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ABSTRACT

The domestic rabbit is a unique species due to its multiple applications. It includes many different breeds, lines and populations
with unique phenotypic variants and extremely different performances and production traits. The sequencing of the rabbit
genome and the development of new genomic tools have been creating new opportunities in rabbit breeding, biotechnology,
study of animal models, conservation genetics and management of animal genetic resources. A quite large number of
investigations have used a candidate gene approach to identify DNA markers associated with economic relevant traits (meat
quality and carcass traits, reproduction traits and disease resistance)in meat lines. Several coat colour and hair morphology loci
have been already characterized at the molecular level and causative mutations have been identified. The needed basic
elements/tools to apply genomic selection approaches in rabbits have been developed or could be available from what have
been prepared for other species. The refinement of the assembly of the currently available version of the rabbit genome is a
prerequisite for more advanced investigations that might include detailed functional annotations to address gene editing.
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INTRODUCTION

The European rabbit or domestic rabl@tryctolagus cuniculus) is a unique species as it is at the crossroad of
several uses and applications with similar impantaand (direct or indirect) economic values thay ihepend by
countries or interests: i) it is a livestock speaiaised mainly for meat production but also fargtoduction, with
different specialized lines; ii) it is a fancy a@hwith a broad spectrum of different and uniquengitypes that are
usually recognizedas different breeds; iii) it is @nimal model used to investigate and answer nhéoiggical
questions; iv) it is a biotech tool mainly usecptoduce antibodies but also other therapeutic agehit is a wild
resource, mainly in its native regions where tagtrolled by natural enemies; and vi) it is a peatnly in its non-
native regions where it is not controlled by naftweaemies. Despite these different and very relevases or
functions, a relatively low number of studies, camgul to other livestock or animal models, have l@shkiressed

on this species to understand the genetic factfestimg traits that are important in their numes@pplied fields.

Only recently, with the advent of genomics, invgatdrs and practitionershave started to look atrdbéit from
another perspective (Miller et al., 2014).Genomicsome way, unifies all aspects of this lagomaapt provides
tools, methodologies and resources that are usefidentify and analyse markers and causative momsin this
species for a large variety of applications.

Genomics relies of new technologies that have breeantly developed and that made it possible toease
throughputs mainly in genotyping, sequencing artd daalysis. In particular, among the most impdrémvances

in this field we can mention next generation segirgn(NGS) technologies. NGS has revolutionizedvlag in
which genomic information is produced in all livimgganisms. The same is true for the rabbit in tvlseveral
applications of NGS technologies and approachee baen largely contributing to study variabilitythre rabbit
genome and to characterize its transcriptome foctfanal annotations. For example, a quick suruveythie
Sequence Read Archive (SRA) databdstp(//www.ncbi.nim.nih.gov/spashowed that 103 accessions included
NGS data obtained by sequencing rabbit genomionsgiwhole genome sequencing or targeted sequéraniuly
that 179 accessions were from RNA-seq data gemkfaimn the rabbit for a total of a few terabytessefjuence
data(update: 20of April 2016). Sequence data generated from ahbit are expected to increase exponentially in
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the near future. However, the most important ressigenerated by genomics in the rabbit durindatsteyears is
the sequence of its genome (Carneiro et al., 2004 fundamental resource has opened new opptiesiro
understand this multi-purpose species for its diffi€ applications and will contribute to sustaitufe applications.

