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Introduction: The U-box gene family, de ned by the presence of a conserved U-
box domain, participates in various biological processes, particularly in plant
responses to abiotic stress. However, a comprehensive analysis of this gene
family in Populus trichocarpa has not yet been conducted. Investigating the
characteristics of U-box genes in poplar will deepen our understanding of the
molecular mechanisms underlying salt tolerance and provide a theoretical basis
for enhancing its environmental adaptability.

Methods: In this study, we performed a genome-wide identi cation and
characteristic analysis of the U-box gene family. Analyses included phylogenetic
relationships, gene structures, conserved motifs, promoter cis-acting elements,
chromosomal distribution, gene duplication events, and synteny with other plant
species. In addition, the expression patterns of selected U-box genes under salt
stress were validated using quantitative real-time PCR (QRT-PCR).

Results: In this study, 103 U-box genes were identi ed in the P. trichocarpa
genome and mapped to 18 chromosomes. These genes encode proteins with
molecular weights ranging from 9.5 to 129.3 kDa and isoelectric points between
4.31 and 9.08, with most predicted to localize in the nucleus. Promoter analysis
revealed numerous cis-acting elements associated with development, abiotic
stress responses, growth regulation, and hormone signaling. Collinearity analysis
identi ed 4 tandem and 30 segmental duplication events. Transcriptome data
showed that 40 and 21 PtrPUBswere differentially expressed in roots and leaves,
respectively, under salt stress.

Discussion: These ndings suggest that U-box genes may play important roles in
regulating poplar’s salt stress response. Overall, this study provides a theoretical
foundation and valuable genetic resources for the identi cation of salt tolerance
genes in poplar.
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Introduction

Plants are frequently exposed to abiotic stresses, among which
high salt stress posing a serious threat to their growth and
development. Salt stress leads to cellular dehydration, membrane
damage, and impaired function of membrane-bound enzymes,
resulting in metabolic disruption and altered plasma membrane
permeability (Zhou et al., 2024). Excessive accumulation of salt ions
further induces osmotic and oxidative stress, disturbing plant
metabolism and energy homeostasis (van Zelm et al., 2020).
Additionally, salt stress interferes with sugar signaling and alters
the levels of key sugars, such as sucrose, fructose, and glycolytic
intermediates (Zhao et al., 2021). These disruptions negatively affect
photosynthesis, inhibit cell division and proliferation, and
ultimately suppress overall plant growth and biomass
accumulation (Zhao et al., 2021). To cope with salt-alkali stress,
plants have evolved diverse physiological and molecular
mechanisms, including the regulation of Na* and K" uptake and
transport, activation of antioxidant enzymes to scavenge reactive
oxygen species (ROS), and enhancement of osmotic adjustment
capacity (Agarwal et al., 2013). Under salt stress, plants rapidly
accumulate osmolytes such as proline, betaine, and organic acids,
which contribute to osmotic balance and mitigate cellular damage
(Rao et al., 2023). Moreover, salt stress induces the expression of a
wide range of stress-responsive genes involved in osmoprotectant
biosynthesis, ion transport, antioxidant defense, and signal
transduction, which collectively enhance salt tolerance by
modulating metabolic pathways (Kumar et al., 2021). These
complex stress-response processes require precise regulation of
gene expression and protein turnover. Among them, protein
ubiquitination, a key post-translational regulatory mechanism,
plays a central role in stress signal transduction and adaptive
responses (Karthik et al.,, 2025). Proteins encoded by the U-box
gene family function as critical executors of this regulatory pathway.

