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Abstract 

The WUSCHEL-related homeobox (WOX) gene family plays crucial roles in plant growth, 

development, and stress responses. In this study, a comprehensive genome-wide analysis 

of WOX genes was conducted in three Populus species, P. euphratica, P. pruinosa, and P. 

deltoides. A total of 16, 16, and 21 WOX genes were identified, respectively, and classified 

into three clades (ancient, intermediate, and WUS/modern) based on phylogenetic rela-

tionships. Structural analyses revealed highly conserved homeodomain motifs and simi-

lar exon–intron organizations, indicating strong evolutionary conservation. Furthermore, 

synteny analyses demonstrated that whole-genome duplication or segmental duplication 

events were the primary drivers of WOX gene family expansion, with most duplicated 

gene pairs undergoing purifying selection. Promoter analysis identified abundant cis-act-

ing elements related to light responsiveness, hormone signaling, and stress responses. No-

tably, transcriptomic profiling during seed germination under drought and salt stress re-

vealed distinct interspecific expression patterns and temporal dynamics between the two 

desert poplars. Specifically, members such as PeWox11 and PpWox2 were significantly in-

duced, suggesting their potential involvement in abiotic stress adaptation. These findings 

provide comprehensive insights into the evolutionary conservation and divergence of 

WOX genes in Populus, establishing a theoretical foundation for the molecular breeding 

of stress-tolerant woody plants. 

Keywords: Populus euphratica; Populus pruinosa; Populus deltoides; WOX gene family; 

drought stress; salt stress 

 

1. Introduction 

The WUSCHEL-related homeobox (WOX) gene family is a plant-specific group of 

transcription factors belonging to the homeobox superfamily [1]. WOX proteins are de-

fined by a highly conserved homeodomain—typically consisting of 60–66 amino acids—

that folds into a characteristic helix–loop–helix–turn–helix structure [2]. This structural 

domain facilitates the specific recognition and binding of target DNA sequences, thereby 

orchestrating the transcription of downstream genes [3,4]. Based on phylogenetic relation-
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ships, the WOX gene family is generally classified into three major clades: the WUS/mod-

ern, intermediate, and ancient clade [5,6]. Among these, lower plants (such as green algae) 

contain only the ancient clade, while higher plants (such as seed plants) include all three 

clades [7–9]. 

As important regulators of the plant growth and development, WOX proteins orches-

trate a wide array of physiological processes throughout plant ontogeny [10,11]. These 

processes encompass embryo initiation, the maintenance of meristematic stem cell niches, 

organogenesis, and the fine-tuned regulation of cell division and differentiation [12–14]. 

In the model plant Arabidopsis thaliana, WOX1 and WOX3 coordinate cell proliferation 

within their expression domains and surrounding tissues to promote leaf growth [15]. 

Furthermore, WOX2 facilitates early embryogenesis by modulating PIN1-mediated auxin 

transport, while WOX8 and WOX9 are essential for ensuring precise embryonic patterning 

and maturation [16,17]. Beyond early development, WOX14 plays a specialized role dur-

ing inflorescence axis maturation by promoting the differentiation and lignification of vas-

cular cells, thereby contributing significantly to the structural integrity and overall mor-

phogenesis of the plant [18]. To date, WOX genes also have increasingly been recognized 

as critical mediators of plant responses to abiotic stressors. Previous studies have demon-

strated that specific WOX members enhance plant adaptability to adverse environmental 

conditions, such as drought and salinity, by modulating root architecture and the expres-

sion of stress-responsive genes. For instance, the overexpression of PagWOX11/12a from 

hybrid poplar 84K (Populus alba × Populus glandulosa) has been shown to augment root 

biomass and significantly enhance drought tolerance in transgenic poplar plants [19]. Ad-

ditionally, PagWOX11/12a positively regulates salt tolerance in poplar by transcriptionally 

activating the expression of the PagCYP736A12 gene [20]. In Malus domestica, overexpres-

sion of MdWOX13-1 has been associated with increased callus weight and enhanced ROS 

scavenging under drought conditions [21]. Similar protective roles have been observed in 

cereal crops; for example, OsWOX11 enhances drought resistance in rice by regulating 

root hair development [22], while OsWOX13 mediates drought responses by activating 

the promoters of the stress-responsive genes OsDREB1A and OsDREB1F [23]. Moreover, 

several WOX genes in rice exhibit responsive expression patterns to salt and cold stress, 

suggesting their involvement in multifaceted abiotic stress tolerance [24]. Collectively, 

these findings indicate that WOX genes play important roles in coordinating plant devel-

opment and environmental adaptation. 

