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Abstract: The camphor tree (Cinnamomum camphora) is of great economic and ecological value, and
the WRKY transcription factor (TF) family plays a crucial role in regulating plant growth and de-
velopment as well as the responses toward environmental changes. However, the research on
WRKY TFs in C. camphora remains scarce, and their roles in the leaf expansion period are unknown.
In this study, we identified WRKY TFs across the C. camphora genome, followed by a phylogenetic
analysis. Then, we conducted RNA sequencing and qPCR experiments on leaves collected from
three distinct stages during leaf expansion (51, S2, and S3) to determine which WRKY genes showed
significant up-regulation during these stages. Here, a total of 72 CcWRKY TFs were found in the C.
camphora genome, and they were phylogenetically clustered with corresponding subfamilies of Ar-
abidopsis thaliana. These CcCWRKY proteins were divided into three major groups (I, II, and III),
where group II consisted of five subgroups. We found that three genes (CcWRKY24, CcWRKY42,
and CcWRKY70) were upregulated from both S1 to 52 and from S1 to S3. The expression level of
CcWRKY?24 increased gradually from S1 to S3, while CcWRKY42 and CcWRKY70 exhibited higher
expression levels in 52 and S3 than in S1. These predicted gene expression profiles were further
confirmed by qPCR experiments. In summary, this study analyzed WRKY TFs in C. camphora from
a genome-wide perspective and paves the way for future research on the functions of CcWRKYs.

Keywords: Cinnamomum camphora; WRKY transcription factor; phylogenetic analysis; gene
expression; leaf expansion; RNA sequencing

1. Introduction

WRKY is a key transcription factor (TF) mainly found in plants. The first WRKY TF
was isolated from the sweet potato (Ipomoea batatas) by Ishiguro and Nakamura [1]. Since
then, as research on the WRKY gene family has continued to deepen, many WRKY TFs
have been identified in various plants, including thale cress (Arabidopsis thaliana), rice
(Oryza sativa), and wheat (Triticum aestivum), among many others [2,3]. The WRKY TF
name was derived from the seven conserved amino acids, namely WRKYGQK [4,5]. Tra-
ditionally, WRKY TFs can be classified into three groups (groups I, II, and II) based on the
number of WRKY domains and the zinc finger types. The group I WRKY proteins contain
two WRKY domains, while the other two WRKY groups are composed of one WRKY
domain, but the zinc finger motif is different between the two WRKY groups [4]. Mean-
while, group II can be further divided into five subgroups (Ila, IIb, Ilc, IId, and Ile). Nev-
ertheless, phylogenetic analyses showed that group II domains designated by Eulgem et
al. [4] were not monophyletic but formed three distinct clades instead (Ila + IIb, IIc, and
IId + IIe) [6]. Among these groups, group Ilc was close to group I while group III was
clustered with group IId + Ile.
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A body of research indicates that many WRKY TFs are involved in plant growth,
development, senescence, and response to environmental changes [2,4,5,7-9]. For in-
stance, numerous studies have confirmed that WRKY TFs are involved in the regulation
of seed size (A. thaliana and soybean) [10,11], pollen development (A. thaliana) [12], flow-
ering time (soybean) [13], fruit development (pepper and black wolfberry) [14,15], leaf
senescence (A. thaliana and the Chinese flowering cabbage) [16-18], and petal senescence
(the wallflower and tulips) [19,20]. Meanwhile, the WRKY TFs are involved in the re-
sponses to high temperature and drought stress (rice, birchleaf pear, and wheat) [21-23]
and ion stress (wheat) [24]. WRKY TFs were extensively studied in A. thaliana. For exam-
ple, previous studies have demonstrated that AtWRKY44 (also known as TTG2) controls
the epidermal color of A. thaliana seeds by regulating vacuolar transport steps in the pro-
anthocyanidin biosynthesis pathway [25]. Also, the overexpression of AfWRKY57 can in-
crease the drought tolerance of A. thaliana [26]. Expression levels of AtWRKY4/6/7 and 11
would be enhanced in senescent leaves [4]. The AtWRKY12 and AtWRKY13 TFs control
the flowering time of A. thaliana through the gibberellin signaling pathway and the func-
tions of these two TFs differ in this process. For example, the knockout of the AtWRKY12
gene can delay the flowering time, while the loss of the AfWRKY13 function would pro-
mote the flowering process [27,28]. In short, WRKY TFs are crucial to numerous plant
functions.

The camphor tree (Cinnamomum camphora (L.) ]. Presl), a member of the Lauraceae
family, is renowned for its rich aromatic oils and versatile values in multiple aspects, in-
cluding ornamental, economic, ecological, and evolutionary ones [29-34]. Its attractive fo-
liage and fragrance make it a popular ornamental plant [30]. In China, it starts rapid leaf
expansion from April to May, during which its floral organs start to develop simultane-
ously [35]. Economically, the camphor tree is a significant industrial tree species globally,
as it provides excellent wood for furniture making and sculpture crafting [29,30]. Mean-
while, its roots, stems, leaves, and fruits are abundant in essential oils and are widely uti-
lized in cosmetics, food additives, insect repellents, and traditional Chinese herbal medi-
cine [29,36,37]. Moreover, the camphor tree plays a critical role in the ecological benefits
of forest ecosystems due to its considerable height, with some individuals reaching up to
40 meters [38,39]. For instance, it can fix a substantial amount of CO, effectively regulat-
ing local climate and improving soil quality, thereby playing a crucial role in both carbon
fixation and mitigating global climate change [34,39]. Beyond its inherent values, the cam-
phor tree is also a well-known fast-growing species for afforestation, significantly contrib-
uting to greening efforts worldwide [40]. Furthermore, the camphor tree has a vast distri-
bution, with extensive distributions throughout major tropical and subtropical regions, as
well as the transition zone between subtropical and temperate climates. This not only em-
phasizes its immense ecological significance but also showcases its remarkable adaptabil-
ity to diverse environments [34,39].

