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Abstract

Following the recent domestication process of the European rabbit (Oryctolagus
cuniculus), many different breeds and lines, distinguished primarily by exte-
rior traits such as coat colour, fur structure and body size and shape, have been
constituted. In this study, we genotyped, with a high-density single-nucleotide
polymorphism panel, a total of 645 rabbits from 10 fancy breeds (Belgian Hare,
Champagne d'Argent, Checkered Giant, Coloured Dwarf, Dwarf Lop, Ermine,
Giant Grey, Giant White, Rex and Rhinelander) and three meat breeds (Italian
White, Italian Spotted and Italian Silver). ADMIXTURE analysis indicated that
breeds with similar phenotypic traits (e.g. coat colour and body size) shared com-
mon ancestries. Signatures of selection using two haplotype-based approaches
(iHS and XP-EHH), combined with the results obtained with other methods pre-
viously reported that we applied to the same breeds, we identified a total of 5079
independent genomic regions with some signatures of selection, covering about
1777Mb of the rabbit genome. These regions consistently encompassed many
genes involved in pigmentation processes (ASIP, EDNRA, EDNRB, KIT, KITLG,
MITF, OCA2, TYR and TYRPI), coat structure (LIPH) and body size, including
two major genes (LCORL and HMGA2) among many others. This study revealed
novel genomic regions under signatures of selection and further demonstrated
that population structures and signatures of selection, left into the genome of
these rabbit breeds, may contribute to understanding the genetic events that led
to their constitution and the complex genetic mechanisms determining the broad
phenotypic variability present in these untapped rabbit genetic resources.
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1 | INTRODUCTION

The domestication of the European rabbit (Oryctolagus
cuniculus), known simply as rabbit, has been a recent
process, compared to the domestication of other live-
stock species. It began just over the High Middle Ages in
French monasteries and castles using wild populations of
the O. c. cuniculus subspecies spread in this region after
its post-glacial expansion from the Iberian Peninsula
(Callou, 2003; Fontanesi et al., 2021; Zeder, 2012;
Zeuner, 1963). Then, the domestication process continued
in the XV-XVII centuries, with the subsequent dispersion
and transport of semi-domesticated/domesticated rabbit
populations in the North of Europe and, subsequently, in
other European regions (Fontanesi et al., 2021). A genetic
bottleneck occurred during this phase due to the use of
wild subpopulations and to the limited recurred introgres-
sion from the wild forms into the domesticated lineage
(Alves et al., 2015; Carneiro et al., 2014). The first waves of
this process produced a soft allele frequency modification
at many loci distinguishing wild and domestic rabbit pop-
ulations. This allelic shift mainly occurred in regulatory
regions of genes that contributed to the behavioural and re-
productive adaptation of the domesticated rabbit stocks to
the human environment and needs (Carneiro et al., 2014).
Then, the human-driven selection contributed to the do-
mestication process with the constitution of the first rabbit
breeds (Boucher et al., 2021; Fontanesi, 2021a). The sub-
sequent result was that a variety of peculiar phenotypic
differences were fixed in many breeds which were valued
by fancy breeders who continued the selection activities
and then created additional breeds, lines and strains by in-
trogressing specific genetic factors to obtain novel genetic
combinations (Boucher et al., 2021; Fontanesi, 2021a).
Most of the fancy breeds were named according to their
characterizing exterior traits (mainly derived by their coat
colours and patterns, body size, ear length and pelage fea-
tures), which became their specific breed standards de-
fined by breeders’ associations or societies, constituted in
several countries (Boucher et al., 2021; Whitman, 2004).
Nowadays, some of these fancy breeds are recognized by
all or almost all national breeders' organizations, and a
few other breeds, mainly defined by coat colour variants,
are recognized only in one or few countries. Specialized
meat rabbit lines were more recently developed through
the selection activities of breeding companies that mainly
valued carcass, growth and reproduction traits.

The selection histories and the genetic events that
led to the constitution of many different fancy breeds
and meat lines have defined population genetic struc-
tures (Alves et al., 2015) and left signatures of selec-
tion in their genomes that made possible to identify
the genetic factors affecting some of the most relevant

phenotypes that characterize several rabbit genetic re-
sources (Fontanesi, 2021a). Using a combination of the
candidate gene approach and linkage analysis, we and
others identified the causative mutations or the associated
markers that explain the allele series at several coat colour
loci, including the Agouti, Albino, Brown, Dilute, English
Spotting and Extension loci (Aigner et al., 2000; Demars
et al., 2018; Fontanesi et al., 2006; Fontanesi, Forestier,
et al., 2010; Fontanesi, Scotti, et al., 2010, 2014; Fontanesi,
Vargiolu, et al., 2014; Lehner et al., 2013; Letko et al., 2020;
Utzeri et al., 2014, 2021), and at other loci affecting, for ex-
ample, the rex hair coat phenotype (Diribarne et al., 2011),
a type of dwarfism (Carneiro et al., 2017) and a saltatorial
behaviour (Carneiro et al., 2021). In our previous studies,
single-nucleotide polymorphisms (SNPs) covering the
whole-rabbit genome have been used to identify several
other genomic regions under selection in fancy and meat
rabbit lines using some classical approaches based on Fgr.
PCA-based (PCAdapt) and runs of homozygosity (ROH)
methods that are mainly based on allele frequencies
(Ballan, Bovo, et al., 2022; Ballan, Schiavo, et al., 2022).

