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Genome-wide detections for runs e

of homozygosity and selective signatures reveal
novel candidate genes under domestication
in chickens
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Abstract

Background Indigenous chickens were developed through a combination of natural and artificial selection; essen-
tially, changes in genomes led to the formation of these modern breeds via admixture events. However, their confus-
ing genetic backgrounds include a genomic footprint regulating complex traits, which is not conducive to modern
animal breeding.

Results To better evaluate the candidate regions under domestication in indigenous chickens, we considered

both runs of homozygosity (ROHs) and selective signatures in 13 indigenous chickens. The genomes of Silkie feather
chickens presented the highest heterozygosity, whereas the highest inbreeding status and ROH number were
found in Luhua chickens. Short ROH (< 1 Mb), were the principal type in all chickens. A total of 291 ROH islands were
detected, and QTLdb mapping results indicated that body weight and carcass traits were the most important traits.
An ROH on chromosome 2 covering VSTM2A gene was detected in 12 populations. Combined analysis with the Taji-
ma'’s D index revealed that 18 genes (e.g., VSTM2A, BBOX1, and RYR2) were under selection and covered by ROH
islands. Transcriptional analysis results showed that RYR2 and BBOX1 were specifically expressed in the heart and mus-

cle tissue, respectively.

Conclusion Based on genome-wide scanning for ROH and selective signatures, we evaluated the genomic char-
acteristics and detected significant candidate genes covered by ROH islands and selective signatures. The findings
in this study facilitated the understanding of genetic diversity and provided valuable insights for chicken breeding
and conservation strategies.

Keywords Indigenous chickens, Genomic inbreeding, Runs of homozygosity, Selective signature, Transcriptome,
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Background
After domestication from the ancestral red jungle fowl
(RJF), hundreds of indigenous chicken breeds have been
cultivated and distributed around the world [1, 2]. These
include meat-type chickens (e.g., Xiaoshan chicken,
Pudong chicken), egg-type chickens (e.g., Xianju chicken,
Baier Yellow chicken), gamecocks (e.g., Turpan Game
chicken), and ornamental chickens (e.g., Silkie feather
chicken). These chickens harbor considerable pheno-
typic diversity and genetic variation, provide diversified
animal products and play an important role in cultivat-
ing new breeds/lines in modern chicken breeding sys-
tems [3]. Indigenous chickens are often subjected to both
domestication and selection; however, the selection effect
is rather weak, and more genetic diversity is found in
indigenous chickens than in commercial broilers [4—6].
Genetic and genomic studies on these chickens are rela-
tively limited. Therefore, most indigenous chickens are
classified as showing undeveloped or conservation status.
The lack of effective methods and bases for the accurate
evaluation of animal conservation and development and
utilization of genetic resources is nonnegligible.
Whole-genome sequencing studies provide the possi-
bility of evaluating the genetic structure and population
diversity using the single nucleotide polymorphisms
(SNPs) across the genome. Furthermore, calculated
runs of homozygosity (ROHs; long continuous homozy-
gous stretches composed of two identical haplotypes
in each individual) are more useful for elucidating
inbreeding and detecting selection signatures in differ-
ent populations [7, 8]. This approach has been reported
in cattle [9], pigs [10], goats [11], and chickens [12]. The
inbreeding coefficient based on ROH (Fyoy) is more
accurate and more closely represents real inbreeding at
the population and individual levels, and a long ROH
is more likely to be a result of recent inbreeding than
a shorter ROH [13]. Wang et al. compared the ROH
distribution in one selected and one natural chicken
line, and ROH length and number were significantly
greater in the selected line than in the natural line [12].
Yuan et al. calculated ROH numbers and lengths in
five Tibetan chickens and identified a common candi-
date region harboring the AMY2A, NTNGI, and VAV3
genes [14]. Nothnagel et al. defined an ROH island as a
genomic interval with a high incidence of homozygosity
across individuals, which provides novel insights into
the selective signatures within populations due to link-
age disequilibrium [15]. Zhang et al. detected 191 ROH
islands in commercial, local, game, and wild chickens,
and these regions were shown to be involved in egg
production, growth, and Silkie feather traits [16]. The
detection of ROH islands improves the understand-
ing of molecular mechanisms related to environmental
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adaptation. Yuan et al. revealed that BDNF, CCDC34,
LGR4, etc., which are common genes in ROH islands,
play essential roles in high-altitude adaptation [14].
Fedorova et al. further suggested that ADIPOQ, GCGT
, TRPM2, etc., which are genes found in specific ROH
islands, were correlated with cold adaptation in chick-
ens in the early postnatal period [17].