The genus Populus served as a premier model system for investigating growth, de-

velopment, and environmental adaptation in woody plants [25]. Within this genus, P. eu-

phratica and P. pruinosa were typical desert riparian tree species that had long adapted to 

extreme environments characterized by drought and salinity, and therefore exhibited 

strong stress tolerance [26–29]. By contrast, P. deltoides, which serves as the primary source 

of raw material for the poplar industry, exhibits relatively limited tolerance to such envi-

ronmental stressors [30]. Despite the known importance of WOX genes, their evolutionary 

divergence between stress-tolerant desert poplars and stress-sensitive poplars remains 

largely unexplored. Furthermore, while seed germination is the most vulnerable and crit-

ical stage for the establishment of desert riparian forests, the specific responses of WOX 

genes to abiotic stress during this phase are still poorly understood. To bridge these 

knowledge gaps, WOX gene family members were systematically identified and com-

pared utilizing the genomic data of P. euphratica, P. pruinosa, and P. deltoides. Furthermore, 

their expression patterns and potential functions were characterized by integrating tran-

scriptomic data from P. euphratica and P. pruinosa during seed germination under drought 

and salt stress conditions. These results will contribute to a deeper understanding of the 

roles of the WOX gene family in developmental regulation and environmental adaptation 
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in Populus and provide a theoretical basis for molecular breeding aimed at improving 

stress tolerance. 

2. Results 

2.1. Identification and Characterization of WOX Family Members 

In this research, 16, 16, and 21 WOX family members were identified in the genomes 

of P. euphratica, P. pruinosa, and P. deltoides, respectively. Based on their chromosomal dis-

tribution, these genes were designated as PeWox1-PeWox16, PpWox1-PpWox16, and 

PdWox1-PdWox21. It was observed that one to two WOX members were distributed 

across the majority of chromosomes, whereas no WOX genes were detected on 7, 8, and 4 

chromosomes in P. euphratica, P. pruinosa, and P. deltoides, respectively (Figure 1). The 

analysis of physicochemical properties (Table S1) revealed that the encoded proteins of 

this gene family across the three species are composed of 152 to 481 amino acids. Their 

relative molecular weights were calculated to range from 17,706.75 to 53,549.24 Da, and 

their theoretical isoelectric points (pI) were determined to be between 5.33 and 9.3. The 

instability indices were evaluated at 40.72 to 73.4, classifying them as unstable proteins 

(index > 40). Furthermore, the grand average of hydropathicity (GRAVY) values were cal-

culated to be entirely below zero (ranging from −0.385 to −1.119), which indicates that 

these proteins are hydrophilic in nature. Regarding secondary structure predictions (Ta-

ble S2), all identified proteins consist of three characteristic structural elements: alpha hel-

ices, extended strands, and random coils. Among them, the random coil was identified as 

the predominant component, accounting for 61.9% to 82% of the structure, followed by 

alpha helix, whereas extended strand represented the lowest proportion. Finally, subcel-

lular localization predictions demonstrated that 96% of the WOX members are localized 

within the nucleus, with the exceptions being PdWox2 and PdWox3 (Table S1). 

 

Figure 1. Genomic distribution of WOX genes across chromosomes of (A) P. euphratica, (B) P. pru-

inosa, and (C) P. deltoides. 

2.2. Phylogenetic Analysis of Populus WOX Proteins 

To clarify the homologous evolutionary relationships among WOX gene family 

members in P. euphratica, P. pruinosa, P. deltoides, and Arabidopsis thaliana, a phylogenetic 
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tree was constructed based on the amino acid sequences of WOX proteins (Figures 2 and 

S1). With reference to the established classification of WOX family proteins in A. thaliana, 

the WOX family genes from the three Populus species were divided into three subfamilies: 

the ancient, intermediate, and WUS/modern clade. Among them, the WUS/modern clade 

was found to be the largest, comprising 44 genes, including 14 PdWox genes, 11 PpWox 

genes, 11 PeWox genes, and 8 AtWox genes. Furthermore, the intermediate clade contained 

13 genes, including 4 PdWox genes, 2 PpWox genes, 3 PeWox genes, and 4 AtWox genes, 

whereas the ancient clade comprised 11 genes, including 3 PdWox genes, 3 PpWox genes, 

2 PeWox genes, and 3 AtWox genes. 

 

Figure 2. Phylogenetic tree of WOX gene family among A. thaliana, P. euphratica, P. pruinosa, and P. 

deltoides. Branch support was assessed using bootstrap values based on 1000 replicates. 

