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Abstract 

Background Since their domestication, recent inbreeding together with intensive artificial selection and population 
bottlenecks have allowed the prevalence of deleterious mutations and the increase of runs-of-homozygosity (ROH) 
in domestic pigs. This makes pigs a good model to understand the genetic underpinnings of inbreeding depression.

Results Here we integrated a comprehensive dataset comprising 7239 domesticated pigs and wild boars genotyped 
by single nucleotide polymorphism (SNP) chips, along with phenotypic data encompassing growth, reproduction 
and disease-associated traits. Our study revealed differential ROH landscapes during domestication and artificial selec-
tion of Eurasian pigs. We observed associations between ROH burden and phenotypic traits such as body conforma-
tion and susceptibility to diseases like scrotal hernia. By examining associations of whole-genome and regional ROH 
burden with gene expression, we identified specific genes and pathways affected by inbreeding depression. Associa-
tions of regional ROH burden with gene expression also enabled the discovery of novel regulatory elements. Lastly, 
we inferred recessive lethal mutations by examining depletion of ROH in an inbred population with relatively small 
sample size, following by fine mapping with sequencing data.

Conclusions These findings suggested that both phenotypic and genetic variations have been reshaped by inbreed-
ing, and provided insights to the genetic mechanisms underlying inbreeding depression.
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Background
Intensive artificial selection, inbreeding and population 
bottlenecks during domestication and breeding allowed 
the increase in runs-of-homozygosity (ROH) and the 
prevalence of deleterious mutations. Domestic pigs play 
dual roles as pivotal agricultural animals and valuable 
biomedical models [1]. Pig breeding has evolved along 
two primary trajectories: genetic improvement within 
breeds for growth, reproduction, and disease resistance 
[2], and the development of miniature/inbred lines for 
laboratory research [3]. These processes present oppor-
tunities to assess how ROH impact economic traits in 
pigs. The relevance of ROH in understanding inbreeding 
depression has been highlighted by its enrichment with 
deleterious variations [4]. Thus, detecting and mitigat-
ing deleterious mutations are critical for future breeding 
efforts [5]. Despite previous efforts [6–8], the impact of 
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ROH on economic traits has not been fully understood in 
pigs. Furthermore, several fundamental questions regard-
ing ROH in pig domestication and breeding remain 
unsolved. For instance, what is the ROH landscape dur-
ing domestication, and which genes and pathways con-
tribute to inbreeding depression at the gene expression 
level? Utilizing ROH as a proxy for homozygosity analysis 
may provide insights into these unsolved questions.

Identification of lethal genotypes causing pregnancy 
loss and perinatal mortality poses challenges due to their 
absence in living individuals. Deficit of homozygosity 
and haplotype has been applied to infer genetic causes 
of recessive lethality in humans and farm animals, which 
however relies heavily on ultra-large sample size [9–11]. 
Therefore, the existing research for pigs was limited in 
highly managed commercial populations [12–14], lead-
ing to our insufficient understanding of recessive lethal-
ity. In contrast, the availability of inbred population 
offers a feasible alternative for inferring recessive del-
eterious mutations with smaller sample size, given that 
inbred individuals are expected to carry enrich reces-
sive deleterious alleles that trigger the risk of inbreeding 
depression, and that only on average 1% heterozygosity 
remains in genome of individuals that have been mated 
brother × sister or parent × offspring for 20 consecutive 
generations [15]. Inbred pig lines, such as the ZhongXu 
Wuzhishan minipig inbred line (ZXWIPIG) and Banna 
minipig both of which have been inbred for over 20 gen-
erations [16, 17], provide unique models due to relaxed 
ethical constraints compared to humans, facilitating the 
study of inbreeding depression in large mammals.

Here, we leverage ROH from 6724 domestic pigs, 461 
wild boars, and 54 feral pigs to estimate the genetic diver-
sity of global pigs, to describe the ROH landscape during 
pig domestication, and to link recent inbreeding to del-
eterious variations associated with both economic traits 
and inbreeding depression (Fig. 1). This dataset consists 
of genotypes from 106 populations of domesticated pigs, 
feral pigs from Europe, America and Oceania, and wild 
boars from Asia, Europe and Africa (Table  S1). We test 
for the connection between ROH burden and a series of 
growth, reproduction and disease traits in commercial 
and synthetic breeds. Additionally, we investigate the 
transcriptomic effects of ROH in commercial pig herds 
using sequencing data. Furthermore, we develop an alter-
native approach to infer recessive lethal loci associated 
with inbreeding depression by the depletion of ROH in 
an inbred population with subsequent validation using 
sequencing variations.

Methods
Genotypes and phenotypes
We merged autosomal genotype data from a total of 
7239 pigs, including 6724 domestic pigs, 461 wild boars, 
and 54 feral pigs (Table  S1). These animals distributed 
in 41 countries were genotyped by Illumina Porcin-
eSNP60 BeadChip or GeneSeek GGP Porcine 50 K/80 K 
BeadChip. All genomic coordinates were updated to 
the sus11.1 reference genome. Missing genotypes were 
imputed by SHAPEIT5 [18] with a reference panel of 
937 genomes [19], resulting in a set of 61,114 autosomal 
SNPs.

