintaining natural ecosystems. S. gemmata harbors prominent horticultural potential.
The tree is distinguished by its grayish-yellow to brownish bark, which peels away in
thin flakes to reveal the mottled surface, and its white flowers with yellow stamens are
delicate and attractive, rendering it a valuable landscape tree suitable for street planting
and garden ornamentation [19,27]. Given the roles of WRKY TFs in plant development,
studying WRKY TFs in S. gemmata may not only help explain its deciduous habit but also
provide new insights into the improvement of horticultural traits. Moreover, this species
represents a good candidate for investigating the comparative evolutionary history of gene
families within the tea family [17,28,29], as supported by genomic data and fossil evidence.

Previous studies have demonstrated the molecular mechanisms by which WRKY
TFs function in Camellia sinensis. For example, overexpression of CsWRKY7 resulted in
a late-flowering phenotype under normal growth conditions [30]. CsWRKY71 regulated
the synthesis of theanine in tea plants in response to exogenous gibberellin treatment [31].
CsWRKY17 promoted pectin de-esterification by binding to the CsPME6 promoter to
enhance aluminum accumulation [32]. In addition, Chen et al. (2025) reported that
CsWRKY51-overexpressing plants exhibited dwarfism, curled leaves, increased branching,
and enhanced flowering, along with significantly elevated accumulation levels of amino
acids, including glutamine, asparagine, and arginine [33]. However, the WRKY gene fam-
ily in S. gemmata remains uncharacterized, and whether it shares the composition and
evolutionary patterns observed in Camellia remains to be examined.

By leveraging high-quality genome assemblies, we conducted a genome-wide identifi-
cation and characterization of WRKY genes in S. gemmata and compared them with those
in four Camellia species. Specifically, we combined phylogenetic, gene duplication, synteny,
and selective pressure analyses to examine family composition and sequence conservation,
and used RNA-seq and qRT-PCR to characterize expression patterns in leaves and floral
organs across three flowering stages. These analyses aimed to clarify the evolutionary
characteristics of the WRKY TF family in S. gemmata and identify candidate genes for sub-
sequent functional investigation. These findings provide a resource for future functional
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genomics research and may facilitate future efforts to improve the horticultural value of
S. gemmata.

2. Materials and Methods
2.1. Identification of WRKY Gene Family Members in Stewartia gemmata and Four Other Species
in Theaceae

The WRKY protein sequences of Arabidopsis thaliana were downloaded from the
Arabidopsis Information Resource website (TAIR, http://www.arabidopsis.org/, accessed
on 11 February 2025) [34]. Then, we acquired the Hidden Markov Model (HMM) file of
the WRKY domain (PF03106) from the Pfam database (v. 36.0) (http://pfam.xfam.org/,
accessed on 11 February 2025) [35]. The S. gemmata reference genome and its annotation
were generated by our group as part of an unpublished study (https://doi.org/10.6084/
m9.figshare.28356032). The genome was assembled based on PacBio SMRT HiFi data and
Hi-C reads and annotated by combining homology-based inference, ab initio prediction,
and RNA-seq transcript assemblies. The final assembled genome was 2.87 Gb in size
and of good quality, with a contig N50 of 17.43 Mb, 97.7% complete BUSCOs, and a long
terminal repeat assembly index (LAI) of 17.45. A total of 45,436 protein-coding genes were
predicted. Subsequently, we searched the WRKY sequences in the S. gemmata genome
using the BLAST program (v. 2.12.0; a cutoff of E ≤ 1 × 10 −5) and the Simple HMM
Search program available from TBtools (v. 2.064) [36]. Finally, we removed duplicate results
and retained the intersection of the outputs of the two methods, which were considered
candidate SgWRKY TFs. The candidate WRKY TFs of Camellia chekiangoleosa [37], Camellia
lanceoleosa [38], Camellia oleifera [39], and Camellia sinensis [40] were identified using the
same methods.

2.2. Physicochemical Properties Analysis of SgWRKY TFs

The Online Tool ExPASy [41] and the WoLF PSORT tool [42] were used to analyze the
physicochemical properties and the subcellular localization information of the SgWRKY
TFs. We applied TargetP-2.0 to predict the presence of targeted proteins [43]. Furthermore,
the nuclear localization signal (NLS) motifs were predicted by the NLStradamus tool [44].

2.3. Chromosomal Location, Gene Duplication, and Collinearity Analysis of SgWRKY Genes

The genomic positions of SgWRKY genes and the lengths of each chromosome were
obtained from the genome sequence and annotation files using TBtools. MCScanX [45]
available from TBtools (E-value cutoff: 1 × 10−5) was used to investigate gene duplication
events within S. gemmata and the similarity of SgWRKY genes between S. gemmata and five
other species (C. chekiangoleosa, C. lanceoleosa, C. oleifera, C. sinensis, and A. thaliana). Non-
synonymous (Ka) and synonymous (Ks) substitution rates were estimated using DnaSP (v.
6.12.03) [46] after multiple sequence alignment with the MUSCLE algorithm implemented
in MEGA12 (v. 12.0.9) [47].