THE RABBIT GENOME — A FUNDAMENTAL TOOL FOR SUBSEQUE NT APPLICATIONS

The karyotype of the European rabbit is made bya@tbsomes plus the sexual chromosomes (2n = 445€Th
chromosomes have been sequenced and assemblaédgstarin low coverage, producing a first draft af a
assembled genome (OryCunl.0), generated within Menmalian Genome Project by the Broad Institute
(Lindblad-Toh et al., 2011). Subsequently this iprdary version, that was used for an evolutionanalysis
across mammals, has been refined and a seconarvdras been obtained (OryCun2.0; Carneiro et @ll4p
OryCun2.0 was sequenced to a 7X and made available Ensembl database
(http://www.ensembl.org/Oryctolagus_cuniculus/mfd@his genome version includes about 2.74 Ghp, 82t
been anchored to chromosomes. The remaining unestthcontigs have been assembled into a virtual
chromosome indicated as “Un”. To obtain an appratérevaluation of the precision and completenesthef
assembling of a genome, the used parameter is30eside that is a statistic that defines assemibidylity. N50 is
the length such that 50% of the assembled genaadriiblocks of the N50 size or longer. The OryCQOr250
length for supercontigs is 35348.54 kb. The N5@ $r contigs is 64.65 kb. To have a first evalmatof the
guality of this assembly we could compare it to N&O of the cattle genome (UMD3.1 genome versiba} ts
103.78 kb for contigs,one of the best among a#diock species. Thus far, the quality of the astaitattle
genome is much better than that of the rabbit gendrherefore, we could indirectly deduce that theeably
work for the rabbit genome has not been completd Ip a near future the advent of long read secjngn
technologies (e.g. PacBio, Nanopore, etc.) is epelo change the way in which genomes are assdr{Brdon

et al., 2016) and further improvements might be alsplied for the rabbit genome.

The total numbers of nucleotides in supercontigd aontigs in OryCun2.0 are 2.66 Gbp and 2.60 Gbp,
respectively Iittp://www.ensembl.org/Oryctolagus_cuniculus/Infoffetatior). The annotation process of the
OryCun2.0 genome version identified 19,203 codieges, 3,375 non-coding genes, 1001 pseudogenestatal

of 24,964 gene transcripts.

At present, the rabbit genome version availabl&msembl database (OryCun2.0; Ensembl Release 8&hMa
2016)does not report any information on polymorpisiseven if extensive studies have been carriedouhis
species at the genome wide level. The first genaide identification of single nucleotide polymorphis (SNPs)
in the rabbit genome has been obtained using thél torent Personal Genome Machine that sequenckated
representation libraries in a DNA pool-seq approg@@értolini et al., 2014). This study identifiedat 62.5 k
SNPs (479 of which were missense mutations, andeté stop-gained mutations)by sequencing sampgetidns
of the rabbit genome that covered about 0.1 Gbh witletection rate of one SNP per about 1.7 kbaofpsed
genome. Then, the work of Carneiro et al. (2014 tthescribed the sequencing and assembly of OryQun2
reported the discovery of about 50 million highdfyaBNPs and 5.6 million insertion/deletion polymbisms by
whole genome sequencing of several DNA-pools fraffierent breeds.A second level of variability irethabbit
genome, that has been investigated by just oney ftadfar, is constituted by copy number variati@NVy;
Fontanesi et al., 2012b). It is well known now tkatVs (defined as interspecific gains or lossesbfkb of
genomic DNA) are very frequent in all mammalian @@es in which they represent the most importantcgoaf
variability in terms of affected nucleotides witlotpntial relevant impacts on gene expression (togesn the
whole ~0.4-25% of a genome; Redon et al., 2006;r&bret al.,, 2010). The study in rabbit involved rfou
individuals of different breeds and was carried osiing the array comparative genome hybridizate@GH)
technique based on high density probes spreadvah the OryCun2.0 genome. A total of 155 copy numbe
variation regions (CNVRSs), identified by overlappiar partially overlapping CNV events, covered a@62 Mb
(~0.3% of the rabbit genome). These 155 CNVRs oadu95 gains, 59 losses and one with both gainlas]
localized on all chromosomes except on chromosoeAR present, CNVs are not annotated in the Ory@lun
genome version.

