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ABSTRACT Wenchang chicken, a prized local breed in
Hainan Province of China renowned for its exceptional
adaptability to tropical environments and good meat
quality, is deeply favored by the public. However, an
insufficient understanding of its population architecture
and the unclear genetic basis that governs its typical
attributes have posed challenges in the protection and
breeding of this precious breed. To address these gaps, we
conducted whole-genome resequencing on 200 Wenchang
chicken samples derived from 10 distinct strains, and we
gathered data on an array of 21 phenotype traits. Popula-
tion genomics analysis unveiled distinctive population
structures in Wenchang chickens, primarily attributed to
strong artificial selection for different feather colors. Selec-
tion sweep analysis identified a group of candidate genes,
including PCDH9, DPF3, CDIN1, and SUGCT, closely
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linked to adaptations that enhance resilience in tropical
island habitats. Genome-wide association studies
(GWAS) highlighted potential candidate genes associ-
ated with diverse feather color traits, encompassing TYR,
RAB38, TRPM1, GABARAPL2, CDH1, ZMIZ1, LYST,
MC1R, and SASH1. Through the comprehensive analysis
of high-quality genomic and phenotypic data across
diverse Wenchang chicken resource groups, this study
unveils the intricate genetic backgrounds and population
structures of Wenchang chickens. Additionally, it identi-
fies multiple candidate genes linked to environmental
adaptation, feather color variations, and production
traits. These insights not only provide genetic reference
for the purification and breeding of Wenchang chickens
but also broaden our understanding of the genetic basis
of phenotypic diversity in chickens.
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INTRODUCTION

Chicken is one of the most economically valuable
domesticated animals in the world (Lawal and Hanotte,
2021). After early domestication in southwestern China
and Southeast Asia (Wang et al., 2020; Peng et al.,
2022; Peters et al., 2022), chickens spread worldwide
through multiple human migrations (Lawal and Han-
otte, 2021). Consequently, various local breeds of chick-
ens have been developed, adapted to diverse
environmental conditions such as tropical climates
(Tian et al., 2020; Xu et al., 2022; Shi et al., 2023), high
altitudes (Wang et al., 2015), and cold tolerance (Xu
et al., 2021; Zhao et al., 2022; Shi et al., 2023). These
locally adapted characteristics make these breeds not
only an economic foundation for smallholder farmers
but also valuable genetic resources for poultry breeding
and improvement (Jia et al., 2016; Bettridge et al.,
2018). Understanding the genetic foundation of local
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adaptation in chickens is pivotal for sustainable poultry
breeding and conservation, especially in preserving
unique breeds like the Wenchang chickens. These
endeavors not only help in preserving genetic diversity
but also provide valuable insights for targeted breeding
programs, ensuring the breed’s resilience and productiv-
ity in diverse environments (Restoux et al., 2022; Nan
et al., 2023).

Wenchang chicken is a local breed found on Hainan
Island in southern China. Historical records indicate that
during the Qing Dynasty, chickens were introduced to
Hainan Island by immigrants from Fujian and Guang-
dong Provinces (Resources, 2011). The long-term breed-
ing in tropical island environment contributed to the
development of Wenchang chicken breed. Known for its
extremely savory and nutritionally beneficial qualities,
including thin skin and tender meat, Wenchang chicken
has gained popularity across China and Southeast Asia
(Resources, 2011). However, Wenchang chicken faces
threats, including mixed genetic resources and challenges
in stabilizing inherited high-quality traits due to multiple
hybridizations with foreign breeds (Tian et al., 2023a).

Most recently, the high-throughput whole-genome rese-
quencing (WGS) has been employed to investigate the
genetic diversity of Wenchang chicken (Huang et al.,
2020; Ren et al., 2023; Shi et al., 2023; Tian et al.,
2023a). Generally, Wenchang chicken exhibits a close
genetic affiliation with traditional Chinese yellow-feath-
ered chicken breeds (Huang et al., 2020). However, Wen-
chang chickens also display certain genetic differentiation
due to their isolation on Hainan Island (Tian et al.,
2023a). Population genomics analyses have identified can-
didate genes potentially related to tropical adaptation
and productive characteristics (Shi et al., 2023; Tian
et al., 2023a,b). Nevertheless, because the sequenced
Wenchang chickens were sourced from a limited number
of local conservation farms (no more than 3) (Huang
et al., 2020; Ren et al., 2023; Shi et al., 2023; Tian et al.,
2023a,b), the population structure of Wenchang chicken
remains unclear. Additionally, the breeding practices for
Wenchang chicken have not been thoroughly evaluated.

