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Abstract
Background Runs of homozygosity (ROH) are continuous segments of homozygous genotypes inherited from both 
parental lineages. These segments arise due to the transmission of identical haplotypes. The genome-wide patterns 
and hotspot regions of ROH provide valuable insights into genetic diversity, demographic history, and selection 
trends. In this study, we analyzed whole-genome resequencing data from 117 rabbits to identify ROH patterns and 
inbreeding level across eleven rabbit breeds, including seven Chinese indigenous breeds and four exotic breeds, and 
to uncover selective signatures based on ROH islands.

Results We detected a total of 31,429 ROHs across the autosomes of all breeds, with the number of ROHs (NROH) 
per breed ranging from 1316 to 7476. The mean sum of ROHs length (SROH) per individual was 493.84 Mb, covering 
approximately 22.79% of the rabbit autosomal genome. The majority of the detected ROHs ranged from 1 to 2 Mb in 
length, with an average ROH length (LROH) of 1.84 Mb. ROHs longer than 6 Mb constituted only 0.83% of the detected 
ROHs. The average inbreeding coefficient derived from ROHs (FROH) was 0.23, with FROH values ranging from 0.14 to 
0.38 across breeds. Among Chinese indigenous breeds, the Jiuyishan rabbit exhibited the highest values of NROH, 
SROH, LROH, and FROH, whereas the Fujian Yellow rabbit had the lowest FROH values. In exotic rabbit breeds, the Japanese 
White rabbit displayed the highest values for NROH, SROH, LROH, and FROH, while the Flemish Giant rabbit had the lowest 
values for these metrics. Additionally, we identified 17 ROH islands in Chinese indigenous breeds and 22 ROH islands 
in exotic rabbit breeds, encompassing 124 and 186 genes, respectively. In Chinese indigenous breeds, we identified 
prominent genes associated with reproduction, including CFAP206, RNF133, CPNE4, ASTE1, and ATP2C1, as well as 
genes related to adaptation, namely CADPS2, FEZF1, and EPHA7. In contrast, the exotic breeds exhibited a prevalence 
of genes associated with fat deposition, such as ELOVL3 and NPM3, as well as growth and body weight related genes, 
including FAM184B, NSMCE2, and TWNK.

Conclusions This study enhances our understanding of genetic diversity and selection pressures in domestic rabbits, 
offering valuable implications for breeding management and conservation strategies.
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Background
The domestic rabbit (Oryctolagus cuniculus), which orig-
inated in southern France approximately 1,400 years ago, 
is considered one of the recently domesticated species 
[1, 2]. Following initial colonization and trade, the rab-
bit has gradually dispersed worldwide [3, 4]. Currently, 
more than 400 distinct rabbit breeds are recognized glob-
ally [5]. Rabbits provide valuable resources for humans, 
including rabbit meat [6, 7], fur [8], and serve as valuable 
models for biomedical and basic research [9]. It is note-
worthy that rabbits exhibit extreme phenotypic diver-
sity, with different breeds showing considerable variation 
in weight, body structure, fur type, coat color, and ear 
length [10]. Additionally, there is considerable variation 
in litter size, growth rate, behavior, and commercial use 
among different rabbit breeds [11]. Therefore, research 
on rabbit genomic diversity represents a crucial genetic 
resource for understanding the genetic mechanisms 
underlying phenotypic variation, disease resistance, and 
environmental adaptation.

China, with its long history of rabbit domestication and 
breeding, plays a key role in the global rabbit industry. 
Chinese indigenous rabbits are integral to animal hus-
bandry and are primarily distributed across provinces 
such as Sichuan, Shandong, Fujian, Hunan, and Jiangxi. 
These breeds are known for their adaptability to rough-
age, disease resistance, and high reproductive perfor-
mance [12, 13]. However, constrained population sizes 
and intensive directional selection have resulted in ele-
vated inbreeding levels in these rabbit populations. Such 
inbreeding increases population homozygosity, which 
adversely impacts several economically important traits 
and reduces genetic gain [14, 15].

Runs of homozygosity (ROH) are continuous stretches 
of homozygosity in the genome, resulting from the inher-
itance of identical haplotypes from both parents [16]. 
These segments can be detected through genotyping sin-
gle nucleotide polymorphisms (SNPs) across the genome 
[17], reflecting the inbreeding level of animals [18, 19]. 
ROHs are primarily caused by population phenomena 
such as genetic drift, population bottlenecks, inbreed-
ing, and strong directional selection [20]. ROHs provide 
valuable insights into population history and genetic 
diversity. ROHs arise from shared ancestors within a 
population; different population histories lead to distinct 
distributions of long ROHs and short ROHs. Specifically, 
short ROHs indicate more distant common ancestors 
and larger population sizes, whereas long ROHs reflect 
more recent common ancestors and smaller population 
sizes [21–23], as homozygous segments have not yet 
been broken down by recombination events. Over gen-
erations, early homozygous segments gradually become 
shorter due to meiotic recombination [22]. Changes in 
population size, influenced by breeding practices and 

genetic drift, affect the pattern of ROHs [24]. An increase 
in ROHs can lead to inbreeding depression and the 
emergence of deleterious recessive alleles [25, 26]. This 
elevated homozygosity exposes previously hidden harm-
ful variants, leading to their rapid accumulation in the 
population [21, 22, 25]. Since natural selection cannot 
completely eliminate deleterious recessive alleles, their 
persistence can negatively impact reproductive perfor-
mance, aging, and environmental adaptation in livestock 
[17]. Previous studies revealed that deleterious variants 
tend to cluster in ROH regions, especially long ROHs, 
linking to adverse traits in humans [25], pigs [27], cattle 
[28, 29] and chickens [30].

