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Introduction: The Wuzhishan ant (MY) chicken exhibits significant differences 
from other chicken breeds. However, the molecular genetic relationship 
between the MY breed and other chicken breeds has not been assessed.

Methods: Whole-genome resequencing was used to compare genetic diversity, 
nucleotide diversity, the fixation index, the linkage disequilibrium coefficient, 
and phylogenetic tree relationships between the MY breed and the Wenchang 
(WC), Danzhou (DZ), Bawangling (BW), and Longsheng Feng (LF) breeds.

Results: A total of 21,586,378 singlenucleotide polymorphisms and 4,253,341 
insertions/deletions were screened out among the five breeds. The MY breed 
had the second highest genomic genetic diversity and nucleotide diversity and 
the lowest LD coefficient among the five breeds. Moreover, the phylogenetic 
tree analysis showed that individual birds of each breed clustered together with 
those of their respective breeds.

Discussion: Our data indicated that the MY breed is distinct from the other 
breeds and can be considered a new genetic resource.
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1 Introduction

Hainan Province is located at the southernmost tip of China and has a tropical and 
subtropical climate. It is surrounded by the sea and has a forest coverage rate of 62.1%. Owing 
to its distinct geography, climate, and ecological conditions, indigenous Hainan livestock and 
poultry varieties have unique characteristics. The region has several local chicken breeds, 
including Wenchang (WC), Danzhou (DZ), Bawangling (BW), and Wuzhishan ant (MY) 
chickens. WC and DZ chickens have been listed in the “National Livestock and Poultry 
Genetic Resources Breed List” by the Chinese government (1).
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Animal Genetic Resources (AnGRs) refer to the collective of 
animal species, breeds, and strains that are currently, or potentially, of 
significant economic, scientific, and cultural heritage value to 
humanity. In terms of conservation and utilization, breed diversity 
typically holds greater importance than species diversity. Two methods 
comprise phenotypic and molecular identification techniques for 
identifying individual members of a livestock breed. Traditionally, 
phenotypic identification has been used to identify the breed of an 
individual in livestock genetic diversity studies. The major drawback 
of this technique lies in the fact that it can only observe genetic 
diversity at the phenotypic level, which does not always correspond to 
the actual diversity at the DNA level. The molecular method for 
identifying breed characteristics involves two primary approaches, 
utilizing either protein markers or DNA markers (2). The two most 
widely utilized DNA techniques are the variable number of tandem 
repeats (VNTRs), which include minisatellite and microsatellite 
markers, and single-nucleotide polymorphism (SNP)-based 
techniques (3, 4). The VNTR and SNP techniques have a more 
widespread application than other molecular markers.

The MY breed was identified in Wuzhishan City, located in the 
central-southern mountainous region of Hainan Province, during the 
national livestock and poultry genetic resources census conducted in 
China in 2021. It is a small-sized breed with consistent physical 
characteristics known for its stable inheritance of key economic traits 
and is characterized by thin skin, tender meat, and delicate bones 
when cooked (5). MY chickens, known as “ant chickens” locally owing 
to their small size, are raised in the wild by local ethnic minorities. 
Roosters have a cockspur, and their plumage is fancy, featuring hemp 
and black hemp and date-red colors, with green belly feathers, gray or 
black feet, and white ear lobes. The hens have grayish-white and 
brownish-black hemp feathers, gray or black feet, and white ear lobes. 
Sisal and black sisal roosters have black or sisal, or brown and white 
interspersed primary and secondary wing feathers. Red-feathered 
roosters have date-red neck feathers and black or date-red primary 
and secondary wing feathers (Supplementary Figure S1). MYs have a 
relatively close relationship with the location, culture, and historical 
origins of the natural ecological environment. According to “Zhengde 
Qiongtai Zhi” records (6), the MY chicken breed originated in 
Wuzhishan City and has a history going back more than 500 years. The 
Wuzhishan Nanshenghuasong Ant Chicken Special Breeding 
Cooperative has been committed to breeding and preserving this 
breed since its establishment in 2011. The average weight of roosters 
and hens is 1.36 and 1.05 kg, respectively, which is lower than the 
average weight of WC (7) and BW (8).

