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Insights into ZMWAKL in maize kernel ety

development: genome-wide investigation
and GA-mediated transcription
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Abstract

Background The functional roles of the Wall Associated Kinase (WAK) and Wall Associated Kinase Like (WAKL) fami-
lies in cellular expansion and developmental processes have been well-established. However, the molecular regula-
tion of these kinases in maize development is limited due to the absence of comprehensive genome-wide studies.

Results Through an in-depth analysis, we identified 58 maize WAKL genes, and classified them into three distinct
phylogenetic clusters. Moreover, structural prediction analysis showed functional conservation among WAKLs

across maize. Promoter analysis uncovered the existence of cis-acting elements associated with the transcriptional
regulation of ZmWAKL genes by Gibberellic acid (GA). To further elucidate the role of WAKL genes in maize kernels,
we focused on three highly expressed genes, viz ZmWAKL38, ZmWAKL42 and ZmWAKL52. Co-expression analyses
revealed that their expression patterns exhibited a remarkable correlation with GA-responsive transcription factors
(TF) TF5, TF6, and TF8, which displayed preferential expression in kernels. RT-qPCR analysis validated the upregulation
of ZmMWAKL38, ZmWAKL42, ZmWAKL52, TF5, TF6, and TF8 following GA treatment. Additionally, ZmWAKL52 showed
significant increase of transcription in the present of TF8, with ZmWAKL52 localizing in both the plasma membrane
and cell wall. TF5 positively regulated ZmWAKL38, while TF6 positively regulated ZmWAKL42.

Conclusions Collectively, these findings provide novel insights into the characterization and regulatory mechanisms
of specific ZmWAKL genes involved in maize kernel development, offering prospects for their utilization in maize
breeding programs.
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Background

The plant cell wall plays crucial roles in furnishing struc-
tural support and protection, setting it apart from its
animal cell counterparts. It also plays a crucial role in
determining cell size and shape, thus influencing plant
development. Thus, questions arise regarding the regula-
tion of cell wall synthesis and expansion [1]. In addition
to protecting plant cells against external stresses and
providing structural integrity, the cell wall contributes
to plant development by influencing processes like cell
elongation, division, tissue differentiation, and organ for-
mation. Communication between the cell wall and other
cellular components, such as the plasma membrane and
cytoplasm, is crucial for coordinating these processes and
determining cell size and shape [2].

The WAK gene has emerged as a key regulator of
cell elongation and cell wall synthesis, thereby affect-
ing plant morphogenesis. WAK genes influence various
plant development processes, particularly those related
to plant growth and shape [3-5]. For instance, studies on
rice have demonstrated that a specific WAK gene from
this crop is involved in plant development. Suppression
of its expression leads to dwarf plants with reduced leaf
size, flag-leaves, internodes, and panicles [6]. Similarly,
suppression of WAK4 gene expression in Arabidopsis
results in altered morphology, including reduced cell
elongation, leading to small rosette leaves, condensed
inflorescence stems, short siliques, unopened miniature
flowers, and short primary roots [1, 7].

Further investigation reveals that WAK belongs to the
receptor-like kinase (RLK) superfamily. RLKs share a
common structural feature: a carboxyl-terminal cytoplas-
mic region with an active Ser/Thr kinase domain. WAKs
also possess an amino-terminal extracellular region con-
taining various motifs, including a highly conserved epi-
dermal growth factor (EGF) repeat, Ca’*-binding EGF
domains, and EGF2-like domains [8]. The presence of the
EGF domain in WAK is closely associated with cell wall
synthesis and plays a significant role in cell elongation
[3]. There is another group of genes called WAKL family,
which exhibits a similar structure to WAK, incorporat-
ing both the RLK region and at least one EGF domain.
The WAK/WAKL family includes numerous well-studied
genes in various plant species, such as cotton, barley,
apple, and rice [9-11].

The WAK gene family has emerged as a critical player
in various aspects of plant biology, including cell wall
synthesis, cell elongation, morphogenesis, and plant
growth and development [3-5]. Extensive research has
been conducted to unravel their functional significance
in different plant species. For instance, in maize, a spe-
cific member of the WAK family, ZmWAK-RLK1 (Htnl),
has been identified as a regulator of disease resistance
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against the fungal pathogen Exserohilum turcicum, caus-
ing head smut disease [12-14]. The discovery of this
gene’s involvement in disease resistance raises possibili-
ties for enhancing resistance in maize through genetic
improvement strategies. While the role of the WAK gene
family in disease resistance has been extensively studied,
further exploration of their broader functions and under-
lying molecular mechanisms is imperative. Genome-wide
analyses, functional characterization, and exploration of
interactions with other genes and signaling pathways are
essential for a deeper understanding of the diverse roles
played by the WAK gene family in plant biology.

