
fgene-12-629966 April 23, 2021 Time: 16:1 # 1

ORIGINAL RESEARCH
published: 29 April 2021

doi: 10.3389/fgene.2021.629966

Edited by:
Jiuzhou Song,

University of Maryland, College Park,
United States

Reviewed by:
Filippo Biscarini,

National Research Council (CNR), Italy
Xiaozhu Wang,

Auburn University, United States

*Correspondence:
Qishan Wang

wangqishan@zju.edu.cn;
wangqishan@sjtu.edu.cn

Yuchun Pan
panyuchun1963@aliyun.com

Specialty section:
This article was submitted to

Livestock Genomics,
a section of the journal

Frontiers in Genetics

Received: 16 November 2020
Accepted: 08 March 2021

Published: 29 April 2021

Citation:
Fang Y, Hao X, Xu Z, Sun H,

Zhao Q, Cao R, Zhang Z, Ma P, Sun Y,
Qi Z, Wei Q, Wang Q and Pan Y
(2021) Genome-Wide Detection

of Runs of Homozygosity in Laiwu
Pigs Revealed by Sequencing Data.

Front. Genet. 12:629966.
doi: 10.3389/fgene.2021.629966

Genome-Wide Detection of Runs of
Homozygosity in Laiwu Pigs
Revealed by Sequencing Data
Yifei Fang1, Xinyu Hao1, Zhong Xu1, Hao Sun1, Qingbo Zhao1, Rui Cao1, Zhe Zhang2,
Peipei Ma1, Yanxiao Sun3, Zengmin Qi3, Qingkui Wei3, Qishan Wang2* and Yuchun Pan2*

1 Department of Animal Science, School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai, China,
2 Department of Animal Science, College of Animal Sciences, Zhejiang University, Hangzhou, China, 3 Breeding Company of
Pigs, Laiwu, China

Laiwu pigs, distinguished by their high intramuscular fat of 7–9%, is an indigenous pig
breed of China, and recent studies also found that Laiwu pigs showed high resistance
to Porcine circovirus type 2. However, with the introduction of commercial varieties,
the population of Laiwu pigs has declined, and some lineages have disappeared, which
could result in inbreeding. Runs of homozygosity (ROH) can be used as a good measure
of individual inbreeding status and is also normally used to detect selection signatures
so as to map the candidate genes associated with economically important traits. In
this study, we used data from Genotyping by Genome Reducing and Sequencing to
investigate the number, length, coverage, and distribution patterns of ROH in 93 Chinese
Laiwu pigs and identified genomic regions with a high ROH frequency. The average
inbreeding coefficient calculated by pedigree was 0.021, whereas that estimated by all
detected ROH segments was 0.133. Covering 13.4% of the whole genome, a total
of 7,508 ROH segments longer than 1 Mb were detected, whose average length was
3.76 Mb, and short segments (1–5 Mb) dominated. For individuals, the coverage was in
the range between 0.56 and 36.86%. For chromosomes, SSC6 had the largest number
(n = 688), and the number of ROH in SSC12 was the lowest (n = 215). Thirteen ROH
islands were detected in our study, and 86 genes were found within those regions. Some
of these genes were correlated with economically important traits, such as meat quality
(ECI1, LRP12, NDUFA4L2, GIL1, and LYZ), immunity capacity (IL23A, STAT2, STAT6,
TBK1, IFNG, and ITH2), production (DCSTAMP, RDH16, and GDF11), and reproduction
(ODF1 and CDK2). A total of six significant Gene Ontology terms and nine significant
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified, most
of which were correlated with disease resistance and biosynthesis processes, and one
KEGG pathway was related to lipid metabolism. In addition, we aligned all of the ROH
islands to the pig quantitative trait loci (QTL) database and finally found eight QTL related
to the intramuscular fat trait. These results may help us understand the characteristics
of Laiwu pigs and provide insight for future breeding strategies.
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INTRODUCTION

Laiwu pigs, a precious Chinese indigenous pig breed, are mainly
distributed in Shandong Province, China. They are distinguished
by a good meat quality, especially a high intramuscular fat (IMF)
content of 9–12%, compared with the major commercial lean pig
breeds (Yang et al., 2015). Recent studies have also found that
Laiwu pigs showed high resistance to certain infectious diseases,
such as Porcine circovirus type 2 (PCV2) (Li et al., 2016). These
breed-specific features of Laiwu pigs are the consequences of
natural and human-mediated selection. Therefore, detection of
selection signatures across Laiwu pigs’ genome may help us to
reveal the genetic mechanism underlying the process of IMF
deposition, as well as the genes involved in resistance to PCV2.