Whole-genome resequencing is a high-throughput DNA 
sequencing technique that allows for the sequencing of an individual’s 
entire genome. Compared to traditional molecular marker and gene 
fragment sequencing methods, whole-genome resequencing offers 
higher resolution and greater coverage (9). Performing whole-genome 
resequencing can reveal comprehensive genomic information, 
including genome structure, functionality, and variation (10), thereby 
providing a powerful tool for the identification of new breeds. 
Comparing the genomic sequences of new breeds and known breeds 
enables the determination of their genetic relationships as well as the 
classification of new breeds (11). Additionally, whole-genome 
resequencing can help identify the genomic structure and functional 
features of new breeds, furthering the understanding of their 
biological characteristics and evolutionary history (12). New breeds 

must be compared with and validated against known breeds to ensure 
the accuracy and reliability of their identification.

In this study, to confirm that the MY chicken breed is indeed a 
novel genetic resource, we  explored the differences between MY 
chickens and WC, DZ, BW, and Longsheng Feng (LF) chickens using 
whole-genome resequencing. Our findings may provide a basis for 
further exploration of the MY breed at the molecular level.

2 Materials and methods

2.1 Sample collection

The chickens used in this study were healthy adult birds and 
included 20 MY chickens from Wuzhishan Nanshenghuasong Ant 
Chicken Special Breeding Cooperative; 10 BW chickens from 
Changjiang Hongfeng Bawangling Chicken Development Co., Ltd.; 10 
WC chickens from Hainan Baiguozi Wenchang Chicken Breeding 
Co., Ltd.; 10 DZ chickens from Hainan Rekeyuan Ecological Breeding 
Co., Ltd.; and 8 LF chickens from Longsheng County Hongsheng 
Poultry Co., Ltd. (Figure 1). Blood samples were collected from the 
wing vein of each chicken, mixed with acid citrate dextrose (ACD) 
anticoagulant, and stored at −20°C until needed.

2.2 DNA extraction, library construction, 
and sequencing

DNA was extracted from the blood samples using a blood 
genomic DNA extraction kit (Tiangen Biotech Co. Ltd) according to 
the manufacturer’s instructions. The GenoBaits DNA Library Prep Kit 
for ILM was used to construct resequencing libraries for qualified 
DNA. After library construction, Qubit 2.0 was used for preliminary 
quantitation, and the effective concentrations of the libraries were 
further verified by qPCR to ensure the quality of the libraries. After 
quality control, the libraries were sequenced on the Beijing Genomics 
Institution (BGI) MGI-2000/MGI-T7 sequencing platform in 
PE150 mode.

2.3 Quality control and alignment

Raw reads were filtered using fastp (13) (v.0.20.0, parameters: -n 
10 -q 20 -u 40) to obtain clean reads. BWA-MEM (14) software was 
used to align the clean reads to the chicken reference genome.1 The 
HaplotypeCaller module of the GATK (15) (v.4.0.4.0) was used to 
detect genome-wide SNPs and insertions/deletions (InDels). To 
obtain SNPs with high reliability, bi-allelic loci, SNPs with a minor 
allele frequency (MAF) less than 0.05, those with a missing rate 
greater than 10%, those with a heterozygous ratio greater than 30%, 
and those with a detection rate lower than 90% were discarded.

1 https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/016/699/485/

GCF_016699485.2_bGalGal1.mat.broiler.GRCg7b/GCF_016699485.2_

bGalGal1.mat.broiler.GRCg7b_genomic.fna.gz
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2.4 Genetic diversity and linkage 
disequilibrium (LD)

MAF, polymorphic information content (PIC), observed allele 
number (Ao), expected allele number (Ae), observed heterozygosity 
(Ho), and expected heterozygosity (He) were calculated using PLINK 
software (16). Population nucleotide diversity (θπ) analysis refers to 
calculating differences in nucleotide diversity among different 
populations. By sliding a 100-kb window across the genome, the 
average π value for each window region was calculated, yielding the 
variation of π values in different genome regions. The fixation index 
(F-statistic, FST) was calculated based on the SNP dataset (17) 
according to the method described by Weir et al. (18). The LD size 
between two markers was calculated using Haploview software (19). 
The results were processed and visualized using R script.

2.5 Population structure

To infer the population structure of the five chicken breeds, a 
principal component analysis (PCA) was performed with GCTA 
software (v.1.92.4) based on filtered SNP markers. Admixture software 
(v.1.3) was used to infer the population structure, assuming that the 
number of clusters (K-value) of the samples was 2–5, and then for 
clustering the samples accordingly. MEGA-X software (p-distance 
model with 1,000 bootstrap replicates) was used to construct a 
phylogenetic tree using the neighbor-joining (NJ) method based on 
the filtered SNP markers (20).