Plant hormones, including abscisic acid (ABA), methyl
jasmonate (MeJA), salicylic acid (SA), and gibberel-
lic acid (GA), regulate various developmental processes
in plants. They have diverse functions in shaping plant
structures, including roots, flowers, stems, and leaves.
Furthermore, these hormones play significant roles in
fruit development, seed germination, growth regulation,
plant longevity, and programmed cell death [15-17]. GA,
in particular, is important in regulating cell elongation,
division, and overall plant growth. GA can change cell
shape by improving the extensibility of cell wall [18-21].
The effects of GA on cell elongation and division vary
depending on the tissue and developmental stage. In cot-
ton, increased levels of GA lead to enhanced cell wall
synthesis, resulting in thicker cell walls, improved fiber
quality, and increased cellulose content [22]. In wheat
and maize, GA affects kernel development [23-25]. By
introducing GA-sensitive dwarf genes in wheat, plant
height is reduced, leading to increased kernel number
and size, ultimately enhancing grain yield [23]. Similarly,
GA application during the 4-5 leaf stage in maize sig-
nificantly improves yield attributes [26]. The overlap in
function between GA and WAK/WAKL in cell elongation
suggests a potential interaction or regulatory relationship
between them.

Plant hormones, including GA, have been shown to
modulate gene expression in various physiological pro-
cesses. The interaction between GA and the WAK/
WAKL gene family has been investigated in different
crops. In potatoes, GA-responsive elements were identi-
fied in several WAK/WAKL genes. GA treatment signifi-
cantly upregulated the expression of the StWAKI2 gene
in potato plants [27]. In cotton, GA-responsive elements
were found in GEWAK genes, and GA treatment induced
the expression of most GEWAK genes [28]. However, it
remains unclear whether GA affects WAKL gene expres-
sion in maize. Further research is required to determine
the specific effects of GA on WAKL gene expression in
maize, as well as the underlying mechanisms involved.

In conclusion, our study provides a comprehensive
investigation of the WAKL gene family in maize, with a
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focus on their regulation by GA and associated transcrip-
tion factors (TFs). We identified 58 ZmWAKL genes clas-
sified into three groups. Remarkably, eight ZmWAKL
genes exhibited high expression during early kernel
development. Notably, GA treatment significantly upreg-
ulated the expression of ZmWAKL38, ZmWAKL42 and
ZmWAKLS2. These findings offer valuable insights into
the functional characterization of the maize WAKL gene
family and shed light on the involvement of GA-respon-
sive transcription factors in regulating ZmWAKL3S,
ZmWAKL42, and ZmWAKLS52. Future studies in this
field will expand our understanding of the intricate regu-
latory mechanisms underlying GA-mediated ZmWAKL
gene expression in maize.

Results

Genome-Wide Identification and Chromosome
Localization Analysis of WAKL Genes in Maize

Through an extensive genome-wide analysis using the
HMM method, we successfully identified 165 poten-
tial loci responsible for encoding WAKL proteins in
maize. These findings align with previous studies con-
ducted on Arabidopsis thaliana, Oryza sativa.L, and
Hordeum vulgare L, confirming the presence of two con-
served domains within the maize WAKL proteins: EGFs
(EGF repeat, Ca?"-binding EGF domain, and EGF2-like
domain) (File S1: Table S1.3) and a protein kinase domain
(File S1: Table S1.1) [10, 29, 30].To validate the presence
of these conserved domains, we subjected the protein
sequences of the 165 candidates to diagnostic domain
analysis utilizing CDD, Pfam, and ClustalW. As a result,
we successfully identified 58 sequences as ZmWAKL
genes and assigned them names based on their respective
chromosome locations.

Detailed information regarding the characteristics of
ZmWAKL proteins can be found in Table S2. The analy-
sis revealed significant variability in protein length, rang-
ing from 342 amino acids for ZmWAKL25 to 1328 amino
acids for ZmWAKLO02. Correspondingly, the molecu-
lar weights ranged from 38.03 kDa for ZmWAKL25
to 147.35 kDa for ZmWAKLO2. The predicted iso-
electric points (pI) of ZmWAKLs varied between 4.96
(ZmWAKL17) and 8.96 (ZmWAKL43), indicating an
overall weakly acidic nature with an average pl of 6.40.
Moreover, the calculated GRAVY values were nega-
tive, suggesting the hydrophilic nature of the ZmWAKL
proteins. Although the majority of ZmWAKL genes
exhibited a single transcript variant, approximately 20
genes demonstrated the presence of multiple transcript
variants, indicating the presence of transcriptomic com-
plexity within this gene family. Particularly notewor-
thy were ZmWAKL44, which exhibited 17 transcripts,
and ZmWAKL46, which showed 13 transcripts. These
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findings exemplify the intricate transcriptional regulation
and potential functional diversity of these genes.

Phylogenetic and molecular evolution analysis of WAKL
genes in maize

The phylogenetic analysis of 58 ZmWAKL proteins in
maize identified three main clusters: Group I, Group II,
and Group III, with 29, 19, and 10 proteins, respectively
(Fig. S1 and Fig. 1A). Gene structure analysis confirmed
that genes within the same group and neighboring clades
displayed similar structural patterns. For instance, Group
I members, like ZmWAKLI5 and ZmWAKLI6, shared
three exons, reflecting their close phylogenetic relation-
ship. However, slight variations in exon—intron distribu-
tion were observed among different phylogenetic groups,
resulting in a range of 2 to 5 exons within the ZmWAKL
gene family (Fig. 1C).