ROH evaluates the inbreeding degree by inbreeding 
coefficient (FROH), which is defined as the ratio of the 
total length of ROH (SROH) to the length of the autosomal 
genome of a species [31], being considered more effective 
for this purpose than pedigree data (FPED) [31]. While 
FPED estimates the proportion of identity by descent 
(IBD) in individual genome, it is limited in predicting 
distant relatives due to correlations through multiple lin-
eages, often leading to an underestimation of inbreeding 
[32, 33]. With advancements of genomics, researchers 
have increasingly employed genome-wide polymorphism 
markers to predict individual homozygosity (FHOM) [34]. 
However, this approach requires estimation of allele 
frequencies within the population [31]. Consequently, 
McQuillan [31] proposed using ROH to estimate individ-
ual inbreeding coefficients, referred to as FROH. FROH does 
not rely on pedigree information and provides a more 
accurate estimation of the self-mating across the genome, 
effectively detecting inbreeding resulting from common 
ancestors within up to 50 generations [35].

Strong directional selection increases the homozygos-
ity of genomic regions, which leads to the occurrence 
of ROH. When a series of continuous SNPs are encom-
passed by ROHs and the proportion of ROH within the 
population surpasses a certain threshold, these regions 
are referred to as ROH islands (ROH hotspots), which are 
frequently used to identify selection signatures in live-
stock [36–38]. Mohamad et al. [36] found that among 12 
fancy rabbit breeds and 4 meat rabbit breeds, the genes 
within ROH islands in meat rabbit breeds were more 
closely associated with traits such as body shape, body 
length, pigmentation processes, carcass traits, growth, 
and reproduction traits. In dairy cows, genes related to 
lactation and milk yield are predominantly located in 
ROH islands [39]. ROH islands may represent regions 
with low recombination or regions with a few harmful 
recessive alleles, thus maintaining the homozygosity of 
gene fragments. Positive selection is an important driv-
ing force for the formation of ROH islands, so it is very 
important to understand the potential genetic structure 
of animal genomes [23].
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Recent studies have identified ROHs in cattle [40], 
pigs [41], sheep [42], rabbits [14, 36], and chickens [43], 
highlighting their significance for breeding manage-
ment and resource conservation in livestock. How-
ever, limited knowledge exists regarding ROHs in the 
genomes of Chinese indigenous rabbit breeds. There-
fore, based on genome-wide resequencing data from 
Chinese indigenous and exotic rabbit breeds, this study 
aims to characterize the whole-genome ROHs of rab-
bits, fully understand the ROH patterns and popula-
tion history, and calculate several genomic inbreeding 
parameters. Subsequently, we evaluated the ROH islands 
in the genomes of indigenous and exotic breeds to iden-
tify distinct selection trends and candidate genes in 
different rabbit populations. These results provide valu-
able resources for understanding the genetic history 
and selection characteristics of rabbit populations and 
are crucial for preserving the diversity of rabbit genetic 
resources and guiding breeding management.

Methods
Sample collection, sequencing, and SNP calling
In this study, a total of 117 rabbits were analyzed, com-
prising seven Chinese indigenous rabbit breeds and 
four exotic rabbit breeds, which include three European 
breeds and one Japanese breed (Additional file 1: Table 
S1). Among the exotic rabbit breeds, genome sequencing 
data of New Zealand White rabbit and Japanese White 
rabbit were obtained from the NCBI SRA database under 
accession number SRP053211 [44]. Blood samples were 
collected from the marginal auricular vein of rabbits. 
Genomic DNA was extracted using the routine phenol-
chloroform protocol. Briefly, blood samples were lysed 
with SDS and proteinase K at 56 °C for 2 h, followed by 
phenol-chloroform-isoamyl alcohol (25:24:1) extraction 
and ethanol precipitation. DNA pellets were washed 
with 70% ethanol, air-dried, and resuspended in TE buf-
fer. The quality of DNA was measured using a NanoDrop 
2000 (Thermo Scientific), and by 1% agarose gel electro-
phoresis. All samples showed A260/A280 ratios between 
1.8 and 2.0 and high-molecular-weight bands without 
degradation. DNA yields ranged from 5 to 10 µg per sam-
ple, sufficient for downstream library construction and 
sequencing. Two paired-end libraries (150 bp) were con-
structed per sample following the manufacturer’s pro-
tocol (Illumina), and sequencing was performed on the 
Illumina NovaSeq 6000 platform.