The investigation of signature of selection includes
other methods and approaches that have been devel-
oped for high-density SNP panels and that utilized hap-
lotypes instead of allele frequencies. Many applications
in human and animal populations have already demon-
strated their complementarities and usefulness to further
confirm some previously identified signatures of selec-
tion (as proof of concepts) and in extracting additional
signatures that could also characterize the populations
under investigation (e.g.: Gonzalez-Rodriguez et al., 2016;
Qanbari & Simianer, 2014; Sabeti et al., 2006; Saravanan
et al., 2020; Utsunomiya et al., 2013). For example, two
frequently applied haplotype-based tests, considered
to be complementary to capture signatures of selection
(Gautier & Naves, 2011), are the integrated haplotype
score (iHS; Voight et al., 2006), which derives from the
extended haplotype homozygosity (EHH), and the cross-
population extended haplotype homozygosity (XP-EHH;
Sabeti et al., 2007), which is based on both EHH and iHS
principles and that further extends the possibility to detect
haplotype derived information at the genome level. These
approaches have been successfully applied but so far they
have not been explored in rabbit experiments.

This is a follow-up study of our two previous works
based on ROH, Fgqr and PCA performed with high-
density SNP datasets (Ballan, Bovo, et al., 2022; Ballan,
Schiavo, et al., 2022). Here we applied two haplotype-
based approaches (iHS and XP-EHH) to identify signa-
tures of selection in the genome of 13 rabbit breeds (10
fancy breeds and 3 meat breeds or lines) with a combina-
tion of within breed and across breeds analyses. The re-
sults were compared and combined with the signatures

25U90 17 SUOWILIOD) BATER.D) 3|qetfdde 3 Aq peusA0B a1 a1 YO 98N J0'SaINJ o ATIGIT BUIIUD ABIA U0 (SUO1IPUOD-PLUE-SULBYWIOD" A3 1 AeJc]1jBu1|U0;/SdIY) SUONIPUOD) PUB SWLS | aU1 295 *[£202/0/EZ] U AReiq 1 8UlluO 4811 ‘Iuewnooq 7 1ediq weis!s Baly Aq 8T8ZT Bl/TTTT 0T/0p/w00 o m AReiqjpujuo//sdny Wwoi popeojumod ‘0 ‘88E06EYT



BALLAN ET AL.

of selection that were previously obtained with the
other three methods (Ballan, Bovo, et al., 2022; Ballan,
Schiavo, et al., 2022). We then compiled a more compre-
hensive pattern of selection sweeps that distinguishes
rabbit breeds and that might be useful to reconstruct the
genetic history of these animal genetic resources and
identify the genetic mechanisms that can explain their
broad phenotypic diversity.

2 | MATERIALS AND METHODS

2.1 | Ethics statement
Animal samples used in this study were collected follow-
ing the recommendation of directive 2010/632.1.

2.2 | Animals

Hair roots or buccal swabs were sampled from 645 rab-
bits of 10 fancy and three meat rabbit breeds. All fancy
breeds (Belgian Hare, n. 24; Champagne d'Argent, n. 19;
Checkered Giant, n. 79; Coloured Dwarf, n. 20; Dwarf
Lop, n. 20; Ermine, n. 20; Giant Grey, n. 27; Giant White,
n. 20; Rex, n. 19; and Rhinelander, n. 28) and meat breeds
(Italian White, n. 256; Italian Spotted, n. 93; Italian Silver,
n. 20) were from the national Herd Book maintained by
the Italian Rabbit Breeders Association (ANCI). All rab-
bits included in this study were selected to avoid highly
related animals (no full- or half-sibs) and had their respec-
tive standard breed characteristics. The description of the
breeds is reported in Ballan, Bovo, et al. (2022) and sum-
marized in Table S1.

To capture the signature of selection common to
more than one breed with similar characteristics, breeds
were also grouped according to a few common features
(Tables S1 and S2) based on coat colour (completely
white Albino breeds: Giant White and Italian White; sil-
ver breeds: Champagne d'Argent and Italian Silver; spot-
ted breeds: Checkered Giant and Rhinelander), body size
(giant breeds: Checkered Giant, Giant Grey and Giant
White; dwarf/small breeds: Coloured Dwarf, Dwarf Lop
and Ermine) and the use of the breed (meat breeds: Italian
White, Italian Spotted and Italian Silver; fancy breeds: all
other breeds).

2.3 | Genotyping, data filtering
and phasing

DNA was extracted using the Wizard Genomic DNA
Purification kit (Promega Corporation). Animals were
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then genotyped using the Affymetrix Axiom OrcunSNP
Array (Affymetrix Inc.) which can analyse 199,692 DNA
markers. The genotyping data quality check was made
with the Axiom Analysis Suite (Affymetrix Inc.) and
PLINK v.1.9 software (Chang et al., 2015). SNPs with a
call rate <0.90, unmapped or on sex chromosomes were
removed and after filtering, a total number of 139,922
SNPs from 645 rabbits were retained for further analy-
ses. Then, the SNP dataset of all investigated rabbits was
phased using SHAPEIT2, with the default parameters
(Delaneau et al., 2012).

2.4 | Population structure analyses

To investigate the relationships between the analysed
breeds, multidimensional scaling (MDS) analysis was
performed after obtaining the matrix of genome-wide
identity by state (IBS) pairwise distances using PLINK
1.9 (Chang et al., 2015). ADMIXTURE 3.1 software
(Alexander et al., 2009) evaluated population stratifica-
tion. For this analysis, following Bertolini et al. (2022)
and the recommendation of Alexander et al. (2009), the
pruning of SNPs in high linkage disequilibrium (LD) was
carried out using PLINK 1.9 (Chang et al., 2015) consid-
ering —indep-pairwise command with the default param-
eters (windows size of 1000kb and r* threshold of 0.2).
A total of 5858 SNPs were retained (an average of 163
SNPs for each chromosome). Analysis was performed
on the pruned dataset considering the number of sub-
populations (K) that ranged from 1 to 17 and calculating
the cross-validation error (CV) for each K. Pruning is a
useful procedure for mitigating the biases that might de-
rive from differences in LD between populations in ances-
try estimation methods (Alexander et al., 2009).