In chickens, ROH analysis has been used to assess
genome diversity and the inbreeding status of chicken
breeds [18, 19] and aids in the design and review of effec-
tive breed conservation projects. ROH indicate recent
selection or bottlenecks and are more likely to be focused
on regions with low recombination rates [20]. Here, we
evaluated genome diversity and ROH islands in mul-
tiple indigenous chicken breeds and annotated ROH
islands using enrichment and quantitative trait locus
(QTL) databases, and we present the expression profiles
of candidate genes in common ROH islands combined
with transcriptomic characteristics. These results are
expected to provide valuable information for the conser-
vation and development of chicken breeds and to facili-
tate the understanding of the molecular mechanism of
domestication.

Methods

Experimental animals

A total of 209 chickens from 13 chicken breeds were used
in this study. These 13 breeds included Baier chicken
(BE, n=10), Beijing You chicken (BJY, n=20), Dongxi-
ang Black chicken (DXB, n=20), Jiangshan white-feath-
ered chicken (JSW, n=19), Luhua chicken (LH, n=20),
Longyou chicken (LY, n=10), Silkie feather chicken
(SE, n=10), Songyang Jin chicken (SY], n=17), Wen-
ling chicken (WL, n=20), Xianju chicken (X]J, n=14),
Xiaoshan chicken (XS, n=20), Xiaoxiang chicken (XX,
n=19), and Yandang chicken (YD, n=10), which were
provided by Animal Husbandry Institute Hangzhou
Academy of Agricultural Sciences and Zhejiang Animal
Husbandry Technology Extension and Breeding Live-
stock and Poultry Monitoring Station.

Sample collection and DNA extraction

A total of 1 ml blood from the wing vein of each indi-
vidual was collected and stored at -20°C for subsequent
DNA extraction. Genomic DNA was extracted from
blood samples (7=209) using the phenol-chloroform
method. Solutions of extracted DNA were quality con-
trolled by measuring DNA degradation and contami-
nation using agarose gel electrophoresis, and purity
and DNA concentration using NanoPhotometer-N50
(Implen, Schatzbogen, Germany).
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Library preparation and whole-genome sequencing

A library was generated using the NEB Next® Ultra"™
DNA Library Prep Kit (NEB, USA), including fragmen-
tation, end-polishing, A-tailing, adaptor ligation, PCR
amplification, etc. The 5 ends of the qualified librar-
ies were phosphorylated and cyclized; then, the librar-
ies were subjected to rolling loop amplification; and the
DNA nanospheres (DNBs) were finally loaded into a flow
cell and sequenced on a DNBSEQ-T7 platform to gener-
ate paired-end reads of 150 bp in length. In all, 3.67 Tb
raw data were generated to an average depth of 21 X.

Reads mapping, variants calling, and quality control

The raw reads were first trimmed using FASTP v0.21 [21],
and clean reads were produced for genome mapping. The
standards for quality control were reported previously
[5]. Next, we aligned the filtered reads of all individuals to
the reference genome (GRCg7b, https://ftp.ncbi.nlm.nih.
gov/genomes/all/ GCF/016/699/485/GCF_016699485.2
bGalGall.mat.broiler. GRCg7b/GCF_016699485.2_
bGalGall.mat.broiler. GRCg7b_genomic.fna.gz) using
the MEM algorithm in Burrows—Wheeler Aligner (BWA)
v0.7.17 [22]. The file conversion, sorting, and indexing
of the genome mapping results were completed with
SAMtools v1.12 [23]. PCR duplicates were marked and
removed using PICARD v2.26. Then, SNP calling analysis
was conducted in line with the recommended joint call-
ing pipeline from Genome Analysis Toolkit Kit (GATK)
v4.2.2 [24], including HaplotypeCaller, CombineGVCFs,
and GenotypeGVCFs functions. In addition, we removed
SNPs using GATK with the following standards: qual-
ity score<30.0, QualByDepth<2.0, FisherStrand>60.0,
RMSMappingQuality < 40.0, StrandOddsRatio > 3.0,
MappingQualityRankSumTest <-12.5, and ReadPos-
RankSum<-8. The reserved SNPs were further filtered
according to allele frequency and sequencing depth using
VCFtools (-max-alleles 2 —min-alleles 2 —min-meanDP
3 —maf 0.01). A total of 19,820,641 biallelic SNPs were
retained for the following analysis. Missing alleles were
imputed by Beagle 5.1 software [25].

