
Codon usage bias analysis of the
WRKY gene family in Musa
acuminata

Jiaman Sun1,2†, Ji Zhang2†, Jinzhong Zhang3, Brett J. Ferguson4

and Andrew Chen5*
1School of Life Science, Jiaying University, Meizhou, Guangdong, China, 2Guangxi Academy of
Agricultural Sciences, Nanning, China, 3Guangzhou Academy of Agricultural and Rural Sciences,
Guangzhou, China, 4Integrative Legume Research Group, School of Agriculture and Food Sustainability,
The University of Queensland, Brisbane, QLD, Australia, 5School of Agriculture and Food Sustainability,
The University of Queensland, Brisbane, QLD, Australia

Codon usage bias (CUB), a universal evolutionary phenomenon, reflects selective
pressures shaping genome adaptation. TheWRKY transcription factor family plays
a pivotal role in regulating plant responses to physiological and biochemical
stresses. This study investigates CUB patterns in 151WRKY transcription factors of
Musa acuminata ‘Guijiao 9′, a banana cultivar exhibiting resistance to Fusarium
wilt Tropical Race 4 (TR4), to elucidate evolutionary drivers of stress adaptation.
The codons of these transcription factors were selected based on their
expression from RNA-Seq data. The average GC content of MaWRKY genes
was 56.55%, with a GC3 content of 62.23%, indicating a preference for
G/C-ending codons. Among the codons, 26 were identified as high
frequency, with 22 ending in G or C. The high effective number of codons
(ENC) values (35.03–60.14) suggested weak CUB. ENC-plot, PR2 bias plot, and
neutrality analysis revealed that both natural selection and mutation pressure
contributed to the observed CUB, with natural selection being the dominant
factor influencing the codon usage ofMaWRKY genes inM. acuminata ‘Guijiao 9’.
Fifteen optimal codons, all ending in G or C, were identified. This analysis provides
a theoretical foundation for further understanding the evolutionary mechanisms
of WRKY genes in Musa.
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1 Introduction

A codon is a triad nucleotide sequence on messenger RNA that encodes an amino acid.
Synonymous codons encode the same amino acid, but species often prefer specific codons,
leading to codon usage bias (CUB) (Grantham et al., 1980). Codon bias, influenced by
mutation pressure, natural selection, and genetic drift (Bulmer, 1991), often correlates with
higher gene expression (Ikemura, 1985; Sharp and Li, 1987). Mutation pressure causes
deviations in nucleotide composition, while natural selection restricts codon usage bias to
optimise protein production efficiency in highly expressed genes (Guan et al., 2018). Low-
frequency codons support regulatory diversity of gene expression, playing an important role
in the evolution and stability of species (Liu et al., 2010). Other influencing factors include
nucleotide composition (Sueoka, 1962; Sueoka, 1988)), gene length (Eyre-Walker, 1996),
expression level (Akashi, 1994), and tRNA abundance (Ikemura, 1981; 1985). In plants,
monocotyledons prefer G/C-ending codons, while dicotyledons favor A/T-ending ones
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(Murray et al., 1989). Codon usage patterns help reveal evolutionary
relationships among species (Dahal and bansal, 2025). GC content
also serves as a distinguishing factor between these two groups of
plants. Related species often exhibit similar codon usage biases,
making it an important tool for inferring evolutionary relationships
among different plant species (Morton, 1998; Muse and Gaut, 1994).

CUB reflects the origins, evolution, and mutations of species or
genes, providing essential insights for gene function analysis, protein
expression and protein structure research (Wu et al., 2015; He et al.,
2016a). In recent years, studies on codon preference in gene families
and individual genes across plants (Liu et al., 2020), animals (Uddin
et al., 2020), viruses (Deb et al., 2020; Xin et al., 2020) and other
organisms has been increasingly wide spread. WRKYs are among
the largest plant transcription factor families, playing key roles in
hormone synthesis, signaling, growth, metabolism and responses to
biotic and abiotic stresses (Govardhana and Satyan, 2020; Li et al.,
2020). The advent of next-generation sequencing technologies and
bioinformatics tools has significantly enhanced comprehensive
studies of WRKY transcription factors and their roles in plant
adaptation to environmental stress (Wani et al., 2021; Goyal
et al., 2023; Liu et al., 2023; Deng et al., 2024).

