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Eskişehir Osmangazi University, Türkiye
Jelena Rudic,
Institute for Biological Research “Sinis� a
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Roles of maize WAK gene
family in responses to abiotic
and biotic stresses, and
hormonal treatments
Xiangnan Li1, Yuwei Bi1, Haoye Feng1, Yanming Cai1,
Hang Chen1, Peisen Su1, Yong Song1, Nan Li1, Yinglun Fan1,
Like Liu1, Lingzhi Meng1* and Chunmei Zong2*

1College of Agriculture and Biology, Liaocheng University, Liaocheng, China, 2Mudanjiang Branch of
Heilongjiang Academy of Agricultural Sciences, Mudanjiang, China
Introduction: Wall-associated receptor kinases (WAKs) are a family of receptor-
like kinases (RLKs) that play important roles in the communication between the
plant cell wall and the cytoplasm. WAKs have been identi�ed in several plants.
However, a comprehensive investigation of maize WAKs has not been
performed yet.
Methods: In this study, the maize WAK gene family was identi�ed through whole-
genome scanning. y -30The physicochemical characteristics, chromosomal
locations, phylogenetic tree, gene structures, conserved motifs, gene
duplication, collinearity, and cis-acting elements of maize WAKs were analyzed.
Results: A total of 56 ZmWAKs were identi�ed in the maize genome and divided
into seven subgroups. Among these, 54 genes were successfully mapped to
maize chromosomes. Gene duplication events were detected in 13 ZmWAKs,
with nine segmental (SD) and two tandem duplication (TD) events. Maize WAKs
exhibited zero, eight, 27, and 41 collinear links with the WAKs from Arabidopsis,
soybean, rice, and sorghum, respectively. In the promoter regions of ZmWAKs, a
total of 107 types of cis-acting elements were predicted. Among them, the
functions of 82 elements are known. These elements are associated with plant
growth and development and light, hormones, stress, and defense responses.
The transcriptome data analysis showed that ZmWAKs displayed tissue-speci�c
expression and are involved in the responses to various abiotic and biotic
stresses, including cold, salt, drought, waterlogging, pathogens, and pests.
ZmWAK9, ZmWAK15, ZmWAK27, ZmWAK41, and ZmWAK49 are signi�cantly
induced by multiple stress conditions, indicating their crucial roles in stress
responses and potential value for further research.
Discussion: Our results provide insights into the function of maize WAKs in
response to abiotic and biotic stresses and offer a theoretical foundation for
understanding their mechanisms of action.
KEYWORDS

maize (Zea mays L.), WAK gene family, abiotic and biotic stresses, hormonal treatments,
expression pattern analysis
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1 Introduction

Plant receptor-like kinases (RLKs) are a subgroup of serine/
threonine (Ser/Thr) kinases and play a crucial role in plant growth,
development, and stress responses (Shiu and Bleecker, 2001). The
RLK family is a large protein family in plants. It is divided into
different subfamilies based on the extracellular domains and the
kinase domains, including cysteine-rich receptor-like kinases
(CRKs), lysin motif receptor-like kinases (LysM-RLKs), cell wall-
associated receptor kinases (WAKs), and leucine-rich receptor-like
kinases (LRR-RLKs), etc. (Yu et al., 2025; Abedi et al., 2021; Zhang
et al., 2025; Yang et al., 2017). WAKs are a unique group of RLKs,
which are localized in the cell wall and identi�ed as key cell wall
integrity sensors (Yao et al., 2025). WAKs are involved in signal
transduction between the extracellular matrix and the intracellular
compartments (Kanneganti and Gupta, 2008; Decreux and
Messiaen, 2005). These kinases have been demonstrated to play a
crucial role in plant cell expansion and elongation as well as in
mediating plant defense responses to both abiotic stresses and
fungal diseases (Lally et al., 2001; Wang et al., 2019b; Zuo
et al., 2015).

