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INTRODUCTION

The intense selection of livestock has alerted the sci-
entific community to the need for strategies to pre-
serve populations. The main goal in conservation 
programmes is to maintain the most genetic diversity 
to maximise the survival potential of the population 
(Bourn, 2003).

Traditionally, the inbreeding coefficient is calcu-
lated by pedigree information, and the genotype is de-
termined by microsatellite DNA markers to confirm 
the genetic relationships within livestock and poultry. 
However, the inbreeding coefficient calculated based on 
the pedigree records (FPED) is a statistical expectation 
that reflects the probability that two alleles are iden-
tical by descent (IBD) (Keller et al., 2011). In addition, 
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Abstract
Runs of homozygosity (ROHs) has become an effective method for analysing 
inbreeding in livestock populations. Moreover, ROHs is well-suited to detect 
signatures of selection via ROH islands. This study aimed to investigate the 
occurrence and distribution of ROHs, compare the genomic inbreeding 
coefficients and identify the genomic regions with high ROH frequencies 
in different Beijing-You chicken (BY) populations, including a random 
conservation population (BY_R), a pedigree conservation population (BY_P), 
and a commercial population obtained from the market (BY_C). Among 
them, BY_R in 2010 and 2019 were BY_R1 and BY_R2 respectively. A total 
of 27 916 ROHs were identified. The average number of ROHs per individual 
across the three BY populations ranged from 213 (BY_P) to 161 (BY_C), and 
the average length of ROHs ranged from 0.432  Mb (BY_R2) to 0.451  Mb 
(BY_P). The highest inbreeding coefficient calculated based on ROHs (FROH) 
was 0.1 in BY_P, whereas the lowest FROH was 0.0743 in BY_C. In addition, the 
inbreeding coefficient of BY_R2 (FROH = 0.0798) was higher than that of BY_R1 
(FROH = 0.0579). Furthermore, the highest proportion of long ROH fragments 
(>4 Mb) was observed in BY_P and BY_C. This study showed the top 10 ROH 
islands of each population, and these ROH islands harboured 53 genes, some of 
which were related to limb development, body size and immune response. These 
findings contribute to the understanding of genetic diversity and population 
demography, and might help improve breeding and conservation strategies for 
BY populations.
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FPED usually ignores historical inbreeding, resulting in 
underestimated calculated values (Forutan et al., 2018). 
At present, the common ancestry measurement method 
based on shared genomic regions attempts to balance the 
adaptability and genetic diversity of the population in 
the breeding process. One of the purposes of this method 
is to avoid the occurrence of runs of homozygosity 
(ROHs) in the offspring genome. ROHs compose a con-
tinuous homozygous fragment of DNA sequence caused 
by the transmission of homologous haplotypes from 
parents to offspring, and ROHs exist widely in all pop-
ulations (Ceballos et al., 2018). The generation of ROHs 
is an important feature of genetic diversity reduction at 
the genome level due to selection or genetic bottleneck 
effects, and it can also indicate a decline in population 
inbreeding (Szpiech et al.,  2013). Because recombina-
tion events interrupt long chromosome segments, long 
ROHs (~10 Mb) arise as a result of recent inbreeding (up 
to five generations ago), while shorter ROHs (~1 Mb) can 
indicate more distant ancestral effects (up to 50 gener-
ations ago), such as breed founder effects (Howrigan 
et al., 2011). Therefore, estimating F using ROHs is par-
ticularly appealing, as the number of generations of in-
breeding and the history of recent selection events can be 
inferred from the extent and frequency of ROH regions 
(Purfield et al., 2012). FROH was first used to calculate the 
inbreeding coefficient of the human genome (McQuillan 
et al., 2008). In animal genetics, ROHs is used to identify 
inbreeding levels and the genetic relationships between 
individuals, thus estimating the true level of autozygosity 
at the individual and population levels (Liu et al., 2021).

