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Phytosulfokine (PSK) is an important plant growth factor regulating plant stress
response, PSKR gene family plays an important role in the PSK signaling pathway,
but there are few reports in wheat (Triticum aestivum L.). In this study, 149
TaPSKR genes were identified by using hidden Markov models (HMMs) and
sequence homology, and their evolutionary relationship, structural
characteristics and stress regulation mechanism were systematically analyzed.
Our results indicated that genes were unevenly distributed across 21
chromosomes of the wheat genome. Phylogenetic tree and conserved motif
analysis revealed that the gene motifs, domains, and structures were relatively
conserved, and 75.2% of TaPSKR genes clustered in one clade with
monocotyledons. Chromosome distribution showed that genes were enriched
in chromosomes 6A (20.13%), 6B (16.11%) and 6D (18.79%). A total of 6,463 cis-
acting elements were discovered in the promoter regions of PSKR genes,
indicating that these genes are regulated by various developmental,
environmental, and hormonal factors, as well as light responses. Expression
profile results demonstrated that these genes were influenced by various abiotic
stressors, such as PEG6000, salt, cold, heat, and different hormones, including
gibberellic acid, jasmonic acid, abscisic acid, 6-benzylaminopurine, and salicylic
acid. Additionally, quantitative real-time PCR was performed to further confirm
the transcriptomic data. TaPSKR genes may participated in abiotic stress
response and phytohormone regulation pathway, which provided key gene
resources and theoretical basis for the analysis of PSKR signaling pathway and
molecular breeding for stress resistance in wheat.
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1 Introduction

The escalating threats of rising temperatures and water scarcity
are significantly impacting crop productivity worldwide. Due to
their inability to escape like animals, plants have evolved numerous
mechanisms to adapt to the dynamic environment, thus
guaranteeing survival under unfavorable conditions. Plants
respond to biotic and abiotic stressors through signal perception,
physical adaption, and molecular and cellular changes (Ahuja et al.,
2010; Takahashi and Shinozaki, 2019). An increasing number of
studies have investigated peptide hormones, such as phytosulfokine
(PSK), as a central component of cell to cell communication that
plays an important role in regulating plant growth and
reproduction (Sauter, 2015; Hohmann et al, 2017; Godel-
Je.drychowska et al., 2019).

PSK, which is a disulfated pentapeptide, is considered a crucial
plant growth factor. It was first identified in Asparagus officinalis
mesophyll cells grown in a culture medium (Matsubayashi and
Sakagami, 1996). PSK, which is encoded by the PSK gene family, is
composed of five residues, including two sulfated tyrosines (Tyr
(SO3H)-1leTyr (SO3H)-Thr-Gln) (Yang et al., 2001; Matsubayashi
et al., 2006; Kutschmar et al., 2009). PSK is processed from an ~80-
amino acid precursor protein and matured through proteolytic
cleavage and post-translational sulfonation of its tyrosine residues
(Srivastava et al., 2008). Tyrosine sulfation occurs in the trans-Golgi
network, is catalyzed by a tyrosylprotein sulfotransferase, and is
further cleaved by cytoplasm-localized subtilisin-like serine
proteases (Kutschmar et al,, 2009). Subsequently, mature PSK
peptides are perceived by membrane-bound receptors (PSKRs),
which were first isolated from Daucus carrota, and they are
evolutionarily conserved in different species (Hanai et al.,, 2000;
Kaufmann and Sauter, 2019). PSKRs are localized at the plasma
membrane and belong to the canonical leucine-rich repeat receptor
kinases (LRR-RK) family, which contains extracellular LRRs and a
PSK-binding domain, a transmembrane domain, an intercellular
kinase domain, and an island domain (Kwezi et al., 2011). A total of
2, 2, and 15 potential PSK receptors have been predicted in
Arabidopsis, tomato, and rice, respectively (Matsubayashi et al.,
2006; Amano et al., 2007; Zhang et al., 2018; Nagar et al., 2020).