Fig. 1 Potential mechanisms for runs-of-homozygosity (ROH) in pig domestication and breeding. Population bottleneck, strong artificial selection 
and recent inbreeding during domestication may change ROH landscape. In pig populations, recessive non-lethal mutations (blue) enriched 
in ROH may be linked to phenotypes, diseases and gene expression, whereas lethal mutations (red) may lead to the depletion of ROH
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To identify and manage duplicate samples, relationship 
inference was conducted using KING v2.3.0 with the “–
duplicate” parameter [20]. Samples were treated as dupli-
cates if they met two criteria: (1) a kinship coefficient of 
at least 0.5, and (2) assignment to the same population or 
breed across different studies, often with shared author-
ship. Duplicate individuals were randomly excluded from 
this analysis. However, individuals with differential phe-
notype values from the same study, indicative of potential 
monozygotic twins, were kept.

The phenotypes we focused on were related to growth, 
reproduction, and health. Growth performance included 
body/carcass weight, body conformation (length, height, 
chest circumference, chest width, hip width, cannon bone 
circumference, leg buttock circumference, rib number), 
metabolic traits (acid and neutral detergent fiber), and 
meat quality traits (backfat thickness (BF), loin muscle 
depth (LMD), intramuscular fat content (IMF) and mar-
bling scores (MS)). Reproduction performance included 
teat number, litter size, the average birth weight (ABW) 
and birth interval of piglets (ABI), and piglet mortality 
at birth. The health traits were the susceptibility to post-
weaning diarrhea and scrotal hernia.

Principal component analysis (PCA) and recent 
demographic history
PCA was performed by Plink v1.9 [21] to assess genetic 
relationships and population structure among sam-
ples. Effective population size (Ne) of commercial and 
minipigs was estimated by GONE based on linkage 
disequilibrium with default parameters to infer recent 
demographic history [22].

Genetic differentiation during domestication of Eurasian 
pigs
Weir and Cockerham’s FST was calculated SNP-by-SNP 
in VCFtools v0.1.13 by comparing Eurasian domestic pigs 
to their local wild relatives [23]. Sites with negative FST 
values were removed for analyses.

Phenotypic association test
ROH were called by Plink v1.9 with a sliding window 
scan of 50 SNPs in 5 Mb length regions [21]. One het-
erozygote was allowed to account for possible genotyp-
ing errors to avoid underestimation. A minimal length of 
1 Mb was used to exclude the relatively short stretches 
due to linkage disequilibrium blocks. To avoid the effect 
of homozygous segments in regions with sparse SNPs, we 
set the minimum marker density to one SNP per 50  kb 
and the maximum distance of two adjacent SNPs within 
one homozygous segment to 100 kb.

Individual inbreeding coefficient FROH was calculated 
to quantify cumulative whole-genome ROH burden by 

using an autosomal length of 2266 Mb. To test for the 
effects of whole-genome ROH burden on economic traits, 
we first employed standard linear and logistic regression 
models for quantitative and binary traits, respectively. To 
account for population structure, we then run general 
linear mixed models (linear and logistic mixed models for 
quantitative and binary traits, respectively), which were 
implemented in GMMAT v1.4.2 [24]. A genetic related-
ness matrix calculated by GEMMA v0.98.5 was included 
in general linear mixed models as a random effect to cor-
rect for the nonindependence of observations [25]. Fixed 
effects were included in these models if it was available in 
original research. Wald statistic was used to test the null 
hypothesis of no association. A significant association 
was declared when P value < 0.05.

To test the roles of significant common GWAS varia-
tions, we reanalyzed the association of FROH with phe-
notypes by filtering out samples that possessed ROH 
covered GWAS variations reported by the original 
research [26]. If the association is no longer significant, 
inbreeding depression is primarily caused by the ROH 
encompassing these significant GWAS variations. A 
more significant association means that these significant 
GWAS variations do not play primary roles in inbreeding 
depression.

Gene expression association test
To explore the effects of ROH on gene expression, we 
analyzed the RNA sequencing (RNA-seq) data from 
duodenum, liver, and muscle tissues in three commer-
cial breeds (Large White, Duroc and Landrace), which 
belongs to the GENE-SWitCH project [27]. We initially 
had 100 samples for each breed and each tissue. How-
ever, 16 samples were removed due to low quality, includ-
ing four from liver, four from duodenum, and eight from 
muscle. The details of sample information were described 
by Crespo-Piazuelo et al. (2022).

The SRA files downloaded from NCBI were converted 
to fastq format using fastq-dump in SRA Toolkit, fol-
lowed quality control by Trimmomatic v0.39 [28]. Fil-
tered reads were aligned to sus11.1 reference genome 
with HISAT2 v2.2.1 [29]. Gene expression matrix was 
returned by StringTie v2.1.2 in the form of transcripts per 
million [30]. PCA was performed by R package PCAtools 
v2.16.0 [31].