ROHs are indicative of recent IBD, and the sum of 
these segments is the exact inbreeding level of an in-
dividual (Forutan et al.,  2018). The length of IBD seg-
ments follows an inverse exponential distribution with 
a mean of 1/2  t Morgans, where t represents the num-
ber of generations from a common ancestor (Ceballos 
et al., 2018). Therefore, the inbreeding level, genetic di-
versity, and population history can be revealed by de-
tecting ROHs in the genome (Purfield et al., 2012). ROH 
patterns are not randomly distributed across genomes 
(Peripolli et al.,  2017). Genomic regions that are selec-
tion targets tend to generate ROH hotspots, which are 
also called ROH islands (Peripolli et al., 2018). Genomic 
regions sharing ROH patterns potentially contain al-
leles associated with genetic improvement in livestock 
(Kim et al., 2013), and ROH islands can be used to iden-
tify genes under natural or artificial selection (Peripolli 
et al., 2017).

The Beijing-You chicken (BY) is a native chicken breed 
in China that has excellent meat and egg quality charac-
teristics, strong disease resistance, and a distinctive ap-
pearance (Ye et al., 2010). As a famous local chicken, BY 
has long been included in conservation projects, but the 
protection of BY is still strongly needed due to the lack 
of an accurate and effective evaluation of conservation 
efficiency. In this study, genome resequencing data were 

used to detect and analyse the genomic inbreeding and 
genetic diversity of three BY populations. This study 
aimed to provide not only guidance for the effective pro-
tection of BY populations but also a valuable reference 
for the protection and evaluation of local chicken breeds.

M ATERI A LS A N D M ETHODS

Ethics statement

The animal experiments were carried out in accord-
ance with the Guidelines for Experimental Animals 
established by the Ministry of Science and Technology 
(Beijing, China). The study was approved by the Animal 
Management Committee of the Institute of Animal 
Sciences, Chinese Academy of Agricultural Sciences 
(Beijing, China). Ethical approval regarding animal sur-
vival was given by the animal ethics committee of IAS-
CAAS (approval number: IASCAAS-AE20140615).

Animals

BY is a famous native chicken breed in China that 
has been listed in the National Key protection list of 
Livestock and Poultry Species resources by the Ministry 
of Agriculture and Rural Affairs. At present, the conser-
vation work of BY is mainly undertaken by the National 
Conservation Farm of Beijing You Chicken. At present, 
there are two populations in the farm, one is a random 
conservation population (BY_R) and another is a pedi-
gree conservation population (BY_P). The BY_R refers 
to the random mating of about 300 hens by artificial in-
semination with the mixed semen of all the males (about 
100) in the breeding process of generations. We collected 
blood samples from the BY_R population in 2010 and 
2019 for DNA extraction and subsequent analysis, which 
were represented by BY_R1 and BY_R2 respectively. 
BY_P means that 35 males are selected from each family 
line and three females are randomly mated to one male in 
each generation. A commercial population was obtained 
from the market, which were represented by BY_C.

Sample collection

Blood samples were collected from 40 chickens (40 male) of 
BY_R1; 40 chickens (17 male and 23 female) of BY_R2; 40 
chickens (34 male and six female) of BY_P; and 40 chickens 
(20 male and 20 female) of BY_C for DNA extraction.

Genome sequence assembly and data analysis

Blood collected from the veins of all animals was ex-
tracted using the standard phenol/chloroform extraction 
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method. The quantity and quality of DNA extracted from 
whole blood samples were determined using a Nanodrop 
ND-1000 spectrophotometer (Thermo Fisher Scientific 
Inc.), and agarose gel electrophoresis was used to visu-
ally assess DNA integrity. Samples that passed the qual-
ity test were sent to the Beijing Compass Biotechnology 
Company for 10G whole-genome sequencing. After se-
quencing, paired-end libraries were generated for each 
eligible sample using standard procedures. The average 
insert size was 300–500 bp, and the average read length 
was PE150 bp (150  bp paired-end reads). All libraries 
were separately sequenced using the Illumina HiSeq X 
Ten sequencer.