In plants, PSK participates in growth and development
regulation, including callus formation, cell proliferation, sexual
reproduction, lateral root development, and biotic and abiotic stress
responses (Matsubayashi and Sakagami, 1996; Matsubayashi et al.,
1999; Stithrwohldt et al., 2011; Sauter, 2015). In Arabidopsis, PSK is
induced by wounding, and the PSKRI mutant inhibits callus
formation, demonstrating that signaling through PSKRI is essential
for cell proliferation (Matsubayashi et al., 2006; Loivama et al., 2010).
Additionally, PSK-ov positively regulates root growth, and the
knockout of any PSKR results in short roots due to reduced root
cell length (Kutschmar et al., 2009). Recent publications have shown
that PSK signaling pathways fine-tune plant growth by acting
together with other phytohormones (Rodiuc et al., 2016). For
example, the PSKRI mutant is sensitive to the hemibiotrophic
bacterial pathogen Pseudomonas syringae but insensitive to the
necrotrophic fungal pathogen Alternaria brassicicola, suggesting
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that PSK has an antagonistic effect on salicylic acid (SA)-mediated
defense responses (Mosher et al., 2013). In addition, PSK suppresses
ethylene (ET) synthesis, regulates copper homeostasis, and stimulates
non-embryogenic proliferation in cooperation with auxin (Eun et al,,
2003). In Arabidopsis, ectopic expression of OsPSKRI5 from rice
positively regulated drought tolerance by controlling stomatal
movements in reactive oxygen species (ROS)-dependent abscisic
acid (ABA) signaling (Nagar et al, 2022). OsPSKR has mutual
antagonism with OsPEPRI signaling, thereby modulating the
transition of defense signals to growth signals during wounding
(Chitthavalli et al, 2024). In tomato, the PSK-PSKR signaling
pathway triggers auxin-dependent immune responses against
Botrytis cinerea by inducing intracellular Ca*" release (Zhang et al,,
2018). PSK is induced by drought and regulates flower drop
(Reichardt et al., 2020).

Thus far, studies on the PSK-PSKR signaling pathway have
mainly focused on Arabidopsis and rice. Wheat, one of the most
important food crops, has a higher salt tolerance than rice.
However, in wheat, there are few reports of the PSKR gene
family, which plays an important role in the PSK signaling
pathway and regulates plant growth and development and biotic
and abiotic stress responses. In this study, the PSKR gene family was
identified in wheat based on the latest genome sequence. We
performed genome-wide characterization of PSKRs in wheat;
determined the phylogenetic relationships between PSKRs in
wheat, Arabidopsis, and rice; and identified the conserved motifs
in wheat PSKRs and the cis-acting elements in the 2000-bp
promoter of wheat PSKR genes. In addition, we determined the
PSKR gene expression profile under NaCl, heat, cold and ABA
treatment. Our results are expected to provide a basis for further
revealing the function and molecular mechanism of abiotic stress
tolerance of TaPSKR genes.

2 Materials and method

2.1 Plant material growth and abiotic stress
conditions

Wheat (T. aestivum) cultivar ‘Fielder’ seedlings were grown in a
growth chamber (white fluorescent tubes, 200 - 300 pmol m72sh
at maintaining 14°C/12°C day/night temperatures (16/8 h
photoperiod) at 60% humidity or in the field (natural long-day
conditions). Seedlings at the 3-leaf stage were treated with 200 mM
NaCl, 4°C, 24°C, and 100 uM ABA, respectively. All 3 leaves from at
least 5 plants were separately collected 0, 1, 3, 6, 12, 24, and 48 h
after treatment. All leaf samples were flash frozen in liquid nitrogen
and ground in a mortar for RNA isolation.

2.2 ldentification and characterization of
TaPSKR genes in wheat

To identify the potential PSKR genes in T. aestivum, hidden
Markov models (HMMs) and sequence homology were used. Two
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AtPSKR genes (At2g02220 and At5¢53890) and fifteen OsPSKR
genes were retrieved from TAIR (https://www.arabidopsis.org/)
and the Rice Genome Annotation Project (https://rice.uga.edu/
index.shtml), respectively, and used to search for PSKR members
in T. aestivum (IWGSC.57) using HMMER (hmmer.org). The
protein sequences were downloaded from Ensembl plants (release
59). TBtools-II was used to filter genes dissimilar to other species
with PSKR proteins (Chen et al., 2023).