In addition, WAKs possess Ser/Thr kinase activity and typically
contain the extracel lular WAK galacturonan-binding
(GUB_WAK_bind), epidermal growth factor-like (EGF-like),
transmembrane, and Pkinase domains (He et al., 1999). WAKs
span the plasma membrane and extend into the extracellular region
to bind tightly to the cell wall, providing a physical and signaling
continuum between the cell wall and the cytoplasm (He et al., 1999).
In Arabidopsis, AtWAKs were expressed at organ junctions, in shoot
and root apical meristems, and in developing leaves. Additionally,
their expression was induced in response to perturbations in the cell
wall. The antisense of AtWAKs resulted in reduced WAK levels and
lead to a loss of cell expansion (Wagner and Kohorn, 2001). In rice,
OsWAK12 was predominantly expressed in the roots. It positively
regulated the growth and development of the rice root system by
participating in auxin (IAA) signaling and modulating the
expression of plasma membrane H+-ATPase-encoding genes,
thereby in�uencing agronomic traits, including plant height and
effective tillering (Hu, 2023). In cotton, 97% of GhWAKs were
highly expressed in cotton �bers and ovules. Among them, 14 and
10 GhWAKs were found to possess putative gibberellin (GA) and
IAA response elements in their promoter regions, respectively, and
13 and nine of these were signi�cantly induced by GA and IAA
treatment, respectively (Dou et al., 2021).

The WAK gene family plays a critical role in abiotic stress
response. Previously, OsWAK112d had been identi�ed as the
candidate gene contributing to cold stress tolerance at the
seedling stage of rice. Its expression is 200-fold higher in cold-
tolerant plants than in cold-sensitive plants (Zhang et al., 2012).
Furthermore, Arabidopsis thaliana WALL-ASSOCIATED KINASE
LIKE10 (AtWAKL10) has been shown to positively regulate salt
stress tolerance in Arabidopsis, as evidenced by a reduced
germination rate in the loss-of-function mutant atwakl10
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compared to the wild type under salt stress (Bot et al., 2019). In
cotton, GhWAKL26 was signi�cantly activated by salt stress, with
the transgenic plants displaying signi�cantly increased dry weight,
fresh weight, and root length. Further analysis showed that
GhWAKL26 primarily improves salt stress tolerance in cotton
seedlings by regulating the Na+/K+ balance (Gao et al., 2024).
Another study reported that GhWAK9, GhWAK12, GhWAKL46,
and GhWAKL47 were markedly upregulated under drought stress
and that the corresponding proteins primarily localized to the
plasma membrane (Zhang et al., 2021). Under heavy metal stress,
the Arabidopsis protein AtWAK1 was found to accumulate in the
plasma membrane region, and its overexpression restored
aluminum (Al)-stress-mediated root growth inhibition (Sivaguru
et al., 2003). Rice OsWAK124 had been shown to localize to the cell
wall, with overexpression lines exhibiting enhanced tolerance to
heavy metals Al3+, Cu2+, and Cd2+ (Yin and Hou, 2017).

The WAK gene family also plays essential roles in biotic stress
responses. In rice, OsWAK91 is located within a major sheath blight
disease (SB)-resistant quantitative trait locus (QTL) region on
chromosome 9. Its resistant allele resulted in the loss of a stop
codon, conferring resistance to SB in rice (Al-Bader et al., 2019). In
maize, ZmWAK has been reported to activate ZmSnRK1 after
infection by the pathogen Sporisorium reilianum (Zhang et al.,
2024). ZmSnRK1 participates in gene transcription, resource
allocation, energy metabolism, and programmed cell death
(PCD), preventing pathogens from penetrating into the shoot
apical meristem (SAM), thereby triggering smut disease resistance
in plants (Zhang, 2016). In wheat, at least 30 TaWAKs were
involved in the responses to Fusarium infection, with most of
these genes contributing to pectin- and chitin-induced defense
pathways. Furthermore, 45 TaWAKs has been detected within the
resistance QTL regions of Fusarium head blight (FHB) disease (Xia
et al., 2022).