The filtered raw reads were compared with the ref-
erence genome (version: ftp://ftp.ensem​bl.org/pub/
relea​se-101/fasta/​gallus_gallu​s/dna/) using the MEM 
mode of BWA software (version 0.7.12). Picard tools 
(version 1.119) and Sam tools (version 1.9) were used 
to obtain the sorted BAM files. Before detecting mu-
tations, the basic quality score recalibration (BQSR) 
was performed, which involved two steps. In the first 
step, Base Recalibrator, the Picard tool and stool 
were used to obtain the classified BAM file for anal-
ysis. In the second step, Apply BQSR, the calibration 
table file obtained in the first step, was used to read-
just the basic quality value in the original BAM file. 
The new quality value was then re-exported to a new 
BAM file. Genome Analysis ToolKit (version 4.0.2.1) 
was used to select Genome Analysis ToolKit vari-
ants for filtering (Poplin et al.,  2017). The hard-filter 
standards used for single-nucleotide polymorphisms 
(SNPs) were QualByDepth < 2.0, RMSMappingQuality 
< 40, FisherStrand > 60.0, StrandOddsRatio > 3.0, and 
MappingQualityRankSumTest < −12.5.

The data were first filled with Beagle v5.0 software 
(Ayres et al., 2012) for all SNP loci, and the filled SNP 
locus was quality controlled using the Plink v1.9 soft-
ware (Purcell et al., 2007), according to the following cri-
teria: (1) the call rate was higher than 0.9; (2) the minor 
allele frequency was higher than 0.05; and (3) SNPs were 
filtered to exclude loci assigned to unmapped contigs 
and sex chromosomes. After quality control, 160 chick-
ens and 6 252 214 variants were retained.

Genetic characterisation

Different approaches and software were used to disclose 
the genetic structure of BY populations:

	 (i)	 Wright's statistics, including observed hetero-
zygosity (HO), expected heterozygosity (HE), and in-
breeding coefficients. Genomic inbreeding based on 
homozygous SNPs was determined using Plink v1.9 
software. The inbreeding coefficient for an individual 
(FHOM) was computed as follows:

where O is the number of observed homozygotes, E is 
the number of homozygotes expected by chance, and L 
is the number of genotyped autosomal SNPs. Genomic 
SNP-by-SNP inbreeding coefficient (FGRM) estimates 
were calculated using the genome-wide complex trait 
analysis (GCTA) software. The FGRM was calculated as 
follows:

where xi is the number of copies of the reference allele for 
the ith SNP, m is the number of SNPs, and pi is the fre-
quency of the reference allele. Genomic inbreeding coef-
ficients were also estimated based on ROHs (FROH). The 
FROH for each animal was calculated as follows:

where LROHi is the length of ROHi of individual i, and Lauto 
is the autosomal genome length covered by the SNPs in-
cluded on the chip. Genomic inbreeding coefficients were 
estimated based on uniting gametes (FUNI). The FUNI for 
each animal was calculated as follows:

where xi is the number of copies of the reference allele for 
the ith SNP, and pi is the frequency of the reference allele.

	 (ii)	 Linkage disequilibrium (LD) within 500  kb 
was calculated using PopLDdecay software (Zhang 
et al.,  2019), and then the genome-wide LD distri-
bution was mapped based on the marker spacing 
and r2 values.

	 (iii)	 Principal component analyses (PCAs) were con-
ducted using the GCTA 64 software. The PCA of pair-
wise individual genetic distances was performed based 
on the allele frequencies of pruned SNPs.

	 (iv)	 ADMIXTURE v.1.3.0 software was used to 
infer the most probable number of ancestral popula-
tions based on the SNP data (Alexander et al., 2009). 
ADMIXTURE was run from K = 1 to K = 6, and the 
optimal number of clusters (K value) was determined as 
the one having the lowest cross-validation error. Each 
inferred chicken population structure was visualised 
using an R script, as suggested in the ADMIXTURE 
procedure.

FHOM = (O − E)∕(L − E),

FGRM =
1

m

∑N

i=1

([
xi−E

(
xi
)]2

2pi
(
1 − pi

) − 1

)
,

FROH =

∑
i

LROHi

Lauto

,

FUNI =
x2
i
−
(
1 + 2pi

)
xi + 2p2

i

2pi
(
1 − pi
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	 (v)	 ROH analysis was performed for each individ-
ual (complete SNP dataset = 6 252 214) using the Plink 
software. The ROH was defined as follows: (1) a min-
imum of 200 kb in size and 100 homozygous SNPs; 
(2) one heterozygous SNP was permitted in the ROH, 
so that the length of the ROH was not disrupted by 
an occasional heterozygote; (3) one missing SNP was 
allowed in the ROH; and (4) the maximum gap be-
tween SNPs of 40 kb was predefined to ensure that 
the SNP density did not affect the ROH. According 
to the nomenclature reported by other authors 
(Zavarez et al.,  2015), the ROHs were grouped into 
five classes of length: <0.5 Mb, 0.5–0.1 Mb, 1–2 Mb, 
2–4 Mb, and >4 Mb. The number, total length, and 
average ROH length were calculated across individ-
uals within the chicken populations. In addition, the 
percentage of the total genome length affected by the 
ROH was also estimated.