In summary, C. camphora is of great economic and ecological value and provides us
with an ideal material to study plant adaptation. Notwithstanding the importance of
WRKY TFs and the camphor tree, previous works have mainly focused on the TPS, MYB,
or NAC TF families, leaving the WRKY TFs relatively understudied [34,41-43] and poorly
understood. Nevertheless, some preliminary results shed light on the importance of
WRKY TFs in several biological processes in C. camphora. For example, Yang et al. (2021)
[41] found that several WRKY genes interacted with TPS genes to participate in borneol
biosynthesis. More recently, Li et al. (2023) [34] determined that some WRKY TFs were
involved in triglyceride biosynthesis and circadian rhythm. Nevertheless, we still lack a
comprehensive understanding of the distribution of WRKY TFs across the genome of C.
camphora and their roles in response to changing environments (such as increasing tem-
peratures) or in the regulation during individual development (such as the leaf expansion
period), leading to an evident knowledge gap that calls for deeper investigations.

In the present study, we conducted a genome-wide analysis of CC(WRKY TFs to de-
termine their physicochemical properties, chromosomal localization, phylogenetic
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relationship, conserved motif determination, and expression patterns during the leaf ex-
pansion period of the camphor tree. Highlighting several novel findings, our work pro-
vides a thorough characterization of Cc(WRKY TFs across the C. camphora genome, laying
a solid foundation for future research in functional genomics regarding this important
tree species.

2. Results
2.1. Identification of WRKY Protein Family

In this study, a total of 72 WRKY candidate proteins were identified in C. camphora
(Table 1). These candidate proteins were submitted to the NCBI CDD database (Table S51)
and the SMART program (Table S2) for conserved domain validations. The results
showed that all the 72 candidate proteins contained WRKY domains. These WRKY pro-
teins were renamed, and their physicochemical properties are shown in Table 1. The
lengths of Cc(WRKY proteins varied greatly, ranging from 154 aa (CcWRKY29) to 831 aa
(CcWRKY4), with an average length of approximately 379 aa. The molecular weight
ranged from 17619.86 Da (CcWRKY29) to 91314.11 Da (CcWRKY4). The isoelectric point
(pD) ranged from 4.81 (CcWRKY12) to 9.73 (CcWRKY44), among which 40 pls <7 and 32
pls > 7. The instability index (II) ranged from 30.09 (CcWRKY10) to 70.14 (CcWRKY2).
Among them, CcWRKY5/8/10/32/38 had instability indices of less than 40, indicating that
they were stable proteins. The aliphatic index ranged from 42.12 (CcWRKY42) to 82.71
(CcWRKY36). The grand average of hydropathicity (GRAVY) ranged from -1.05
(CcWRKY42) to -0.37 (CcWRKY6), indicating that the Cc(WRKY TFs were all hydrophilic
proteins. Subcellular localization predictions indicated that 71 of the 72 CcWRKY proteins
were localized in the nucleus, with CcWRKY29 predicted to be in the chloroplast. This
suggested that Cc(WRKY proteins predominantly function in the nucleus (Table 1). Tar-
geting protein predictions showed that only CcWRKY29 contained a signal peptide.
Meanwhile, nuclear localization signal (NLS) predictions revealed that 13 of the 72
CcWRKY proteins possessed an NLS motif (Table 1).

In addition, the distribution of 70 CcWRKY genes on 12 chromosomes of C. camphora
was statistically random overall (X-squared = 10.452, df = 12, p = 0.4602), while two
CcWRKYs (CcWRKY71, CcWRKY72) were not anchored to chromosomes (Figure 1). Nev-
ertheless, we observed a clustered pattern in their distribution. For instance, chromosome
3 contained the largest number of CcWRKYs, with 15 genes showing some clusterings,
while chromosome 4 contained nine CcWRKYs, and chromosome 11 had eight CcWRKYs.
In contrast, chromosome 9 only contained one CcWRKY gene, and chromosome 12 con-
tained three CcWRKYs (Figure 1).

Table 1. Basic information of Cc(WRKY TF members.