Genome heterozygosity and inbreeding analysis

The filtered SNPs were further used to calculate observed
heterozygosity (Ho) and expected heterozygosity (He)
using PLINK v1.9 software [26] with the ‘-hardy” option.
Genomic inbreeding coefficients based on genomic SNP-
by-SNP (Fgry), €xcess homozygosity (Fyoy), and uniting
gametes (Fy;) are universally accepted in farm animals
[27] and were calculated in this study as Froy = (((Lj:g)) ,
where O is the number of observed homozygotes, E is the
number of expected homozygotes, and L is the number
of genotyped autosomal SNPs. Genomic SNP-by-SNP
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inbreeding (FGRM) and the correlation between uniting
gametes (Fyyy;) were estimated in GCTA v1.93.2 software.

The formula was as followg:
_ 1N [(m—E@]? _ X =142pixi+2p]
Form = 3 2im1 ( oy L) FuNt = Ty

where m is SNP number and x; and p; are the copy num-
ber and frequency of the reference allele of the i SNP,
respectively.

ROH detection and statistics

ROH fragments were scanned in each individual using
PLINK v1.9 according to the following options: 1) the
minimum length of an ROH was 300 kb (~homozyg-kb
300); 2) more than 50 SNPs were detected in an ROH
(-homozyg-snp 50) and sliding windows (~homozyg-
window-snp 50); 3) fewer than 5 missing SNPs (-
homozyg-window-missing 5) and 3 heterozygous SNPs
(~homozyg-window-het 3) were found in each sliding
window; 4) the minimum density was 1 SNP per 50 kb (-
homozyg-density 50); and 5) the maximum gap between
two consecutive SNPs was less than 1000 kb (—~homozyg-
gap 1000) [5]. ROH numbers were counted, and ROH
were classified into four groups (<1 Mb, 1~2 Mb,
2~3 Mb, >3 Mb) based on length. In addition, the total
length of ROH in each individual and autosome covered
by SNPs in this dataset was calculated, and the genomic
inbreeding coefficient baseg:OLn ROH (Frop) was esti-
mated as follows: Froy = %’ where Lrop; is the
ROH length of the it individual, and L, is the genome
length of autosome [28].

ROH island detection, annotation, enrichment analysis

To detect the candidate regions related to selection and
domestication, we estimated the ROH incidence accord-
ing to the percentage of animals with a SNP within an
ROH segment for a given population [15, 29]. To explore
more putative regions, we extended the threshold applied
in Purfield et al’s report [30], and the top 0.5% of SNPs
occurring in ROH were considered to form ROH islands.
The ROH incidence among these 13 breeds was higher
than 30%. Thereafter, we annotated these common ROH
islands based on the Gallus gallus 7.0 assembly using
Ensembl BioMart tools to identify the candidate genes
[31]. Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) enriched analysis of annotated
genes were conducted in the Omicshare (https://www.
omicshare.com/) and KOBAS platform (http://kobas.
cbi.pku.edu.cn/) [32], respectively. And a p value of 0.05
was set as the threshold of significance for GO terms and
KEGG pathways. Additionally, chicken QTLdb (https://
www.animalgenome.org/cgi-bin/QTLdb/GG/browse)
[33] was employed to detect the overlap between cur-
rent QTLs and common ROH islands and to determine
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putative physiological functions under selection in each
breed.

Identification of common ROH island and frequency
comparison

The common ROH islands in most chickens could plau-
sibly be associated with human selection or domestica-
tion. To identify selection- or domestication-related
candidate genes, we first counted the overlapping ROH
islands in each breed and annotated them as mentioned
above [29], and only protein-coding genes were summa-
rized for each breed. Then, only genes identified in more
than 7 chicken breeds (>50%) were considered candidate
genes. The frequency of ROH in regions around these
genes in each breed has been calculated [14]. In addition,
the whole-genome variants of chicken ancestors (RJF)
were obtained from Wang et al. [34], and similar results
were incorporated as unselected controls to determine
whether the candidate genes were selected in indigenous
chickens.

Selective sweep analysis and gene annotation

To explore selection signatures in the ROH islands of
indigenous chickens, the Tajima’s D index with a window
of 2 kb was calculated using VCFtools v0.1.13 software
[35]. A similar calculation was performed for the RJF
population. Only the genomic regions defined as ROH
islands were used to perform selection signature analysis.
The genomic regions were regarded as putative selected
regions when a negative Tajima’s D value in indigenous
chickens that was lower than that of RJFs was identi-
fied. The genes with high ROH island frequencies that
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overlapped with putative selected genes were defined as
candidate genes in this study.

Expression profile of candidate genes in multiple tissues
Published raw RNA-seq data of 64 samples of six tis-
sues (breast muscle, thigh muscle, heart, lung, liver,
and abdominal fat) collected from BJY chickens at day
1 and day 42 were used [5]. More than 10 Gb of raw
reads per sample were generated, and the bioinformatic
analysis pipeline (trimming (Trimmomatic v0.39) [36],
genome mapping (HISAT2 v2.2.1) [37], assembly-merge-
assembly-counting (StringTie v2.1.6) [38], counting and
normalization (DESeq2) [39]) was implemented as previ-
ously reported. The raw gene count number was obtained
using the Python script provided by StringTie (1=150).
The final gene expression value was normalized using the
DESeq2 package [39]. The expression profiles of candi-
date genes were visualized in the R environment.