Banana (Musa spp.) is an important fruit crop, which supplies
essential nutrients to millions of people around the world (Drenth
and Kema, 2021). Cultivated Banana plants originated from natural
intra- and inter specific hybridization between two diploid species,
Musa acuminata (AA genome) and Musa balbisiana (BB genome)
(Drenth and Kema, 2021). However, due to various biotic and
abiotic stresses, global banana yields have significantly declined
in recent years (Siamak and Zheng, 2018; Patel et al., 2019). One
of the major diseases threatening the banana production dominated
by ‘Cavendish’ from the AAA subgroup is the Fusarium wilt of
banana, caused by Fusarium oxysporum f. sp. cubense tropical race 4
(FocTR4) (Zorrilla-Fontanesi et al., 2020; Roberts et al., 2024).
Current efforts have been focused on containment and
deterrence through biosecurity measures, biological control
agents, integrated disease management strategies, and the
development of resistant banana varieties (Swarupa et al., 2014;
Ploetz and Randy, 2015; Dita et al., 2018; Pegg et al., 2019). Resistant
(R) genes, such as Resistance Gene Analog 2 (RGA2), which was
isolated from FocTR4-resistant M. acuminata ssp. malaccensis,
demonstrated strong resistance in the field when over-expressed
in ‘Cavendish’ transgenic lines (Dale et al., 2017). Forward genetic
studies have also identified QTLs conferring resistance to
FocTR4 and subtropical race 4 (Ahmad et al., 2020; Chen et al.,
2023a; 2023b). Candidate R genes, specifically pattern recognition
receptors, were identified.

Several WRKY genes, such as MaWRKY28, MaWRKY71,
MaWRKY40 and MaWRKY22, have been associated with
banana’s response to biotic stress, including FocTR4 (Sun et al.,
2019; Li et al., 2012). However, research on the codon usage pattern
of WRKY genes in banana has not been reported. Our previous

research demonstrated that ‘Guijiao 9’ (Musa acuminata) possesses
strong resistance to FocTR4, with lower disease incidence and
severity compared to susceptible banana cultivars (Sun et al.,
2019). We hypothesized that codon optimization in defense-
related genes accelerates stress-responsive translation. Recent
studies demonstrate that resistant plant varieties exhibit stronger
codon bias in immune genes than susceptible counterparts (Dahal
and bansal, 2025). We thus propose that CUB patterns in WRKY
transcription factors, key regulators of Fusarium defense pathways
(Javed and Gao, 2023), reflect evolutionary adaptations that facilitate
rapid pathogen response in ‘Guijiao 9’. In this study, 151members of
WRKY gene family were identified from the ‘Guijiao 9′
transcriptome data. Factors influencing codon preference of
MaWRKY and potential evolutionary models were determined by
analyzing the CUB ofMaWRKY genes in ‘Guijiao 9’. These findings
contribute to understanding the function of the WRKY gene family
and provide insights for codon optimisation of MaWRKY genes in
the regulation of biotic stress in banana.

2 Methods

2.1 Screening, identification and
characterization of sequence

The coding sequences of WRKY transcription factors were
initially extracted from the transcriptome database of Musa
acuminata cultivar ‘Guijiao 9’ (Supplementary File 1). To ensure
comprehensive identification of all WRKY family members, we
implemented a rigorous multi-step screening protocol. First, local
BLAST searches (e-value cutoff: 1e-5) were performed to obtain
corresponding amino acid and nucleotide sequences. Candidate
sequences were then subjected to domain verification using
HMMER 3.3 with the WRKY domain profile (PF03106) from
PFAM database as reference (E-value < 0.01). All potential
WRKY sequences were further validated through NCBI’s
Conserved Domain Database (CDD) and only those containing
the completeWRKYGQKmotif were retained. Finally, open reading
frames were predicted using ORFfinder with a minimum length
requirement of 300 bp to ensure sequence integrity. Through this
stringent screening pipeline, we identified 151 high-confidence
MaWRKY genes with complete WRKY domains and intact
coding sequences, which were subsequently used for
comprehensive codon usage analysis (Supplementary File 2).