With the advancement and extensive application of genome
sequencing technologies, a substantial volume of plant genomic
sequencing data has been released. Accordingly, genome-wide
identi�cation of gene families has become a crucial approach for
functional gene discovery in plants (Bai et al., 2024; Wang et al.,
2024a; Sun et al., 2023; Wang et al., 2024b). In previous studies, the
functions of some maize WAK/WAKL genes have been investigated.
For example, ZmWAKL38, ZmWAKL42, and ZmWAKL52 were
highly expressed in maize kernels (Hu et al., 2023). ZmWAK02,
ZMWAK17, and ZmWAK-RLK1 mediated resistance to maize gray
leaf spot, stalk rot, and northern corn leaf blight, respectively (Dai
et al., 2024; Zuo et al., 2022; Hurni et al., 2015). However, there is still
a lack of a thorough examination of the physicochemical
characteristics, evolutionary relationships, and transcriptome
landscapes of the maize WAK gene family. In this study, the maize
WAK gene family was systematically identi�ed based on the maize
B73_V5 genome, and extensive transcriptome data were utilized to
explore the expression patterns of these genes in various tissues and
under different stress conditions. Our �ndings might prove valuable
for further elucidating the functional roles of maize WAKs.
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2 Materials and methods

2.1 Identi� cation of the WAK gene family in
maize

The maize genome sequence (Zm-B73-REFERENCE-NAM-
5.0) was downloaded from Ensembl Plants (https : / /
plants.ensembl.org/index.html). The hidden Markov model
(HMM) �les of the WAK gene family were obtained from the
InterPro database (https://www.ebi.ac.uk/interpro/). They included
the typical domains GUB_WAK_bind (PF13947), EGF (PF07645),
and Pkinase (PF00069). The typical domains were used as query
�les to identify the WAKs in the maize genome using the Advanced
HMMER search tool in the TBtools-II software. The screening
threshold value (E) was set to e� 3. Subsequently, secondary
identi�cation of the WAK gene family was conducted using the
InterPro (https://www.ebi.ac.uk/interpro/), SMART (http://
smart .embl-heidelberg.de/) , and NCBI CDD (https ://
www.ncbi.nlm.nih.gov/cdd) databases. Finally, 56 WAK genes
were con�rmed in the maize genome. The lengths and locations
of these genes were obtained from the genome annotation �les, and
gene distribution on chromosomes was visualized using the
MapChart2.32 software.
2.2 Physicochemical characteristics and
phylogenetic analysis of the WAK gene
family in maize

The physicochemical characteristics of the maize WAK gene
family were assessed using the protein parameter Calc tool in the
TBtools-II software. These characteristics included molecular
weight (MW), isoelectric point (pI), instability coef�cient,
aliphatic index, and grand average of hydropathy (GRAVY). The
subcellular localization of maize WAKs was predicted via the
DeepLoc 2.1 website (https://services.healthtech.dtu.dk/services/
DeepLoc-2.1/) and was visualized by the HeatMap tool in the
TBtools-II software (Chen et al., 2023).

The Arabidopsis WAK protein sequence was obtained from the
TAIR database (https://www.arabidopsis.org/). A multiple sequence
alignment of the WAKs for maize and Arabidopsis was performed
using the MUSCLE software. A phylogenetic tree was developed via
the MEGA 11 software using the following parameters: Neighbor-
joining (NJ) method, Poisson model, complete deletion, and 1000
bootstrap replications. The phylogenetic tree was constructed in the
FigTree v1.4.4 software and optimized in EvolView v2 (He
et al., 2016).
2.3 Gene structure and conserved motif
analysis of the WAK gene family in maize

The structural analysis of the maize WAK gene family members
was conducted using the GXF Stat tool in TBtools-II. The conserved
motif analysis was performed using the Simple MEME Wrapper
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tool in TBtools-II. The parameters were set as follows: The
maximum number of motifs was 10, the motif length was 6–50
amino acids, and the maximum value of E was 1×e� 10. Finally, the
phylogenetic tree, gene structure, and conserved motifs for the
maize WAK gene family were visualized in the Gene Structure View
tool of TBtools-II (Chen et al., 2023).
2.4 Gene duplication and collinearity
analysis of the WAK gene family in maize