2.5 | Haplotype-based methods to detect
signatures of selection

The rehh R package V 2.04 (Gautier et al., 2017) was
used on the 139,922 phased SNPs to obtain the integrated
haplotype scores (iHS; Voight et al., 2006) for each breed
and across-population and the extended haplotype ho-
mozygosity (XP-EHH; Sabeti et al., 2007) values for
breed comparisons and groups of breed comparisons.
iHS values were calculated with the unpolarized option,
available for this method when it is impossible to de-
fine the ancestral status of the alleles at a polymorphic
site. Here, absolute values |iHS| were chosen and con-
sidered independent from the ancestral allele (Bertolini
et al., 2020; Kemper et al., 2014). Signatures of selection
were identified based on these absolute values for SNPs
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that passed the threshold of the top 98.0th percentile of
the empirical distribution with at least three consecu-
tive SNPs within a 350 kb window.

The XP-EHH analysis is based on a single-breed ap-
proach, considered for each breed N-1 pairwise XP-EHH
comparisons (where N is the number of breeds included
in the study; N=13). The final XP-EHH score for each
SNP was then calculated for each breed, considered the
reference population, by computing the mean of the XP-
EHH values obtained from these multiple comparisons.
XP-EHH analyses for groups of breeds were carried out
considering as one reference population all rabbits be-
longing to the grouped breeds against another popula-
tion, including all rabbits of the other breeds (Table S2).
Therefore, only negative XP-EHH mean values were
considered (Maiorano et al., 2018). To detect a signature
of selection, all SNPs within the top 95.0th percentile of
the distribution of their log p-value were retained. Then,
regions with at least three consecutive SNPs within
a 350kb window with negative XP-EHH values were
considered to identify signatures of selection with this
approach.

2.6 | Compilation of signatures of
selection in the rabbit genome

Signatures of selection identified with the iHS and XP-
EHH analyses derived from this study were combined
with signatures of selection obtained in previous stud-
ies for the same rabbit breeds genotyped with the same
SNP array. These additional signatures of selection
were obtained using other approaches: window-based
Fgr, a principal component analysis-based method ob-
tained with PCAdapt (Luu et al., 2017), and ROH islands
(Ballan, Bovo, et al., 2022; Ballan, Schiavo, et al., 2022).
Genome coordinates of all these regions were obtained
using OryCun2.0 chromosomes. Annotated protein-
coding genes within the reported genome windows
or that were+500kb apart from them were retrieved
with the bedtools v.2.17 (https://github.com/arq5x/
bedtools2/) from the OryCun2.0 NCBI's GFF file (NCBI
Oryctolagus cuniculus Annotation Release 102). Gene en-
richment analyses were performed with Enrichr (Chen
et al., 2013), using the following databases: GWAS cat-
alog (https://www.ebi.ac.uk/gwas/), KEGG Human
database (KEGG, http://www.kegg.jp/), MGI mamma-
lian phenotype level (https://www.informatics.jax.org/
vocab/mp_ontology) and the biological process branch
of gene ontology (GO:BP; http://geneontology.org/). As
input, Enrichr took the whole set of genes (n=1493)
mapped within the genome regions identified by more

than one method. We considered statistically enriched
terms presenting: (i) at least two genes of the input set
related to (at least) two different genome regions and (ii)
an adjusted p-value of <0.05.

3 | RESULTS

3.1 | Population structure of the
investigated breeds

The MDS plots, obtained with the genotyped SNPs, in-
cluding the rabbits of the 13 breeds, are reported in
Figure 1. Rabbits belonging to the same breeds were usu-
ally clustered, with few exceptions when breeds were not
separated. The Italian White breed was clustered apart
from all other breeds. Breeds grouped according to the
same type of body size, that is, the three giant breeds
(Checkered Giant, Giant Grey and Giant White) and the
three dwarf/small breeds (Coloured Dwarf, Dwarf Lop
and Ermine), and the two breeds with the silver coat col-
our (Champagne d'Argent, and Italian Silver), were clus-
tered closely together.

Figure 2 shows the results of the ADMIXTURE anal-
ysis. Within the 13 subpopulations, the lowest value
was obtained at K 17, while the CV error reached a first
plateau at K 11. At K 11, the three meat breeds (Italian
White, Italian Spotted and Italian Silver) shared some
ancestries which were maintained, only in part, at K 13
(mainly between Italian Spotted and Italian Silver) and
K 17 (mainly between Italian White and Italian Spotted).
The two silver breeds (Italian Silver and Champagne
d'Argent) shared large common ancestries at K 11 and K
13 and a lower level at K 17. An admixed genetic back-
ground was observed between Giant White and Giant
Grey at all three mentioned Ks, with a much lower level
of admixture in Checkered Giant. The three small/dwarf
breeds (Coloured Dwarf, Dwarf Lop and Ermine) shared
some common ancestries at K 11. At K 13, common an-
cestries were high between Coloured Dwarf and Dwarf
Lop and between Ermine and Coloured Dwarf; the latest
was also maintained at K 17. Some common ancestries
also emerged between the two dwarf breeds and the Rex
breed at K 11 which was then reduced at K 13. No com-
mon ancestries emerged for Rhinelander and Belgian
Hare at all three Ks.