3 Results

3.1 Whole-genome sequencing and 
alignment

The statistics relating to sequencing data quality are presented in 
Supplementary Table S1. The number of raw reads for each sample 
ranged from 67,002,590 to 112,155,842, and the number of clean reads 

for each sample ranged from 66,987,958 to 112,120,802. A total of 
598.03 Gb of clean data was obtained, averaging 10.31 Gb per bird. 
The average Q20 reached 97.48% and the average Q30 was 92.25%. 
The number of aligned reads ranged from 66,834,495 to 111,842,494, 
the alignment rate ranged from 99.71 to 99.84%, the average alignment 
rate was 99.78%, and the coverage ranged between 97.40 and 98.43% 
(Supplementary Table S2).

3.2 Screening of SNPs and InDels

A total of 21,586,378 SNP sites were identified, including 
15,014,517 transitions and 6,571,861 transversions (Figure 2A). Most 
SNPs were located in intronic and intergenic regions (Figure 2B). The 
SNPs were divided into 12 categories, with transitions accounting for 
34.78% of the total. In all, 4,253,341 InDel sites were detected, 
including 2,174,979 deletions and 2,078,362 insertions (Figure 2C). 
The number of mutations located in coding sequences (CDSs) was 
17,272, with frameshift deletions (7,880) accounting for 45.6% of these 
(Figure 2D).

3.3 Genetic diversity and LD

MAF, PIC, Ao, Ae, Ho, and He were calculated to evaluate the 
genetic diversity among the five breeds. The genetic diversity 
parameters are shown in Supplementary Table S3. MAFs ranged from 
0.1220 to 0.1382, with an average of 0.1297. PICs ranged from 0.1418 
to 0.1615, with the average being 0.1486. Ao ranged from 1.5541 to 
1.8157, averaging 1.6587. Ae ranged between 1.2792 and 1.3167, with 
an average of 1.2948. Ho ranged from 0.1389 to 0.1657, with an 
average of 0.1581. He ranged from 0.1735 to 0.1957, with an average 
of 0.1807. Chickens of the MY breed had the highest MAF (0.1382), 
PIC (0.1615), Ho (0.1657), and He (0.1957) values.

Nucleotide diversity (θπ) analysis refers to the calculation of 
nucleotide diversity differences among different breeds and can reflect 
the degree of genetic diversity of a breed. The π value for the MY breed 
was 0.003468572 and was only lower than that of the WC breed. 

FIGURE 1

Distribution map of the five breeds. LF, Longsheng Feng chickens; BW, Bawangling chickens; DZ, Danzhou chickens; WC, Wenchang chickens; MY, 
Wuzhishan ant chickens.
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We found that the π values were highest on chromosome 6 and lowest 
on chromosome Z in all the breeds (Figure 3).

The FST is a measure of population differentiation and genetic 
distance and indicates the degree of genetic differentiation between 
populations. The larger the FST value, the greater the genetic difference. 
The FST estimation results are shown in Supplementary Table S4. The 
FST values among all the groups ranged from 0.05 to 0.15, indicating 
that there was a moderate degree of genetic differentiation between 
the populations. The lowest FST value (0.055585709) was detected 
between the MY and WC breeds, while the highest (0.086456908) was 
found between the MY and LF breeds.

LD refers to a non-random association between alleles at different 
loci within a population; that is, two genes will exhibit some degree of 
linkage as long as they are not inherited completely independently. LD 

decay analysis showed that the MY breed had the highest decay rate, 
followed by the BW, DZ, and LF breeds (Figure 4). After 20 kb, the LD 
coefficient (r2) of MY chickens was lower than 0.1. After 120 kb, the 
decline in LD coefficients slowed down in all the breeds.

3.4 Population structure

The PCA showed that the contribution of the top three principal 
components—PC1, PC2, and PC3—was 5.20, 4.49, and 4.06%, 
respectively. As shown in Figure  5A, the MY, BW, and LF breeds 
clustered separately, while the DZ and WC breeds clustered together 
in one branch. Figures 5B,C show that the MY and the other four 
chicken breeds were clustered separately in one branch. As can also be 

FIGURE 2

Single-nucleotide polymorphism (SNP) and insertion/deletion (InDel) screening results. (A) Statistical map of the SNPs. (B) Statistical map of SNP 
positions. (C) Statistical map of InDel positions. (D) Statistical map of InDel functional annotations in coding sequence (CDS) regions.
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seen from the 3D plot in Figure 5D, the MY population is clearly 
distinguishable from the other breeds These results indicated that 
there were significant differences in population structure between the 
MY and the other four chicken breeds.