Analyses of variability in the rabbit genome haeeib used in different studies for different purgosed applying
different approaches. In particular, considering thbbit as a meat species, studies have beerdanit to
identify polymorphisms associated with performanaoe production traits in population based assatiagtudies
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and in family based analyses for QTL identificati@ther studies have been carried out to identiftations
affecting relevant phenotypic traits that identifyeeds or strains and that might be important tabish new
animal models based on natural variants availableng fancy breeds. The complete sequence of thgitrab
genome has also opened the possibility to propesergic selection in this species even if sevengitdi should be
considered for practical applications. Moreoversibanformation and annotations of the rabbit geaamight
open new perspectives in using gene editing appesaior novel and even unexpected potential apggita

CANDIDATE GENE ANALYSES FOR PRODUCTION TRAITS

A candidate gene approach has been already sugbgssied in many livestock species to identifyymbrphisms
associated with many different economic traitssTdpproach is based on simple assumptions thatlgifimk the

functions of genes with production traits: varidbilwithin genes coding for protein products invedvin key

physiological functionsor roles directly or inditlgcinvolved in determining an economic trait (eayerage daily
gain, muscle mass deposition, feed conversion rgpepduction efficiency, disease resistance, etw)d probably
explain a fraction of the genetic variability féret production trait for which the gene has beeecsed. Therefore,
the first step is the selection of the most pldes@andidate genes based on previous knowledgedhid derive
from what is also known in other species. Then, gbeond step is the identification of polymorphisimghe

selected candidate genes. The third step is basdbdeodesign of association studies according ¢oatailable
populations and phenotypes in the investigated alsimAll animals with phenotypic traits are genatgpand
appropriate statistical tests are used to establistociations between gene markers and produgtds. tThis

approach is a shortcut to reach as soon as posaildewith a relatively low effort the final goalathis the

identification of DNA markers associated with econo traits. The candidate gene approach is, fromtand, a
smart approach if we have enough information t& pigc the most important genes affecting the tachgtat but,

on the other hand, is weak as we usually do notvkatopriori if the selected candidate is the mogbartant gene
(among all potential candidates) affecting thettmaithe investigated species and if variability that gene
segregates in the analysed population.

Several studies in rabbits have been based ondatrdjene analysis to identify DNA markers assediatith
economic relevant traits. Table 1 shows a listesfag investigated using this approach. Three grolUgtaidies can
be identified based on three main groups of ingastd traits that, in turn, define the choice efthndidate genes:
association studies for 1) growth and meat prododtiaits (carcass and meat quality traits), 2ja@pction traits
in does and 3) disease/disorder resistance traits.

A relatively large number of studies have beeniedrout to investigate growth rate and meat pradodraits
(carcass and quality traits). In these studieswtjraate has been mainly measured indirectly byghtaig the
animals at different ages that in many cases teflgferent growth stages or different final marketights. In
particular, Fontanesi et al. (2011, 2012a, 2010¢4B, 2016) used just one important phenotype eefas one of
the main selection objectives in a commercial nahbit line, i.e. live weight at 70 days, takingvadtage from
the routine collection of this phenotype in thiggudal line. Other authors (Peng et al., 2013; Yangl., 2013;
Zhang et al., 2013, 2014; Liu et al., 2014; Wanglgt2015) investigated several growth, carcasismagat quality
traits measured in rabbits of a few breeds/linesnés of them with a limited number of animals) arsbally
carried out association studies by combining data fmore than one breed/line. Sternstein et all4p0arried out
an association study in an F2 reference populaifiiained by crossing parental animals of two défférbreeds
(Giant Grey and New Zealand white) and used foiTa udy (Sternstein et al., 2015). In this invgation, about
400 F2 rabbits were phenotyped for a large humbearcass and meat production traits. In this fipstup of
studies, the choice of candidate genes was maasdgd on their functions and considering that stuilieother
species already showed that variants in these gexmains a quite large fraction of the geneticiakality for
several production traits. In particular, the cloaf the myostatinMSTN) gene as candidate in three different
studies in rabbits is related to the well-knowreef$ that disruptive mutations in this gene havenoiscle mass
development, as already described in other anipediss, e.g. mouse (McPherron et al., 1997), c@iitebet et
al., 1997; Kambadur et al., 1997; McPherron and 1L687) and sheep (Clop et al., 2006). Unfortugaiekeems
that no disrupting mutations in this gene (thathhigave a very relevant phenotypic effect like wikaibserved in
beef cattle or meat sheep breeds) segregate inaséweestigated rabbit breeds or lines (Fontae¢sil., 2011;
Peng et al., 2013; Sternstein et al., 2014). Howguéative regulatory mutations in this gene migatassociated
with carcass traits, according to what wasshowanirF2 reference population (Sternstein et al., R0llde effect
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of naturalMSTN polymorphisms on growth rate (i.e. finishing weigbeems very mild (Peng et al., 2013) or not
important (Fontanesi et al., 2011).