A very low level of introgression at the same three Ks
was shown by these two breeds, that is, Belgian Hare and
Rhinelander. At K 13, in addition to the previously men-
tioned breeds, Champagne d'Argent, Ermine and Dwarf
Lop showed the lowest levels of introgression, followed by
Giant Grey and Giant White (that were genetically very
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similar at this level) and, subsequently, by Rex. All three
meat breeds showed two main groups of different ances-
tries at K 11 and K 13, which also remained or increased

at three groups (for Italian White) at K 17. The Coloured
Dwarf breed consisted of heterogeneous ancestries, with
two main groups at K 13 and K 17.
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3.2 | Signatures of selection identified
with the integrated haplotype score
liHS| analyses

Figure S1a shows the Manhattan plots reporting the [iHSI
values obtained for all single breeds. The Manhattan plots
obtained for the breeds grouped according to their coat
colour, body size and use (i.e. meat breeds) are included in
Figure 3a. The list of the top 20 genomic windows for [iHSI
values identified with the analyses based on single breeds
(8 out of 20) or groups of breeds (13 out of 20) is reported
in Table 1 (one top value was identified in both analyses).
The complete overview of the |iHS| values across single
breeds and groups of breeds is reported in Tables S3 and
S4 respectively.

The top 20 IiHSI windows were located on OCU1,
OCU2,0CU4,0CU7,0CU9, OCU12,0CU15 and OCU16.
Many genes involved in growth processes and body mor-
phology are included in these windows. For example, the
top liHS| value, identified in the Italian White breed and in
the meat breeds group, highlighted window on OCU2 that
encompasses the ligand dependent nuclear receptor core-
pressor like (LCORL) gene, which is well known to affect
stature and body size in mammals (e.g. Pryce et al., 2011).
Another top ranked genomic region of this list, identi-
fied on OCU4 in the Checkered Giant breed, contains the
high mobility group AT-hook 2 (HMGA2) gene, which is
involved in several basic biological processes, including

(a) s

Albino breeds

Silver breeds

iHS

Spotted breeds

Giant breeds

Small / Dwarf breeds -

Meat breeds

1 2 3 4s 7 8 9 10 12 13 ¥ 15 16 1718 20

SORCS1

mesenchymal differentiation, adipogenesis and post-natal
myogenesis. The genomic region encompassing this gene
was also evidenced in the Dwarf Lop breed (Figure Sla)
and in the analyses involving two breeds groups: giant
breeds and dwarf breeds (Figure 3a). Several other rel-
evant genes in the detected |iHS| regions play roles in
growth-related processes and meat production traits
(Tables S3 and S4), some of which are also annotated in
Figures 3a and Figure S1a. We can mention a few of them,
among several others: discoidin domain receptor tyrosine
kinase 2 (DDR2) that plays a role in signal transduction
pathways involved in cell adhesion, proliferation and ex-
tracellular matrix remodelling; gonadotropin releasing
hormone receptor (GNRHR), that is involved in abnormal-
ity of body height; SET domain containing 7, histone lysine
methyltransferase (SETD?7), that plays a central role in the
transcriptional activation of several genes; suppressor of
cytokine signalling 2 (SOCS2), that is involved in mecha-
nisms affecting body height.

Other genomic windows containing genes affecting
pigmentation were identified in the analyses: (i) using
groups of breeds (endothelin receptor type A or EDNRA,;
endothelin receptor type B or EDNRB; and KIT proto-
oncogene receptor tyrosine kinase or KIT; Figure 3a); (ii) in
the single-breed approach (agouti signaling protein or ASIP
in Belgian Hare and Giant Grey; EDNRA in Checkered
Giant; EDNRB in Champagne d'Argent, Coloured Dwarf,
Giant White, Italian Spotted and Italian White; KIT in

(b) XP-EHH
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FIGURE 3 The Manhattan plots obtained for the breeds grouped according to their coat colour, body size and use (i.e. meat breeds). (a)
Manhattan plots obtained with [iHS| values. (b) Manhattan plots obtained with XP-EHH values.
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TABLE 1 List of the top 20 integrated haplotype score measures |iHS| for the 350 kb genomic windows and their closest genes within
flanked genomic region of 500kb, with information on the Oryctolagus cuniculus chromosome (OCU) position, identified with the single-
breed analysis or the group of breeds analyses. The full information of liHS| for single-breed approach and groups of breeds approach are
presented in Tables S2 and S3 respectively.

|[iHS| OCU:Position Breeds/groups of breeds” Closest genes Distance (kb)®

7.408 1:122550000-123500000 Italian White UBE2I;TAF1D;PANX1;VSTM5MED17;C1H11orf 100
54;SMCO4;HEPHL1;CEP295;,CCDC67

7.235 1:149500000-150450000 Spotted breeds NLRPI10,EIF3F,LMO1,TRIM66,TUB,STK33,RIC3 269

7.821 2:107150000-108100000 Meat production REG3G 142

8.684 2:8450000-9400000 Italian White, Meat LCORL 45

production

7.344 4:43800000-44750000 Checkered Giant WIF1,MSRB3,HMGA2,LEMD3 100

7.688 4:46950000-47900000 Spotted breeds IFNG,IL26,IL22,RAP1B,SLC35E3,MDM2,MDMI1,N 162
UP107,CPM