2.3. Analysis of Conserved Motif and Gene Structure 

To investigate the structural characteristics of the WOX gene family in P. euphratica, 

P. pruinosa, and P. deltoides, the conserved motif composition of the encoded proteins and 

the gene structures were systematically compared and analyzed. Based on MEME analy-

sis, 10 conserved motifs, designated Motif 1 to Motif 10, were predicted among the 53 

WOX genes identified in Populus (Figure 3). The lengths of these motifs were determined 

to vary from 13 to 50 amino acids. Across all examined species, Motif 1 and Motif 2 (rep-

resenting the HD domain), were found to be present and closely linked in all WOX genes, 

with the sole exception of PdWox9, indicating that these motifs were highly conserved 

within the WOX gene family. Furthermore, Motif 3 in P. euphratica, Motif 4 in P. pruinosa, 

and Motif 3 in P. deltoides were identified as the distinctive WUS-box motifs (TLXLFPXX), 
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which are considered hallmark features of the WUS/modern clade members; however, 

this characteristic motif was observed to be absent in PdWox2. Gene structure analysis 

showed that the numbers of exons and introns among the 53 WOX genes were relatively 

similar, ranging from 2 to 4 and from 1 to 4, respectively. Notably, untranslated regions 

(UTRs) were found to be completely absent in twenty-one genes (comprising 5 in P. eu-

phratica, 8 in P. pruinosa, and 8 in P. deltoides). It was also detected that only 5′ UTRs were 

possessed by PeWox3, PeWox8, and PdWox21, whereas solely 3′ UTRs were retained in 

PeWox11, PeWox13, PeWox16, and PpWox12. Conversely, both 5′ and 3′ UTRs were ob-

served to be simultaneously present in all the remaining genes. 

 

Figure 3. Phylogenetic relationships, motif distributions, and gene structure of (A) P. euphratica, (B) 

P. pruinosa, and (C) P. deltoides WOX Genes. 

2.4. Synteny Analysis of Populus WOX Gene Family 

To investigate the evolutionary relationships and expansion patterns of the WOX 

gene family across the three Populus species, both interspecific and intraspecific synteny 

analyses were performed in P. euphratica, P. pruinosa, and P. deltoides. In the results, a total 

of 13 syntenic gene pairs were identified between P. euphratica and P. pruinosa, and 14 

syntenic gene pairs were identified between P. euphratica and P. deltoides, as well as be-

tween P. pruinosa and P. deltoides (Figure 4A). Additionally, regarding intraspecific 

synteny, 7, 9, and 12 collinear gene pairs were observed within the genome of P. euphratica, 

P. pruinosa and P. deltoides, respectively (Figure 4B–D). Furthermore, selection pressure 

analysis showed that the Ka/Ks ratios of both intraspecific paralogous pairs and interspe-

cific orthologous pairs were less than 1 (ranging from 0.00 to 0.93), indicating that the 

https://doi.org/10.3390/ijms27135999


Int. J. Mol. Sci. 2026, 27, 5999 6 of 15 
 

https://doi.org/10.3390/ijms27135999 

WOX family has undergone intense purifying selection throughout its evolutionary his-

tory, emphasizing its high functional conservation (Table S3). In addition, analysis of du-

plication types within the WOX family indicated that the expansion of this gene family 

across the three Populus species was primarily associated with WGD or segmental dupli-

cation events (Tables 1 and S4). For instance, 19 out of 21 duplicated gene pairs in P. eu-

phratica, 14 out of 16 in P. pruinosa, and all 16 pairs in P. deltoides were attributed to this 

mechanism. Conversely, proximal and dispersed duplication events accounted for only a 

minor fraction of the total. 

