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Abstract

Chinese indigenous chickens have experienced strong selective pressure in genes or genomic regions controlling critical
agricultural traits. To exploit the genetic features that may be useful in agriculture and are caused by artificial selection,
we performed whole-genome sequencing of six Pengxian Yellow Chickens and downloaded the sequence data of five Red
Jungle fowls from the NCBI. Through selective sweep analysis, we detected several regions with strong selection signals,
containing 497 protein-coding genes. These genes were involved in developmental processes, metabolic processes, the
response to external stimuli and other biological processes including digestion (ABCG5, ABCG8 and ADRB1), muscle
development and growth (SMPD3, NELLI, and BICC1) and reduced immune function (CD86 and MTA3). Interestingly,
we identified several genes with extremely strong selection signals associated with the loss of visual capability of domestic
chickens relative to their wild ancestors. Amongst them, we propose that CTNND?2 is involved in the evolutionary changes
of domestic chickens toward reduced visual ability through the diopter system. VAT 1 was also likely to contribute to these
processes through its regulation of mitochondrial fusion. In summary, these data illustrate the patterns of genetic changes
in Pengxian yellow chickens during domestication and provide valuable genetic resources that facilitate the utilization of

chickens in agricultural production.
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Introduction

At least 3500 years ago, domestic fowls were ubiquitous in
China and poultry breeds were raised by locals for exhibi-
tions and food, including eggs and meat production (Wu
2001). The Pengxian Yellow Chicken (PYC) is a quality
meat-type breed with yellow feather, best known for the pal-
atability of their meat. They are mainly raised in the foothills
of the northwest region of the Chengdu plain, particularly in
and around Peng county, Sichuan province, China, which are
particularly popular for food in certain areas, thanks in part
to their promotion by local authorities (Wang et al. 2016b).

Although few reports regarding PYC have been pub-
lished, recent studies indicate that PYC genetically resem-
bles domesticated chickens to a greater degree than Red
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Jungle fowl (RJF; Gallus gallus) and thus may have under-
gone artificial selective breeding, leaving detectable signa-
tures within the PYC genome (Li et al. 2017). The genetic
features caused by selective breeding strongly correlate with
some important economical traits that are of particular value
to the poultry industry, including eggs and meat yields. We,
therefore, considered that, compared to their wild ancestor
RIJF, PYC, like other commercial animals, should exhibit
characteristics that are ideal for production purposes, includ-
ing egg production and growth performance (Table 1). These
differences in phenotypes and chemical composition are
associated with genomic differences, suggesting the valid-
ity of employing whole-genome resequencing for analysis
(Huang et al. 2009b).

In recent years, genomic variants and selective sweeps
have been identified through resequencing chickens. For
example, Rubin et al. re-sequenced the genomes of commer-
cial chickens (broiler and layer) and RJF, and reported more
than 7,000,000 single nucleotide polymorphisms (SNPs),
almost 1300 deletions, and a number of putative selective
sweeps, several of which were associated with growth,
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Table 1 Egg production and growth performances between Red Jungle fowl and Pengxian Yellow Chickens

Traits AFE (days) BWEE (g) FEW (g) EP1Y EP43w 98 d wt (g) 120 d wt (g) 140 d wt (g)
RIF 298.2+38.0 887.2+42.4 33.4+2.6 28.1+16.1 - 538.8 614 764.2
PYC 163.2+3.2 2292+36.8 40.2+0.9 - 98.7+2.6 1352.4 1635 2465.5

AFFE age at first egg, BWFE body weight at first egg, FEW first egg weight, EP1Y total egg production from year 1, EP43 W total egg production
from 43 weeks, 98 d wt body weight at 98 days, 120 d wt body weight at 120 days, /40 d wt body weight at 140 days

reproduction, appetite and metabolic regulation (Rubin
et al. 2010). Wang et al. assembled a de novo genome of
a Tibetan chicken and re-sequenced the whole genomes of
32 additional chickens. Further analyses revealed that sev-
eral candidate genes that regulate calcium (Ca>*) signaling
are involved in the adaptation to a hypoxia environment,
suggesting a potential genetic mechanism underlying high
altitude adaptation in Tibetan chickens (Wang et al. 2015).
Subsequently, a genome-wide analysis of domestic chickens
and Red Jungle fowl genomes showed significant enrichment
for positively selected genes involved in the development of
vision, revealing positive selection, as opposed to relaxation
of purifying selection, contributing to the evolution of vision
in domestic chickens (Wang et al. 2016a).