The results of the phylogenetic tree reconstruction using the NJ 
method are shown in Figure  6. All the birds from individual 
indigenous chicken breeds clustered together with birds of their 
respective breeds, forming five distinct branches. This suggested that 
the five breeds were independent from each other. Additionally, the 
genetic relationship between the MY and BW breeds was found to 
be relatively close, consistent with the PCA results.

The genetic composition of each sample in each subgroup was 
plotted as a bar chart using the pophelper R package (v.2.2.7) 
(Figure 7). Analysis of the genetic bar chart demonstrated that when 
K = 2, birds of the BW breed clustered separately, those of the LF and 
WC breeds clustered together, and those of the MY and DZ breeds had 

mixed ancestry. When K = 3, birds of the BW, LF, and MY breeds were 
clustered separately, with some birds of the MY breed having mixed 
ancestry from the first two groups. When K = 4, animals of the BW, LF, 
DZ, and MY breeds were clustered separately, with some birds of the 
MY breed having mixed ancestry from the first three groups. When 
K = 5, each chicken breed was clustered separately, but again, some MY 
birds shared ancestry with the other four chicken breeds.

4 Discussion

The identification of genetic resources of new varieties should 
include comparisons at both the phenotypic and molecular levels (21). 
Genome resequencing technology is widely used for the detection of 
genetic variation in large breeds, given its greater coverage, accuracy, 
and efficiency compared with traditionally used methods (22–24). In 
this study, whole-genome resequencing was used for the validation of 
the MY breed as a novel genetic resource.

Generally, the greater the quality of sequencing data and the 
higher the alignment rate, the more reliable the subsequent results 
(25). In this study, the average Q20 value of our data was 97.48%, and 
the average Q30 value was 92.25%. Additionally, the average alignment 
rate was 99.78%. Our Q20 or Q30 rates were substantially higher than 
those reported by Shuli et  al. (26) and Wei et  al. (27), while the 
alignment rate of our data was higher than that achieved by Yin et al. 
(28) and Zhou et al. (29). This indicated that our sequencing data were 
of sufficient quality for use in subsequent analysis.

The identification and evaluation of a new resource entails 
determining its genetic background and classification and assessing 
its genetic diversity and genetic structure, thus providing a basis for 
the genetic improvement of that resource (30). In this study, the MAF, 
PIC, Ho, and He were higher in birds of the MY breed than in those 
of the other four breeds, indicating that the MY breed was different 
from the other four breeds. Ho and He of MY are lower than those 
reported by Tian et al. (31). The reason may be that the sample size is 
insufficient, leading to the low genetic diversity index of Ho and He. 

FIGURE 3

Manhattan plot of nucleotide diversity (π) distribution. The horizontal axis indicates the position of the genome, and the vertical coordinate indicates 
the π value of the windows. Chrom, chromosome.

FIGURE 4

Linkage disequilibrium decay plot. LF, Longsheng Feng chickens; BW, 
Bawangling chickens; DZ, Danzhou chickens; WC, Wenchang 
chickens; MY, Wuzhishan ant chickens.
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Importantly, the MY breed has not been commercially exploited and 
has not been subjected to significant artificial intervention, which 
leads to high genetic diversity.

Nucleotide diversity (θπ) reflects the degree of genetic diversity of 
a breed (32). The lower the polymorphism, the higher the degree of 
selection, and the lower its genetic diversity. In this study, we found 
that MY chickens had the second highest π value among the five 
breeds. This may reflect that most MY chickens that are reared in the 
deep mountain forests of the southern tropical region of Hainan 
Island have undergone limited artificial selection, which likely 
increased their genetic diversity. Additionally, for all the breeds tested, 
the π values were highest on chromosome 6 and lowest on 
chromosome Z, indicating that there was a higher degree of correlation 
between artificial selection traits and chromosome 6 than between 
artificial selection traits and chromosome Z. Further research will help 

confirm these findings and identify the specific genetic mechanisms 
associated with artificial selection in the MY breed.