Genotypes (VCF format) of these 300 individuals were 
downloaded from GigaScience Database [32]; however, 
the sample information was missed, leading to unclear 
corresponding relationship between whole-genome 
sequencing (WGS) and RNA-seq data. For computa-
tional simplicity, SNPs were called for each tissue by 
RNA-seq data following best practices workflows in 
GATK4 v4.2.0.0 [33]. To match the sample identity of 
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two datasets, we combined the VCF files generated by 
WGS and RNA-seq. Then genetic distance (1-IBS) was 
calculated using Plink v1.9 [21] and visualized by ggtree 
v3.12.0 with the clustering method of ward.D2 [34]. We 
expected that every WGS sample was clustered with 
three RNA-seq samples, with one sample for each tissue.

ROH were called by Plink v1.9 with the same param-
eters in phenotypic association test [21]. The transcrip-
tomic effects of ROH were detected at the levels of 
whole-genome and region. Briefly, the expression of each 
gene was fitted as the function of whole-genome (FROH) 
or regional ROH burden using the following model

where y is gene expression, α was covariates (fixed fac-
tors) of a column 1s, breed, sex and the first three PCs, 
β  was effect size of ROH burden (FROH or the propor-
tion of ROH segment for each 1-Mb non-overlapped 
window), W and x were corresponding design matrices, 
g was the genotypic additive value, and e was a random 
error. G was the kinship matrix and I was the identity 
matrix. Wald statistic was used to test the null hypoth-
esis β = 0 in GEMMA v0.98.5 [25]. Multiple tests were 
corrected by the Bonferroni method. For significant win-
dow-expression associations, cis-regulation was defined 
as the associations in which the distance between the 
ROH window and gene was no more than 1 Mb, other-
wise trans-regulation. R package clusterProfiler v4.10.0 
was employed to perform Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses, declaring significance at 
q-value < 0.05 [35].

Genomic Evolutionary Rate Profiling (GERP) scores
GERP scores based on the human reference genome 
version hg19 were downloaded (accessed from https:// 
hgdow nload. soe. ucsc. edu/ gbdb/ hg19/ bbi/ All_ hg19_ RS. 
bw). This file was generated by an alignment of 35 other 
mammalian species which did not contain the domestic 
pig. Given the biases resulted from inclusion of the focal 
reference genome, exclusion of domestic pig in alignment 
has been suggested to calculate conservation scores [36, 
37]. Genome positions were remapped to pig reference 
genome version sus11.1 with liftOver and the chain file 
(accessed from https:// hgdow nload. cse. ucsc. edu/ golde 
nPath/ hg19/ liftO ver/ hg19T oSusS cr11. over. chain. gz).

We calculated the average GERP scores inside and 
outside ROH for each individual in the population with 
inbreeding depression. This was done for deleterious 
mutations (GERP > 0) in two models, including the addi-
tive model with both homozygotes and heterozygotes, 
and the recessive model only with homozygotes. The 
information of ancestral allele was downloaded from a 

y = Wα + xβ + g + e with g ∼ N (0, σ 2
g G), e ∼ N (0, σ 2

e I),

previous study which was generated by aligning six suids 
[38].

Inference of lethal mutations
To identify depletion of ROH, we calculated the inci-
dence of ROH for each SNP with detectRUNS v0.9.6 
[39]. This analysis was initially done with all pigs, Euro-
pean and Asian samples and failed to identify evidence 
of lethality. Given the higher risk of inbreeding depres-
sion in inbred animals, we limited the analysis in ZXWI-
PIG of generations 17 to 22 [16], a new genetic resource 
of inbred pigs certified by the Chinese Association for 
Laboratory Animal Sciences in 2022 (NO: 00005). To 
mitigate genotyping technology effect, ROH were called 
using WGS data from one ZXWIPIG and six non-inbred 
Wuzhishan pigs with the same criteria, and were used to 
narrow the candidate regions. To pinpoint putative lethal 
sites, we calculated genotypes frequency and focused 
on variations devoid of altered homozygote in a refer-
ence panel of 937 genomes [19]. Variations classified as 
“stopgain”, “stoploss” and frameshift substitution were 
specifically treated as putative lethal sites. Functional 
annotation of variations was performed with ANNOVAR 
(2020–06-07 version) [40]. The distribution of these sites 
was further confirmed by IAnimal database consisting of 
1311 pigs across 65 populations [41].

Results
Global patterns of genetic diversity across wild boars 
and domestic pigs
The domestication of Eurasian domestic pigs from local 
wild boars occurred independently, approximately 9000 
to 10,000  years ago [42]. To examine the genetic diver-
sity of wild boars and domestic pigs, we merged geno-
type data from  12 previously published studies [16, 17, 
26, 43–51]. This dataset encompassed wild and domestic 
individuals from Asia, Europe and Africa, commercial 
breeds, and feral populations, representing the global 
genetic diversity. PCA was employed to initially exam-
ine the relationship among samples. The PCA revealed 
a clear separation between Asian and European popula-
tions on the first principal component (Fig. 2), support-
ing the independent origins of Eurasian domestic pigs 
[42, 52, 53]. Similar patterns were observed in separate 
analyses of wild boars and domestic pigs (Fig. S1).