7.58 4:56400000-57350000 Italian White NAV3 200

7.495 4:72850000-73800000 Albino breeds LOC108176670,SOCS2,CRADD,PLXNC1,CEP83 500

7.266 4:72850000-73800000 Meat production SOCS2,CRADD,PLXNC1,CEP83 400

7.386 7:38550000-39500000 Spotted breeds PTPNI12,LOC108176821,FGL2,LRRC17,ARMCIO0, 110
GSAP,CCDC146,FAM185A,FBXL13

7.219 7:47650000-48600000 Giant Grey LOC100355039,LRRN3,IMMP2L 300

7.493 9:42400000-43350000 Spotted breeds ZNF717 128

7.407 9:49750000-50700000 Checkered Giant CHMPI1B,AFG3L2,CIDEA,MPPE1,LOC108177123, 73
TUBB6,IMPA2,GNAL,LOC108177122

8.472 12:128500000-129450000 Italian White HEBP2,PERP,CCDC28A,ARFGEF3,ECT2L, 16
REPS1,NHSL1

7.448 12:128500000-129450000  Albino breeds HEBP2,1LOC108177357,PERP,CCDC28A,ARFGEF3, 500
ECT2L,REPS1,NHSLI

8.209 14:29100000-30050000 Giant breeds MSL2,PCCB,EPHBI,PPP2R3A 98

7.426 14:30500000-31450000 Albino breeds SLC35G2,IL20RB,NCK1 107

7.948 15:64800000-65750000 Italian White ARHGAP24 500

8.558 16:34000000-34950000 Meat production LOC100345607,KCNK1,PCNX2 495

8.323 16:34700000-35650000 Albino breeds MAP10,LOC100345607,NTPCR,PCNX2,SIPA1L2 0

*The breed or group of breeds listed first are reported according to the top [iHSI. Other breeds or groups of breeds are reported when the same region was

evidenced over the thresholds in other populations.

"The distance between the genomic window and the most relevant or closest gene in kb.

Champagne d'Argent, Ermine, Italian Spotted, Italian
White; OCA2 melanosomal transmembrane protein or
OCA2 in Checkered Giant; paired box 2 or PAX2 in Giant
White; tyrosinase-related protein 1 or TYRPI in Dwarf
Lop; Figure S1a).

3.3 | Signatures of selection identified
with the XP-EHH analyses

Results of the single-breed XP-EHH pairwise comparisons
are presented in Table S5 and are shown in the Manhattan
plots of Figure S1b. Figure 3b and Table S6 report the re-
sults of the analyses carried out using the defined groups
of breeds. Based on the lists of obtained windows, the

results of the XP-EHH analyses were in part overlapping
and part complementary with the IiHS| results. For ex-
ample, the HMGAZ2 gene region, already reported in the
[iHSI results, emerged again in the Checkered Giant and
spotted breed group. Other regions, which included many
genes involved in growth, body size and development (ac-
cording to the information available in humans and other
species; e.g. collagen type XI alpha 2 chain, COL11A2; non-
SMC condensin II complex subunit G2, NCAPG2; sema-
phorin 4D, SEMA4D; SMAD family member 1, SMADI,
transforming growth factor beta receptor 2, TGFBR2; zinc
finger and AT-hook domain containing, ZFAT), emerged
from the within breed comparisons and the analyses
based on groups of breeds with this method but not with
the IiHS| method (Figure 3b; Figure S1b).
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A few regions containing genes affecting pigmenta-
tion, identified in the |iHS| analyses, also emerged with
the XP-EHH analyses: KIT in spotted breeds, Checkered
Giant and Ermine; OCA2 in Checkered Giant; tyrosinase
(TYR) in Italian White (and also in Italian Spotted and the
Albino breed comparison, not emerged with the previ-
ous method); EDNRB in Belgian Hare (a breed that how-
ever did not show this region with the previous method).
Other regions containing relevant genes involved in pig-
mentation emerged only with the XPP-EHH method: KIT
ligand (KITLG) in albino breeds and Italian White; mela-
nocyte inducing transcription factor (MITF) in Champagne
d'Argent.

Another expected signature of selection was identi-
fied in the Rex breed in the genomic region of OCU14
that harbours the lipase H (LIPH) gene, which is re-
sponsible for the Rex' locus affecting coat structure
(Diribarne et al., 2011).

3.4 | Comparison with previous
approaches and enrichment analysis

To obtain a complete picture of the signatures of selection
identified in the investigated rabbit breeds, we combined
results obtained in this study using the iHS and the XP-
EHH approaches with the results we previously obtained
with other methods: different Fq; pairwise analyses, the
application of the principal component analysis meth-
odology of PCAdapt and the identification of runs of

homozygosity (ROH) islands (Ballan, Bovo, et al., 2022;
Ballan, Schiavo, et al., 2022). Figure 4 shows an overview
of the genomic regions covered by signatures of selection
identified by three, four or five different methods. The
complete list of all genomic regions identified with one or
more methods in different breeds is reported in Table S7.
Considering all methods and all breeds together, a total
of 5079 independent regions that might have been under
selection were identified, covering a total of 1777 Mb.
The most consistent results obtained with three, four
or five methods, covered a total of 516, 118 and 22Mb
respectively.