Estimation of effective population size

Historical effective population sizes (Ne) of the three 
chicken populations were computed:

where NT is the effective population size t generations ago, 
and the expectation is conditional on the markers being the 
appropriate distance apart given t and the mapping func-
tion f(c). A key assumption stated by Hayes et al. (2003) is 
constant linear growth of Ne with t.

Detection of ROH islands

To identify the genomic regions most commonly as-
sociated with ROHs, the percentage of occurrence of 
SNPs in ROH was calculated by counting the number 
of times that an SNP was detected in an ROH across 
all the individuals in each population. In this study, the 
top 1% of the SNPs observed in ROHs was selected as 
the threshold for identifying the genomic regions most 
commonly associated with ROH in each population. 
A series of adjacent SNPs that exceeded this threshold 
formed a genomic region, which we refer to as an ROH 
island. In this study, the breed specific thresholds were 
27.5%, 37.5%, 42.5%, and 35% of the individuals shar-
ing the overlapping homozygous regions (ROH islands) 
in BY_R1, BY_R1, BY_P, and BY_C respectively. Gene 
annotation in ROH islands was performed on the basis 
of the Gallus gallus (chicken) reference genome (RefSeq 
GCF_000002315.6).

RESU LTS

Genetic diversity analysis

The nucleotide diversity (Pi), HO, and HE were calcu-
lated to reveal the nucleotide polymorphisms of the three 
populations (Table 1). The Pi of BY_R1 and BY_R2 were 
very close, 0.002147 and 0.002145 respectively, followed 
by BY_P (0.002102) and BY_C (0.00208; Table 1). The HO 
of BY_R2 was 0.302681, which was the highest among 
the four populations, followed by BY_R1 (0.296937) and 
BY_C (0.27341), and BY_P was the lowest, which was 
0.266464 (Table 1). HE was consistent with Pi that BY_R1 
was the highest and BY_C was the lowest, which were 
0.315364 and 0.305219 respectively (Table 1).

Analysis of genetic characterisation and 
estimation of effective population size (Ne)

PCA and population structure analysis were performed 
using GCTA 64 and ADMIXTURE respectively. In the 
PCA, BY_C was completely separated from the other 
three populations, although the three groups also had 
some separation (Figure  1a). LD decay can reflect the 
genetic diversity of the population. Here, the LD decay 
map measured by r2 over a distance between SNPs in 
four BY populations. The results showed that LD decay 
lines of BY_R1, BY_R2 and BY_P almost overlapped, 
and the smallest values of average r2 were apparent in 
BY_C, indicating the highest genetic diversity of BY_C. 
(Figure  1b). Estimates of effective population size (Ne) 
for the three BY populations are depicted in Figure 1c, 
a declining trend of Ne across generations was observed. 
For all generations, BY_C had larger Ne, followed by 
BY_R2, and the Ne of BY_P was the smallest (Figure 1c). 
The Ne of the three BY populations in 2019 at 98 genera-
tions ago were predicted to be 704 (BY_C), 595 (BY_R2), 
and 558 (BY_P). The Ne 13 generations ago had reduced 
to 194 (BY_C), 176 (BY_R2), and 171 (BY_P).

The ADMIXTURE program was run for K values 
from 2 to 6. The lowest cross-validation error was found 
at K = 2 and represented the number of ancestors in BY 

NT (t) =
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TA B L E  1   Genetic diversity measures in BY_R1, BY_R2, BY_P, 
and BY_C

Population Pi HO HE

BY_R1 0.002147036 0.2969368 0.3153638

BY_R2 0.002144846 0.3026812 0.3148766

BY_P 0.002102034 0.2664642 0.3083294

BY_C 0.002079772 0.2734101 0.3052186

Note: Pi, HO, and HE represent the nucleotide diversity, observed 
heterozygosity, and expected heterozygosity. BY_R1, BY_R2, BY_P, and 
BY_C represent a random conservation BY population in 2010, a random 
conservation BY population in 2019, a pedigree conservation BY population 
in 2019, and a commercial BY population respectively.
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populations (Figure 2a). When K = 2, an obvious sepa-
ration was observed between the conservation and com-
mercial BY populations (Figure 2b).