With the One Step MCScanX tool of TBtools-II (Chen et al.,
2023), the gene duplication events and collinearity of the WAK gene
family were analyzed across maize and other species, including
dicotyledonous plants (Arabidopsis thaliana and Glycine max), and
monocotyledonous plants (Sorghum bicolor and Oryza sativa). The
duplication and collinear gene pairs of the WAK gene family were
identi�ed in the genomes of maize and other species, and the
nonsynonymous (Ka) and synonymous substitution rates (Ks) of
the collinear gene pairs were calculated using the Simple Ka/Ks
Calculator tool in TBtools-II. The occurrence time of the gene
duplication events was estimated by the equation T = (Ks/2l) ×
10� 6, where l = 6.161029 × 10� 9 (Lynch and Conery, 2000). The
visualization was performed using the Advanced Circos and
Multiple Synteny Plot tools in TBtools-II.
2.5 Functional analysis of the WAK gene
family in maize

The background �le was downloaded from TBtools-II to analyze
the function of the maize WAK gene family members. The maize
protein sequences were uploaded to the egg-NOG-mapper website
(http://eggnog6.embl.de/#/app/emapper) to obtain the annotation
information. By inputting the above �les into the GO Enrichment
tool of Tbtools-II, the Gene Ontology (GO) enrichment analysis of
maize WAKs was conducted. The enrichment result was displayed
in a bubble plot format, which was drawn on the Weishengxin
website (https://www.bioinformatics.com.cn/).
2.6 Expression analysis of maize WAKs in
various tissues and under abiotic and biotic
stresses

The maize transcriptome data were downloaded from the NCBI
SRA database (https://www.ncbi.nlm.nih.gov/sra/), encompassing
the various tissues (root, leaf, and seed), abiotic stresses
(temperature, salt, drought, and waterlogging), and biotic stresses
(smut, gray leaf spot, beet armyworm, and aphid) (Stelp�ug et al.,
2016; Li et al., 2020; Yu et al., 2020; Schurack et al., 2021; Yu et al.,
2018; Tzin et al., 2015). With the Convert SRA to Fastq Files tool in
TBtools-II, the transcriptome sequencing �les were converted from
the SRA format to the FASTQ format. The gene expression levels
were calculated by aligning the FASTQ sequences to the maize
frontiersin.org
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B73_V5 genome in the Kallisto Super GUI Wrapper tool of
TBtools-II. The calculation parameters were set as follows: Bias
correction, kmer size was 31, BootStrap was 0, threadNum was 2,
FragLen was 200, and LengthSD was 30. Finally, the gene expression
patterns were visualized using the HeatMap tool in TBtools-II. The
heatmaps of gene expression and expression changes under stress
treatment were drawn based on normalized expression values,
which were respectively calculated using the formulas log2(TPM
+ 1) and log2(Fold Change).
2.7 Expression analysis of maize WAKs
under various hormonal treatments

In order to investigate the effects of hormones on the maize WAK
gene family, the maize seedlings were treated with either indole-3-acetic
acid (IAA), abscisic acid (ABA), or gibberellic acid (GA3). Brie�y, the
seeds of Zea mays cv. B73 were sown in commercial soil in the
greenhouse, with a temperature of 28°C and a photoperiod of 16-h
light/8-h dark. After 14 days of cultivation, the maize seedlings entered
the three-leaf stage. The IAA, ABA, and GA3 were dissolved in 0.1%
Tween-20 to prepare 100 µmol/L solutions of each. The three-leaf
seedlings were treated with either of these three solutions. The controls
were treated with 0.1% Tween-20. The leaves of seedlings were
collected at 0, 3, 6, and 12 hours post-treatment. Each treatment was
performed in three replicates, with three plants per replicate. All
samples were �ash-frozen in liquid nitrogen and subsequently stored
at � 80°C for further analysis.

RNA sequencing (RNA-seq) analysis was performed by the
Gene Denovo company in Guangzhou. The total RNA of samples
was extracted using the Trizol RNA extraction kit (Invitrogen,
Carlsbad, CA, USA). The RNA quality was evaluated with the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). The transcripts were randomly fragmented, generating a
large number of fragments, approximately 200 nucleotides in
length. The fragments were converted to cDNA, and the cDNA
library was constructed using the NEBNext Ultra RNA Library Prep
kit for Illumina (NEB#7530, New England Biolabs, Ipswich, MA,
USA). RNA-seq was performed using the Illumina Novaseq 6000
system. Quality control of the RNA-seq data was performed using
the fastp software (Chen et al., 2018). The clean reads were rapidly
aligned to the reference genome with HISAT (Kin et al., 2015).
Finally, the RNA-Seq data was quanti�ed in the RSEM software,
and the gene expression levels were expressed as fragments per
kilobase of transcript per million mapped reads (FPKM) (Li and
Dewey, 2011). The expression patterns of WAK gene family
members were visualized in Graphpad Prism 9.5, and the
signi�cance analysis of these genes was performed using SPSS 12.
2.8 Roles of maize WAKs under abiotic and
biotic stresses, and hormonal treatments

