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Abstract 14 

WUSCHEL-related Homeobox (WOX) is a key transcription factor regulating 15 

plant meristems, and plays an important role in plant growth, development and stress 16 

resistance regulation. To analyze the molecular characteristics and functional potential 17 

of the CaWOX gene family in Chosenia arbutifolia (Pall.) A. Skv, genome-wide 18 

identification and bioinformatics analysis were performed in poplar in this study, and 19 

14 CaWOX genes were identified. The 14 CaWOX genes were distributed on 11 20 

chromosomes with 8 tandem duplications. Phylogenetic analysis divided the 14 21 

CaWOX proteins into 4 conserved subgroups, and members in the same subgroup 22 

shared highly conserved conserved motifs and gene structures. The CaWOX family was 23 

highly evolutionarily conserved among closely related species in Salicaceae, but 24 

showed weak collinearity with Arabidopsis thaliana; cis-elements related to meristem 25 

development, hormone response and abiotic stress were enriched in the promoter 26 

regions. Tissue development analysis revealed that CaWOX3/4/5/9/11 participated in 27 

leaf development and maintenance of physiological functions in mature leaves; 28 



 

 

CaWOX1/6/10/14 regulated root development; and CaWOX12 mediated secondary 29 

growth of stems in C. arbutifolia. This study clarified the evolutionary pattern and 30 

functional differentiation of theCaWOX family in C. arbutifolia, providing a key 31 

theoretical basis and gene resources for subsequent functional verification of this gene 32 

family, as well as growth regulation, wood property improvement and stress-resistant 33 

molecular breeding of Salicaceae trees. 34 

Keywords:  35 

WOX，Chosenia arbutifolia，Expression Profiles，evolutionary 36 

Introduction 37 

The WOX (WUSCHEL-related Homeobox) gene family encodes plant-specific 38 

transcription factors belonging to the Homeobox (HB) superfamily[1]. As a unique 39 

class of transcription factors in plants, WOX proteins contain a conserved 40 

Homeodomain (HD) consisting of 60-66 amino acid residues[2, 3]. This domain 41 

functions in binding specific DNA sequences and folds spatially into a three-42 

dimensional structure comprising three α-helices, known as the helix-loop-helix-turn-43 

helix (HLHTH) motif. Beyond the HD, members of the WUS clade possess a unique 44 

WUS-box motif in the carboxy-terminal region, with the consensus sequence T-L-X-L-45 

F-P-X-X (specifically TLELFPLH)[4]. This WUS-box is crucial for WUS function, 46 

regulating the stem cell population in the Shoot Apical Meristem (SAM) and controlling 47 

floral development. Notably, members of the WUS clade have a dipeptide motif at the 48 

start of the WUS-box, whereas WOX proteins from other clades show variations at 49 

these positions[5, 6]. Some WOX family members also contain an EAR-like (ERF-50 

associated amphiphilic repression) domain and the repression-associated WUS-box 51 

domain (with conserved sequences LxLxLx and TLxLFP, respectively) at their C-52 

termini. Recent research highlights that various of the WOX family play significant 53 

roles at different stages of plant development[7, 8]. 54 

In Arabidopsis thaliana, the WOX family comprises 15 members, while in rice, 55 

there are 12 members. Based on the conservation of protein sequences, the WOX family 56 

is phylogenetically divided into three clades: the Modern/WUS clade (including WUS 57 



 

 

and AtWOX1-7), the Intermediate clade (including AtWOX8, AtWOX9, AtWOX11, and 58 

AtWOX12), and the Ancient clade (including AtWOX10, AtWOX13, and AtWOX14). For 59 

instance, AtWUS and AtWOX5 are expressed in the stem and root apical meristems, 60 

respectively, maintaining meristem cell activity and exhibiting functional redundancy 61 

in root stem cell regulation[9]. AtWOX4 and AtWOX14 co-regulate vascular cambium 62 

differentiation, ensuring vascular bundle and stem cell maintenance, while AtWOX6 63 

inhibits primordium differentiation. AtWOX11 and AtWOX12 are induced in the root 64 

cambium and promote adventitious root formation[10]. 65 

The WOX gene family is pivotal throughout plant development. WOX1 has a 66 

conserved function in promoting lateral organ growth in species like pea, A. thaliana, 67 

cucumber, and rice[11]. In A. thaliana, WOX2 and WOX8 exhibit functional redundancy 68 

in regulating apical embryo patterning[12]. WOX3 is key for cell proliferation during 69 

lateral organ growth in Medicago truncatula and A. thaliana [13, 14]. Studies show that 70 

WOX4 role in promoting vascular stem cell proliferation/maintenance is conserved 71 

across A. thaliana, rice, and poplar[15]. WOX5 is expressed in the Quiescent Center 72 

and involved in maintaining the root stem cell niche[16-18]. Silencing of WOX6 delays 73 

primordium differentiation and maturation, and regulates ovule patterning in A. 74 

thaliana. In rice, WOX6 is auxin-responsive and important for linking shoot 75 

gravitropism with tiller angle control. In A. thaliana, WOX7 suppresses lateral root 76 

formation in a sugar-dependent manner[19], WOX9 is essential for meristem growth 77 

and development and positively regulates WUS expression, and WOX11 plays a key 78 

role in shoot development[20-22]. Furthermore, WOX11 and its homolog WOX12 are 79 

involved in adventitious root formation in rice and Liriodendron[23-25]. Research also 80 

indicates that A. thaliana WOX13 promotes fruit development and coordinates 81 

patterning, while WOX14 regulates vascular tissue proliferation[26]. 82 

Given the critical roles of the WOX gene family in plant growth, development, and 83 

developmental plasticity in response to the environment, research on this family has 84 

been conducted in multiple species. However, it has not yet been reported in Chosenia 85 

arbutifolia (Pall.) A. Skv. C. arbutifolia, a member of the Salicaceae family, possesses 86 

pendulous male catkins, and both male and female flowers lack nectaries, resembling 87 



 

 

features of the genus polar. This makes it scientifically valuable for studying Salicaceae 88 

phylogeny[27]. Characterized by fast growth, an elegant form, and strong ecological 89 

benefits, it is often found along riverbanks and streams, serving as an excellent species 90 

for bank protection. 91 

Considering the impact of plant morphogenesis on productivity and the influence 92 

of WOX family members on embryogenesis, organ formation, and environmentally 93 

responsive plasticity, identifying key WOX genes affecting various meristem activities 94 

in C. arbutifolia could provide candidate target genes for molecular breeding aimed at 95 

trait improvement or for the molecular screening of high-yield variants. As the WOX 96 

gene family plays vital roles in processes like plant cell development and tissue 97 

regeneration, this study will employ bioinformatics methods to identify and 98 

systematically analyze the WOX gene family in C. arbutifolia. The aim is to provide 99 

theoretical support for subsequent genetic transformation and regeneration studies in 100 

this species. 101 

Material and methods 102 

Genome-wide Identification of CaWOX Genes 103 

The genomic files, GFF3 annotation file, and CDS sequence file for C. arbutifolia 104 

were downloaded from the NCBI database[27]. Protein sequences of the A. thaliana 105 

WOX gene family were obtained from the TAIR database. A blastp search was 106 

performed against all protein sequences from the C. arbutifolia genome, and genes with 107 

an e-value < 0.001 were selected for preliminary identification. Candidate genes were 108 

further manually analyzed and confirmed to contain conserved domains using the CDD 109 

database. The chromosomal locations of the identified WOX genes were retrieved from 110 

the GFF3 file using their gene IDs. The physicochemical properties of the proteins, 111 

including relative molecular weight, theoretical isoelectric point (pI), instability index, 112 

and grand average of hydropathicity (GRAVY), were analyzed using the ExPASy 113 

online tool. Subcellular localization was predicted using Cell-PLoc 2.0. 114 



 

 

