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� The genomes of modern purebred
broilers carried fewer deleterious
mutations compared to local chickens
and wild ancestors.

� 163 protein-coding genes were
selected positively in purebred
broilers during long term selection.

� The MYH1 gene family harbored the
top significant selective sweep
windows and displays muscle-
specific expression in purebred
broilers.

� SOX6 gene provided key regulatory
function to breast muscle traits and
adaptation to artificial selection.

� A haplotype within SOX6 appeared
differential pattern in gene
expression, breast muscle traits, and
haplotype frequency.
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Introduction: Investigating the genetic markers and genomic signatures related to chicken meat produc-
tion by combing multi-omics methods could provide new insights into modern chicken breeding technol-
ogy systems.
Object: Chicken is one of the most efficient and environmentally friendly livestock, especially the fast-
growing white-feathered chicken (broiler), which is well known for high meat yield, but the underlying
genetic basis is poorly understood.
Method: We generated whole-genome resequencing of three purebred broilers (n = 748) and six local
breeds/lines (n = 114), and sequencing data of twelve chicken breeds (n = 199) were obtained from
the NCBI database. Additionally, transcriptome sequencing of six tissues from two chicken breeds
(n = 129) at two developmental stages was performed. A genome-wide association study combined with
cis-eQTL mapping and the Mendelian randomization was applied.
Result: We identified > 17 million high-quality SNPs, of which 21.74% were newly identified, based on 21
chicken breeds/lines. A total of 163 protein-coding genes underwent positive selection in purebred broil-
ers, and 83 genes were differentially expressed between purebred broilers and local chickens. Notably,
muscle development was proven to be the major difference between purebred broilers and local
yield in
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chickens, or ancestors, based on genomic and transcriptomic evidence from multiple tissues and stages.
The MYH1 gene family showed the top selection signatures and muscle-specific expression in purebred
broilers. Furthermore, we found that the causal gene SOX6 influenced breast muscle yield and also related
to myopathy occurrences. A refined haplotype was provided, which had a significant effect on SOX6
expression and phenotypic changes.
Conclusion: Our study provides a comprehensive atlas comprising the typical genomic variants and tran-
scriptional characteristics for muscle development and suggests a new regulatory target (SOX6–MYH1s
axis) for breast muscle yield and myopathy, which could aid in the development of genome-scale selec-
tive breeding aimed at high meat yield in broiler chickens.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Chicken is one of the most efficient animals for protein produc-
tion, providing>30% of meat products for humans and playing an
essential role in global food security [1]. Although there are hun-
dreds of domestic chicken breeds across the world [2], they origi-
nally could not supply sufficient meat to satisfy human demand
due to low meat productivity. Since the 1950 s, fast-growing
white-feathered chickens (broilers) have been bred, and the pro-
ductivity of chickens has been continually enhanced by intensive
selection for production traits [3–5]. Broilers can now rapidly
achieve a body weight of 4–5 kg within 56 days, in contrast to
the<1 kg weight of their wild ancestor Gallus gallus spadiceus
(GGS) and of most other domestic chickens [6]. Broilers are nor-
mally produced by a three-way or four-way cross system in which
the purebred paternal line is one of the most important contribu-
tors to the high meat yield. Additionally, the feed conversion ratio
of white-feathered broilers is ten times that of cattle, but the car-
bon emission of broilers is only 1/10 of that of cattle [7]. This is clo-
sely related to the high meat yield of broilers. However, the genetic
basis for meat production of purebred broiler lines developed
through intensive selection has not been fully investigated.

Chicken is a typical model for investigating the genetic cause of
traits such as the fast growth in purebred broilers that arises from
human-driven selection. Rubin et al. reported partial genes related
to appetite (PMCH) and growth (e.g., IGF-1, INSR, TBC1D1) by com-
paring the genomic variants of broilers, layers, and red jungle fowls
(RJFs) [4]. Wang et al. indicated that IGF-1 and POU1F1 were
selected in dwarf breeds, indicating an important function of these
two genes adaptative to growth and development [8]. Similarly,
additional genes (e.g., HNF4G, TBXAS1, GJD2) were determined to
be significantly different between commercial broilers and RJFs,
especially on the end of chicken (Gallus gallus) chromosome 14
(GGA14) [9]. Yang et al. reported that two significant peaks on
GGA3 and GGA24 associated with meat production (body weight
and thigh-related traits) in broilers and that the candidate gene
ADGRG6 showed genomic differentiation between large and small
body size chickens [10]. IGF2BP1 was proven to be correlated with
body size in multiple animals [11–13], and it was also related to
breast muscle weight in chickens [14]. However, as this research
develops, an expansion in breeds and population sizes is needed
to enable deeper exploration, and meat traits should be a primary
focus.

In this study, a large population (n = 1,061) and many breeds
(n = 21) were applied to reduce the risk of bias. We performed a
systematic comparison of whole genomic variants, transcriptomes
involving multiple tissues and stages, and a genome-wide associa-
tion study (GWAS) to identify the genes and regions affecting meat
production, especially for breast muscle. This study provides new
insights into the genetics of modern broiler selection and will facil-
itate the development of techniques for meat production
improvement.
2

Materials and methods

Ethics statement

All experimental procedures associated with the chickens used
in this study were conducted following guidelines established by
the Ministry of Science and Technology (Beijing, China). Ethical
approval was granted by the Animal Welfare and Ethics Committee
of the Institute of Animal Sciences, Chinese Academy of Agricul-
tural Sciences (IAS-CAAS, Beijing, China), with the reference num-
ber IAS2019-44.

Birds and sample collection

A total of 691 fast-growing white-feathered chickens (Line B)
from two generations were used. The paternal line was generated
by Foshan Gaoming Xinguang Agriculture and Animal Husbandry
Co., Ltd. (Foshan, Guangdong, China) [15]. After 12 h of fasting,
the chickens were slaughtered on day 42 (D42), and breast muscle
was stripped and weighed. The breast muscle weight (BrW) was
recorded, and the BrW percentage (BrP) was calculated as previ-
ously reported [15]. A total of 120 individuals were used for
myopathy evaluation, including wooden breast (WB) and white
striping (WS). WB and WS were scored and classified by subjective
assessment as described in previous studies (normal breast scored
0, mild WB/WS scored 1, moderate WB/WS scored 2) [16,17]. Drip
loss (DL) and compression force (CF) were measured as previous
reports [18,19]. All the phenotypic data were distributed within
the range of the mean ± 3 standard deviations and passed quality
control for subsequent GWAS analysis.

Additionally, Line B (n = 60) and Beijing You (BJY) chickens
(n = 60) were reared from day 1 (D1) with the recommended con-
ditions [20]. Briefly, a common corn-soybean diet containing
2,900 kcal/kg metabolic energy and 183 g/kg crude protein was
provided, and the fresh feed and water were available ad libitum.
Six individuals, randomly selected from each of the two breeds at
D1 and D42, were slaughtered, and six tissues, including heart,
liver, lung, breast muscle, thigh muscle, and abdominal fat (only
at D42), were collected and stored at �80 �C for RNA isolation.

Genetic materials, DNA extraction and sequencing

Nine chicken breeds (n = 862), including three purebred broiler
breeds (Line B: paternal line B; Cornish; and BRp, broiler paternal
line) and six local chicken breeds (BJY, Beijing You chicken; HX,
Huxu chicken; PC, Piao chicken; TBC, Tibetan chicken; WD,Wuding
chicken;WC, Wenchang chicken), were sequenced (supplementary
table S1). For each individual, blood samples were collected from
the wing vein, and genomic DNA was extracted from blood sam-
ples using the phenol–chloroform method. The quality of DNA
was assessed based on agarose gel electrophoresis. A DNA library
(paired-end, 2 � 150 bp) for each DNA sample was constructed,
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and all libraries were sequenced using the Illumina Nova 6000
sequencing platform. In total, approximately 7.7 Tb previously
unpublished data was generated.