2.3 Phylogenetic analysis and
chromosomal localization of TaPSKR genes

A phylogenetic tree of PSKR genes in wheat, Arabidopsis, and rice
was constructed using the maximum likelihood (ML) method with
1000 bootstrap replicates and combined with the protein domain
structure and gene structure using iTOL (https://itol.embl.de/). The
TaPSKR genes of wheat were mapped to 21 chromosomes using
genome data from TBtools-II (Chen et al., 2023).

2.4 Gene structure, conserved motifs, and
cis-element analysis of PSKR genes

Gene structure annotation was performed using the GFF3 file of
the wheat genome and visualized using TBtools v2.025 (Chen et al.,
2023). MEME (https://meme-suite.org/meme/) was used to identify
the conserved motifs of TaPSKR proteins. The potential cis-
elements predicted in the 2-kb region upstream of the start codon
of TaPSKR genes in the wheat genome were used in promoter
sequence analysis with the PlantCARE database (https://

bioinformatics.psb.ugent.be/webtools/plantcare/html/).

2.5 Expression profile analysis of TaPSKR
genes under different abiotic stress and
phytohormone treatments

The transcriptome data of TaPSKR genes in wheat under
different abiotic stress and phytohormone treatments were
downloaded from the WheatOmics 1.0 database (http://
202.194.139.32/). A heat map was constructed using TBtools-II
(Chen et al., 2023).

2.6 Quantitative real-time PCR analysis

RNA was extracted from the leaves of both the control and
treatment groups. Quantitative real-time PCR (qRT-PCR) was
performed to analyze the expression of 13 randomly selected
TaPSKR genes in wheat under 200 mM NaCl, 100 uM ABA, cold
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(4°C), and heat (24°C) treatments. The total qRT-PCR volume was
20 uL: 10 uL of SYBR Premix Ex Taq (RR820 Takara, China), 0.5 pL
of each primer (primers are listed in Supplementary Table S1), 1 pL
of cDNA template, and 8 uL of ddH,0. PCR was performed as
follows: initial pre-denaturation at 95°C for 2 min; 40 cycles of 95°C
for 10 s, annealing at 56°C for 30 s, and extension at 72°C for 15 s.

The experimental results were normalized using the 27 method.

3 Results
3.1 Identification of PSKR genes in wheat

In this paper, we used the HMM and BLASTp approaches. A total
of 149 PSKR genes, named TaPSKRI to TaPSKR149, were identified in
the wheat genome based on 2 Arabidopsis thaliana and 15 Oryza sativa
gene sequence searches (Supplementary Table S2). We then analyzed
detailed information on the 149 TaPSKR genes. Consistent with
previous studies, transmembrane domain prediction showed that all
proteins had a single membrane spanning domain (https://
services.healthtech.dtu.dk/services/DeepTMHMM-1.0/;
Matsubayashi et al., 2006; Hallgren et al., 2022). The number of
amino acids in these proteins ranged from 155 (TraesCS2A02G550500/
TaPSKR9) to 1205 (TraesCS6A02G129000/TaPSKR88), with an
average of 789 amino acids. The isoelectric point (pI) ranged
from 4.88 (TraesCS6B02G154700/TaPSKR102) to 9.66
(TraesCS1B02G193000/TaPSKR3), with an average of 6.52. The
molecular weight (MW) ranged from 16.76 (TraesCS6A02G128600/
TaPSKR79) to 130.18 KD (TraesCS6A02G129000/TaPSKR80), with
an average of 81.2 KD. In addition, we exported the cDNA, coding, and
protein sequences.