In this regard, the U-box gene family, encoding a major class of
E3 ubiquitin ligases, has emerged as a critical regulator of plant
stress responses. The U-box gene family encodes proteins
characterized by the presence of a conserved U-box domain, most
of which function as E3 ubiquitin ligases that confer substrate
speci city in the ubiquitination pathway (Trenner et al., 2022). This
family includes both HECT- and RING-type E3 ligases (Trenner
et al., 2022). U-box proteins are widely distributed in plants and
play crucial roles in cell cycle regulation, signal transduction,
morphogenesis, protein degradation, secretion, and responses to
environmental stimuli (Mao et al., 2022). They have been
implicated in various developmental processes, including root and
reproductive organ formation (Yee and Goring, 2009). For example,
in Arabidopsis, PUB25 and PUB26 are key regulators of oral organ
development (Li et al.,, 2021). In rice, loss of OsPUB33 function
enhances photosynthesis and sugar transport, promoting cell
proliferation and grain lling (Li et al., 2021). Mutation of
OsPUB15 disrupts primary root formation, leading to stunted
seedling growth or lethality (Wang et al., 2015). In wheat,
TaPUBL negatively regulates the abscisic acid (ABA) signaling
pathway through interaction with TaPYL4 and TaABI5, thereby
in uencing seed development (Zhang et al., 2021b).
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Furthermore, U-box genes are also involved in abiotic stress
responses. In poplar, overexpression of PalPUB79 enhances drought
tolerance by targeting PalWRKY?77 for ubiquitination and degradation,
thus positively regulating ABA signaling (Tong et al., 2021). Under salt
stress, PUB30 mediates the degradation of HB24, downregulating
SWEET11 expression, reducing sucrose availability, inhibiting root
growth, and contributing to salt stress adaptation (Wang et al.,
2023). In wheat, TaPUB1 modulates ion transporter activity to
maintain Na*/K* homeostasis and enhances antioxidant enzyme
activity to mitigate oxidative stress, thereby improving salt tolerance
(Wang et al., 2020). Additionally, TaPUB1 has been shown to regulate
cadmium uptake and tolerance by modulating the stability of TalRT1
and TalAA17 proteins (Zhang et al., 2021a). PUB35 negatively
regulates ABA signaling via AFP1-mediated degradation of ABIS5,
playing a role in salinity and osmotic stress responses (Li et al., 2024).

The U-box domain was rst identi ed in the yeast protein
UFD2, comprising a conserved domain of approximately 70 amino
acids, marking it as the rst known U-box protein (Hatakeyama
and Nakayama, 2003). Subsequently, U-box family genes have been
identi ed in various plants, including cotton (Lu et al., 2020), wheat
(Yang et al., 2021) and pear (Wang et al., 2021). Recently, Liu et al.
(2025) reported a genome-wide characterization of the U-box gene
family in Populus alba and analyzed their transcriptional responses
to abiotic stresses, providing an important reference framework for
PUB genes in poplar. However, the regulatory roles of PUB genes in
salt stress, particularly in Populus simonii x P. nigra, remain largely
unexplored. In this study, a comprehensive genome-wide
identi cation of PUB genes in poplar was conducted,
accompanied by analyses of cis-regulatory elements and gene
expression patterns under salt stress conditions. Furthermore, the
evolutionary relationships and gene structures of the PUB family
were systematically examined. These ndings provide a theoretical
basis and valuable genetic resources for the identi cation of
candidate genes associated with salt stress tolerance in poplar.

Materials and methods

Identi cation of poplar U-box gene family
members

The whole-genome data of Populus trichocarpa v3.1 were
obtained from the Phytozome database. The hidden Markov
model (HMM) pro le of the U-box domain (PF04564) was
retrieved from the Pfam database (http://pfam.xfam.org/).
Candidate U-box proteins were identi ed by searching the P.
trichocarpa protein database using HMMER v3.0 with an E-value
cutoff of 1 x 10 ® (Finn et al., 2011). Redundant sequences were
removed, and all putative U-box proteins were further veri ed using
the SMART (http://smart.embl-heidelberg.de/) and Pfam databases
to con rm the presence of a complete U-box domain. The
molecular weight and isoelectric point of each candidate protein
were predicted via the ExPASy ProtParam tool (http://
web.expasy.org/protparam/), and subcellular localization was
predicted using ProtComp 9.0 (http://linux1.softberry.com).
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Phylogenetic analysis of poplar U-box
proteins

Protein sequences of the poplar U-box family were downloaded
from Phytozome 12. Multiple sequence alignment was conducted
using ClustalW (Thompson et al., 2002). A phylogenetic tree was
constructed with MEGALL software using the neighbor-joining
(NJ) method and visualized through the EvolView online tool.

Analysis of gene structure, conserved
motifs, and promoter elements

Gene structures were analyzed using the GSDS online tool
(http://gsds.cbi.pku.edu.cn/). Conserved motifs were identi ed
with MEME (http://meme-suite.org/tools/meme) using default
parameters. Promoter sequences comprising 2000 bp upstream of
each U-box gene were extracted from Phytozome 12. Cis-acting
regulatory elements were predicted with PlantCARE (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/).
Visualization was performed using TBtools software (Chen
et al., 2020).

Chromosomal localization, homology, and
gene duplication analysis

Chromosomal positions of U-box genes were mapped using
data from Phytozome 12. Gene duplication events were identi ed
using MCScanX (Wang et al., 2012). Collinearity between poplar U-
box genes and homologs from other species (eucalyptus, tomato,
Arabidopsis thaliana, maize, rice, and potato) was analyzed using
the Dual Synteny Plotter tool, with results visualized in TBtools
(Chen et al., 2020).