2.4. Conserved Motifs, Cis-Acting Elements, and Gene Ontology Analysis of SgWRKY Genes

87 SgWRKY TFs were submitted to the NCBI CDD database [48] and the Batch SMART
program in TBtools for validation of conserved domains. As for conserved motifs, we
used the Clustal Omega program (v. 1.2.4) available from the EMBL-EBI Job Dispatcher
to align the sequences [49], which were later visually compared with the Jalview program
(v. 2.11.5.2) [50]. The WebLogo tool (v. 2.8.2) [51] was used to visualize the sequences
of the conserved SgWRKY motifs. The MEME suite tool (v. 5.5.7) [52] was also used to
perform conserved motif analysis, and the motif number was set to 10. Meanwhile, the
neighbor-joining (NJ) tree of SgWRKY proteins was inferred using MEGA12 and then
visualized using tvBOT (v. 2.6.1) [53]. In addition, we applied the PlantCARE database [54]
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to search for cis-acting regulatory elements (2000 bp upstream of the start codon) of SgWRKY
genes for gene structure analysis. Next, Gene Ontology (GO) annotation and enrichment
analyses were performed using homology searches against the A. thaliana genome using
KOBAS-i [55]. We focused specifically on the ‘biological process’ GO category, retaining
only terms with a significance threshold of p-value < 0.05 (Fisher’s exact test with Benjamini–
Hochberg correction).

2.5. Phylogenetic Tree Analysis

We utilized MAFFT (v. 7.508; --auto) [56] to align the WRKY protein sequences of six
different species (S. gemmata, A. thaliana, C. sinensis, C. chekiangoleosa, C. lanceoleosa, and
C. oleifera). Then, we used trimAl (v. 1.4;--automated1) [57] to trim the alignment. Later,
IQ-TREE (v. 2.2.0.3) [58] was used to infer the maximum likelihood (ML) phylogenetic tree
with 1000 ultra-fast bootstrap (BS) replicates [59]. The best-fit protein substitution model
was determined automatically with ModelFinder, as supported by IQ-TREE (-m MFP) [60],
and JTT+F+I+R6 was inferred to be the best model.

2.6. Sample Collection and Transcriptome Sequencing

To explore the gene expression patterns during flowering stages, we collected a total
of 27 leaf and 27 floral organ samples from S. gemmata at three stages (S1: 10:00 AM,
12 April 2025; S2: 10:00 AM, 26 April 2025; S3: 10:00 AM, 17 May 2025; all sunny days) with
increasing temperature (S1: 18 ◦C; S2: 24 ◦C; S3: 28 ◦C) in Hangzhou Botanical Garden
(HZBG), Zhejiang Province. These three sampling stages corresponded to progressive
floral development. In S1 and S2, we collected flower buds, while in S3, blooming flower
organs were sampled. Three biological replicates for each stage were sampled. The three
sampled trees are of the same age and growth condition and were all germinated from
seeds sampled on Mt. Tianmu (where the type specimen of S. gemmata was collected) in
the 1950s (personal communication from HZBG). Samples were liquid-nitrogen frozen at
HZBG and stored at −80 ◦C until use. RNA extraction and transcriptome sequencing were
performed at a commercial sequencing institute following standard protocols (Annoroad
Gene Technology Co., Ltd., Beijing, China). The purity, concentration, and integrity of RNA
products were evaluated on a NanoDrop 2000 microspectrophotometer and a LabChip
GX Touch microfluidic capillary system. RNA samples were considered qualified when
they exhibited an OD260/OD280 ratio of ca. 2.0, total RNA amount above 1 µg, and
RNA integrity number (RIN) > 6 [61]. Raw sequencing reads were processed to remove
adapter sequences, reads containing ambiguous bases, and low-quality reads (Q ≤ 20 bases
accounted for more than 50% of the entire read length). The filtering process was performed
using in-house scripts developed by the sequencing institute, and the clean data for each
sample were obtained (Table S1).

2.7. Expression Pattern Analysis of SgWRKY Genes

After quality control, clean transcriptomic reads were aligned to the S. gemmata genome
using HISAT2 (v. 2.2.1) [62]. Gene expression quantification was performed using StringTie
(v. 2.2.1) [63], and the read counts were obtained using the prepDE.py script (Table S2).
Meanwhile, we implemented the getTPM.py script to normalize the read counts by gene
length, producing the transcripts per kilobase per million mapped reads (TPM) profile.
Subsequently, we used the R package DESeq2 (v. 1.44.0) [64] to identify differentially
expressed genes (DEGs) from the read count matrices, with significance defined as |log2

fold-change (log2FC)| > 1 and adjusted p-value < 0.05. To investigate the temporal expres-
sion patterns of tissue-specific DEGs, complementary volcano plots and TPM heatmaps
were generated using the ggplot2 package (v. 3.5.2) in R [65] and the RNAdiff module
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(v 1.1.0) (https://github.com/nongxinshengxin/RNAdiffAPP, accessed on 20 July 2025)
available from TBtools.

2.8. Quantitative Real-Time PCR (qRT-PCR) Analysis

Using mRNA as the template, we employed the SYBR Green dye-based approach [66]
to conduct reverse transcription quantitative real-time PCR (qRT-PCR). We employed the
FastKing RT Kit (with gDNase; TIANGEN Biotech, Co., Ltd., Beijing, China) to remove
genomic DNA and synthesize cDNA. The Csactin gene was used as the internal refer-
ence [67,68]. The putative homolog of this gene in S. gemmata (transfrag09318) showed
no significant differential expression across treatment comparisons in our RNA-seq data.
Primers were designed with Primer3Web (v. 4.1.0) (Table S3) [69,70]. The qRT-PCR assays
were performed using the ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech,
Co., Ltd., Nanjing, China) on a CFX96TM Real-Time PCR System (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) under the following conditions: initial denaturation at 95 ◦C
for 1 min, followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s (annealing/extension).
A melting curve analysis was subsequently performed to validate the specificity of the
qPCR reactions. Relative expression levels were calculated using the 2−△△Ct method [71]
for gene expression quantification, with the levels in S1 serving as the reference. Finally,
statistical comparisons of gene expression levels across the three flowering stages were
performed using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test
using the R package stats.