To explore the phylogenetic relationships and struc-
tural diversity of ZmWAKL genes, we used the MEME
online server to identify conserved motifs (File S1: Table
S1.1). Ten motifs associated with the wall-associated
kinase or protein kinase domain were found among
ZmWAKL proteins (Fig. 1B). Remarkably, almost all
Group I members exhibited all 10 motifs (File S1: Table
S1.2), including the widely-present WAK motif. This
motif was predominantly located in the N-terminal
region of most ZmWAKL genes, indicating a conserved
distribution pattern within the family. Furthermore,
closely related proteins in adjacent clades of the phyloge-
netic tree displayed similar motif structures. For exam-
ple, ZmWAKL28 and ZmWAKLO09, both from Group I,
shared all 10 motifs, including the STKc_IRAK motif,
which is exclusive to genes in adjacent clades and the
same group. EGF motifs were present in some ZmWAKL
proteins, consistent with their definition (File S1: Table
$1.3). This finding aligns with previous research by Li
[31]. The combined evidence from phylogenetic analysis,
conserved motif distribution, and gene structure similar-
ity strongly supports the conservation and reliability of
group classification in ZmWAKL genes.

Chromosome localization and synteny analysis of ZmWAKL
genes

The chromosomal positions of the 58 ZmWAKL genes
were determined based on their starting positions, with
their names assigned accordingly. Analysis of the dis-
tribution across maize chromosomes revealed a non-
uniform pattern (Fig. 2A). Chromosome 8 contained the
highest number of ZmWAKL genes (15 genes), followed
by chromosomes 2 and 1 with 10 and 9 genes, respec-
tively. Chromosomes 3, 6, 4, and 10 harbored 6, 6, 4, and
4 ZmWAKL genes, respectively, while chromosomes
7 and 9 had only one gene each (Fig. 2A). This uneven
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Fig. 1 Phylogenetic analysis and structural features of ZmWAKL genes. A Phylogenetic tree of 58 ZmWAKL proteins were classified into 3 groups
and were marked with different color. B Conserved motifs of ZmWAKLs, identified using the MEME database and complete amino acid sequences.
C Exon/intron organization of ZmWAKL genes. Exons are depicted as yellow boxes, black lines indicate introns, and UTR regions are represented

by green boxes. The information of the 10 motifs were listed in File S1: Table S1.2. The scale at the bottom represents the inferred length of exons
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Fig. 2 Chromosomal mapping and comparative synteny analysis of ZmWAKL genes. A Chromosome localization and gene duplication patterns
of ZMWAKL genes are illustrated. The figure displays the positions of ZmWAKL genes on maize chromosomes, with tandem duplicated genes
highlighted in red font. The left-side scale bar represents the length of maize chromosomes in megabases (Mb). B Comparative synteny analysis
of WAKL genes across Zea mays L. (maize), Hordeum vulgare L. (barley), and Oryza sativa L. (rice)

distribution indicates significant variation in the genomic
abundance of WAKL genes in maize.

Gene duplication plays a crucial role in the expansion
of gene families in plant evolution [32—35]. Among the
analyzed ZmWAKL genes, 9 genes (16%) exhibited tan-
dem duplication events within the genome. These tan-
dem duplications occurred on chromosomes 2 and 8. By
calculating Ka/Ks ratios, which represent the substitution
ratios of non-synonymous to synonymous mutations,
it was evident that most duplicated gene pairs under-
went purifying selection during maize evolution (Table
S3). The tandemly duplicated genes displayed a con-
sistent number of introns, except for ZmWAKL40 and
ZmWAKL41 Fig. 1C. No segmental duplication events
were detected between different chromosomes. These
findings indicate that tandem gene duplication events
have contributed to the expansion of the ZmWAKL gene
family in the maize genome.

A comparative syntenic analysis involving maize, bar-
ley, and rice was conducted to understand the evolution-
ary mechanisms underlying the ZmWAKL gene family
(Fig. 2B). The analysis revealed that 21 ZmWAKL genes
exhibited syntenic relationships with barley, while 28
genes showed syntenic relationships with rice. Multiple
types of syntenic orthologous gene pairs were observed
between barley and ZmWAKL genes, with certain maize
genes corresponding to multiple barley genes and vice
versa (Fig. 2B, Table S4). On the other hand, most of
the 28 syntenic orthologous gene pairs between rice
and maize exhibited a one-to-one syntenic relationship,
indicating their origin from a common ancestor (Fig. 2B,
Table S5). In some cases, one rice gene corresponded to
multiple maize genes, and certain orthologous gene pairs
were shared between maize and barley. These findings
suggest the emergence of these orthologous gene pairs
following the divergence of cereal crops.
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Cis-acting regulatory element of ZmWAKLs

The analysis of ZmWAKL genes’ promoter region using
the PlantCARE database revealed a wide range of cis-
acting regulatory elements, indicating promoter diversity
and the potential for intricate transcriptional regulation
in these genes (Table S6). Conserved regulatory ele-
ments like the TATA-box and CAAT-box were identified
across all ZmWAKL genes, highlighting their fundamen-
tal role in gene expression regulation. The presence of 10
cis-acting regulatory elements associated with hormone
responses suggests the involvement of ZmWAKL genes
in hormone-mediated processes (Table S7). These ele-
ments include auxin-responsive elements (AuxRR-core,
TGA-element), abscisic acid-responsive element (ABRE),
and gibberellin-responsive elements (GARE, P-box,
TATC-box). Multiple hormone-responsive elements were
found in each of the surveyed 58 ZmWAKL genes, with
ABRE, GARE-motif, and TGACG-motif being the most
prevalent, accounting for over 60% of the genes. Gib-
berellin responsiveness was of particular importance, as
each of these 33 ZmWAKL genes contained at least one
gibberellin-responsive motif, reinforcing the significance
of gibberellin signaling in the regulation of these genes
(Fig. S2 and Table S7). Additionally, certain ZmWAKL
genes exhibited cis-acting regulatory elements associated
with biotic and abiotic stress responses, suggesting their
potential involvement in stress-related processes.