The raw data were filtered using fastp (v.0.23.4) [45] to 
remove low-quality bases and sequences. The filtering 
criteria included the removal of reads with more than 
50% of bases having Phred quality scores less than 30. 
High-quality reads were aligned to the rabbit reference 
genome (UM_NZW_1.0) [46] using the BWA (v.0.7.17) 
tool [47]. Bam files were sorted using SAMtools (v.1.9) 

[48] and duplicate reads were deleted from individual 
sample alignments using Picard (v.2.25.5) [49]. The cov-
erage depth ranged from 6.82× to 24.47×. Genomic 
variants for each sample were identified using the Hap-
lotypeCaller module and the GVCF model with Genome 
Analysis Toolkit (GATK, v.4.4.0.0) software [50]. The 
GVCF files were merged and variants were filtered 
according to stringent criteria. The parameter was set as 
follows: “QD < 2.0 ‖ FS > 60.0 ‖ MQ < 40.0 ‖ MQRankSum 
< -12.5 ‖ ReadPosRankSum <-8.0”. Additionally, SNPs 
with a genotype missing rate (--geno) > 0.01 and minor 
allele frequency (--MAF) < 0.05 were excluded from 
the population using PLINK (v.1.9) [51] for subsequent 
analysis.

Detection of runs of homozygosity
ROHs were identified in each sample using PLINK (v.1.9) 
on autosomes. The impact of linkage disequilibrium (LD) 
pruning on ROH detection varies significantly across 
populations, which potentially leads to underestimation 
of ROHs. Therefore, SNP data in this study were analyzed 
without LD pruning [52]. The following parameters were 
applied for ROH detection: (i) a minimal of 50 SNPs per 
ROH; (ii) a maximal gap of 1000 kb between the adja-
cent SNPs; (iii) a minimum SNP density of 1 SNP every 
50 kb within each ROH (avoid the influence of homozy-
gous fragments in SNP sparse region [53]); (iv) a mini-
mum ROH length of 1000 kb (exclude relatively short 
fragments caused by linkage disequilibrium blocks [54]); 
(v) sliding windows of 50 SNPs across the genome; (vi) a 
maximum of 5 missing genotype; and (vii) a maximum of 
3 heterozygous SNPs [22].

Based on segment length [36, 55], the identified 
ROHs were classified into four categories: ROH (1–2 Mb) 
(ROH ≥ 1 Mb and < 2 Mb); ROH (2–4 Mb) (ROH ≥ 2 Mb and 
< 4 Mb); ROH (4–6 Mb) (ROH ≥ 4 Mb and < 6 Mb) and ROH 
(6 Mb) (ROH ≥ 6  Mb). Additionally, these were grouped 
into three size-based categories: Small (ROH (1–2 Mb)), 
Medium (ROH (2–4 Mb) and ROH (4–6 Mb)), and Large 
(ROH (6 Mb)). In addition, the number of ROHs (NROH), 
the mean sum length of ROHs (SROH) and the average 
length of ROHs (LROH) were calculated. The Pearson cor-
relation coefficient (r) was used to assess the correlation 
between NROH and SROH.

Calculation of inbreeding coefficients and the effective 
population size
The genome inbreeding coefficients for each individ-
ual were obtained as the proportion of the autosomal 
genome covered by ROH, using the following equation 
[31]:

 
FROH = LROH

Laut
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Where LROH is the total length of all ROHs in an indi-
vidual’s genome and Laut is the total length of the 21 
autosomes in the rabbit genome. In this study, the length 
of the rabbit autosomal genome was approximately 
2,167,210 kb.

Additionally, the genomic inbreeding coefficient based 
on the observed and the expected number of the homo-
zygous genotypes was calculated using PLINK (v.1.9) as 
follows [56]:

 
FHOM = OHOM − EHOM

LHOM − EHOM

where EHOM and OHOM represent the expected and 
observed numbers of homozygous genotypes in the 
sample, respectively. LHOM represent the total number of 
SNPs. The Pearson correlation coefficient (r) was calcu-
lated to assess the correlation between FROH and FHOM.

The GONE software [57] was employed to estimate 
the recent effective population size (Ne) for each breed. 
GONE calculates LD between pairs of SNPs over a range 
of recombination rates and finds the series of Ne that best 
explains the observed LD spectrum. All simulations were 
run for 2,000 generations calculated in 400 bins. The link-
age map of the rabbit autosomal genome reached a total 
length of 1,419 cM [58]. The average recombination rate 
for the map is approximately 0.52  cM/Mb, which was 
used as the parameter for Ne estimation. Each simula-
tion was repeated 40 times with the default settings, to 
account for variance in Ne estimates across different 
runs.

Calculation of heterozygosity
Heterozygosity reflects the probability of a locus being 
heterozygous and serves as an indicator of population 
genetic diversity [59]. For each breed, we calculated both 
observed heterozygosity (Ho) and expected heterozygos-
ity (He) using PLINK (v1.9).

Detection and gene annotation within ROH islands
ROH islands were identified by calculating the occur-
rence frequency of SNPs within ROH segments for each 
population. Specifically, SNP frequency was defined as 
the number of times a SNP appeared in all ROH divided 
by the total number of individuals in the respective popu-
lation [60]. SNPs with a frequency of 70% or higher were 
considered candidate SNPs. Genomic regions containing 
contiguous candidate SNPs (inter-SNP distance < 1  Mb) 
exceeding this threshold were defined as ROH islands. 
Genes within these ROH islands were identified using 
bedtools (v.2.31.0) [61]. To investigate the biological 
function of these genes, we performed enrichment analy-
sis through DAVID (v2024q2) [62], utilizing both the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) and 

Gene Ontology (GO) databases. Functional categories 
with false discovery rate (FDR)-adjusted P-values < 0.05 
were considered statistically significant.