3. Results
3.1. Identification and Characterization of Members of the WRKY Protein Family

A total of 87 WRKY TFs were identified, all of which were verified to contain the
WRKY domains by the NCBI CDD database (Table S4) and the SMART program (Table S5).
These genes were renamed systematically from SgWRKY1 to SgWRKY87 based on the
physical locations on the chromosomes. Moreover, a total of 90, 101, 99, and 93 WRKY
proteins were identified in Camellia chekiangoleosa, Camellia lanceoleosa, Camellia oleifera, and
Camellia sinensis, respectively.

The physicochemical properties of 87 SgWRKY proteins are shown in Table 1. The
length of the amino acid sequences varied from 162 to 758 amino acids, with predicted
molecular weights ranging from 18.377 to 82.468 kDa. The theoretical isoelectric points (pI)
ranged from 4.7 to 9.96. Among these proteins, 53 had a pI below 7, 33 above 7, and one
at exactly 7, indicating that the majority of them were acidic. According to the instability
index (II) analysis, only two proteins (SgWRKY11, SgWRKY47) were predicted to be stable
(index < 40), while the majority were classified as unstable (index > 40). The aliphatic index
of the identified proteins ranged from 39.55 to 76.04 with an average value of 58.13. The
hydrophilicity values of all proteins are negative. In addition, the NLS prediction analysis
revealed that 9 out of the 87 proteins contained an NLS structure. Subcellular localization
analysis suggested that SgWRKY39 and SgWRKY58 were localized to the peroxisome,
while SgWRKY64 localized to the cytoplasm. Finally, all SgWRKY proteins were considered
to lack targeting peptides.
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Table 1. Physicochemical properties of 87 SgWRKY proteins.

Gene Name Gene ID Amino
Acids

Molecular
Weight

(Da)

Isoelectric
Point (pI)

Instability
Index (II)

Aliphatic
Index

Grand
Average of

Hydropathicity

Subcellular
Localization

Targeting
Protein NLS

SgWRKY1 augustus55263.t01 171 19,294.72 9.60 46.38 54.04 −0.836 nucl no yes
SgWRKY2 augustus55266.t01 171 19,349.80 9.60 46.38 55.15 −0.838 nucl no yes
SgWRKY3 augustus55275.t01 171 19,402.86 9.44 47.48 56.32 −0.777 nucl no yes
SgWRKY4 augustus55276.t01 176 20,029.54 9.32 46.14 56.93 −0.802 nucl no yes
SgWRKY5 transfrag17078.t01 514 56,332.77 7.29 50.32 66.95 −0.695 nucl no no
SgWRKY6 transfrag17470.t01 346 38,323.34 9.62 56.87 66.53 −0.689 nucl no no
SgWRKY7 augustus72272.t01 189 21,418.51 6.66 50.98 43.23 −1.117 nucl no no
SgWRKY8 transfrag20504.t01 230 25,801.05 9.19 57.52 55.09 −0.710 nucl no no
SgWRKY9 transfrag34611.t01 528 57,382.15 7.32 59.26 51.80 −0.886 nucl no no