In this study, in order to reveal the genetic background
and explore the genetic mechanism of phenotypic diver-
sity of Wenchang chickens, we generated WGS data of
200 Wenchang chickens from 10 different strains across
Hainan Island. We collected data on a total of 21 traits
and employed population genomic approaches to eluci-
date the population structure within Wenchang chickens.
We detected selective genes associated with local adapta-
tion to tropical island environments, including responses
to ultraviolet radiation and pathogens. Our genome-wide
selective scan identified candidate loci and genes linked to
feather colors and agronomic traits in multiple Wenchang
chicken strains. This study offers new insights into the
genetic mechanisms of tropical island adaptation. Our
findings have substantial practical implications, enhanc-
ing breeding strategies and improving Wenchang chicken
breeds, thereby contributing to the conservation of local
domestic chicken genetic resources. Furthermore, the
identification of candidate genes associated with coat
color and production traits expands our understanding of
phenotypic diversity and evolutionary mechanisms within
domestic chickens.
MATERIALS AND METHODS

Ethics Declarations

Ethical considerations regarding the welfare of the
chickens were paramount throughout the study. The
research protocol strictly adhered to established guidelines
outlined by the Regulations for the Administration of
Affairs Concerning Experimental Animals (Ministry of
Science and Technology, China, revised in March 2017),
and approved by the Institutional Animal Care and Use
Committee at the Experimental Animal Center of Hainan
Academy of Agricultural Science (HNXMSY-20210533).
Additionally, protocols were in place to ensure appropri-
ate housing conditions, adequate nutrition, and access to
water. Veterinary care and oversight were also imple-
mented to monitor the health and well-being of the chick-
ens during the sampling and data collection processes.
Sample Collection and Genome Sequencing

Samples were collected from 10 Wenchang chicken
populations that have been bred over the past 20 yr
(Figure 1). These populations were retained according to
different breeding strategies and selection criteria
(Table S1) and are named according to the name of their
breeding farms. A total of 200 samples were randomly
selected, with 20 individuals (10 males and 10 females)
from 10 populations. Breeding indexes included body
weight at 120 d of age, egg production at 300 d of age,
and feather color (Table S2). The assessment of pheno-
typic traits encompassed a range of characteristics crucial
for understanding the breed’s adaptation and production
features. Traits such as body weight at 120 d of age, egg
production at 300 d of age, and feather color were meticu-
lously quantified using standardized methodologies. Body
weight measurements were obtained using calibrated
scales, ensuring accuracy and consistency in the assess-
ment. Egg production was recorded using daily monitor-
ing systems, with each egg traced back to the individual
hen. Feather color was assessed through visual inspection,
categorizing chickens into distinct groups based on color
patterns and pigmentation, following established poultry
breed standards. All procedures adhered to the Regula-
tions for the Administration of Affairs Concerning Experi-
mental Animals (Ministry of Science and Technology,
China, revised in March 2017) and were approved by the
Institutional Animal Care and Use Committee at the
Experimental Animal Center of Hainan Academy of Agri-
cultural Science (HNXMSY-20210533). Genomic DNA
was extracted from blood samples collected on FTA
cards. Whole genome resequencing was conducted for
these 200 samples to an average depth of 15.10£ using
the MGI-2000/MGI-T7 platform at the Shenzhen BGI
Technology Co. Ltd.



Figure 1. Sampling map and appearance phenotypes of different strains of Wenchang chickens. (A) Geographical locations of all chicken
breeds/populations. The triangles represent the previously published Yellow-feathered chickens, while the red circle represents the newly sequenced
Wenchang chickens in this study. WC, Wenchang; GX, Guangxi Yellow; HX, Huaixiang; HY, Huiyang bearded; WH, Wuhua Yellow; HT, Hetian;
ND, Ningdu Yellow; HL, Huanglang; JH, Jianghan; ZY, Zhengyang Yellow. (B) Appearance phenotypes of the newly sequenced Wenchang chicken
strains. Wenchang chickens with yellow feathers include CU, CK, LA, and TN strains. Wenchang chicken with white feathers include LD, CB, and
WB strains. The plumage feathers of the WJ strain are observed as golden in color. The plumage feathers of the WY strain are observed as silver in
color, and the plumage feathers of the WZ strain are observed as pearl in color.
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Quality Control and Read Mapping