In addition, during the last 40 years, with the introduction
of western pig breeds such as Duroc and Large White pigs,
the Laiwu pig population has shrunk, and some lineages
have disappeared. This caused a decrease in both the
nucleotide diversity and additive genetic variance in the
Laiwu pig populations and led to inbreeding, which can
undermine fitness traits due to the expression of highly
homozygous detrimental recessive alleles (Howard et al.,
2017). Thus, monitoring the genetic inbreeding levels within
populations is of great importance in the genetic protection and
improvement of Laiwu pigs.

The classical method for estimating the inbreeding level of a
population is by calculating the inbreeding coefficient through
pedigree-based information (Wright, 1922), but pedigree errors
are not rare in livestock populations (Ron et al., 1996). Therefore,
several more efficient alternative methods based on genome-
wide sequencing data have been applied to calculate inbreeding
coefficients, including ROH-based inbreeding coefficients (FROH)
(McQuillan et al., 2008), which has recently become a
popular method and has been successfully used in studying
genomic inbreeding for various kinds of livestock populations
(Ferencakovic et al., 2011; Szmatoła et al., 2019; Zhan et al.,
2020). Runs of homozygosity (ROH) are defined as continuous
homozygous DNA segments in diploid genomes, which are
a result of the inheritance of identical haplotypes under the
condition that both parents descended from a common ancestor
(Gibson et al., 2006). Inbreeding is one of the main reasons
for the formation of ROH (Curik et al., 2014), indicating that
ROH can be used as a good measure of individual inbreeding
status. Meanwhile, it has been found that both ROH number
and length can provide insights into genome-wide inbreeding
levels (Purfield et al., 2012), and the length of the identified
ROH segments could also reflect the number of generations since
inbreeding occurred (McQuillan et al., 2008).

In addition to inbreeding, other population events can
also result in the formation of ROH, including genetic drift,
population bottleneck, and selection (Frankham, 1996). Thus,
the population history, structure, and germplasm features could
be revealed by the identification and characterization of ROH
(MacLeod et al., 2013; Peripolli et al., 2017). It has been found
that the distribution pattern of ROH is not random across
a genome (Bosse et al., 2012), and genomic regions with the
highest frequency of ROH are named “ROH islands” or “ROH

hotspots” (Nothnagel et al., 2010; Pemberton et al., 2012a).
ROH islands are observed to be shared among individuals,
which is probably a ramification of selection, as genomic
regions harboring selection signatures usually overlap with ROH
islands (Zhang et al., 2015). As positive directional selection
can further reduce genetic diversity and increase homozygosity,
thus contributing to the formation of ROH islands, genomic
regions under selection are more likely to overlap with ROH
islands than the rest of the genome (Pemberton et al., 2012a).
Therefore, the analysis of ROH islands is commonly used to
reveal putative genomic regions under selection and to disclose
the genetic background of economically important traits among
livestock populations (Zhang et al., 2015; Xiao et al., 2017;
Onzima et al., 2018). In recent years, ROH detection has been
used commonly in pigs, but few studies on ROH analysis of Laiwu
pigs can be found.

The purposes of this study were to detect and characterize the
ROH patterns in Laiwu pig populations using the data obtained
by the Genotyping by Genome Reducing and Sequencing
(GGRS) (Chen et al., 2013) method, as well as to investigate
ROH islands that could contain candidate genes related to
the characterized traits. Furthermore, we aimed to compare
inbreeding coefficients estimated using ROH, pedigree, and
single-nucleotide polymorphism (SNP) information.

MATERIALS AND METHODS

DNA Sampling and Sequencing
According to the genealogical records, 93 unrelated or distantly
related Laiwu pigs (including 17 male pigs and 76 female pigs)
were selected from the National Conservation Farm for Laiwu
Pigs in Shandong Province, China. DNA samples were extracted
from their ear tissues with commercial kits (Lifefeng Biotech,
Co., Ltd., Shanghai, China) and then genotyped using the GGRS
method (Chen et al., 2013).