2.2 Indices of codon usage bias

Following the screening of MaWRKY gene CDS sequences, the
key indices of CUB were calculated, including the effective number
of codons (ENC), relative synonymous codon usage (RSCU), total
GC content of each CDS (GC), and GC content at the first, second
and third codon positions (GC1, GC2, GC3). Additionally, the
nucleotide composition at synonymous third codon positions
(A3s, T3s, G3s, C3s) was analyzed. These calculations were
performed using the CodonW program (version 1.4.2) (Peden,
1986), with parameters validated for monocot genomes (Wright,
1990). Correlations between nucleotide contents were assessed using

Abbreviations: CUB, Codon usage bias; ENC, Effective number of codons;
RSCU, Relative synonymous codon usage; PCA, Principal component
analysis; PR2, Parity Rule 2; GC1, GC2, GC3, The GC content at the first,
second and third position, respectively; A3s, T3s, G3s, C3s, The content of
each nucleotide of the codon at synonymous third positions.
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SPSS statistical software (version 23.0), with values exceeding
0.5 and below-0.5 indicating strong positive and strong negative
correlations, respectively.

ENC is a standard indicator of CUB, with values from 20
(complete bias, one codon per amino acid) to 61 (no bias, equal
usage of all synonymous codons) (Lu et al., 2005), which reflects the
degree of CUB (Gao et al., 2022). The CUB is considered low if the
ENC value is greater than 40 (Wright, 1990). RSCU measures the
observed frequency of a codon relative to its frequency expected at
random, independent of the amino acid composition of gene
product (Wang et al., 2016). RSCU values equal to one imply
uniform codon usage, values greater than one suggest preferential
usage (positive bias), and values less than one denote reduced usage
(negative bias) (Sharp and Li, 1986).

2.3 ENC-plot analysis

ENC-plot analysis is commonly used to identify factors
influencing CUB by plotting ENC values against GC3s values.
The standard curve represents the relationship between ENC and
GC3s, helping to distinguish whether mutation pressure or natural
selection is the dominant factor (Wright, 1990). When CUB is
primarily driven by mutation pressure, data points typically lie on or
just below the standard curve. In contrast, if natural selection and
other factors play a larger role, the points tend to fall noticeably
below the standard curve (Wright, 1990). However, the ENC-GC3s
plot alone cannot conclusively distinguish the dominant force,
because strong mutation pressure may push points below the
curve, mimicking selection, and weak selection signals may be
masked by mutational noise (Fuglsang, 2004; Plotkin and Kudla,
2011). Therefore, we employed complementary approaches
including Parity Rule 2 Bias analysis, Neutrality Plot and
Principle Component Analysis on RSCU to resolve this ambiguity.

2.4 Parity Rule 2 (PR2) bias plot analysis

A PR2 bias plot is created by plotting the AT bias (A3/(A3+ T3))
on the y-axis and the GC bias (G3/(G3 + C3)) on the x-axis. The
midpoint at 0.5 indicates an equal balance between G = C and A = T,
suggesting no significant bias from either mutation or selection
pressure (Deb et al., 2020). If the genes are clustered near the center,
it suggests that the base frequencies are relatively balanced, and the
CUB is mainly affected by mutation pressure. Conversely, if the
genes are far from the center, other factors may be affecting the CUB.

2.5 Neutrality plot analysis

A neutrality plot is used to assess the extent to which CUB is
influenced by mutation versus selection in organisms, by comparing
GC3 (x-axis) and GC12 (y-axis). In this plot, each gene is
represented by a point. If the regression coefficient of the plot
approaches 1 (complete neutrality), the points will show a clear
pattern, indicating selection plays a significant role in CUB. If the
regression coefficient deviates from 1, it suggests that factors other
thanmutation pressure are also influencing the CUB (Sueoka, 1988).

2.6 Principal Component Analysis (PCA)
on RSCU

Principal Component Analysis or PCA is a multivariate
statistical method to examine relationships among multiple
variables, and is often applied to analyze trends in synonymous
codon usage patterns (Kanaya et al., 1996). In this study, the RSCU
values for 56 synonymous codons from MaWRKY genes was
reduced from 151 dimensions (representing 151 MaWRKY
genes) to two principal components through dimensionality
reduction. Fifty-six synonymous codons did not include the
initiation codon AUG, tryptophan codon UGG, the three triplet
codons for Isoleucine, and the termination codons UAA, UAG, and
UGA (Sueoka, 1988; Zhang et al., 2018).