To ensure data quality, Fastp (version 0.20.0) (Chen
et al., 2018) was used to filter raw reads. Data processing
steps included: 1) remove adapter sequence; 2) eliminat-
ing paired reads with ≥10% unidentified nucleotides
(N); 3) discarding paired reads with ≥40% low quality
bases (Q ≤ 20). Clean reads were then aligned to the
chicken reference genome (GRCg7b) using the BWA-
MEM (version 0.7.17) (Li, 2014) alignment algorithm.
Variant Calling and Annotation

Variant calling utilized GATK’s HaplotypeCaller
(version 4.2.1.0) (McKenna et al., 2010). SNPs and
INDELs were filtered by GATK’s VariantFiltration
with options “−filter-expression” "QD & lt; 2.0 || QUAL
& lt; 30.0 || MQ & lt; 40.0 || FS & gt; 60.0 || SOR & gt;
3.0 || MQRankSum & lt; 12.5 || ReadPosRankSum & lt;
-8.0” (Ma et al., 2020). ANNOVAR (version 2019Oct24)
(Wang et al., 2010) was employed to annotate SNPs
and INDELs. SNPs and INDELs were counted accord-
ing to their different functional annotation on the
genome. Only autosomal biallelic variants were retained
for further analysis.
Population Structure and Genetic Diversity

To comprehend the genetic background and popula-
tion structure of Wenchang chickens, the Wenchang
chicken genome was integrated with published yellow
chicken data: Guangxi Yellow (GX), Hetian (HT),
Huaixiang (HX), Huanglang (HL), Huiyang bearded
(HY), Jianghan (JH), Ningdu Yellow (ND), Wen-
chang (WC), Wuhua Yellow (WH), and Zhengyang
Yellow (ZY), 10 samples for each breed. The PLINK
(version 1.9) (Purcell et al., 2007) was used for principal
component analysis (PCA) and to obtain pruned data
with options “−indep-pairwise 50 10 0.1” for the
ADMIXTURE (Patterson et al., 2012) analyses.
Various methods were employed to estimate of the

genetic diversity of the tested populations, including
nucleotide diversity (p), singleton count, heterozygosity,
fixation statistics (Fst), linkage disequilibrium decay
(LD decay), and runs of homozygosity (ROHs).
Nucleotide diversity was calculated with the sliding win-
dows of 50 Kb with the step size of 25 Kb across all
tested populations using VCFtools (version 0.1.13)
(Danecek et al., 2011). Singleton number in each chicken
population were calculated using VCFtools with the
command “—singletons.” Heterozygosity in each chicken
population were calculated using VCFtools with the
command “—het.” Fst was calculated using the sliding
windows of 50 Kb with the step window of 25 Kb
between pairwise tested populations. LD decay of all
populations was computed using the PopLDdecay (ver-
sion 3.4) (Zhang et al., 2019) with default parameters.
The length and number of ROHs for each individual and
mean size for each population were also calculated using
PLINK (version 1.9) (Purcell et al., 2007).
Selection Sweep Analyses

To uncover the genetic basis for the exceptional pheno-
typical properties of Wenchang chicken, genome-wide
scans for selection signals were conducted using composite
likelihood ratio (CLR) (Pavlidis et al., 2013), Fst, Pi-
ratio, the cross-population composite likelihood ratio test
(XP-CLR) (Chen et al., 2010), and the cross population
extended haplotype homozygosity test (XP-EHH)
(Sabeti et al., 2007). CLR was calculated by SweeD
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(Pavlidis et al., 2013) to detect selection signals within a
population. Fst values were calculated using VCFtools
(Danecek et al., 2011) in a 50-kb sliding window with 25-
kb stepwise increments. Pi-ratio was performed by first
calculating the genetic diversity (p) for populations using
VCFtools in 50-kb windows with 25-kb stepwise incre-
ments, then computing Pi-ratio (pA/pB). XP-CLR calcu-
lates cross-population composite likelihood ratio tests
between populations with 50-kb windows with 25-kb
stepwise increments. The data were first phased using
Beagle (version 4.1) (Browning and Browning, 2007) and
selscan (version 1.2.0a) (Szpiech and Hernandez, 2014)
tool was used to calculate the XP-EHH. An empirical
cutoff of the 99th percentile was used to identify candi-
date selective sweeps, which were then annotated using
the online tools Variant Effect Predictor.