The GGRS method includes the following steps: First,
the DNA sequencing libraries were prepared. Next, they
were sequenced using paired-end (2 × 150 bp) sequencing
methodology with an Illumina HiSeq2000 sequencer. Quality
control for this procedure was conducted by filtering raw reads,
as reads with base average quality scores less than 30 (an error
rate of base calling of 0.1%) were excluded using NGS QC
Toolkit v2.3 (Patel and Jain, 2012). The other remaining reads
were then aligned to the pig genome reference (Sscrofa11.1) by
BWA software (Li and Durbin, 2010). Aligned reads were used
for further SNP identification and genotyping, SAMTOOLS v1.4
was used with default settings in this procedure, and missing
SNP genotypes were imputed with BEAGLE v4.1 (Browning
and Browning, 2016). After imputation, quality control was
adopted again by applying the following criteria: all SNPs
were detected in more than 30% of the samples and had
no less than six-fold sequencing depth on average, as well
as a minor allele frequency (MAF) ≥5%. In addition, reads
mapped to the mitochondrial and sex chromosomes were
excluded due to the high rates of discordance during the
process of inheritance.
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Estimation of Genetic Diversity
We calculated the observed heterozygosity (Ho) and expected
heterozygosity (He) by PLINK v1.9 (Purcell et al., 2007).
According to the classical theory of quantitative genetics
proposed by Falconer D.S., if a population always keeps the
same amounts of offspring for each family during the process of
breed conservation, the Ne can be estimated using the following
formula (Falconer, 1962):

Ne =
16NmNf

Nf + Nm
(1)

in which Ne is the effective population size, and Nm and
Nf are the number of male and female animals in this
population, respectively.

Runs of Homozygosity Detection
ROH for each animal were estimated using “- homozyg” of PLINK
v1.9 (Purcell et al., 2007) with the default parameter: –homozyg-
snp 100, –homozyg-window-snp 50, –homozyg-window-missing
5, and so on. We used a sliding window consisting of an
appointed number of SNPs to scan through each sample’s whole
genome to locate the homozygous regions. One Mb was set as
an ROH length threshold to exclude short homozygous segments
induced by LD effects. Other criteria applied for the identification
of ROH were as follows (Peripolli et al., 2018): (1) 50 SNPs were
contained in each sliding window; (2) an ROH consisted of no
less than 100 consecutive SNPs; (3) the density should be higher
than one SNP per 50 kb; (4) SNPs with missing genotypes less
than five and with a heterozygous genotype less than one were
allowed in an ROH due to genotyping error. All homozygous
segments filtered were classified into three length classes: 1–5,
5–10, and >10 Mb, identified as ROH1−5 Mb, ROH5−10 Mb, and
ROH>10 Mb, respectively.

Inbreeding Coefficients
We used several different methods to calculate inbreeding
coefficients according to the pedigree and genomic information,
and these inbreeding coefficients were further compared
by Pearson’s correlation analysis. The R package “pedigree”
was used to estimate the inbreeding coefficients based on
pedigree (FPED) for all individuals (Coster and Coster, 2010).
Inbreeding coefficients were calculated according to the genomic
information, which includes those estimated from ROH (FROH)
(McQuillan et al., 2008) and from SNP information (FSNP). FROH
was calculated according to the following formula:

FROH =
LROH

Lauto
(2)

where LROH is defined as the total length of the genome covered
by all ROH segments for each individual, and Lauto is the length
of the sequenced genome, which equaled 2.26 Gb in this research.
Following the study of Xu et al. (2019), we divided FROH into
four types of estimates based on the length of the observed
ROH: FROH_all (>1 Mb), FROH1−5 Mb (1–5 Mb), FROH5−10 Mb
(5–10 Mb), and FROH>10 Mb (>10 Mb). It has been reported that
a lower limit of ROH length of 1 Mb has a genetic distance of 1 cM

approximately (Zanella et al., 2016), which allows us to use the
FROH _all (>1 Mb) to trace the ancestral inbreeding events that
occurred 50 generations ago. Similarly, the corresponding spans
for the last three FROH estimates are 10 to 50 generations, 5 to 10
generations, and 5 generations.