To identify the selection signatures of PYCs resulting
from domestication, we performed whole-genome rese-
quencing of 6 PYCs (~ 104.20 Gb in total; ~ 16.80 X coverage
per chicken). Using obtained data together with five pub-
licly available genomes of RJF downloaded from the NCBI,
we performed a comprehensive analysis of genetic variants
and sought to identify genomic regions under selection in
PYC. This could provide genetic information for the use of
breeding and shed light on the evolutionary history of the
chickens.

Materials and methods
Materials

A total of six 150-day male pureblood PYCs were randomly
selected from the same generation population in Pengxian
yellow chicken conservation farms (Chengdu, Sichuan,
China). Genomic DNA was extracted from blood samples
and sequenced on an Illumina Hiseq 2500 platform to an
average of 16.8-fold coverage depth for each individual. For
downstream analysis, we downloaded previously published
genomic data of five wild red jungle fowls available from the
NCBI (GenBank accession number PRINA241474).

Sequence quality and filtering

To exclude bias from low-quality paired reads that arise from
the process of base-calling or adapter contamination, reads
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with any of the following features were filtered: (1) > 10% of
unidentified nucleotides; (2) > 10 nt aligned to the adapter;
(3)>50% of bases with Phred quality <33; and (4) putative
PCR duplicates generated during library construction. The
remaining filtered data were used for subsequent analysis.

Read mapping

We mapped high-quality data per individual to the reference
chicken genome using Burrows—Wheeler Aligner (BWA)
software (version 0.7.8) with the parameters “mem -t 10
-k 32”. SAM tools (version 0.1.19) were used to convert
sequence alignments (SAM) and binary versions of the SAM
(BAM) formats, sorting, and indexing alignment. The align-
ments were further improved by several steps: (1) filtering
the alignment reads with mismatches > 5 and mapping qual-
ity =0; (2) alignment results were corrected using Picard
(version 1.96; http://broadinstitute.github.io/picard/) with
two core commands. The “Add or Replace Read Groups”
command was used to replace all read groups in the INPUT
file, and new read groups were assigned to all reads in the
OUTPUT BAM. The “Fix Mate Information” command was
used to ensure that all mate pair information was synchro-
nized between each read and its mate pair; (3) PCR duplica-
tions were removed when multiple read pairs had identical
external coordinates. Only pairs with the highest map quality
were retained.

Single-nucleotide polymorphism (SNP) calling
and variant annotation

After mapping, we performed SNP calling for each group
(6 PYC and 5 RIJF, respectively) using a Bayesian approach
as implemented in the package SAM tools. Individual SNPs
were detected by the command “mpileup” with the param-
eters “-C 50 -D -S -m 2 -F 0.002 -d 1000” (“-C 50” as rec-
ommended parameters, “-D” and “-S” as default parameters,
“-m 27, “-F 0.002” and “-d 1000 as required parameters).
To eliminate the SNP calling errors caused by incorrect map-
ping and InDels, only high-quality SNPs were used, namely
those with a coverage depth >4 and <200, RMS mapping
quality >?20, distance between adjacent SNPs > 5 bp, with no
InDels within a 3 bp window and missing ratios within each
group > 50%. SNPs matching these criteria were maintained
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for subsequent analysis. ANNOVAR (version May 20, 2013)
was used to annotate synonymous and non-synonymous
SNPs.

The distribution of the SNPs within the genomic region
was summarized, and the functional enrichment analysis in
genes identified for each candidate region under selection
was also performed using the Enrichr web server.

Genome-wide selective sweeping

The sequence diversity statistic (d,) of each population and
the population differentiation statistic (Fst) between PYC
and RJF were quantified using a sliding window using a
40-kb window with a 10-kb step across the whole genome.
We reasoned that 40-kb was the most appropriate window
size and windows <20 SNPs were filtered. In each window,
we calculated the aBr values for each population and repre-
sentative Fst values of the two populations. After calculation
of the Fst values and log, (6, rjr/Orpyc)) of each window,
we adopted an outlier method with significantly low log,
(OrriryOnpycy 5% right tail) and significantly high Fst val-
ues (5% left tail) based on genome-wide empirical distribu-
tions to identify regions with strong selective sweep signals
(Akey et al. 2002).

An outlier method based on genome-wide empirical dis-
tributions of the statistics was employed to detect genomic
divergence between the two populations. Windows with top
5% Fst and log, (O, gyr/0xpyc)) Were identified as candi-
date regions that could account for biological differences
between the two populations. We annotated genes in these
regions to the reference chicken genome and submitted all
data to Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases for enrichment
analyses on the Enrichr web server. We searched for genes
significantly overrepresented in GO biological processes
(GO-BP), molecular functions (GO-MF) and KEGG path-
ways. Known genes in the whole genome were appointed
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as backgrounds for significance testing. We simultaneously
considered p values, adjusted p values of false-discovery
rates (FDR) corrected for binomial distribution probability
approaches (Chen et al. 2013) as the criteria for significance
tests of gene enrichment, with significant levels of p <0.05
and adjusted p <0.2.