Amino Molecular Isoelectric Instability Aliphati Grand average of

Gene Name Gene ID acids weight (Da) point (pI) index (II) cindex hydropathicity NLS
CcWRKY1 Ccam01g01320 202 22929.21 6.29 53.73 48.66 -0.92 no
CcWRKY2 Ccam01g01332 279 31328.84 8.23 70.14 47.96 -1.02 no
CcWRKY3 Ccam01g01375 202 23216.22 9.10 40.71 60.79 -0.79 yes
CcWRKY4 Ccam(01g03358 831 91314.11 6.09 5396  68.98 -0.60 no
CcWRKY5 Ccam01g03535 183 20884.51 9.58 34.00 53.22 -0.92 yes
CcWRKY6 Ccam02g00068 305 32859.34 9.67 49.90 66.95 -0.37 no
CcWRKY7 Ccam02g00318 577 63115.17 5.88 51.78 68.28 -0.62 no
CcWRKYS Ccam02g00335 309 33954.07 6.46 34.75 68.19 -0.69 no
CcWRKY9 Ccam02g00336 278 30788.64 8.13 41.63 72.63 -0.59 no
CcWRKY10 Ccam02g02058 204 22130.84 5.35 30.09 72.21 -0.41 no
CcWRKY11 Ccam02g03195 352 38764.21 9.70 56.43 62.59 -0.71 no
CcWRKY12 Ccam03g00297 447 49627.64 4.81 48.17 60.49 -0.82 no
CcWRKY13  Ccam03g00517 580 62741.96 6.10 56.92  57.03 -0.74 no
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CcWRKY14  Ccam03g00678 587 63893.12 7.65 57.10 48.57 -0.81 no
CcWRKY15 Ccam03g00785 318 35629.67 5.88 62.85 56.16 -0.77 yes
CcWRKY16 ~ Ccam03g00786 369 40928.02 6.64 48.93 63.20 -0.58 no
CcWRKY17  Ccam03g01932 185 21015.35 9.51 56.98 50.54 -0.96 yes
CcWRKY18 Ccam03g02460 195 21949.96 8.51 44.02 67.03 -0.63 no
CcWRKY19 Ccam03g02482 344 37433.49 6.33 62.54 56.69 -0.67 no
CcWRKY20  Ccam03g02618 318 35462.09 5.52 64.62 52.20 -0.84 no
CcWRKY21 Ccam03g02853 314 34696.04 6.70 51.94 68.06 -0.56 yes
CcWRKY22  Ccam03g02855 397 43406.46 5.59 54.76 63.58 -0.61 no
CcWRKY23 Ccam03g03394 353 39198.64 9.62 64.56 70.48 -0.66 no
CcWRKY24  Ccam03g03468 206 23872.61 8.16 56.49 45.73 -0.97 no
CcWRKY25 Ccam03g03793 488 54296.39 6.91 54.34 48.38 -0.92 no
CcWRKY26 ~ Ccam03g03866 539 58720.89 7.66 53.06 56.81 -0.81 no
CcWRKY27  Ccam04g00306 471 52258.51 8.87 47.95 62.48 -0.82 no
CcWRKY28 Ccam04g00410 430 47039.08 5.09 42.63 56.05 -0.76 no
CcWRKY29 Ccam04g00759 154 17619.86 8.88 42.03 62.66 -0.70 no
CcWRKY30  Ccam04g01225 310 34539.94 6.60 57.52 73.90 -0.61 no
CcWRKY31 Ccam04g01229 491 53286.15 8.47 57.39 59.86 -0.81 no
CcWRKY32  Ccam04g01721 261 28875.12 7.74 30.20 65.40 -0.79 no
CcWRKY33 Ccam04g01778 302 33464.86 8.97 53.71 65.23 -0.69 no
CcWRKY34  Ccam04g01779 208 23301.12 5.61 56.75 66.59 -0.81 yes
CcWRKY35 Ccam04g02102 654 71102.38 5.68 52.74 64.36 -0.74 no
CcWRKY36 ~ Ccam05g00359 490 55070.47 4.94 54.73 82.71 -0.75 no
CcWRKY37  Ccam05g00959 740 80083.45 6.09 50.14 56.27 -0.73 no
CcWRKY38 Ccam05g02331 165 18405.91 9.72 33.52 63.82 -0.81 no
CcWRKY39 Ccam05g02771 415 45104.08 5.48 42.52 59.71 -0.70 no
CcWRKY40  Ccam05g03164 299 32838.52 5.77 54.63 67.16 -0.66 no
CcWRKY41 Ccam06g01064 182 20838.10 9.37 40.19 51.32 -1.04 yes
CcWRKY42  Ccam06g01432 208 24184.94 8.41 61.09 42.12 -1.05 no
CcWRKY43 Ccam06g01636 334 37415.68 9.52 50.64 65.39 -0.53 no
CcWRKY44  Ccam06g02136 352 39633.05 9.73 62.27 61.19 -0.74 no
CcWRKY45 Ccam07g00975 430 47493.15 5.19 57.10 57.60 -0.76 no
CcWRKY46 ~ Ccam07g01469 596 64053.71 5.73 52.90 59.51 -0.70 no
CcWRKY47  Ccam(07g01532 317 35077.74 7.11 5741 42.78 -091 yes
CcWRKY48 Ccam07g01664 267 29370.72 5.76 68.89 52.28 -0.75 no
CcWRKY49 Ccam07g01903 325 36564.64 9.71 55.60 65.11 -0.72 no
CcWRKY50 ~ Ccam08g01789 252 28300.28 9.16 47.47 68.85 -0.62 no
CcWRKY51 Ccam08g01792 317 35249.97 8.74 57.54 63.38 -0.80 no
CcWRKY52  Ccam08g01826 555 59846.56 6.33 55.48 64.20 -0.74 no
CcWRKY53 Ccam08g02171 308 33376.94 9.56 43.95 67.86 -0.51 yes
CcWRKY54  Ccam(09g01851 474 52618.54 5.55 46.69 64.85 -0.76 no
CcWRKY55 Ccam10g00062 193 21995.86 9.49 49.33 58.65 -0.81 no
CcWRKY56 ~ Ccam10g00088 336 37554.78 5.84 63.41 54.88 -0.74 no
CcWRKYS57  Ccaml10g01821 240 27430.30 5.53 58.25 53.12 -1.03 no
CcWRKY58 Ccam10g01879 313 34489.17 5.95 66.23 45.18 -0.87 yes
CcWRKY59 Ccam10g02021 512 55821.95 8.30 51.92 62.97 -0.64 no
CcWRKY60 ~ Ccaml1g00131 303 33627.60 5.64 60.15 64.39 -0.68 yes
CcWRKY61 Ccam11g00149 236 26917.31 6.40 54.36 61.48 -0.84 no
CcWRKY62 ~ Ccaml11g01089 797 87554.96 6.35 54.73 62.15 -0.72 no
CcWRKY63 Ccam11g01090 706 76678.53 5.86 56.37 61.60 -0.71 no
CcWRKY64  Ccaml1g01170 503 54849.97 8.34 56.59 63.92 -0.60 no
CcWRKY65 Ccam11g01283 242 27323.35 5.88 61.00 51.07 -0.88 yes
CcWRKY66 ~ Ccam11g01643 472 52370.07 8.97 48.45 62.75 -0.92 no
CcWRKY67  Ccaml11g01901 742 79958.11 5.70 50.01 56.99 -0.71 no
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CcWRKY68 Ccam12g00109 557 61024.06 6.23 53.05 61.38 -0.69 no
CcWRKY69 Ccam12g00173 336 36891.77 8.67 60.18 45.86 -091 yes
CcWRKY70 Ccam12g00336 276 30345.67 5.12 63.80 52.03 -0.75 no
CcWRKY71 Ccam00g00092 572 62699.88 6.85 49.20 58.72 -0.72 no
CcWRKY72 Ccam00g00207 287 31649.25 4.83 47.47 57.07 -0.53 no
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Footnote: All the Cc(WRKY TFs were located at the nucleus and contained no targeting proteins
except for CCWRKY29 (chloroplast, signal peptide).
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Figure 1. The distribution of CcWRKY genes on chromosomes. The scale bar on the left corresponds
to the length of the chromosomes.