GCTA software was used to obtain the three estimates of
inbreeding coefficients based on SNP (FSNP1, FSNP2, and FSNP3 )
with the option “-ibc” (Yang et al., 2011): they were derived based
on the variance of the additive genotypes (VanRaden, 2008), the
degree of homozygous excess (Wright, 1948), and the correlation
between the uniting gametes (Wright, 1922). Discussed hereafter
are the formulae used:

FSNP1 =
1
n

∑n

i=1

(Yi − 2pi)2

hi
− 1 (3)

FSNP2 = 1−
1
n

∑n

i=1

Yi(2− Yi)

hi
(4)

FSNP3 =
1
n

∑n

i=1

Y2
I − Yi(1+ 2pi)+ 2p2

i
hi

(5)

In which Yi is the amount of the reference allele copies at the i-th
SNP locus, pi refers to the frequency of the allele at the i-th SNP
locus for this individual, hi is calculated as: hi = 2pi(1− pi) and
n is the amount of SNPs.

Detection of Runs of Homozygosity
Islands and Candidate Genes
To detect the ROH islands, we calculated the frequency of
occurrences within the ROH regions of each SNP across the
individuals and made a Manhattan figure by plotting these values
in conformity with the position of each SNP on chromosomes.
The SNPs in the top 1% of the frequency of occurrence were
selected as a hint of a potential ROH island (Pemberton et al.,
2012b). A chain of adjoining selected SNPs can merge to integrate
an ROH island. Genes that were fully or partially contained
by these ROH islands were identified and annotated using the
University of California, Santa Cruz Genome Browser1. Further
analysis of gene functions was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and Gene
Ontology (GO) enrichment analyses by DAVID 6.82, and terms
with a p-value greater than 0.05 were filtered.

RESULTS

DNA Sequencing and Genetic Diversity
A total of 369 million clean reads were obtained, and each
individual pig had approximately 4.75 million clean reads. The
average sequencing coverage of the entire genome was 2.5%,
and the average sequencing depth was 8×. With the invalid
data filtered out, we finally obtained 182,021 informative SNPs.
The sequenced SNPs were distributed evenly along the genome

1http://genome.ucsc.edu/
2https://david.ncifcrf.gov/
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FIGURE 1 | Distribution of the sequenced SNPs on all chromosomes. The y-axis represents chromosomes, and the x-axis represents the corresponding
chromosomal position (Mb). Different colors of each 200-kb genome block denote the number of SNPs.

(Figure 1), and the average density was approximately 1 SNP
per 10.3 Kb. We mapped these SNPs to the Ensemble pig gene
annotation set (Ensemble release 92) and found that 91,064 SNPs
were within gene regions, including 3,218 SNPs within exons
and 9,817 within untranslated regions. The result shows that
approximately 50% SNPs were within gene regions, but only 1.7%
of SNPs were within exons. This result is unexpected. GGRS
libraries were not designed to target polymorphisms within
genes, so this proportion seems relatively high. Similar results
have been reported in Jinhua pigs (Xu et al., 2019). The average
Ho and He of this Laiwu pig population were 0.27 and 0.38,
respectively. The value of Ho is lower than the result reported
before (0.284), whereas He is higher (0.281) (Wang et al., 2021).
In addition, the Ne of this population was 52.6, which suggests it
is quite likely that inbreeding has happened.

Inbreeding Coefficients Estimate
The inbreeding coefficient of each individual estimation based on
pedigree, ROH of different lengths, and the SNPs are shown in
Table 1. The average inbreeding coefficient estimates obtained
from different lengths of ROH segments follow this order,
FROH>10 Mb < FROH5−10 Mb < FROH1−5 Mb. Compared with
them, FPED, the average inbreeding coefficient calculated from
the pedigree, was the lowest (0.021).