We then inferred the recent demographic history of 
commercial breeds and selected minipigs. A histori-
cal increase of Ne was evident across all breeds, except 
for ZXWIPIG (Fig. S2), indicating breed formation pro-
cesses. The recent decrease of Ne reflected the loss of 
genetic diversity, likely attributable to recent inbreeding 
events. Lastly, we quantified the inbreeding coefficient 
of global populations using FROH based on the length of 

https://hgdownload.soe.ucsc.edu/gbdb/hg19/bbi/All_hg19_RS.bw
https://hgdownload.soe.ucsc.edu/gbdb/hg19/bbi/All_hg19_RS.bw
https://hgdownload.soe.ucsc.edu/gbdb/hg19/bbi/All_hg19_RS.bw
https://hgdownload.cse.ucsc.edu/goldenPath/hg19/liftOver/hg19ToSusScr11.over.chain.gz
https://hgdownload.cse.ucsc.edu/goldenPath/hg19/liftOver/hg19ToSusScr11.over.chain.gz
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autosomal ROH (Fig. S3). Of all populations, ZXWIPIG 
was characterized by the highest averaged FROH of 0.52, 
with a maximum up to 0.70. Asian boars, expect for Thai-
land and Korean populations, showed lower inbreeding 
compared to European boars. Relatively small estimates 
of Ne, especially in commercial breeds and minipigs, 
contributed to a substantial portion of their genomes 
comprising ROH.

Differential ROH landscapes in domestication and artificial 
selection of Eurasian pigs
To examine how domestication and artificial selection 
have shaped ROH landscape, we compared the incidence 
of ROH for each SNP between wild and domestic pigs, 
quantified as the ROH frequency difference (%Δdomestic – 

wild; Fig. 3). Eurasian domesticated counterparts exhibited 
a significantly higher incidence of ROH compared to wild 
boars, as indicated by %Δdomestic—wild > 0 (Mann–Whitney 

Fig. 2 Genetic relationship of global pigs. Each point denotes one breed/population by using the averages of the first and second principal 
components (PC1 and PC2). The numbers in parentheses represent the percentage of variance explained by PC1 and PC2

Fig. 3 ROH landscape in Eurasian pig domestication. A Manhattan plots of genome-wide ROH frequency difference (%Δ) between wild 
and domestic pigs. The x-axis is Sus scrofa chromosomes (SSC) 1–18. The dashed lines denote the thresholds of top 1‰ (right: 24.65 and left: 
-14.62). B The ROH frequency of top 1‰ sites in wild and domestic pigs. C Density distribution plots of %Δ indicates an increase of ROH 
in the domestication of Eurasian pigs
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U test, P = 0 for both Asia and Europe; Fig.  3). Notably, 
Asian animals showed a predominantly positive ROH 
frequency difference, influenced by the genetic diversity 
of Asian boars and the inclusion of minipigs (such as 
Xiang, Bamaxiang, and Congjiangxiang) and extremely 
inbred lines (ZXWIPIG and Banna minipig) in Asian 
domestic pigs.

To explore the relationship between domestica-
tion/artificial selection and the ROH landscape 
further, we assessed the linearity between genetic dif-
ferentiation and the absolute value of %Δdomestic—wild. 
Compared with Asian populations without significant 
correlation at the level of whole-genome, a positive cor-
relation was observed in European populations (r = 0.02, 
P = 4.4 ×  10–6), especially for SSC8, SSC12 and SSC14 
(Fig. S4A–B). Focusing on SNPs with the top 1‰ abso-
lute value of %Δdomestic – wild, we identified distinct genetic 
signatures: two positive peaks on Sus scrofa chromo-
some 4 (SSC4) and SSC6 in Asian breeds and a negative 
signature on SSC12 in European populations (Fig.  3B). 
Notably, these signatures did not overlap with the top 
1‰ domestication signatures of Eurasian pigs (top 61 
SNPs). However, the genetic differentiation of the top 
1‰ signature of European ROH frequency difference was 
significantly higher compared to other remaining SNPs 
(P = 2.6 ×  10–11, Mann–Whitney U test). Further investi-
gation using Pig QTLdb release 53 (accessed July 2024) 
[54] revealed that these ROH signals mapped to quan-
titative trait loci (SSC4: teat number, feed intake, body 
circumference; SSC6: tuberculosis susceptibility, sperm 
motility; SSC12: lean meat percentage, teat number, 
hemoglobin), reflecting the artificial selection for growth, 
reproduction and health traits.