We selected genes with high expression levels (TPM >10) and
the most signi�cant variation under different stresses for further
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analysis (Supplementary Tables S11-S18). A total of 34 genes were
selected, including 6 genes under temperature stress, 9 genes under
salt stress, 6 genes under drought stress, 11 genes under
waterlogging stress, 16 genes under smut stress, 18 genes under
gray leaf spot stress, 9 genes under beet armyworm stress, 12 genes
under aphid stress, and 6 genes under hormonal treatments (IAA,
ABA, GA). Except for ZmWAK15, 22, 25, 34, and 48, the remaining
genes were signi�cantly induced by multiple stresses.

To elucidate the functions of maize WAK genes in abiotic and
biotic stresses as well as hormonal treatments, we generated a
heatmap depicting the expression patterns of 34 genes. For each
gene, the expression value used in the heatmap was determined by
the most signi�cant change [Log2(Fold Change)] observed under
the respective stresses. For instance, under temperature stress
[encompassing the normal temperature (25°C), the low
temperature (16°C), the extremely low temperature (4°C), the
moderately low temperature (10°C), the high temperature (37°C),
the moderately high temperature (42°C), the extremely high
temperature (48°C)], the heatmap value for each gene was
derived from the condition exhibiting the maximum expression
variation. Finally, the gene expression patterns were visualized
using the HeatMap tool in TBtools-II.
2.9 Construction of the maize WAK protein
interaction network

To investigate the interaction among the maize WAK gene family
members, the corresponding protein sequences were uploaded to the
Orthovenn2 database (https://orthovenn2.bioinfotoolkits.net/home),
and were aligned with the protein sequences of A. thaliana and rice
for homology analysis (Wang et al., 2019a).

The maize WAK protein interaction analysis was conducted in
the STRING website (https://cn.string-db.org/), with a credibility
value of 0.4, and the number of interacting proteins was limited to
within 20. The maize WAK protein interaction network was
constructed using the Cytoscape3.8.2 software (Shannon
et al., 2003).
3 Results

3.1 Identi� cation of the WAK gene family in
the maize genome

A total of 56 WAK genes were identi�ed at the whole-genome
level in maize. According to their locations on the chromosome, the
genes were named ZmWAK1–ZmWAK56 (Supplementary Table
S1). The polypeptides encoded by ZmWAKs contained 319–1016
amino acids, with the longest being ZmWAK29. The MW of the
encoded proteins ranged from 35.20 kDa to 110.83 kDa.
Furthermore, their theoretical pI ranged from 4.87 to 9.70,
indicating a predominantly acidic nature. The instability index
varied from 32.11 to 60.50, with 46.43% for unstable protein. The
aliphatic index ranged between 69.85 and 94.22. Finally, the
frontiersin.org
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GRAVY values ranged from -0.504 to 0.061, with negative values
for 91.07% WAKs, re�ecting their hydrophilic nature. The
subcellular localization predictions indicated that maize WAK
proteins predominantly localized to the plasma membrane,
chloroplast, and vacuole, with lesser function in the endoplasmic
reticulum, cytosol, extracellular matrix, and nucleus (Figure 1).
3.2 Chromosomal location of ZmWAKs