The expression analysis of WAKL genes in maize seeds

and GA-treated kernels at different development stages
The analysis of a high temporal-resolution transcrip-
tome dataset provided valuable insights into the expres-
sion patterns of ZmWAKL genes during maize kernel
development [36]. 14 ZmWAKL genes were identified
during early seed development, according to previous
studies [36]. However, in response to 50 mM GA treat-
ment, only eight out of the 14 genes showed differential
expression, indicating their involvement in the regula-
tory mechanisms of maize kernel development (Table
S8) [24]. Analysis of the RNA-seq data, as indicated by
logFC(50 mm-GA-12 h/CK-12 h) in Table S8, refer-
encing Lv et al’s report [24], unveiled that all eight dif-
ferentially expressed ZmWAKL genes demonstrated an
upregulation in response to GA induction. Among them,
ZmWAKL38 and ZmWAKL42 showed the most signifi-
cant fold change in expression patterns. The validation
through RT-qPCR analysis at multiple time points con-
firmed these expression profiles (Fig. 3A).

Further investigation focused on three selected
genes, ZmWAKL38, ZmWAKL42, and ZmWAKLS2,
in maize kernels treated with 50 mM GA (Fig. 3B). The
RT-qPCR analysis showed a consistent and significant
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upregulation of these genes after 12 h of GA treatment.
While ZmWAKL38 and ZmWAKL42 displayed sustained
elevated expression levels, ZmWAKLS52 reached its peak
expression at 24 h, highlighting their positive transcrip-
tional responsiveness to GA induction. In summary,
the study provides insights into the dynamic expres-
sion patterns of ZmWAKL genes during maize kernel
development.

Co-expression of GA mediated TFs and ZmWAKLs

Our investigation yielded evidence supporting the pres-
ence of GA-responsive elements in the promoters of
ZmWAKL38, ZmWAKL42, and ZmWAKLS2 genes, with
their expressions being positively regulated by GA treat-
ment (Fig. 3 and Fig. 4B). These findings establish a direct
link between GA signaling and the transcriptional regu-
lation of these genes. Additionally, previous studies have
indicated the involvement of WAKL genes in cell elonga-
tion and tissue morphology, emphasizing their signifi-
cance in maize kernel development [7, 37].

To elucidate the transcriptional regulation of ZmWAKL
genes by GA-responsive transcription factors (TFs), we
performed a co-expression analysis [38, 39] using pub-
licly available transcriptome data [24, 36]. This analysis
revealed 21 potential TF candidates exhibiting co-expres-
sion patterns with the kernel highly expressed ZmWAKL
genes (Fig. 4A). Specifically, TF5, TF6, and TF8 emerged
as strong candidates for transcriptional regulation of
ZmWAKL38, ZmWAKL42, and ZmWAKLS2, respec-
tively. Notably, TF5, belonging to the TALE family, has
been shown to be inducible in response to wounds and
sensitive to GA inactivation (Table S9). On the other
hand, TF8, a member of the MYB family, is known for its
responsiveness to phytohormones and its crucial role in
various aspects of plant growth and development (Table
S9).

To further investigate the responsiveness of TF5, TF6,
and TF8 to GA induction, we conducted RT-qPCR anal-
ysis on maize kernels subjected to GA treatment at dif-
ferent time points (Fig. 4B). The results demonstrated
a significant upregulation of these TFs following GA
treatment, with peak transcript levels observed at differ-
ent time intervals. TF5 exhibited a stabilization at 12 to
24 h, followed by a sharp decrease, while TF6 and TF8
maintained their elevated expression levels up to 24 h.
The fold changes in transcript levels for these TFs ranged
from 5 to 12, providing strong evidence for their respon-
siveness to GA induction. Consequently, the GA-induced
expression of TF5, TF6, and TF8 likely contributes to the
observed transcriptional alterations in ZmWAKL gene
expression in GA-treated maize kernels. In summary, our
study confirms that GA modulates the transcriptional
regulation of ZmWAKL genes, and identifies potential
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TFs, such as TF5, TF6, and TFS, that are involved in this
process.

Identification of subcellular localization

of ZMmWAKL-encode protein and the candidate TFs

The subcellular localization of ZmWAKL-encoding
proteins, including ZmWAKL38, ZmWAKL42, and
ZmWAKLS52, as well as the candidate TFs, TF5, TF6, and
TF8, was investigated in this study. To determine their
localizations, the coding sequences of these proteins
were fused to the GFP reporter gene, and their expres-
sions were driven by the CaMV 35S promoter. Transient
expression of these fusion constructs was carried out in