2.7 Optimal codon analysis

The optimal codon plays a significant role in improving the speed
and accuracy of translation (Duret and andMouchiroud, 1999). To
predict the optimal codon for MaWRKY, the ΔRSCU method was
applied (Sharp and Li, 1987; Ikemura, 1985). The 151 MaWRKY
gene sequences were sorted based on their ENC values. The top 10%
(n = 15) with the lowest ENC values and the bottom 10% (n = 15) with
the highest ENC values were selected as extreme groups for optimal
codon identification, and theRSCUvalues for the codonswere calculated.
A codon was designated as a high-expression superior codon if its RSCU
value was higher in the high-expression group than in the low-expression
group, and the difference between groups (ΔRSCU) met the threshold of
ΔRSCU ≥ 0.08. These candidate codons were subsequently evaluated
against the complete dataset. A codon was classified as an optimal codon
only if its genome-wide RSCU value exceeded 1.0.

2.8 Statistical analysis

The CDS sequences of the MaWRKY were analyzed using
CodonW (http://codonw.sourceforge.net/) and EMBOSS online
software (http://www.bioinformatics.nl/emboss-explorer/). Codon-
related parameters were statistically analyzed using Microsoft Office
Excel 2016. ENC-plot analysis, Neutrality plot, and Box diagram
were generated using Origin8.0 and HemI 1.0 (http://hemi.
biocuckoo.org/down.php) software.

3 Results

3.1 Codon composition of MaWRKY genes
reveals G/C bias

The codon composition and ENC values of 151 banana
MaWRKY family members were statistically analyzed (Figure 1),
with detailed codon bias parameters provided in Supplementary File
2. The ENC values ranged from 35.03 to 60.14, indicating varying
levels of codon bias, although the overall CUB was weak. The
average content of A3s and T3s was not significantly different
from G3s and C3s (p > 0.05) (Figure 1A). However, the
combined average content of G3s + C3s differed significantly
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FIGURE 1
Codon usage analysis of the WRKY gene family in Musa acuminata ‘Guijiao 9’. (A) Nucleic acid composition of MaWRKY codons. The Y-axis
represents the nucleic acid content, while the X-axis corresponds to the total GC content of each coding domain sequence (CDS), the nucleotide
composition at the third codon position (A3s, T3s, G3s, C3s),the GC content at each codon position of GC1, GC2, and GC3 (representing the first, second,
and third positions, respectively) for each CDS. (B) Principal component analysis (PCA) on the relative and cumulative contributions of the first
20 factors to the total variance. (C) PCA plot showing codon RSCU values on codons ending with A, T, G, or C. Green squares represent codons ending
with A; red triangles indicate those ending with T, orange stars indicate codons ending with G, and blue circles indicate codons ending with C. (D) ENC-
plot analysis ofMaWRKY against GC3s. Points on or near the curve indicate bias caused by mutation pressure, while points away from the curve suggest
influence from natural selection or other factors. The red-dotted line means the lowest ENC value of MaWRKY. (E) PR2 plot analysis. The midpoint at
0.5 represents an equal balance between G = C and A = T, indicating no bias between mutation and selection pressure. Deviations from 0.5 suggest that
codon bias is primarily influenced by factors other than base mutation of gene-encoding amino acids. (F) Neutrality plot analysis of MaWRKY. The plot
compares GC3 (x-axis) and GC12 (y-axis). A regression coefficient value less than 1.0 (complete neutrality) indicates an influence of natural selection or
mutation pressure. The red straight line represents the fitted curve.
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from that of A3s + T3s. The average GC content was 56.55%,
ranging from 44.7% to 70.6%, indicating a relatively high GC
content and a preference for G/C-ending codons in MaWRKY
genes. Analysis of G/C content at different codon positions
showed that GC3s (62.23% on average) were much higher than
GC1s and GC2s, suggesting preference for G or C at the third codon
position. The first and second codon positions are relatively stable,
while the third position shows greater fluctuation.

3.2 Codon usage parameter
correlation analysis

The Pearson Correlation Coefficient for various codon usage
indices was calculated and their values are presented in Table 1 to
assess the relationships between factors influencing codon usage.
ENC value showed a significant positive correlation with A3s (r =
0.706, p < 0.05) and T3s (r = 0.690, p < 0.05) but was negatively
correlated with G3s (r = −0.609, p < 0.05), C3s (r = −0.691, p < 0.05),
GC (r = −0.687, p < 0.05) and GC3s (r = −0.737, p < 0.05).These
findings indicate that the nucleotide composition at the third
position of synonymous codons has some subtle influence on CUB.