Plant material and stress treatments

The hybrid poplar of Populus simonii x P. nigra, was used in this
study, and transcriptome data were obtained from published work
(Cheng et al., 2021a). Differentially expressed genes (DEGS) were
identi ed with the [log2(FC)|>1 and false discovery rate (FDR)<0.05
using the DESeq package from Bioconductor (version 1.12.1). Seedlings
were cultured on half-strength Murashige and Skoog (1/2 MS) medium.
One-month-old seedlings were treated with 0 mM (control) or 150 mM
NaCl for 0, 12 and 24 hours, respectively. Samples of roots and leaves
from the stressed plant materials at different time points were collected
using liquid nitrogen. Total RNA was extracted using a TAKARA RNA
extraction kit, and cDNA was synthesized using a TAKARA reverse
transcription kit. Expression levels of key salt-responsive genes were
determined by quantitative real-time PCR (gqRT-PCR) using a

uorescence quantitative PCR kit. Each qRT-PCR reaction was
performed with three technical replicates for each biological replicate.
Relative gene expression was calculated using the 2°¢ P™Y method.
All primers used in this study are listed in Supplementary Table S7.
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Results

Analysis of amino acid sequence
characteristics of poplar U-box proteins

The physicochemical properties of the poplar U-box family
proteins were analyzed (Supplementary Table S1). The protein with
the highest molecular weight was Potri.005G240100.1 (129,258.26
Da), while the smallest was Potri.014G085100.1 (9,518.8 Da). The
predicted isoelectric points (pl) ranged from 4.31 to 9.08, with 54
U-box proteins exhibiting pl values below 7, indicating that most
U-box proteins are acidic. The aliphatic index varied between 54.02
and 117.4. Twenty-six proteins had a positive hydropathicity index,
classifying them as hydrophobic, whereas 69 proteins were
hydrophilic, with a negative hydropathicity index. Subcellular
localization prediction indicated that 87 U-box proteins localize
to the nucleus, six to both the cytoplasm and nucleus, and one
(Potri.005G148900.1) exclusively to the cytoplasm. Phylogenetic
analysis of the 103 poplar U-box proteins grouped them into six
distinct clades (Figure 1). Group IV was the largest group with 37
members, followed by Group VI (26), Group V (17), Group 11 (10),
Group 1l (9), and Group | (4), the smallest group.

Conserved motif characterization of poplar
U-box proteins

Motif analysis identi ed ten conserved motifs across the U-box
gene family. While motif composition varied among different
groups, members within the same clade generally exhibited
similar motif patterns (Figure 2A). For instance, members of
Group | shared motifs 1, 2, and 4; Group Il contained motifs 1, 2,
4, and 10; and Group VI included motifs 1, 8, and 9. Motif 1 was
present in nearly all PUB members and corresponded to the
conserved U-box domain, which is essential for E3 ubiquitin
ligase activity. The remaining motifs showed clade-speci ¢
distribution patterns, suggesting their potential roles in protein-
protein interactions and substrate recognition. Gene structure
analysis revealed substantial variation in exon—intron
organization. As illustrated in the Figure 2B, 36 genes lacked
introns, 8 genes contained a single intron, and 55 genes possessed
more than two introns. Members of the same subfamily typically
exhibited conserved exon—intron structures, whereas signi cant
structural divergence was observed between subfamilies. Notably,
the Group VI subfamily contained relatively few introns, while the
Group V subfamily had a higher number of introns.

Promoter sequence analysis of poplar U-
box genes

The 2000 bp promoter regions upstream of the poplar U-box

genes were analyzed using PlantCARE to identify cis-regulatory
elements. Based on functional annotations, the identi ed elements
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Phylogenetic analysis of poplar U-box proteins. The phylogenetic tree was constructed using the neighbor-joining method in MEGAL11. The U-box
proteins were classi ed into six groups, with each group represented by a different color.

were classi ed into three categories: abiotic stress-responsive
elements, growth and development-related elements, and
hormone-responsive elements (Figure 3; Supplementary Table
S2). Abiotic stress-related elements included MYB-binding sites
associated with drought response, low-temperature response
elements, and cis-elements involved in dehydration and salt
stress. Elements linked to growth and development were
associated with meristem-speci ¢ expression, seed-speci ¢
regulation, and cell cycle control. Hormone-responsive elements
were involved in signaling pathways related to methyl jasmonate
(MeJA), gibberellin, and abscisic acid (ABA). The widespread
occurrence of these elements suggests that U-box genes may play
important roles in regulating poplar growth and development and
mediating responses to abiotic stress.