Associations of economic traits with inbreeding level
It is hypothesized that the ubiquity of ROH can be 
linked to both production performance and reces-
sive genetic disease in domestic pigs (Fig.  1). To test 
this hypothesis, we utilized data from 5437 pigs in 
which phenotype records were available. Additionally, 
we incorporated data from 3286 animals across three 
other studies [55–57] in which genotypes were coded 
as 012 and could not be merged with others coded as 
AGCT. Association tests were performed for data from 
each research rather than across research due to dif-
ferential phenotype measures. The traits tested are 
classified into reproduction, growth and disease. Non-
significant association of whole-genome ROH burden 
was observed for most traits. However, the number 
of observed associations was significantly greater 
than what was expected under the null hypothesis of 
no associations (6 observed associations versus 1.7 

expected associations under the null, P = 0.006, bino-
mial test; Fig. 4).

In an  F3 Eurasian population, scrotal hernia (SH) 
showed a significant association (β = 16.490 and 
P = 0.023), while in Sujiang pig (a Chinese synthesis 
breed), ROH burden was associated with hip width 
(HW; β = -8.980 cm and P = 0.002), chest width (CWD; 
β = -8.376 cm and P = 0.018), chest circumference 
(CC; β = -15.043 cm and P = 0.013), body weight (BW; 
β = -39.167 kg and P = 3.9 ×  10–4), and body length (BL; 
β = -21.147 cm and P = 2.2 ×  10–4). For SH, affected 
individuals exhibited significantly higher inbreed-
ing coefficients compared to unaffected counterparts 
(0.103 ± 0.010 versus 0.073 ± 0.002, P < 0.002, Mann–
Whitney U test). When using traditional linear regres-
sion, all six associations remained, with the emergence 
of reproduction traits, including average birth weight 
(AWB, β = 2.560 kg, P = 0.003) and piglet mortality at 
birth (MORT1: β = 0.032, P = 0.010; MORT2: β = 0.096, 
P = 2.08 ×  10–7; Fig. S5 and Table  S2). Therefore, esti-
mating inbreeding depression was partly influenced by 
population structure.

To further understand the genetic basis of inbreed-
ing depression by the link of ROH burden and phe-
notypes, we first focused on the intersections of ROH 
and genome-wide association study (GWAS) sig-
nals in Sujiang pig. Of five body conformation traits 
with significant inbreeding depression, only CC has 
13 GWAS variations [26], all of which fall into ROH 
of at least one sample. We hypothesize that inbreed-
ing depression is not primarily caused by the ROH 
encompassing common GWAS variations. To test this, 
we reassessed the association by filtering out samples 
with ROH encompassing the aforementioned GWAS 
variations. Interestingly, this resulted in a more signif-
icant association (P = 0.005), suggesting that inbreed-
ing depression of CC was not primarily driven by 
common GWAS variations. Moreover, we compared 
the GERP scores between ROH and non-ROH regions. 
The GERP score is a widely used method based upon 
evolutionary conservation to predict deleterious 
mutations. For a variation, GERP ≤ 0 means non-del-
eteriousness and a positive GERP score indicates the 
degree of deleteriousness [58]. The average GERP 
score was significantly higher in ROH than in non-
ROH regions for both additive and recessive models 
(P = 3.81 ×  10–8 and 2.98 ×  10–23, Mann–Whitney U 
tests). For the  F3 population with inbreeding depres-
sion on SH, we couldn’t assign ancestral and derived 
alleles due to the numerical codes of genotypes. These 
results supported these recessive deleterious muta-
tions rather than common GWAS variations under-
pinned inbreeding depression.
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Transcriptomic effects of ROH
To understand the effects of ROH on gene expression, we 
analyzed whole-genome sequencing and RNA sequenc-
ing data from three commercial breeds (Duroc, Lan-
drace and Large White), sourced from GENE-SWitCH 
project [27]. Given the genetic background and tissue 
expression pattern across three herds (Fig.  5A and S6), 
we considered breed as a fixed effect to increase sam-
ple size and statistical power. Transcriptomic effects of 
ROH were detected at two levels. First, we checked the 
inbreeding depression on gene expression using inbreed-
ing coefficient FROH. This resulted in 18, 71 and 32 genes 
of which the expression was affected by whole-genome 

ROH burden in liver, muscle and duodenum, respec-
tively, without intersection across tissues (Fig. 5B). Func-
tion enrichment analysis revealed overrepresentation of 
pathways such as basal cell carcinoma and signaling path-
ways regulating pluripotency of stem cells in muscles, 
and ovarian steroidogenesis and SNARE interactions in 
vesicular transport in duodenum (Fig. 5C). These results 
indicated tissue-specific inbreeding depression on gene 
expression.