Additionally, G3s was positively correlated with C3s (r = 0.610, p <
0.05), GC3s (r = 0.844, p < 0.01) and GC (r = 0.679, p < 0.05).
Conversely, A3s exhibited a negative correlation with G3s (r =
−0.806, p < 0.01), C3s (r = −0.841, p < 0.01), GC3s (r = −0.941, p <
0.01) and GC (r = −0.897, p < 0.01). Similarly, T3s showed a negative
correlation with G3s (r = −0.774, p < 0.05), C3s (r = −0.908, p <
0.01), GC3s (r = −0.957, p < 0.01), and GC (r = −0.877, p < 0.01)
(Table 1). The lack of significant positive correlations indicates that
A/T-ending codon usage frequency is not a primary determinant of
CUB variation inMaWRKY genes, though minor influences cannot
be excluded.

3.3 Principal Component Analysis

Principal Component Analysis (PCA) was performed on the RSCU
values of MaWRKY genes sequences. The contribution of the first

20 factors to the variance in CUB is shown in Figure 1B. The first four
factors accounted for 58.47% of the total variance, capturing the
majority of the differences in codon usage patterns. Axis1, which
accounted for the largest proportion of variance, was the principal
axis explaining CUB and reflected the major source of variation in
codon usage. PCA analysis of the 56 codons in MaWRKY family
members, categorized by their endings (A, T, C or G), revealed distinct
distribution patterns (Figure 1C). A/T codons formed dense clusters,
contrasting with broadly distributed G/C codons, with those ending in
C being spread across all four quadrants. These findings indicate a
natural evolutionary or long-time domestication bias in banana codon
usage toward G and C endings.

3.4 Factors affecting CUB in MaWRKY genes
of Musa acuminata

ENC-plot analysis is commonly used to assess the effect ofmutation
pressure on CUB. The ENC values are plotted against GC3 values
(Figure 1D). The standard curve shows that the relationship between
ENC and GC3s is shaped primarily by mutation pressure rather than
selection. The ENC values for MaWRKY family members generally
align with the standard curve in the ENC-plot, indicating that mutation
pressure is a major factor influencing CUB for these genes (Figure 1D).
However, the ENC values of many MaWRKY genes deviate
significantly from the standard curve (Figure 1D), suggesting that
mutation pressure is not the sole factor driving codon bias. Other
factors, such as natural selection and gene expression, may also
contribute to the observed codon bias.

PR2 analysis was performed to assess the impact of mutation and
selection pressure on codon usage by examining whether there was a
mutation imbalance betweenA/T (U) andC/G. In the PR2 plot, A3/(A3
+ T3) is plotted as the ordinate and G3/(G3+C3) as the abscissa for
MaWRKY family members to explore the influence of evolutionary
factors (Figure 1E). It could be seen that codon T and C ofMaWRKY in
the third position has a slight bias. It was in line with the view of that C
and T are used more frequently than G and A in four-fold degenerate
codon groups in monocot and dicot plant species (Kawabe and
Miyashita, 2003). The A3/(A3 + T3) or G3/(G3 + C3) values for

TABLE 1 Pearson correlation coefficients among parameters influencing codon bias inMaWRKY genes ofMusa acuminata banana ‘Guijiao 9’. A3s, T3s, G3s
andC3s denote the nucleotide content at the third codon position. GC represents the overall GC content of each coding domain sequence, while GC1, GC2,
and GC3 refer to the GC content at the first, second, and third codon positions, respectively. ENC indicates Effective Number of Codons.

Indices A3s T3s G3s C3s GC GC1 GC2 GC3s ENC

A3s 1.000

T3s 0.811** 1.000

G3s −0.806** −0.774* 1.000

C3s −0.841** −0.908** 0.610* 1.000

GC −0.897** −0.877** 0.679* 0.842** 1.000

GC1s −0.481 −0.373 0.228 0.370 0.706* 1.000

GC2s −0.432 −0.428 0.111 0.370 0.673* 0.546 1.000

GC3s −0.941** −0.957** 0.844** 0.927** 0.912** 0.415 0.400 1.000

ENC 0.706* 0.690* −0.609* −0.691* −0.687* −0.363 −0.286 −0.737* 1.000

* and ** indicate p values < 0.05 and < 0.01, respectively.
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mostMaWRKY genes deviated from 0.5, suggesting that codon bias was
additionally influenced by factors other than base mutation in codon
sequences (Figure 1E). This indicates that additional pressures, such as
natural selection, likely played a role in the evolution of
MaWRKY genes.