Characterization, Chromosomal Distribution, and Phylogenetic 115 

Analysis of CaWOX Genes 116 

The protein sequences encoded by WOX genes from C. arbutifolia, Salix 117 

suchowensis, A. thaliana, and Populus trichocarpa were downloaded from the 118 

Phytozome database. Multiple sequence alignment of these WOX protein sequences 119 

was performed using ClustalW [28] within the MEGA11 software[29]. A phylogenetic 120 

tree was subsequently constructed using the Neighbor-Joining (NJ) method with 1000 121 

bootstrap replicates based on the alignment results. The tree was visualized and edited 122 

using Evolview. 123 

Gene Structure and Conserved Motif Analysis of CaWOX Genes 124 

Gene structure information (exon-intron organization) for the CaWOX genes was 125 

extracted from the C. arbutifolia genome GFF3 file based on gene IDs and visualized. 126 

Protein sequences of CaWOX members were retrieved using their protein IDs. 127 

Conserved motifs were analyzed using the MEME software[30] suite with parameters 128 

set to identify 10 motifs, a maximum motif width of 50, and a minimum motif width of 129 

6. The identified motifs were annotated using meme-v4.12.0. 130 

Analysis of Cis-acting Elements and Collinearity Relationships of 131 

CaWOX Genes 132 

The promoter regions (2,000 bp upstream of the transcription start site) of CaWOX 133 

genes were extracted. Cis-acting regulatory elements within these promoter sequences 134 

were predicted and analyzed using the PlantCARE database and visualized with the 135 

GSDS online tool. Interspecific collinearity analysis was conducted among four species 136 

(A. thaliana, P. trichocarpa, C. arbutifolia, and S. suchowensis) using McscanX. 137 

Tandemly duplicated gene pairs within the CaWOX family were identified based on 138 

screening criteria. The Ka/Ks ratio for each identified tandem duplicate gene pair was 139 

calculated using the Ka/Ks Calculator function in TBtools software[31, 32]. A circos 140 

plot was generated to illustrate the tandem duplication events[33]. 141 



 

 

Plant Growth Conditions 142 

Branches were collected from superior individuals of Chosenia arbutifolia (Peter 143 

Simon Pallas) A. Skvortsov growing in Manjiang Town, Fusong County, Jilin Province, 144 

China (41°47′10.55″  N, 127°55′56.13″  E). The specimen materials of Chosenia 145 

arbutifolia were stored in the Chinese virtual herbarium146 

（https://www.cvh.ac.cn/index.php）. The specimen number is BJFC00076636 and the 147 

identifier is Zhixiang Zhang. The branches were stored and hydroponically cultured in 148 

the laboratory of Jiangsu Academy of Forestry until leaves emerged. C. arbutifolia were 149 

grown in a greenhouse at the Jiangsu Academy of Forestry. The growth conditions were 150 

maintained at 23°C, 74% relative humidity, with a photoperiod of 16 hours light / 8 151 

hours dark. After approximately one month of growth, different tissues were harvested. 152 

All collected samples were immediately frozen in liquid nitrogen and stored at -80°C 153 

until use. 154 

Total RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) 155 

Analysis 156 

Total RNA was extracted from samples using an RNA extraction kit (TIANGEN, 157 

Beijing). cDNA was synthesized from the RNA using the Evo M-MLV Reverse 158 

Transcription Kit (Accurate Biology, China). Specific primers for the CaWOX gene 159 

family were designed using Primer5, validated, and the optimal primer pairs were 160 

selected for subsequent use. qRT-PCR was performed using SYBR Green Premix Pro 161 

Taq HS (Accurate Biology) on a qPCR instrument with the following program: 95°C 162 

for 10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. 163 

The reference gene used was PtActin (Accession number: XM-006370951.1). Relative 164 

gene expression levels were calculated using the 2-ΔΔCT method. Three independent 165 

biological replicates were performed for each treatment, with three technical replicates 166 

for each biological sample. 167 



 

 

Results 168 

Identification and Analysis of the CaWOX Gene Family 169 

Based on BLASTP search results and CDD domain analysis, a total of 14 CaWOX 170 

genes were identified in the C. arbutifolia genome (Table 1). Following the WOX gene 171 

nomenclature rules established in Arabidopsis thaliana, these 14 genes were designated 172 

CaWOX1 to CaWOX14. The 14 CaWOX genes are distributed across 11 chromosomes: 173 

Chromosomes 4, 9, 10, 11, 12, 13, 14, 15, and 19 each contain 1 gene; Chromosome 2 174 

contains 2 genes; Chromosome 5 contains the highest number with 3 genes. The CDS 175 

lengths of the 14 CaWOX genes range from 642 bp (CaWOX2) to 1221 bp (CaWOX9), 176 

encoding proteins with amino acid lengths between 213 and 406 aa. The relative 177 

molecular weights of the proteins range from 24,481.4 Da to 45,121.3 Da. Among the 178 

14 CaWOX proteins, 8 have theoretical isoelectric points (pI) between 4.87 and 6.91, 179 

classifying them as acidic proteins; 6 have theoretical pI values between 7.66 and 9.99, 180 

classifying them as basic proteins. Subcellular localization prediction indicates that all 181 

14 CaWOX proteins are localized to the Nucleus. 182 

Table1 CaWOX Gene Family 183 

GN GID CID C PL CDS MW PI NE SL 

CaWOX1 Salix001816 Salix001816.1 Chr02 215 648 24600.6 4.87 3 Nucleus 

CaWOX2 Salix002763 Salix002763.1 Chr02 213 642 24481.4 9.7 3 Nucleus 

CaWOX3 Salix006034 Salix006034.1 Chr04 391 1176 43212.9 7.86 3 Nucleus 

CaWOX4 Salix008073 Salix008073.1 Chr05 250 753 28278.2 5.59 3 Nucleus 

CaWOX5 Salix008176 Salix008176.1 Chr05 266 801 30264.7 6.29 3 Nucleus 

CaWOX6 Salix009306 Salix009306.1 Chr05 217 654 24731.7 5.66 3 Nucleus 

CaWOX7 Salix014938 Salix014938.1 Chr09 245 738 27878 7.66 2 Nucleus 

CaWOX8 Salix017014 Salix017014.1 Chr10 309 930 34793.8 9.99 4 Nucleus 

CaWOX9 Salix018617 Salix018617.1 Chr11 406 1221 45121.3 7.86 4 Nucleus 

CaWOX10 Salix019842 Salix019842.1 Chr12 365 1098 41117.1 6.52 4 Nucleus 

CaWOX11 Salix021133 Salix021133.1 Chr13 255 768 28051.9 5.95 2 Nucleus 

CaWOX12 Salix021874 Salix021874.1 Chr14 217 654 24976.8 8.48 3 Nucleus 

CaWOX13 Salix023427 Salix023427.1 Chr15 383 1152 42941.1 6.91 4 Nucleus 

CaWOX14 Salix029936 Salix029936.1 Chr19 235 708 25850.5 5.74 2 Nucleus 

NOTE: GN:Gene Name. GID: GeneID. CID: Mrnaid. Chr.PL: length of Pro in AA. 184 

MW: Molecular Weights (MV). PI: Protein Isoelectric Points. NE: Number of Exons. 185 

SL: subcellular localization. 186 



 

 

Phylogenetic Analysis of the CaWOX Gene Family 187 

A phylogenetic tree was constructed using 15 A. thaliana WOX genes, 18 P. 188 

trichocarpa WOX genes, 16 S. suchowensis WOX genes, and the 14 CaWOX genes, as 189 

shown in the figure 1. According to the clustering pattern of the A. thaliana WOX gene 190 

family, the 63 WOX genes were divided into three major clades. Clade 1 contains 36 191 

genes, Clade 2 contains 12 genes, and Clade 3 contains 15 genes. WOX genes from all 192 

four species are distributed across each clade, indicating the relatively conserved 193 

evolution of the WOX gene family in plants. The 14 CaWOX genes are clustered into 194 

these clades as follows: Clade 1 contains the largest number (7 members): CaWOX2, 195 

CaWOX5, CaWOX7, CaWOX8, CaWOX10, CaWOX12, and CaWOX13. Clade 2 196 

contains 4 members: CaWOX3, CaWOX9, CaWOX11, and CaWOX14. Clade 3 contains 197 

3 members: CaWOX1, CaWOX4, and CaWOX6. 198 



 

 

 

Figure 1. Phylogenetic tree of the WOX gene family across different species. The 
evolutionary relationships among WOX genes from A. thaliana, P. trichocarpa, C. 
arbutifolia, and S. suchowensis are shown. 