N. benthamiana leaves, and after 24 h, confocal micros-
copy was used to examine the localization patterns
within the cells. The results revealed distinct subcellular
localizations for these proteins. TF6-GFP and TF8-GFP
were found to predominantly localize in the nucleus. On
the other hand, ZmWAKL38-GFP, ZmWAKL42-GFP,
and TF5-GFP exhibited fluorescence signals in both the
cytoplasm and nucleus. This suggests that TF6 and TF8
likely function as nuclear proteins, while TF5 may play a
role in both the cytoplasm and nucleus (Fig. 5A).
According to the results depicted in Fig. 5A and Fig. S3,
ZmWAKL52-GFP exhibited fluorescence patterns in the
plasma membrane. Furthermore, a closer investigation
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was carried out for ZmWAKLS52 to understand its bind-
ing properties to the cell membrane and cell wall. Onion
epidermal cells were transformed with ZmWAKL52-
GFP and subjected to plasmolysis. The plasmolyzed cells
showed GFP signals from ZmWAKL52-GFP in both the
cytoplasm and cell wall, indicating its localization in the
cytoplasm and its association with the cell wall (Fig. 5B).
In summary, the study identified the subcellular localiza-
tions of ZmWAKL-encoding proteins and candidate TFs.
TF6 and TF8 primarily localized to the nucleus, while
ZmWAKL38, ZmWAKL42, and TF5 exhibited fluores-
cence signals in both the cytoplasm and nucleus. Addi-
tionally, ZmWAKL52 was found to associate with the
plasma membrane and cell wall.

GA induced TFs regulated the expression of ZmWAKLs

The objective of this study was to investigate the regu-
latory influence of GA-induced TFs, specifically TF5,
TF6, and TE8, on the expression of ZmWAKL genes.
To evaluate their impact on transcriptional regulation,

a transient promoter activity assay was conducted in N.
benthamiana plant leaves. For this purpose, separate
plasmids were constructed, encompassing the promoter
regions of ZmWAKL38, ZmWAKL42, and ZmWAKL52,
along with the coding sequences of TF5, TF6, and TFS8.
These plasmids were individually co-transformed into
N. benthamiana leaves, enabling the measurement of
reporter gene activities. To ensure accurate compari-
sons, B-Glucuronidase (GUS) activity of the second
GUS exon in the pTLUC1301 was used as an internal
control to normalize the transformation efficiency. The
plasmid structure used in the transcriptional activity
assay is illustrated in Fig. 6A. The results of the assay
demonstrated that TF5, TF6, and TF8 significantly aug-
mented the transcriptional activities of the ZmWAKL38,
ZmWAKL42, and ZmWAKLS2 promoters, respectively.
Figure 6B illustrates the observed elevation in luciferase
(LUC) activity compared to GUS activity. Notably, the
TF8+ZmWAKL52 combination exhibited the highest
LUC/GUS activity ratio, followed by TF5+ ZmWAKL38.
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Bright GFP

GFP-2300
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Fig.5 Analysis of subcellular localization for ZmWAKL proteins and TFs. A Subcellular localization analysis conducted in N. benthamiana leaves.
NLS-RFP were used as nuclear marker and show red fluorescence signals. PIP2-cherry was exclusively employed as a cell membrane marker

in conjunction with ZmWAKL52-GFP co-transformation in tobacco leaves, manifesting a distinctive red fluorescent signal. Scale bar=25 um. B
Subcellular localization examination of ZMWAKL52 in onion epidermal cells following plasmolysis. The arrow indicates GFP signals present in cell

wall. Scale bar=100 um

In conclusion, these findings provide evidence that GA-
induced TFs, including TF5, TF6, and TF8, possess the
ability to modulate the transcriptional expression of
ZmWAKL38, ZmWAKL42, and ZmWAKLS2 genes in
maize.

Discussion

WAK/WAKL proteins are important receptor-like
kinases that play a crucial role in perceiving signals
from the extracellular environment and facilitating cel-
lular responses in plants. Their involvement spans vari-
ous processes, such as disease resistance, phytohormone
signaling, and stress responses, which enable plants to
adapt to changing environmental conditions [12, 27,
28]. It is noteworthy that WAK-mediated cell expan-
sion has been associated with pathogen defense, exhibit-
ing diverse molecular mechanisms. In maize, the WAK/
WAKL family significantly contributes to disease resist-
ance. For instance, ZmWAKL19 (also known as Zm WAK)
plays a pivotal role in inhibiting the growth of the fun-
gal pathogen Sporisorium reilianum, causing head smut

disease [40]. This defense mechanism relies on promot-
ing cell growth and inducing apoptosis-like programmed
cell death (AL-PCD) to restrict the hyphal growth of
the pathogen, enhancing resistance against head smut
disease. Another member of the WAK/WAKL family in
maize, ZmWAKLS53, is involved in defense against the
hemibiotrophic fungal pathogen Exserohilum turci-
cum [13]. It localizes to the plasma membrane and acts
to reduce pathogen penetration into host tissues. This
defense response is accompanied by changes in benzox-
azinoid metabolites and downstream biochemical fluxes
starting from indole-3-glycerol phosphate.