Neutrality plot analysis was performed by comparing GC3
(abscissa) and GC12 (ordinate) to examine the role of mutation-
selection equilibrium in codon usage variation. A linear regression
line was plotted with GC3 (abscissa) and GC12 (ordinate) values
(Figure 1F). When the slope of the regression line approaches 1, it
suggests that mutation pressure plays a dominant role in shaping CUB,
whereas a slope near 0 indicates that natural selection is the primary
influencing factor (Sueoka, 1988). In Figure 1F, the low coefficient of
determination (R2 = 0.2151) indicates that only 21.5% of the variation in
GC12 can be explained by GC3, suggesting that mutational pressure

plays a limited role in shaping codon usage patterns. Moreover, the low
slope value (0.1554) implies that the GC content at the third codon
position hasminimal influence on thefirst and second positions, further
supporting the hypothesis that natural selection is the dominant force
influencing CUB in MaWRKY genes (Figure 1F).

3.5 Relative synonymous codon usage
(RSCU) in MaWRKYgene family

To investigate the patterns of synonymous codon usage bias in
MaWRKY gene family, the RSCU of 56 synonymous codons
(excluding the initiation and termination, isoleucine, and
tryptophan codons) were analyzed. The results revealed 26 high-
frequency codons (RSCU > 1) in MaWRKY family members,

FIGURE 2
Relative synonymous codon usage (RSCU) analysis for each amino acid in MaWRKY gene family ofMusa acuminata banana ‘Guijiao 9’. The red color
bar represents the RSCU value, with deeper shades indicating higher RSCU values.
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including AGG, AGA, CUC, CUG, UUG, AGC, UCC, UCG, GUG,
GUC, ACC, ACG, GGC, GCC, GCU, CCG, CCA, UGC, AAG, UUC,
AAC, GAG, UAC, CAG, CAC, and GAU, respectively (Figure 2).
Among these, 22 codons ended in G/C, indicating a preference for G
or C ending codons in MaWRKY members. The codon AGG of
Arginine (RSCU = 1.800) exhibited the strongest preference,
accounting for 30% of the synonymous codons. These high-
frequency codons show preferential usage, which contributed to
the deviation of MaWRKY genes from an ENC value of 61.

3.6 The optimal codons of MaWRKY genes

The optimal codons in MaWRKY genes of M. acuminata
‘Guijiao 9′ were identified by combining high-frequency codons
(RSCU > 1) and highly expressed codons (ΔRSCU ≥ 0.08). The
analysis revealed 24 highly expressed codons with ΔRSCU ≥ 0.08
(Table 2) and 26 high-frequency codons with RSCU > 1 (Figure 2).
In total, 15 optimal codons were determined forMaWRKY genes in
M. acuminata ‘Guijiao 9′, including CUC, CUG, GUG, UCC, AGC,

TABLE 2 Identification of optimal codons in MaWRKY genes of M. acuminata ‘Guijiao 9’.

AA Codon RSCU ΔRSCU AA Codon RSCU ΔRSCU

High
expression

Low
expression

High
expression

Low
expression

Leu (L) UUA 0.37 0.4 −0.03 Tyr (Y) UAU 0.48 0.73 −0.26

UUG 0.48 1.63 −1.14 UAC* 1.52 1.27 0.26

CUU* 0.73 0.69 0.04 His
(H)

CAU 0.77 1.27 −0.5

CUC* 2.13 1.1 1.03 CAC* 1.23 0.73 0.5

CUA 0.37 0.53 −0.16 Gln
(Q)

CAA 0.69 1.21 −0.52

CUG* 1.92 1.66 0.26 CAG* 1.31 0.79 0.52

Val
(V)

GUU 0.56 0.69 −0.14 Asn
(N)

AAU 0.4 0.99 −0.59

GUC 1 1.24 −0.24 AAC* 1.6 1.02 0.59

GUA 0.29 0.47 −0.18 Lys (K) AAA 0.49 0.5 −0.01

GUG* 2.16 1.59 0.57 AAG 1.51 1.5 0.01

Ser (S) UCU 0.67 0.89 −0.22 Asp
(D)