ROH detection

A total of 27 916 ROHs were identified across the four 
BY populations. Figure 3a,b show the number of ROHs 
per individual based on the mean length and total length 
of ROHs respectively. Figure  3c,d illustrate the mean 
and the total length of ROHs of the four BY populations 
respectively. BY_P was the highest in both the mean 
and the total length of ROHs in the four populations, 
followed BY_C, and BY_R1 was the lowest. The aver-
age number of ROHs per individual ranged from 213.23 
(BY_P) to 145.55 (BY_R1; Table 2). The average length of 
ROH of each population ranged from 0.451 Mb (BY_P) 
to 0.382 Mb (BY_R1; Table  2). The results of the per-
centages of ROHs in the five length categories of 0–0.5, 
0.5–1, 1–2, 2–4, and >4 Mb in each population showed 
that most ROHs were shorter than 4 Mb (Figure  4a). 
Compared with BY_R1 and BY_R2, BY_C and BY_P had 
a higher proportion of long ROHs (>4 Mb; Figure 4a). 

The frequency distribution and average length of ROHs 
on each chromosome in the four populations were also 
analysed (Figure 4b,c). In the four populations, the per-
centages on each chromosome tended to be similar, but 
the average length of ROHs of some individual chro-
mosomes showed large differences (Figure  4b,c). On 
chromosome 16, the average length of ROHs in BY_C, 
BY_R1, and BY_R2 was close to 0.2 Mb, but ROHs were 
not identified on this chromosome in BY_P (Figure 4c). 
In addition, the highest percentage was observed on 
chromosome 1 in all four populations, while the lowest 
percentage of ROH number was on chromosome 30 in 
BY_R1 and chromosome 31 in BY_C, BY_P, and BY_R2 
(Figure 4b).

Inbreeding coefficient estimates based on 
genomic data and pedigree

In this study, the genomic inbreeding coefficients (FHOM, 
FGRM, FUNI, and FROH) of the four BY populations and 
pedigree-based inbreeding coefficient (FPED) of the pedi-
gree conservation population were calculated (Table  3 
and Figure 5a). The FPED of BY_P was 0.0389. The FROH 

F I G U R E  1   Principal component analysis (PCA), linkage disequilibrium (LD) decay analysis, and estimates of effective population sizes 
(Ne) in BY_R, BY_P, and BY_C. (a) PCA analyses of BY_R, BY_P, and BY_C. (b) LD decay map measured BY r2 over distance between SNPs in 
BY_R, BY_P, and BY_C. (c) Estimates of Ne of BY_R, BY_P, and BY_C for 100–10 ancestral generations ago

F I G U R E  2   Population genetic analysis in BY_R, BY_P, and BY_C. (a) Cross-validation results. (b) Population differentiation analysis in 
BY_R, BY_P, and BY_C BY ADMIXTURE
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of BY_R1 (0.0579) was the lowest, followed by BY_C 
(0.0743) and BY_R2 (0.0798), and the highest was BY_P 
(0.1). The inbreeding coefficient of each chromosome was 
calculated according to the length of ROH on different 
chromosomes. The inbreeding degree of chromosome 32 
was found to be the highest, and that of chromosomes 
16 and 31 was the lowest among the four BY populations 
(Figure 5b).

The pairwise correlations among five kinds of in-
breeding coefficients of BY_P are shown in Figure  6. 