2.2. Classification and Phylogenetic Analysis

The phylogenetic analysis showed that CcCWRKY proteins were divided into three
groups (I, II, and III), and group II contained five subgroups (Ila, II b, I ¢, I d, and Ile)
(Figure 2). Among these groups, group III was clustered with group IId + Ile. Members of
different subfamily CcWRKY TFs clustered with the corresponding AtWRKY subfamilies.
There were 14 AtWRKY proteins and 14 CcWRKY proteins in group 1. Also, the number
of Cc(WRKY proteins was the same as that of AtWRKY proteins in group IIb (both of them
were eight). There were 17 AtWRKY proteins and 15 CcWRKY proteins in group Ilc, seven
AtWRKY proteins and nine CcWRKY proteins in group IId, eight AtWRKY proteins and
nine CcWRKY proteins in group Ile, and 14 AtWRKY proteins and 11 CcWRKY proteins
in group III. However, in group Ila, there were three AtWRKY proteins, whereas the num-
ber of CcWRKY proteins was six, which was twice the number of AtWRKY. Though the
number of WRKY TFs varied between C. camphora and A. thaliana across different groups,
the chi-square test demonstrated that the difference was not statistically significant (X-
squared =1.7869, df =6, p = 0.9382).
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© Arabidopsis thaliana
® Cinnamomum camphora

Figure 2. Phylogenetic tree of WRKY family in C. camphora and A. thaliana. The consensus maximum
likelihood (ML) phylogenetic tree was inferred using IQ-TREE with 1000 ultra-fast bootstrap (BS)
replicates. The WRKY proteins were clustered into three groups (I, II, and III), and group II con-
tained five subgroups (Il a, II b, I ¢, I d, and II e). The different species and groups are indicated by
different colors. The BS values of nodes are shown.

2.3. Motif Analysis of the WRKY in C. camphora

The visualization and comparison of 72 CcWRKY protein sequences showed that
most of the TFs contained a highly conserved heptapeptide, WRKYGQK, and a zinc finger
motif (C2Hz type/C2HXC type) (Figure S1), while some sequence variations occurred (Fig-
ure S2). Specifically, the corresponding heptapeptides for CcWRKY1/10/29/34/38 were
WRKYGKK, WRKYAQE, WKKYGQK, GKKYGQK, and WKKYGQK, respectively. Fur-
thermore, we did not observe a corresponding zinc finger structure following the con-
served heptapeptide sequences in CcWRKY6 and WRKY10.

Subsequently, we identified ten conserved motifs among 72 CcWRKY TFs (Figures 3
and S3). Motif 1 and motif 3 represented the conserved heptapeptide WRKYGQK, while
motif 2 contained most of the zinc finger structure. Collectively, motif 1 and motif 2
formed a conserved WRKY domain (Figure S3). Generally, most Cc(WRKY proteins (70
out of 72) possessed both motif 1 and motif 2. Additionally, group III not only had motif
1 and motif 2 but also possessed motif 3, corresponding to two WRKY domains. Further-
more, we found that the motif composition and distribution were relatively conservative
among members within the same clade. For example, motifs 1/2/5/7 were present in every
WRKY protein in the Ila subgroup clade, with motif 1 and motif 2 located between motif
5 and motif 7, motif 5 located at the N-terminal, and motif 7 located at the C-terminal of
the WRKY protein sequences. This indicates that motif patterns could be related to the
function of WRKY proteins. Meanwhile, closely related clades shared motif similarities
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but also exhibited clade-specific attributes. For example, motif 5 and motif 7 were exclu-
sively present in the Ila clade and the IIb clade, while motif 9 only appeared in the latter
clade.

Finally, we conducted a cis-acting regulatory elements analysis. The results indicated
that, in addition to the core CAAT-box and TATA-box elements, as well as some non-
functional elements, a total of 61 cis-regulatory elements were identified in the promoter
regions of CcWRKY genes (Table S3, Figure S4). These elements were mostly related to
hormone response, light response, plant growth and development, as well as stress re-
sponse. Most CcWRKY genes contained 20 to over 30 cis-acting elements. Nevertheless,
the number of cis-elements varied among CcWRKY genes. CcWRKY16 contained the few-
est cis-acting elements (12), whereas CcWRKY21 contained the most (49). Among the
CcWRKY genes, cis-acting elements related to abscisic acid responsiveness (ABRE), anaer-
obic induction (ARE), light responsiveness (Box4, G-box), and MeJA responsiveness
(CGTCA-motif, TGACG-motif) were notably prevalent. These cis-acting elements collec-
tively exceed 100 across the CcWRKY genes, with most genes containing at least one of
them (Table S3).
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Figure 3. Conserved motifs for CcCWRKY proteins in C. camphora. Different motifs are shown with
colored boxes and numbers (1-10). The lines represent the non-conserved sequences. The lengths of
motifs can be estimated using the scale at the bottom.