Results
Distribution of runs of homozygosity
A total of 31,949,377 SNPs were identified through 
whole-genome resequencing of 117 rabbits across 11 
breeds. After filtering, 15,372,621 SNPs remained in 
autosomal genomic regions. Using this SNP data, we 
identified a total of 31,429 ROHs (Additional file 1: Table 
S2). The number of ROHs (NROH) varied significantly 
among breeds, ranging from 1,316 in Flemish Giant rab-
bit to 7,476 in Jiuyishan rabbit (Fig.  1a). For each indi-
vidual, the NROH ranges from 158 in Flemish Giant rabbit 
to 506 in Japanese white rabbit, with an average of 269 
ROHs per individual (Fig.  1d). ROHs were predomi-
nantly located on OCU1-OCU3 (Oryctolagus cuniculus 
chromosome, OCU), OCU7, OCU12 and OCU14, with 
OCU7 having the highest count of 3,098, accounting for 
9.86% of the total NROH (Fig. 1b). The mean sum of ROHs 
length (SROH) per individual was 493.84  Mb (Fig.  1e), 
with an average ROHs length (LROH) of 1.84 Mb (Fig. 1f ), 
ranging from 1 Mb to 12.72 Mb. On average, ROHs cov-
ered 22.79% of the autosome genome. The longest ROH, 
spanning 12.72  Mb, was located on OCU3 in Sichuan 
White rabbit and contained 133,718 SNPs. A signifi-
cant correlation (P < 0.01) was observed between NROH 
and SROH (Fig.  1c) with a correlation coefficient of 0.97 
(P = 1.77e-76).

To better understand the distribution of ROH length 
across rabbit populations, we categorized ROH lengths 
into four groups: 1–2  Mb, 2–4  Mb, 4–6  Mb, and over 
6 Mb (Fig. 1b and Additional file 1: Table S3). The distri-
butions of ROHs across these length categories was not 
balanced. The majority of detected ROHs were shorter 
than 6 Mb, with the ROH (1−2 Mb) category being the most 
prevalent, accounting for 72.36% of the total ROH num-
ber, while ROH (6 Mb) comprised only 0.83%. When com-
paring different breeds, Jiuyishan rabbit showed a high 
proportion of homozygote segments in ROH (1−2 Mb) and 
ROH (2−4 Mb) categories. A similar trend was observed in 
Japanese white rabbit from the exotic breeds. These short 
ROH tracts likely indicate that the rabbit population has 
undergone more intense selective breeding in recent 
generations.

Genomic inbreeding parameters and the effective 
population size
To assess genomic breeding inferred from ROHs, we cal-
culated the average inbreeding coefficient based on four 
different ROH length categories. As shown in Fig.  2a-b 
and Table S4 (Additional file 1), these values varied sig-
nificantly among breeds and length categories. The 
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overall mean FROH across the rabbit population was 0.23. 
The Flemish Giant rabbit (0.14), Fujian Yellow rabbit 
(0.16), Laiwu Black rabbit (0.16) and Wanzai rabbit (0.18) 
exhibited lower average FROH values compared to other 
breeds (Fig. 2a, Additional file 1: Table S2). These findings 
were consistent with heterozygosity patterns (Additional 
file 1: Table S5), as these breeds also exhibited the higher 
average expected heterozygosity, indicating greater 
genetic diversity. In contrast, the Japanese White rabbit 
had the highest average FROH at 0.38 and the lower He 
(0.14), with the Jiuyishan rabbit also showing a relatively 
high average FROH of 0.28. Among the four ROH length 
categories, FROH (1−2 Mb) was higher than FROH (2−4 Mb), 
FROH (4−6 Mb) and FROH (6 Mb), with FROH (6 Mb) being notably 
lower than the other categories. The Japanese White rab-
bit had higher for FROH (1−2 Mb) and FROH (2−4 Mb) compared 
to other breeds, while the Jiuyishan rabbit had the high-
est values for FROH (4−6 Mb) and FROH (6 Mb). Conversely, 
Laiwu Black rabbit displayed low FROH (1−2 Mb), while 
FROH (2−4 Mb), FROH (4−6 Mb) and FROH for Fujian Yellow rab-
bit were lowest. The Flemish Giant rabbit exhibited very 
low inbreeding coefficients across all ROH length catego-
ries. The genomic SNPs heterozygosity based inbreed-
ing coefficients (FHOM) [55, 63] showed trends consistent 
with FROH, ranging from 0.14 to 0.58 (Fig. 2c).

Correlation analysis of the inbreeding coefficients 
revealed a significant positive correlation between FROH 
and FHOM in most breeds (P < 0.05) (Fig.  2e), with the 

highest correlation observed in Jiuyishan rabbit (r = 0.97, 
P = 1.83e-15). However, correlations were not significant 
in Laiwu Black rabbit, Japanese White rabbit and New 
Zealand White rabbit (P > 0.05). We also analyzed the 
correlation among FROH, FHOM and inbreeding coefficient 
based on different ROH length categories for the entire 
population (Fig. 2d). Our results indicated high correla-
tions among all inbreeding coefficient (P < 0.05). Specifi-
cally, FROH (1−2 Mb) and FROH (2−4 Mb) were most strongly 
correlated with overall FROH, suggesting a potential effect 
of ancestral inbreeding in the rabbit population. FHOM 
was significantly correlated with FROH (r = 0.89, P = 1.21e-
41). These findings demonstrate that ROH provides a 
reliable measure of inbreeding levels and can be effec-
tively utilized in breeding programs, even in the absence 
of pedigree records.