Furthermore, WAK/WAKL proteins, in addition to
their role in disease resistance, have broader impacts
on various cellular processes such as cell expansion and
morphogenesis. For example, silencing OsWAKI in rice
results in reduced cell size and a dwarf phenotype [6],
while downregulating WAK4 in Arabidopsis inhibits
cell elongation [7], hinders root development, leading to
dwarfism and sterility. Given the pivotal role of WAK/
WAKL in regulating cell growth processes critical for
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Fig. 6 Analysis of TF-promoter interaction using a transient assay in N. benthamiana leaves. A Schematic representation of the plasmid constructs
employed in the experiment. B Co-transformation of pTLUC1301-promoter and pTFLGHAU-TF plasmids in N. benthamiana leaves. LUC activity
was standardized to GUS activity in each individual transformation. The data represent the means +SD of 6 replicates. The statistical significance
of differences between -TF and +TF samples was assessed using a two-tailed paired t-test (*P < 0.05, **P<0.01)

normal plant development, it is conceivable that they are
subject to the influence of various plant hormones [41—
43], participate in specific points of cell wall synthesis,
and may even involve unknown regulatory mechanisms.
Subsequent research efforts, possibly employing multi-
omics approaches, could focus on analyzing WAK/WAKL
genetic materials with distinct phenotypic differences to
uncover potential regulatory molecular mechanisms.
During the investigation of ZmWAKL gene regulation
in maize, it was discovered that their promoters contain
hormone-responsive elements, particularly GA-respon-
sive elements. GA positively regulates ZmWAKL38,
ZmWAKL42, and ZmWAKLS52, with transcriptional reg-
ulation mediated by GA-responsive transcription factors
like TF5, TF6, and TF8 during seed development. Con-
sidering the subcellular localization of ZmWAKL52 in
the cell wall and plasma membranes, GA partially inter-
acts with the WAKL family, which is known for promot-
ing cell differentiation and expansion [44, 45]. Despite the
revelation of GA’s involvement in mediating ZmWAKL
gene expression, the detailed molecular mechanisms and
their impact on maize development remain unknown.
Further research is needed to ascertain the functional

importance of ZmWAKL genes, their roles in cell wall
interactions, and their broader impact on maize develop-
ment and yield. Additionally, it is crucial to investigate
whether the subcellular localization of ZmWAKL genes
changes after GA treatment, elucidate the molecular
mechanisms underlying GA-mediated transcriptional
regulation of ZmWAKL, explore the specific types of GA
involved in ZmWAKL transcriptional expression, identify
potential GA receptors, and unravel their interactions
with GA-responsive TFs. Moreover, verifying whether
ZmWAKL is regulated by other plant hormones such as
auxin, ABA, SA, among others, is essential to clarify the
specificity of GA regulation on ZmWAKL. Subsequent
studies can indeed focus more on these aspects for pro-
viding deeper insights and facilitating the formulation of
hypotheses based on the findings.

Additionally, the potential role of ZmWAKL genes in
grain development and yield deserves mention. Accord-
ing to the subcellular localization experiments in this
study, ZmWAKLS5?2 is localized to the cell wall, and its
expression is positively regulated by GA-mediated tran-
scription. Given the commonality of the WAKL fam-
ily in promoting cell wall synthesis, we hypothesize
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that ZmWAKLS52, under the control of the GA-induced
transcription factor TF8, may enhance cell wall synthe-
sis, leading to increased cell volume, thereby augment-
ing grain size, and enhancing maize yield. In subsequent
research, we recommend conducting experiments to
specifically investigate changes in cell wall composition
in response to GA-induced cell wall synthesis related to
ZmWAKLS2. 1t is known that WAK gene family mem-
bers can enhance cell wall elasticity by promoting pectin
synthesis, consequently increasing cell size. Addition-
ally, an exploration of potential interaction factors facili-
tated by GA-mediated TF8 is suggested to elucidate the
mechanistic relationship between interaction factors and
ZmWAKLS2 in cell wall synthesis, further explicating
the molecular mechanism by which ZmWAKL52 pro-
motes cell wall synthesis. Understanding the influence
of ZmWAKL genes on grain development and yield will
provide valuable insights for enhancing crop produc-
tivity and implementing effective strategies for maize
improvement.

Conclusion

The discovery of 58 WAKL members in maize highlights
their potential significance in plant development and cell
wall expansion. Importantly, the functional conservation
of these ZmWAKL genes has been successfully demon-
strated. This study specifically focused on three genes,
namely ZmWAKL38, ZmWAKL42, and ZmWAKLS52, and
their promoters were analyzed, revealing the presence
of GA-responsive elements, implying their regulation by
GA. Furthermore, we have determined that the expres-
sions of these three genes are transcriptionally controlled
by GA-responsive transcription factors, namely TF5,
TF6, and TF8. These findings shed light on the regula-
tory mechanisms of the maize WAKL family genes and
lay a solid foundation for future investigations into their
functional roles in maize development. Understanding
the interplay between GA and the transcriptional regu-
lation of ZmWAKL genes is essential for unraveling the
intricate pathways underlying plant growth and adapta-
tion. The insights gained from this study contribute to a
broader understanding of the intricate molecular pro-
cesses governing maize development and provide a start-
ing point for further in-depth exploration of the maize
WAKL family genes.

Materials and Methods

Optimization and Identification of Maize-specific WAKL
Genes

To optimize the identification of maize WAKL genes, pro-
tein sequences from the maize genome B73 were obtained
from the MaizeGDB database (https://www.maizegdb.
org) [46]. An initial HMM profile was established using
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the Pfam protein family database (http://pfam.xfam.
org), incorporating three domains: EGF_Ca domain
(PF07645), GUB_WAKL domain (PF13947), and protein
tyrosine kinase domain (PF07714). The HMMER 3.3.2
software (http://hmmer.org) was utilized with an e-value
cut-off of 0.001 to search for maize WAKL genes within
the protein sequences [47]. The search targeted genes
containing the EGF_Ca or GUB_WAKL domains, with
the protein tyrosine kinase domain as an optional com-
ponent [48]. Confirmation of the presence of WAKL core
sequences was performed using the PFAM and SMART
programs. Only genes possessing the EGF_Ca or GUB_
WAKL domains, with the protein tyrosine kinase domain
being optional, were selected. The selected genes under-
went alignment using the ClustalW software to identify
similarities and conserved regions. Based on this align-
ment, a maize-specific WAKL HMM profile capturing
unique characteristics and variations was constructed.
Using the optimized maize-specific WAKL HMM pro-
file, the HMMER software was employed to identify
ZmWAKL family genes. The same steps were followed to
identify genes with the required domains.