Other candidate genes were selected following wilaest already published in other species. For exampievth
hormone GH1), growth hormone receptoGHR), and insulin-like growth factor 2GF2) encodes for important
components of the somatotropic axis and variahititthe genes have been already shown to haveardleifects
on growth or production related traits in many &liéint species (e.g. Lagziel et al., 1996; Blothlet2003;Van
Laere et al., 2003). The same is true for varighih the melanocortin 4 receptdviC4R)gene (involved in the
mechanisms controlling energy homeostasis and fotake) for which missense polymorphisms observed i
humans and pigs are causative mutations for gramthobesity-related traits (e.g. Kim et al., 200dyestigating
the rabbitMC4R gene we identified a novel missense mutation ogusn amino acid substitution in a position not
yet described to be polymorphic in any other smeieG34D, located in a conserved position of tkteaeellular
tail of the MC4R protein) that was associated withight at 70 days in a commercial meat line setefie growth
rate for many years (Fontanesi et al., 2013). & wderesting to note that the most favorable allghs also the
most frequent one, according to what was expeatethis population considering the selection objectihat
wanted to maximize this trait. This is also the moemmon situation that we identified for many othe
polymorphisms in candidate genes for which the tpesialleles were usually the most frequent one imeat
rabbit line that has been selected for years fowtr performances (e.g. Fontanesi et al., 20120620

The second group of candidate genes have beenesklecfind markers for reproduction traits in do&kese
studies used a unique animal genetic resourceitdadtby divergent rabbit lines for uterine capadihese lines
have been developed by at least 10 generationefgent selection for this trait after having diad that fetal
survival depends mainly on the maternal genotypec@let al., 2004). Polymorphisms in three ge@¢GP1,
PGR and TIMP1) were associated to a few reproduction traits dejmg by uterine capacity, including embryo
implantation and litter size (Estellé et al., 20B&jr6 et al., 2008, 2010; Merchan et al., 2009ehte et al., 2010;
Garcia et al., 2010).

The third group of candidate genes were selecteidentify markers associated with resistance teafies or
digestive disorders based on two different expemtaledesigns, respectively. The first experimedidign was
based on a classical association study betweemaséwvenunological traits (i.e. the level of sevepalrameters or
immunological related molecules) and a candidate deut no direct association with any pathogemgrspecific
diseases was carried out (Wan et al., 2014). Tim#ell number of animals and the heterogeneity ef th
investigated rabbits might need to verify the resin other populations. The second experimentaigdewas
based on a case and control design, i.e. betwéditgsahat showed nonspecific digestive disordersws rabbits
that did not show any digestive disorder. Assogiatias declared when allele frequencies at theteeleandidate
genes differed significantly between the two gro(fisang G.W. et al., 2011, 2013; Chen et al., 2Q13;et al.,
2013; Zhang W.X. et al., 2013; Fu et al., 2014)

Based on all these candidate gene studies, itssilple to evidence that the structures of the éxpartal designs
are fundamental to identify meaningful associatidiiee number of investigated animals is alwaysugial factor
to identify associations with complex traits in @edperiments and this applies also to a candidae gpproach.
The number of animals needed might depend by thiahbitity of the investigated traits and by thespibility to
control environmental effects in the specific expents among several other factors. The othercatijuestion is
derived by the available phenotypes that might teatthe selection of the most plausible candid@itesse issues
open a window on the step forward that will takeaadage from the analysis of not only one or fewdidate
genes but hundreds or even thousands of polymonghig the same time, changing the pace by whickerar
associated with production traits are identified.
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Table 1: List of candidate genes investigated in associagtadies for several economic relevant traitsifieidnt
rabbit populations.