The correlation coefficients among all of the results estimated
by different methods are shown in Table 2. The correlation

between inbreeding coefficients estimated by the pedigree and
the genomic data was weak (varied from −0.188 to 0.055). The
correlation among all of the estimates calculated based on the
ROH information was strong. FROH_ was strongly correlated with
the other ROH-based estimates, and the correlation coefficients
between FROH_all and FROH1−5 Mb were the highest (0.910),
whereas the weakest correlation among the ROH-based estimates
was between F5−10 Mb and F>10 Mb, which was 0.593. The
correlation among all the values calculated by the SNPs was

TABLE 1 | Descriptive statistics for the eight types of inbreeding coefficient
estimates calculated from the pedigree (FPED), the identified ROH (FROH_all,
FROH1−5 Mb, FROH5−10 Mb, and FROH >10 Mb), and the SNP information (FSNP1,
FSNP2, and FSNP3).

Inbreeding coefficient Mean Min Max SD

FPED 0.021 0.000 0.250 0.040

FROH1−5 Mb 0.065 0.003 0.123 0.027

FROH5−10 Mb 0.039 0.002 0.109 0.023

FROH>10 Mb 0.038 0.005 0.157 0.028

FROH−all 0.133 0.006 0.369 0.071

FSNP1 0.276 0.052 0.792 0.129

FSNP2 0.276 0.230 0.513 0.276

FSNP3 0.154 0.141 0.554 0.123

Min, minimum; Max, maximum; SD, standard deviation.
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TABLE 2 | Correlation coefficients (lower panel) among eight types of inbreeding coefficient estimates (FPED, FROH1−5 Mb, FROH5−10 Mb, FROH > 10 Mb, FROH_all, FSNP1,
FSNP2, and FSNP3).

Correlation FPED FROH1−5 Mb FROH5−10 Mb FROH > 10 Mb FROH_all FSNP1 FSNP2 FSNP3

FPED 1

FROH1−5 Mb 0.029 1

FROH5−10 Mb −0.095 0.701** 1

FROH>10 Mb 0.035 0.645** 0.593** 1

FROH_all 0.055 0.910** 0.810** 0.870** 1

FSNP1 −0.051 0.106 0.170 0.108 0.129 1

FSNP2 −0.188 0.447** 0.364** 0.325** 0.422** 0.508** 1

FSNP3 −0.144 0.335** 0.317 0.260 0.332** 0.842** 0.892** 1

**Significantly different p < 0.01.

strong and statistically significant. However, the correlations
between the estimates based on the SNPs and ROH data
were relatively strong, except for FSNP2, which was significantly
correlated with all of the ROH-based inbreeding coefficients.

Genomic Distribution of Runs of
Homozygosity
In our study, 7,508 ROH segments were found in 93 individuals,
with an average length of 3.76 Mb. The segment with the longest
segment (45.15 Mb) was SSC15, which contains 978 SNPs. In
contrast, the shortest segment (1 Mb) only consisted of 265
SNPs (Figure 2A). In total, all ROH segments covered 13.4% of
the entire genome.

The statistics of ROH number and length classified by ROH
length are shown in Table 3. Among the three classes of ROH
segments, the majority were short ROH segments (1–5 Mb),
accounting for 78.46% of the total number of ROH segments,
and it also had the highest genome coverage of 48.43% of the total
length of all ROH segments. ROH5−10 Mb had a lower quantity of
1,197 (15.94% of the total ROH number), and it made up 28.81%
of the total ROH length. The number of long ROH segments was
the lowest, only 5.57%, but it still had a coverage ratio of 22.76%.

For individuals, high variability was observed in both the
number of ROH segments and the genome coverage; the former
varied from 6 to 166, and the latter varied from 0.56 to 36.86%.
For chromosomes, the number and coverage of ROH on each
chromosome are shown in Figure 2B. These results suggest that
SSC6 has the highest number of ROH segments of 688, and its
coverage is 16.078%. In contrast, ROH segments in SSC12 have
the lowest number of 215, and its coverage ratio is also the lowest
(8.56%). SSC4 has the highest coverage ratio of 19.95%.