Conserved Motif Analysis and Gene Structure Analysis of the Gene 199 

Family 200 

The results from the MEME software analysis indicate that the number and 201 

arrangement of conserved protein motifs within the 14 CaWOX protein sequences 202 

exhibit a degree of similarity and conservation (Figure 2). All 14 CaWOX protein 203 

sequences contain motif 1 and motif 2. Within Clade 3, the three CaWOX protein 204 

sequences share identical types and numbers of conserved motifs: motif 1, motif 2, 205 

motif 4, and motif 6. In Clade 1, the seven CaWOX protein sequences show some 206 

variation in their conserved motif composition. CaWOX2 and CaWOX12 share 207 



 

 

identical motif composition and order: motif 1, motif 2, motif 5, motif 8. CaWOX5 and 208 

CaWOX7 share identical motif composition and order: motif 2, motif 3, motif 8. 209 

CaWOX10 and CaWOX13 share identical motif composition and order: motif 1, motif 210 

2, motif 8, motif 10. In Clade 2, the conserved motifs also show specific patterns. 211 

CaWOX3 and CaWOX9 share identical motif composition and order: motif 1, motif 2, 212 

motif 3, motif 7, motif 9. CaWOX11 and CaWOX14 share identical motif composition 213 

and order: motif 1, motif 2, motif 3. Analysis of the gene structures (exon-intron 214 

organization) of the 14 CaWOX genes reveals a relatively high degree of similarity 215 

among genes within the same clade. In contrast, notable differences in both motif 216 

composition and gene structure are observed between different clades. This suggests 217 

that the CaWOX genes may have undergone functional differentiation in C. arbutifolia, 218 

potentially participating in distinct physiological processes within the plant. 219 

 

Figure 2. Gene structure analysis of the CaWOX gene family. (A) Phylogenetic tree 
of CaWOX proteins. (B) Gene structure and distribution of conserved motifs. 
Different colored blocks represent different types of conserved motifs. (C) Schematic 
of gene structure, where different colored blocks correspond to structural elements 
such as UTR and CDS. 

Analysis of Cis-acting Elements in Gene Promoter Regions 220 

Cis-acting elements located in promoter regions can regulate gene expression by 221 

interacting with trans-acting factors. Analysis of these elements can reveal a gene's 222 

potential responsiveness to various biotic and abiotic stresses. Examination of the 2,000 223 

bp upstream sequences indicates that the CaWOX gene family can be clearly clustered 224 

into two distinct evolutionary clades, with significant genetic differentiation 225 



 

 

characteristics between them (Figure 3). The first clade includes CaWOX2, CaWOX12, 226 

CaWOX7, CaWOX8, CaWOX10, and CaWOX13. High bootstrap support values, often 227 

reaching 100%, among genes within this clade suggest a reliable and close evolutionary 228 

relationship. The second clade comprises CaWOX1, CaWOX4, CaWOX6, CaWOX3, 229 

CaWOX9, CaWOX11, and CaWOX14, whose evolutionary relationships appear more 230 

stable and conserved. The promoter regions of the CaWOX genes contain a rich variety 231 

of cis-acting elements with specific distribution patterns, primarily falling into three 232 

functional categories. Abiotic Stress Response Elements: These include the low-233 

temperature-responsive LTR, drought-responsive MBS, and dehydration/salt stress-234 

responsive DRE elements. For instance, the CaWOX1 promoter contains both LTR and 235 

DRE elements, while CaWOX4 and CaWOX5 promoters are enriched with MBS 236 

elements, suggesting these genes may be involved in adaptive responses to multiple 237 

abiotic stresses. Hormone Signaling Response Elements: These involve ABA-238 

responsive ABRE, jasmonate-responsive CGTCA/TGACG-motif, and gibberellin-239 

responsive P-box elements. For example, the CaWOX2 promoter contains both ABRE 240 

and CGTCA-motif, and CaWOX6 contains the gibberellin-responsive P-box, indicating 241 

this gene family may participate in physiological process regulation through hormone 242 

signaling pathways. Growth and Development-Related Elements: These include 243 

meristem expression-related CAT-box and endosperm development-related 244 

GCN4_motif. Specifically, the CaWOX2 promoter contains a CAT-box, and CaWOX13 245 

contains a GCN4_motif, reflecting the potential roles of some genes in plant growth 246 

and differentiation. Further correlation between phylogeny and element distribution 247 

reveals that genes within the same evolutionary clade share more similar compositions 248 

of cis-acting elements, suggesting that closely related genes tend to have more 249 

consistent functional regulation patterns. In contrast, genes from different clades show 250 

significant differences in element types, corresponding to distinct functional 251 

differentiations. In summary, the evolutionary relationships within the CaWOX gene 252 

family are well-defined. Through diverse promoter cis-acting elements, these genes are 253 

likely broadly involved in abiotic stress responses, hormone signal transduction, and 254 

growth regulation. This analysis provides crucial clues for the subsequent targeted 255 



 

 

validation of gene functions. 256 

 

Figure 3. Evolutionary association analysis of cis-acting elements in the promoters 
of the CaWOX gene family. The left panel shows the phylogenetic tree of CaWOX 
genes. The right panel uses colored bars (with the legend indicating the functional 
categories of the elements, covering hormone response, stress response, growth and 
development regulation, etc.) to represent the distribution of different cis-acting 
elements. 

Ka/Ks Analysis of the CaWOX Gene Family 257 

The results of the Ka/Ks analysis for the 14 CaWOX genes showed that all 258 

homologous gene pairs have Ka/Ks ratios less than 1, ranging from 0.145 to 0.391 259 

(Supplementary data). The pair CaWOX1-CaWOX6 has the smallest Ka/Ks value 260 

(0.145), while CaWOX11-CaWOX14 has the largest (0.391). This indicates that 261 

homologous genes within the CaWOX family have undergone purifying selection 262 

during evolution, with varying intensities of selective pressure across different gene 263 

pairs. Regarding sequence characteristics, the effective lengths of homologous gene 264 

pairs range from 630 to 1143 bp, with CaWOX3-CaWOX9 having the longest effective 265 

length (1143 bp). The average number of synonymous sites (AverageS-sites) ranges 266 

from 133.92 to 265.67, and the average number of non-synonymous sites (AverageN-267 

sites) ranges from 493.42 to 877.33. For all gene pairs, the frequency of synonymous 268 

substitutions (pS) is higher than that of non-synonymous substitutions (pN), further 269 

supporting the role of purifying selection in maintaining the functional stability of 270 

CaWOX genes. 271 



 

 

Collinearity Analysis 272 

Analysis of tandem duplication among the 14 CaWOX genes revealed a dispersed 273 

distribution pattern (Figure 4A), with genes not clustered on a few chromosomes but 274 

rather widely distributed across multiple chromosomes including Chr02, Chr04, Chr11, 275 

Chr12, and Chr15. Chr04 appears to be an enriched region, harboring multiple family 276 

members such as CaWOX3, CaWOX6, and CaWOX5. A total of 8 gene pairs were 277 

identified as tandem duplications. Significant collinearity relationships were observed 278 

across several chromosomes: genes on Chr04 (CaWOX3, CaWOX6) show collinearity 279 

with genes on Chr15 (CaWOX13) and Chr12 (CaWOX10). Similarly, CaWOX9 on 280 

Chr11 forms collinear pairs with CaWOX genes on chromosomes such as Chr04 and 281 

Chr12. These findings indicate that the CaWOX gene family in C. arbutifolia has 282 

experienced gene duplication events during genome evolution, which is a core 283 

mechanism driving the expansion of this gene family. The collinear regions are often 284 

located on dispersed, non-homologous chromosomes, suggesting that genes were 285 

relocated following duplication events during chromosomal evolution. This dispersed 286 

genomic distribution provides a structural basis for the functional differentiation of 287 