In addition, we downloaded a list of sequencing data for 12
chicken breeds (n = 199), including for the local chicken breeds
(CH, Chahua chicken; JXY, Jingxing Yellow chicken, YB, Yuanbao
chicken, HBM, Huaibei Ma chicken; HT, Hetian chicken; JH, Jiang-
han chicken; DWS, Daweishan mini chicken; ND, Ningdu chicken;
SH, Sanhuang chicken; WC; XH, Xianghuang chicken; ZY, Zhen-
gyang chicken) and the wild ancestor (GGS) with accession num-
bers: CRA004023 and CRA002643 from GSA database, SRP155577
from the SRA database, and the ChickenSD database [9,10,14,21–
24]. In summary, a total of 21 chicken breeds/lines (n = 1,061)
belonging to three types—purebred broilers, local chickens, and
wild ancestors—were used in this study (Fig. 1A).

Variant calling, quality control, and annotation

The raw reads were first trimmed in Trimmomatic v0.36 with
default parameters [25], and only paired quality reads were pre-
served for the following analysis. Next, the filtered reads for all
individuals were aligned with the chicken reference genome
(GRCg6a) using Burrows-Wheeler Aligner (BWA) v0.7.17 [26].
The obtained Sequence Alignment Map (SAM) files were converted
to Binary Alignment Map (BAM) format and then sorted by coordi-
nates and indexed using Samtools v1.12 [27]. Polymerase chain
reaction (PCR) duplicates were removed using PICARD v2.26.
Single-nucleotide polymorphisms (SNPs) were called first using
the HaplotypeCaller function in Genome Analysis Toolkit (GATK)
v4.2.2 [28], and the genomic variant call format (gVCF) file for each
chicken was acquired. Then, the CombineGVCFs and Geno-
typeGVCFs functions were used to combine all the gVCF files and
to jointly call SNPs. In addition, we removed SNPs using GATK with
specific standards: Quality score < 30.0, QualByDepth < 2.0,
FisherStrand > 60.0, RMSMappingQuality < 40.0,
StrandOddsRatio > 3.0, MappingQualityRankSumTest < -12.5, and
ReadPosRankSum < -8. A total of 17,622,141 biallelic SNPs were
retained for the following analysis.

After filtering, the reserved SNPs were annotated based on loca-
tion categorization using SnpEff v5.0 [29], for which the corre-
sponding annotation file was obtained from the Ensembl
database. Here, the SNPs were clustered into ten classifications
based on their genomic positions, including 30 and 50 UTRs, up-
and downstream regions, exonic and intronic regions, splicing
sites, and intergenic regions. Additionally, the ENSEMBL Variation
Database for Single Nucleotide Polymorphisms (https://ftp.en-
sembl.org/pub/release-106/variation/gvf/gallus_gallus/) was used
to detect novel mutations.

Population genetics analysis

First, all SNPs were pruned using PLINK v1.9 [30] with a win-
dow size of 50 bp, a window step of 5 bp, and a pairwise r2 thresh-
old of 0.2 (--indep-pairwise 50 5 0.2). This led to the retention of a
total of 2,328,925 independent SNPs for population genetics anal-
ysis. Principal component analysis (PCA) was performed with
Genome-wide Complex Trait Analysis (GCTA) v1.93.2 software
[31], with the first three principal components cumulatively
explaining 10.93% of the total variance. The population structure
of different admixture proportions was evaluated using the pro-
gram ADMIXTURE v1.3 [32]. Nine solutions (2 � k � 10) were
selected for genetic clustering. To infer the genetic structure, we
first calculated the identical by state (IBS) distance between chick-
ens using PLINK [30]. Then, we constructed a neighbour-joining
tree based on the 1-IBS distance matrix in Molecular Evolutionary
Genetics Analysis (MEGA) v7 [33], and FigTree v1.4.0 software
3

(tree.bio.ed.ac.uk/software/figtree/) was used to visualize the phy-
logenetic trees.

Analysis of nucleotide diversity, linkage disequilibrium (LD) decay, and
runs of homozygosity (ROH)

To better evaluate the genetic characteristics among different
species, we calculated the genetic diversity (p) in VCFtools
v0.1.13 [34]. The LD decay level was quantified and plotted using
Poplddecay software [35], with a maximum distance of 500 kb.
ROH for each population were estimated using PLINK software
with the parameters --homozyg-density 50, --homozyg-gap 1000,
--homozyg-kb 300, --homozyg-window-het 3, --homozyg-
window-snp 50, --homozyg-window-missing 5 [30]. These results
were analysed using all SNPs.

Demographic history inferences

We restructured the chicken demographic history during the
past 1,000 to 1,000,000 years using SMC++ software [36]. Four to
ten genomes of each population were used to maximize the num-
ber of populations to be included. Referring to the study by Nam
et al., the model was scaled by a mutation rate (l) of 1.91e-9 sub-
stitutions per genomic site per year and a generation time of 1 year
[37]. The result was plotted using an R script.

Identification of deleterious SNPs (dSNPs) and estimation of genetic
loads

To assess the evolution of dSNPs in chickens in the wild, domes-
tication, and breeding stages, we estimated the deleterious score of
missense mutations annotated from 1,061 genomes according to
the reported pipeline [9]. First, the missense SNPs and the synony-
mous SNPs were retrieved based on the annotation result by using
SnpEff v5.0 [29]. Next, the online tool Ensembl Variant Effect Pre-
dictor was applied to predict Sorting Intolerant From Tolerant
(SIFT) scores for missense SNPs [38], and SIFT scores < 0.05 were
defined as evolutionarily intolerant, namely, dSNPs. Finally, to infer
the landscape of genetic loads in various stages, the number and
frequency of dSNPs per individual were calculated, as well as the
ratio of dSNPs to synonymous SNPs.

Detection of selective sweeps

We scanned the purebred broiler genomes for positive selection
signatures using the Z-transformed locus-specific branch length
(ZLSBL), the nucleotide diversity (p) ratio (pbroiler/pGGS or local), the
cross-population composite likelihood ratio (XP–CLR), and the Z-
transformed pooled heterozygosity (ZHp). The ZLSBL and p ratio
were calculated using a 40–kb sliding window with 20–kb step-
wise increments in VCFTools [34], estimates of the cross-
population composite likelihood ratio (XP–CLR) were obtained in
xpclr software [39] to compare the broilers and local chicken
breeds or GGS, and ZHp was calculated using an in-house script
as described previously with the same window size and step [4].
The ZLSBL approach was applied as follows: ZLSBL = (LSBL –
lLSBL)/rLSBL, where l is the overall average LSBL score and r is
the standard deviation of all windows within each cluster. We used
an empirical 99th percentile as the cut-off to retrieve the putative
selective sweeps in purebred broilers. To exclude the selected
regions in local chicken breeds and GGS that were the same as
those in the broilers, we also performed selective sweep analysis
between local chicken breeds and GGS using the p ratio, XP–CLR,
and ZHp methods. For the p ratio approach, the windows that
reached the threshold of -Logp (broiler/local) < -1.64 or -Logp (broiler/lo-