Results

Statistics of genomic heterozygosity and inbreeding
Observed heterozygosity (Ho) and expected heterozygo-
sity (He) were estimated for the 13 chicken populations
using all SNPs (Table 1). Ho ranged from 0.26 to 0.32,
and the estimates of He ranged from 0.27 to 0.31. The
Silkie feather chickens (SF) presented the highest genome
heterozygosity (Ho=0.32, He=0.31). To determine the
inbreeding coefficient, we estimated the inbreeding coef-
ficients based on genomic SNP-by-SNP (Fgpy), excess
homozygosity (Fyopm), and uniting gametes (Fyy), and
FROH to assess the inbreeding status of each population
(Table 1). In the different populations, the inbreeding
coeflicient ranged from 0.02 to 0.33 (Fggpp: 0.05 ~0.20,

Table 1 Genomic heterozygosity and inbreeding for each chicken population

Population? Ho He Farm From Funi Fron

BE 031£0.18 0.29£0.15 0.07£0.01 0.02£0.01 0.04+0.01 0.02£0.004
BJY 0.28+0.18 0.28+0.16 0.09+0.02 0.13+0.03 0.11+£0.02 0.10+0.02
DXB 030+0.18 0.29+0.15 0.05+0.03 0.16+£0.04 0.11+£0.03 0.11+0.03
JSW 0.30+0.18 0.30£0.15 0.06+0.03 0.16£0.04 0.11£0.04 0.11£0.03
LH 031+0.18 0.30+0.15 0.06+0.03 0.33+£0.03 0.20+£0.03 0.24+0.03
LY 031£0.18 0.29£0.15 0.05£0.01 0.03£0.02 0.04+0.01 0.03£0.01
SF 0.32+0.18 031+0.14 0.15+0.02 0.10+0.03 0.13+£0.02 0.09+0.02
SYJ 0.28+0.18 0.28+0.15 0.15+£0.03 0.02+0.03 0.08+0.03 0.03+0.01
WL 0.26£0.17 0.27£0.16 0.11+£0.03 0.04+0.03 0.07+0.02 0.05+0.03
XJ 0.28+0.18 0.28+0.15 0.12+0.02 0.03+£0.03 0.08+0.03 0.05+0.01
XS 0.30£0.17 0.30£0.15 0.13£0.03 0.14£0.04 0.14+0.03 0.13£0.02
XX 0.29+0.18 0.28+0.15 0.20£0.06 0.02+0.06 0.11+£0.06 0.08+0.04
YD 031£0.18 031£0.14 0.15£0.03 0.06£0.02 0.11£0.02 0.09£0.02

@ BE Baier chicken, BJY Beijing You chicken, DXB Dongxiang Black chicken, JSW Jiangshan white-feathered chicken, LH Luhua chicken, LY Longyou chicken, SF Silkie
feather chicken, SYJ Songyang Jin chicken, WL Wenling chicken, XJ Xianju chicken, XS Xiaoshan chicken, XX Xiaoxiang chicken, YD Yandang chicken
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Fruom: 0.02~0.33, Fyypi 0.04~0.20, Fpo: 0.02~0.24).
The highest inbreeding status was observed in the Luhua
chickens (LH) based on the Fyq\, Fynp and Froy esti-
mates, while the lowest inbreeding status was observed
in the Baier chickens (BE) and Longyou chickens (LY). A
significant positive correlation among these inbreeding
coefficients was found in most populations (Fig. 1, Fig.
S1). However, some correlations, such as the correlation
between Fyoyy and Fyyqy in Xianju chickens (X]) (Fig. 1),
did not reach the significance threshold, and the partial
inbreeding coefficient associations in BE, LY, Wenling
chickens (WL), and Beijing You chickens (BJY) were also
rather weak and insignificant (Fig. S1).