In the analysis of local environmental adaptation of
Wenchang chickens, the Wenchang chickens (excluding
LD strain) comprised the target group, while other Yel-
low-feathered chicken breeds were set as reference group.
In the analysis of feather color, Wenchang chicken
strains were categorized into 5 groups based on their
feather color and population structure: white feathers
(CB and WB), yellow feathers (CU, CK, LA, and TN),
golden feathers (WJ), silver white feathers (WY) and
pearl feathers (WZ). Each group was chosen as the tar-
get population, with the other 4 groups selected as the
reference populations, respectively.
Genome Wide Association Studies

In this study, genome wide association studies (GWAS)
utilized a univariate linear mixed model (ULMM) in
GEMMA (version 0.98.5) (Zhou and Stephens, 2012). Data
filtering steps were applied, including removing SNPs and
individuals with missingness >0.01, low minor allele fre-
quency (MAF < 0.01), deviations from Hardy Weinberg
equilibrium (P < 1e-6), and heterozygosity (§3 standard
deviations). PCA analysis and significance tests were con-
ducted for each principal component. GEMMAwas used to
calculate a standardized kinshipmatrix.

The GWAS for feather color in Wenchang chickens
were conducted between any 2 groups with different
feather colors, and between each group and all other
groups. GWAS for body weight and body size traits
were performed in all populations except the LD strain,
while GWAS for reproductive traits were conducted in
all female individuals except LD strain. To mitigate the
risk of increasing the false-positive error rate due to mul-
tiple tests, the Bonferroni correction (with a cutoff of
�log10(0.05/number of variants)) or the FDR correc-
tion (implemented using the R language’s p.adjust func-
tion with the parameter method set to “BH”) was
employed to identify significant association sites.
Enrichment and Network Analysis

GO and KEGG enrichment analysis were conducted
using R package clusterProfiler (version 3.18) (Yu et al.,
2012) to gain insight into the biological functions of the
candidate PSGs with significant selection signals in
these genomic selection scans employed. The significance
threshold was set at a Benjamini-Hochberg false discov-
ery rate (FDR) of 0.05.
Data Availability

All newly generated whole genome sequencing
(WGS) datasets in this study were deposited in the
NCBI sequence read achieve (SRA) under accession
number PRJNA1047735. The phenotypic data were
listed in Table S2.
RESULTS

Variant Calling and Annotation

In this study, we conducted whole-genome resequenc-
ing on 200 Wenchang chickens from 10 specialized
strains (Figure 1 and Table S2). The average sequencing
depth was 15.1£. After quality control, we identified
and annotated 24,011,680 SNPs and 5,165,113 INDELs
(Figure S1 and Table S3). Approximately half of the
variants were located in introns, with only 1.85% of
SNPs and 0.54% of INDELs found in exons (Figure S1).
Among these exonic variants, we identified 2,277 stop-
gain mutations, 261 stoploss mutations, and 173,460
other nonsynonymous SNPs (Table S4). For compara-
tive analysis, we merged the data from the 200 newly
sequenced Wenchang chickens with that of 100 previ-
ously published Yellow-feathered chickens (Figure 1)
from NCBI under the accession ID PRJNA482210
(Huang et al., 2020).
Population Structure

PCA results revealed that the LD strain of Wenchang
chicken was separated from other populations along
PC1, while the other Wenchang chickens were separated
from the previously published Yellow-feathered chickens
along PC2 (Figure 2A). The CB and WB strains of
Wenchang chickens formed a cluster characterized by
white feathers, the WZ and WY strains clustered
together with variegated feathers, and the WJ, TN, LA,
CU, and CK strains clustered as the yellow feather
group (Figure 2B). ADMIXTURE analysis (Figure 2C)
confirmed the PCA findings and further elucidated the
clustering pattern of Wenchang chicken strains. These
results were supported by genetic differentiation (Fst)
analysis, where lower Fst values were observed among
all Wenchang chickens, except for the LD strain
(Figure S2). Additionally, the degree of genetic differen-
tiation among populations with the same feather color
was generally lower (Fst = 0.00065»0.021057) than
that among populations with different feather color
(Fst = 0.012581»0.033823) (Figure S2).