Furthermore, estimates of Ne are important to predict 
the impacts of inbreeding on the evolutionary dynamics 
of populations. Ne is described as an idealized Wright 
Fisher population, which is supposed to produce the 
same genetic parameter values as the studied popula-
tion, such as the rate of influence by genetic drift [64]. 
Thus, we assessed Ne of each rabbit breed over a range 
of 200 to 4 generations. The results indicated significant 
variation in Ne among the breeds (Fig. 2f-g). Most breeds 
displayed a consistent trend in Ne. Specifically, for the 
Wanzai rabbit, Ne gradually decreased up to 100 genera-
tions ago, then increased from 100 to 40 generations ago, 

Fig. 1 Distribution patterns of genomic ROHs across different rabbit breeds. (a) Total number of ROHs and ROH categories by length in various rabbit 
breeds. (b) Distribution of ROH length categories across rabbit autosomes. (c) Correlation analysis between NROH and SROH in the rabbit population. (d-f) 
ROH-related metrics in various rabbit breeds: NROH represents the total number of ROHs. SROH represents the mean sum length of ROH, and LROH repre-
sents the average length of ROH
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followed by a sharp decline in 55 generations. The Fujian 
Yellow rabbit had the highest estimated Ne in 500 gen-
erations ago, however, showed a sharp decline in 550 to 
460 generations ago and the Ne had a violent increase in 
recent 25 generations. The Japanese White rabbit had the 
smallest estimated Ne during the period from 200 to 20 
generations ago and a relatively stable trend in 230 gen-
erations ago.

ROH island and functional analysis of related genes
Under strong selection pressure, beneficial mutations 
are likely to become fixed within particular genomic 
regions, leading to the formation of ROH islands in these 

areas [23]. To determine the genomic regions with the 
high proportion of homozygosity that potentially har-
bor targets of positive selection, we identified a total of 
17 ROH islands in Chinese indigenous breeds, encom-
passing 78,586 high frequency SNPs (Table  1; Fig.  3a). 
These islands were distributed on seven autosomes, 
ranging from 0.25  Mb to 3.53  Mb in length, with an 
average length of 1.30  Mb. More detailed statistics on 
the detected ROH islands are provided in Tables  1 and 
2. The longest ROH island was located on OCU9, span-
ning from 8,390,863  bp to 11,922,134  bp and contain-
ing 12,840 SNPs. On OCU7, we identified five ROH 
islands that covered 4.07% of OCU7 and included the 

Fig. 2 Inbreeding coefficient and effective population size. (a) Inbreeding coefficient based on ROHs (FROH). (b) Comparison of inbreeding coefficient 
based on different metrics across various rabbit breeds. (c) Inbreeding Coefficient based on SNP heterozygosity (FHOM). (d) Correlation between different 
inbreeding coefficients. (e) Correlation of FROH and FHOM in each breed. (f-g) Effective population size over generations
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genes CADPS2, FEZF1 and RNF133. Within the 17 ROH 
islands, we identified 124 genes in Chinese indigenous 
breeds. These include genes associated with economic 
traits, particularly reproductive performance such as 
CFAP206, RNF133, CPNE4, ASTE1, and ATP2C1 [65–
69], as well as involved in feeding behavior, olfactory 
system development and thermo-tolerance including 
CADPS2, FEZF1, and EPHA7 [70–72], which contribute 
to the adaptation and survival of Chinese indigenous rab-
bits in various environments.

We also detected 22 ROH islands covering 75,655 SNPs 
in exotic rabbit breeds (Table 2; Fig. 3b). The longest ROH 
island, spanning 4.23 Mb, was located on OCU7 and con-
tained 8,144 SNPs, while the shortest, at only 2.21  kb, 
was found on OCU14 and contained just 24 SNPs. Nota-
bly, there are 5 ROH islands on OCU14, with the longest 
spanning 1.42 Mb. In exotic rabbit breeds, we identified 
186 genes within 22 ROH islands, many of which are 
associated with fat deposition and growth traits such as 
FAM184B, ELOVL3, NPM3, and TWNK [73–85]. These 
genes are crucial for meat production, skeletal develop-
ment and body weight in various livestock species.

Gene enrichment analysis of ROH island candidate 
genes revealed significant functional divergence between 
Chinese indigenous and exotic rabbit breeds (Fig. 4). Chi-
nese indigenous breeds showed prominent enrichment 
for neuronal functions (Fig.  4a), particularly membrane 
depolarization during action potential (GO:0086010) and 
voltage-gated sodium channel activity (GO:0005248). 
These breeds also exhibited enrichment in cell adhesion 
processes (GO:0007156, GO:0044331) and immune-
related pathways including B cell receptor signaling 

(GO:0050853). These results suggest strong selection 
pressure in Chinese indigenous breeds favoring neuro-
logical development and immune competence, which 
may underlie their enhanced stress tolerance. Conversely, 
exotic breeds demonstrated greater enrichment for meta-
bolic pathways (Fig. 4b), featuring protein ubiquitination 
(GO:0016567), visual perception (GO:0007601), and the 
Hedgehog signaling pathway (ocu04340). This enrich-
ment pattern reflects distinct selection priorities in exotic 
breeds, with apparent emphasis on metabolic efficiency 
and growth regulation, contrasting sharply with the 
adaptation-driven selection observed in Chinese indig-
enous populations.