 

Figure 4. Analysis of collinearity among Populus WOX gene family. (A) P. euphratica, P. pruinosa, 

and P. deltoides; (B) intraspecific collinearity in P. euphratica; (C) intraspecific collinearity in P. pru-

inosa; (D) intraspecific collinearity in P. deltoides. The red lines highlight collinear WOX pairs. 

Table 1. WOX gene family duplication types in three Populus species. 

Species Proximal Dispersed WGD or Segmental 

P. euphratica 1 1 19 

P. pruinosa 0 2 14 

P. deltoides 0 0 16 

2.5. Cis-Acting Element Analysis 

To explore the potential regulatory mechanisms of the WOX gene family in Populus, 

putative cis-acting regulatory elements in the promoter regions of WOX genes from P. 

euphratica, P. pruinosa, and P. deltoides were predicted using the 2 kb genomic sequences 

upstream of the translation start codon. The results showed that the promoter regions of 

WOX genes were enriched in diverse types of cis-acting elements. Among them, light-

responsive elements, anaerobic induction-related elements, abscisic acid (ABA)-respon-
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sive elements, and methyl jasmonate (MeJA)-responsive elements were widely distrib-

uted in all three species (Figure 5). Further analysis revealed substantial variation in the 

number of cis-acting elements among different WOX genes. In P. deltoides, PdWox7 con-

tained the fewest cis-acting elements, with only 12 identified, followed by PdWox21 and 

PpWox14, each harboring 14 elements. In contrast, the promoter region of PeWox9 con-

tained the largest number of cis-acting elements, with a total of 37 detected, followed by 

PdWox4 and PeWox6, which contained 34 and 33 elements, respectively. These findings 

suggested that the promoter regions of Populus WOX genes possess abundant and diverse 

regulatory elements, implying that this gene family may participate in plant growth, de-

velopment, and environmental stress responses through complex regulatory networks. 

 

Figure 5. Predicted cis-acting elements in the 2000 bp upstream regions of (A) P. euphratica, (B) P. 

pruinosa, and (C) P. deltoides WOX Genes. 
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2.6. Expression Analysis of WOX Genes in P. euphratica and P. pruinosa Seeds Under Severe 

Drought and Salt Stress 

As typical desert riparian forest species, P. euphratica and P. pruinosa have developed 

long-term adaptations to extreme environmental conditions, including aridity and high 

salinity. Consequently, to further elucidate the potential functions of the WOX gene fam-

ily in stress adaptation, the expression profiles were systematically analyzed utilizing 

transcriptomic datasets derived from the seed germination stage under drought and salt 

stress treatments. It was demonstrated by the results that distinct interspecific expression 

patterns were exhibited by the WOX gene family between the two Populus species. In P. 

euphratica, PeWox11, and PeWox15 were observed to be significantly upregulated under 

both drought and salt stress conditions (FoldChange > 1.5, p < 0.05, Table S5). Furthermore, 

it was detected that PeWox6, PeWox8, and PeWox12 were induced exclusively by drought 

stress, while PeWox3 and PeWox5 were found to be upregulated solely under salt stress 

(Figure 6A). Conversely, in P. pruinosa, PpWox2, and PpWox11 were significantly upregu-

lated under both drought and salt stress conditions (FoldChange > 1.5, p < 0.05, Table S5), 

with a more pronounced expression increase under drought stress than under salt stress. 

In addition, the upregulation of PpWox4, PpWox6, and PpWox13 was identified under salt 

stress (Figure 6B). Furthermore, to validate the accuracy of the RNA-Seq data, four genes 

(PeWox11, PeWox15, PpWox2, and PpWox6) were selected for qRT-PCR analysis in drought 

and salt stress (Table S6). The qRT-PCR results revealed expression trends consistent with 

FPKM values (Figure 6C), supporting the reliability of the transcriptome data. It is sug-

gested by these findings that functional divergence may have occurred within the WOX 

gene family between these two desert Populus species. 

 

Figure 6. Expression heatmap of the PeWox (A) and PpWox (B) gene family during seed germination 

under severe drought and salt stress; (C) The relative expression level of PeWox11, PeWox15, PpWox2, 

and PpWox6 in drought and salt stress. Significant differences were determined by ANOVA with 

the 0.05 p-value threshold. Different lowercase letters indicate significant differences between treat-

ments (p < 0.05). 