cal) < -1.72 were retained, among which the windows over the
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Fig. 1. Statistics for genomic information from 21 chicken breeds/lines. (A) The geographic distribution of 21 chicken breeds/lines. (B) The number and ratio of known and
novel SNPs in each chromosome of purebred broiler Line B. (C) SNP number of global genome in representative chickens of purebred broiler, local chicken and GGS. The result
for other breeds was presented in Figure S1. The black horizontal line indicates the ten million SNPs. (D) Genomic nucleotide diversity in representative breeds of purebred
broiler, local chicken and GGS. The result for other breeds was presented in Figure S2. The black horizontal line indicates p = 3.8 � 10-3, the highest level for the breeds in
purebred broilers cluster. BRp: broiler paternal line, BJY: Beijing You chicken, CH: Chahua chicken, DWS: Daweishan mini chicken, GGS: Gallus gallus spadiceus, HBM: Huaibei
Ma chicken, HT: Hetian chicken, HX: Huxu chicken, JH: Jianghan chicken, JXY: Jingxing Yellow chicken, ND: Ningdu chicken, PC: Piao chicken, SH: Sanhuang chicken, TBC:
Tibetan chicken, WC: Wenchang chicken, WD: Wuding chicken, XH: Xianghuang chicken, YB: Yuanbao chicken, ZY: Zhengyang chicken. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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threshold of 0.5 < -Logp(local/GGS) < 2 were excluded. For the XP–CLR
method, windows with XP–CLR (broiler vs local) > 300.29 or XP–CLR
(broiler vs GGS) > 268.72 were retained, and windows over the thresh-
old of XP–CLR (local vs GGS) > 173.71 (1% threshold) were removed.
For the ZHp index, the windows with ZHpbroiler < -3.04 were kept,
while the overlapping windows with ZHplocal < -3.87 (1% thresh-
old) or ZHpGGS < -4.16 (1%) were eliminated. Collectively, the puta-
tive sweeps, only selected in purebred broilers but not in local
chicken breeds and GGS, were defined with overlapping windows
identified by at least two calculation methods. The putative
selected genes (PSGs) were annotated based on the reference gen-
ome (GRCg6a).
Identification of differentially expressed genes (DEGs) by the
transcriptomic atlas in multiple tissues and stages

A total of 129 samples of six tissues from purebred broiler Line
B and local breed BJY were collected at D1 and D42, including
breast muscle, thigh muscle, heart, lung, liver, and abdominal fat.
The RNA of these samples was extracted using TRIzol reagent
(TAKARA, Beijing, China). After quality control, the qualified RNA
samples were used to perform reverse transcription and cDNA
library construction as previously reported. Each qualified library
was sequenced on the Illumina PE150 platform, and>10 G raw
reads per sample were generated. The bioinformatic analysis pipe-
4

line was implemented according to the methods of a previous
report [14]. Briefly, the raw reads were trimmed using Trimmo-
matic [25] with the default parameters, and clean reads were pro-
duced. Then, the clean reads were aligned to the chicken reference
genome GRCg6a (https://ftp.ensembl.org/pub/release-
104/fasta/gallus_gallus/dna/Gallus_gallus.GRCg6a.dna_sm.tople-
vel.fa.gz) using Hierarchical Indexing for Spliced Alignment of
Transcripts 2 (HISAT2) v2.2.1 [40] and assembled using StringTie
v2.1.6 [41]. Next, raw gene counts were acquired according to
the Python script provided by StringTie (l = 150) [41]. The gene
expression level was normalized by using the DESeq2 package in
the R environment [42], and differentially expressed genes (DEGs)
were identified as having a fold change > 1.5 or < 0.67 and P
value < 0.05.
Weighted gene co-expression network analysis (WGCNA)

To explore the expression differences between the two types of
chickens in the global gene atlas, especially for PSGs, we con-
structed a co-expression network using the weighted gene co-
expression network analysis package based on the transcriptomic
profile from the 129 tissues described above. Briefly, we con-
structed an expression matrix of 15,620 genes (average count > 10)
across six tissues. The soft threshold (b = 6) was determined
according to the scale-free distribution (R2 > 0.85). Then, we chose
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step-by-step and dynamic cutting methods to construct the gene
network and to detect modules (minModuleSize = 50,
mergeCutHeight = 0.25). The module with a correlation
coefficient > 0.5 was regarded as a tissue-specific module. Within
the module, the hub genes were defined as having gene
significance > 0.2 and module membership > 0.8. Furthermore,
Gene Ontology enrichment analysis was performed based on the
genes of each tissue-specific module. In addition, we identified
the tissue-specific expression genes based on PSGs as previously
described [43]. Briefly, the tissue-specific genes (TSGs) were
defined as follows: (1) the average count value of the candidate
gene in one tissue was more than three times that of other tissues,
(2) the average count value of the candidate gene target tissue was
> 50% of the average expression level in all other tissues, and (3)
the expression level of the candidate gene was in the top 25% for
all gene expression levels in corresponding tissues.

GWAS for BrW and BrP in Line B

Line B was selected based on meat production traits over mul-
tiple generations, and SNP information and phenotypic records
were comprehensively retained. To explore the genetic basis of
breast muscle growth, association analysis of BrW and BrP was
performed using the linear mixed model in Genome-wide Efficient
Mixed Model Association (GEMMA) v0.98.4 [44] based on chickens
genotyped by whole genome sequencing. After quality control (--
mind 0.1, --maf 0.05) using PLINK v1.9 software [30], a total of
8,663,580 SNPs were retained, and GWAS was performed for
BrW and BrP as follows:

y ¼ Waþ xbþ lþ �;

where y indicates the vector of the BrW record; W indicates the
covariates matrix, including a column of 1 s, as well as generation
and sex effects; a is the vector of the corresponding coefficient (in-
cluding the intercept); b is the effect size of each marker;
l MVNn 0; ks�1K

� �
, where l indicates the random polygenic effect,

MVNn denotes the n-dimensional multivariate normal distribution,
k is the ratio of two variance components, s�1 is the variance of the
residual errors, and K is the kinship matrix; and � MVNn 0; s�1In

� �
,

where � is the residual error and In is the identity matrix. The pro-
portion of variance explained by the markers was calculated using

the equation 2pqb2

r2
g

[45], where p and q represent allele frequency

for minor and major alleles, respectively. b represents the allele
effect size, and r2

g represents the genetic variance, which was calcu-
lated by ASReml 4.1 [46]. Similarly, the whole-genome and sugges-
tive significance thresholds were corrected by the Bonferroni test
(0.05/8,663,580 and 1/8,663,580, respectively). Additionally, Man-
hattan and Q-Q plots were visualized via the qqman package in
the R environment [47].

Cis-expression QTL (cis-eQTL) mapping and Mendelian randomization
in Line B

To verify the influence of SOX6 on BrW and BrP, we performed a
novel Mendelian randomization analysis, namely, summary-data-
based Mendelian randomization (SMR), integrating cis-eQTLs and
summary data from GWAS to estimate the effect [48]. First, a total
of 160 individuals in Line B were subjected to RNA isolation,
reverse transcription and reverse transcription-polymerase chain
reaction (RT-PCR) assays, and cis-eQTL analysis. These were per-
formed in Matrix eQTL software [49] based on the SOX6 expression
level and surrounding SNPs located 500 kb upstream and down-
stream of the SOX6 region. A total of 2143 significant SNPs
(FDR < 0.05) were identified. Next, we compared the eQTL and
5

GWAS results and selected 14 SNPs after clumping that were sig-
nificantly correlated with SOX6 expression but not to breast muscle
traits as the instrument variable. The cis-eQTL and GWAS results
for BrW and BrP were set as exposure and outcome variable,
respectively. The SMR was conducted using the TwoSampleMR
software [50].
Gene expression and western blot analysis of SOX6

We examined the gene expression level of SOX6 and flanking
genes in breast muscle tissue sampled from purebred broiler Line
B (D42), local breeds JXY (D98), and Jinling chickens (JL, D56) at
their market age with RT–PCR. Total RNA was isolated using TRIzol
reagent (Takara, Beijing, China), and the concentration and integ-
rity of the RNA were measured with an Agilent 2100 Nano and
gel electrophoresis. Then, first-strand cDNA was synthesized
according to the manufacturer’s instructions for the PrimeScriptTM

RT Reagent Kit with gDNA Eraser (Takara, Beijing, China). Here,
1 lg of RNA was reverse transcribed as the template for RT–PCR
in a 20 ll volume, and the residual DNA was eliminated in this
step. The obtained reverse transcription products were subse-
quently mixed with SYBR Green Mix (2 � ), ROX dye II (50 � ), pri-
mers, and double-distilled water (ddH2O) to produce a 10 ll RT–
PCR system. The primers were designed using Oligo 6.0 based on
the coding sequence of SOX6 (F: 50–TCCCTGACATGCACAACTCC–30,
R: 50–TTGAGGCTGTTGTCCTACGG–30) and flanking genes (supple-
mentary table S2) in the 50 to 30 direction. Each sample included
three technical replicates. The RT–PCR conditions were as follows:
94 �C for 5 min, followed by 35 cycles of 94 �C for 3 s and an
annealing temperature of 32 s. RPL32 and HSPA2 were selected as
the internal controls (supplementary table S2). According to the
RT–PCR results, the expression level was calculated using the
2-44CT method [51].