2.4. Identification of Differential Expression Patterns of WRKY Genes

We isolated total RNA from tree leaves collected from healthy camphor trees during
three distinct leaf-expansion stages (Figure 4A). Qualified RNA samples were subject to
RNA sequencing, and an average of 6.06 Gb of clean data (see Materials and Methods)
were generated for each sample (Table 54).

Using these transcriptomic data, we conducted differential gene expression (DGE)
analyses between S1 and S2 and between S1 and S3 (Figure 4B). In total, 1062 up-regulated
genes were found between S1 and S2, which were enriched in 51 gene ontology (GO)
terms relating to ‘Biological processes’; meanwhile, 1279 up-regulated genes were found
between S1 and S3, which were enriched to 66 GO terms (Table S5) relating to ‘Biological
processes’. Notably, 34 enriched GO terms were present between both 51-52 and S1-S3,
some of which were related to the response to temperature, abscisic acid, light stimulus,
and cell wall development (Table S5). Specifically, we found three (CcWRKY24,
CcWRKY42, CcWRKY70) and five (CcWRKY24, CcWRKY42, CcWRKY48, CcWRKY58,
CcWRKY70) Cc(WRKYs genes that were up-regulated from the S1 to the S2 stage and from
the S1 to the S3 stage, respectively (Table S6 and S7). We focused the subsequent valida-
tion analysis on CcWRKY24, CcWRKY42, and CcWRKY70 genes, considering that these
three genes exhibited up-regulation from S1 to S2 as well as from S1 to S3 (logz[Fold
Change (FC)] > 1; pagj < 0.05) (Figure 4B).

The heatmap results based on the transcripts per kilobase per million mapped reads
(TPM) profile showed that these three genes exhibited relatively low expression levels in
the S1 stage. The expression level of CcWRKY42 was higher in the 52 and S3 stages com-
pared with the S1 stage, while the expression level of CcWRKY24 gradually increased from
the S1 to the S3 stage. The expression level of CcWRKY70 increased from the S1 stage to
the 52 stage and was similar between the 52 and the S3 stage (Figure 4C, Table S8).

Furthermore, the qPCR experiments showed that the expression profiles of these
three genes were consistent with those predicted by transcriptome data. The one-way
ANOVA indicated that the expression levels of CcWRKY24 (F = 1790, df = 8, p < 0.001),
CcWRKY42 (F = 46.35, df = 8, p = 0.001), and CcWRKY70 (F =11.07, df = 8, p < 0.01) among
the three time periods were significantly different (Table 59). Multiple comparisons
(Tukey’s post-hoc analysis) indicated that the relative expression level of CcWRKY24 and
CcWRKY42 increased sequentially from S1 to S3 (p < 0.05), while that of CcWRKY70 was
higher in 52 and S3 compared to S1 (p < 0.05) and no significant difference was found
between the latter two stages (Figure 4D).
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Figure 4. (A) The morphological illustrations of C. camphora at three stages of leaf development.
Scale bar: 5 cm. (B) Volcano plots displaying the DEGs between different stages. Each point on the
plot represents an individual gene, with the x-axis indicating the log2FC in gene expression and the
y-axis showing the statistical significance (-logiopadj). (C) The predicted expression of CcWRKY24,
CcWRKY42, and CcWRKY70 at three stages. TPM values for CCWRKY genes were log-transformed.
The heatmap corresponds to gene expression levels. (D) Relative expression levels of three CcWRKY
genes quantified by qPCR. Error bars indicate standard errors of three biological replicates. Aster-
isks indicate the significance of the expression level difference among stages ("p > 0.05, * p < 0.05, **
p <0.01, *** p <0.001).

3. Discussion

The WRKY TF family, one of the essential classes of TFs in plants, plays an indispen-
sable role in plant growth, development, and stress response [4,44]. With the continuous
expansion of relevant research, the genome-wide analysis of the WRKY gene family has
been conducted in numerous species, among which the number of identified WRKY pro-
teins differed. For example, there are more than 70 WRKY proteins in Arabidopsis [45], 58
in eggplant [46], 79 in potato [47], 109 in rice [48], and 185 in soybean [49]. In this study,
72 WRKY proteins were identified in C. camphora, which was comparable to those identi-
fied in Arabidopsis and potato but less than that in rice and soybean.

The prediction of physicochemical properties for 72 CcWRKY TFs indicated that 40
proteins were acidic (pI <7), 32 were alkaline (pI >7), and most (67 out of 72) were unstable
(Table 1). Furthermore, there were also differences in the length, molecular weight, and
aliphatic index of the 72 CcWRKY TFs identified (Table 1). Despite the variation in the
physicochemical properties of these proteins, they were determined to be hydrophilic,
which is similar to what was found by Guo et al. [50]. The observed variation in the phys-
icochemical properties of these CcWRKYs indicates the structural complexity and func-
tional divergence among them, which is consistent with the literature [51]. The structural
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complexity and functional diversity among CcWRKYs imply their versatile physiological
roles and regulatory functions within the plant. Therefore, a deeper understanding of the
structures and functions of CcWRKYs can help us gain better insights into the growth,
development, and environmental stress response mechanisms of the camphor tree, as sug-
gested by the study on tobacco. Additionally, the analysis of conserved domains revealed
that almost all the CcWRKY genes possessed motif 1 and motif 2, which together formed
a single WRKY conserved domain (Figures 3, S1, and S3). This reflects the structural con-
servatism of CcWRKY TFs. Meanwhile, the same clade or closely related clades shared
motif similarities, while possessing subgroup-specific motifs (Figure 3). This finding is
similar to those reported by Guo et al. [50] and Hu et al. [52], which could partly explain
the pattern of functional diversification in WRKY TFs. The majority of CC(WRKY TFs were
located at the nucleus, as subcellular localization predictions showed (Table 1), suggesting
that Cc(WRKY TFs likely play a primary role in transcriptional regulation within the nu-
cleus. Yang et al. [41] identified 3 TPS (CcTPS1, CcTPS3, CcTPS4) and 37 other genes (in-
cluding 5 WRKY, 15 MYB, 10 ERF/AP2, 5 bZIP, and 2 BHLH) that may be crucially involved
in the biosynthesis and regulation of monoterpenes in C. camphora. Chen et al. [53] discov-
ered that AtGPPS11 and AtGGPPS12 interacted to regulate monoterpene biosynthesis in
Arabidopsis flowers. Meanwhile, AtWRKY12 and AtWRKY13 interacted with SPL10 to
modulate the age-mediated flowering process [27]. These findings imply putative inter-
actions between CcWRKY and other TFs as well as within the Cc(WRKYs.