Second, we investigated the effects of regional ROH 
burden, quantified by the proportion of ROH in each 
1-Mb window, on expression level for each gene. Unlike 
traditional expression quantitative trait loci (eQTL), a 

Fig. 4 Association of FROH with economic traits. ABI: the average birth interval of piglets, AWB: the average birth weight, ADF: acid detergent fiber, 
BF: backfat thickness, BH: body height, BL: body length, BW: body weight, CBC: cannon bone circumference, CC: chest circumference, CL: carcass 
length, CW: carcass weight, CWD: chest width, HW: hip width, IMF: intramuscular fat, LBC: legs buttocks circumference, LMD: loin muscle depth, 
LNT: left teat number, MS: marbling scores, NBA: number born alive, NDF: neutral detergent fiber, PFAI: proportion of fat areas in the image, PWD: 
post-weaning diarrhea, RNT: right teat number, SH: scrotal herni, TNB: total number of piglets born, TNR: total number of ribs, TTN: total teat number. 
MORTi denotes piglet mortality at birth for the ith parity (i = 1, 2, 3)
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majority of genes influenced by regional ROH burden 
exhibited trans-effects rather than cis-effects (Fig.  5D). 
This difference was ascribed to the sharply reduced vari-
ation number due to increased length of markers when 
using regional ROH burden. Only 14 significant associa-
tions between regional ROH burden and gene expres-
sion were shared across these three tissues (Fig.  5E). 
The expression of 2466 genes (7.8%) were influenced 
by regional ROH burden in muscle, liver, and duode-
num simultaneously (Fig. 5F). These shared genes were 
enriched to disease-associated and fundamental path-
ways (Fig.  5F), possibly suggesting the common bio-
logical pathways for inbreeding depression on gene 

expression. Comparing our findings to the eQTL list 
from original study [27], we found that 79%–89% asso-
ciations identified here were novel and not previously 
reported by eQTL mapping (Fig.  5G), highlighting the 
potential of ROH as regulatory elements. For example, 
the shared association SSC16:79-GSTO2 gene was iden-
tified in this study. GSTO2 encodes an omega class glu-
tathione S-transferase and is involved in some recessive 
genetic diseases, including hypothyroidism [59], primary 
open angle glaucoma [60] and asthma [61]. The associ-
ated window encompassed two Iroquois genes (IRX2 
and IRX4) influencing development of heart [62] and 
somites [63].

Fig. 5 The effects of ROH on gene expression in duodenum, liver, and muscle tissues. A Inbreeding coefficients of Duroc, Landrace, and Large 
White. B Genes of which the expression is influenced by FROH are not shared by three tissues. C Function enrichment of genes of which expression 
levels are linked to FROH. D Classification of the associations between regional ROH burden and gene expression. E significant associations 
between ROH burden in 1-Mb window and gene expression. GSTO2: glutathione S-transferase omega 2. F Genes of which expression levels are 
significantly affected by regional ROH burden. G The distribution of expression quantitative trait loci (eQTL) in the associations between regional 
ROH burden and gene expression
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Recessive lethal mutations are inferred by ROH in inbred 
pigs
ROH represent homozygous regions in genome due to 
identical by descent and are enriched for deleterious vari-
ations [64, 65]. If the locus is recessive lethal, in princi-
ple we cannot observe ROH covering homozygotes of the 
lethal allele in any living individuals under the assump-
tion that it is not effectively purged from focal popu-
lations. Therefore, we hypothesize that the depletion 
of ROH indicates the presence of recessive lethal loci 
(Fig.  1). We tested this hypothesis across global popu-
lations, including wild, feral and domestic individuals, 
and did not reveal evidence of recessive lethality. When 
restricted in European and Asian domestic pigs, no evi-
dence was found. These results likely suggested differ-
ential purifying selection on lethal loci between breeds/
populations, as indicated by previous studies on identify-
ing lethal haplotype [12–14].

Given that this method was heavily depended on large 
sample size and that breeds with high FROH tended to 
carry more deleterious alleles in relatively few hete-
rozygous sites (such as on average 1% heterozygosity in 
genome of  F20 inbred individuals), we limited our analysis 
in 96 individuals from ZXWIPIG, characterized by the 
highest FROH in our study (Fig. S3). Consequently, cumu-
lative 53.42 Mb autosomal genome (~ 2.4%) was identi-
fied with depletion of ROH, notably with extended runs 
on SSC8 and SSC13 (Table  S3). To mitigate genotyping 
technology effect, we compared these regions with ROH 
using a whole-genome sequencing (WGS) variation data-
set of one ZXWIPIG and six non-inbred Wuzhishan pigs, 
resulting in a refined region of 24.80 Mb after removing 
ROH segments on SSC8 and SSC13 (Table S4). The rea-
son for including non-inbred individuals is that ZXWI-
PIG stems from normal non-inbred Wuzhishan pig so 
that they face the same risk in terms of a lethal mutation.