In the single-breed analyses, 12 genomic regions were
identified by at least four different methods (Table 2).
Again, a few of these regions consistently highlighted
some obvious candidate genes affecting breed-specific
traits. For example, four different methods made pos-
sible to identify in the Italian White breed (an albino
breed) the genomic region on OCU1 containing the TYR
gene whose allele series is responsible of the Albino locus
(Fontanesi, 2021b). Several other regions might harbour
candidate genes explaining other breed-specific phe-
notypes or domestication-derived traits. The region on
OCU3, identified in Giant White, has been associated
with the number of teats in rabbits (Bovo et al., 2021). One
region of OCU4 identified in Dwarf Lop includes the ki-
nesin family member 16B (KIF16B) gene involved in early
embryonic development and body size (Ueno et al., 2011;
Yengo et al.,, 2022). A region on OCU9 identified in
Checkered Giant includes the protein tyrosine phosphatase
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FIGURE 4 An overview of the genomic regions covered by signatures of selection identified by three (reported in red), four (blue) or
five (green) different methods. Detailed information is reported in Figure S1.
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non-receptor type 2 (PTPN2) gene, which also emerged as
one of the most relevant peaks in the PCAdapt analysis
based on all meat rabbit breeds (Ballan, Bovo, et al., 2022).
Another consistent region that emerged in Checkered
Giant was on OCU17 and included a coat colour gene, the
OCA2 gene.

The results of the enrichment analysis, based on the
genes annotated in the chromosome regions where at
least two methods detected signatures of selection, are re-
ported in Table S8. Only two GO terms, identified in the
Checkered Giant breed (the axial length) and the Giant
Grey breed (eye colour), were significantly enriched.

4 | DISCUSSION

The more recent outcome of the domestication process
in the rabbit has been the constitution of many different
breeds that can be mainly distinguished through their
exterior traits, like coat colour and structure, body size
and shape (Boucher et al., 2021; Fontanesi, 2021a). These
genetic resources, mainly established and maintained by
fancy and commercial breeders, may contain the foot-
prints that testify their genetic history and origin in their
genome. Several genetic events and breeding practices,
including artificial directional selection, bottleneck, ge-
netic drift and introgression, have shaped the genomic
architecture and population structures of these breeds.
Identifying the signatures of selection left into the genome
by the combined action of these events may be useful to
understand the genetic mechanisms that determined the
peculiar phenotypic characteristics of many of these un-
tapped genetic resources.

We already reported some population genomic infor-
mation and the identification of signatures of selection in
several rabbit breeds using a few approaches (Fgp meth-
ods, an adapted PCA-based approach and ROH islands)
that made possible to identify or confirm genes or ge-
nomic regions associated with some relevant phenotypes
in the domestic rabbit (Ballan, Bovo, et al., 2022; Ballan,
Schiavo, et al., 2022). Here, we reported additional layers
of information obtained by further exploiting high-density
genotyping data in the same breeds. Therefore, this is a fol-
low-up study that complement what we already reported
(Ballan, Bovo, et al., 2022; Ballan, Schiavo, et al., 2022).
Our population structure investigation that we carried out
with SNP genotyping data enlarged and refined the popu-
lation structure analysis based on microsatellite informa-
tion carried out in 16 rabbit breeds by Alves et al. (2015),
who involved just a few breeds in common with our study
(Belgian Hare, Champagne d'Argent or Champagne Silver
and Rex) or that might be considered similar or with a
close origin respect to our investigated breeds (Netherland

Dwarf similar to Coloured Dwarf; Flemish Giant and
Hungarian Giant similar to Giant Grey). It is also worth
mentioning that the sampled animals in the study of
Alves et al. (2015) were from France and other countries,
but not Italy.

Admixture analysis that we carried out in our 13 inves-
tigated breeds clearly showed that the breeds with similar
phenotypic characteristics (body size and coat colour) and,
to some extent, the use for meat production, also shared
common genetic features that can affect both quantitative
traits and monogenic or oligogenic traits, which, in turn,
differentiate their populations. This aspect did not emerge
from the study of Alves et al. (2015), where breeds could
not be grouped based on some common features and the
applied methodology did not report any results on macro-
groups of breeds.

In our study, two giant breeds (Giant Grey and Giant
White) largely shared the same ancestral genetic features
that could only be distinguished at the subpopulation
level (K=17). The third giant breed, Checkered Giant, was
quite divergent from the other two. The main characteris-
tic of this breed is its unique spotted coat colour derived
from the heterozygous genotype at the English spotting
locus (Fontanesi, 2021b; Fontanesi, Vargiolu, et al., 2014).
Therefore, only planned crosses that follow the classical
Mendelian inheritance can produce the required pheno-
type in the rabbits which, in turn, can respect this breed
standard. These needed practices may have also contrib-
uted, on one hand, to separate this giant breed from the
two other breeds and, on the other hand, to introduce some
within genetic heterogeneity, as evidenced at K=13 and
K=17, where two main genetic substructures emerged as
components of the genetic pool of the Checkered Giant
breed.

The three small/dwarf breeds (Ermine, Dwarf Lop
and Coloured Dwarf) shared some common genetic an-
cestry. Subsequent interbreed stratification was probably
able to distinguish more clearly the Ermine (a small body
sized breed) and the Dwarf Lop genetic pools (as shown at
higher Ks). Some heterogeneity remained in the Coloured
Dwarf. As this breed is not fixed for any colour, it might
have experienced several introgressions from other
morphs increasing its genetic heterogeneity. From the ge-
netic structures of these three breeds, it could be possible
to speculate that the general complex and quantitative ge-
netic features that determine the small body size might
have been commonly shared by all these three breeds that
then were distinguished by some monogenic or oligogenic
features determining dwarfism in two of them (Dwarf Lop
and Coloured Dwarf), which might further reduce their
body size. The ear lop characteristic should have also con-
tributed to genetically separating the Dwarf Lop from the
Coloured Dwarf. This is also evident from the analyses of
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the signature of selection obtained in this study and our
previous study carried out in these two breeds (Ballan,
Bovo, et al., 2022). Different genomic regions containing
candidate genes might be involved in determining differ-
ent dwarfisms and the adapted skull structure requested
by the ear lop phenotype (Ballan, Bovo, et al., 2022;
Carneiro et al., 2017; Fontanesi, 2021c).