CaWOX genes. In summary, the CaWOX gene family in C. arbutifolia expanded 288 

through duplication events, and its dispersed chromosomal distribution and extensive 289 

collinearity relationships provide crucial chromosomal-level evidence for future 290 

investigations into the functional specialization and evolutionary origins of this gene 291 

family. Interspecific collinearity analysis was performed among the genomes of four 292 

species: P. trichocarpa, A. thaliana, S. suchowensis, and C. arbutifolia (Figure 4B). The 293 

collinearity results for the CaWOX gene family were plotted to obtain insights into its 294 

evolutionary history across these lineages. The results show a significant positive 295 

correlation between phylogenetic relatedness and the degree of collinearity 296 

conservation. The densest network of collinear connections is observed between C. 297 

arbutifolia and P. trichocarpa, with multiple chromosomes of C. arbutifolia forming 298 

numerous collinear pairs with most chromosomes of P. trichocarpa. This reflects the 299 

highest degree of evolutionary conservation within the WOX gene family between these 300 



 

 

two species. The number of collinear connections between C. arbutifolia and A. 301 

thaliana is intermediate, reflecting their family-level phylogenetic relationship. In 302 

contrast, collinear connections between C. arbutifolia and S. suchowensis are relatively 303 

sparse, which may be attributed to their greater phylogenetic distance and consequently 304 

lower gene conservation. Furthermore, CaWOX genes can form collinear associations 305 

with homologous genes from multiple species, indicating that the core sequences and 306 

functions of this gene family have retained a degree of evolutionary conservation 307 

throughout plant evolution. In conclusion, this cross-species collinearity analysis not 308 

only confirms the evolutionary conservation of the CaWOX gene family but also 309 

clarifies the influence of phylogenetic relationships on gene collinearity. It provides 310 

crucial evolutionary evidence for inferring the potential biological functions of CaWOX 311 

genes in C. arbutifolia by leveraging known functions from model species. 312 



 

 

 

Figure 4. Chromosomal collinearity analysis of the WOX gene family. (A) Intra-
species collinearity plot among chromosomes of C. arbutifolia. (B) Inter-species 
collinearity plot showing chromosomes of four species: A. thaliana, P. trichocarpa, 
C. arbutifolia, and S. suchowensis. Red connecting lines represent collinear gene 
pairs between different species, illustrating conserved evolutionary relationships of 
WOX genes across species. 

Expression Profiles of CaWOX Genes  313 

To investigate the roles of CaWOX genes in the growth and development of C. 314 

arbutifolia, we analyzed their differential expression across various tissues. 315 

Quantitative real-time PCR (qRT-PCR) was performed to systematically analyze the 316 



 

 

expression patterns of 10 CaWOX family genes across five different tissues, namely 317 

upper stem, lower stem, root, young leaf, and mature leaf (Figure 5). The results 318 

revealed that CaWOX family genes exhibited significant tissue-specific expression 319 

characteristics, with distinct expression profiles of different members during the 320 

development of various plant organs. In leaf tissues, CaWOX3, CaWOX4, CaWOX5, 321 

CaWOX9, and CaWOX11 all showed dominant expression in mature leaves, with their 322 

relative expression levels in mature leaves significantly higher than those in other 323 

tissues including stems and roots (P < 0.05). Among them, CaWOX3, CaWOX5, and 324 

CaWOX11 also maintained high expression levels in young leaves, indicating that these 325 

genes may be widely involved in the whole process of leaf initiation, development, and 326 

maturation in C. arbutifolia. In root tissues, CaWOX1, CaWOX6, CaWOX10, and 327 

CaWOX14 displayed a prominent root-specific high expression pattern. Their relative 328 

expression levels in roots were the highest among all tested tissues, and were 329 

significantly higher than those in stem and leaf tissues (P < 0.05), suggesting that these 330 

four genes play a core regulatory role in root growth, development, and morphogenesis. 331 

In stem tissues, only CaWOX12 exhibited stem-specific dominant expression. The 332 

expression level of this gene was the highest in the lower stem, followed by the upper 333 

stem, and was significantly downregulated in root and leaf tissues (P < 0.05). In contrast, 334 

the expression levels of other CaWOX family members were generally low in stem 335 

tissues, indicating that CaWOX12 may be a key member of the WOX family that 336 

mediates stem growth and development. In summary, the expression patterns of 337 

different members of the CaWOX family are clearly differentiated in a tissue-specific 338 

manner, with each member showing unique tissue-specific expression characteristics 339 

during the development of roots, stems, and leaves. These findings provide a key 340 

expression-level basis for the subsequent functional characterization of CaWOX family 341 

genes in plant organ morphogenesis. 342 

 343 



 

 

 

Figure 5. Relative expression levels of CaWOX family genes in different tissues of 
C. arbutifolia. The relative expression levels of 10 CaWOX family genes were 
determined in five tissues of C. arbutifolia, namely upper stem, lower stem, root, 
young leaf, and mature leaf. Panels A-J correspond to the tissue expression profiles 
of CaWOX1, CaWOX3, CaWOX4, CaWOX5, CaWOX6, CaWOX9, CaWOX10, 
CaWOX11, CaWOX12, and CaWOX14, respectively. Different lowercase letters 
above the bars indicate significant differences in the expression level of the same 
gene across different tissues. 

Discussion 344 

The WOX gene family represents a class of plant-specific transcription factors 345 

characterized by a conserved homeodomain (HD), making it a focal point in plant 346 

developmental biology and molecular genetics. As a key regulator in plant growth, 347 

development, and stress responses, deciphering its evolutionary patterns, structural 348 

features, and expression profiles is fundamental to understanding its function. However, 349 

this family had not been previously identified or analyzed in the woody species C. 350 

arbutifolia. In this study, a BLASTP search against the C. arbutifolia database led to 351 

the identification of 14 CaWOX genes. Comparative analysis shows that while the 352 

number of WOX genes varies across species. 15 in A. thaliana, 13 in rice, 18 in flax, 353 

and 12 in grape. the overall count remains relatively stable[11]. This suggests a high 354 

degree of evolutionary conservation within the WOX family across the plant kingdom. 355 



 

 

Variations in protein physicochemical properties hint at potential functional 356 

diversification[34, 35]. The CaWOX members exhibit significant differences in amino 357 

acid length (213–406 AA) and molecular weight (24,481.4–45,121.3 Da). For instance, 358 

CaWOX9 (406 AA) has a substantially higher molecular weight than CaWOX2 (213 359 

AA), a disparity that may correspond to the gain or loss of functional domains. The 360 

range in isoelectric points (pI 5.59–9.99) could influence protein stability within the 361 

nucleus and its affinity for DNA or other interacting proteins. For example, the 362 

relatively basic CaWOX2 (pI=9.7) and the acidic CaWOX4 (pI=5.59) may function in 363 

different pH microenvironments or distinct regulatory pathways. Subcellular 364 

localization predictions indicate that all CaWOX proteins are localized to the nucleus, 365 

which is entirely consistent with their core function as transcription factors. This 366 

nuclear localization ensures their capacity to bind DNA regulatory regions, forming the 367 

structural basis for their transcriptional activity and further underscoring the 368 

evolutionary conservation of this family's function. 369 

The core structural feature of the WOX family is the HD domain, composed of 60–370 

66 amino acids responsible for binding DNA regulatory elements. Beyond this, 371 

members can be further classified based on additional domains such as the WUS-box, 372 

EAR repression motif, and VLWV motif[36-38]. Phylogenetically, the family is 373 

typically divided into three clades: the ancient clade, found in basal plants like mosses 374 

and ferns; the Intermediate clade, exclusive to angiosperms; and the WUS clade, also 375 

angiosperm-specific and containing distinctive domains like the WUS-box. This 376 

structural differentiation among clades lays the groundwork for their functional 377 

diversity. Our phylogenetic analysis, which included WOX genes from P. trichocarpa 378 

and Arabidopsis thaliana, investigated the origin and evolution of CaWOX genes. The 379 

cross-species phylogenetic tree grouped CaWOX genes with those from A. thaliana, P. 380 

trichocarpa, and Eutrema salsugineum into distinct evolutionary groups with high 381 

bootstrap support. This reflects both the evolutionary conservation of the WOX family 382 

in higher plants where conserved core domains like the HD maintain basic regulatory 383 

functions and the species-specific expansion of CaWOX in C. arbutifolia. Intra-species 384 

collinearity analysis in C. arbutifolia revealed collinear gene pairs across multiple 385 