The chromosomal location of maize WAK genes (Zm-B73-
REFERENCE-NAM-5.0) was analyzed to understand the
distribution of the maize WAK gene family across chromosomes
(Supplementary Table S1, Figure 2). Among the 56 identi�ed genes,
54 ZmWAKs were unevenly distributed on all maize chromosomes.
Chromosome 8 contained the highest number of ZmWAKs (n =
12), followed by chromosomes 3, 2, 1, 4, 6, and 5 (n = 9, 8, 7, 6, 4,
and 3). Chromosomes 7, 9, and 10 possessed the fewest ZmWAKs
(n = 1 or 2). The WAKL proteins share similar structural features
with the WAK proteins. In a previous study, a total of 58 ZmWAKL
genes were identi�ed in the maize genome of the Zm-B73-
REFERENCE-GRAMENE-4.0 version, and were designated as
ZmWAKL1 to ZmWAKL58 (Hu et al., 2023). The 58 ZmWAKL
Frontiers in Plant Science 05
genes are unevenly distributed across the 10 chromosomes, with the
highest number (15 genes) located on chromosome 8 and the lowest
number (1 gene) on chromosome 7. The variation in the number of
ZmWAK/WAKL genes may be due to the use of different genome
versions during the identi�cation process of the gene family.

To obtain the evolutionary relationships among the ZmWAKs,
we detected gene duplication events, including both segmental (SD)
and tandem duplication (Table 1). Nine pairs of SD genes, including
ZmWAK6/38, ZmWAK12/32, ZmWAK16/45, ZmWAK23/37,
ZmWAK23/47, ZmWAK23/49, ZmWAK37/47, ZmWAK49/37, and
ZmWAK49/47, and two pairs of TD genes, including ZmWAK40/41
and ZmWAK41/42 were identi�ed in maize. ZmWAK40/41 and
ZmWAK41/42 are two connected tandem duplication events, which
together make these genes tandem triplicates. ZmWAK23,
ZmWAK37, ZmWAK47, and ZmWAK49 exhibited 2–3 SD events,
indicating these genes were the most active in the expansion of the
maize WAK gene family. The SD and TD events occurred over
14.77–226.02 million and 2.55–2.76 million years ago, respectively.
The Ka and Ks values of the 11 duplication gene pairs were
calculated to estimate the selection pressure in gene
differentiation. Four gene pairs exhibited Ka/Ks values greater
than 1, suggesting that these gene pairs may have undergone
positive selection. This indicates that the amino acid substitutions
FIGURE 1

Heat map of the subcellular localization of ZmWAK genes in plants. E.R, Endoplasmic Reticulum; plas, plasma membrane; Golg, Golgi apparatus;
Golg_plas, Golgi membrane; Vacu, vacuole; mito, mitochondria; chlo, chloroplast; nucl, nucleus; cyto, cytosol; cysk_nucl, nuclear cytoskeleton;
extr, extracellular matrix; pero, peroxisome. The minimal functional presence of the gene is indicated by blue, and the maximum functional
signi�cance of the gene is represented by red.
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in these genes could potentially give rise to novel protein functions,
thereby facilitating the adaptation of the organisms to
environmental changes.
3.3 Phylogenetic analysis of the maize WAK
gene family

In order to elucidate the phylogenetic relationships of
ZmWAKs, a phylogenetic analysis was conducted with the WAK
Frontiers in Plant Science 06
gene family members from Arabidopsis and maize. A total of nine
subgroups were identi�ed: I, II, III, IV, V, VI, VII, VIII, and IX
(Figure 3). Among them, subgroup IX was the largest, comprising
28 ZmWAKs, followed by subgroup V, containing 13 ZmWAKs and
four AtWAKs/WAKLs; subgroup VII, containing two ZmWAKs and
seven AtWAKs/WAKLs; subgroup VI, containing nine AtWAKs/
WAKLs; subgroup VIII, containing eight ZmWAKs; subgroup II,
containing two ZmWAKs and two AtWAKs/WAKLs; subgroup IV,
containing two ZmWAKs; subgroup III, containing one ZmWAK
and one AtWAK/WAKL; and subgroup I, containing one AtWAK/
FIGURE 2

Distribution of ZmWAKs in maize genome. Red color represents these genes underwent tandem duplication.
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TABLE 1 Ka/Ks analysis of duplicated ZmWAK gene pairs.