Phylogenetic relationship, conserved motifs, and gene
structure analysis of ZmWAKL

The protein sequences of ZmWAKL genes were aligned
using the MUSCLE algorithm. A phylogenetic tree was
constructed using the neighbor-joining method in Mega7
[49]. The MEME program (http://meme-suite.org) was
utilized to predict conserved motifs within ZmWAKL
proteins [50]. The motifs were annotated using CDD,
SMART, and InterPro software. To visualize the gene
structure of ZmWAKL, including intron and exon infor-
mation, the TBtools software (https://github.com/
CJ-Chen/TBtools) was employed, enabling graphical
representations of gene structures and enhanced under-
standing of exon—intron organization and other struc-
tural features.

Chromosomal localization and gene duplication analysis

Chromosomal positions of ZmWAKL genes were
obtained from the MaizeGDB database, specifically uti-
lizing the B73 AGPv4 genome assembly. The Mapgene-
2chrom software (http://mg2c.iask.in/mg2c_v2.0/) was
used to visually represent the chromosomal distribution
of the ZmWAKL genes [51]. Gene duplication events of
ZmWAKL in maize were explored based on alignment
coverage of>60% of the longer gene, alignment iden-
tity of >60% in the aligned region, and genomic loca-
tion. Tandem duplicated genes were identified when
located within the same chromosomal fragment of less
than 100 kb, separated by five or fewer genes. Segmen-
tal duplication events involving ZmWAKL genes were
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identified through the Plant Genome Duplication Data-
base (http://chibba.agtec.uga.edu/duplication/) [52].

Cis-acting element analysis and expression pattern

of ZmWAKLs

The 2000 bp upstream sequences of ZmWAKL genes
obtained from the B73_RefGen_v4 genome assembly
were analyzed for cis-acting elements using the Plant-
Care (http://bioinformatics.psb.ugent.be/webtools/plant
care/html/) [53]. Expression profiles of ZmWAKL genes
and transcription factors during the early stages of maize
seed development were retrieved from the transcriptome
results [36]. These profiles provided insights into the tem-
poral and spatial expression patterns of ZmWAKL genes.

Plant materials

A comprehensive investigation was conducted during
the 2021 growing season at the research field of Sichuan
Agricultural University in Chongzhou, China, with the
aim of understanding the cultivation and management
of maize inbred line B73. The study involved the collec-
tion of seeds at different developmental stages, includ-
ing 6 DAP, 4 DAP, 6 DAP, 8 DAP, 12 DAP, 16 DAP, and
20 DAP, followed by mRNA extraction. Additionally,
genomic DNA was extracted from maize leaves at the 3rd
leaf stage. To explore gene expression and developmen-
tal changes in maize, kernels from independent ears were
harvested at 10 DAP and treated with 50 mM GA for
multiple treatment time. Samples were collected at vari-
ous time points (0 h, 3 h, 6 h, 12 h, 24 h, and 48 h), with
untreated ears at the same developmental stage serving
as control samples. To preserve the collected kernels,
they were promptly frozen in liquid nitrogen and stored
at -80°C for subsequent analysis, enabling a compre-
hensive understanding of gene expression dynamics and
developmental processes in maize.

Gene cloning and plasmid construction

To acquire the necessary genetic materials, we utilized
c¢DNA isolated from a combination of maize kernels aged
4-20 days after pollination (DAP) for cloning ZmWAKL
genes and candidate TF genes. For cloning ZmWAKL
gene promoters, we employed genomic DNA. Amplifi-
cation of all targeted genes and promoters was achieved
through the utilization of the Phanta Max Master Mix
(Vazyme, P511-01), followed by their cloning into multi-
ple plasmids using the ClonExpress II One Step Cloning
Kit (Vazyme, C112-01) for subsequent sequencing and
experimental procedures.

In this study, we conducted a transcriptional activa-
tion assay using the pTLUC1301 and pTFLGHAU vec-
tors. The pTLUCI1301 vector, a modified variant of
pCAMBIA1301, served as the fundamental backbone
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and contained two reporter genes, namely luciferase
(LUC) and B-glucuronidase (GUS). In pTLUC1301, the
CaMV35 promoter and HygR gene from pCAMBIA1301
were replaced by the LUC gene. The GUS gene, driven by
the CaMV35 promoter in pTLUC1301, served as a ref-
erence gene for measuring the efficiency of tobacco cell
transformation in transient expression assays. The activ-
ity of B-glucuronidase was used as an internal control to
standardize the transformation efficiency. The gene pro-
moter of interest was inserted upstream of the LUC gene
in the pTLUC1301 plasmid.