 

 

chromosomes, confirming that segmental or whole-genome duplication events are the 386 

primary drivers of CaWOX family expansion. The subsequent dispersed chromosomal 387 

distribution of these duplicated genes provides a genomic structural basis for their 388 

functional divergence. 389 

Gene structure and conserved motif analyses further support the functional 390 

correlations implied by phylogenetic grouping[39, 40]. Genes within the same 391 

evolutionary clade share highly similar motif compositions and exon-intron structures. 392 

Motif1 corresponds to the conserved HD, the core element for DNA binding and 393 

transcriptional regulation, ensuring basic functional consistency within the clade. 394 

Unique motifs and differential exon distributions likely serve as structural markers of 395 

functional divergence following gene duplication. These unique motifs may participate 396 

in novel protein interactions or regulatory networks, enabling the CaWOX family to 397 

adapt to specific growth requirements of C. arbutifolia. Variations in exon number 398 

directly reflect structural diversification. Some members contain only 2 exons, while 399 

others like CaWOX10 and CaWOX9 possess 4 exons. This variation may be related to 400 

alternative splicing events or domain reorganization, where a greater number of exons 401 

could confer increased structural diversity, allowing participation in more complex 402 

regulatory networks. 403 

Analysis of the promoter regions of the CaWOX gene family revealed enrichment 404 

for three core categories of cis-acting elements. Hormone-responsive elements, such as 405 

ABA-responsive ABRE, jasmonate-responsive CGTCA/TGACG-motif, and 406 

gibberellin-responsive P-box, indicating broad involvement in plant hormone signaling 407 

pathways. The presence of ABRE elements in the promoters of CaWOX1 and CaWOX4 408 

suggests potential roles in responding to stresses like drought via ABA signaling. 409 

Abiotic stress-responsive elements, including low-temperature-responsive LTR, 410 

drought-responsive MBS, and dehydration/salt-responsive DRE, highlighting the 411 

potential function of CaWOX genes in stress adaptation in C. arbutifolia. The presence 412 

of MBS elements in CaWOX5 and CaWOX3 promoters aligns with recently reported 413 

drought-resistance functions of the WOX family. Growth and development-related 414 

elements, such as the meristem-specific CAT-box and the endosperm development-415 



 

 

related GCN4_motif, corroborating the classic growth-regulatory roles of the WOX 416 

family. For example, CAT-box elements in the promoters of CaWOX2 and CaWOX12 417 

closely match their high expression in root meristems, suggesting a role in root 418 

meristem maintenance.  419 

Correlating phylogeny with element distribution shows that CaWOX genes within 420 

the same evolutionary clade share more consistent compositions and distributions of 421 

promoter cis-elements[41, 42]. For instance, CaWOX1, CaWOX4, and CaWOX6, 422 

clustered in one clade, all contain both hormone-responsive and stress-responsive 423 

elements, indicating conserved regulatory pathways among evolutionarily related genes. 424 

In contrast, genes from different clades show significant divergence in element types, 425 

the CaWOX2 clade is enriched for meristem-related CAT-box elements, while the 426 

CaWOX3 clade contains more stress-responsive elements. This differentiation 427 

corresponds to functional specialization, an outcome of gene duplication adapting to 428 

diverse regulatory demands. The diversity of promoter cis-elements further explains the 429 

functional complexity of the CaWOX family. For example, the CaWOX12 promoter 430 

contains both CAT-box and LTR elements, implying a dual role in root meristem 431 

development and cold stress response, showcasing its potential for "growth-stress 432 

response" coordination. The specific distribution of these elements within the promoter 433 

region may influence signal sensitivity and regulatory efficiency. The characteristics of 434 

CaWOX promoter cis-elements not only reflect the relationship between evolutionary 435 

conservation and functional divergence but also reveal the family potential as a 436 

regulatory hub connecting growth and development with stress response and integrating 437 

hormonal, stress, and growth signals to build a multi-dimensional regulatory network, 438 

providing a molecular foundation for C. arbutifolia to adapt to complex environments 439 

and coordinate growth. 440 

Gene duplication events, including tandem and segmental duplications, are closely 441 

associated with gene family expansion and evolution[43-45]. The evolution of the WOX 442 

family follows a pattern of species differentiation and gene duplication". Lower plants 443 

possess only 1–2 WOX members, while higher angiosperms show significant expansion, 444 

driven primarily by whole-genome and segmental duplications. The expansion of the 445 



 

 

Arabidopsis WOX family is linked to ancient hexaploidization events, and the collinear 446 

characteristics of poplar WOX genes also confirm the role of duplication. Concurrently, 447 

highly conserved homologous relationships exist between WOX families of different 448 

species, reflecting their evolutionary conservation. In this study, the 14 CaWOX genes 449 

are unevenly distributed across 11 chromosomes. The clustering of CaWOX1/2 on 450 

Chr02 and CaWOX4/5/6 on Chr05 aligns with the conclusion that "gene duplication 451 

drives family expansion": members on the same chromosome likely originated from 452 

segmental duplication events, subsequently diverging in physicochemical properties 453 

and exon structures to form specialized functions, adapting to the regulatory needs of 454 

different developmental stages or environmental conditions in C. arbutifolia. Regarding 455 

tandem duplication, we identified 8 pairs of duplicated genes within the CaWOX family 456 

in the poplar genome, indicating that gene duplication has provided impetus for 457 

CaWOX evolution, promoting the evolutionary process of these genes in C. arbutifolia. 458 

Interspecific collinearity analysis with Arabidopsis, rice, and S. suchowensis genomes 459 

revealed significant differences in the number of tandemly duplicated genes between 460 

the CaWOX family and WOX families of other species. Notably, the collinear 461 

connections between C. arbutifolia and P. trichocarpa were the most dense, while 462 

connections with Arabidopsis were relatively sparse. This pattern is highly consistent 463 

with phylogenetic relatedness, indicating that the conservation of WOX genes 464 

decreases with increasing phylogenetic distance. Based on this, known functions of 465 

WOX genes in closely related species like P. trichocarpa can be used to infer the core 466 

regulatory roles of CaWOX genes, providing targeted references for subsequent 467 

functional validation. 468 

The WUSCHEL-related homeobox family is a plant-specific family of homeobox 469 

transcription factors that play critical roles in core biological processes, including 470 

meristem homeostasis maintenance, organ morphogenesis, and temporal regulation of 471 

growth and development in plants[2]. In this study, we characterized the spatial 472 

expression profiles of 10 CaWOX family genes across root, stem, and leaf tissues of C. 473 

arbutifolia, which exhibited highly tissue-specific expression patterns. CaWOX3, 474 

CaWOX4, CaWOX5, CaWOX9, and CaWOX11 showed high expression levels in leaf 475 



 

 

tissues, with expression patterns highly consistent with the reported functions of their 476 

homologous genes. WOX family members are well-recognized key regulators of plant 477 

leaf development[46]. In Arabidopsis thaliana, AtWOX3 determines leaf margin 478 

morphogenesis by regulating the activity of marginal meristems, while AtWOX9 is 479 

involved in leaf primordium initiation and the regulation of cell proliferation in young 480 

leaves[13]. In the present study, the expression levels of the above five genes in mature 481 

leaves were significantly higher than those in other tissues, and CaWOX3, CaWOX5, 482 

and CaWOX11 also maintained high expression levels in young leaves. This result 483 

suggests that these CaWOX genes are not only involved in the early developmental 484 

processes of C. arbutifolia, including leaf primordium initiation and cell proliferation 485 

and differentiation in young leaves, but may also function in maintaining the 486 

physiological functions of mature leaves. Given the biological characteristics of C. 487 

arbutifolia as a deciduous tree species, mature leaves serve as the core organs for 488 

photosynthetic carbon fixation and stress response in the plant. Therefore, in addition 489 

to regulating leaf morphogenesis, these leaf-specific CaWOX genes may also 490 

participate in maintaining photosynthetic homeostasis and mediating abiotic stress 491 

responses in mature leaves by regulating the expression of downstream target genes. 492 