SgWRKY10 transfrag34627.t01 313 34,193.65 5.64 53.15 52.33 −0.818 nucl no no
SgWRKY11 augustus14889.t01 183 20,771.31 9.54 37.86 48.96 −0.891 nucl no yes
SgWRKY12 augustus12158.t01 684 73,558.28 5.76 53.89 58.80 −0.711 nucl no no
SgWRKY13 augustus10112.t01 616 67,126.21 6.30 49.61 61.88 −0.704 nucl no no
SgWRKY14 augustus10209.t01 472 51,999.38 8.85 57.66 66.00 −0.612 nucl no no
SgWRKY15 transfrag19646.t01 498 55,243.66 6.75 50.21 61.00 −1.014 nucl no no
SgWRKY16 transfrag19581.t01 620 67,381.81 6.24 52.77 59.55 −0.723 nucl no no
SgWRKY17 augustus09348.t01 430 46,924.03 5.59 68.14 71.21 −0.713 nucl no no
SgWRKY18 transfrag20750.t01 341 38,175.44 5.83 41.79 64.93 −0.760 nucl no no
SgWRKY19 transfrag20803.t01 570 63,130.77 6.82 57.50 42.46 −0.944 nucl no no
SgWRKY20 transfrag04540.t01 307 34,128.92 5.62 57.95 62.90 −0.686 nucl no no
SgWRKY21 transfrag04449.t01 479 52,137.61 8.61 43.22 57.20 −0.881 nucl no no
SgWRKY22 transfrag24377.t01 523 56,803.83 8.47 54.54 53.19 −0.777 nucl no no
SgWRKY23 augustus59867.t01 328 36,003.32 8.75 41.71 68.69 −0.684 nucl no no
SgWRKY24 transfrag27176.t01 307 34,289.27 6.61 46.56 66.32 −0.709 nucl no no
SgWRKY25 transfrag27177.t01 311 34,845.97 6.61 45.61 64.86 −0.754 nucl no no
SgWRKY26 transfrag27178.t01 286 31,953.88 8.34 45.48 63.71 −0.720 nucl no no
SgWRKY27 augustus51264.t01 420 47,213.53 5.29 63.33 50.81 −0.959 nucl no no
SgWRKY28 augustus51292.t01 317 34,543.05 9.65 49.91 60.95 −0.671 nucl no no
SgWRKY29 augustus45500.t01 184 20,710.58 5.57 55.99 49.89 −1.007 nucl no no
SgWRKY30 transfrag07950.t01 345 39,180.41 5.27 48.92 62.70 −0.747 nucl no no
SgWRKY31 transfrag32900.t01 332 36,722.91 7.00 44.36 65.51 −0.773 nucl no no
SgWRKY32 transfrag33314.t01 554 59,960.31 6.73 46.00 56.53 −0.722 nucl no no
SgWRKY33 transfrag18516.t01 528 57,294.38 5.42 62.53 63.01 −0.763 nucl no no
SgWRKY34 transfrag38014.t01 585 63,938.89 8.44 68.38 49.74 −0.898 nucl no no
SgWRKY35 transfrag28387.t01 345 38,892.05 9.73 50.16 62.46 −0.839 nucl no no
SgWRKY36 augustus49562.t01 266 30,227.09 4.82 67.00 52.41 −1.017 nucl no no
SgWRKY37 transfrag26280.t01 301 33,567.39 6.32 64.33 63.49 −0.718 nucl no no
SgWRKY38 transfrag15135.t01 348 38,874.79 5.58 53.17 55.78 −0.758 nucl no no
SgWRKY39 augustus28947.t01 208 23,149.39 9.59 56.28 70.29 −0.653 pero no no
SgWRKY40 transfrag15074.t01 336 37,266.35 4.91 54.62 60.39 −0.620 nucl no no
SgWRKY41 transfrag15073.t01 334 37,083.14 4.96 61.26 56.38 −0.638 nucl no no
SgWRKY42 transfrag15072.t01 350 39,108.13 4.70 59.41 57.69 −0.699 nucl no no
SgWRKY43 transfrag11401.t01 319 35,614.24 6.67 47.41 75.49 −0.515 nucl no no
SgWRKY44 augustus21817.t01 214 23,807.74 9.12 46.21 66.07 −0.670 nucl no no
SgWRKY45 transfrag21973.t01 331 36,201.19 9.47 50.42 76.04 −0.451 nucl no no
SgWRKY46 transfrag01099.t01 522 57,054.50 6.68 59.39 64.62 −0.685 nucl no no
SgWRKY47 transfrag31878.t01 162 18,377.75 9.60 35.36 57.04 −0.701 nucl no no
SgWRKY48 transfrag35729.t01 451 49,167.38 5.51 55.20 54.70 −0.714 nucl no no
SgWRKY49 augustus27943.t01 280 30,758.09 5.78 59.30 46.64 −0.807 nucl no yes
SgWRKY50 transfrag35066.t01 585 63,906.16 7.71 45.12 58.44 −0.662 nucl no no
SgWRKY51 transfrag29945.t01 333 36,881.75 5.89 67.46 39.55 −0.898 nucl no yes
SgWRKY52 augustus55969.t01 270 30,505.42 6.03 58.42 44.74 −1.054 nucl no no
SgWRKY53 transfrag13022.t01 600 65,362.38 6.39 47.29 53.57 −0.778 nucl no no
SgWRKY54 transfrag37226.t01 287 32,165.36 5.37 61.59 52.65 −0.840 nucl no no
SgWRKY55 augustus03409.t01 486 53,019.86 5.83 50.31 66.28 −0.733 nucl no no
SgWRKY56 transfrag15323.t01 221 25,218.62 7.68 50.07 44.48 −1.104 nucl no no
SgWRKY57 transfrag22300.t01 318 34,603.50 5.46 63.55 50.31 −0.722 nucl no no
SgWRKY58 augustus42329.t01 218 24,343.43 9.68 48.90 55.50 −0.864 pero no no
SgWRKY59 transfrag22411.t01 359 40,524.30 4.82 60.88 71.11 −0.596 nucl no no
SgWRKY60 augustus69412.t01 213 23,979.66 5.53 66.37 54.93 −0.987 nucl no yes
SgWRKY61 transfrag12218.t01 602 65,298.4 5.95 41.17 64.95 −0.633 nucl no no
SgWRKY62 transfrag12292.t01 486 53,771.29 7.02 45.70 59.07 −1.064 nucl no no
SgWRKY63 transfrag18794.t01 620 67,428.67 6.45 52.26 65.85 −0.611 nucl no no
SgWRKY64 augustus67317.t01 325 36,680.47 5.19 55.69 73.26 −0.521 cyto no no
SgWRKY65 augustus67316.t01 272 30,311.91 5.25 81.91 47.68 −0.790 nucl no no
SgWRKY66 transfrag21438.t01 251 28,526.47 5.21 61.62 51.27 −1.029 nucl no no
SgWRKY67 augustus40861.t01 280 31,629.54 5.88 60.98 55.71 −0.734 nucl no no
SgWRKY68 augustus05790.t01 294 32,958.37 9.96 51.09 69.63 −0.720 nucl no no
SgWRKY69 augustus05053.t01 578 63,869.73 7.70 62.01 46.06 −0.941 nucl no no
SgWRKY70 transfrag19491.t01 217 24,692.59 8.12 67.89 48.02 −0.840 nucl no no
SgWRKY71 transfrag30379.t01 346 38,333.98 9.43 45.58 55.29 −0.801 nucl no no
SgWRKY72 transfrag02522.t01 356 40,290.84 4.98 56.80 67.11 −0.679 nucl no no
SgWRKY73 augustus04712.t01 340 36,750.63 5.07 57.94 53.15 −0.664 nucl no no
SgWRKY74 transfrag30854.t01 219 24,627.99 7.65 52.11 42.69 −1.013 nucl no no
SgWRKY75 augustus10649.t01 347 39,624.87 9.75 61.92 62.33 −0.844 nucl no no
SgWRKY76 transfrag26486.t01 309 33,889.17 5.14 64.78 49.22 −0.890 nucl no no
SgWRKY77 transfrag26463.t01 532 57,715.68 7.69 59.63 52.11 −0.870 nucl no no
SgWRKY78 transfrag37437.t01 183 20,621.33 9.62 41.86 58.52 −0.807 nucl no yes
SgWRKY79 augustus09016.t01 758 82,468.96 5.86 55.37 55.20 −0.703 nucl no no
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Table 1. Cont.