ROH identification and distribution across the whole
genome

The ROH identified in each chicken breed are shown
in Table 2. A total of 790~ 8,883 ROH were identified
in the 13 populations (Table S1), and the average num-
ber of ROH ranged from 79.0 to 444.2. The ROH num-
ber was less than 100 in BE (79.0) and LY (83.7), and the
genome of LH chickens harbored the most ROH (average
444.2). The total length of ROH in each bird ranged from
22.7 Mb to 226.0 Mb, while the average length of ROH in
an individual ranged from 591.2 Kb to 1019.1 Kb (Table
S1). Similar to the results for ROH numbers, relatively
small ROH were observed in BE, and large ROH were
found in LH chickens. We also observed that the genome
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of Jiangshan white-feathered chickens (JSW) harbored
the longest ROH, with a length of over 12.0 Mb (Fig. 2A).
The ROH were classified into 4 groups based on their
length, and short ROH (< 1 Mb) were the main ROH type
in the 13 populations, accounting for 67.9% to 89.9% of
all ROH (Fig. 2B). As shown in Fig. 2C, the majority of
ROH detected in the 13 populations were in the macro-
chromosomes (GGA1 to GGAS5) with a ratio>5%. Addi-
tionally, a high correlation between ROH number and
length was detected in Xiaoshan chickens (XS), XJ, LH
(r=0.82~0.92) and other populations (r=0.78~0.98)
(Fig. 2D, Fig. S2). The highest correlation was found in
Xiaoxiang chickens (XX) (»r=0.98) (Fig. S2).

ROH island detection, enrichment analysis, and QTL
mapping

ROH incidence in the 13 populations was calcu-
lated, and the top 0.5% of ROH was set as the thresh-
old for defining ROH islands. 14, 18, and 27 merged
ROH islands were detected in LH, XJ, and XS chick-
ens, respectively (Fig. 3A-C, Fig. S3, Table S2). A total
of 291 ROH islands were identified in the 13 popula-
tions (4 ~ 58 in each population, Table S2). The annota-
tion results for these ROH islands were obtained from
the Ensembl database. A total of 1,878 nonredundant
protein-coding genes and long noncoding RNAs (IncR-
NAs) were distributed around these ROH islands in the
13 populations, and 48 ~ 484 genes were annotated in
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Table 2 Summary of ROH number and length distribution in genome

Population Number of ROH Average Total length  Average ROH length distribution’

numberof  of ROH (Mb) length of ROH

(n)? ROH (Kb) <1Mb 1TMb—2Mb 2Mb—3Mb > 3Mb

BE (10) 790 79.0+138 227+44 591.2+69.3 4769+168.1 1,363.0+284.1 2331.1+£1064 38712+851.7
-89.90% -8.60% -1.00% -0.50%

BJY (20) 4,971 248.6+349 96.0£17.4 777.8%57.9 5194+£1815 1361.8+281.8 24254+£2909 3,817.1+£8924
-78.50% -16.20% -3.70% -1.60%

DXB (20) 4,750 237.5+40.7 106.3+31.1 8909+1174 5273+£189.1 1,3742+259.1 24340+2686 4,3224+1552.6
-73.10% -18.10% -5.90% -2.90%

JSW (20) 4,470 2353+493 108.0+29.9 918.5£955 5268+186.1 1,3562+2708 2387.8+2696 4,2783+1450.7
-73.00% -18.00% -4.70% -4.30%

LH (20) 8,883 4442 +48.5 2260+28.7 1,019.1£75.1 5536+£1938 1,399.6+2826 2463.9+2883 4,290.2+1,2043
-67.90% -21.40% -6.10% -4.70%

LY (10) 837 83.7+12.8 259+838 6189+125.1 4838+170.5 1437.7+£3043 2577542212 5,795.7+3,990.2
-89.70% -8.10% -1.40% -0.70%

SF(10) 2,449 2449+429 884+21.2 726.7 £49.1 500.8+175.7 1,340.1+£2477 24184+2988 3,609.8+7453
-80.90% -14.70% -2.80% -1.60%

SYJ(17) 1,716 1009+163 314174 630.5+101.2 4865+173.7 1329542668 2480.5+326.1 3,6043+587.1
-87.50% -9.80% -1.70% -0.90%

WL (20) 2,669 133.5+49.1 479+24.7 6934+115.7 4985+177.8 1,3483+£2899 2331.8+251.8 3921.7+679.6
-82.50% -12.70% -2.90% -1.90%

XJ(14) 1,813 129.5+£26.2 446+128 683.2+£94.2 4963+1745 13525£2620 24471+2972 3,566.8+398.1
-83.30% -12.90% -2.60% -1.20%

XS (20) 5,836 291.8+46.2 1233+£2138 848.5+£60.2 5316+£187.2 1,3550+269.7 23728+2770 4,037.3+£890.7
-75.20% -17.20% -5.40% -2.20%

XX (19) 3,114 163.9+71.3 747+41.1 883.0£ 1525 517.0£1879 14100+£2850 23799+262.1 4,0948+1,0514
-73.40% -16.20% -6.60% -3.70%