Protein was extracted from breast muscle tissue and lysed in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40 and 0.5%
sodium dodecyl sulfate (SDS)) supplemented with protease inhibi-
tor (Roche Applied Science, Mannheim, Germany) and centrifuged
at 12,000 g at 4 �C for 10 min. For immunoblot analyses, the pro-
tein lysates or immunoprecipitated samples were separated by
electrophoresis on sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE) gels and then transferred onto
polyvinylidene fluoride membranes (Millipore). The membranes
were first blocked with 5% (w/v) fat-free milk in Tris-Buffered Sal-
ine Tween-20 (TBST) and then incubated with the corresponding
primary antibodies (SOX6, sc-393314, Santa Cruz, 1:500; and
GAPDH, A01020S, Abbkine, 1:10000) diluted in 5% fat-free milk
in TBST. After washing with TBST, the membranes were incubated
with the appropriate secondary antibodies diluted in 5% fat-free
milk in TBST. Protein bands were visualized using Immobilon Wes-
tern Chemiluminescent Horseradish Peroxidase (HRP) Substrate
(Millipore) according to the manufacturer’s instructions.
Statistical analysis

Statistical analyses were conducted using SPSS 25.0 software or
a custom script in the R environment. The Wilcoxon signed-rank
test was used to determine the differences in dSNPs among the
three types of chickens. A general linear model was used to com-
pare the differences in breast muscle phenotypes and expression
of SOX6 and other genes. P < 0.05 was set as the significance thresh-
old. Pearson correlation analysis was used to estimate the relation-
ship between SOX6 and breast muscle traits (WB, WS, DL, and CF).
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Results

Whole-genome sequencing and variation

We generated whole-genome sequences of 862 chickens, total-
ling 7.7 Tb raw reads with an average depth of 9.2� (supplemen-
tary table S1, other sequences of 199 chickens were obtained
from the SRA database). After using stringent criteria for variant fil-
tration, a total of 17,622,141 high-quality SNPs were detected in
the 21 chicken breeds/lines. The retained SNPs were distributed
across the genome with an average density of 1 SNP every 60
bases. After annotation, the highest ratio of novel to known SNPs
was calculated on GGA16, and 21.74% of these SNPs had not been
included in dbSNP (Fig. 1B, supplementary table S3). Line B is a
fast-growing purebred broiler with white feathers, carrying
8,663,580 SNPs of all variants, with an average density of 1 SNP
every 114 SNPs. Only 4.7% of SNPs were identified as novel variants
(supplementary table S3). Most SNPs were intronic and intergenic
for all breeds (supplementary table S4). Intensive selection for
specific traits has been carried out on purebred broilers in recent
decades, resulting in the loss of genetic diversity, including
reduced SNP number and nucleotide diversity (p) in purebred
broilers (Fig. 1C-D, supplementary Fig. S1-2). Here, we only show
the results for purebred broilers, wild ancestors, and some typical
slow-growing local chicken breeds (BJY, HX, WC, and WD). The
complete results are shown in supplementary Fig. S1-2. Both sets
of results are consistent with the rules of intensive human-
driven selection in fast-growing purebred broilers.
Phylogenetic and demographic analyses

A comprehensive analysis of genetic relationships among these
breeds was conducted. First, we performed a PCA of 21 chicken
breeds/lines based on the pruned SNPs (Fig. 2A). Despite the divi-
sion among purebred broilers, local chicken breeds and wild ances-
tors, a sizeable genetic difference between BJY and other local
chicken breeds was also found. We further performed genetic
coancestry analyses to partition all chickens into groups by varying
the number of presumed ancestral populations (K = 2–10, Fig. 2B,
supplementary Fig. S3). We found that Line B was genetically close
to the Cornish breed and that both were separated from the BRp
breed, local chicken breeds, and GGS. A neighbour-joining tree
was constructed based on pairwise genetic distances with GGS as
the outgroup (Fig. 2C). As expected, the fast-growing purebred
broilers were genetically distant from GGS. The results showed
clusters based on geographical distribution. For instance, GGS
and the species in the southwestern region of China (WD, TBC,
PC, DWS, and CH) were defined as belonging to the same clade.
This result was consistent with the coancestry analysis result.
We used SMC++ to infer the dynamic changes in effective popula-
tion size (Ne) for all breeds (supplementary Fig. S4). A decreasing
tendency in Ne in the three broiler populations revealed strong evi-
dence of domestication bottlenecks for fast-growing broilers, as
well as WC and HX, compared with GGS. In addition, this analysis
also demonstrated that broilers have a stronger bottleneck and
much smaller recent Ne than most local chicken breeds (supple-
mentary Fig. S4). This proved a stronger selection pressure on
fast-growing purebred broilers and was consistent with the result
of a higher LD decay distance for purebred broilers (Fig. 2D, supple-
mentary Fig. S5). However, the ROH length of purebred broilers
(594–720 kb) was slightly lower than that of local (509–1012 kb)
and wild ancestors (1198 kb) (Fig. 2E). The ROH number and aver-
age genome coverage were higher in purebred broilers (257, 16.2%)
than in local chickens (103, 7.0%) and GGS (137, 15.6%) (Fig. 2E,
supplementary Fig. S6).
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Genetic load after domestication and artificial selection

Domestication has caused deleterious mutations to accumulate
in chickens and other domesticated animals [52,53]. Here, we cal-
culated the numbers and frequency of deleterious and synony-
mous SNPs in each genome (Table 1). For 82,784 missense SNPs,
16.75% (13,869) were predicted to be evolutionarily intolerant
(score < 0.05, supplementary table S5). As shown in Table 1, the
results showed that purebred broilers and local chicken breeds
harboured approximately 15.63% and 24.05% more deleterious
SNPs (dSNPs) than GGS across their genomes (supplementary
Fig. S7A). Although the number of synonymous SNPs was signifi-
cantly different among the three groups (supplementary
Fig. S7B), the ratio of dSNPs to synonymous SNPs and frequency
of dSNPs were higher in broilers and local chicken breeds than in
GGS (supplementary Fig. S7C-D). Collectively, a rapid accumulation
of dSNPs was found in local chicken breeds and broilers due to
domestication and directional breeding. Next, we compared the
levels of both heterozygous and homozygous dSNPs and observed
that 56.75% and 69.85% of dSNPs in broilers and local chicken
breeds were preserved in heterozygous status, respectively, com-
pared to dSNPs in GGS (50.90%, supplementary Fig. S7E-F). Com-
pared to local chicken breeds, purebred broilers carried more
homozygotes (broiler compared with local chicken: 544 compared
with 406) and fewer heterozygotes (broiler compared with local
chicken: 1,427 compared with 1,885), and the ratio of homozygous
and heterozygous dSNPs exhibited a similar trend between broilers
and local chicken breeds (Table 1). These results suggested that
dSNPs mainly accumulated under heterozygous status, and partial
deleterious SNPs were eliminated due to intensive breeding.