Gene Name Gene ID Amino
Acids

Molecular
Weight

(Da)

Isoelectric
Point (pI)

Instability
Index (II)

Aliphatic
Index

Grand
Average of

Hydropathicity

Subcellular
Localization

Targeting
Protein NLS

SgWRKY80 transfrag37777.t01 319 35,795.91 4.96 75.91 64.76 −0.683 nucl no no
SgWRKY81 augustus70736.t01 210 22,748.52 6.84 51.49 65.95 −0.621 nucl no no
SgWRKY82 transfrag34191.t01 393 42,448.47 5.43 69.39 51.70 −0.734 nucl no no
SgWRKY83 transfrag34229.t01 371 40,955.23 5.74 45.98 56.82 −0.698 nucl no no
SgWRKY84 augustus66920.t01 333 37,185.15 6.18 47.84 60.93 −0.707 nucl no no
SgWRKY85 transfrag08701.t01 365 40,616.64 5.46 52.94 58.00 −0.795 nucl no no
SgWRKY86 transfrag09103.t01 296 33,809.77 5.33 61.48 66.49 −0.720 nucl no no
SgWRKY87 augustus16620.t01 404 43,601.71 6.76 57.61 55.74 −0.605 nucl no no

Footnote: Nucl stands for nucleus, pero for peroxisome, and cyto for cytoplasm.

3.2. Chromosomal Localization, Collinearity, and Selection Pressure Analysis of SgWRKY Genes

The 87 SgWRKY genes were unevenly distributed on the 17 chromosomes (Figure 1).
Chromosome 1 harbored the highest number of SgWRKYs (11), followed by chromosome 6
with 10, while chromosome 16 contained the fewest, with only one SgWRKY. In addition,
gene clusters were observed in the distal regions of chromosomes 1, 4, 6, 8, and 10 and
near the centromeric regions of chromosomes 15 and 17. Collinearity analysis identified
57 segmental duplications of WRKY gene pairs and 8 tandem duplications of WRKY gene
pairs (Figure 1, Table S6). The selective pressures on duplicated gene pairs were evaluated
by calculating the Ka/Ks ratios (Table S6). Among the calculated results, 46 pairs had a
Ka/Ks < 1 and 5 pairs had a Ka/Ks > 1, suggesting that most SgWRKY genes were under
purifying selection pressure.

3.3. Conserved Motifs Analysis

WebLogo analysis of 87 SgWRKY protein sequences revealed the highly conserved
heptapeptide (WRKYGQK) and the zinc-finger motifs (C2H2 or C2HC) (Figure S1). How-
ever, some sequence variations were observed using Jalview (Figure 2). Specifically, this
motif was WRKYGKK in SgWRKY7, SgWRKY29, and SgWRKY70, while it was WRKYGHK
in SgWRKY3 and WRKYGRK in SgWRKY27. However, 8 SgWRKY proteins (SgWRKY12,
SgWRKY17, SgWRKY49, SgWRKY60, SgWRKY64, SgWRKY65, SgWRKY68, SgWRKY81)
were predicted to lack the zinc-finger motif. In addition, a total of 10 conserved motifs
were found using the MEME tool (Figure S2) and visualized on the NJ tree (Figure S3). The
number of observed motifs in each WRKY protein ranged from 2 to 6. In motif analysis, we
found that motif 1 and motif 3 contain the highly conserved WRKYGQK domain, while
motif 2 and motif 5 contain the zinc-finger structure. In addition, we also found that
almost every WRKY protein contained motif 1 and motif 2. Notably, none of the group III
members contained motif 5, and all group I members contained motif 3 except SgWRKY12.
Furthermore, we observed that several motifs were specific to only one group: motif 8 and
motif 3 were exclusive to group I, motif 9 to group II-d, and motif 10 to group II-c (found in
SgWRKY1-4).
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Figure 1. Chromosomal localization and collinearity analysis of 87 SgWRKY genes. Colored lines
represent the duplicated SgWRKY gene pairs in the genome.

3.4. Cis-Acting Elements and Gene Ontology Analysis of SgWRKY Genes

In the promoter regions of SgWRKY genes, a total of 59 cis-acting elements were
identified, excluding CAAT-box and TATA-box elements. The number of elements varied
greatly. The smallest number was 9 (SgWRKY71), while the majority of SgWRKYs contained
20–30 cis-acting elements (Figure S4). These cis-acting elements mainly included abundant
light-responsive motifs (MRE), hormone-related elements (ABRE, CGTCA-motif, TGA-
element), abiotic stress-responsive elements (LTR, ARE), and tissue-specific developmental
elements (CAT-box, AT1-motif).

In addition, we performed a GO analysis for 87 SgWRKY genes to predict their
potential roles (Table S7). A total of 61 GO terms associated with SgWRKY genes in
the biological process category were identified. GO terms related to biotic and abiotic
stress responses included defense response to bacterium (GO:0042742), defense response
to fungus (GO:0050832), response to osmotic stress (GO:0006970), and response to salt
stress (GO:0009651). Other terms were associated with phytohormone signaling and
plant development, such as response to salicylic acid (GO:0009751), response to jasmonic
acid (GO:0009753), positive regulation of leaf senescence (GO:1900057), and floral organ
senescence (GO:0080187). Focusing on the four upregulated WRKY genes (SgWRKY24,
84, 67 and 77; Figure S5), SgWRKY84 was predicted to be associated with a broader set of
annotated GO terms, which included leaf and floral organ senescence that were not found
in the other three SgWRKY genes.
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Figure 2. Multiple sequence alignment of the SgWRKY TFs. The darker purple blocks represent the
WRKYGQK variant motifs. The coral pink blocks represent the C2H2/C2HC motifs.
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3.5. Phylogenetic, Syntenic and Selection Pressure Analysis of SgWRKY Genes Among Species