In our study, the phylogenetic analysis revealed that the members of Cc(WRKYs clus-
tered with their corresponding Arabidopsis subfamilies (Figure 2). Specifically, CcCWRKYs
were categorized into three groups (groups I, II, and III). Group II can be further divided
into five subgroups (Ila, IIb, Ilc, IId, Ile). Among these five subgroups, group Ila was sister
to group IIb, group Ild was sister to group Ile, group Ilc exhibited an orphan clade, while
group Il was nested within group II. This is consistent with the classification of A. thaliana
[4-6], indicating that the identification and classification of the 72 CcWRKYs are reliable
and that the WRKY TF families in C. camphora and A. thaliana share similar evolutionary
processes and a high degree of conservatism.

The literature shows that group Ilc harbors a greater sequence diversity than other
subgroups in group II [3]. Similarly, their functions are also diverse. In our study, the
phylogenetic analysis showed that both CcWRKY24 and CcWRKY42 belong to group Ilc,
which are orthologs of AtWRKY12 (Figure 2). Functionally, AtWRKY12 and AtWRKY13,
a paralogous pair of TFs, likely play a role in the transition from a vegetative phase to a
reproduction phase [2,27]. For example, the knockout of the AtWRKY12 gene could delay
the flowering time, while the loss of the AtWRKY13 function would accelerate the flower-
ing process [27,28]. Meanwhile, they also play different roles in stem development [2]. In
our study, as the leaves developed from S1 to S3, the floral organs continued to develop
at the same time (Figure 4A). Therefore, Cc(WRKY24 and CcWRKY42 were presumed to
be involved in the regulation of plant growth associated with the development of both
vegetative and reproductive organs. Additionally, phylogenetic analysis showed that
CcWRKY70 was close to AtWRKY14, AtWRKY35, AtWRKY65, and AtWRKY69, all of
which belong to subgroup Ile (Figure 2). Previous research indicates that WRKY14 (ABT1)
is an important regulator of thermomorphogenesis in Arabidopsis, and its close homologs
WRKY35 (ABT2), WRKY65 (ABT3), and WRKY69 (ABT4) also play critical roles in this
responding process [54]. Therefore, we speculate that Cc(WRKY?70 could also play a key
role in plant thermomorphogenesis (which is also tightly linked to leaf expansion), ena-
bling C. camphora to achieve coordinated growth under various combinations of temper-
ature, light, and other environmental conditions. However, whether CcWRKY24/42/70
possesses these functions remains to be functionally validated. Functional analysis meth-
ods such as gene knockout and overexpression can be considered in future work.

The roots, bark, and leaves of C. camphora are rich in essential oils, which mainly
comprise monoterpenes and sesquiterpenes [55]. During the processes of leaf growth and
floral organ development in the camphor tree, there would be an accumulation of
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terpenoids and aromatic compounds. It is widely acknowledged that terpenoids and aro-
matic compounds, as important constitutes of plant secondary metabolites, have signifi-
cant implications for the economic value and ecological functions of plants, including the
camphor tree [56], the Arabian jasmine (Jasminum sambac) [57], the Chinese mahogany
(Toona sinensis) [58], and the sweet osmanthus (Osmanthus fragrans) [59]. These com-
pounds not only endow plants with unique aromas and flavors but also play a crucial role
in plant stress resistance, defense mechanisms, and interactions with other organisms [60-
62]. It is acknowledged that the WRKY TFs play pivotal roles in regulating these second-
ary metabolites. For instance, studies have indicated that WRKY genes may be involved
in aroma synthesis by regulating the production of terpenes and aromatic volatiles [63—
65]. Lu et al. [64] suggested that overexpression of [sWRKY51 is a crucial factor in enhanc-
ing the accumulation of [3-ocimene, an important aromatic terpene component in Jas-
minum sambac. Regarding the synthesis and accumulation of these compounds, several
studies have revealed that a large number of volatile compounds are gradually synthe-
sized and accumulated during the bud-to-full-blooming flowering stages [57,66,67]. Spe-
cifically, Lu et al. [64] discovered that some WRKY genes were highly expressed in full-
blooming flowers, as well as being significantly associated with the accumulation of mul-
tiple terpenoid compounds at the blooming stage. Meanwhile, Ding et al. [63] showed that
eight OfWRKYs participated in regulating flowering in the sweet osmanthus. Among
these eight genes, the expression patterns of OfWRKY7/19/36/139 were correlated with
specific monoterpenes. Therefore, we speculate that CcWRKY TFs may be involved in the
development of both leaf and floral organs in the camphor tree, as well as the accumula-
tion of secondary metabolites. Although this study did not include metabolomic data, we
strongly recommend that future studies integrate metabolomic data to further investigate
the functional dynamics of WRKY genes during the leaf expansion stage or other devel-
opment periods. This approach will help provide a more comprehensive understanding
of the role of WRKY genes in plant growth and offer deeper insights into their complex
regulatory networks.