F I G U R E  3   Number of runs of homozygosity (ROHs) and the length of genome (mb) covered by ROH segments per individual or 
population respectively. (a) Number of ROHs per individual based on the mean length of ROH segments. (b) Number of ROHs per individual 
based on the sum length of ROH segments. (c) Mean length of ROHs of BY_R1, BY_R2, BY_C, and BY_P. (d) Sum length of ROHs of BY_R1, 
BY_R2, BY_C, and BY_P

TA B L E  2   Mean number and mean length of ROHs of BY_R1, 
BY_R2, BY_C, and BY_P

Population
ROH number 
mean ± SD

ROH length, Mb 
mean ± SD

BY_R1 145.55 ± 50.85 0.382 ± 0.234

BY_R2 177.53 ± 31.05 0.432 ± 0.281

BY_P 213.28 ± 46.66 0.451 ± 0.325

BY_C 161.55 ± 34.96 0.442 ± 0.302
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Among all pairwise correlations, the highest correla-
tion was 0.97 between FUNI and FHOM, while the lowest 
correlation was 0.26 between FHOM and FPED. The cor-
relations of FPED with FROH and FGRM was 0.57 and 0.58 
respectively, which were significantly higher than those 
with FHOM (0.26) and FUNI (0.39; Figure 6).

Detection of ROH islands and functional 
annotation of genes

The incidence of ROH fragments across the genome was 
presented as a Manhattan plot to figure out the differ-
ence percentage of occurrence of SNPs in ROH against 
the position of the SNPs along all the autosomes among 
the three BY populations (Figure 7). The associated genes 
involved in the top 10 ROH islands in each population 
were annotated based on the autosomal chicken gene list 
(Gallus_gallus.GRCg6a.101.gff3; Table  S1). The islands 
located on Chr8: 12.01–12.32 Mb, which harboured cell 
division cycle 14A (CDC14A), diphthamide biosynthesis 
5 (DPH5), exostosin-like glycosyltransferase 2 (EXTL2), 
and solute carrier family 30 member 7 (SLC30A7), 
were common to BY_R1, BY_P, and BY_C. Several 
population-specific ROH islands were found. In BY_R2, 
the specific ROH islands were located on Chr1: 85.25–
85.46  Mb and harboured G protein-coupled receptor 

161 (GPR161), ST3 β-galactoside α-2,3-sialyltransferase 6 
(ST3GAL6), and collagen type VIII α 1 chain (COL8A1; 
Table  S1). The BY_C population-specific ROH islands 
were mainly located on Chr2: 8.67–8.76 Mb and Chr27: 
7.81–7.92 Mb, which harboured 17 genes (Table S1). The 
other islands and the genes they harboured are listed in 
Table S1.

DISCUSSION

BY is a famous local chicken breed in China. It has 
been included in the national breed conservation sys-
tem because of its unique and varied characteristics 
and sharp decline in quantity. Based on genomic infor-
mation, the population genetic diversity and inbreed-
ing coefficient of two conservation BY populations 
and one commercial BY population were analysed in 
this study. At the same time, the ROH information was 
used to identify genes related to germplasm charac-
teristics and reveal the molecular mechanism of trait 
formation.

The genomic inbreeding coefficients of three BY 
conservation populations (BY_R, BY_P, and BY_C) 
were calculated, and the correlation between genomic 
inbreeding coefficients (FHOM, FROH, FGRM, and FUNI) 
and FPED was analysed in BY_P. The results showed 

F I G U R E  4   Percentages of runs of homozygosity (ROHs) in different length categories and the distribution of ROHs per chromosome in 
BY_R1, BY_R2, BY_C, and BY_P. (a) Percentages of ROH in different length categories in BY_R1, BY_R2, BY_C, and BY_P. (b) Percentages 
of ROH per chromosome in BY_R1, BY_R2, BY_C, and BY_P. (c) Mean length (mb) of ROHs per chromosome in BY_R1, BY_R2, BY_C, and 
BY_P

TA B L E  3   Inbreeding coefficients of BY_R1, BY_R2, BY_C, and BY_P

Population FHOM mean ± SD FGRM mean ± SD FUNI mean ± SD FROH mean ± SD FPED

BY_R1 0.0784 ± 0.0459 0.0859 ± 0.0408 0.0806 ± 0.0408 0.0579 ± 0.0284 –

BY_R2 0.0605 ± 0.0398 0.0662 ± 0.0347 0.0637 ± 0.0354 0.0798 ± 0.0171 –

BY_P 0.1729 ± 0.0587 0.1368 ± 0.0433 0.1587 ± 0.0479 0.1000 ± 0.0292 0.0389 ± 0.0333

BY_C 0.1514 ± 0.0282 0.2690 ± 0.0315 0.1924 ± 0.0274 0.0743 ± 0.0177 –

Note: FPED represents the inbreeding coefficient calculated by pedigree records. FHOM represents the inbreeding coefficient for an individual. FGRM represents 
genomic SNP-by-SNP inbreeding coefficient. FUNI and FROH represent the genomic inbreeding estimates based on the correlation between uniting gametes and 
ROHs.
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F I G U R E  5   FROH of each population and the distribution of FROH on each chromosome in BY_R1, BY_R2, BY_C, and BY_P. (a) FROH of 
BY_R1, BY_R2, BY_C, and BY_P. (b) Distribution of FROH on each chromosome in BY_R1, BY_R2, BY_C, and BY_P