3. Discussion 

The WOX transcription factors serve as crucial regulators in plant growth, develop-

ment, and stress responses [31]. In this study, 16, 16, and 21 WOX members were identi-

fied in P. euphratica, P. pruinosa, and P. deltoides, respectively. The total number of WOX 
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members varies considerably across plant species, with some retaining only about ten 

members [13,32,33] while others have expanded to over thirty [10,34]. Such numerical dis-

parity likely arises from species-specific genome duplication events, chromosomal rear-

rangements, and divergent evolutionary selection pressures. Predictive analysis of sub-

cellular localization indicated that 96% of the identified WOX members were localized 

within the nucleus, which was highly consistent with their canonical function as transcrip-

tion factors that regulate gene expression [1]. Notably, PdWox2 and PdWox3 were pre-

dicted to exhibit non-nuclear localization, suggesting they may fulfill unique functional 

roles within the cytoplasm or be governed by specialized regulatory mechanisms. Fur-

thermore, phylogenetic analysis categorized the 53 Populus WOX genes into three classical 

clades: the ancient, intermediate, and WUS/modern clades. The WUS/modern clade 

emerged as the largest group, suggesting that it has undergone substantial expansion 

within the Populus lineage. Structural characterization revealed the ubiquitous presence 

of Motif 1 and Motif 2 across almost all members; these two motifs correspond to the 

highly conserved homeodomain [32]. Additionally, the minimal variation in intron num-

bers among these genes further corroborates the evolutionary conservation of Populus 

WOX proteins. 

Gene duplication is a fundamental evolutionary mechanism driving gene family ex-

pansion and the acquisition of novel functions [35,36]. The synteny analysis revealed that 

WGD or segmental duplication events served as the primary driving forces behind the 

expansion of the WOX gene family in these three Populus species. This finding is highly 

congruent with the extensive genomic rearrangements and polyploidization events pre-

viously documented in the Populus lineage [37]. While tandem and dispersed duplication 

events were also identified, their contributions to the overall expansion were relatively 

minor, thereby underscoring the critical role of large-scale genomic events. Furthermore, 

the evaluation of Ka/Ks ratios for both interspecific and intraspecific collinear gene pairs 

demonstrated that these values were consistently <1. This provides compelling evidence 

that the WOX gene family has predominantly been subjected to strong purifying selection, 

suggesting that the core biological functions of these genes have been highly conserved 

throughout evolution. Such stringent selective pressure is a hallmark of genes governing 

essential developmental processes. 

Gene expression patterns are intricately governed by cis-acting regulatory elements 

within their promoter regions, which synergistically orchestrate responses to develop-

mental signals and environmental stimuli. The promoter analysis revealed an abundance 

of cis-elements, including those responsive to light, anaerobic conditions, and phytohor-

mones such as ABA and MeJA. These phytohormones play crucial roles in regulating 

plant stress responses to drought and salinity [38]. Previous studies have demonstrated 

that WOX genes are involved in diverse stress responses, such as modulating cellular ROS 

scavenging capacity [21] or enhancing drought sensitivity [39]. The quantitative and qual-

itative variations in cis-elements observed across the promoters of different WOX genes 

further imply a complex and finely tuned regulatory landscape, thereby enabling diversi-

fied and environment-specific transcriptional responses. 

P. euphratica and P. pruinosa are iconic desert riparian tree species renowned for their 

exceptional tolerance to severe drought and high salinity, making them excellent models 

for studying stress adaptation. Seed germination, a highly vulnerable stage in the plant 

life cycle, demands robust molecular mechanisms for successful establishment under 

harsh conditions. Transcriptomic analysis showed that several WOX genes from both P. 

euphratica and P. pruinosa respond to drought and salt stress during seed germination. 

Among them, PeWox11, PeWox15, and PpWox2 showed responsiveness to both drought 

and salt stress, suggesting that these genes may contribute to a core osmotic stress re-

sponse. This is consistent with our promoter analysis, which revealed that these genes 
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share multiple stress-responsive motifs, such as MeJA and Anaerobic-responsive ele-

ments. In contrast, the stress-specific induction of other WOX members implies further 

functional diversification within this gene family. For example, PpWox6 was specifically 

induced by salt stress, which correlates with its unique enrichment of Abscisic acid-re-

sponsive and seed-specific elements. These patterns are consistent with findings in other 

species like saffron, where WOX genes show tissue-specific and stress-specific expression 

[40]. Collectively, these patterns indicate that the diversity and density of cis-elements in 

the promoter regions likely drive the functional specialization of WOX genes, reflecting 

the distinct strategies of these two desert Populus species for coping with arid and saline 

environments. 