Genomic signatures in purebred broiler chickens

To infer the genomic loci of selective sweeps in modern broilers,
we used XP–CLR and ZLSBL test-based allele frequency differentia-
tion (supplementary table S6–7). As genomic regions targeted by
human intervention may be expected to have reduced genetic
diversity, nucleotide diversity (p) and ZHp were included in this
analysis (supplementary table S8–9). Hence, we combined these
four methods to define the candidate divergent regions (requiring
at least two signals among the four methods) with a window size
of 40 kb and step size of 20 kb (Fig. 3A-B, supplementary Fig. S8-
10). By overlapping the results of different methods, a list of 391
windows harbouring 163 protein-coding genes and 58 long non-
coding RNAs (lncRNAs) were identified in the purebred broiler
population (Fig. 3A-B, supplementary table S10–11), and all 58
lncRNAs were annotated as novel genes without any functional
description. A comparison of breeding-associated selective sweeps
and known quantitative trait loci (QTLs) revealed that the selected
regions with higher ZLSBL scores and XP–CLR values but reduced
diversity spanned meat production-, immune-, and meat quality-
related QTLs (Fig. 3C, supplementary table S12), reflecting the
human demands on meat production and the changes in disease
resistance for chickens under the breeding scheme.

In broilers, we observed a lead signal on GGA18, which anno-
tated members of the myosin heavy chain (MYH) gene family
(Fig. 3A-B, D). MYH1A, MYH1B, MYH1C, etc., are components of
myosin and markers of fast-twitch fibers and are involved in the
development process of skeletal muscle [54]. Furthermore, we
focused on the missense SNPs and calculated the frequency. Three
SNPs were obviously different among purebred broilers, local
chickens, and GGS (Fig. 3E, supplementary Fig. S11-12). For exam-
ple, the mutation allele of SNP rs740451868 was fixed in purebred
broilers, while the wild allele was fixed in other animals (Fig. 3F).
In addition to the MYH gene family, the muscle development-
related genes IGF-1, INSR, and SOX6 were detected to harbour the



Fig. 2. Population genetic diversity and demographic history inference. (A) PCA plot with 21 chicken breeds/lines. Different shapes indicate purebred broiler, local chicken,
and GGS, respectively. (B) Population structure analysis of three types of chickens, where number of ancestral clusters were set from K = 2–4, the comprehensive result was
shown in Figure S3. (C) Neighbor-joining tree constructed by genetic distance (1-IBS method) among 21 chicken breeds/lines. (D) LD decay in purebred broilers, typical local
chickens, and GGS. (E) ROH length and genome coverage for 21 chicken breeds/lines. The size of each dot indicated the ROH number of corresponding chicken breed/line. BRp:
broiler paternal line, BJY: Beijing You chicken, CH: Chahua chicken, DWS: Daweishan mini chicken, GGS: Gallus gallus spadiceus, HBM: Huaibei Ma chicken, HT: Hetian
chicken, HX: Huxu chicken, JH: Jianghan chicken, JXY: Jingxing Yellow chicken, ND: Ningdu chicken, PC: Piao chicken, SH: Sanhuang chicken, TBC: Tibetan chicken, WC:
Wenchang chicken, WD: Wuding chicken, XH: Xianghuang chicken, YB: Yuanbao chicken, ZY: Zhengyang chicken. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Summary statistics for dSNPs in three chickens clusters.

dSNPs
number

Het-dSNPs
number

Hom-dSNPs
number

Syn-SNPs
number

Syn-hom-SNPs
number

Syn-het-SNPs
number

Ratio 1 Frequency
2

Purebred
broilers

2515.92 1427.81 544.05 97778.23 34326.91 29133.06 0.0257 0.0907

Local chickens 2698.77 1885.01 406.88 99636.42 30213.20 39218.89 0.0271 0.0973
GGS 2175.59 1107.34 534.13 91231.97 33200.56 24841.81 0.0238 0.0784

1 Indicating the ratio of dSNPs to syn-SNPs. dSNPs: deleterious SNPs; syn-SNPs: synonymous SNPs.
2 Indicating the frequency of dSNPs.
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top 1% significant divergent regions (supplementary Fig. S13–15).
We also found a list of genes harbouring the top selective sweep
windows that were functionally reasonable for domestication
and directional breeding in broilers (supplementary table S11).
For example, TACR3 and SLC26A8 are involved in spermatogenesis
and motility [55,56]; CPAMD8 and INHBA are associated with eye
development; and GLI3 is involved in chicken pigmentation. Addi-
tionally, we performed GO enrichment analysis of the gene sets in
391 selective sweep windows in broilers (supplementary Fig. S16,
supplementary table S13). Based on the phenotype or physiology
process, the GO terms were classified into several clusters, includ-
ing the development process of the heart (e.g., GO:0008016,
GO:0060047, and GO:0060421), muscle functions (e.g.,
GO:0051155, GO:0014834, and GO:0006941), reproduction (e.g.,
GO:0022412, GO:0046545, GO:0007292), bone development
(GO:0060348), and sensory (GO:1904058, GO:0021618).
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Transcription atlas of PSGs in multiple tissues and stages between
purebred broilers and local chicken breeds

To further assess the expression abundance of PSGs across tis-
sues in typical broiler Line B and local BJY chickens, we performed
RNA sequencing and calculated the count value of each detected
gene in six tissues, including breast and thigh muscle, liver, heart,
lung, and abdominal fat (Fig. 4A). Based on the whole transcrip-
tome atlas of the two breeds, tissue-specific clusters were pre-
sented. Specifically, tissues with similar physiological functions
were more likely to cluster together (supplementary Fig. S17-19).
For the 163 PSGs, we analysed the expression difference between
the two breeds. First, approximately 13.50% to 28.83% of genes
were excluded due to low expression levels across tissues
(count < 10, supplementary table S14). Differential expression
analysis was conducted for those PSGs between Line B and BJY



Fig. 3. Detection of selective sweep windows in purebred broilers. (A-B) Selective sweep results based on ZLSBL and ZHp (for purebred broiler) methods, respectively. The
black dash line indicates the top 1% threshold. (C) Mapping of putative sweep windows to known chicken QTLs, the known QTLs were downloaded from chicken QTL
database. (D) Putative selected windows and genes in GGA18. (E) LSBL and frequency of missense SNPs in the selected region of GGA18. The upper part is the LSBL result,
while the lower part is the frequency distribution of each missense SNP. Only 3 SNPs were detected LSBL significance and frequency difference. (F) The neighbour-joining tree
constructed by amino acid sequence of MYH1E in multiple species. The orange background indicated the missense SNP rs740451868. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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(supplementary table S15). A total of 83 DEGs from 163 PSGs were
identified in six tissues (Fig. 4B), while additional genes appeared
to function in other tissues or developmental stages. Through
8

enrichment analysis, we found that the tight junction pathway
and myosin function (e.g., myosin complex, motor activity) were
significantly different between Line B and BJY. These functions



Fig. 4. Transcriptomic atlas of putative selected genes (PSGs) in purebred broiler Line B and local breed BJY chicken. (A) Strategy for DEGs detection from 163 PSGs in six
tissues of two breeds. (B) Differential expression profile for 163 PSGs, color indicated the expression fold change in log2 scale, * indicated P < 0.05, ** indicated P < 0.01. The
number below the tissues was the DEGs between two chicken breeds. (C) Expression pattern of the tissue-specific genes (TSGs), color indicated the expression fold change in
log2 scale, * indicates that the genes were significantly expressed between two breeds in corresponding tissues, including MYH1B, MYH1C, and MYH1G in breast muscle,
COL6A2 and BTBD11 in liver. (D) Functional modules detection based on step-by-step method. Each major branch represented a color-coded module that contains a set of
highly connected genes. (E) Heatmap between 20 modules and 6 tissues. Pearson correlation coefficients and their associated P values were presented at each box. Red and
green indicated that the given tissue had a strong positive and negative correlation relative to all other tissues, respectively. (F) GO enrichment results based on the genes in
breast muscle-related modules, the above and below bars represented the GO terms enriched by genes from darkgreen and darkturquoise modules, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

X. Tan, R. Liu, D. Zhao et al. Journal of Advanced Research xxx (xxxx) xxx

9



X. Tan, R. Liu, D. Zhao et al. Journal of Advanced Research xxx (xxxx) xxx
and genes were obviously predominant in Line B (supplementary
Fig. S20-21). The genes (e.g., MYH1A, MYH1B, and MYH1C) involved
in these functions were mainly related to muscle development,
especially in breast muscle. Additionally, most putative selected
lncRNAs were detected to have zero expression, only 9 of which
were expressed in six tissues, but no significant difference was
found (supplementary table S16).