LD is widely used in association analysis and genetic parameter 
estimation. In general, an LD coefficient greater than 0.8 is indicative 
of a strong correlation between two loci. Meanwhile, an LD coefficient 
lower than 0.1 is indicative of a lack of correlation, which occurs when 
there is a long distance between two loci or when both loci have a high 
mutation rate, which reduces the degree of association between them 
(33). In this study, we found that MY chickens had the lowest LD 
coefficient among the five breeds studied, while LF chickens had the 
highest. These results reflect that MY birds were subjected to the 
lowest degree of artificial selection and LF birds the highest. The 
average LD coefficient of the MY breed was less than 0.1, while those 
of the three other Hainan breeds—WC, BW, and DZ—were all higher 
than 0.1 and were similar to each other (0.105110967, 0.108442684, 

FIGURE 5

Principal component analysis of the five chicken breeds. (A) PC1/PC2. (B) PC1/PC3. (C) PC2/PC3. (D) 3D PCA Scatter Plot. LF, Longsheng Feng 
chickens; BW, Bawangling chickens; DZ, Danzhou chickens; WC, Wenchang chickens; MY, Wuzhishan ant chickens.
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and 0.109120896, respectively). This indicated that MY birds 
underwent almost no artificial selection, while the other three Hainan 
breeds experienced a similar degree of artificial selection. The results 
of the LD analysis were consistent with those of genetic 
diversity analysis.

The FST is a measure of population differentiation and genetic 
distance; the greater the FST, the greater the differences between 
populations (34). In this study, the FST values of the five chicken breeds 
ranged from 0.05 to 0.15, which reflects a moderate level of genetic 
diversity in chickens (35). When the MY breed was compared to the 
other four breeds, the largest FST value was found between the MY and 
LF breeds, followed by the BW, DZ, and WC breeds, which was also 
correlated with their geographical locations. The MY breed is 
distributed in the southern tropical region of Hainan Island, the 
southernmost province of China (5). The DZ, WC, and BW breeds are 
distributed in the northern subtropical region of Hainan Island (7, 8), 
and the LF breed is found in Longsheng County, Guangxi Province 
(36). This result suggested that the MY breed differs from the other 
four breeds in terms of population differentiation and genetic distance. 
The FST values were higher for the Z chromosome than for the other 
chromosomes, which was consistent with the results of Li et al. (37). 
Investigating the level of genomic variation in the sex chromosome 
and the autosomes may help reveal the role of sexual selection in the 
long-term evolution of a species (38).

Many studies have used whole-genome sequencing to compare the 
structure of livestock and poultry genetic resources and explore the 
genetic relationships among them (39–41). In this study, the five 
indigenous chicken breeds were clustered into five different branches 

on the phylogenetic tree. The MY breed was found to be located on a 
separate branch, forming a distinct cluster from the other four breeds. 
This suggested that the MY breed has unique genetic characteristics, 
supporting its classification as a new breed. This finding was consistent 
with the results of the PCA as well as with the geographical distribution 
of the breeds. When K = 3–5, the MY breed could clearly 
be distinguished from other breeds, and some birds of the MY breed 
shared a common ancestry with three local Hainan chicken breeds. This 
is likely due to the genetic exchange resulting from their coexistence on 
Hainan Island. These results indicated that the MY breed is distinct 
from the other four indigenous breeds regarding population structure.

In summary, in this study, to verify that the MY breed is indeed a 
new genetic resource, we compared genomic genetic diversity, nucleotide 
diversity, the fixation index, the LD coefficient, and the phylogenetic tree 
relationship between the MY breed and four other chicken breeds via 
whole-genome resequencing. The MY breed had the second highest 
genomic genetic diversity and nucleotide diversity and the lowest LD 
coefficient among the five breeds. In addition, the phylogenetic tree 
analysis showed that individual birds of the MY breed were clustered 
into one group separate from the other breeds. Taken together, the 
results of this study showed that the MY breed is completely different 
from the other four breeds and can be considered a new genetic resource.

Data availability statement

The data presented in the study are deposited in the Sequence 
Read Archive (SRA) repository, accession number PRJNA943094. The 

FIGURE 6

Phylogenetic tree of five chicken breeds. The “group” label indicates the different chicken breeds. The number 0.007 indicates that the branch of this 
length represents a genetic variation of 0.007 in the genome.
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data can be found on https://www.ncbi.nlm.nih.gov/bioproject/?term
=PRJNA943094.
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