Duplicated gene pairs Ka Ks Ka/Ks Duplicated type Selection type Time (Mya)

ZmWAK40/ZmWAK41 0.009 0.036 0.259 Tandem purifying selection 2.766

ZmWAK41/ZmWAK42 0.013 0.033 0.403 Tandem purifying selection 2.555

ZmWAK6/ZmWAK38 0.666 1.094 0.609 Segmental purifying selection 84.138

ZmWAK12/ZmWAK32 0.845 0.946 0.894 Segmental purifying selection 72.734

ZmWAK16/ZmWAK45 0.467 2.938 0.159 Segmental purifying selection 226.018

ZmWAK23/ZmWAK37 0.976 1.061 0.920 Segmental purifying selection 81.605

ZmWAK23/ZmWAK47 1.043 0.905 1.152 Segmental positive selection 69.633

ZmWAK23/ZmWAK49 0.942 1.095 0.860 Segmental purifying selection 84.260

ZmWAK37/ZmWAK47 0.250 0.192 1.302 Segmental positive selection 14.773

ZmWAK49/ZmWAK37 0.578 0.261 2.218 Segmental positive selection 20.060

ZmWAK49/ZmWAK47 0.447 0.218 2.053 Segmental positive selection 16.752
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Ka and Ks indicate the nonsynonymous and synonymous which are used to determine the selective pressure after duplication. Ka/Ks = 1 indicates the neutral selection, Ka/Ks > 1 indicates the
positive selection, Ka/Ks < 1 indicates the purifying selection. The duplication date (Million years ago, Mya) is calculated by the formula: T = (Ks/2l)×10-6, where l = 6.5×10-9.
FIGURE 3

Phylogenetic relationships of the WAK proteins from Arabidopsis (At) and maize (Zm). Distinct color blocks represent different subgroups. The Star
shape represents maize WAK proteins, and the triangle represents Arabidopsis WAK proteins.
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WAKL. These data indicate that the expansion of the plant WAK
gene family occurred unevenly across different species during
evolution. In addition, subcellular localization reveals that 22
ZmWAK proteins are localized to the plasma membrane,
predominantly in subgroups IV, V, VIII, and IX, which account
for 50.00%, 53.84%, 37.50%, and 39.28% of the genes in these
subgroups, respectively (Supplementary Table S1). In a previous
study, 58 ZmWAKL genes in maize were identi�ed three main
clusters: Group I, Group II, and Group III, with 29, 19, and 10
genes, respectively (Hu et al., 2023). In this study, 56 ZmWAK genes
were identi�ed, of which 8, 13, and 28 were respectively assigned to
subgroups V, VIII, and IX, with the remaining 7 genes allocated to
other subgroups. This difference in grouping may result from the
use of both Arabidopsis and maize WAK/WAKL genes in this study.
3.4 Gene structure and conserved motif
analysis of the maize WAK gene family

To further explore the evolution of the ZmWAK gene family,
the gene structure and conserved motifs of ZmWAKs were
analyzed. As shown in Supplementary Table S1, a total of �ve
typical domains were detected in ZmWAKs, including signal
peptide, GUB_WAK_bind domain, EGF domain, Pkinase_Tyr
domain, and transmembrane domain. We observe that 28.57%,
21.42%, 17.85%, and 32.14% of ZmWAKs contain all �ve, four,
three, and two typical domains, respectively. No ZmWAKL proteins
were identi�ed, because all identi�ed ZmWAK proteins contain at
least one extracellular domain (GUB_WAK_bind, EGF) and an
intracellular domain (Pkinase_Tyr), based on the identi�cation
method used by previous researchers (Yang et al., 2021; Li et al.,
2025). However, in a previous study, 58 ZmWAKL proteins were
identi�ed, which contained EGFs and a protein kinase domain (Hu
et al., 2023). In this study, all 56 ZmWAK proteins contain an
extracellular domain (GUB_WAK_bind,EGF) and an intracellular
domain (Pkinase_Tyr). This suggests that the differences in gene
number between the two studies may be attributed to variations in
identi�cation methods and screening criteria.