Discussion
Domestication, selection, and crossbreeding have signifi-
cantly shaped the genomes of domestic animals, result-
ing in a diverse array of breeds and populations within 
species [86]. These genetic resources have been utilized 
to explore the genetic mechanisms underlying extreme 
morphological and physiological traits [38]. The Chinese 
indigenous rabbit, as a unique and relatively underex-
plored resource, offers valuable insights into the genetic 
structure of phenotypic traits and serves as a model for 
understanding the genetic basis of these traits in other 
mammals. In this study, we analyzed patterns of ROHs 
and genomic inbreeding level in both Chinese indigenous 
and exotic rabbits. Our results confirmed that ROHs are 
frequent and widespread throughout the rabbit genome. 
The measure of FROH proved to be as an effective method 
for estimating inbreeding levels in populations, while 

Table 1 The characteristics of ROH islands and associated genes in Chinese indigenous rabbits
Rank OCU Genomic regions Number of SNPs Genes

Start End Length (Mb)
ROH1 3 141,237,001 141,769,638 0.53 126 -
ROH2 4 76,507,734 77,625,454 1.12 4234 -
ROH3 7 63,408,689 64,383,426 0.97 2903 -
ROH4 7 66,723,305 68,437,480 1.71 3085 -
ROH5 7 107,281,595 108,265,090 0.98 4011 -
ROH6 7 135,257,048 137,629,393 2.37 8130 -
ROH7 7 150,943,607 151,955,186 1.01 2352 FEZF1, CADPS2, 

RNF133
ROH8 8 45,558,497 48,747,450 3.19 13,367 -
ROH9 9 8,390,863 11,922,134 3.53 12,840 -
ROH10 12 70,810,160 71,102,152 0.29 845 -
ROH11 12 74,739,976 75,416,148 0.68 1321 EPHA7
ROH12 12 81,594,775 81,845,338 0.25 660 CFAP206
ROH13 12 82,984,821 83,660,807 0.68 1998 -
ROH14 14 478,999 1,838,529 1.36 5816 ASTE1, ATP2C1, CPNE4
ROH15 14 3,554,868 4,689,549 1.13 4205 -
ROH16 14 32,242,887 33,156,219 0.91 3817 -
ROH17 15 61,089,079 62,448,485 1.36 8876 -
OCU: Oryctolagus cuniculus chromosome
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ROH islands reflect genomic variations resulting from 
changes in population size and selection pressures.

Overall, the number and length of ROHs vary among 
breeds, likely attributed to breed-specific factors. Our 
results indicated that the average number of ROHs per 
individual was 269, which is greater than that reported 
for cattle, sheep, red deer and chickens [29, 43, 87, 88]. 
This suggests that domestic rabbits may have expe-
rienced frequent inbreeding or substantial selection 
pressure. Our findings align with a previous report of 
elevated ROH counts in meat rabbit populations [36], 
with the breeds in our study demonstrating similarly high 
NROH values. This increased homozygosity likely reflects 
the cumulative effects of intensive artificial selection for 
production traits in meat rabbit breeding programs [36]. 
The majority of ROHs were short (1–2  Mb), compris-
ing 72.36% of detected ROH and covering 12.34% of the 

rabbit autosomal genome. Selection can fix loci associ-
ated with phenotypic traits, leading to the creation of 
homozygous segments due to non-random linkage of 
adjacent loci [89]. Long ROH fragments are more sus-
ceptible to recombination and disruption by random 
genetic processes, which can fragment them into shorter 
segments, thereby increasing number of short ROHs 
[23], Consequently, short ROHs can reflect the popula-
tion structure of ancestors. Our findings revealed that 
the short ROHs were prevalent throughout the rabbit 
genome, indicating the rabbit population has undergone 
ancestral inbreeding. Additionally, the Japanese White 
rabbit and New Zealand White rabbit exhibited a higher 
average number of short ROHs compared to most Chi-
nese indigenous breeds, likely due to more intense arti-
ficial selection during breeding. This selection has fixed 

Fig. 3 Distribution of ROH islands in different rabbit populations. (a-b) Manhattan plots illustrating the percentage occurrence of each SNP within ROH 
regions for Chinese indigenous rabbits (a) and exotic rabbits (b)
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more loci associated with economic traits and resulted in 
the formation of additional homozygous segments.

Among the exotic rabbit breeds, the Japanese White 
rabbit had the highest average NROH at 448, compared to 
other breeds. In contrast, the Flemish Giant rabbit had a 
lower average NROH of 188. Similarly, the Japanese White 
rabbit exhibited the highest mean of SROH at 819.96 Mb, 
while the Flemish Giant rabbit had a lower mean SROH of 
304.17 Mb. These results indicate a frequent occurrence 
of ROH in the Japanese White rabbit, suggesting that 
this breed has undergone a significant bottleneck period, 
leading to a decrease in Ne [87, 90]. The Ne analysis 
revealed that the Japanese White rabbit had the small-
est population size 200 generations ago. As an impor-
tant experimental rabbit breed in China, the Japanese 
White rabbit may be maintained in a relatively closed 
environment, which can increase inbreeding process and 
reduce genetic diversity, thereby affecting the level of 
homozygosity.