Next, we focused on the TSGs identified as presented above
from 163 PSGs. A total of 18 and 22 genes were scanned for
tissue-specific expression in the two stages, respectively (Fig. 4C,
supplementary table S17). For these TSGs, over 50% of genes (9
in D1 and 12 in D42) were highly expressed in muscle tissue
(breast and thigh muscle), including TMEM38A and members of
the MYH gene family on GGA18. In addition, TPM4, FTCD, DRAM1,
and TMEM26 were also specifically expressed in the heart, liver,
and lung, respectively. Consistent with the tissue-specific expres-
sion profile, some genes (MYH1B,MYH1C,MYH1G) in the MYH gene
family were highly expressed in the breast muscle of Line B in D1
and D42 compared to that of BJY (Fig. 4C). In the liver, FTCD and
BTBD11 were expressed at lower levels and were specifically
expressed in broilers (Fig. 4C). Additionally, we found that COL6A2
was highly expressed in abdominal fat but differentially expressed
in the liver. In addition, we also found higher expression of the
SOX6 gene in the breast muscle of Line B than in that of BJY (sup-
plementary table S15). In total, each organ of Line B was obviously
different from that of BJY, but it can be inferred that the muscle
was a major difference between broilers and local chicken breeds
at the transcription level. The genes (MYH1A, MYH1B, MYH1C,
etc.) in the MYH gene family were identified as functional targets
regulating muscle development.

We constructed networks based on weighted gene co-
expression network analysis (WGCNA) to detect biological rela-
tionships and possible functions of core genes across tissues. Here,
a total of 15,620 genes (count > 10) were selected for WGCNA. The
soft threshold value b was set to 6 according to the criteria of
R2 > 0.85 (supplementary Fig. S20). In total, 20 modules were col-
lected based on the whole transcriptome profile (Fig. 4D-E), each of
which comprised 64–5513 genes except for the grey module (sup-
plementary table S18). To obtain tissue-specific modules, the asso-
ciation between 20 modules and 6 tissues was evaluated with the
criteria of correlation coefficient r > 0.5 or r < -0.5 and P value < 1.0-
10. A total of 10 tissue-specific modules were identified (Fig. 4E).
For instance, the darkturquoise and greenyellow modules were
highly correlated with breast muscle (r = 0.71, P = 1.0-26;
r = 0.71, P = 4.0-27). Based on the GO annotation, we found that
the functional enrichments of genes in tissue-specific modules
were consistent with tissue function (supplementary table S19).
For example, the genes in breast muscle-specific modules (dark-
turquoise and greenyellow) were enriched in regulating myoblast
differentiation and skeletal muscle cell differentiation (Fig. 4F), as
well as glycolytic processes and gluconeogenesis. The white and
yellowmodules correspond to the liver, and the genes within these
modules were found to be related to oxidoreductase activity and
oxidation–reduction processes, as well as to fatty acid metabolism.
Additionally, based on the criteria of GS > 0.2 and MM > 0.8, almost
23% of the genes involved in tissue-specific modules were identi-
fied as hub genes related to the six tissues (supplementary table
S20). For example, a subset of hub genes, includingMYH1A,MYH1C,
and MYH1D, were found to have a high correlation and specific
expression in breast muscle, which emphasized the role of mem-
bers of the MYH gene family in breast muscle.

GWAS and fine-mapping for BrW and BrP

Both BrW and BrP are key traits in chicken breeding. The pure-
bred broiler chicken Line B has undergone genomic selection for
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several generations, and both traits have also changed signifi-
cantly. Therefore, we aimed to detect the genetic markers associ-
ated with them in Line B using the GWAS method. Generation
and sex effects were included in the GWAS model due to their sig-
nificant influence on phenotypes. An � 580 kb region located on
GGA5 (10.81–11.39 Mb) showed a significant peak for the two
breast muscle traits (Fig. 5A-B). No population stratification was
found due to the calculation result of the genomic inflation factor
(0.989–0.992) in the Q-Q plot. A total of 18 and 36 SNPs over the
suggestive threshold were observed for BrW and BrP, respectively
(supplementary table S21). For the lead SNP in the GWAS results of
the two traits, the proportions of genetic variance explained by
genotype were 13.61% and 9.57%, respectively (supplementary
table S21). Within this region, INSC, SOX6 and four noncoding RNAs
were identified.

Next, we performed selective sweep analysis based on the com-
parison of Line B with local chicken breeds and GGS to narrow the
candidate region (Fig. 5C). Within the GWAS peak, a 30 kb (10.36–
10.39 Mb) narrowed region was scanned with an obvious selective
signature: FST > 0.25, log2(p broiler/p other) < -1, and ZHp was
close to �1. To validate this result, we also performed the same
analysis for the three fast-growing purebred broilers, local chicken
breeds, and GGS (supplementary Fig. S13). A similar selective sig-
nature of reduced pooled heterozygosity (ZHpbroiler < -1.80),
decreased nucleotide polymorphism (log2(pbroiler/pother) < -1), and
higher population differentiation (FST (broiler vs other) > 0.25) was
found in fast-growing purebred broilers, while no evidence was
found in local chicken breeds and GGS (ZHplocal > 0, ZHpGGS > 0.5,
log2(plocal/pGGS): 1.02–1.07, FST < 0.05). Therefore, the narrowed
30 kb region was a valid candidate divergent region and affected
breast muscle traits.

Within this region, a total of 133 SNPs were detected, and 17
SNPs were found to be related to BrW or BrP (P < 1 � 10-6)
(Fig. 5D, supplementary table S22). We inferred haplotypes of
these significant SNPs, and three major haplotypes were identified
(Fig. 5D). The chickens carrying haplotype II had a more prominent
phenotype for breast muscle (supplementary Fig. S23-24). Only
one base was different between haplotypes I and III (Fig. 5D),
and no phenotypic difference was found between the chickens car-
rying haplotypes I and III. Therefore, this SNP may not be a causal
variant and was not considered further. Therefore, the refined hap-
lotypes were analysed, and two major haplotypes (rHap I and rHap
II) were determined (Fig. 5D). Similarly, a significant phenotypic
difference was found among the chickens carrying different refined
haplotypes (Fig. 5E-F). In addition, the haplotype status among the
other 20 breeds was determined (Fig. 5G, supplementary Fig. S25);
only fast-growing purebred broilers (Cornish and BRp) were
detected as carrying refined haplotype II, and this haplotype was
not found in the other 18 breeds (Fig. 5G, supplementary table
S23). All the evidence indicated that the refined haplotype II was
plausibly the genetic factor in breast muscle traits.