Figure 2. Population structure of Wenchang chickens. (A) Principal component analysis (PCA) was conducted on 200 Wenchang chickens
from this study and 100 samples of previously published Yellow-feathered chickens. The analysis revealed 2 primary clusters among all Wen-
chang chickens. The LD strain of Wenchang chickens formed a distinctive single cluster, indicated by a green circle. All other Yellow-feathered
chickens formed a separate distinct cluster, denoted by a gray circle. (B) The PCA plot of the 200 Wenchang chickens displays different strains
represented by distinct colors. (C) The ADMIXTURE analysis conducted on 200 Wenchang chickens for K = 2, K = 3, and K = 4 highlighted
significant genetic differences between the Wenchang chicken LD strain and other populations. The Wenchang chicken appears genetically sepa-
rate from other Yellow-feathered chicken populations. Additionally, except for the LD strain, the Wenchang chicken populations clustered
according to their feather colors.
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Genetic Diversity

Nucleotide diversity, heterozygosity levels, and the
number of singletons were lower in the LD strain com-
pared to the other strains (Figures S3−S5). The level of
linkage disequilibrium decay (LD decay) and runs of
homozygosity (ROHs) were higher in the LD strain com-
pared to others (Figures S6 and S7). In comparison with
Yellow-feathered chicken breeds, Wenchang chickens
exhibited lower nucleotide diversity, fewer singletons,
and a lower level of linkage disequilibrium decay (Fig-
ures S3−S6), along with a higher level of heterozygosity
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and ROHs (Figures S4 and S7). These patterns align
with the isolation environments of Wenchang chickens
on Hainan Island (Resources, 2011).
Local Adaptation

Over centuries of environmental adaptation, the
genome of Wenchang chickens has undergone significant
changes to thrive in the hot and humid island environ-
ment. To explore the genetic mechanisms behind Wen-
chang chickens’ adaptation to these conditions, we
conducted selection sweep analyses, using continental
environment breeds with Yellow-feathered chickens as a
control. The results revealed 30 positively selected genes
(PSGs) identified by at least 3 methods (Table S5 and
Figure S8). Among these PSGs, CDH12, CDIN1, and
Figure 3. Selection sweep of environmental adaptation in Wenchang c
were conducted with the Wenchang chickens (excluding LD, including WC
chickens (excluding WC) as the reference population. The genes labeled in t
in Wenchang chickens. The genes labeled in red color were detected in all 4 m
them, PCDH9 and DPF3 may be related to the adaptation of Wenchang ch
Wenchang chickens to resist avian malaria. SUGCT gene is related to adapt
PCDH9 genes were consistently detected by all 4 meth-
ods (Figure 3).
CDH12 encodes a type II classical cadherin of the cad-

herin superfamily, playing a vital role in neurite out-
growth (Guo et al., 2021). CDIN1 encodes a novel type
of restriction endonuclease belonging to the Holliday
junction resolvase family, contributing to erythrocyte
differentiation (King et al., 2022). PCDH9 encodes a cal-
cium-dependent cell-cell adhesion molecule, belonging to
the cadherin superfamily of calcium-binding proteins
(Kim et al., 2011; Izycka et al., 2019; Zhang et al., 2022).
Additionally, 2 PSGs (FGA and FGB) are involved in
“hemostasis,” “coagulation,” and “regulation of body fluid
levels.” Two PSGs (CDIN1 and INHBA) are signifi-
cantly enriched in “erythrocyte differentiation,” “eryth-
rocyte homeostasis,” and “myeloid cell homeostasis.”
Two PSGs (PCLO and SEMA3A) play a role in “syn-
hickens. (A) Fst, (B) Pi-ratio, (C) XP-CLR, and (D) SweeD analyses
) as the target population and previously published Yellow-feathered

he figure are candidate genes for tropical island environment adaptation
ethods, and the genes in black color were detected in 3 methods. Among
ickens to a strong ultraviolet environment. CDIN1 may be beneficial for
ation to hot environment.
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apse organization” (Figure S8). Furthermore, DPF3,
OCA2, SASH1, ZMIZ1, SUGCT, FGG, CNTN5,
SEMA3A, and GRID2 may also contribute to Wen-
chang chickens’ ability to thrive in the tropical island
environment (Figure 3).
Feather Colors

Feather color is one of the most important genetic
markers in breeding and presents an obvious phenotype.
To uncover the genetic mechanisms regulating feather
color diversity in Wenchang chickens, we conducted
GWAS (Figure 4A and B, Figures S9−S24, and Tables
S6 and S7) and selection sweep analysis (Figure 4C−F,
Figures S25−S29, and Table S8) for different feather
color populations. Significant loci identified by GWAS
are presented in Table S9.