Detection of Runs of Homozygosity
Islands
To identify the genomic regions with high ROH frequency, we
first calculated the frequency of SNP occurrence in the ROH
and selected the top 1% among those with the highest frequency
(present in at least 33.3% of the samples) (Figure 3). There
were four adjacent SNPs on SSC4 at ∼35 Mb with the highest
frequency of 60.2%, which is similar to the findings of Wang
et al. (2021), but no gene has been mapped in this region
according to the reference genome (Sscrofa11.1). Neighboring

selected SNPs that constitute regions with the highest frequency
of ROH are called ROH islands. The genomic regions of the ROH
islands detected in Laiwu pigs, distributed unevenly on different
chromosomes with lengths varying from 0.031 to 14.4 Mb, are
presented in Table 4. The longest ROH island was found to be
on SSC6 and consisted of 320 contiguous SNPs, and the longest
ROH cod-spot was on SSC4, containing 1,177 contagious SNPs.

Candidate Genes Within Runs of
Homozygosity Islands
Thirteen ROH islands were detected in our study, and there
were 86 genes within those regions according to the University
of California, Santa Cruz database (Supplementary Table 1).
The position and number of the constituent SNPs and genes
in those ROH islands are listed in Table 4. SSC5 has the most
islands, and the longest island, which contains 320 SNPs and
35 genes, is also found between 19,810,174 and 34,227,591 bp.
In some ROH islands that contain fewer contagious SNPs, no
gene was detected. Candidate genes within all of the ROH islands
detected were correlated with many economically important
traits, such as meat quality (ECI1, LRP12, NDUFA4L2, GIL1,
and LYZ), immunity capacity (IL23A, STAT2, STAT6, TBK1,
IFNG, and ITH2), production (DCSTAMP, RDH16, and GDF11),
and reproduction (ODF1 and CDK2). All genes found were
further subjected to GO and KEGG enrichment analyses. Six
significant GO terms and nine significant KEGG pathways
are shown in Figure 4 and Supplementary Table 2. Most
terms and pathways were correlated with disease resistance and
biosynthesis processes, and one KEGG pathway was related to
lipid metabolism. In addition, we aligned all of these ROH islands
to the pig quantitative trait loci (QTL) database and finally found
eight QTLs related to the IMF trait.

DISCUSSION

Characteristics of Runs of Homozygosity
In our study, the number of small ROH segments was the highest,
whereas the number of medium and large segments was much
lower, especially large segments (>10 Mb). Small ROH can reflect
ancestry inbreeding history, whereas large segments are usually
formed by recent inbreeding. These results indicated that both
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FIGURE 2 | Distribution of the ROH. (A) Length distribution of the ROH. X-axis represents the length of the ROH (Mb) using a base-10 log scale. Y-axis represents
the number of ROH for different ROH lengths. (B) Bars and the red dotted line represent the number of ROH and the ROH coverage, respectively, on each
chromosome.

TABLE 3 | Descriptive statistics for ROH of different lengths (Mb): 1–5, 5–10, >10, and >1.

ROH length (Mb) ROH number Percent (%) Mean length (Mb) Standard deviation Genome coverage (%)

1–5 5,893 78.49 2.32 1.05 6.49

5–10 1,197 15.94 6.79 1.29 3.86

>10 418 5.57 15.38 6.06 3.05

Total (>1) 7,508 100 3.76 3.71 13.40

FIGURE 3 | Frequency of occurrences of each SNP within ROH regions among all of the individuals. Horizontal red line represents the 33% threshold. Genes related
to meat quality have been identified.

ancient and recent inbreeding events might affect this Laiwu
population, but recent inbreeding was not frequent. However,
it should be noted that the length of ROH may not always
reflect the generations from inbreeding events that took place,

as randomness exists during the formation of ROH, which can
be affected by the dynamic rates of recombination, as well as
the stochastic nature during gamete formation (Liu et al., 2010).
Kirin et al. (2010) reported that short segments (<4 Mb) could
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TABLE 4 | List of ROH islands observed in this Laiwu pig population.

Chromosome Start (bp) End (bp) Length (bp) Number of SNPs Number of genes

2 125893724 126531130 637406 26 1

3 39414244 41549236 2134992 159 17

4 32235908 45876635 13640727 438 19

5 19810174 34227591 14417417 320 35

5 18987784 19153686 165902 8 0

5 18434915 18517600 82685 12 0

6 80696814 80728446 31632 7 0

9 138352276 139076532 724256 90 0

10 60710449 65079358 4368909 451 3

11 60646020 66330106 5684086 230 9

13 2559450 2749224 189774 19 4

17 51240101 51391328 151227 16 0

17 50326948 50888804 561856 42 1

FIGURE 4 | Bar plot of GO terms and KEGG pathways enriched (p < 0.05) based on ROH islands. Orange bars show enriched GO terms, and green bars show
KEGG pathways.

also indicate the consequence of a decreased population size and
bottleneck event.