3.2 Phylogenetic, motif distribution,
conserved motif, and exon-intron structure
analysis of wheat PSKR proteins

To investigate the relationships between these PSKR proteins,
we constructed a phylogenetic tree using the protein sequence of
149 TaPSKR, 2 AtPSKR, and 15 OsPSKR genes (Figure 1). These
TaPSKR genes were divided into 3 subfamilies using tree-based
distances in TreeCluster (https://github.com/niemasd/TreeCluster;
Balaban et al., 2019). Significant variations were observed in the
number of genes within each branch. The most members were in
branch I, which contained 112 TaPSKR genes (accounting for 75.2%
of the total). Notably, all AtPSKRs and OsPSKRs were distributed in
branch I, highlighting the evolutionary conservation of PSKR genes
across species in branch I. In branch I, most TaPSKR proteins
formed a cluster with OsPSKR proteins, separate from the orthologs
in Arabidopsis, suggesting that TaPSKR genes have more sequence
similarity with monocotyledons than dicotyledons.
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FIGURE 1

Phylogenetic analysis of PSKR proteins in wheat, Arabidopsis, and rice. The phylogenetic tree was constructed using the neighbor-joining method
with 1000 bootstrap replications. In the tree, the TaPSKR proteins were divided into 3 subgroups, which are represented by different colored clusters

within the tree.

3.3 Gene structure and conserved motifs in
TaPSKR genes

To understand the structural composition of the TaPSKR gene
family, a phylogenetic tree was constructed to elucidate the
relationships among all TaPSKR genes (Figure 2A). Based on tree
topology, we further analyzed the conserved motifs, domains, and
exon-intron structure features of TaPSKR genes. A total of 20
conserved motifs (named motifs 1-20) were generated for all
TaPSKR genes using the MEME tool (Figure 2B; Supplementary
Table S3). The conserved motifs ranged from 1
(TraesCS2A02G550500/TaPSKRY) to 20, and 42 TaPSKR proteins
contained less than 10 motifs. A total of 58 TaPSKR proteins
contained 10-19 motifs, and 49 TaPSKR proteins contained 20
conserved motifs. Motifs 2, 5, 6, 12, 14, 15, and 16 were located
within the C-terminal, and motifs 10, 13, 17, 18, 19, and 20 were
located within the N-terminal. Consistent with the gene structure
distribution, TaPSKR proteins containing a similar conserved motif
were clustered together in the phylogenetic tree (Figure 2B).
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Consistent with other LRR-RLKs, all TaPSKR proteins contained
a single transmembrane domain (TMHilex) and diverse kinase
domain types, such as the Ser-Thr kinase superfamily,
PknB_PASTA kinase superfamily (Matsubayashi et al., 2006;
Burastero et al, 2022), SPS1 superfamily, and WAK-associated
superfamily. In addition, other domains, such as the LRR
superfamily, LapA domain superfamily response to heat shock,
Gnk2-like superfamily response to abiotic stress (Serrazina et al.,
2022), GUB_WAK_bind superfamily response to salt stress (Tang
et al,, 2022), and the PLN0034 and PLN00113 superfamily, were
detected in these proteins (Figure 2C; Supplementary Table 54). The
gene structure displayed significant diversity among the TaPSKR
genes; the exon number ranged from 1 to 18, with the majority
containing only 1 exon (98, 65.77%), 6 containing 2 exons,
TaPSKR85 and TaPSKR87 containing 3 exons, TaPSKR38 and
TaPSKR45 containing 18 exons, and the remainder containing
between 3 and 17 exons (Figure 2D; Supplementary Table S5).
Diversity variations likely reflect the different functional roles and
evolutionary trajectories of these genes, suggesting diverse
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FIGURE 2

Gene structure and conserved domain organization of PSKR genes in wheat. (A) Their phylogenetic relationships based on the neighbor-joining
method. (B) Motif distribution of the TaPSKR proteins. Different motifs (1-20) are indicated by different colors. (C) Conserved domain organization in

TaPSKR proteins. (D) Exon—intron structures of TaPSKR genes.

regulatory mechanisms within the TaPSKR gene family related to
plant growth and development. Generally, the same subgroup in the
phylogenetic tree shared a similar exon-intron structure.

3.4 Chromosomal location analysis of
TaPSKR genes

To analyze the relative position of each TaPSKR gene copy on
the chromosome, we labeled their physical placements on wheat A,
B, and D chromosomes. As shown in Figure 3, the TaPSKR genes
were mapped on the 21 chromosomes with a significantly uneven

Frontiers in Plant Science

distribution. Only 1 gene (5.26%) was located on chromosomes 5B
and 5D, and most of the TaPSKR genes were mapped on
chromosome 6A (30/20.13%), followed by chromosome 6B (24/
16.11%) and chromosome 6D (28/18.79%).