This finding provides a new direction for subsequent studies on their application value 493 

in improving photosynthetic efficiency and stress resistance breeding of forest trees. 494 

CaWOX1, CaWOX6, CaWOX10, and CaWOX14 exhibited root-specific high 495 

expression, which is highly consistent with the conserved regulatory function of the 496 

WOX family in root development. The root system is the core organ of forest trees for 497 

water and nutrient uptake, as well as the perception of soil environmental signals, and 498 

WOX transcription factors are key regulators for maintaining root apical meristem 499 

homeostasis and the initiation of lateral and adventitious roots[47, 48]. Studies in model 500 

plants have confirmed that AtWOX11 and AtWOX12 synergistically regulate 501 

adventitious root initiation, and AtWOX5 sustains continuous root growth by 502 

maintaining cell viability in the root apical quiescent center[49-51]. In this study, the 503 

expression levels of these four CaWOX genes in roots were significantly higher than 504 

those in aboveground tissues, indicating that these genes are core regulators of root 505 



 

 

development in C. arbutifolia and may determine root architecture by modulating root 506 

apical meristem activity and lateral root formation. Notably, the root developmental 507 

status of C. arbutifolia directly determines the drought and barren tolerance of the plant. 508 

These root-specific CaWOX genes are not only regulators of root morphogenesis, but 509 

may also serve as key targets mediating stress adaptation in forest trees. This is 510 

consistent with our previous finding that WOX family genes are involved in drought 511 

response from transcriptome analysis of drought-stressed C. arbutifolia, and provides 512 

core candidate genes for subsequent dissection of the synergistic regulatory mechanism 513 

between root development and stress resistance in forest trees. 514 

In stem tissues, only CaWOX12 exhibited stem-specific dominant expression, with 515 

a significantly higher expression level in the lower stem than in the upper stem. This 516 

expression pattern is highly matched with the secondary growth characteristics of 517 

woody plants. Unlike herbaceous plants, the stems of woody plants undergo continuous 518 

secondary growth, a process in which vascular cambium activity drives xylem and 519 

phloem differentiation and ultimately wood formation[52, 53]. Furthermore, the lower 520 

stem of the plant has a more vigorous secondary growth process and a higher degree of 521 

lignification. Previous studies have shown that WOX family members play important 522 

regulatory roles in vascular development and secondary cell wall biosynthesis in woody 523 

plants. For example, PtoWOX4 in Populus regulates secondary growth by modulating 524 

vascular cambium activity[1, 54]. In this study, CaWOX12 was specifically highly 525 

expressed in the lower stem but had extremely low expression levels in roots and leaves, 526 

suggesting that this gene may be a key transcription factor regulating stem secondary 527 

growth, vascular tissue differentiation, and lignification in C. arbutifolia. This result 528 

provides an important research target for subsequent dissection of the molecular 529 

mechanism of wood formation and molecular breeding for wood property improvement 530 

in Salicaceae tree species. 531 

The spatial expression patterns of different CaWOX family members in C. 532 

arbutifolia showed significant functional differentiation, and such tissue-specific 533 

expression characteristics are a core manifestation of subfunctionalization during the 534 

evolution of the gene family[55, 56]. During long-term evolution, different copies of 535 



 

 

the CaWOX family acquired tissue-specific cis-regulatory elements, thus differentiating 536 

into specific functions that separately regulate the development of root, stem, and leaf 537 

organs, and forming a transcriptional regulatory network with clear functional division 538 

and synergistic regulation of plant growth and development[57, 58]. The tissue 539 

expression characteristics of the CaWOX family identified in this study lay a solid 540 

foundation for subsequent functional validation of these genes via technologies such as 541 

gene editing and genetic transformation, and also provide an important theoretical basis 542 

for the regulation of growth and development, as well as molecular breeding for stress 543 

resistance and wood property improvement of C. arbutifolia and even other Salicaceae 544 

trees. 545 

Conclusion 546 

In this study, 14 members of the CaWOX gene family were identified in C. 547 

arbutifolia, and the evolutionary characteristics and functional differentiation patterns 548 

of this family were systematically elucidated. Phylogenetic analysis classified the 549 

CaWOX proteins into four conserved subgroups, and members within the same 550 

subgroup exhibited highly similar gene structures and conserved motifs, confirming 551 

subfunctionalization during the family’s evolution. Collinearity analysis verified that 552 

whole-genome duplication constituted the core driving force for gene expansion in this 553 

family; furthermore, the CaWOX family displayed extremely high conservation among 554 

closely related species in Salicaceae, but weak collinearity with Arabidopsis thaliana, 555 

reflecting species-specific evolution after the divergence of monocotyledons and 556 

dicotyledons. Cis-element analysis revealed that the promoter regions of these genes 557 

were rich in elements associated with hormone response, stress response, and meristem 558 

regulation, indicating their dual functions in regulating organ development and stress 559 

adaptation. Tissue expression analysis further uncovered distinct functional 560 

differentiation: CaWOX3/4/5/9/11 were predominantly expressed in leaves and 561 

participated in leaf development and physiological homeostasis maintenance; 562 

CaWOX1/6/10/14 exhibited root-specific high expression and regulated root growth 563 

and development; CaWOX12 was specifically highly expressed in stems and mediated 564 



 

 

stem secondary growth and lignification. This study lays a solid foundation for 565 

subsequent functional verification of CaWOX family genes in C. arbutifolia, and also 566 

provides vital theoretical support and high-quality gene resources for growth regulation, 567 

wood property improvement, and stress-resistant molecular breeding of Salicaceae 568 

trees. 569 

Funding 570 

This work was financially supported by the National Natural Science Foundation 571 

of China (Grant No. 31670662) and the Independent Scientific Research Project of 572 

Jiangsu Academy of Forestry (Grant No. ZZKY202101). 573 

Author contributions 574 

P.W. designed the experiments and drafted and prepared the manuscript. J.Z., 575 

R.H., W.W., and H.W. reviewed and edited the manuscript. D.S. and X.H. conceived 576 

and funded the study. All authors read and approved the final version of the manuscript. 577 

Competing Interests 578 

The authors declare no known competing financial interests or personal 579 

relationships that could influence the work reported in this paper. 580 

Acknowledgements 581 

Not applicable. 582 

Abbreviations 583 

Not applicable. 584 

Ethics approval and consent to participate 585 

Not applicable. 586 

Consent for publication 587 

Not applicable. 588 

Availability of data and materials 589 

Data will be made available on request. 590 



 

 

Data availability 591 

The genomic data supporting this study are publicly available to ensure 592 

accessibility and reproducibility. Genome sequences of C. arbutifolia and S 593 

suchowensis can be accessed in the NCBI database under accession number 594 

ASM2516995v1 and ASM2903076v1. Reference genome sequences and annotations 595 

for A. thaliana, P. trichocarpa, were obtained from Phytozome V14(https://phytozome-596 

next.jgi.doe.gov/info).  597 

References 598 

1. Zhang M, Chen X, Lou X, Zhang Y, Han X, Yang Q, Tong Z, Zhang J: 599 

Identification of WUSCHEL-related homeobox (WOX) gene family members and 600 

determination of their expression profiles during somatic embryogenesis in 601 

Phoebe bournei. For Res (Fayettev) 2023, 3:5. 602 

2. Jha P, Ochatt SJ, Kumar V: WUSCHEL: a master regulator in plant growth 603 

signaling. Plant Cell Reports 2020, 39(4):431-444. 604 

3. Hanada K, Sawada Y, Kuromori T, Klausnitzer R, Saito K, Toyoda T, Shinozaki 605 

K, Li W-H, Hirai MY: Functional Compensation of Primary and Secondary 606 

Metabolites by Duplicate Genes in Arabidopsis thaliana. Molecular biology and 607 

evolution 2010, 28(1):377-382. 608 

4. van der Graaff E, Laux T, Rensing SA: The WUS homeobox-containing (WOX) 609 

protein family. Genome Biology 2009, 10(12):248. 610 

5. Zhao Y, Hu Y, Dai M, Huang L, Zhou D-X: The WUSCHEL-Related Homeobox 611 

Gene WOX11 Is Required to Activate Shoot-Borne Crown Root Development in 612 

Rice  The Plant Cell 2009, 21(3):736-748. 613 

6. Jha P, Ochatt SJ, Kumar V: WUSCHEL: a master regulator in plant growth 614 

signaling. Plant Cell Rep 2020, 39(4):431-444. 615 

7. Ikeda M, Mitsuda N, Ohme-Takagi M: Arabidopsis WUSCHEL Is a Bifunctional 616 

Transcription Factor That Acts as a Repressor in Stem Cell Regulation and as an 617 