Phylogenetic analysis of 87 WRKY protein sequences aligned with 454 WRKY se-
quences from five other species resolved three evolutionarily conserved clades (group I-III)
(Figure 3). Group II was further subdivided into five distinct subgroups (group II-a to
II-e). Within group II, SgWRKYs were distributed as 7 (II-a), 8 (II-b), 25 (II-c), 7 (II-d), and
12 (II-e) (Table S8). Meanwhile, 16 SgWRKYs belonged to group I and 12 to group III.
Among these groups, S. gemmata, C. chekiangoleosa, C. lanceoleosa, and A. thaliana had the
highest number of group II-c WRKY proteins, followed by group I, whereas C. oleifera and
C. sinensis showed the opposite pattern, with group I being the most abundant. Moreover,
the number of WRKY proteins in group II-a was generally smaller, except in C. lanceoleosa.

Figure 3. The maximum likelihood phylogenetic tree of the WRKY TFs in Stewartia gemmata, Ara-
bidopsis thaliana, Camellia chekiangoleosa, Camellia lanceoleosa, Camellia oleifera, and Camellia sinensis. The
red branches represent Stewartia gemmata. Bootstrap values are shown on each clade.

To explore WRKY gene family evolution within Theaceae, we also performed collinear-
ity analyses between S. gemmata and five other species (Figure 4). The results revealed that
more WRKY genes in S. gemmata had collinear relationships with the four other species
in Theaceae than with A. thaliana. Specifically, 57 SgWRKY genes were collinear with 47
AtWRKY genes in A. thaliana (Table S9). 73 SgWRKYs were collinear with 43 WRKYs in C.
chekiangoleosa and with 76 WRKYs in C. lanceoleosa. Similarly, 72 SgWRKYs were collinear
with 45 CsWRKYs (C. sinensis) and 40 CoWRKYs (C. oleifera). The numbers of orthologous
WRKY gene pairs were 89 between S. gemmata and A. thaliana, 73 between S. gemmata and
C. chekiangoleosa, 196 between S. gemmata and C. lanceoleosa, 72 between S. gemmata and C.
oleifera, and 72 between S. gemmata and C. sinensis. In addition, we selected WRKY gene
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pairs of four candidate SgWRKYs (SgWRKY24, 84, 67 and 77) to calculate their Ka/Ks ratios
(Table S10). The calculated results were all less than 1, indicating that these WRKY genes
among these species were under purifying selection pressure.

Figure 4. Synteny analysis of genes between Stewartia gemmata and five other species. Gray lines in the
background represent the collinear blocks, while red lines represent syntenic relationships between
the WRKY genes of Stewartia gemmata and their corresponding genes in five other plant genomes.

3.6. Expression Analysis of SgWRKY Gene Family

To elucidate the expression patterns of the WRKY gene family in S. gemmata, we
extracted RNA from the leaves and floral organs at three different stages (54 samples in
total) for transcriptome sequencing (Figure 5A). Based on transcriptome data, we conducted
DEG analysis using DESeq2 with thresholds of |log2FC| > 1 and adjusted p-value < 0.05,
which showed obvious expression differences between leaves and floral organs during
three flowering stages. Leaf DEG analysis revealed that 683 genes (including 3 SgWRKYs)
were significantly upregulated from S1 to S2, 1089 genes (including 6 SgWRKYs) from
S1 to S3, and only 128 genes (none of which were SgWRKYs) from S2 to S3 (Table S11),
and the results were visualized as volcano plots (Figure 5B). Additionally, two SgWRKYs
(SgWRKY24 and SgWRKY84) were significantly upregulated during both the S1–S2 and
S1–S3 transitions. In floral organs, 1726 genes (including 17 SgWRKYs) were significantly
upregulated from S2 to S3, 1266 genes (including 5 SgWRKYs) from S1 to S3, whereas only
763 genes (none of which were SgWRKYs) were significantly more highly expressed in S1
than in S2 (Table S12 and Figure 5C). Notably, SgWRKY67 and SgWRKY77 were significantly
upregulated during both the S1–S3 and S2–S3 transitions. Importantly, SgWRKY84 was
upregulated in both leaves and floral organs. In addition, more genes showed upregulated
expression in floral organs than in leaves across three distinct flowering stages, reflecting
tissue specificity. Consistent with the volcano plots, heatmaps based on TPM profiles
(Figure 5D, Table S13) revealed the expression patterns of upregulated SgWRKYs across
different tissues and flowering stages.
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Figure 5. Morphology, differential expression, and expression profiles of SgWRKY genes across three
flowering stages in Stewartia gemmata: (A) The morphological illustrations of Stewartia gemmata in
three different flowering stages. Scale bar: 5 cm; (B) Volcano plots showing differentially expressed
SgWRKY genes in leaves (n = 27). Red and blue dots represent significantly up-regulated and
down-regulated genes, respectively (threshold: |log2FC| > 1 and adjusted p-value < 0.05). Gray
dots denote non-significant genes; (C) Volcano plots of SgWRKY genes in floral organs (n = 27),
using the same filtering criteria as leaves (|log2FC| > 1 and adjusted p-value < 0.05). Red and
blue dots represent significant up- and downregulation, respectively; gray dots are non-significant;
(D) Heatmaps showing expression profiles of SgWRKY genes in leaves (a) and floral organs (b) across
three stages (A = S1, B = S2, C = S3). Colors represent row-scaled Z-scores, with yellow indicating
higher relative expression and blue indicating lower expression. Genes were hierarchically clustered
by rows based on expression similarity.
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Furthermore, the qRT-PCR results were in agreement with the transcriptome predic-
tions (Figure 6 and Table S14). One-way ANOVA and post-hoc analysis revealed that
the expression of SgWRKY24 significantly increased from S1 to S2 and from S1 to S3
(F(2,6) = 619.2, p-value < 0.001; post-hoc p-value < 0.001), and that SgWRKY84 exhibited a
similar trend over the same intervals (F(2,6) = 10.61, p-value < 0.01; post-hoc p-value < 0.05).
In addition, the expression of SgWRKY67 was significantly elevated during both S1-S3
and S2-S3 (F(2, 6) = 164.4, p-value < 0.001; post-hoc p-value < 0.001), and SgWRKY77 also
showed significant increases during these stages (F(2, 6) = 14.84, p-value = 0.005; post-
hoc p-value < 0.05). Moreover, SgWRKY24 exhibited the highest expression level at S2,
and the other three SgWRKYs were continuously up-regulated from S1 to S3 in terms of
expression trend.