YD (10) 2,236 2236+357  896+173 818.1+609 523.8+1870 13666+281.8 2,3888+3083 3,856.7+1,450.0
-76.40% -17.6 -3.60% -2.30%

2 BE Baier chicken, BJY Beijing You chicken, DXB Dongxiang Black chicken, JSW Jiangshan white-feathered chicken, LH Luhua chicken, LY Longyou chicken, SF Silkie

feather chicken, SYJ Songyang Jin chicken, WL Wenling chicken, XJ Xianju chicken, XS Xiaoshan chicken, XX Xiaoxiang chicken, YD Yandang chicken

" ROH length was presented as mean = standard deviation, the ROH ratio was provided in the bracket

each population (Table S3). In the JSW population, the
most annotated genes (484) were identified in 34 ROH
islands, while the fewest genes (48) were found in the
LY population. KEGG enrichment analysis showed
that a total of 56 pathways were enriched based on
the results from 13 populations, and we found that
the starch and sucrose metabolism was significantly
enriched in LH, XJ, XS and other populations (Fig. 3D,
Fig. S4, Table S4). GO analysis revealed that positive
regulation of lipid storage was enriched in all popula-
tions except JSW, and cytoplasm, integral component
of membrane, and nucleus were also identified in over
10 populations (Fig. 3E, Fig. S5, Table S5). Additionally,
the 4~58 ROH islands found in each chicken breed
were mapped to the chicken QTL database (Table S6).
A total of 52 ~382 QTLs were mapped in each popula-
tion, and body weight was the leading annotated trait
and common QTL (Fig. 3F, Fig. S6). Growth, carcass

traits, and feed efficiency-related traits were the most
enriched QTLs and may have been selected to serve
human preferences.

Identification for candidate genes based on ROH islands
with high frequency

As mentioned above, the ROH islands detected in more
than 7 chicken populations were defined as common
ROH islands (Fig. 3A, Table 3). The 27 genes annotated
based on the 7 common ROH islands were regarded
as candidate genes (Fig. 4A, Table S7). The frequency
of SNPs forming ROH islands in the genes VSTM2A,
NELLI, and NALFI is shown in Fig. 4B-D, and signifi-
cant peaks were observed in the genome. VSTM2A was
the top priority gene and was detected in all populations
except for JSW chickens (Fig. 4B, Fig. S7). NELL1 was
also found to be an important candidate gene in most
chickens, except for the Yandang chickens (YD), BE, and
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LY (Fig. 4C, Fig. S8). And similar results were detected
for NALFI gene in X]J, XS and other populations except
for Songyang Jin chickens (SYJ), BJY, LH, SF, and XX
(Fig. 4D, Fig. S9). The SNP frequency profiles of other
genes are provided in Table S8. To determine whether
these regions were under selection or domestication,
similar results from RJF chickens were incorporated into
the comparison. No obvious peak (VSTM2A: 0.19 ~0.25,
NELLI: 0.06~0.31, NALFI: 0~0.19) was found in the
genome of RJF chickens (Fig. 4B-D), indicating that
these genomic regions harboring ROH islands have
been selected or are under domestication in most of the
chicken breeds considered herein.

Selective sweep analysis within ROH islands

To evaluate the selection signatures of ROH islands in
indigenous chickens, we calculated the Tajima’s D index
with a window of 2 kb under the ROH islands and com-
pared it with those of indigenous chickens and RJF. A
total of 2,124 windows were detected as being under
selection (Table S9), and these windows were mapped
to 195 protein-coding genes (Fig. 5A-B, Table $10). The
enrichment results showed that the GnRH signaling
pathway, MAPK signaling pathway, starch and sucrose
metabolism, and others were significantly enriched
(Fig. 5C, Table S11). Calcium ion binding function was
the most prominent function based on GO enrich-
ment (Fig. 5D, Table S12). Additionally, the overlapping

results showed that 18 genes presented a high ROH
island incidence and low Tajima’s D values, including
VSTM2A, NELLI, and RYR2. (Fig. 5E-H, Table S13).
The top priority gene based on ROH island incidence,
NALFI1, was not found to have a selective signature
compared to that of RJF (Fig. S10).

Expression profile for candidate genes in indigenous
chickens

For the 18 candidate genes, we calculated gene expres-
sion values in six tissues of BJY chickens (Table S14).
However, the top priority genes, VSTM2A, NELLI,
SLC6AS5, and SLC5A12, were not expressed in these
tissues, nor was the NALFI gene, which may func-
tion in other developmental stages or tissues (Fig. 6A).
The RYR2 gene was specifically expressed in the heart
which was consistent with the biological function of
heart regulation (Fig. 6B). BBOX1 was widely expressed
in multiple tissues, but a higher transcription level of
BBOX1 was detected in the liver and thigh muscle in
two developmental stages (Fig. 6C). For the genes with
high ROH islands incidence, we found that the glyco-
gen metabolism related gene AGL was highly expressed
in these tissues, especially in breast muscle (Fig. 6D).
VCAMI was also expressed in various tissues, and
higher VCAM1 expression was found in abdominal fat
tissue (Fig. 6E).
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Table 3 Common ROH islands in 13 indigenous chickens

ROH island Chromosome Start End Enriched populations?