3.5 Prediction of cis-regulatory elements
of TaPSKR genes

Cis-acting elements in the promoter are crucial to regulating gene
expression and its function (Lescot et al., 2002). To further predict the
bio-function of TaPSKR genes, we analyzed the cis-acting elements in
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Chromosomal distribution of TaPSKR gene copies. Only chromosomes containing TaPSKR genes are represented.

the 2-kb promoter region of all TaPSKR genes using the online
database PlantCARE. As shown in Figure 4, a total of 6463 cis-
acting were identified across 149 TaPSKR genes (Supplementary Table
56). These cis-acting elements were classified into 54 types and further
categorized into five main functional groups: RNA polymerase-
binding site, related to development, environmental stress response,
hormone response, and light response (Figure 4). Among them, a
large number of core elements (4277, 66.18%) were associated with
RNA polymerase-binding sites, such as AT-rich elements, CAAT-box,
and TAAT-box, indicating that it could enable genes to complete the
normal transcription process. Of the cis-elements, 58 (0.9%)
responded to development regulation, consistent with a previous
study. AACA and GCN4 motifs control the endosperm starch
structure in maize (Wu et al,, 2015; Liu et al, 2018). Of the cis-
elements, 402 (6.22%) were involved in the environmental stress
response, of which the MBS and TC-rich repeat motifs in the
AsGRAS gene family (GRAS gene family in A. sativa) regulate the
salt stress response. A total of 729 (11.28%) cis-elements, such as
ABA-responsive elements (ABREs), gibberellin-responsive elements
(TCTC-box, P-box, and GARE-motif), auxin-responsive elements
(TGA-element), and SA-responsive elements (TCA-element),
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responded to hormones (Zhang et al., 2024), and 997 (15.43%) cis-
elements responded to light. These results suggest that TaPSKR genes
are involved in plant growth and abiotic stress responses.

3.6 Expression profile of TaPSKR genes
under abiotic stress

To investigate the abiotic stress response of TaPSKR genes, we
obtained transcriptome data for 149 TaPSKR genes from wheat
under abiotic stress (such as PEG 6000, salt stress, heat stress, and
cold stress) and phytohormone treatments (such as gibberellic acid
(GA), jasmonic acid (JA), 6-benzylaminopurine (6BA), ABA, and
SA) from WheatOmics. In the tolerant cultivar “Giza 1687,
PEG6000 treatment at 2 h and 12 h up-regulated 42 and 32 genes
and down-regulated 87 and 102 genes, respectively, whereas in the
sensitive cultivar “Gemmiza 107, 135 TaPSKR genes responded to
PEG6000, with 61 up-regulated and 74 down-regulated at 2 h, and
87 up-regulated and 48 down-regulated at 12 h. Heat treatment up-
regulated 40 and 42 genes and down-regulated 59 and 71 genes in
the thermotolerant “HD2985” and thermosusceptible “HD2329”
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varieties, respectively. Under salt stress, the salt-sensitive ‘Chinese ~ These results suggest that TaPSKR genes are involved in abiotic

Spring” showed up-regulation of 96, 90, and 53 genes and down-  stress responses and phytohormone regulatory pathways.

regulation of 38, 43, and 80 genes at 6, 12, and 24 h, respectively,
while the salt-tolerant “Qingmai 6” exhibited up-regulation of 83,

80, 59, and 50 genes and down-regulation of 51, 57, 80, and 83 genes 3.7 Validation of abiotic- responsive
at 6, 12, 24, and 48 h, respectively. Phytohormones significantly TaPSKRs th roug h q RT-PCR a nalysis

influenced TaPSKR expression: GA and JA treatment at 1 h up-
regulated 17 and 45 genes and down-regulated 102 and 74 genes,

To investigate the abiotic stress response of TaPSKR genes, we

respectively, while ABA and SA treatment at 3 h up-regulated 24  randomly selected 13 TaPSKR genes, namely TaPSKR8, TaPSKRY,
and 76 genes and down-regulated 76 and 32 genes, respectively. ~ TaPSKR10, TaPSKRI1, TaPSKRI15, TaPSKR19, TaPSKR41,
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FIGURE 5
Relative expression levels of 13 randomly selected TaPSKR genes under abiotic stress (4°C, 24°C, 200 mM NaCl) and 100 uM ABA conditions using
gRT-PCR analysis.