Figure 6. qRT-PCR validation of SgWRKY gene expression across three flowering stages (S1, S2, S3):
(A) Expression in leaves; (B) Expression in floral organs. Error bars indicate standard errors of three
biological replicates. Asterisks indicate statistically significant differences determined by one-way
ANOVA with Tukey’s post-hoc test (ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

4. Discussion
4.1. Characterization of WRKY TFs in Stewartia gemmata

In this study, we performed a genome-wide identification and characterization of the
WRKY TF family in S. gemmata. As summarized in the physicochemical property table of
87 SgWRKY proteins, we observed that they are universally hydrophilic, and nearly all
members had an instability index over 40, consistent with the typical unstable property of
plant transcription factors that enables rapid turnover in response to environmental signals.
For example, MYC2 undergoes phosphorylation-coupled turnover to stimulate jasmonic
acid (JA)-mediated transcriptional activity [72]. The ubiquitin E3 ligase SUBMERGENCE
RESISTANT1 (SR1) from A. thaliana modulates submergence acclimation by regulating the
stability of transcription factor WRKY33 in Arabidopsis [73].

Subcellular localization prediction revealed that 84 out of 87 SgWRKY proteins were
targeted to the nucleus, consistent with the core function of WRKYs as nuclear transcrip-
tional regulators [3,4]. Interestingly, three SgWRKY proteins were predicted to localize to
peroxisomes (SgWRKY39, SgWRKY58) and the cytoplasm (SgWRKY64), which suggests
that these SgWRKYs may play noncanonical roles, such as participating in the biosynthesis
of phytohormones (e.g., jasmonic acid and salicylic acid) and being involved in plant
stress responses and developmental transitions [74]. Among these proteins localized to
the nucleus, only 9 SgWRKYs contained identifiable canonical NLS motifs, whereas the
majority lacking predicted NLS motifs still showed nuclear localization tendency, implying
these proteins may translocate into the nucleus via noncanonical transport pathways or
rely on interacting partner proteins harboring functional NLS sequences [75,76].
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4.2. Potential Roles of SgWRKY Genes

Cis-acting elements and GO enrichment analyses suggested that SgWRKY genes may
be involved in plant development, hormone signaling, and stress responses. Interestingly,
multiple cis-acting elements associated with flavonoid biosynthesis were identified in the
promoters of SgWRKY genes, including chs-CMA1a, chs-CMA2a, chs-Unit 1 m1, and MBSI.
According to the literature [77–79], cis-acting elements in the chalcone synthase (CHS)
promoter are known to mediate flavonoid biosynthesis, a process closely linked to floral
organ development and pigment formation in plants. The presence of these cis-elements
suggests that SgWRKY TFs may be involved in the regulation of flavonoid accumulation in
S. gemmata.

Phylogenetic analysis revealed that group II-c represented the largest group among
all groups in S. gemmata, generally similar to that observed in other angiosperms [80,81].
Several studies have focused on the functions of WRKY gene members belonging to group
II-c, particularly in biotic or abiotic stress responses and secondary metabolism regulation.
Among these studies, Luan et al. discovered that overexpressing CsWRKY50 (a group
II-c member in Cucumis sativus) may increase the content of SA to enhance resistance to
pathogen infection [82], and Kang et al. uncovered that the overexpression of HbWRKY82
from Hevea brasiliensis could enhance tolerance to dehydration and salinity, while reducing
sensitivity to exogenous ABA [83]. Moreover, group I WRKY genes were reported to
participate in responses to biotic and abiotic stresses [84,85], whereas their roles in floral
organ development have received considerably less attention. These findings suggest that
SgWRKY67 (group II-c) and SgWRKY77 (group I) may play roles in stress responses and
secondary metabolism. Given the crucial roles of WRKY genes in group II-c and group I,
our findings lay the foundation for further studies on these subfamilies in S. gemmata.

To further explore the potential roles of these four SgWRKY genes, we conducted
collinearity analyses between S. gemmata and five other species. SgWRKY24 was found
to be syntenic with AtWRKY18 (Table S9). A previous study reported that AtWRKY18
acts as a key regulator in plant defense responses to microbial volatiles [86], implying that
SgWRKY24 may play similar roles. SgWRKY67 was found to be syntenic with AtWRKY23,
which has been reported to participate in multiple plant developmental processes, such as
regulating flavonol biosynthesis to assist auxin distribution during root development and
activating PLETHORA 3 (PLT3) and PLT7 to establish callus pluripotency [87,88]. Together
with its expression profile, SgWRKY67 may play a crucial role in the development of floral
organs in S. gemmata. Moreover, SgWRKY77 showed a syntenic relationship with AtWRKY3
and AtWRKY4. According to a previous study [89], WRKY3 and WRKY4 function as
positive regulators of salt and Me-JA stress responses by modulating ROS scavenging
pathways in A. thaliana, suggesting that SgWRKY77 may play a conserved role in regulating
stress tolerance through similar mechanisms.