Activator in Floral Patterning. The Plant Cell 2009, 21(11):3493-3505. 618 

8. Alvarez JM, Bueno N, Cañas RA, Avila C, Cánovas FM, Ordás RJ: Analysis of 619 



 

 

the WUSCHEL-RELATED HOMEOBOX gene family in Pinus pinaster: New 620 

insights into the gene family evolution. Plant Physiology and Biochemistry 2018, 621 

123:304-318. 622 

9. Eeda SK, Werr W: Transcription of the WUSCHEL-RELATED HOMEOBOX 4 623 

gene in Arabidopsis thaliana. Gene Expr Patterns 2020, 38:119150. 624 

10. Liu J, Sheng L, Xu Y, Li J, Yang Z, Huang H, Xu L: WOX11 and 12 are involved 625 

in the first-step cell fate transition during de novo root organogenesis in 626 

Arabidopsis. Plant Cell 2014, 26(3):1081-1093. 627 

11. Zhang X, Zong J, Liu J, Yin J, Zhang D: Genome-Wide Analysis of WOX Gene 628 

Family in Rice, Sorghum, Maize, Arabidopsis and Poplar. Journal of Integrative 629 

Plant Biology 2010, 52(11):1016-1026. 630 

12. Lie C, Kelsom C, Wu X: WOX2 and STIMPY-LIKE/WOX8 promote cotyledon 631 

boundary formation in Arabidopsis. The Plant Journal 2012, 72(4):674-682. 632 

13. Yang Y, Ren Z, Li L, Li Y, Han Y, Liu Y, Cao H: WOX2 functions redundantly 633 

with WOX1 and WOX4 to positively regulate seed germination in Arabidopsis. 634 

Planta 2024, 259(4):83. 635 

14. Gong W, Bak DT, Wendrich JR, Weijers D, Laux T: CDC48A, an interactor of 636 

WOX2, is required for embryonic patterning in Arabidopsis thaliana. Plant Cell 637 

Reports 2024, 43(7):174. 638 

15. Hirakawa Y, Kondo Y, Fukuda H: TDIF Peptide Signaling Regulates Vascular 639 

Stem Cell Proliferation via the WOX4 Homeobox Gene in Arabidopsis  The 640 

Plant Cell 2010, 22(8):2618-2629. 641 

16. Pang A, Li Y, He C, Liu C, Jin H, Pi L, Yang Y: A WOX5/7–SCRReciprocal 642 

Feedback Loop in Middle Cell Layer Drives Callus Proliferation. Plants 2026, 643 

15(2):210. 644 

17. Yang Y, Liu C, Yu Y, Ran G, Zhai N, Pi L: WUSCHEL RELATED HOMEOBOX5 645 

and 7 maintain callus development by promoting cell division in Arabidopsis. 646 

Plant Science 2024, 346:112133. 647 

18. Tian H, Wabnik K, Niu T, Li H, Yu Q, Pollmann S, Vanneste S, Govaerts W, Rolčík 648 

J, Geisler M et al: WOX5–IAA17 Feedback Circuit-Mediated Cellular Auxin 649 



 

 

Response Is Crucial for the Patterning of Root Stem Cell Niches in Arabidopsis. 650 

Molecular Plant 2014, 7(2):277-289. 651 

19. Kong D, Hao Y, Cui H: The WUSCHEL Related Homeobox Protein WOX7 652 

Regulates the Sugar Response of Lateral Root Development in Arabidopsis 653 

thaliana. Molecular Plant 2016, 9(2):261-270. 654 

20. Baesso B, Chiatante D, Terzaghi M, Zenga D, Nieminen K, Mahonen AP, Siligato 655 

R, Helariutta Y, Scippa GS, Montagnoli A: Transcription factors PRE3 and 656 

WOX11 are involved in the formation of new lateral roots from secondary growth 657 

taproot in A. thaliana. Plant Biol (Stuttg) 2018, 20(3):426-432. 658 

21. Jiang W, Zhou S, Zhang Q, Song H, Zhou D-X, Zhao Y: Transcriptional regulatory 659 

network of WOX11 is involved in the control of crown root development, 660 

cytokinin signals, and redox in rice. Journal of Experimental Botany 2017, 661 

68(11):2787-2798. 662 

22. Xu M, Xie W, Huang M: Two WUSCHEL-related HOMEOBOX genes, 663 

PeWOX11a and PeWOX11b, are involved in adventitious root formation of poplar. 664 

Physiologia Plantarum 2015, 155(4):446-456. 665 

23. Ran N, Liu S, Qi H, Wang J, Shen T, Xu W, Xu M: Long Non-Coding RNA 666 

lncWOX11a Suppresses Adventitious Root Formation of Poplar by Regulating the 667 

Expression of PeWOX11a. International Journal of Molecular Sciences 2023, 668 

24(6):5766. 669 

24. Liao J, Deng B, Cai X, Yang Q, Hu B, Cong J, Zhang Y, Wang G, Xin G, Li Y et 670 

al: Time-course transcriptome analysis reveals regulation of Arabidopsis seed 671 

dormancy by the transcription factors WOX11/12. J Exp Bot 2023, 74(3):1090-672 

1106. 673 

25. Liao J, Deng B, Cai X, Yang Q, Hu B, Cong J, Zhang Y, Wang G, Xin G, Li Y et 674 

al: Time-course transcriptome analysis reveals regulation of Arabidopsis seed 675 

dormancy by the transcription factors WOX11/12. Journal of Experimental 676 

Botany 2022, 74(3):1090-1106. 677 

26. Jiang D, Zhang X, Luo L, Li T, Chen H, Ma N, Fu L, Tian P, Mao F, Lü P et al: 678 

Cytosine Methylation Changes the Preferred Cis-Regulatory Configuration of 679 



 

 

Arabidopsis WUSCHEL-Related Homeobox 14. International Journal of 680 

Molecular Sciences 2025, 26(2):763. 681 

27. He X, Wang Y, Lian J, Zheng J, Zhou J, Li J, Jiao Z, Niu Y, Wang W, Zhang J et 682 

al: The whole-genome assembly of an endangered Salicaceae species: Chosenia 683 

arbutifolia (Pall.) A. Skv. Gigascience 2022, 11. 684 

28. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam 685 

H, Valentin F, Wallace IM, Wilm A, Lopez R et al: Clustal W and Clustal X version 686 

2.0. Bioinformatics 2007, 23(21):2947-2948. 687 

29. Tamura K, Stecher G, Kumar S: MEGA11: Molecular Evolutionary Genetics 688 

Analysis Version 11. Molecular biology and evolution 2021, 38(7):3022-3027. 689 

30. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, 690 

Noble WS: MEME SUITE: tools for motif discovery and searching. Nucleic Acids 691 

Res 2009, 37(Web Server issue):W202-208. 692 

31. Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, Xia R: TBtools: An 693 

Integrative Toolkit Developed for Interactive Analyses of Big Biological Data. 694 

Mol Plant 2020, 13(8):1194-1202. 695 

32. Chen C, Wu Y, Li J, Wang X, Zeng Z, Xu J, Liu Y, Feng J, Chen H, He Y et al: 696 

TBtools-II: A "One for All, All for One" Bioinformatics Platform for Biological 697 