Nearly all significant SNPs associated with white
feathers were found in a region spanning from 187.6 Mb
Figure 4. Genome-wide association analysis and selection sweep of wh
quantile-quantile plot (QQ plot) showing the observed P values of the genom
in Wenchang chickens. The Manhattan plot indicates the red dashed line de
loci represent 2 missense mutations. In the QQ plot (B), the red loci represe
(E) Pi-ratio analyses were conducted with the white feather strain as the tar
SweeD analysis was performed based on the white feather strain. The orang
date gene for white plumage, and GRM5 may be linked to the TYR gene.
to 188.1 Mb of chromosome 1 (Figure 4A and Figures S9
−S12; Tables S7 and S9). TYR, RAB38, and TRPM1
genes were identified as candidate genes for white feath-
ers. TYR encodes tyrosinase, the rate-limiting enzyme
in melanin synthesis (Sturm, 2009; Yang et al., 2019;
Seruggia et al., 2021; Varghese et al., 2021). A retroviral
insertion into the fourth intron of the TYR gene in
chickens leads to impaired tyrosinase expression and the
production of recessive white feathers (Chang et al.,
2006; Cho et al., 2021). One significant SNP
(Chr1:188181166 G>C) located in the first exon of
RAB38, which is a missense mutation. RAB38 gene par-
ticipates in the transport of melanogenic enzymes (such
as TYR and TYRP1) from the Golgi apparatus to
immature melanosomes, promoting melanosome matu-
ration, and melanin production (Marubashi et al.,
2016). TRPM1 gene is a member of the TRPM family
that encodes transient receptor potential ion channels
and is associated with pigmentation in human melano-
cytes (Oancea et al., 2009).
ite feather traits in Wenchang chickens. (A) Manhattan plot and (B)
e-wide association analysis for white feather and nonwhite feather traits
picts the genome-wide significant threshold (2.88 £ 10�9), and the green
nt the genome-wide significant associations. (C) Fst, (D) XP-CLR, and
get population and yellow feather strain as the reference population. (F)
e shadows denote regions of candidate genes. The TYR gene is a candi-
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Additionally, we identified pigment-related genes,
including LYST, GABARAPL2 and CDH1, in the asso-
ciation analysis. These GWAS results were supported
by selection sweep analyses (Table S8). TYR, RAB38,
and TRPM1 genes were among the PSGs in Wenchang
chicken strains with white feathers. GABARAPL2 gene
was among the PSGs in strains with yellow feathers.
LYST gene was under selection in strain with golden
feathers. CDH1 gene may play a role in the formation of
both golden and silver feathers. Furthermore, we identi-
fied other candidate genes: ZMIZ in strain with golden
feathers, MC1R in strains with golden and silver feath-
ers, and SASH1 in strains with pearl feathers. GO
enrichment and KEGG cluster analysis showed that
candidate genes of various feather colors were signifi-
cantly enriched in cell adhesion-related pathways
(Figure S30).
Production Traits

This study examined the differences in all measured
production traits (Table S10) among Wenchang chick-
ens with different feather colors. The results indicated
that Wenchang chickens with yellow feathers had the
highest body weight, body size, and egg production per-
formance, while those with white feathers exhibited the
lowest (Figure S31). The production abilities of Wen-
chang chickens with other feather colors fell between
those of the 2 mentioned strains, and there were no sig-
nificant differences (Figure S31).

Furthermore, we conducted a preliminary explora-
tion of candidate genes related to production traits in
Wenchang chickens, albeit with a small sample size.
GWAS for some production traits did not yield signifi-
cant results (Figures S32−S33), partly due to the lim-
ited sample size and the restricted range of phenotypic
variation. Significant loci identified in other GWAS are
presented in Table S11. In the association analysis of
body oblique length, IGF2BP3 and KCND3 genes were
identified as candidate genes (Figure 5A). The
IGF2BP3 gene plays a crucial role in the growth and
development of chicken skeletal muscle (Lin et al.,
2017; Shen et al., 2021). IGF2BP3 can bind to insulin-
like growth factor 2 (IGF2), regulating cell prolifera-
tion and migration, thereby promoting cell growth and
development (Wang et al., 2022). The KCND3 gene
encodes the potassium ion channel Kv4.3, responsible
for generating an instantaneous outgoing potassium
current, expressed in both the heart and brain (Pollini
et al., 2020). NEGR1 and KCND3 genes were associ-
ated with chest depth (Figure 5B). Several studies
have indicated that reduced expression of NEGR1 in
the hypothalamus may increase body weight by elevat-
ing food intake (Lee et al., 2012; Boender et al., 2014;
Joo et al., 2019). Additionally, this gene is linked to
physiological conditions like obesity (Dennis et al.,
2014; Kim et al., 2017; Rana and Mobin, 2020) and
Alzheimer’s disease (Singh et al., 2019). KCND3 gene
was also associated with body weight at 8 wk of age
(Figure 5C). PACSIN2 and GPR55 genes were linked
to egg weight (Figure 5D).
DISCUSSION