The inbreeding coefficients, calculated based on ROH 
segments, ranged from 0.14 to 0.38, with an average FROH 
of 0.23. This illustrates that rabbit populations exhibit 
significant inbreeding and lower genetic diversity. Com-
pared to other breeds, Japanese White rabbit had the 
highest FROH, consistent with their increased homozy-
gosity and higher inbreeding levels. Contrasty, Flemish 
Giant and Fujian Yellow rabbits showed lower inbreeding 
coefficients and higher heterozygosity, suggesting these 

breeds have experienced relatively limited inbreeding 
and maintained greater genetic diversity. This pattern 
may result from the intentional introduction of genetic 
material from other rabbit breeds during their breeding 
history. Additionally, we calculated the correlation coef-
ficients between four different ROH length categories 
and total FROH. A strong correlation was found between 
FROH (1−2 Mb) and FROH, supporting the hypothesis that 
short ROHs are indicative of more distant inbreeding 
events. This correlation provides a useful methodologi-
cal approach for assessing inbreeding levels and mitigat-
ing inbreeding depression in rabbit breeding programs. 
Furthermore, we observed a strong overall correlation 
between FROH and FHOM, consistent with findings previ-
ously reported in rabbits [36], pigs [41], sheep [42], cattle 
[55] and chickens [43]. This consistency across multiple 
species confirms that FROH serves as a reliable indicator 
for estimating population inbreeding levels. However, 
Japanese White rabbit exhibited a negative correlation, 
which may be attributed to FHOM including all homo-
zygous genotypes in its calculations, encompassing 
both single-locus homozygous genotypes and extended 
homozygous regions. This inclusion could increase ran-
dom error and obscure various historical events such as 
inbreeding, selection, and recombination.

The Ne results indicated a steady trend across most 
breeds 250 generations ago. Approximately 550 to 300 
generations ago, Ne declined for most breeds. The 

Table 2 The characteristics of ROH islands and associated genes in exotic rabbits
Rank OCU Genomic regions Number of SNPs Genes

Start End Length (Mb)
ROH1 2 8,840,090 8,881,116 0.04 180 FAM184B
ROH2 3 82,179,391 82,199,540 0.02 25 -
ROH3 3 140,447,253 141,826,110 1.38 1981 NSMCE2
ROH4 4 31,456,496 32,507,805 1.05 7541 -
ROH5 7 24,675,488 25,103,929 0.43 2872 -
ROH6 7 39,624,486 40,231,707 0.61 1867 -
ROH7 7 56,421,480 57,077,571 0.66 2356 -
ROH8 7 63,505,666 67,740,551 4.23 8144 -
ROH9 8 46,826,773 47,204,185 0.38 1370 -
ROH10 8 48,340,572 48,745,613 0.41 1505 -
ROH11 8 67,985,906 68,470,576 0.48 949 -
ROH12 9 7,989,219 9,741,915 1.75 4927 -
ROH13 11 70,150,147 70,275,731 0.13 363 -
ROH14 12 83,000,162 83,983,589 0.98 3118 -
ROH15 13 21,061,423 21,489,607 0.43 1249 -
ROH16 14 3,709,445 5,129,888 1.42 6317 -
ROH17 14 30,151,468 30,310,308 0.16 631 -
ROH18 14 32,241,869 33,403,998 1.16 6204 TWNK, NPM3
ROH19 14 68,580,709 68,582,917 0.00 24 -
ROH20 14 117,462,349 117,563,695 0.10 813 -
ROH21 15 9,414,642 11,573,951 2.16 13,050 -
ROH22 18 45,533,236 47,511,044 1.98 10,169 ELOVL3
OCU: Oryctolagus cuniculus chromosome
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Wanzai rabbit exhibited a sharp decline, showing a 
steeper downward trend. This decline is likely due to arti-
ficial selection, which may have reduced genetic diver-
sity. FROH can trace historical inbreeding events back to 

around 50 generations [91]. Notably, the Ne of the Japa-
nese White rabbit was lowest between 50 and 18 genera-
tions, aligning with the highest values for FROH (1−2 Mb) 
and FROH (2−4 Mb). However, the Jiuyishan rabbit exhibited 

Fig. 4 Gene enrichment analysis within ROH islands in Chinese indigenous and exotic rabbits. (a-b) Gene ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis of genes derived from ROH islands for Chinese indigenous rabbits (a) and exotic rabbits (b)
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higher values for FROH (4−6 Mb) and FROH (6 Mb) compared 
to other breeds. This finding was not accompanied by a 
lower Ne, which may be due to limitations in the software 
and methods used for estimating Ne. The estimation of 
Ne can be significantly influenced by the method applied, 
and values based on linkage disequilibrium might be 
underestimated due to the physical linkage between 
SNPs [92, 93].