Results and discussion
Sequencing, SNP calling, and annotations

A total of 6 PYCs genomes were sequenced, which gen-
erated 104.20 Gb of paired-end DNA sequences, and data
were deposited in the SRA database (accession number
SRP067615). Within these data, 103.83 Gb (99.65%) of
high-quality paired-end reads remained after filtration and
were used for mapping to assemble the reference chicken
genome (Galgal 4.78). Approximately, 98.24% of reads in
each individual were mapped to the reference with an aver-
age depth of 16.80-fold using the Burrow—Wheeler Aligner
(BWA) tool. To accurately detect genomic footprints, the
publicly available genomic data of 5 RJFs were downloaded
from the NCBI database. These downloaded datasets had an
average depth of 21.55-fold which mapped to~94.83% of
the reads of the assembled reference genome (Fig. 1).

The SNP calling for the populations was performed using
SAM tools and identified 12.97 Mb of SNPs after variant
filtration processes. Of these, PYC and RJF held 6.25 Mb
and 6.72 Mb of SNPs, respectively. For the SNPs of PYC,
5.79 Mb was previously annotated in dbSNP and 0.46 Mb
was novel, whilst 6.08 Mb of the SNPs of RJF overlapped
with dbSNP and 0.64 Mb was novel (Fig. 2). The density
of SNPs was determined as ~ 1 per 180 bp, which was suffi-
cient to cover the candidate genomic region for downstream
analysis. The qualities of the SNPs were further assessed
by calculating the transition-to-transversion ratio (Ti/Tv) for
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Fig.2 Comparison of the identified SNPs in PYC populations and
RJF with the public database of chicken variants. The SNPs identified
from the genomes of each population were merged into non-redun-
dant sets

each SNP, regarded as an indicator of potential sequencing
errors. The results for this ratio (PYC: 2.465, RJF: 2.447)
match previously observed values of ~2.45 (Aslam et al.
2012), suggesting that the identified SNPs detected in this
study were relatively accurate.

The rates of heterozygosity of the SNPs of each indi-
vidual were calculated in each non-overlapping 500-kb
window across the whole genome to permit estimates of
the levels of heterozygosity of the two breeds (Fig. 3). We
anticipated that the wild RJF had higher rates of heterozy-
gosity of SNPs than PYC since the indigenous breed of
chickens in the latter group that we sequenced had under-
gone a degree of artificial selection. Indeed, the average
ratios of homozygous to heterozygous SNPs were 1:1.28
(PYC) and 1:1.56 (RJF). This shows that the rates of het-
erozygosity of PYC were slightly lower than those of RJF,
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as predicted. We also estimated the genetic diversity of 6
PYCs and 5 RJFs (Table 2). As expected, wild RJFs (pair-
wise nucleotide diversity, 6, =2.58 X 1073, average nucle-
otide polymorphisms, 6, =2.38x 10%) had a markedly
higher level of genetic diversity than PYCs (6, =1.9x 1072,
0,=1.66x 1073), indicating that PYC experienced stronger
selection pressure or more intense inbreeding.

The distribution of SNPs is summarized in Table 2. In
PYC, we detected 100.39 kb of coding SNPs, leading to
26.55 kb of non-synonymous nucleotide substitutions. We
also found that the majority of SNPs were located in inter-
genic and intronic regions (57% and 38%, respectively),
whilst SNPs in genomic regions (exons, splice sites, and
untranslated regions; 5% in total) were rare. These distribu-
tions revealed intergenic and intronic regions in the genome
that play a role in gene regulation and were responsible for
the phenotypic diversity of the chicken breeds.