TaPSKR64, TaPSKR75, TaPSKR83, TaPSKR87, TaPSKRI140, and
TaPSKR143, and verified their expression using qRT-PCR under
different abiotic stress conditions, such as cold stress, heat stress, salt
stress, and ABA treatment (Figure 5).

Cold stress disrupts root water uptake and leads to inadequate
water supply to the stem, resulting in drought stress (Aroca et al.,
2012). Each year, spring frost takes place in March and April at the
early booting stage, affecting approximately 85% of the wheat-sown
area in the world (Yue et al., 2016). Among these 13 TaPSKRs, 7
were less affected by cold stress, the rest of 6 TaPSKR genes induced
by cold stress (Figure 5). Among them, TaPSKR41 reached the
highest expression at 1 h. TaPSKR140, TaPSKR64, and TaPSKR9
showed the highest expression at 3, 6, and 12 h, respectively.
TaPSKRI9 expression was induced by cold stress at 24 h.

Heat stress increases ROS and lipid peroxidation products in
the coleoptile and developing organs and inhibits root and first leaf
development at the seedling stage (Savicka and Skute, 2010).
Additionally, heat stress alters wheat grain quality, such as grain
weight, nutrients, fiber, protein content, and starch granule
2017). In this study, TaPSKRIO
induced by heat at 6 h, and reached the highest expression at 48
h, TaPSKRI43 rapidly response to heat at 1 h, TaPSKR87,
TaPSKR15, and TaPSKR9 were inhibited by heat stress.

Soil salinity affects approximately 7% of the land mass

composition (Akter et al.,

worldwide and has become a serious environmental stressor
increasingly affecting crop production (Yang and Guo, 2018;
Hickey et al,, 2019). Among the TaPSKR genes, TaPSKRI19
TaPSKR10, TaPSKRI11, TaPSKR8, TaPSKR41, TaPSKR87, and
TaPSKR15 were less affected by salt stress, while the other 6
TaPSKR genes were significantly affected by salt stress. TaPSKR9
displayed the highest expression at 1 h, and TaPSKRI43 and
TaPSKR83 showed the highest expression at 3 h. The expression
of TaPSKR64, TaPSKR75, and TaPSKR140 was highest at 6, 12, and
24 h, respectively. The diverse expression patterns of these TaPSKRs
imply their different roles in the salt stress response.

ABA is a major phytohormone affecting the response to
environmental stress and regulating cellular, physiological, and
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developmental processes (Stone, 2019). Our results indicated that
TaPSKR11, TaPSKRS, TaPSKRI15, and TaPSKR9 were down-
regulated by ABA. TaPSKR140, TaPSKR41, TaPSKR143, and
TaPSKRI9 reached the highest expression under 100 pM ABA
condition at 1, 3, 6, and 24 h, respectively.

4 Discussion

4.1 Systematic identification and
comprehensive analysis of TaPSKR genes
in wheat

Signal transduction is an important way for plants to experience
sensory environmental stimuli, which is essential for the regulation
of plant growth and development processes and environmental
stress responses. PSKR proteins were first isolated in microsomal
fractions from carrot cell cultures (Daucus carota) (Matsubayashi
etal, 2002). A total of 2 and 15 ortholog genes have been identified
in Arabidopsis and rice, respectively (Matsubayashi et al., 2006;
Nagar et al., 2020). Previous studies have shown that PSKR genes
participate in disease resistance and the drought response,
regulating the balance between growth and defense in rice (Yang
etal, 2019; Nagar et al., 2022; Harshith et al., 2024), modulating the
defense response, and initiating auxin-dependent immunity in
2018; Hu et al., 2023). AtPSKRI and
AtPSKR2 promote plant growth and callus formation, control

tomato (Zhang et al,

pollen tube growth and funicular pollen tube guidance, and
regulate immune responses against pathogens (Mosher et al,
2013; Stuhrwohldt et al., 2015; Rodiuc et al., 2016).