The Rex breed, defined by its peculiar coat structure,
showed some common ancestry with the two dwarf
breeds at K=11, suggesting a partially shared genetic
background, which then diverged at higher Ks, accord-
ing to a breed stratification process mainly led by the Rex’
locus genotype, that, according to the results of signature
of selection analyses, we confirmed to be caused by vari-
ability at the LIPH gene, as previously reported (Diribarne
et al., 2011). The Rex breed population analysed with a
few microsatellites by Alves et al. (2015) showed some
undefined substructures, probably derived by admixture
with the New Zealand White breed, suggesting that the
genetic material coming from different countries might
have experienced some different introgressions. As we did
not include in our study the New Zealand White breed, we
could not confirm these potential genetic relationships.

As expected, the two silver breeds (Champagne d'Ar-
gent and Italian Silver) shared large common ancestral ge-
netic background with some substructures in the Italian
Silver breed probably derived by the breeding programme
aimed to improve performance traits in this male meat
line. Several substructures were also evident in the other
two meat breeds at all Ks, which can be attributed, again,
to their breeding programmes, which introduced blood
of different genetic origin to enlarge their genetic back-
ground and maximize the genetic progress.

Rhinelander and Belgian Hare breeds were very well
differentiated from all other breeds. Belgian Hare was well
separated from all other breeds also in the study of Alves
et al. (2015), further suggesting a quite early demographic
separation of this breed, as it could be expected from the
lean, long and thin body structure (very peculiar features
compared to all other breeds) that characterizes Belgian
Hare rabbits.

The complete picture of signatures of selection in the
rabbit genome that we obtained in this study (by adding
the results of the two haplotype-based approaches and
combining this information with previous results ob-
tained in the same rabbit breeds; Ballan, Bovo, et al., 2022;
Ballan, Schiavo, et al., 2022), further confirm and extend
the relevance of many genetic features for the genetic
differentiation of groups of breeds and single breeds.
Considering all breeds and all applied methods, signa-
tures of selection were identified in a total of about 1.8 Gb
of the rabbit genome. From this picture, it emerged that
a large fraction of the genome experienced some relevant

modifications in the process of breed constitution (consid-
ering that we analysed only a few breeds over the several
tens or hundreds that have been constituted). On average,
independent signals per breed covered about 113 Mb and
if we considered only the most consistent results, again,
on average, at least three methods identified 25 Mb, 8 Mb
were identified by at least four methods and 1.2 Mb were
identified by at least five methods. These highly consis-
tent regions might contain very important genetic features
that potentially should largely contribute to the specific
genetic footprints of these breeds. It is also worth noting
that as different methods are based on different assump-
tions, the detected regions that emerged with one or more
methods might contain peculiar signatures of selection
that could be captured with the combined integration of
one or more approaches.

The role of the genes annotated in signatures of se-
lection regions, known from other studies and other spe-
cies, could be used to derive functional effects linked to
some characteristics of the considered breeds or groups
of breeds. However, more than one gene is usually anno-
tated in the regions we identified. In some cases, it was
possible to highlight the most relevant candidates accord-
ing to their already well-established roles. For example,
all genes involved in pigmentation could be easily high-
lighted, as most breeds and groups of breeds can be clearly
distinguished through their coat colour and colour pat-
terns. The list of these genes identified with the [iHS| and
XP-EHH approaches included ASIP, EDNRA, EDNRB,
KIT, KITLG, MITF, OCA2, TYR and TYRPI (Figure 3;
Figure S1), some of which have also been reported using
previously applied methods (Ballan, Bovo, et al., 2022;
Ballan, Schiavo, et al., 2022), others were newly identified
in this study. Therefore, the list of pigmentation-relevant
genes reported in this study and in the other studies that
we carried out (Ballan, Bovo, et al., 2022; Ballan, Schiavo,
et al., 2022) is quite large, further indicating that coat co-
lours and colour patterns are very important in establish-
ing and then recognizing a rabbit breed (Fontanesi, 2021a,
2021b). Sequencing of the newly identified genes would
be needed to identify other candidate causative mutations
explaining coat colour differences between breeds. Here is
also interesting to mention the signature of selection iden-
tified in Champagne d'Argent on OCU9 in the correspon-
dence of the MITF gene, which in humans is involved in
the hair greying process (Harris et al., 2018) and melano-
cyte survival, migration, proliferation and differentiation
(Saleem, 2019). This region did not emerge in our previous
study based on Fgp that, however, highlighted other ge-
nomic regions potentially involved in the greying pheno-
type (Ballan, Bovo, et al., 2022). The Silver locus, inferred
by classical genetic studies based on colour segregation,
has been suggested to be the genetic factor underlying this
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peculiar progressive greying phenotype that characterizes
this breed (Fontanesi, 2021b). However, the inconsistent
results obtained with different signatures of selection ap-
proaches, that would indirectly aim to identify the genetic
factors affecting the hair greying phenotype in this breed,
might indicate that the genetic mechanisms determining
this coat colour could be more complex than previously
expected.