Genome-wide selective sweep signals

The candidate genes of PYC under selective pressure were
identified by scanning the whole genome and exploring the
genomic landscape using two parameters: population differ-
entiation (Fst) and the ratio of pairwise nucleotide diversity
(0,). For the 62,433 windows (except W/Z/MT) of 40 kb
(25% overlapping) across the whole genome, we filtered out
windows containing < 10 SNPs, leaving 46,060 windows for
subsequent analyses. Finally, we identified genomic regions
with a total size of ~36.80 Mb (3.42% of the genome, 1148
windows) that showed significant differences (p < 10716,
Mann—Whitney U test) in the log, 6, ratios and Fst values
compared with the genomic background of those under
selection pressure (Fig. 6). Amongst the selected windows,
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Fig. 3 Distribution of heterozygous SNPs. Heat maps of the heterozygous SNP rates within each non-overlapping 500 Kb window across the
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Table 3 Main functional gene
categories of the identified

selection genes

Category Description p value Adjusted p value Gene counts
GO-BP: 0060457 Negative regulation of digestive processes 0.00004 0.04

GO-BP: 0044058 Regulation of digestive system processes  0.0004  0.08 5
GO-BP: 0007610 Behavior 0.00002 0.04 29
GO-BP: 0007626 Locomotory behavior 0.00006 0.04 15
GO-BP: 0030534 Adult behavior 0.00005 0.04 13
GO-BP: 0046716 Muscle cell cellular homeostasis 0.0005  0.09 4
GO-BP: 0008344  Adult locomotory behavior 0.0003  0.08 9
GO-BP: 0007399 Nervous system development 0.002 0.16 16
GO-BP: 0007517 Muscle organ development 0.001 0.15

GO-BP: 0061061 Muscle structure development 0.002 0.16

GO-BP: 0055001 Muscle cell development 0.003 0.18

KEGG: 04310 Whnt signaling 0.003 0.002 10

p values indicate significance of the overlap between various gene sets, calculated using combined Fisher’s
exact tests and the z score of deviation from the expected rank

muscle development (Martin et al. 2012). Additionally,
candidate regions for growth-related traits harbored several
genes such as sphingomyelin phosphodiesterase 3 (SMPD3),
detected in a locus with the highest zFst score in chromo-
some 11 (Fst=0.63, zFst=6.04; Fig. 5), which regulates cell
growth, differentiation, and apoptosis, contributing to post-
natal growth and development (Stoffel et al. 2005). Moreo-
ver, the neural EGFL-like 1 (NELL1) that had the lowest
log,0, ratio (log, 8, =—3.96) in chromosome 5 (Fig. 6)
and encodes a cytoplasmic protein that contains epidermal
growth factor (EGF)-like repeats is a novel growth factor
that specifically targets the osteochondral lineage (James
et al. 2015). In addition, the BicC family RNA-binding
protein 1(BICC1), which had the second highest zFst score
of 4.10 (Fst=0.47) in chromosome 6 (Fig. 5), is a genetic
determinant of osteoblast genesis and bone mineral density
(Mesner et al. 2014). These two bone development-related
genes have been reported in human and rats. The SMPD3,
NELLI, and BICC1 are also likely to correlate with poultry
growth and be responsible for the enhanced body weights of
PYC compared to RJF.

Additionally, we discovered two genes associated with the
immune response. One gene within a locus with the second
lowest log, 6, ratio value in chromosome 1 (log, 8, =—4.12;
Fig. 6), the CD86 antigen (CD86), is a well-known immune-
related gene with known associations to cytotoxic T-lympho-
cyte antigen 4 (CTLA-4), which is an essential negative reg-
ulator of T cell immune responses (Omar et al. 2011). The
second gene was the metastasis-associated 1 family mem-
ber 3 (MTA3) that was detected through the second high-
est zFst score of 5.43 (Fst=0.58) in chromosome 3 (Fig. 5)
and interacts with the transcriptional repressor B-cell CLL/
lymphoma 6 (BCL-6) to negatively regulate B-lymphocyte
differentiation (Fujita et al. 2004). These findings support
the occurrence of a trade-off between the selection of rapid
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growth and immunity during the domestication of chickens
(Most et al. 2011).

Interestingly, we observed a locus with extremely strong
sweeping signals, with no relationship to muscle develop-
ment, growth, or other economic traits. The locus had the
highest zFst score in chromosome 2 (Fst=0.59, zFst=5.5,
the 26th highest Fst value in the whole genome; Fig. 5) and
included a gene of the f-Catenin superfamily implicated
in brain and eye development, and that was catenin delta
2 (CTNND?2). Domestic animals including dogs, horses,
and chickens exhibit diminished vision, most likely due to
the reduced selection pressure to natural predators, reduc-
ing the requirement for sharp vision (Roth and Lind 2013).
Important studies have uncovered the genetic mechanisms
behind reduced visual capability, identifying that selection
rather than the relaxation of functional constraints leads to
the deterioration of vision over the course of evolution in
domestic chickens (Wang et al. 2016a). This means that
vision-related genes under selective pressure, such as those
detected in selective sweeps, may be responsible for the
deterioration in vision. Previous studies assessing the opti-
cal prowess of domestic chickens have mainly focused on
critical flicker fusion frequencies and the sensitivity of ret-
ina-like phototransduction and photoreceptors (Lisney et al.
2012; Osorio et al. 1999). However, the development of the
dioptric system of domestic chickens was also impacted by
human activities. In this regard, studies have verified that the
continuous light produced by humans leads to reduced cor-
neal curvature and smaller pupils of fowls, likely influencing
their diopter system (Lauber and Mcginnis 1966). According
to previous human studies, CTNND?2 is strongly associated
with myopia (Li et al. 2011); meanwhile, CTNND?2 has been
documented to play a crucial role in retinal morphogenesis,
adhesion, and retinal cell architectural integrity in non-
human models (Duparc et al. 2006; Paffenholz et al. 1999).
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GO-BP:Wnt signaling pathway-O
GO-BP:regulation of digestive system process -