In this study, 149 TaPSKR genes were identified in the wheat
genome (Supplementary Table S1). The phylogenetic tree
constructed with 149 TaPSKR, 2 AtPSKR, and 15 OsPSKR genes
showed that 112 (75.2%) TaPSKR genes clustered with Arabidopsis
and rice genes, forming a distinct branch (Figure 1). Clustering
suggested that TaPSKR genes in wheat had more evolutionary
diversification, thereby indicating their functional diversity.
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FIGURE 6

Expression patterns of TaPSKR genes under abiotic stress and phytohormone treatment conditions. TC, tolerant cultivar; SC, sensitive cultivar; TT,
thermotolerant; TS, thermosusceptible; SS, salt sensitive; ST, salt tolerant; CS, Chinese Spring; QM6, Qing Mai 6; BW, bread wheat; Ta cv., Triticum

aestivum cv; and Tt, Triticum turgidum.

Conserved motif analysis of 149 TaPSKR genes revealed that the
genes grouped within the same branch of the phylogenetic tree had
similar conserved motifs (Figures 2A, B). This suggests that members
with similar conserved motifs may have functional redundancy.
Additionally, all TaPSKR genes have a single membrane spanning
domain (Figure 2C), consistent with the structural characteristics of
the LRR-RLK family (Sauter, 2015). Among the 149 TaPSKR genes,
98 (65.77%) and 51 (34.23%) contained only 1 exon and more than 2
exons, respectively (Figure 2D), suggesting that the structural
evolution and gene expansion of the TaPSKR gene family are
relatively conserved (Li et al., 2024).

4.2 Expression profile analysis of TaPSKR
genes in wheat under abiotic stress

Plant growth and development are finely regulated by external
environment factors and internal gene expression levels (Li et al.,
2024). To further clarify the bio-functions of TaPSKR genes in
wheat, we predicted the cis-elements of 149 TaPSKR genes. The
results revealed that TaPSKR genes may be involved in development
regulation, environment stress response, hormone response, and
light response (Figure 4), suggesting that TaPSKR genes have
diverse functions and play an important role in environment
factor response. Additionally, three elements associated with
stress responses were identified: MBS, ABRE, and TC-rich
repeats. Among these elements, 189 MBS elements and 44 TC-
rich repeat elements were identified in 149 TaPSKR genes and are
involved in multiple environmental stress responses in plants
(Figure 3). A total of 449 ABREs that participated in the ABA
response pathway and abiotic stress responses were identified in the
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promoters of 149 TaPSKR genes. Other response elements,
including 41 GARE-motif, 70 P-Box, and 97 LTR endogenous
retroviral elements, were also identified. The expression
profile results showed that the expression of more than 100
TaPSKR genes was influenced by abiotic stress and
phytohormone treatments, consistent with the results of our
qPCR analysis (Figures 6 and 5), indicating that TaPSKR genes
are involved in a variety of biological processes throughout the life
cycle of wheat.

5 Conclusion

In this study, 149 TaPSKR genes were identified in the wheat
genome; among them, 112 TaPSKR genes clustered in one group
with AtPSKR and OsPSKR genes. Conserved motif analysis revealed
that TaPSKR genes within the same branch shared similar
conserved motifs, further validating the robustness of the
phylogenetic tree. Additionally, each TaPSKR gene contained a
single transmembrane domain, consistent with the structural
characteristics of the LRR-RLK family. Chromosome localization
analysis revealed an uneven distribution of the 149 TaPSKR genes
across 21 chromosomes, with the lowest number on chromosomes
5B and 5D and the highest on chromosome 6A. Cis-element
prediction and expression profiling demonstrated that TaPSKR
genes exhibited complex regulatory mechanisms under various
abiotic stress and phytohormone treatments. Our qPCR analysis
of 13 randomly selected TaPSKR genes supported this result. In
summary, our results provide a comprehensive analysis of TaPSKR
genes in wheat and contribute to molecular breeding for improving
abiotic stress response.
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