The variability of the number of ROH among individuals was
high, which coincides with the results of studies on cattle and
sheep (Purfield et al., 2017; Peripolli et al., 2018). ROH number
and coverage also differ from chromosome to chromosome,
but the number of ROH tends to increase as the length of
the chromosome increases. It has been reported that ROH are
easy to form and inherit on some chromosomes but relatively
difficult on other chromosomes, suggesting that some parts of
the genome are less supportive of maintaining the accumulation
of IBD than others (Nandolo et al., 2018). This phenomenon
could be related to the selection. Chromosomes with high
ROH coverage may suggest that they have been affected by
positive selection, which will increase the accumulation of
advantageous alleles and the neutral alleles genetically linked with

them (Smith and Haigh, 1974). In contrast, the chromosome
with low ROH coverage could indicate purifying selection,
which decreases the number of homozygous deleterious alleles
(Ferenčaković et al., 2013). In our study, some genomic regions
of SSC4 and SSC12, which have the highest coverage and
lowest coverage, respectively, may have been under natural or
artificial selection.

The SNPs used to detect ROH regions were obtained from
GGRS, a high-throughput reduced representation sequencing
method in our study. It is a cost-effective approach and
is designed for outbreed population, making it suitable for
the population of Laiwu pigs in our research. However, the
challenge is that the distribution of the data generated by it
is unbalanced among individuals, which often causes a large
portion of missing genotypes, which would impact subsequent
analysis. To address this issue, imputation is inevitably used,
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and it has been included in the GGRS protocol. After
imputation, we have also taken quality control measures,
including filtering out the SNPs with a MAF < 0.05. This
filter is necessary to ensure the precision of imputation
(Wang et al., 2015).

There might be concerns about the necessity and
appropriateness of imputation and the subsequent filtration
with MAF, but several researchers have conducted studies that
may help address such concerns. Imputed data have been used
to detect ROH as found in several published works (Power et al.,
2014; Chitneedi et al., 2017). It has been reported that using
imputed data for ROH detection can produce comparable results
with using the data that are restricted to genotyped SNPs only
(Keller et al., 2012); Zhang et al. (2018) have also conducted the
simulation to study the reliability of the use of imputed data
in ROH detection and found that using imputed data with an
average missing genotype rate of 0.7 could give a comparable
amount of ROH detected compared with using data with no
missing genotypes. Admittedly, removing monomorphic SNPs
may reduce the chance to detect ROH, but it helps to exclude
false-positive results. It has been reported that removing SNPs
with low MAF (<0.05) before the analysis can minimize the
trade-off between the exclusion of non-autozygous ROHs and the
cost of missing shorter autozygous ROHs (Howrigan et al., 2011).

To date, few studies have been done comparing the
performance of software used for ROH detection and the ways
of determining appropriate parameters (Howrigan et al., 2011).
Actually, a standard methodology for ROH detection is still
ambiguous (Biscarini et al., 2020). In our study, we used PLINK
software with default parameters to detect ROH; the same
method has been applied in several published works (Peripolli
et al., 2018; Xu et al., 2019).

Runs of Homozygosity as a Tool of
Inbreeding Estimation
The traditional method of estimating inbreeding coefficients is
based on pedigree, and it is not as efficient as the method based
on genomic information because errors usually exist in pedigree
records. FPED only indicates the expectation of homozygosis,
whereas FROH and FSNP can reflect the realized homozygous loci
(Visscher et al., 2006). In our study, the value of FPED was much
lower than FROH, which may be due to errors in the pedigree
information. This may also be due to an inadequate pedigree,
as FROH could suggest an inbreeding history 50 generations ago,
but our pedigree only contains 8–10 generations of records. Some
events, such as selection and mutation, were not involved in the
method of estimating inbreeding coefficients, so the value of FPED
was likely to have a bias (Ceballos et al., 2018). In addition, our
sequencing and genotyping method used reduced sequencing,
which only covered 2–3% of the whole genome, so we may have
overestimated the homozygosity of some regions and produced
false-positive results during the process of identifying the ROH
segments. Overestimating the number of ROH would also lead to
an overestimation of inbreeding coefficients based on ROH.