GAU 0.79 1.23 −0.44

UCC* 1.43 0.64 0.8 GAC* 1.21 0.77 0.44

UCA 0.37 0.95 −0.58 Glu (E) GAA 0.4 0.78 −0.38

AGU* 0.27 0.4 −0.13 GAG* 1.6 1.22 0.38

AGC* 2.12 1.9 0.22 Cys
(C)

UGU 0.41 0.61 −0.2

UCG 1.14 1.22 −0.08 UGC 1.44 1.39 0.05

Pro (P) CCU 1.07 1.36 −0.29 Phe (F) UUU 0.31 0.68 −0.37

CCC 1.02 0.7 0.32 UUC* 1.69 1.32 0.37

CCA 0.6 1.34 −0.74 Arg
(R)

CGU* 0.71 0.12 0.59

CCG* 1.31 0.6 0.71 CGC* 1.29 0.3 0.98

Thr
(T)

ACU 0.74 0.81 −0.08 CGA* 0.49 0.41 0.08

ACC* 1.69 0.51 1.18 CGG* 1.11 0.68 0.42

ACA 0.43 1.53 −1.1 AGA 1.23 2.12 −0.9

ACG 1.14 1.15 −0.01 AGG 1.19 2.36 −1.18

Ala (A) GCU 1.05 1.12 −0.07 Gly
(G)

GGU* 0.72 0.38 0.34

GCC* 0.99 0.62 0.37 GGC* 2.05 1.63 0.42

GCA* 1 0.89 0.12 GGA 0.75 1.08 −0.33

GCG 0.96 1.38 −0.42 GGG 0.63 0.9 −0.28

* indicates highly expressed codons (ΔRSCU ≥ 0.08), the underlined text represents high-frequency codons (RSCU > 1), and the bold text highlights the optimal codon inMaWRKY, genes ofM.

acuminata ‘Guijiao 9’.
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CCG, ACC, GCC, UAC, CAC, CAG, AAC, GAG, UUC and GGC.
Notably, all of these optimal codons end with G or C (Table 2).

4 Discussion

During the process of gene expression, the selective use of
codons varies from species to species. Different organisms exhibit
different preference for synonymous codons encoding the same
amino acid, closely linked to their genetic characteristics. CUB
can influence mRNA stability, transcription, protein translation
accuracy, and protein folding, thereby fine-tuning gene
expression. In the present study, 151 coding sequences of
WRKY genes from M. acuminata ‘Guijiao 9′ were analyzed to
investigate CUB and its potential influencing factors. The results
revealed thatMaWRKY genes inM. acuminata ‘Guijiao 9′ exhibit
a preference for codons ending in G/C, similar to other
monocotyledons, such as Musa basjoo, Zea mays and oryza
sativa (Ma et al., 2015).

Overall, the CUB was weak, and the expression levels of these genes
were low, indicating high variability in synonymous codon usage among
MaWRKY genes. This is not surprising since the expression of WRKY
genes is known to be induced by stress (Dong et al., 2003; Kayum et al.,
2015). WRKY transcription factors exhibit constitutively low expression
in non-stress environments through evolutionarily optimized
transcriptional restraint (Rushton et al., 2010; Birchler and Yang,
2022), preventing unnecessary resource allocation (Tian et al., 2003)
while enabling rapid stress response mobilization via chromatin poising
(Li et al., 2020). Furthermore, the GC3 content showed greater variability
than GC1 and GC2 with codons ending in G/C exhibiting a broad
distribution. These results suggest that nucleotide composition plays a
significant role in influencing CUB inMaWRKY genes. While mutation
pressure played a role, natural selection was likely the primary factor in
shaping the codon usage patterns of MaWRKY genes during evolution.
In Ginkgo biloba, it was reported that certain genes were involved in
environment adaptation preferentially using G/C-ending codons, with
natural selection as the primary driver of CUB (He et al., 2016b).
Interestingly, while monocotyledons like M. acuminata favor
G/C-ending codons, dicotyledons such as Helianthus annuus (Gao
et al., 2022) and Brassica napus (Li et al., 2013) exhibit a preference
for A/T (U)-ending codons. In these dicotyledonous plant species,
mutation pressure appears to play a larger role in shaping CUB (Gao
et al., 2022; Li et al., 2013). Thus, the codon usage preferences vary
significantly among different plant species, reflecting distinct evolutionary
pressures and adaptations.

This work establishes codon usage patterns as evolutionary
signatures of historical selection pressures, creating a predictive
framework for future functional studies on WRKY-mediated
stress responses in banana.
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