F I G U R E  6   Pairwise correlations among five kinds of inbreeding coefficients of BY_P. FPED represents the inbreeding coefficient calculated 
BY pedigree records. FHOM represents the inbreeding coefficient for an individual. FGRM represents genomic SNP-by-SNP inbreeding 
coefficient. FUNI and FROH represent the genomic inbreeding estimates based on the correlation between uniting gametes and ROHs. *p < 0.05, 
**p < 0.01, ***p < 0.001

FPED

0.
02

0.
06

0.
10

0.
14

0.
10

0.
15

0.
20

0.00 0.02 0.04 0.06 0.08

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

0.57
***

FROH

0.26

0.55
***

FHOM

0.10 0.15 0.20 0.25 0.30

0.10 0.15 0.20

0.58
***

0.69
***

0.80
***

FGRM

0.
00

0.
02

0.
04

0.
06

0.
08

0.39
*

0.61
***

0.
10

0.
15

0.
20

0.
25

0.
30

0.97
***

0.90
***

0.10 0.15 0.20 0.25

0.
10

0.
15

0.
20

0.
25

FUNI

 13652052, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/age.13286 by Institute of A

nim
al Science,, W

iley O
nline L

ibrary on [07/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  163ESTIMATES OF INBREEDING AND CANDIDATE REGIONS IN CHICKEN

that FPED was lower than the genomic inbreeding coef-
ficient, which was consistent with the relevant research 
results for pigs and cattle (Doekes et al., 2020; Szmatoła 
et al., 2020) The correlations of FPED with FROH (0.57) and 
FGRM (0.58) were higher than those of FPED with FHOM 
(0.26) and FUNI (0.39; Figure 6), indicating that FROH and 
FGRM were relatively accurate for evaluating population 
inbreeding, at least in chickens. It has been reported that 
FROH provides the closest estimates to true inbreeding 
(Forutan et al., 2018; Keller et al., 2011). Moreover, the 
correlations between FPED and FROH were moderate to 
high (0.62–0.75) (Ferenčaković et al., 2013; Marras et al., 
2015), so FROH was considered an effective approach for 
evaluating the inbreeding degree of an individual.

The conservation efficiency was affected by the con-
servation method and the size of the conservation pop-
ulations. For the BY conservation populations, BY_P 
maintained 35 families every year, and the ratio of males 
to females was 1:3. For the BY_R, the number of breed-
ing roosters and hens was approximately 100 and 400 re-
spectively. Therefore, the population size of BY_R was 
basically three times that of BY_P. The ADMIXTURE 
program analysis did not find an obvious separation be-
tween BY_R and BY_P (Figure 2b), indicating that the 

two conservation populations maintained basically the 
same genetic information. However, the Ne and FROH of 
the BY_R2 and BY_P were quite different (Figures 1c and 
5a). The results clearly showed that BY_R2 maintained a 
larger Ne and a lower inbreeding coefficient (Figures 1c 
and 5a). These results were inconsistent with the con-
clusion that the pedigree systems were more effective in 
monitoring inbreeding (Enrique et al., 2016). This might 
be due to two main reasons. One reason may be that the 
number of chickens used for BY_P was less than that for 
BY_R, while the other may be that the ratio of male to 
female in each family was only 1:3. This suggested that 
not only the number of families in BY_P should be in-
creased and that the ratio of males to females should be 
increased to provide more effective protection for BY. 
Nevertheless, although the Ne of BY_R2 was larger than 
that of BY_P, the reduction rate of the Ne of BY_P was 
slower than that of BY_R2, which reflects the advantage 
of pedigree conservation in maintaining the content of 
Ne.