In addition, we analyzed the expression patterns of SgWRKY genes in leaves and floral
organs at different flowering stages. Through DEG analysis and qRT-PCR verification,
we found that SgWRKY24 was not continuously upregulated and instead peaked at S2
(26 April 2025). In S. gemmata, leaf expansion is largely completed prior to the onset of
flowering (May–June) [27], suggesting that SgWRKY24 plays a role in leaf development.
The expression levels of the three genes (SgWRKY84, SgWRKY67, SgWRKY77) showed a
progressive increase from S1 to S3, which implies that their roles might be associated with
floral organ development and accumulation of flower pigments. Interestingly, DEG analysis
revealed that SgWRKY84 exhibited upregulation at S1–S3 in both leaf and floral organ
tissues. Furthermore, GO enrichment analysis revealed that SgWRKY84 was associated
with terms related to leaf and floral organ senescence. These findings provide further clues
for its potential role in regulating the development of leaves and floral organs.
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The white flowers of S. gemmata, framed by green leaves and with light lemon-yellow
filaments, have high ornamental value [90–92]. Further studies on SgWRKY24, SgWRKY84,
SgWRKY67, and SgWRKY77 may be worthwhile and could inform future landscaping
applications. Moreover, S. gemmata is a deciduous species, differing from the other four
Theaceae species. WRKY TFs in group III, such as AtWRKY54 and AtWRKY70, have
been reported to participate in a regulatory network that modulates the progression of
leaf senescence in A. thaliana [93]. In our study, SgWRKY84 (belonging to group III) and
SgWRKY24 were speculated to be associated with leaf senescence based on the expression
profiles. Nevertheless, no functional validations were performed in this study, and these
possible associations remain untested experimentally. Additionally, environmental factors
inevitably varied across the three sampling dates due to the natural field conditions. Nev-
ertheless, all three sampled trees were adult trees derived from the same batch of seeds
and grown on the same slope, ensuring a similar genetic background. Collectively, future
experiments could focus on SgWRKY84 to reveal the molecular mechanisms underlying its
regulation of leaf and floral organ development, and on SgWRKY67 to characterize its roles
in biotic and abiotic stress responses and hormone signaling.

4.3. Expansion and Evolution of the WRKY Gene Family in Stewartia gemmata

The number of SgWRKY genes identified in S. gemmata is comparable to that of other
Theaceae species (Table S8), suggesting that the WRKY TF family size is largely conserved
within the tea family. Phylogenetic analysis revealed that group II-c contained a large
number of SgWRKY genes. Combined with the collinearity analysis, the expansion of Sg-
WRKY genes in group II-c may be due to segmental duplication (12 segmental duplications
and 1 tandem duplication, Table S6). Among the SgWRKY gene pairs in group II-c, three
pairs had a Ka/Ks >1, suggesting that positive selection may play roles in the functional
diversification of these duplicated genes. In addition, our results showed that group I was
resolved as the basal clade (Figure 3). This observation is consistent with the traditional
view, which supported group I as the ancestral WRKY lineage [94,95]. This model proposes
that group II and group III WRKY TFs evolved from the C-terminal WRKY domain of an
ancestral group I WRKY protein, via the loss of the N-terminal WRKY domain. Consistent
with our motif analysis, SgWRKY12, a group I member, appears to have lost its N-terminal
WRKY domain over evolutionary time, given that it harbors only a single WRKY domain.
In addition, the consistent over-representation of WRKY groups I and II-c across the six
species, together with the consistently low abundance of group II-a, suggests that there is a
stable evolutionary trend in WRKY group composition within this family.

To further explore the evolution of SgWRKY genes, we performed a synteny analysis
between S. gemmata and other species (Table S9). Among the identified SgWRKY genes,
SgWRKY40, 61, 82, 83, and 85 exhibited the largest number of WRKY gene pairs, indicating
that their sequences and potential roles are highly conserved within Theaceae. Selective
pressure analysis, with a particular focus on SgWRKY24, SgWRKY84, SgWRKY67, and
SgWRKY77, was conducted to investigate whether they have undergone functional diver-
gence (Table S10). The Ka/Ks ratios of the four WRKY genes in S. gemmata were all less
than 1, indicating that they are under purifying selection. This suggests that SgWRKY24,
SgWRKY84, SgWRKY67, and SgWRKY77 are evolutionarily conserved across Theaceae
species. Nevertheless, these results are based on bioinformatic predictions, and future
functional validation is required to elucidate the precise regulatory mechanisms of these
SgWRKY genes.
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5. Conclusions
In the present study, we identified and characterized 87 WRKY genes in S. gemmata and

classified them into three main groups. Our analyses revealed conserved structural features
of SgWRKY TFs and suggested their potential involvement in plant development, stress
adaptation, and secondary metabolism. Phylogenetic analysis showed a similar distribution
pattern, with group I and group II-c containing the largest numbers of WRKY genes in
the five Theaceae species and in A. thaliana. Collinearity and selection pressure analyses
revealed that SgWRKY24, SgWRKY84, SgWRKY67, and SgWRKY77 are evolutionarily
conserved within Theaceae. In addition, these four SgWRKY genes were closely associated
with leaf and floral organ development based on the expression profiles and GO enrichment
analysis, although their functions remain to be experimentally validated. Our study lays
the foundation for future functional studies aiming to reveal the molecular mechanisms
by which WRKY TFs function in S. gemmata, a Chinese endemic deciduous tree with
horticultural potential.
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