Additionally, the coding sequences of the TFs were
inserted into the pTFLGHAU vector, downstream of the
RBCS terminator. The maize Ubiquitin promoter drove
the expression of TFs in this vector. For the subcellular
localization analysis, we employed the p2300-eGFP plas-
mid. To achieve this, we amplified the CDS of ZmWAKL
and TFs, incorporating Kpnl and Xbal restriction
sequences, and subsequently cloned them into p2300-
eGFP. The resulting recombinant plasmids were named
pWAKL-2300 s and pTF-2300 s. PIP2-cherry plasmid
was used as plasma membrane marker and plasmid con-
struction was according to the previous reports [54]. The
details of NLS-RFP plasmid construction were reported
[55]. Specific primers, listed in Table S10, were employed
for gene/promoter cloning and plasmid construction.

Subcellular localization analysis and transcriptional
activation assay

To perform the subcellular localization and transcrip-
tional activation assays, we transferred the plasmids into
Agrobacterium tumefaciens strain GV3101. NLS-RFP
served as a nuclear marker, as previously described [55,
56]. For the subcellular localization assay, we introduced
A. tumefaciens strains carrying the expression plasmids,
along with the NLS-RFP plasmid, into the abaxial air
space of 2 to 4-week-old Nicotiana benthamiana leaves
via infiltration. Following a 24-h incubation period, we
examined the fluorescence signals in the epidermal cell
layers near the infiltration sites using a confocal micro-
scope from Leica Microsystems, Germany. To examine
the localization of ZmWAKLS52 within the plasma mem-
brane, PIP2-cherry was co-transformed exclusively with
pZmWAKL52-2300 into tobacco leaves, serving as a
plasma membrane marker. For the A. tumefaciens-medi-
ated transformation of onion epidermal cells, we fol-
lowed a previously published method [57]. Subsequently,
we incubated the transformed onion epidermal cells in
the dark at 28 °C for 24 h. To analyze GFP expression in
plasmolyzed cells, we treated the transformed onion epi-
dermal cells with a 0.8 M mannitol solution for 15 min
before observing GFP expression [41].
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In the transcriptional activation assay, we utilized Nico-
tiana benthamiana leaves as the experimental system.
We followed the A. tumefaciens transformation and infil-
tration protocols described in Zhang’s study, with slight
modifications tailored to our experiment [41]. After a
48-h treatment period, we harvested the infiltrated Nico-
tiana benthamiana leaves and immediately froze them
in liquid nitrogen. The frozen samples were then ground,
and the resulting material was used to determine the
ratio of LUC activity to GUS (B-glucuronidase) activity.
The methodology for determining the LUC activity/GUS
activity ratio was according to the work of Hu et al. [58].
To normalize the transformation efficiency, we employed
the activity of CaMV35S-driven B-glucuronidase in
pTLUC1301 as the internal control [59]. Statistical
analysis involved the calculation of average values and
variability among replicates using Excel 2016. We con-
ducted a two-tailed paired t-test to assess the statisti-
cal significance of observed distinctions. A threshold of
*P<0.05 was adopted to denote statistical significance,
while **P <0.01 was employed to signify a higher level of
significance.

Co-expression analysis and RT-PCR assay

In accordance with the methods reported by Chen et al.
[39], a co-expression analysis was conducted to identify
the correlation coefficients between GA up-regulated TFs
and the 8 kernel-high-expressed ZmWAKL. The expres-
sion compartment in kernels of these ZmWAKLs were
based on eFP Browsers for tissue-specific expression
determined by Hoopes GM et al. [60]. The GA-induced
kernel RNA-sequencing results and high temporal tran-
scriptome data of kernel were employed to derive corre-
lation coefficients for TFs and ZmWAKL [24, 36]. Among
them, the top three TFs exhibiting significant correlation
coefficients were designated as prospective GA-mediated
TFs for the eight ZmWAKL genes (Table S9). To assess
gene expression, we extracted total RNA from maize
inbred line B73 seeds at different developmental stages (4
DAP, 6 DAP, 8 DAP, 12 DAP, 16 DAP, 20 DAP) and from
protoplasts. RNA isolation was carried out using the TRI-
zol reagent from Invitrogen following the manufacturer’s
instructions. The first-strand cDNA synthesis was per-
formed using the PrimeScriptRT reagent Kit with gDNA
Eraser from TaKaRa, starting from 1.5 pg of total RNA.
The maize Actin gene was amplified using the ACTINF
and ACTINR primers as an internal control. To analyze
the expression of the eight ZmWAKLs in maize seeds at
different developmental stages, we employed RT-qPCR.
Additionally, we examined the expression of ZmWAKLs
and TFs in GA-treated kernels at various time points
(0h,3h,6h,12h, 24 h, and 48 h) using RT-qPCR. For all
PCR experiments, we used the Bio-Rad CFX96 real-time
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PCR detection system with cycle conditions provided in
the instructions of the SYBR PrimeScript RT-PCR Kit
from Takara. The specific primer sequences used can be
found in Table S10. The statistical methods used were as
described previously.

Abbreviations

WAK Wall Associated Kinase

RLK Receptor-Like Kinase

EGF Epidermal Growth Factor
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GA Gibberellic Acid

TF Transcription Factor

GUS -Glucuronidase

LUC Luciferase

AL-PCD Apoptosis-Like Programmed Cell Death
RT-gPCR  Real-Time Quantitative PCR
DAP Days After Pollination
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