Big-data Mining. Molecular Plant 2023, 16. 698 

33. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones SJ, 699 

Marra MA: Circos: an information aesthetic for comparative genomics. Genome 700 

Res 2009, 19(9):1639-1645. 701 

34. Zhu T, Moschou PN, Alvarez JM, Sohlberg JJ, von Arnold S: WUSCHEL-702 

RELATED HOMEOBOX 8/9 is important for proper embryo patterning in the 703 

gymnosperm Norway spruce. Journal of Experimental Botany 2014, 65(22):6543-704 

6552. 705 

35. Alvarez JM, Sohlberg J, Engström P, Zhu T, Englund M, Moschou PN, von Arnold 706 

S: The WUSCHEL-RELATED HOMEOBOX 3 gene PaWOX3 regulates lateral 707 

organ formation in Norway spruce. New Phytologist 2015, 208(4):1078-1088. 708 

36. Sheng L, Hu X, Du Y, Zhang G, Huang H, Scheres B, Xu L: Non-canonical 709 



 

 

WOX11-mediated root branching contributes to plasticity in Arabidopsis root 710 

system architecture. Development 2017, 144(17):3126-3133. 711 

37. Wang H, Niu H, Li C, Shen G, Liu X, Weng Y, Wu T, Li Z: WUSCHEL-related 712 

homeobox1 (WOX1) regulates vein patterning and leaf size in Cucumis sativus. 713 

Horticulture Research 2020, 7(1):182. 714 

38. Shafique Khan F, Zeng R-F, Gan Z-M, Zhang J-Z, Hu C-G: Genome-Wide 715 

Identification and Expression Profiling of the WOX Gene Family in Citrus 716 

sinensis and Functional Analysis of a CsWUS Member. International Journal of 717 

Molecular Sciences 2021, 22(9):4919. 718 

39. Rathour M, Sharma A, Kaur A, Upadhyay SK: Genome-wide characterization and 719 

expression and co-expression analysis suggested diverse functions of WOX genes 720 

in bread wheat. Heliyon 2020, 6(12):e05762. 721 

40. Wen J, Li PF, Ran F, Guo PC, Zhu JT, Yang J, Zhang LL, Chen P, Li JN, Du H: 722 

Genome-wide characterization, expression analyses, and functional prediction of 723 

the NPF family in Brassica napus. BMC Genomics 2020, 21(1):871-888. 724 

41. Riccucci E, Vanni C, Vangelisti A, Fambrini M, Giordani T, Cavallini A, Mascagni 725 

F, Pugliesi C: Genome-Wide Analysis of WOX Multigene Family in Sunflower 726 

(Helianthus annuus L.). International Journal of Molecular Sciences 2023, 727 

24(4):3352. 728 

42. Tang L, He Y, Liu B, Xu Y, Zhao G: Genome-Wide Identification and 729 

Characterization Analysis of WUSCHEL-Related Homeobox Family in Melon 730 

(Cucumis melo L.). International Journal of Molecular Sciences 2023, 731 

24(15):12326. 732 

43. Akbulut SE, Okay A, Aksoy T, Aras ES, Büyük İ: The genome-wide 733 

characterization of WOX gene family in Phaseolus vulgaris L. during salt stress. 734 

Physiology and Molecular Biology of Plants 2022, 28(6):1297-1309. 735 

44. Lynch M: Gene Duplication and Evolution. Science 2002, 297(5583):945-947. 736 

45. Shen JY, Su TH, Yu DQ, Tan SJ, Zhang YE: Evolution by gene duplication: in the 737 

era of genomics. Yi Chuan 2025, 47(2):147-171. 738 

46. Abubakar AS, Wu Y, Chen F, Zhu A, Chen P, Chen K, Qiu X, Huang X, Zhao H, 739 



 

 

Chen J et al: Comprehensive Analysis of WUSCEL-Related Homeobox Gene 740 

Family in Ramie (Boehmeria nivea) Indicates Its Potential Role in Adventitious 741 

Root Development. Biology 2023, 12(12):1475. 742 

47. Willig J-J, Guarneri N, van Loon T, Wahyuni S, Astudillo-Estévez IE, Xu L, 743 

Willemsen V, Goverse A, Sterken MG, Lozano-Torres JL et al: Transcription 744 

factor WOX11 modulates tolerance to cyst nematodes via adventitious lateral root 745 

formation. Plant Physiology 2024, 195(1):799-811. 746 

48. Deng Y, Zhu Y, Su W, Zhang M, Liao W: Transcription factor WUSCHEL-related 747 

homeobox (WOX) underground revelations: Insights into plant root development. 748 

Plant Physiology and Biochemistry 2025, 224:109928. 749 

49. Zhou S, Jiang W, Long F, Cheng S, Yang W, Zhao Y, Zhou D-X: Rice 750 

Homeodomain Protein WOX11 Recruits a Histone Acetyltransferase Complex to 751 

Establish Programs of Cell Proliferation of Crown Root Meristem. The Plant Cell 752 

2017, 29(5):1088-1104. 753 

50. Liu J, Hu X, Qin P, Prasad K, Hu Y, Xu L: The WOX11-LBD16 Pathway Promotes 754 

Pluripotency Acquisition in Callus Cells During De Novo Shoot Regeneration in 755 

Tissue Culture. Plant Cell Physiol 2018, 59(4):734-743. 756 

51. Liu J, Sheng L, Xu Y, Li J, Yang Z, Huang H, Xu L: WOX11 and 12 Are Involved 757 

in the First-Step Cell Fate Transition during de Novo Root Organogenesis in 758 

Arabidopsis  The Plant Cell 2014, 26(3):1081-1093. 759 

52. Tanaka H, Hashimoto N, Kawai S, Yumoto E, Shibata K, Tameshige T, Yamamoto 760 

Y, Sugimoto K, Asahina M, Ikeuchi M: Auxin-Induced WUSCHEL-RELATED 761 

HOMEOBOX13 Mediates Asymmetric Activity of Callus Formation upon 762 

Cutting. Plant and Cell Physiology 2022, 64(3):305-316. 763 

53. Liu R, Wen S-S, Sun T-T, Wang R, Zuo W-T, Yang T, Wang C, Hu J-J, Lu M-Z, 764 

Wang L-Q: PagWOX11/12a positively regulates the PagSAUR36 gene that 765 

enhances adventitious root development in poplar. Journal of Experimental 766 

Botany 2022, 73(22):7298-7311. 767 

54. Sun R, Zhang X, Ma D, Liu C: Identification and Evolutionary Analysis of Cotton 768 

(Gossypium hirsutum) WOX Family Genes and Their Potential Function in 769 



 

 

Somatic Embryogenesis. International Journal of Molecular Sciences 2023, 770 

24(13):11077. 771 

55. Wang D, Qiu Z, Xu T, Yao S, Zhang M, Cheng X, Zhao Y, Ji K: Identification and 772 

Expression Patterns of WOX Transcription Factors under Abiotic Stresses in Pinus 773 

massoniana. International Journal of Molecular Sciences 2024, 25(3):1627. 774 

56. Khan FS, Goher F, Hu CG, Zhang JZ: WUSCHEL-related homeobox (WOX) 775 

transcription factors: key regulators in combating abiotic stresses in plants. 776 

Horticulture Advances 2024, 2(1):2. 777 

57. Leonardo B, Emanuela T, Letizia MM, Antonella M, Marco M, Fabrizio A, 778 

Beatrice BM, Adriana C: Cadmium affects cell niches maintenance in Arabidopsis 779 

thaliana post-embryonic shoot and root apical meristem by altering the expression 780 

of WUS/WOX homolog genes and cytokinin accumulation. Plant Physiology and 781 

Biochemistry 2021, 167:785-794. 782 

58. Jiang Y, Liang J, Wang C, Tan L, Kawano Y, Nagawa S: Stem Cell Factors BAM1 783 

and WOX1 Suppressing Longitudinal Cell Division of Margin Cells Evoked by 784 

Low-Concentration Auxin in Young Cotyledon of Arabidopsis. International 785 

Journal of Molecular Sciences 2025, 26(10):4724. 786 

 787 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Supplementarydata.docx

https://assets-eu.researchsquare.com/files/rs-9273330/v1/57be4245dd17861171250f52.docx