Gene Gene name Polymorphisms Populations Associated ttai References
symbol
Growth and meat production traits (carcass and meaand fat quality traits)
FTO Fat mass and 3 SNPs in exon 3 (2 New Zealand, Ira Body weightat ~ Zhang G.W. et
obesity associated missense mutations) and Champagne 35,70,and 84 d; al. (2013a)
rabbits intramuscular fat
GH1 Growth hormone  SNP in a putative Commercial meat Finishing weight ~ Fontanesi et al.
regulatory region rabbit line (2012a)
GHR Growth hormone  Missense mutation Commercial meat Finishing weight ~ Fontanesi et al.
receptor (SNP) rabbit line (2016)
GHR Growth hormone  Missense mutation New Zealand, Ira Eviscerated Zhang et al.
receptor (SNP) and Champagne weight, semi- (2012)
rabbits eviscerated
weight,
eviscerated
slaughter rate,
and semi-
eviscerated
slaughter rate,
pH24, weight at
84d
IGF2 Insulin-like Indel in a putative Commercial meat Finishing weight ~ Fontanesi et al.
growth factor 2 regulatory region rabbit line (2012c)
IRSL Insulin receptor 2 synonymous SNPs New Zealand rabbits  Body weight aZhang et al.
substrate 1 35,70,and 84d (2014)
MC4R Melanocortin 4 Missense mutation Commercial meat Finishing weight ~ Fontanesi et al.
receptor (SNP) rabbit line (2013)
MSTN Myostatin Missense mutations Commercial meat None (analysed Fontanesi et al.
rabbit line only finishing (2011)
weight)
MSTN Myostatin 1 SNP in 5’-flanking Ira, Champagne, and Body weightat  Peng et al.
region Tianfu Black rabbit 84 d (2013)
breeds
MSTN Myostatin 1 SNP inintron 1 Giant Grey x New Several carcass Sternstein et al.
Zealand F2 traitst (2014)
population
NPY NeuropeptideY 1 SNP inintron 1 Ira, Champagne, anBviscerated Liu et al. (2014)
Tianfu Black rabbit  slaughter
breeds percentage, semi-
eviscerated
slaughter
percentage
PGAM2 Phosphoglycerate 1 synonymous SNP on Ira, Champagne, and Body weightat ~ Wu et al. (2015)
mutase exon 1 Tianfu Black rabbit 84 d, average
breeds daily gain
POMC proopiomelanocor 1 SNP in intron 1 Ira, Champagne, and84 d body Liu et al. (2014)
tin Tianfu Black rabbit  weight,
breeds eviscerated
weight, semi-
eviscerated
weight, ripe meat
ratio
POU1F1 POU class 1 1 SNP inintron 5 Hyla, Champagne, Eidadking Wang et al.
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TBC1D1

homeobox 1

TBC1 domain
family member 1

and Tianfu Black
rabbit breeds

1 missense mutation in European White and

exon 1

New Zealand white
rabbits

loss,
intramuscular fat
Body weight at
35 days

(2015)

Yang et al.
(2013)