How we phenotypically grouped the breeds based on
body size, which also reflects some common genetic ori-
gin (as also evidenced by the results of the ADMIXTURE
analysis), indicated interesting patterns of signatures of
selection that included some genes already known to af-
fect similar traits in other species. For example, LCORL
has already been reported to affect body size and stat-
ure in humans and several other mammals (Bouwman
et al., 2018; Plassais et al., 2019; Pryce et al., 2011; Rubin
et al., 2012; Signer-Hasler et al., 2012). Our previous
study based on Fgp already showed a signature of se-
lection including this gene but in small/dwarf breeds
(Ballan, Bovo, et al., 2022). A similar signature of selec-
tion in this gene region was also observed in dwarf rab-
bits by Carneiro et al. (2017). Here, we report signatures
of selection including LCORL in Italian White rabbits
and, in turn in all meat breeds. This result highlighted
some putative alternative alleles at this gene region,
probably affecting body structure in the opposite direc-
tion than that we can infer in the small/dwarf breeds, in
line with what has been reported in humans and other
mammals (Bouwman et al., 2018; Plassais et al., 2019;
Pryce et al.,, 2011; Rubin et al.,, 2012; Signer-Hasler
et al., 2012). Similar bidirectional signatures of selec-
tion were identified in the HMGA2 gene region that was
highlighted in small/dwarf breeds and, with a putative
opposite functional effect, also in giant breeds and in
spotted breeds (that have large or medium body size).
Variability in the HMGAZ2 has been consistently associ-
ated with body size and stature in humans and several
mammals (Bouwman et al., 2018; Boyko et al., 2010;
Makvandi-Nejad et al., 2012; Weedon et al., 2007). A
large deletion in this gene is the causative mutation of
a form of dwarfism in rabbit and where only heterozy-
gous animals at this mutated region are viable (Carneiro
et al., 2017). In our previous study based on Fgr (Ballan,
Bovo, et al., 2022), we could only capture the signature of
selection in the giant breeds but not the selection sweep
that we identified here with the [iHSI values in the small
breed Ermine and the Dwarf Lop breed (and in turn, in
the group of small/dwarf breeds). Again, this result con-
firms the complementarity of the different methods we
applied to identify signatures of selection in the rabbit
genome. Many other regions, that emerged in the analy-
ses carried out for the small/dwarf and giant breeds, may

contain relevant genes involved in defining body size in
rabbits, a complex and polygenic trait, as already demon-
strated in many other mammals.

Another signature of selection was identified with both
liHSI and XP-EHH methods in Checkered Giant on OCU9
in aregion that includes the PTPN2 gene. This gene region
also strongly emerged in our previous study but as a main
outlier in the meat breeds (Ballan, Bovo, et al., 2022). This
gene has been associated with Crohn's disease, a chronic
inflammation involving the whole-digestive tract (Festen
et al., 2011). Therefore, PTPN2 might have an important
role in the functionality of the digestive structures. It is
worth mentioning here that Checkered Giant rabbits are
usually carriers of a genetic defect associated with the
English spotting locus (probably derived by a mutation in
the KIT gene), which when in homozygous condition it
causes deleterious megacolon in the rabbits but that is usu-
ally silent in the heterozygous state (Fontanesi, Vargiolu,
et al., 2014). Therefore, it could be speculatively interest-
ing to pair these two genetic elements in Checkered Giant:
one at the PTPN2 gene region, which could play a correc-
tive function of a defective or semi-defective genotype at
the second gene region, the KIT, to reduce the negative
impact of the megacolon in the breed population. Further
studies are needed to evaluate this potential epistatic role
of PTPN2 in this context.

The results of the functional enrichment analysis
based on the genes included in the combined list of signa-
tures of selection that we were able to obtain for the rabbit
genome, even if derived from only 13 rabbit breeds, may
indicate that the processes of breed constitution involved
many genomic regions, which resulted in the modifica-
tion of many different functions, with just very few major
functional patterns for body size/shape (as derived by the
GO term: axial length) and pigmentation processes (as de-
rived by the GO term: eye colour). Therefore, it seems that
the second step of the domestication process of the rabbit,
that can be considered when breeds started to be consti-
tuted/defined, included a shift from the genes/functions
of the first stage (genes mainly involved in behavioural
and reproduction adaptation; Carneiro et al., 2014), to
many other genes and functions with some major modifi-
cations that occurred for genes involved in the characteri-
zation of exterior traits (morphology and colour), that are
mainly targeted by fancy breeders.

5 | CONCLUSIONS

This study further demonstrated that high-throughput
genotyping data could be very useful to explore the popu-
lation structure of rabbit breeds and to obtain information
useful to reconstruct their genetic history and sometimes
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the complex series of admixture and introgression events
that have shaped their genetic structures. It is also inter-
esting to note that the use of different methods to detect
signatures of selection highlighted important regions that
could not emerge using just one or another approach.
Body size and coat colour appeared to be under strong se-
lection, as expected, considering that these traits clearly
differ between many rabbit breeds. Therefore, in turn, the
signatures of selection left in the genome of rabbit genetic
resources emerged to be at least partly consistent with
their phenotypic similarities. Moreover, these selection
sweeps derived by the genetic events and divergent arti-
ficial selection trajectories that have differentiated many
genetic resources in the domestic rabbit, provide use-
ful hints to go into more detail and better analyse some
genes that could contribute to the genetic variability of
external traits in this species and, as a model, also in other
mammals. Other approaches can be added to what we re-
ported in our studies to increase further and improve the
obtained signature of the selection picture over the rabbit
genome. Many other rabbit breeds remain to be investi-
gated at the genome level. Their full characterization may
identify additional hints able to explain the large pheno-
typic diversity in this domesticated species.
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