To finely map the putative lethal sites and to broaden 
the scope of our findings, we examined homozygous 
states of variations inside these regions using a WGS-
based reference panel of 937 individuals [19], assum-
ing that homozygotes of minor and altered alleles were 
lethal. We annotated variations lacking homozygotes 
of minor alleles and only considered functional varia-
tions of “stopgain”, “stoploss” and frameshift substitution, 
revealing 34 functional variations. Cross-referencing 
with the IAnimal database containing 1311 pigs across 
65 populations [41], we filtered out two mutations due 
to the presence of homozygote of altered alleles in other 
populations (SSC1:263222092G_C in Pietrain and wild 
boar; SSC13:160968909A_AT in Tibetan), and further 
confirmed 13 mutations, with 19 variations remain-
ing unconfirmed (Table  S5). Interestingly, a majority of 
mutations (21/32) and genes (15/22) were enriched to 

olfactory receptor, consistent with findings by haplotype 
approach in commercial populations [14]. Additionally, 
mutations were identified in genes related to metabolism 
and diseases such as ASIC5 (recurrent pregnancy loss), 
CMSS1 (autosomal recessive Robinow syndrome), and 
FILIP1L (ovarian cancer). These findings underscore the 
utility of extremely inbred populations in inferring reces-
sive lethal mutations and provide insights into genetic 
mechanisms underlying disease susceptibility and other 
complex traits.

Discussion
The processes of recent inbreeding together with popula-
tion bottlenecks and strong artificial selection in domes-
tic pigs have substantially reduced their genetic diversity 
and recent Ne [66]. This genetic simplification has led to 
an increase in ROH, facilitating the persistence of del-
eterious variations within genomes. This provides us 
an opportunity to examine the effects of ROH on pig 
domestication and breeding, including ROH landscape 
during domestication, associations of ROH burden and 
economic traits/gene expression, and the inference of 
recessive lethal mutations.

The independent domestication events of Eurasian 
domestic pigs have been well-documented [42, 52, 53], 
which is supported by our findings of PCA and the dif-
ferential ROH landscape of Eurasian pig domestication. 
A significant difference in ROH abundance and size was 
reported between European and Asian wild boars, in 
which large ROH in Asian pigs appeared to stem from 
recently reduced population size, whereas European wild 
boars exhibited a more uniform distribution of ROH, 
attributed to glacial bottlenecks and prolonged periods 
of a low Ne [66, 67]. Consequently, low genetic diversity 
of European wild boars caused a relatively small skewed 
distribution in domestication of European pigs compared 
to their Asian counterparts. Differences in the correlation 
between ROH frequency differences and genetic differ-
entiation can be partially explained by multiple domes-
tication events that have increased heterogeneity among 
Asian samples [52]. It is important to note that genetic 
drift and imputation accuracy of wild boars may influ-
ence our results. Additionally, the potential effects of 
ascertainment bias should be acknowledged in that the 
PorcineSNP60 BeadChip used in this study was predomi-
nantly designed based on European breeds [68].

Various genomic inbreeding coefficients have been 
developed to measure inbreeding level and depression, 
leaving the controversy on selection of inbreeding coef-
ficients which is depended on the history of population 
[69]. FROH, in particular, is proposed to provide accurate 
estimates in populations with low effective size where 
reduced selection pressure may expose deleterious 
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mutations [70]. Our analyses of inbreeding depression 
are under (partial) dominance hypothesis in which del-
eterious mutations with recessive effects contribute to 
reduced fitness in individuals with high homozygosity 
[71]. We considered the effects of non-lethal and lethal 
recessive mutations on economic traits/gene expression 
and individual survival, respectively.

Although different statistical models were used to esti-
mate inbreeding depression, detrimental effects of ROH 
burden on complex traits were widely documented in 
humans and agricultural animals [7, 11, 72–75]. Compar-
ing classical linear model with linear mixed model incor-
porating genomic relationship matrix, we found that 
some estimates were influenced by population structure, 
in line with recent findings [69]. Of note, we observed a 
significantly unfavorable effect of ROH burden on SH in 
an  F3 Eurasian population (White Duroc boar × Erhualian 
sow) across both two models. Given the recessive inher-
itance of SH [76], this observation supports our hypoth-
esis that the ubiquity of ROH could be linked to recessive 
genetic disease. This finding echoes similar observations 
in domestic dogs, where ROH burden correlates with 
diseases such as cranial cruciate ligament disease, elbow 
dysplasia and lymphoma [11]. Together with widespread 
inbreeding depression affecting growth traits in an  F2 
Eurasian population (Large White boar × Min sow) [6], 
the finding of  F3 population highlighted the necessity of 
inbreeding monitoring in crossed herds. Additionally, we 
identified negative effects of ROH burden on multiple 
body conformation traits in Sujiang pig, a synthetic breed 
developed by crossing Chinese Jiangquhai, Fengjing and 
Western Duroc (62.5%) [26]. The observed depression in 
Sujiang likely stems from founder effects and subsequent 
selection within a closed population. The role of recessive 
deleterious alleles in causing inbreeding depression [11, 
71, 77] is supported by our data, with negligible effects 
of GWAS variations within ROH in association tests 
and the higher deleteriousness, indicated as the average 
GERP scores, of ROH compared to non-ROH regions.