ROH island 1 1 140,652,668 141,070,499 JSW, YD, DXB, XS, LY, XJ, WL, BE

ROH island 2 2 81,476,756 81,920,993 XS, SY, DXB, XX, WL, SYJ, XJ, LH, BE, BJY, YD, LY
ROH island 3 2 86,273,420 86,612,443 BJY, XS, DXB, JSW, XX, WL, SF, XJ

ROH island 4 3 36,384,718 37,208,264 BE, BJY, DXB, JSW, LH, LY, SF, WL, XJ, XS, XX, YD
ROH island 5 5 2,296,258 4,105,842 BJY, DXB, JWS, LH, SF, SYJ, WL, XJ, XS, XX

ROH island 6 8 55919 272,482 BE, DXB, JSW, SYJ, WL, XJ, YD

ROH island 7 8 11,475,421 11,838,824 BJY, DXB, JSW, LH, SYJ, XJ, XX, YD

2 BE Baier chicken, BJY Beijing You chicken, DXB Dongxiang Black chicken, JSW Jiangshan white-feathered chicken, LH Luhua chicken, LY Longyou chicken, SF Silkie
feather chicken, SYJ Songyang Jin chicken, WL Wenling chicken, XJ Xianju chicken, XS Xiaoshan chicken, XX Xiaoxiang chicken, YD Yandang chicken

Discussion consumed by humans [40]. Compared to commercial
Chickens are efficient and food-saving farm animals chickens, the meat and eggs of indigenous chickens
that provide the largest share of meat and egg products are of better quality but are produced less efficiently
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develop characteristic traits. In fact, there is a lack
of unified assessment standards for the evaluation of
genetic resource conservation effects, and it is difficult to

[41-43]. The fundamental causes of this low efficiency
are low selection intensity [6], limited studies involving
genetic resource exploration, and failure to continuously
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measure the purity of consanguinity, the level of popula-
tion inbreeding and the genetic diversity of indigenous
chickens. However, this information is of great signifi-
cance for breed protection, biodiversity and new chicken
breed/strain cultivation. ROH and a series of inbreeding
coefficients (Fyom Forve Fune Fron) calculated based
on genome-wide SNPs allow a precise assessment for
genetic resource conservation [13, 44—46]. In this study,
we assessed the conservation effect in 13 indigenous
chicken breeds based on ROH and inbreeding status, and
we evaluated the selection effect around the ROH island
based on genome-wide high-quality variants.

Genomic heterozygosity (Ho and He) is associated with
population diversity, and the calculation of results using
genome-wide SNPs can avoid bias [47, 48]. We observed

that Ho and He were both close to 0.3 in all chickens,
which was consistent with the reports of Yuan et al. and
Liu et al. [49]. SF chickens had the highest heterozygo-
sity (Ho=0.32, He=0.31), while WL chickens presented
low heterozygosity (Ho=0.26, He=0.27), indicating that
relatively intensive selection has occurred in WL chick-
ens. Higher heterozygosity was observed than expected
in all populations except for WL chickens. This indicates
a modern bottleneck in these populations, which could
be caused by selection or domestication [50]. Compared
to pedigree information, genome-wide SNPs are more
accurate for assessing inbreeding and relatedness across
populations [13]. Foryy From and Fyy are all based on
the principle of identity by status, which cannot distin-
guishes ambiguity between identity by status and identity
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by descent and is influenced by allele frequency [12, 45].
Fron is affected by the ratio of long homozygous seg-
ments to whole-genome length and is less impacted by
the quality of experimental materials and DNA samples
[51]. This increases the accuracy of inbreeding coeffi-
cient calculation based on ROH in humans [7], cattle [9],
pigs [10], sheep and goats [11, 52], etc. In this study, the
inbreeding coefficients among the 13 populations indi-
cated that Fpoy generally presented a lower value than
the other indices. A favorable conservation effect was
found in all chicken breeds (Fyq; =0.02 ~0.13) except for
LH chickens (Frop=0.24). Therefore, indigenous chick-
ens are less influenced by inbreeding and selection, and
considerable genetic diversity is harbored within these
populations. This is consistent with results reported in
Tibetan chickens [14]. Additionally, a high correlation
between Fp;; and other indices (Fgryy Froms @and Fyny)
was found, which was highly consistent with previous
reports in modern chickens and other farm animals [53—
56]. This also proved that Fy;; is more accurate in assess-
ing inbreeding status based on identity by descent [57].
ROH is affected by the length of homozygous segments
in the genome, and ROH length is usually less than 1 Mb.