Chromosomal localization of poplar U-box
genes

Using chromosomal annotation data, the 103 identi ed U-box
genes were mapped onto the poplar genome (Figure 4A). Their
distribution across chromosomes was uneven: chromosome 2
contained the highest number of U-box genes (13), followed by
chromosome 5 (9 genes), and chromosomes 4 and 10 (8 genes). The
remaining chromosomes harbored between 1 and 7 U-box genes,
while chromosome 18 lacked any U-box genes. MCScanX analysis
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identi ed four tandem duplication events involving eight genes
located on chromosomes 2, 6, 9, and 16. Additionally, 30 segmental
duplication events were detected and distributed across multiple
chromosomes (Figure 4B; Supplementary Table S3). Notably, most
of these collinear genes belong to Group IV and Group VI
subfamilies, comprising 24 and 16 genes, respectively. The
relatively high number of genes in Group IV and Group VI
further supports the hypothesis that gene duplication contributed
signi cantly to the expansion of the U-box gene family in poplar.

Collinearity analysis of poplar U-box family
genes

To investigate the evolutionary relationships of poplar U-box
genes, synteny analyses were conducted with homologous genes
from four dicot species (Eucalyptus, Arabidopsis thaliana, Solanum
lycopersicum, and Solanum tuberosum) and two monocot species (Zea
mays and Oryza sativa). A total of 45 duplication events were identi ed
with Eucalyptus, 41 with tomato, 21 with Arabidopsis, one with potato,
two with rice, and none with maize (Figure 5). Moreover, several
PtrPUB genes were found to have homologs across multiple species.
For instance, three genes (Potri.008G171600.1, Potri.010G058000.1, and
Potri.005G122100.1) share homologs in Eucalyptus, Arabidopsis, and
Solanum tuberosum, while Potri.002G160200.1 is conserved in
Eucalyptus, Arabidopsis, and Zea mays. Additionally, seven genes are
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FIGURE 2

Analysis of gene structures, conserved protein domains, and motifs of poplar U-box genes. (A), Gene structure analysis showing exon-intron
organization. (B), Conserved motif analysis of U-box proteins. Different motifs are represented by colored boxes.

shared between Eucalyptus and Arabidopsis, and six genes are shared
between Eucalyptus and Solanum tuberosum (Supplementary Figure

S1, Supplementary Table S4).

Spatiotemporal expression patterns of

PtrPUB genes in different tissues

Understanding the expression patterns of genes across various
tissues is essential for elucidating their biological functions in plant
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growth and development. To investigate the tissue-speci ¢
expression characteristics of PtrPUB genes, we conducted an
expression analysis of 103 PtrPUB genes and generated a heat
map (Figure 6; Supplementary Table S5). Based on tissue-speci ¢
expression patterns, these genes were categorized into ve groups:
cluster A was predominantly expressed in leaves, cluster B in stems,
cluster C in both roots and stems, cluster D in roots, and cluster E
showed no signi cant expression differences among tissues. These
results indicate that PtrPUB genes exhibit distinct spatiotemporal

frontiersin.org


https://doi.org/10.3389/fpls.2026.1767843
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Dong et al.

10.3389/1pls.2026.1767843

FIGURE 3

Cis-regulatory element analysis of poplar U-box gene promoters. The colored ellipses on the right denote different types of cis-elements involved in

various biological processes.

expression speci city, suggesting their potential involvement in
tissue-speci ¢ physiological regulation.

Identi cation of key salt-tolerance U-box
genes in poplar

RNA-Seq data were used to assess the expression pro les of U-
box genes under salt stress in different poplar tissues. The heatmap
clearly categorized differentially expressed genes into upregulated
and downregulated groups (Figure 7; Supplementary Table S6). In
roots, 40 differentially expressed genes were identi ed, including 23
upregulated and 17 downregulated genes (Figure 7A). In leaves, 21
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differentially expressed genes were found, with 12 upregulated and 9
downregulated (Figure 7B). Notably, 14 genes were identi ed as
differentially expressed genes in both leaves and roots (Figure 7C).

Expression analysis of PtrPUB genes under
salt stress

Based on RNA-seq data from salt-stressed poplars, nine
differentially expressed genes were selected from leaf and root
tissues for further analysis (Figure 8). Their expression levels were
examined in leaves and roots following NaCl treatment at 12 and
24 hours. The results revealed that six genes were signi cantly
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