Local Adaptation to Tropical Island

Understanding the genetic adaptation of domestic
animals to tropical island environments can help address
global climate change and develop appropriate breeding
programs (Razgour et al., 2019; Aguirre-Liguori et al.,
2021). In this study, we focused on Wenchang chickens
and identified multiple candidate genes related to the
local adaptation to tropical island environments. We
found that PSGs were associated with the nervous sys-
tem, kidney function, lipid metabolism, and the melano-
genesis pathway. The nervous system plays an
important role in thermoregulatory responses (Tan and
Knight, 2018; Nakamura et al., 2022). CDH12 has an
effect on the axonal extension and has been associated
with various neuropsychiatric diseases (Guo et al.,
2021). CNTN5 is an immunoglobulin cell adhesion mole-
cule that is exclusively expressed in the central nervous
system (Kleijer et al., 2018). Metabotropic glutamate
receptor (mGluR), encoded by GRM1 gene, is one of
the most abundant mGluRs in the mammalian central
nervous system (Niswender and Conn, 2010).
Kidney development and function are essential for

heat acclimation (Chapman et al., 2021). SEMA3A enc-
odes a secreted guidance protein that functions as an
extracellular negative regulator of the integrity and
function of the glomerular filtration barrier (Tufro,
2014). Heat stress affects feed intake and adipogenesis
(Belhadj Slimen et al., 2016; Xiao et al., 2020). SUGCT
encodes a mitochondrial enzyme that synthesizes glu-
taryl-CoA from glutarate in tryptophan and lysine
catabolism (Niska-Blakie et al., 2020). SUGCT-null
mice show imbalanced lipid and acylcarnitine metabo-
lism (Niska-Blakie et al., 2020). This gene may be
involved in adaptation to hot environments in the study
of chickens (Guo et al., 2020). The cutaneous melanin
pigment plays a critical role in protecting animals
against the harmful effects of solar radiation (Slominski
et al., 2004; Lin and Fisher, 2007). OCA2, SASH1, and
ZMIZ1 play roles in pigmentation (Lin and Fisher,
2007). PCDH9 may increase the adhesion of melanoma
cells by binding to calcium ions, thereby inhibiting the
proliferation and migration of melanoma cells (Zhang
et al., 2022). Another related gene is DPF3, which is an
important candidate gene that causes gray horse mela-
noma (Druml et al., 2022).
In addition, candidate genes FGA and FGG, which

are consistent with the adaptations to tropical climates
in Sri Lankan indigenous chickens, may be involved in
the regulation of blood vessel diameter to cope with the
excessive oxygen demand caused by heat stress (Tian
et al., 2020). We also pay attention to CDIN1, which is
associated with diseases including congenital dysery-
thropoietic anemia type Ia and Ib (King et al., 2022).
Malaria is prevalent in the central and southern parts of



Figure 5. Genome-wide association analysis of agronomic traits in Wenchang chickens. Manhattan plot (left) and QQ plot (right) displaying
the observed P values of the genome-wide association analysis for body oblique length (A), chest depth (B), 8 wk old weight (C), and 66 wk old egg
weight (D). The Manhattan plot indicates that the red dashed line represents the genome-wide significance threshold (A, B, and C: 2.93 £ 10�9; D:
3.00 £ 10�9). In the association analysis of body oblique length, significant locus Chr2:31090268 was annotated to IGF2BP3. In the association anal-
ysis of chest depth, Chr8:28902480 was annotated to NEGR1. In the association analysis of body oblique length, chest depth, and 8 wk old weight,
Chr26:3363418 was annotated to KCND3. These genes may be related to the growth and development of Wenchang chickens. Additionally, PAC-
SIN2 and GPR55may play a role in egg weight.
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Hainan, and it is often accompanied by various blood
diseases (Sun et al., 2023). Therefore, the CDIN1 gene
may be advantageous for Wenchang chickens to resist
avian malaria.
Candidate Genes for Feather Color