In conclusion, the comprehensive bioinformatic analysis of the WOX gene family in 

three Populus species, particularly focusing on P. euphratica and P. pruinosa, provides deep 

insights into their evolutionary conservation, structural features, and dynamic expression 

patterns under drought and salt stress during seed germination. The observed functional 

divergence and species-specific responses of WOX genes likely contribute to the remark-

able adaptability of these desert Populus species to extreme environmental conditions. 

While this study provides a robust foundation for understanding WOX gene function, 

future research should integrate experimental validation, such as gene editing or overex-

pression studies, to confirm the specific roles of key WOX members. Furthermore, inves-

tigating their downstream targets and interacting proteins will elucidate the molecular 

mechanisms by which WOX genes orchestrate development and stress tolerance in these 

ecologically important trees. 

4. Materials and Methods 

4.1. Identification and Physicochemical Characterization of WOX Gene Family Members 

To systematically identify the WOX transcription factor family, the whole-genome 

sequences of P. euphratica [41], P. pruinosa [27], and P. deltoides [42] were utilized. Initially, 

the Hidden Markov Model (HMM) profile corresponding to the WOX domain (PF00046) 

was retrieved from the Pfam database [43] (https://www.ebi.ac.uk/interpro/en-

try/pfam/#table, accessed on 13 January 2026). This profile was employed to scan the pro-

teomes of the three Populus species using HMMER [44] (version 3.3.2; http://hmmer.org/, 

accessed on 13 January 2026) with an E-value threshold of <0.001. To refine the search, the 

identified candidate sequences were used to construct a species-specific HMM for a sec-

ond round of rigorous screening (E < 0.001). Concurrently, a BLASTp (version 2.5.0+) 

search was performed using A. thaliana WOX protein [16] sequences as queries against the 

three Populus protein databases (E < 1 × 10−5). To ensure the reliability of the results, all 

candidate sequences were further validated for the presence of the conserved homeodo-

main via the SMART [45] (http://smart.embl-heidelberg.de/, accessed on 18 January 2026), 

InterPro [46] (https://www.ebi.ac.uk/interpro/, accessed on 18 January 2026), and NCBI-

CDD databases [47] (https://www.ncbi.nlm.nih.gov/cdd/, accessed on 18 January 2026); 

sequences lacking the characteristic domain were manually removed. The physicochemi-

cal attributes of the identified WOX proteins, including amino acid length, molecular 

weight, pI, instability index, and GRAVY, were characterized using the Expasy-Prot-

Param tool [48] (https://web.expasy.org/protparam/, accessed on 20 January 2026). Fur-

thermore, the subcellular localization of the WOX proteins was predicted using the WoLF 

PSORT online platform [49] (https://wolfpsort.hgc.jp/, accessed on 20 January 2026). 

4.2. Phylogenetic Reconstruction and Classification 

To evaluate the evolutionary relationships and classify the identified genes, a phylo-

genetic tree was constructed using the protein sequences of P. euphratica, P. pruinosa, P. 
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deltoides, and A. thaliana. Multiple sequence alignment was performed using the MUSCLE 

algorithm with default parameters. Subsequently, the phylogenetic relationships were an-

alyzed using MEGA12 (version 12.0.11) [50] via both Neighbor-Joining and Maximum 

Likelihood methods. The reliability of the tree branches was assessed with 1000 bootstrap 

replicates. The final phylogenetic tree was visualized and annotated using the iTOL v7 

online platform [51] (https://itol.embl.de/, accessed on 5 February 2026) to distinguish the 

different evolutionary clades. 

4.3. Gene Structure and Conserved Motif Identification 

The conserved motifs within the WOX protein sequences were identified using the 

MEME suite [52] (version 5.5.8; https://meme-suite.org/meme/tools/meme, accessed on 28 

January 2026), with the maximum number of motifs set to 10. Concurrently, the exon–

intron structures of the WOX genes were extracted from the GFF/GTF annotation files of 

the three Populus species using TBtools-II (version 2.476) [53]. The integration of the phy-

logenetic tree, conserved motifs, and gene structures was visualized using the “Gene 

Structure View” module in TBtools-II to analyze the structural conservation and diver-

gence among the members. 