Understanding the genetic mechanisms underlying 
crucial economic traits is indispensable in rabbit breed-
ing. In our analysis of indigenous versus exotic rab-
bit breeds, we aimed to identify genomic regions under 
selective pressure by examining ROH islands. In Chinese 
indigenous rabbit breeds, we identified four crucial genes 
(CFAP206, RNF133, CPNE4, and ATP2C1) associated 
with reproductive traits, including sperm motility [67, 
69], oocyte maturation [94, 95], and gestational nutrient 
allocation [66, 96]. CFAP206 (Cilia and flagella associated 
protein 206), located within an ROH island on OCU12, 
plays an essential role in sperm flagellar integrity, with 
previous studies in mice [67] and pigs [97] demonstrating 
its direct impact on fertility. The RNF133 gene encodes a 
testis-specific E3 ubiquitin-protein ligase that is critically 
important for proper sperm function during spermio-
genesis, where its deficiency leads to significant fertil-
ity impairments [69]. Previous research has established 
that CPNE4 gene regulates muscle glycogen and glucose 
metabolism during pregnancy in both cattle and sheep, 
identifying it as a prominent fertility-related candidate 
gene [66, 96]. ATP2C1 gene shows specific expression 
patterns mediating communication between oocytes and 
surrounding cumulus cells during blastocyst formation 
in mice [68], indicating its crucial role in oocyte matu-
ration and developmental competence [94, 95]. These 
ROH island genes collectively reveal the strong selection 
pressure exerted on reproductive traits during the direc-
tional breeding of Chinese indigenous rabbits. The long-
term selection for individuals with superior reproductive 
performance has driven the fixation of favorable alleles 
at these loci, resulting in their increased homozygosity 
through generations of selective breeding. Our analy-
sis also revealed several adaptation-related genes within 
ROH islands of Chinese indigenous rabbit breeds, includ-
ing CADPS2, FEZF1 and EPHA7, which collectively 
reflect their environmental adaptation processes. The 
CADPS2 gene, encoding a calcium-dependent secretion 
activator that regulates neuronal exocytosis, has been 
associated with dietary behavior in pigs [70]. This sug-
gests its potential involvement in the genetic adaptation 
of food selection behaviors under extensive farming con-
ditions. FEZF1 plays an essential role in olfactory system 
and sensory neuron development [71], and its selective 
retention may enhance foraging efficiency and predator 
avoidance capabilities in complex natural environments. 

PHA7 has been demonstrated to contribute to tropical 
climate adaptation in chickens [72].

Analysis of ROH islands in exotic rabbit breeds 
identified five key candidate genes (ELOVL3, NPM3, 
FAM184B, TWNK, and NSMCE2) predominantly associ-
ated with lipid deposition, growth regulation, and body 
weight determination. The enrichment patterns of these 
genes clearly reflect the strong directional selection pres-
sure exerted on exotic breeds under intensive breeding 
systems. As a member of fatty acid elongate family [77], 
the ELOVL3 gene has been proved to significantly affect 
back fat thickness and intramuscular fat deposition in 
pigs [78, 79] and chickens [80]. NPM3 may participate in 
the energy metabolism mode of exotic breeds to adapt 
to the high-energy feed environment by regulating the 
browning process of adipose tissue [81]. FAM184B, as a 
pleiotropic gene, is associated with body weight [73, 74], 
meat quality [75] and bone development [85]. The TWNK 
and NSMCE2 genes are closely related to the growth and 
development of chickens [84] and human dwarfism [98]. 
These candidate genes collectively elucidate the distinc-
tive genomic signatures of exotic rabbit breeds that have 
emerged through intensive artificial selection targeting 
growth performance, meat quality traits, and standard-
ized body conformation.

Domestic rabbits exhibit substantial genetic diversity, 
providing valuable insights into the genetic structure 
underlying phenotypic variations. ROH can be employed 
to shed light on the population history of rabbits and 
reveal the selection signatures across different breeds. 
Understanding genomic changes during rabbit domesti-
cation and identifying genes underlying economic traits 
are crucial for enhancing breeding practices. These 
genetic insights can also advance breeding strategies and 
improving overall breeding outcomes [1, 99].

Conclusions
This study examined the patterns of ROH and estimated 
inbreeding coefficients based on ROH in 11 rabbit breeds 
using whole-genome resequencing data. In summary, 
ROH are frequent and ubiquitous, with short ROHs pre-
dominating in the rabbit genome, while long ROHs are 
relatively rare, suggesting that ancient inbreeding has 
influenced rabbit population. The FROH across the rab-
bit population was relatively high. The strong correlation 
between FROH and FHOM indicates that FROH is an effec-
tive metric for quantifying inbreeding level and assess-
ing genetic relationship within rabbit population. We 
detected a total of 17 ROH islands in Chinese indigenous 
breeds and 22 ROH islands in exotic rabbit breeds. We 
identified some genes related to reproduction (CFAP206, 
RNF133, CPNE4, and ATP2C1) and adaptation (CADPS2, 
FEZF1 and EPHA7) in Chinese indigenous breeds, and 
some genes related to fat deposition, growth and weight 
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(ELOVL3, NPM3, FAM184B, TWNK, and NSMCE2) in 
exotic breeds. These findings provide valuable insights 
for the directional selection pressure experienced by rab-
bits. Overall, ROH analyses can inform practical breeding 
programs by optimizing selection schemes, minimizing 
inbreeding depression, enhancing the improvement of 
desirable traits, and supporting the sustainable utilization 
of rabbit genetic resources.
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