Reproduction traits in does

OVGP1 Oviductal 1 missense SNP in exonF2 cross of two lines Total number of Merchan et al.
glycoprotein 1 11 and a microsatellite divergently selected kits born, number (2009); Garcia et
for uterine capacity  born alive, al. (2010)
number of
implanted
embryos, foetal
prenatal embryo
survival and
development
PGR Progesterone 5 SNPs in two F2 cross of two lines Embryo Peir6 et al.
receptor haplotypes divergently selected implantation and (2008); Peir6 et
for uterine capacity litter size, al. (2010)
expression of
progesterone
receptor isoforms
TIMP1 TIMP 1 SNP in the promoter F2 cross of two lines Embryo Estellé et al.
metallopeptidase region divergently selected implantation (2006); Argente
inhibitor 1 for uterine capacity et al. (2010)
Disease/disorder resistance traits
DECTIN1 C-type lectin ss707197675A>G New Zealand white Nonspecific Zhang G.W. et
(CLE7A) domain family 7 (case and control digestive al. (2013a)
member A study) disorder
IL10 Interleukin 10 Synonymous SNPs in  New Zealand white, Immune Wan et al.
exon 3 Fujian yellow and parameters (2014)
their reciprocal
crosses
JAK3 Janus kinase 1 1 missense mutation New Zealand white  Nonspecific Fu et al. (2014)
(exon9)and 1 (case and control digestive
synonymous SNP (exon study) disorder
21)
MYD88 myeloid Synonymous SNP in Yaan and Chengdu Nonspecific Chen et al.
differentiation exon 4 populations (case digestive (2013)
primary response and control study) disorder
88
NLRP12 NLR family, pyrin 1 missense mutation in New Zealand white  Nonspecific Liu et al. (2013)
domain containing exon 3 (case and control digestive
12 study) disorder
NOD2 Nucleotide- 1 synonymous SNP in  New Zealand white  Nonspecific Zhang W.X. et
binding exon 10 (case and control digestive al. (2013)
oligomerization study) disorder
domain containing
2
STAT3 signal transducer 2 synonymous SNPs  New Zealand white  Nonspecific Fu et al. (2014)
and activator of (exons 4 and 8) (case and control digestive
transcription 3 study) disorder
TLR4 Toll-like receptor 5 SNPs (2 synonymous New Zealand white  Nonspecific Zhang et al.
4 and 3 non- (case and control digestive (2011)
synonymous): 2 study) disorder
haplotypes
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TYK2 Tyrosine kinase 2 2 haplotypes New Zealand whiteNonspecific Fu et al. (2015)
(case and control digestive
study) disorder

"Hot carcass weight; dressing out percentage; mferearcass weight; fore part weight; intermedigtet weight; hind part weight; meat
weight fore part; meat weight intermediate parpdaveight intermediate part.
219G level; IL-10 level;, IFNy level; White Blood Cell (WBC) count.

QTL ANALYSES FOR MEAT PRODUCTION TRAITS

During the last years, one of the most common a&bjedn livestock genetics (in the most studiedcip®) has
been towards the identification of QTL for manyfeliént traits by constructing reference populationby using
family-structured populations already availabldha field (i.e. in dairy cattle). This was not trioe the rabbit as,
at present, just one work has been published oidémification of QTL for meat and carcass trgfsernstein et
al., (2015).This study was based on an F2 populaimstituted by about 360 rabbits obtained bysingsparental
animals of two divergent breeds (Giant Grey and NMealand White) and then again by crossing F1 tabhill
animals were genotyped with 189 microsatellite raeslcovering the whole genome. A large number ofass
and meat quality and production traits were anayse these animals. The most significant QTL weemniified
on chromosome 7 (for different carcass weights);loomosome 9 (for bone mass) and chromosome ii2l¢ds)
and many other suggestive QTL were reported on gtlmb chromosomes (Sternstein et al., 2015). Theselts
might be useful to dissect the genetic factorsctifig carcass and meat production traits for p@eptactical
applications. However, due to the large linkageglislibrium created in F2 families it will be diffilt to apply
fine mapping strategies to better refine the Iigpatential candidate genes that might be annotatélde genome
regions spanning the reported QTL.

It is clear that, based on genomic tools that lmen developed or that will be developed in rahlsiag genomic
information (i.e. the complete sequence of the itajgmome, the discovery of millions of SNPs, thaikability of
high throughput genotyping technologies), assamiatind QTL studies will change, following the degrhents
and improvements already observed in other livésspecies.