GO-BP:nervous system development -

GO-BP:negative regulation of digestive system process - O

GO-BP:muscle structure development -

GO-BP:muscle organ development -

GO-BP:muscle cell development -
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GO-BP:cilium assembly -
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Fig.4 Most significant categories in functional enrichment analysis.
The y coordinates represent the different categories of enrichment
analysis. The x-coordinates show the p values calculated through

Based on the association of CTNND?2 with retinal develop-
ment, for which strong selection signals were detected, it is
reasonable to hypothesize that CTNND?2 is associated with
the retinogenesis regulation in chickens and, thus, presum-
ably gives rise to eye evolution in domestic chicken. The
vesicle amine transport 1 (VAT1) had the lowest log, @, ratio
in chromosome 27 (log, €, ratio=—3.27, and the 20th low-
est log, 8, ratio in the whole genome) and has been reported
to negatively regulate mitochondrial fusion in cooperation
with the mitofusin proteins 1 and 2 (MFN1 and MFN2)

O

gene number
10
O O
O-

O

0.10 0.15 020
P value

hypergeometric distribution probability approaches that represent the
significance of enrichment analysis. Bubble sizes show the gene num-
bers for each specific category

(Eura et al. 2006). Previous studies found that mitochon-
drial dynamics (fusion, fission, movement, and mitophagy)
is altered in neurodegenerative diseases contributing to
dominant optical atrophy in humans (Chen and Chan 2009)
and it is highly likely that VAT1 is involved in the dimin-
ished vision of domestic chickens through its regulation of
mitochondrial fusion that influences the early development
of the optic nerve.

Meanwhile, we identified seven categories from enrich-
ment analyses (Table 2) including “Retinal dysplasia” (HP:
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Z transformed Fst values between Pengxian yellow fowls and Red jungle fowls
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Fig. 5 Manbhattan plot of the zFst values between PYC and RJF. The Fst values were calculated for each 40-kb autosomal window. Dashed lines

denote a threshold of zFst=5
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Fig.6 Distribution of Log2 (6x ratio) and zFst values plotted to show
candidate selective sweeping regions. Data points shown on the left
of the vertical dashed line (corresponding to the 5% left tails of the
empirical Oz ratio distribution) and above the horizontal dashed line
(the 5% up tail of the empirical zFst distribution) are selected regions

0007973), “Cilium assembly” (GO: 0042384, p=0.002) and
“Microcornea” (HP: 0000482) that included genes associ-
ated with eye maldevelopment and dysfunction, which could
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Frequency (%)

for PYC. Data points on the left of the vertical red dashed line (cor-
responding to the 1% left tails of the empirical Ox ratio distribution)
and above the horizontal red dashed line (the 2% up tail of the empir-
ical zFst distribution) represent windows containing only HLCS

provide support for our conclusions. One example is intra-
flagellar transport 140 (IFT140), which encodes a subunit
of the intraflagellar transport complex A reported to play
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an important role in opsin transportation, with opsin being
critical for the detection of light (Crouse et al. 2014). The
intraflagellar transport 57 (IFT57) was also reported to be
associated with the regulation of photoreceptors (Krock and
Perkins 2008). Additionally, the Abelson Helper Integra-
tion Site 1 (AHI1) is relevant to photoreceptor outer seg-
ment development and retinal dystrophy in humans (Par-
isi et al. 2006). Moreover, the presence of RPGRIP1 like
(RPGRIPIL) in this category confirmed its involvement in
vision, coinciding with the results of Wang et al. (2016a).

Conclusions

These findings are beneficial to provide useful genetic
information on PYC that is conducive to the screening and
utilization of genes related to important economic traits.
Although some of the functions and mechanisms of the
genes identified remain unclear and require further studies,
these results provide a useful foundation on which future
studies in chickens can be built.
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