To elucidate which genes and pathways are influenced 
by inbreeding, differentially expressed genes (DEGs) have 
been explored by comparing individuals with varying 
inbreeding coefficients across multiple species. The num-
ber of identified genes varies widely among species: from 
zero in the brain of zebra finches, to tens in the hypothal-
amus of chickens, to hundreds in chickens and Drosoph-
ila, to thousands in Pacific oyster [78–81]. These results 
would be affected by gene quantification technology, tis-
sue type, developmental stage, and statistical thresholds. 
In our study with pigs, results were comparable to other 
species, revealing tens DEGs associated with whole-
genome ROH burden, with tissue-specific patterns, 
and thousands associated with regional ROH burden. 

These genes were enriched in pathways related to sig-
nal transduction, reproduction, and immunity, showing 
good agreement with previous findings on metabolism, 
stress and defense in chickens and Drosophila [79, 82]. 
Especially, GSTO2, encoding a glutathione transferase, 
emerged prominently across all three tissues studied, in 
broad concordance with findings in Drosophila [81]. Bio-
logically, this association suggests that functionally reces-
sive mutations in genes such as IRX2 and IRX4, located in 
the associated window, influence GSTO2 transcription. 
Compared to the identification of DEGs between inbred 
and non-inbred groups, our strategy of linking gene 
expression to ROH burden offers flexibility and could 
be easily extended to other species, irrespective of their 
specific inbreeding levels. However, it’s important to note 
that regions lacking ROH polymorphisms within a popu-
lation cannot be assessed for associations. Furthermore, 
the transcriptomic effects of ROH provide an approach 
to discover novel regulatory elements, a large fraction of 
which may not be captured by traditional eQTL studies. 
It was challenging to link our findings at the level of phe-
notypes and gene expression in this study, owning to the 
absence of an appropriate dataset. Colocalization analy-
ses based on ROH burden in future research will help to 
understand the genetics of inbreeding depression.

The impact of inbreeding depression extends beyond 
individual fitness to include agricultural profitability 
through maternal prolificacy. While the genetic archi-
tecture of postnatal piglet mortality (often at birth and 
weaning) has been investigated by GWAS focusing on lit-
ter size alive [56], identifying loci associated with preg-
nancy loss and perinatal mortality remains challenging 
due to the absence of lethal genotypes in living animals 
available for sampling. In human and animal genetics, 
inference of recessive lethal mutations has traditionally 
required ultra-large sample size for assessing deficits in 
homozygosity and haplotypes [9, 10, 12–14]. Such studies 
have been constrained in commercial pig populations due 
to limited sample size and high research costs. Alterna-
tively, we present a method to infer recessive lethal muta-
tions using the depletion of ROH in inbred populations 
with relatively small sample size. This method capitalizes 
on the higher risk of survival fitness depression in inbred 
populations compared to non-inbred populations. After 
inspection with WGS data, we identified an enrichment 
of putative lethal mutations in genes related to olfactory 
receptor, in line with the discovery and validation from 
haplotype analyses in commercial populations [14]. The 
weak purifying selection observed in olfactory receptor 
genes facilitates the discovery of lethal mutations [83]. 
The highly developed olfactory system in wild pigs con-
tributes significantly to their survival and reproductive 
success, contrasting with the reduced and irreversible 
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olfactory capabilities in domestic pigs [84]. We propose 
that the putative lethal mutations and olfactory system 
with attenuated function showcase the genetic cost of 
pig domestication [85]. However, we couldn’t rule out 
the effects of copy number variation in olfactory recep-
tors [86]. The other genes identified are involved in 
metabolism and disease. For example, ASIC5 function-
ing in recurrent pregnancy loss and FILIP1L promot-
ing synthesis of estradiol are closely related to perinatal 
mortality [87, 88]. Another example is CMSS1 playing 
a role in autosomal recessive Robinow syndrome (Gen-
eCards database, accessed July 2024), reflecting the reces-
sive inheritance of ROH. Adopting graph-based reference 
genomes or more sophisticated alignment algorithms 
could help address the issue of mapping bias in tradi-
tional variation calling. We appreciate that the results 
inferred by deficit of ROH, homozygosity and haplotype 
will benefit from confirmation with larger sample size in 
future studies, and that the reproductive effects of puta-
tive lethal alleles are needed to be validated by scrutiniz-
ing the litter size of carrier-by-carrier matings.

Conclusions
This study demonstrated how the population history 
of pigs has elevated the homozygous regions carried 
in ROH, influencing economic traits, gene expression 
and fitness. Firstly, the significant associations between 
ROH burden and economic traits provide insights into 
the genetic architecture of complex traits, suggesting the 
roles of recessive variations in some phenotypes, espe-
cially diseases. However, more attention has been paid 
to additive effects in previous GWAS of pigs and other 
farm animals. Secondly, the associations of ROH burden 
and gene expression aid us to identify genes and path-
ways involved in inbreeding depression, and also provide 
an approach to search novel regulatory elements. Lastly, 
inference of recessive lethal mutations using inbred 
lines opens up an avenue for identification of lethal loci 
with relatively sample size, and also has implications 
in enhancing reproductive performance. These results 
contribute to the genetic understanding of inbreeding 
depression in farm animals.
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