IDENTIFICATION OF MUTATIONS AFFECTING BREED OR LINE -SPECIFIC TRAITS

Many rabbit breeds or lines are characterized egifip coat colours or other phenotypic traits theg usually
fixed in these populations. Actually, the name odny rabbit breeds or lines derives by their charistic
phenotypes. These breeds/lines are unique resotiraesre important for multiple applications (Lgret al.,
2016).

Causative mutations for several loci have beentifigt by sequencing and then by genotyping cartdidanes in
different rabbit breeds or lines (Table 2). Theagants can constitute interesting genetic modelsmterstand the
basic biological mechanisms involved in pigmentaior determining other phenotypes. On the othad hthe
identified mutations can be used to identify theelok or line of origin of meat or to define breedpigns in fancy
breeds or for fur production.At present, six caalbar loci and two hair morphology loci have bedamacterized
at the molecular level. Two additional loci affectiother traits that could be relevant for meadpobtion or to
consider the rabbit as animal model have been sedlgt the DNA level (Table 2). That means thatynaher
loci already descibed by classical genetic studigig the last century remain to be investigated.

Pigmentation in mammals is determined by the swishef two types of melanins (eumelanins: blackiloro
pigments; and pheomelanins: yellow/red pigmenta} ticcurs in specialized cells, the melanocyte® fithal
phenotypic effects in mammals (i.e. coat colourdé&ermined by the presence, distribution and lEogbal
activity of the melanocytes and by the relative ami@f eumelanins and pheomelanins and by theiriloligion in
melanosomes (the cellular organelles that areitbd® synthesis, storage and transport of melgniklore than
300 loci have been shown to affect coat colour ikenregulating or altering melanocyte developmemd a
migration during embryogenesis, melanocyte morpioland functions, its components and its enzymatic
machinery (e.g. Bennett and Lamoreux, 2003). libitabonly the main loci have been described s@¢Rabinson,
1958).
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Extension andagouti are the main loci that affect the production agldtive amount of eumelanis pheomelanin

in the melanocytes (Searle, 1968). These loci skymstatic interactions: wild typextensionalleles are required for
expression afgoutialleles. Dominant alleles at tlegtension locus produce black pigmentation, whereas recessiv
alleles extend the production of pheomelanins, ingugellow/red/pale pigmentation. On the contradgminant
agouti alleles determine pheomelanic phenotypes whemaessive alleles cause black coat colour with a few
exceptions.Thé&xtension locus encodes the melanocortin 1 receMCIR) (Robbins et al., 1993). This protein
belongs to the seven transmembrane G protein abupteptors that binds themelanocyte-stimulating hormone
(«MSH) inducing eumelanin synthesis. Tégouti locus encodes the agouti signaling protein (ASHR]} is a small
paracrine signalling protein (131-135 amino acidifferent mammals) that affects pigmentation kiog the
aMSH-MC1R interaction which, in turn, causes a pigtaype switching from eumelanins

to phaeomelanins (Bultman et al., 1992).

Extension andagouti are the main loci that affect the production agldtive amount of eumelanis pheomelanin

in the melanocytes (Searle, 1968). These loci skymstatic interactions: wild typextensionalleles are required for
expression afgoutialleles. Dominant alleles at tlegtension locus produce black pigmentation, whereas recessiv
alleles extend the production of pheomelanins, ingugellow/red/pale pigmentation. On the contradgminant
agouti alleles determine pheomelanic phenotypes whemaessive alleles cause black coat colour with a few
exceptions.Thé&xtension locus encodes the melanocortin 1 receMCIR) (Robbins et al., 1993). This protein
belongs to the seven transmembrane G protein abupteptors that binds themelanocyte-stimulating hormone
(«MSH) inducing eumelanin synthesis. Tégouti locus encodes the agouti signaling protein (AShR]} is a small
paracrine signalling protein (131-135 amino acidifferent mammals) that affects pigmentation kiog the
aMSH-MC1R interaction which, in turn, causes a pigtaype switching from eumelanins

to phaeomelanins (Bultman et al., 1992).