Moreover, we found that three genes (CcWRKY24, CcWRKY42, CcWRKY70) continu-
ously exhibited up-regulation across three leaf expansion stages. Given that WRKY genes
may also play roles in other regulation pathways related to photosynthesis, which could
retain stable expressions during leaf expansion, the number of identified CcWRKY genes
with differential expressions among conditions is reasonable and aligns with the biologi-
cal context. Furthermore, the qPCR experiments confirmed that the expression level of
CcWRKY24 increased gradually from S1 to S3, while CcWRKY42 and CcWRKY70 demon-
strated higher expression levels in 52 and S3 than in S1. This suggests that these three
genes may be involved in various regulation pathways during the expansion of leaves.
Additionally, studies have shown that WRKY TFs mediate morphogenesis during the
vegetative growth phase of plants. For example, AtWRKY44 is a crucial regulator of early
trichome development [68] and AtWRKY71 plays an important role in shoot branching
[69]. Research on the role of WRKY TFs in leaf expansion is extremely scarce, but our
current study has provided a foundation for future work to build on. In summary, our
study appears to be the first one to investigate WRKY TFs across the C. camphora genome,
profiling their gene expression during the leaf expansion phase and setting the stage for
functional analyses of these and other TFs in the camphor tree.

4. Materials and Methods
4.1. Identification and Physicochemical Properties Analysis

Available AtWRKY protein sequences were obtained from the Arabidopsis Infor-
mation Resource database (TAIR, http://www.arabidopsis.org/, accessed on 27 February
2024). Then, we downloaded the Hidden Markov Model for WRKY TFs (PF03106) from
the Pfam website (v. 36.0) (http://pfam.xfam.org/, accessed on 27 February 2024) [70]. Sub-
sequently, we used the Blast program (a cutoff of E<1 x e?) and the Simple HMM search



Forests 2025, 16, 266

12 of 19

program available from Tbtools software (v. 2.064) [71] to identify WRKY family members
from the whole genome of C. camphora [34]
(https://doi.org/10.6084/m9.figshare.20647452.v1, accessed on 27 February 2024). The
search results were merged, and the intersection was taken as candidate proteins. These
candidate proteins were submitted to the NCBI CDD database [72] and the Batch SMART
program in Tbtools for validation of conserved domains. The physicochemical properties
and the subcellular localization information of the WRKY TFs were analyzed by the
Online Tool ExPASy [73] and the WOLF PSORT tool [74], respectively. TargetP-2.0 was
used to predict the presence of targeting proteins [75]. The NLS motifs were predicted
using the NLStradamus tool [76]. We used the Gene Location Visualize module from the
GFF program in Tbtools to visualize the distribution of CcWRKY genes on chromosomes.
Additionally, we performed a chi-square test to determine whether these WRKY genes
were randomly distributed across these chromosomes with the chisq.test function from
the R package stats (v. 4.1.2) [77].

4.2. Phylogenetic Tree Analysis

The WRKY protein sequences of C. camphora and A. thaliana were aligned using
MAFFT (v. 7.508; --auto) [78] and then trimmed using trimAl (v. 1.4; -automated1) [79].
Next, the consensus maximum likelihood (ML) phylogenetic tree was inferred using IQ-
TREE (v. 2.2.0.3) with 1000 ultra-fast bootstrap (BS) replicates [80,81]. The best-fit protein
substitution model was determined automatically with ModelFinder as supported by IQ-
TREE (JTT+F+I+R6) (-m MFP) [82]. The phylogenetic tree was visualized using the tvBOT
Online Tool [83]. Furthermore, we performed a chi-square test to examine whether the
numbers of WRKY TFs differed between the camphor tree and A. thaliana among groups
with the chisq.test function from the R package stats.

4.3. Analysis of Conserved Motifs of CCWRKY TFs

The WebLogo tool (v. 2.8.2) [84] was used to visualize the sequences of the conserved
CcWRKY domains. Later, these sequences were compared by the Jalview program (v.
2.11.4.1) [85] after being aligned with the Clustal Omega program (v. 1.2.4) available from
the EMBL-EBI Job Dispatcher [86]. The neighbor-joining (NJ) tree of Cc(WKRY proteins
was inferred using MEGA11 [87]. The conserved motifs of WRKY TFs were predicted by
the MEME analysis suite (v. 5.5.5) [88] with the number of motifs set to 10. Subsequently,
the results were visualized by tvBOT. In addition, the cis-acting regulatory elements (2000
bp upstream from the starting codon) of the CcWRKY genes were searched by the Plant-
CARE tool [89].