4.4. Synteny, Gene Duplication, and Evolutionary Selection Analysis 

For the synteny analysis, collinear blocks both within each species and across the 

three species were identified using the JCVI toolkit [54] (https://github.com/tanghai-

bao/jcvi, accessed on 30 January 2026). Interspecific collinearity relationships were visual-

ized through the jcvi.graphics.karyotype module, while intraspecific gene duplication 

events were mapped and displayed using TBtools-II. To further elucidate the expansion 

mechanisms of the WOX gene family, the MCScanX was utilized to identify and classify 

the specific gene duplication types across the complete genomes of the three Populus spe-

cies. In addition, Ka, Ks, and Ka/Ks ratios for both paralogous and orthologous WOX gene 

pairs were calculated using the “Simple Ka/Ks Calculator” program integrated within 

TBtools-II. 

4.5. Cis-Acting Element Prediction 

To explore the potential transcriptional regulation of WOX genes in response to en-

vironmental stimuli, the 2 kb promoter regions upstream of the translation initiation co-

don were retrieved using TBtools-II. These sequences were submitted to the PlantCARE 

database [55] (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 

25 January 2026) to identify putative cis-acting regulatory elements. The distribution and 

types of these elements were subsequently classified and visualized using TBtools-II. 

4.6. RNA-Seq for Drought and Salt Stress 

To investigate the transcriptional response of WOX genes to abiotic stresses, RNA-

seq datasets from our previous studies [56,57] were used to analyze P. euphratica and P. 

pruinosa during seed germination under drought and salt stress. Seeds were germinated 

in Petri dishes with filter paper under a 16 h light (30 °C)/8 h dark (25 °C) photoperiod. 

Based on a 7-day preliminary test where germination dropped below 50%, 15% PEG 6000 

and 0.3 mol/L NaCl were selected to simulate severe drought and salt stress. For the for-

mal experiment, whole seedlings (>20 per sample) were harvested 4 days after treat-

ment—when cotyledons were fully expanded—and immediately stored at −80 °C for se-

quencing. 

To ensure the high resolution and accuracy of the expression profiles, all tran-

scriptomic data were re-analyzed using the high-quality reference genomes and annota-

tions of P. euphratica [41] and P. pruinosa [27]. Initially, the raw sequencing reads were 
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processed using trimmomatic (version 0.39) [58] to remove adapters and low-quality se-

quences, thereby yielding clean reads. Subsequently, these clean reads were aligned to 

their respective reference genomes using HISAT2 (version 2.2.1) [59] with default param-

eters. The quantification of genes was performed using StringTie (version 2.1.7) [60] with 

fragments per kilobase of transcript per million fragments mapped (FPKM). WOX genes 

with FPKM values lower than 1 across all samples were excluded, and the remaining 

genes were used for heatmap visualization generated with TBtools-II. The differential ex-

pression analysis was performed using the (DESeq2) package (version 1.50.2) ased on the 

raw count data. The normalization strategy followed the default. Genes with a statistical 

threshold of p < 0.05 and an absolute value of ∣log2FoldChange∣ > 0.585 (equivalent to a 

FoldChange > 1.5) were identified as significantly differentially expressed genes. 

4.7. qRT-PCR Validation 

The qRT-PCR experiments were conducted on the mRNA from P. euphratica and P. 

pruinosa samples collected during seed germination under drought and salt stress. Total 

RNA was reverse-transcribed using the SPARKscript RT Plus Kit with gDNA Eraser 

(SparkJade, Jinan, China). Reactions were run in triplicate on an ABI 7500 real-time PCR 

system (Thermo Fisher Scientific, Waltham, MA, USA) using SYBR Green qPCR Mix 

(SparkJade, Jinan, China). The PeActin sequence was used as the endogenous control, and 

the primers used are listed in Table S6. The CT values were analyzed using the 2−∆∆CT 

method. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

WOX WUS homeobox-containing 

pI theoretical isoelectric points 

GRAVY grand average of hydropathicity 

UTRs untranslated regions 

ABA abscisic acid 

MeJA methyl jasmonate 

HMM Hidden Markov Model 

FPKM fragments per kilobase of transcript per million fragments mapped 
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