In Zhang et al’s study, the ROH lengths of BJY, BE, and
Langshan chickens were less than 200 kb and were main-
tained in multiple generations [18]. In modern chickens,
Talebi et al. revealed that >50% ROH were focused in the
length category of less than 1 Mb, especially in broilers
(>70%) [53]. Here, we calculated statistics of the distribu-
tion of ROH. The number of ROH ranged from 79.0 to
444.2, and 67.9% ~89.9% of ROH had a length of<1 Mb.
This was highly consistent with previous reports [12, 14].
In addition, directed changes in allele frequency could
be caused by artificial selection or domestication, which
could also lead to the occurrence of homozygous seg-
ments with different lengths [58—60]. Therefore, ROH,
especially ROH islands, are usually focused on selected
regions, and these regions and surrounding genes are
related to specific traits [60]. Here, we detected ROH
islands in each studied population and annotated them
using the reference genome and QTLdb. Body weight is
the most important economic trait based on QTL anno-
tation, consistent with the goal of selective breeding and
similar to the findings of Talebi et al. [53]. Among the 13
indigenous chicken breeds, a total of 48 ~495 genes were
found in corresponding ROH islands. The starch and
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sucrose metabolism was enriched in 7 populations, and
lipid storage was significantly changed in all populations
except JSW. Huang et al. proved that microbial starch
and sucrose metabolism was highly correlated with feed
efficiency in chickens [61]. This finding implies a poten-
tial regulatory target for improving feed efficiency in the
breeding system of indigenous chickens.

For these ROH islands among 13 populations, the com-
mon ROH islands are summarized. We found that ROH
islands covering VSTM2A and NELLI were identified
in more than 10 populations. The NALFI gene was also
annotated by ROH islands in 8 populations. Additionally,
to validate selection status within ROH islands, we cal-
culated the Tajima’s D index in indigenous chickens and
RJE. We found that 19 genes (e.g., VSTM2A, NELLI, and
BBOX1) were both selected and covered by ROH islands.
VSTM2A is secreted in committed preadipocytes and
produced to preserve and amplify the adipogenic capa-
bility of adipose precursors [62]. This gene played an
important role in the embryonic stage, whereas we found
little expression of the gene in abdominal fat and other
tissues in BJY chickens. NELLI is a putative functional
gene associated with skeletal integrity in chickens [63],
but no expression of this gene was found in skeletal mus-
cle. These results indicate that NELLI could function in
other developmental stages (e.g., embryonic stage). For
the RYR2 gene, Fedorova et al. found that it was corre-
lated with adaptation to cold environments and covered
by an ROH island in Russian White chickens [17]. RYR2
was highly correlated with heart rate, consistent with the
expression characteristics observed in this study. BBOXI
plays a crucial role in mitochondrial beta-oxidation [64],
and a higher transcription level was detected in liver and
thigh muscle in two developmental stages in this study.
Therefore, we suggest that VSTMZ2A could putatively
function in chicken domestication or artificial selection.

Conclusions

In this study, whole-genome sequencing was used to
capture variants and assess genomic heterozygosity
and inbreeding and to investigate ROH and putative
selected genes in 13 chicken breeds. Heterozygosity in
these 13 populations ranged from 0.26 to 0.32, and LH
chickens were more affected by inbreeding and exhib-
ited the maximum number of ROH. A total of 291 ROH
islands covering 2,321 known QTLs and 945 genes were
identified. The starch and sucrose metabolism was sig-
nificantly different in 7 populations. Combined analysis
with the selective sweep results suggested genes such
as VSTM2A, NELLI, and RYR2 as putative candidate
genes for human selection or domestication. Our find-
ings facilitate the understanding of population inbreed-
ing and may provide potential candidate markers for
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selection and domestication, which could contribute
to the design and implementation of modern breeding
and conservation strategies for chickens.

Abbreviations

BE Baier chickens

BJY Beijing You chickens

DXB  Dongxiang Black chickens

Ho Observed heterozygosity

He Expected heterozygosity

IBS Identity-by-state

JSW  Jiangshan white-feathered chickens
LH Luhua chickens

LY Longyou chickens

QTL  Quantitative trait loci

RJF Red jungle fowl

ROH  Runs of homozygosity

SF Silkie feather chickens

SNP  Single nucleotide polymorphism
SYJ Songyang Jin chickens

WL Wenling chickens

XJ Xianju chickens
XS Xiaoshan chickens
XX Xiaoxiang chickens

YD Yandang chickens
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