The ZmWAK proteins in the same group displayed similar
conserved domains and structures. For example, groups V and IX
are the two largest subgroups within the maize WAK gene family,
comprising 13 and 28 ZmWAK proteins, respectively. In subgroup
V, 76.92% of the ZmWAK proteins harbor the signal peptide,
GUB_WAK_bind, EGF, transmembrane, and Pkinase_Tyr
domains, with either two GUB_WAK_bind domains or two EGF
domains present. In subgroup IX, 89.28% of the ZmWAK proteins
are devoid of the EGF domain, while 42.8% of the ZmWAK
proteins contain the WAK_assoc domain. Furthermore, we �nd
that AtWAKL20 and ZmWAK27 (in subgroup III) and AtWAKL21
and ZmWAK1 (in subgroup II) are sub-clustered despite having
different domain compositions. We speculate that these genes may
have retained conserved domains or amino acid sequences during
evolution. Conserved motif analysis reveals that around 89.29% of
ZmWAKs contain three or four exons, whereas 10.71% of ZmWAKs
contain two or �ve exons (Supplementary Table S1, Figure 4). In a
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previous study, the number of exons in ZmWAKL genes varied
from 2 to 5 (Hu et al., 2023). This is similar to the results of this
study. Additionally, Similar intron-exon distribution has been
reported in other plants, implying that this feature of the WAK
gene family might be conserved across different plant species.

A total of ten conserved motifs were predicted via the MEME
analysis (Supplementary Table S2). Most of the ZmWAKs from
subgroups II, V, and VIII contained all ten motifs. Around 78.57%
and 46.42% of ZmWAKs from subgroup IX lacked motifs 9 and 10,
respectively. ZmWAKs from subgroup IV contained the least
number of motifs, harboring only motifs 5, 9, and 10. ZmWAKs
from subgroups III and VII displayed a trend of losing motifs or
having multiple copies of motif 9 (Supplementary Tables S2, S3,
Figure 4). The gene structure and motif composition of ZmWAKs
were similar within the same subgroup, indicating functional
redundancy in plant growth and development. In a previous
study, there were ten motifs identi�ed in ZmWAKL proteins that
are associated with the wall-associated kinase or protein kinase
domain (Hu et al., 2023). A similar distribution of conserved motifs
was observed between the ZmWAKL and ZmWAK gene families.
3.5 Analysis of the cis-acting elements of
the maize WAK gene family

A total of 107 distinct types of cis-acting elements were
identi�ed in the promoter regions of maize WAK genes, including
82 elements with known functions and 25 elements with unknown
functions (Supplementary Tables S4, S5, Figure 5A). A signi�cant
proportion (41.92%) of cis-acting elements were core promoter
elements, followed by light-responsive elements (7.34%).
Furthermore, speci�c cis-acting elements were predicted to
participate in the responses to various hormones (methyl
jasmonate/jasmonic acid (MeJA/JA), ABA, ethylene (ETH),
salicylic acid (SA), IAA, and GA) and stress factors (drought,
anaerobic, injury, low temperature (LT), salt, and fungus), defense
responses, and plant development processes. Among them, the
defense-responsive elements, elements related to plant
development, and abiotic stress-responsive elements (MeJA/JA,
ABA, ETH, and drought) were widely distributed in the promoter
sequences of ZmWAKs (found in 2.54%, 3.46%, 6.93%, 3.86%,
3.16%, and 4.94% of the sequences, respectively; Figure 5B). This
result suggests that ZmWAKs might be involved in stress responses
and might regulate plant growth and development via
hormonal pathways.
3.6 GO annotation analysis of the maize
WAK gene family

Upon GO enrichment analysis, a total of eight ZmWAK genes
were successfully annotated (Supplementary Figure S1). The
molecular function enrichment analysis revealed that the genes were
primarily associated with guanylate cyclase, phosphorus-oxygen lyase,
and cyclase activities. The cellular component enrichment analysis
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FIGURE 5

Predicted cis-elements in promoter regions of ZmWAK genes. (A) Distribution of different cis-regulatory elements. (B) The relative proportion of
various cis-elements within promoter regions.
FIGURE 4

The gene structure and conserved motifs of ZmWAK gene family. From left to right, they are as follows: the phylogenetic tree of the 56 ZmWAK
proteins, the motif distribution of the 56 ZmWAK proteins, The exon-intron structure of the ZmWAK genes.
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