The SOX6 gene is a potential causal gene for BrW and BrP

To identify the causal gene, we first performed RT-PCR for can-
didate genes in breast muscle. According to the results of the com-
parison, only SOX6 was differentially expressed at the mRNA and
protein levels based on the different refined haplotypes (Fig. 6A,
supplementary Fig. S26). While the INSC gene was not differen-
tially expressed, these four noncoding RNAs were not expressed
in breast muscle samples. To maximize the possibility of mining
the causal genes, we examined the expression of the flanking genes
around the candidate region (supplementary Fig. S27). However,
no DEGs were found between samples with two refined haplo-
types. Additionally, we also determined the expression changes
across various developmental stages. SOX6 presented an increasing
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trend with growth and development processes, while other genes
exhibited smaller expression fluctuations (Fig. 6B). Therefore,
SOX6 was identified as a potential causal gene affecting BrW and
BrP.
11
For further verification, we first performed cis-eQTL analysis
based on SNPs surrounding SOX6. Significant effects (FDR < 0.05)
on SOX6 expression were detected (Fig. 6C), although they did
not contribute to narrowing the region or haplotype. Next, we per-



Fig. 6. Expression and correlation analysis for SOX6 and phenotypes in different types of breeds. (A) Effect of refined haplotype on SOX6 and INSC expression. * indicated
P < 0.05, n.s. indicated P > 0.05. (B) Expression trend of candidate genes in various developmental stages. E indicated embryo stage; D indicated the days after hatching. (C) Cis-
eQTL and GWAS results for BrW in surrounding region of SOX6. The orange dots indicated the SNPs which correlated to SOX6 expression while not to BrW and BrP, the red dot
indicated the SNPs were selected after clumping and used in summary-data-based Mendelian randomization (SMR) analysis. (D) Sensitivity analysis in SMR. (E) SMR result
for SOX6 on BrW and BrP based on different models. (F) Phenotypic analysis of purebred broiler Line B, local breeds JL (Jinling chicken), and JXY. (G) Relative expression of
SOX6 among three breeds. (H-I) Correlation analysis between SOX6 expression and BrP and BrW, respectively. (J-K) The relationship between SOX6 expression level and WB,
WS, respectively. WB1 indicated mild WB (score 0), while WB2 indicated moderate WB (score 2), control indicated the normal breast muscle, WS indicated the mild WS
(score 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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formed SMR to estimate the effect of SOX6 on breast muscle traits.
A total of 14 qualified SNPs were included in SMR, and the sensitiv-
ity analysis confirmed that no heterogeneity (Q value > 0.05) and
pleiotropy (P > 0.05) were present (Fig. 6D, supplementary table
S24, Fig. S28-29). The associations between SOX6 and breast mus-
cle traits were not driven by any individual SNP according to the
leave-one-out method (supplementary Fig. S30). Then, significant
positive effects of SOX6 were detected on BrW (P < 8.20 � 10-13)
and BrP (P < 5.34� 10-14) (Fig. 6E, supplementary table S25), which
proved that SOX6 was the causal gene for breast muscle traits.

Although a firm association has been confirmed between the
expression level of SOX6 and BrW and BrP phenotypes in Line B,
it is necessary to verify this association in other breeds. Hence,
Fig. 5. GWAS and fine-mapping for BrW and BrP in purebred broiler Line B. (A-B) Manha
The red and blue line represented the genomic and suggestive threshold. (C) Results of
selected regions. (D) Results for regional GWAS and haplotype inferring. Upper part was
17 SNPs, bottom refined haplotypes were determined after discarding the SNP within bla
provided. (E-F) Comparison result for BrW and BrP based on the chickens carrying diff
indicated P < 0.001, n.s. indicated P > 0.05. (G) Refined haplotype frequency distribution
CH: Chahua chicken, DWS: Daweishan mini chicken, GGS: Gallus gallus spadiceus, HBM: H
Jingxing Yellow chicken, ND: Ningdu chicken, PC: Piao chicken, SH: Sanhuang chicken, TB
chicken, YB: Yuanbao chicken, ZY: Zhengyang chicken. (For interpretation of the referen
article.)
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we compared the gene expression and phenotypic changes in the
local breeds JXY and JL and purebred broiler Line B (Fig. 6F–G).
As expected, lower expression of SOX6 was accompanied by smal-
ler breast size, and SOX6 expression was positively correlated with
BrW and BrP among the three breeds (Fig. 6G–I). Furthermore,
there was a consistent increase in the protein level of SOX6 in Line
B compared to JX and JL (supplementary Fig. S31), which is in line
with the mRNA measurement results.

Myopathy is commonly observed in chicken breast muscle. Lake
et al. indicated that SOX6 may be a potential functional gene regu-
lating WS and WB based on a preliminary GWAS in chickens [57].
Therefore, we scored the WB and WS and correlated them with
SOX6 to investigate the regulatory pattern (supplementary
ttan plot and Q-Q plot of association signals for BrW and BrP in Line B, respectively.
selective sweep analysis within the GWAS peak. Grey background represented the
regional GWAS results. For the lower part, top haplotypes were firstly inferred with
ck box, the frequency of each haplotype in various breeds or types of chickens was
erent refined haplotypes (rHap I and rHap II), respectively. * indicated P < 0.05, ***

among 21 chicken breeds/lines. BRp: broiler paternal line, BJY: Beijing You chicken,
uaibei Ma chicken, HT: Hetian chicken, HX: Huxu chicken, JH: Jianghan chicken, JXY:
C: Tibetan chicken, WC: Wenchang chicken, WD: Wuding chicken, XH: Xianghuang
ces to color in this figure legend, the reader is referred to the web version of this
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Fig. S32-33). The SOX6 was positively correlated with WB and WS
status in Line B (Fig. 6J-K). The relationship between CF and
myopathy was proven in a previous report and this study (supple-
mentary Fig. S34-35), and an accelerating effect of SOX6 was found
on CF traits (supplementary Fig. S36). Additionally, the drip loss of
breast muscle was also associated with SOX6 (supplementary
Fig. S37). In summary, we found that SOX6 had a crucial influence
on myopathy and meat quality related traits.
Discussion

Domestic chicken is an excellent model for genetic studies of
phenotypic evolution [2,58]. After long-term domestication, an
array of distinctive local breeds was developed. These breeds were
genetically adapted to new environments and selection, such as
the local breeds BJY and JXY, known for their high-quality meat fla-
vour; DWS and CH, characterized by dwarfism; and PC and YB,
characterized by the absence of a tail and known for their appear-
ance [8,24,59–61]. However, production efficiency challenges per-
sisted. To address these challenges, the modern poultry breeding
system has emerged, and the productivity of chickens has been
enhanced significantly by intensive directional selection for pro-
duction traits [3]. Selection for specific traits in chickens was the
crucial factor in the steep increase in productivity, accounting
for>90% of the improvement [3]. Although the genetic basis of
meat production traits has been studied extensively, the core genes
resulting in great phenotypic changes have remained largely
unclear. In this study, we conducted a comprehensive investigation
of genetic diversity and selective sweeps in fast-growing (modern
broiler), slow-growing (local chicken), and wild ancestor (GGS)
chickens. A study of selective sweeps revealed a list of 163
protein-coding genes that underwent positive selection and played
a pivotal role in domestication and breeding processes in the
development of traits related to muscle production, reproduction,
digestive ability, disease resistance, and sensory performance.
The most significant enrichment terms and mapped known QTLs
are related to muscle development and body composition in
broilers.

This study provides a large-scale whole-genome sequencing
dataset for purebred broilers, especially for Line B, which had been
developed over three generations using genomic selection [15].
The phylogenetic analysis showed that Line B shared a similar
but not completely identical genetic background with other broil-
ers. Compared to local and wild chickens, a relatively low diversity
of 3.8 � 10-3 was observed in Line B, indicating genomic evidence
of intensive selection for phenotypic improvement. Although meat
production was elevated by intensive selection, it incurred a cer-
tain selection ‘‘cost” [62–64]. A higher number of dSNPs and a
higher ratio to synonymous SNPs were found in Line B and other
broilers compared to GGS and local chicken breeds; this result cor-
roborates the ‘‘cost of domestication” hypothesis, similar to the
conclusion of Wang et al. [53]. Most harmful alleles were masked
in heterozygotes. Here, our results showed that domestication
and the current breeding process were accompanied by increasing
genetic load, especially in the heterozygous variant load. Remark-
ably, we found that directional breeding for modern purebred
broilers relieved the accumulation of deleterious mutations caused
by long-term domestication. These findings revealed the advan-
tages of current breeding systems and strategies in removing latent
unfavourable effects from dSNPs while pursuing desired produc-
tion traits.