In our study, the correlation between FPED and FROH or FPED
and FSNP was insignificant, which may be due to the inaccuracy

of the pedigree. It has been reported that the correlation between
FPED and FROH would become stronger as the length of the ROH
increase, as long ROH segments can reflect a recent inbreeding
situation, which coincides with the trend found in our results
(Magi et al., 2014). The correlation among the four indexes
calculated by ROH was strong, especially between FROH_all
and FROH1−5 Mb because the length of most ROH segments
ranged from 1 to 5 Mb. The correlation between FSNP and
FROH was relatively strong, which may because the identifying
of ROH was based on the results of SNP genotyping. FSNP2
correlates most strongly with FROH because they both directly
reflect homozygosity.

Analysis of Candidate Genes Within
Runs of Homozygosity Islands
We identified and annotated several candidate genes contained
by ROH islands and found they were related to various
breeding traits, including meat quality, immunity, production,
reproduction, etc. Because Laiwu pigs are characterized for
high IMF contents, several candidate genes detected in our
study were reported to be associated with lipid deposition and
meat quality. ECI1 expression was observed to have a positive
correlation with IMF content (Lu et al., 2017). LRP12 was
reported to have highly significant associations with gluteus
medius saturated fatty acid content in Duroc pigs (Melo et al.,
2013). NDUFA4L2 can affect metabolic enzyme activities, which
has a direct impact on meat quality (Liu et al., 2016). GIL1
negatively correlates with fat accumulation, and LYZ has been
proven to be related to conductivity 24, pH1, and drip loss
of porcine meat (Srikanchai et al., 2010). Some candidate
genes relating to immunity were identified, such as IL23A,
STAT2, STAT6, TBK1, and IFNG. It is noteworthy that ITH2
was reported to be one of the putative PCV2 Cap-interacting
host proteins by coimmunoprecipitation combined with liquid
chromatography–mass spectrometry approach (Zhou et al.,
2020), which may explain the strong ability of PCV2 resistance
of Laiwu pigs. Some genes are related to production traits.
DCSTAMP can affect feed gain ratio (Tao et al., 2017), and
RDH16 is also correlated with feed efficiency (Zhao et al.,
2016). GDF11 was proven to be the candidate gene involved
in growth and body size in micro pigs (Son et al., 2020)
and can raise the number of ribs in knock-out mice (Zhang
et al., 2016). ODF1, participating in spermatogenesis and CDK2,
affects the meiosis of oocytes, affecting the reproduction traits
of pigs. WIF1 could be a crucial mutation associated with
ear size (Liang et al., 2019), which can correlate with the big
ears of Laiwu pigs.

According to the Pig QTL database, several QTLs related to
meat quality, immunity, the reproduction process, and other
traits overlapping with the detected ROH islands are listed. In
particular, some QTLs involved in the process of IMF deposition
have already been reported: ID = 639 (Bink et al., 2000), ID = 145
(Gerbens et al., 2001), ID = 150, ID = 151, ID = 299 (Ovilo et al.,
2002a,b), ID = 313 (de Koning et al., 1999), ID = 639 (Bink et al.,
2000), and ID = 4169 (Ovilo et al., 2000).
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CONCLUSION

In summary, this study investigated the patterns of ROH
and calculated inbreeding coefficients in 93 Laiwu pigs, which
revealed how diversity evolved in the Laiwu population. We
found that this population has been affected by historical
inbreeding events, but recent inbreeding events are not frequent.
Moreover, we identified 13 ROH islands putatively under
natural and/or artificial selection harboring genes with molecular
functions related to characteristic traits. We found that most
genes contained by ROH islands were associated with disease
resistance and biosynthesis processes. In addition, several genes
related to economically important traits, such as meat quality,
were also detected. These results may help us understand the
characteristics of Laiwu pigs and provide insight for future
breeding strategies.
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