The situation of BY populations in the past 10 years 
was analysed using genomic information to monitor the 
conservation effect of the random conservation BY popu-
lation. The results of ROH detection showed that both the 

F I G U R E  7   Genome-wide frequency of SNP occurrence into runs of homozygosity (ROHs) for each BY population. The red line was the 
threshold to define the ROH islands
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average length and total length of ROHs in BY_R1 were 
lower than those in BY_R2 (Figure 3c,d), indicating that 
the inbreeding degree of BY populations was higher than 
that 10 years ago. The FROH values of BY_R1 and BY_R2 
were calculated, and the FROH of BY_R1 (0.0579) was 
found to be lower than that of BY_R2 (0.0798), indicating 
that the inbreeding degree of the conservation BY popu-
lation increased during the last decade (Table 3). In addi-
tion, BY_R1 and BY_R2 had very similar percentages of 
ROHs in the five length categories 0–0.5, 0.5–1, 1–2, 2–4, 
and >4 Mb (Figure 4a). However, differences were found 
in the average length or distribution frequency of ROHs 
on chromosomes (Figure 4b,c). These results showed that 
in addition to the increase in the inbreeding degree, the 
genetic information of BY populations also changed in 
the last decade. Long-term feeding in different environ-
ments and artificial selection may change genetic infor-
mation and population genetic structure (Wang,  2014). 
In this study, the conservation populations (BY_R and 
BY_P) were raised in the National BY Conservation 
Farm for more than 30 years. Population genetic analysis 
showed that BY_R and BY_P were significantly separated 
from BY_C, indicating potential genetic differentiation 
(Figure 2). Compared with BY_R, the number of ROHs 
with the lengths exceeding 4 Mb in BY_C was relatively 
large, but the difference between BY_C and BY_P was 
small (Figure 4a). In addition, the average length of ROHs 
on different chromosomes in BY_C was also different 
from that in the two conservation populations. The dif-
ference between BY_C and BY_P was mainly reflected on 
chromosome 15 and chromosome 16, and the difference 
between BY_C and BY_R1 was reflected on chromosome 
30 and chromosome 31 (Figure 4c). In addition, the aver-
age length of ROHs on different chromosomes of BY_R1 
is around 0.4 Mb, while the average size of ROHs on some 
chromosomes of BY_C, BY_P and BY_R2 is longer, and 
some are more than 0.6 Mb. These results indicate that 
BY_R1 has not undergone strong selection compared 
with other BY populations (Figure 4c).

ROH islands were generated from natural or arti-
ficial selection and could be used to identify selection 
signatures. In this study, ROH islands in different con-
servation populations and commercial populations were 
identified to explain the molecular mechanism of trait 
changes caused by inbreeding or artificial selection in 
the process of breeding conservation. The percentage of 
occurrence of SNPs in ROH against the positions of the 
SNPs was compared along all the autosomes among the 
four populations (Figure 7). The islands located on Chr8: 
12.01–12.32  Mb, which harboured CDC14A, EXTL2, 
DPH5 and SLC30A7, were common to BY_R1, BY_P, 
and BY_C. BY_R1 and BY_R2 shared a common ROH 
island located on Chr6: 19.19–19.30  Mb, but no genes 
were found. Several population-specific ROH islands 
exist. In BY_R2, the specific ROH islands were located 
on Chr1: 85.25–85.46  Mb, which harboured GPR161, 

ST3GAL6, and COL8A1. In BY_P, multiple ROH islands 
were identified in Chr5: 38.43–38.90 Mb, involving JDP2 
and TGFB3. BY_C population-specific ROH islands were 
mainly located on Chr2: 8.67–8.76 Mb and Chr27: 7.81–
7.92 Mb, which harboured 17 genes, several of which were 
related to pathogenic infection and immunity, such as 
DNAJB6 (Cao et al., 2019), CCR10 (Homey et al., 2002), 
BECN1 (Cui et al., 2016), and IFI35 (Xiahou et al., 2017).

In this study, genome resequencing data were used 
to characterise the pattern of LD, estimate the effective 
population sizes, and investigate the occurrence and dis-
tribution of ROHs in three BY populations. These find-
ings contribute to the understanding of genetic diversity, 
population demography, and the underlying genetic 
mechanism of traits and may help improve breeding and 
conservation strategies for BY populations.
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