Compared with previous reports based on limited
strains (Huang et al., 2020; Shi et al., 2023; Tian et al.,
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2023a,b), this study provides a broader and more com-
prehensive understanding of Wenchang chickens based
on 10 strains with different phenotypes. Our results sug-
gest that feather colors are critical markers in the breed-
ing management of Wenchang chickens. Additionally,
we have identified some candidate genes that likely con-
trol the feather colors of Wenchang chickens. For
instance, we found a candidate gene for yellow feathers,
GABARAPL2, which contributes to the formation of
autophagosomes, thus forming melanosomes (Schaaf
et al., 2016; Waku et al., 2023). In mice, mutations in
LYST (a yellow feather candidate gene in Wenchang
chickens) cause melanosomes to become larger, leading
to reduced melanosis (Barbosa et al., 1996; Perou et al.,
1996; Runkel et al., 2006; Trantow et al., 2011). The
white feather candidate gene, TRPM1, regulates Ca2+

homeostasis, which may affect the proliferation and dif-
ferentiation of melanocytes, plays a role in regulating
melanin production (Devi et al., 2009; Guo et al., 2012).
Research has found that the insertion of a 1,378-bp
endogenous retroviral long terminal repeat in the first
intron of TRPM1 disrupts its transcription process,
resulting in the leopard complex spotting phenotype in
horses (Bellone et al., 2010; Bellone et al., 2013).

CDH1, encoding E-cadherin, may be an important
candidate gene for golden and silver feathers of Wen-
chang chickens. Research has found that before clinical
lesions appear in vitiligo patients, E-cadherin between
melanocytes and keratinocytes appears to have discon-
tinuous distribution or disappears, resulting in the loss
of melanocytes and the appearance of white spots on the
skin (Wagner et al., 2015; Kubelis-Lopez et al., 2023).
Knockdown of ZMIZ1 (a golden feather candidate gene
in Wenchang chickens) inhibits the proliferation and
migration of melanocytes (Li et al., 2020). A mutation
in SASH1 leads to Dyschromatosis Symmetrica Heredi-
taria (DSH), a hereditary disorder characterized by
skin macules with both hyper- and hypo-pigmentation
(Liu et al., 2021). Additionally, there are genes that
affect the feather color of Wenchang chickens by affect-
ing the proliferation, migration, and localization of mela-
nocytes.
Breeding Management and Improvement

This study unveils critical insights that could signifi-
cantly impact the breeding management and improve-
ment of Wenchang chickens. The genetic background
analysis revealed the population structure of Wenchang
chickens and its relationship with other Yellow-feath-
ered chickens (Figures 1 and 2). Notably, our results
showed that the LD strain of Wenchang chicken exhibits
reduced genetic diversity and elevated homozygosity
(Figures S3−S7), suggestive of potential inbreeding or
genetic assimilation by commercial white-feathered
chickens. As for other strains, strong artificial selection
for different feather colors drove the population struc-
ture of Wenchang chickens. It is important to note that
singularly focusing on 1 trait may overlook other crucial
phenotypic aspects like adaptability (Darwin, 1868).
Further investigations into the varying adaptability of
different strains to their environment are warranted.
Additionally, the detailed exploration of candidate

genes associated with environmental adaptation, feather
color, and production traits offers a valuable resource
for refining breeding strategies and promoting the pres-
ervation of desirable traits. Leveraging this genetic
knowledge could facilitate targeted breeding programs
geared toward fortifying resilience, productivity, and
adaptability in domestic chickens (Bettridge et al., 2018;
Lawal and Hanotte, 2021). These findings provide a
roadmap for breeders and researchers to implement pre-
cise breeding methodologies, thereby safeguarding the
unique genetic resources within this local breed and
advancing the overall efficiency and success of poultry
breeding practices.
Limitations of the Study

While this study provides valuable insights into the
population structure, genetic diversity, and traits associ-
ated with Wenchang chickens, several limitations should
be acknowledged. Firstly, despite the comprehensive
analysis conducted on 200 Wenchang chicken samples
across 10 distinct strains, the sample size might not fully
encapsulate the entire genetic diversity of the breed.
Expanding the sample scope to include a more extensive
range of populations or integrating data from diverse
geographic locations could offer a more comprehensive
understanding of their genetic architecture. Addition-
ally, while the GWAS and selection sweep analyses shed
light on candidate genes associated with specific traits, a
more extensive functional validation of these genes and
their precise roles in governing the observed phenotypic
traits would be beneficial.
CONCLUSIONS

In summary, this study has enhanced our understand-
ing of the genetic background of Wenchang chickens
and provided essential genomic and phenotypic resour-
ces for further research. The loci related to environmen-
tal adaptation, feather color, and production traits have
potential practical value and lay the foundation for the
protection and utilization of Wenchang chickens and
other local domestic chicken breeds.
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