4.4. Sample Collection and Transcriptome Sequencing

To analyze the CcWRKY gene expression profiles during leaf expansion, we collected
healthy leaves of C. camphora at three different stages (S1: 10 AM, 9 April 2024; S2: 10 AM,
April 24, 2024; S3: 10 AM, 7 May 2024) at Taizhou University, Zhejiang Province. All these
days were sunny days. Compared to the preceding week (2 April 2024; 17 °C), tempera-
tures at the three sampling points progressively increased (S1: 19 °C; S2: 21 °C; S3: 23 °C).
Three biological replicates for every stage were sampled. The three sampled trees were all
planted in 2004, sourced from the same nursery, and propagated from the same cloned
genotype. Currently, the trees are approximately eight meters tall. They were planted in
an open, sun-exposed area on the campus, growing side by side with no shading between
them. Branches with flowers from the uniformly sunlit side of the trees were collected,
and adjacent leaves near the floral organs were harvested. The leaves were immediately
stored in liquid nitrogen upon collection and were kept frozen until RNA extraction.
These leaf samples were sent to a commercial sequencing institute (Annoroad Gene Tech-
nology Co., Ltd., Beijing, China) for RNA extraction and transcriptome sequencing. The
total RNA was extracted  based on  the pBIOZOL methods
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(https://www.protocols.io/view/rna-isolation-from-plant-tissue-protocol-7-pbiozol-
81wgble9yvpk/vl). The purity, concentration, and integrity of RNA products were deter-
mined with a Nanodrop2000 microspectrophotometer and a Labchip GX touch microflu-
idic capillary system. Following the manufacturer’s protocol and the literature, RNA sam-
ples with OD260/0D280 ratio of ca. 2.0, total RNA amount > 1 ug, and RNA integrity
number (RIN) > 6 were considered qualified [90]. Different RNA libraries were pooled
according to the effective concentration and the target downstream data volume and then
sequenced on the DNBSEQ™.-T7 instrument to generate 150 bp paired-end reads. Adapter
reads, reads containing ambiguous bases, and low-quality reads (bases with Q < 20 ac-
counted for more than 50% of the entire read length) were removed from the raw sequenc-
ing data with in-house scripts available in the sequencing institute.

4.5. Differential Expression Patterns of CCWRKY Genes

To investigate DEGs between these leaf expansion stages (S1-53), we mapped clean
transcriptomic reads to the C. camphora genome using HISAT2 (v. 2.2.1) [91]. Subse-
quently, we analyzed the expression levels of genes using StringTie (v. 2.2.1) [92]. The
read count information was extracted using the prepDE.py script available in StringTie
(Table S10). Based on the count information file, the DEGs were identified using the R
package DESeq?2 (v. 1.34.0) [93] based on the criteria of 110g2FC| > 1 and padj < 0.05. Next,
we annotated these DEGs by querying against A. thaliana and then enriched them to test
whether these genes were statistically strongly associated with the GO terms. Annotation
and enrichment analysis were conducted using KOBAS-i [94]. The GO terms under the
‘biological process’ category were focused on, and only those with Fisher’s exact test (with
Benjamini and Hochberg FDR correction) p-value <0.05 were kept. Meanwhile, we plotted
a volcano plot and identified the upregulated WRKY genes between stages based on the
results of our DEG analysis. To investigate the differences in expression levels of these
upregulated genes during these stages, we utilized the getTPM.py script available in
StringTie to perform normalization of read counts and gene lengths, thereby eliminating
the impacts of sequencing depth and gene length biases, resulting in a TPM profile. The
heatmap based on the TPM profile and the volcano plots were generated using the RNA-
diff module (v1.1.0) (https://github.com/nongxinshengxin/RNAdiffAPP, accessed on 20
July 2024) available from TBtools.

4.6. Quantitative Real-time Polymerase Chain Reaction (gPCR)

To verify the expression differences of three CcWRKY genes that were up-regulated
between both 51-52 and S1-S3, we conducted a qPCR analysis using the mRNA dye-based
method (with the intercalating of SYBR Green) [95]. The RNA was extracted from leaves
that were used for the RNA-seq as described above. We used the FastKing RT Kit (with
gDNase) (TTANGEN Biotech, Co., Ltd., Beijing, China) to remove gDNA and synthesize
cDNA by following the manufacturer’s protocol. The CcActin gene was used as the refer-
ence gene for qPCR [41]. The primers for the selected CcWRKY genes were designed using
the online software primer3 (v. 0.4.0) (Table 511) [96].

The qPCR was performed on a CFX96™ Real-Time System (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) using the ChamQ Universal SYBR qPCR Master Mix (Vazyme
Biotech, Co., Ltd., Nanjing, China). The qPCR conditions consisted of initial denaturation
at 95°C for 10 s, followed by 40 cycles of denaturation at 95°C for 10 s, and then annealing
and extension at 60°C for 30 s. Then, we performed a melting curve analysis to determine
the specificity of the reactions. The relative expression of each gene was calculated by the
2-%“ct method [97]. The expression levels of genes in S1 were set as the reference. Finally,
we tested whether gene expression levels differed among the three stages with one-way
ANOVA and Tukey’s post-hoc analysis using R package stats.

5. Conclusions
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Through a comprehensive genome-wide study of the WRKY gene family in the cam-
phor tree, we developed a fundamental understanding of their physicochemical proper-
ties and structural characteristics, phylogenetic relationships, and gene expression pro-
files during leaf expansion. The transcriptional up-regulation of certain CcWRKY genes
during leaf expansion suggests their regulatory role in this important developmental
phase. In the future, functional analyses of these WRKY TFs in C. camphora should be con-
ducted to better understand their roles in leaf expansion and additional developmental
phases. Despite some limitations, this study lays a solid foundation for further investiga-
tions into the regulatory mechanisms of WRKY TFs in the camphor tree.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: Results of conserved domain validation against the NCBI CDD
database; Table S2: Results of conserved domain validation from the SMART program; Table S3
Information of cis-elements present in CcWRKY genes. Table S4: A summary of RNA samples and
sequencing data; Table S5: Significantly enriched Gene Ontology terms (biological process) of DEGs
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S7: The change of gene expression level between S1 and S3; Table S8: TPM matrix of assembled
transcripts among three stages; Table 59: Quantification Cq values from the qPCR experiments; Ta-
ble S10: Gene count information at different stages; Table S11: Primer information of three targeted
genes in the qPCR validation; Figure S1: Conserved domain logo of CC(WRKY TFs; Figure S2: Com-
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