In this study, we detected putative sweeps in broilers specifi-
cally as described above. Here, we used the yellow skin locus gene
(BCO2) [65] and reproduction-related gene (TSHR) [66] as proofs of
principle (supplement table S26), demonstrating that our approach
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can reveal fixed sweeps. The sweep window harbouring the TSHR
locus showed a ZLSBL value of 3.15 (top 1.61%) and a ZHp value
of �3.88 (top 0.1%). The window covering the BCO2 gene showed
a ZLSBL value of 2.48 (top 3%) and a ZHp value of �3.57 (top
0.03%). Similarly, the genes INSR, MYH1s, SOX6, and MYO9B, which
are related to skeletal muscle development, were also detected in
sweep windows in broilers. In a previous study, Qanbari et al. com-
pared the genomic variants between modern broilers and RJFs and
detected a list of putative sweeps with a strict threshold [9]. We
found that the most significant overlapping genes included IGF-1,
BCO2, and SLC26A8, as well as other genes (NUP37, MAPK13,
MAPK14, and PMCH) with ZFST > 6 from a previous report [9]. In
the current study, we excluded the putative sweep windows that
were also differentiated between local chicken breeds and GGS
and reserved the windows harbouring only the top significant sig-
nal in broilers, although the significance threshold was relatively
relaxed compared to that reported by Qanbari et al. [9]. These
results suggested that our findings were plausibly associated with
modern intensive selection, especially for meat production traits,
which provided new genetic targets in chicken breeding programs,
including the SOX6 and some MYH1 genes.

Based on the QTL annotation (meat production, fatness, CO2

partial pressure) and GO enrichment (heart development) results
of selected regions (Fig. 3C, supplementary Fig. S16, table S13),
muscle development, cardiopulmonary function and health condi-
tion, and fatness related metabolism were significantly changed in
purebred broilers. Correspondingly, the breast and thigh muscle,
heart and lung tissues, and liver and abdominal fat tissues were
applied to transcriptomic study. According to transcriptomic evi-
dence of six tissues from Line B and JXY, we identified a list of
hub genes for the development of different tissues. The genes
within the corresponding modules were annotated to related bio-
logical functions of various organs, which is consistent with the
results in cattle [67], sheep [68], and local chicken breeds [69].
Based on the empirical threshold of hub genes and TSGs, we found
that the expression of a subset of hub genes (MYH1A, MYH1C,
MYH1D, etc.) was muscle specific. The MYH1s are the marker genes
of fast-type muscle fibers, which is especially consistent with the
function of breast muscle. For the 163 PSGs, we found 18 and 22
TSGs, some of which were differentially expressed between Line
B and BJY. For instance, FTCD is formiminotransferase cyclodeami-
nase and involved in autoimmune hepatitis [70]. This gene was
expressed at lower levels in the liver of Line B, which may be cor-
related with the low incidence of hepatic diseases, such as fatty
liver syndrome, in fast-growing chickens [71]. In addition, consis-
tent with previous results, members of the MYH gene family were
highly expressed in the breast muscle of Line B. Hence, it is reason-
able to conclude that breast muscle is the major distinction
between modern broilers and local chicken breeds or GGS based
on the genomic and transcriptomic evidence presented here.

Breast muscle weight and size are crucial in modern chicken
breeding programs. Chickens living in wild environments have
smaller breast muscles, which could help them adapt to the stress-
ful environment and natural enemies [72]. For example, GGSs have
small body sizes and weights and weak flying abilities, which are
beneficial for migrating and avoiding natural disasters. However,
these characteristics are a severe disadvantage in modern avicul-
ture. After decades of directional breeding, the BrP of modern broil-
ers can reach 25% (breast weight to dressed weight) [73,74]. This
produces a plump carcass, the appearance of which is preferred
over that of local breeds in the chicken market. For Line B, the
breeding period is relatively short compared to breeding periods
of other commercial breeds (Cobb, Cornish, etc.); in this line, the
BrP reached 21.5% (breast weight to body weight) in the most
recent generation [15]. Combining the results of GWAS and selec-
tive sweep analysis, we found that the genomic region GGA5:
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11.36–11.39 Mb appeared to be a plausible candidate region and
was significantly associated with BrW and BrP and genetically dif-
ferentiated between purebred broilers and local chicken breeds or
GGS. Within this region, we detected two refined haplotypes
affecting SOX6 expression. The frequency of the dominant haplo-
type (corresponding to higher BrW and BrP) was higher in Line B,
Cornish, and BRp, while it was extremely low in local chicken
breeds and GGS. It is practical to perform BLUP-given genetic archi-
tecture (BLUP|GA) by constructing a GA matrix based on the hap-
lotype information and incorporating it into the G matrix. This
method has been proven to have a higher prediction accuracy
[75,76]. These results support available genetic markers for
improving breast muscle traits in modern chicken breeding
programs.

SOX6 is a well-known factor determining the conversion of
muscle fibre types in animals [77]. In a report by Quiat et al.,
SOX6 was enriched in fast myofibers and directly repressed the
transcription of slow myofiber-enriched genes [78]. However,
Zhang et al. reported that overexpression of SOX6 in leg muscle
unexpectedly increased the transcription of the slow myofiber
marker gene MYH7B, as well as the fast myofiber marker genes
(MYH1A, Tnnc2, Tnni2, etc.) [78]. For breast muscle, the myogenesis
and development of satellite cells could be promoted by overex-
pression of SOX6, which also led to the increased expression of
MYH1A and decreased expression of MYH7B [78]. In total, these
findings suggest a stimulating function for breast muscle weight
due to the higher fibre diameter in the fast-twitch group compared
to the slow-twitch group. For broiler Line B, fast-twitch myofibers
are the major component of breast muscle, as well as for other
commercial broilers. Remarkably, this gene spanned a significant
selective signature (p ratio < 0.3) in purebred broilers, indicating
that SOX6 was selected for over the breeding history, which is con-
sistent with previous reports on chickens [79,80]. The higher
expression in Line B compared to the slow-growing line supported
this conjecture. In addition, Mendelian randomization is a solid
approach that is applied to the use of genetic variants to address
causality [81]. To prove the causal effect of SOX6 on BrW and
BrP, we performed the SMR method integrating cis-eQTL and
GWAS results and proved the causal relationship.

In addition, myopathy (WS and WB) is caused by the rapid
growth of breast muscle. It is contradictory to modern human
demand, and the ‘antagonism’ relationship could be a more antic-
ipated outcome for breast muscle development and myopathy. It
has been predicted that the SOX6 locus might be correlated with
muscle myopathy in the Cobb breed [57], as well as MYH1s [82].
Here, an increasing effect of SOX6 on WB and WS was discovered,
which was consistent with a previous assumption [57]. Notably,
both SOX6 and MYH1s harboured top selection signatures in pure-
bred broilers, and MYH1s were directly regulated by the transcrip-
tion factor SOX6 in muscle tissue. Hence, it is logical to infer that
the SOX6-MYH1 axis is the regulatory core of breast muscle devel-
opment, and this axis could act as a genetic target to regulate the
balance between higher breast yield and improved meat quality
in modern chicken breeding programs.

The productivity of modern broilers far exceeds that of their
ancestor GGS and that of local chicken breeds; however, the
increase in meat production efficiency is gradually slowing,
although the production performance is still improving. Therefore,
there is still great potential for development before reaching their
growth limit. Here, the SOX6 gene was reported to harbour some
copy number variants and binding sites for microRNAs (miRNAs)
[83–85], as well as some motifs regulating muscle-related genes
as a transcription factor [86], which provide plentiful genetic mate-
rials for use in genetic breeding aimed at enhancing breast yield
and production efficiency in high-performance broilers or local
chicken breeds.
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Conclusions

In conclusion, we generated a large-scale atlas comprising the
genomic variants and transcriptional changes in multiple tissues
and stages related to muscle development in fast-growing pure-
bred broilers and slow-growing local chicken breeds, providing
sufficient and valuable information for exploring the genetic basis
of meat production traits. Breast muscle was the major difference
between purebred broilers and local chicken breeds or GGS based
on genomic and transcriptomic evidence. PSGs, TSGs, and DEGs
contributed to a better understanding of the evolutionary differ-
ences in different types of chickens. The SOX6–MYH1s axis and cau-
sal gene SOX6 for BrW, BrP, and myopathy will facilitate selection
aimed at high meat yield in chickens.
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