Fontanesi et al. (2006, 2010b) sequenced the MBR gene in several rabbit breeds with different amdodurs
and characterized at the molecular level the nmogbitant alleles at thextension locus described by classical

genetic studies (Robinson, 1958; Searle,

Extracellular :F;:;:: 1968; Table 2). Two putative variants of
the wild type allele E') were identified.
alllee  eancomartoont 17 Three different in-frame deletions (two of

c.304_333del30

6 bp and one of 30 bp) characterize Hle
(dominant black; that might be the same as
the E° allele described by the classical
genetic literature), thee’ (Japanese
— e brindling) and thee(recessive red, non-
Allele e’ 0 ‘ extension of black), respectively. Figure 1
SliiG s _L0delo] shows the 2D structure of the deduced
< Transmemrane MC1R protein with evidenced the
deletions of the corresponding amino acids
based on the mutated alleles.

Transmembrane
domain 1

Two mutated alleles at thagouti locus
Intracellular Loop 2 were characterized at the DNA level by
sequencing theASP gene in different
breeds (Fontanesi et al., 2010a; Table 2).
Intracellular The coding sequence of tla (black and
tan) allele differed by the wild type allele

Figure 1:Details of the inferred 2D structure of the dedurbit (A) by two missense mutations. The
MC1R protein with indicated the mutations causiiftecent alleles. | recessivea (black nonagouti) allele is

Intracellular Loop 1

determined by a frameshift insertion in the
first coding exon of th&S P gene.

Several alleles at the rabkitlocus (dbino locus) were characterized by sequencing the tyassi TYR) g]ene that
encodes for a key enzyme in the melanin synthm%er et al., 2000; Table 2). Tighinchilla allele €™) is due
to two missense mutations, tlitimalayan allele €) carry only one of the two missense mutations haf t
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Chinchilla allele and thealbino allele €) is derived by another missense mutation (p.T372other missense
mutation in theTYR gene has been identified in wild rabbits (UtzRibani and Fontanesi, unpublished results).

The dilution of both eumelanic and pheomelanic gigtations is caused by thgute locus in rabbit (Castle, 1930;
Robinson, 1958; Searle, 1968). As a result of doessive mutated alleld)( the black is diluted to grey (termed
blue by fancy breeders), that characterizes a &bbit breeds, like Blue Vienna (Castle 1930; Rafin$958). In
mice, similar phenotypes are determined by mutationthemyosin Va (Myo5a; dilute locus), Rab27a (ashen
locus) andmnelanophilin (MIph; leaden locus) genes (Mercer et al., 1991; Wilson et2800; Matesic et al., 2001)
that encode proteins that constitute the melanogecensport complex (Barral and Seabra 2004). Fesiaet al.
(2012d) excluded as the determinant of the radibite locus variability in the rabbiYO5A homologous gene.
Then, in a subsequent study, Fontanesi et al. @0bYy sequencing the rabditPHgene in different breeds
including animals with the blue coat colour phepetysegregating in a family, identified a causativatation
determined by a frameshift mutation (g.549853del@®hner et al. (2013) identified another mutati@bermining
the recessived allele at this locus, causing the skipping of gxons of the rabBiLPH gene.

Classical genetic studies suggested the preserteedlleles at the rabbiirown coat colour locus (Catlle, 1930;
Robinson, 1958; Searle, 1968): a wild typeallele that gives dense black pigment throughoatdbat and a
recessiveb allele that in homozygous conditiob/l§ genotype) produces brown rabbits that are unabtievelop
black pigmentation. In several other species thisi$ is determined by mutations in thieosinase-related protein

1 (TYRP1) gene, encoding a melanocyte enzyme needed fgrdueiction of dark eumelanin. Utzeri et al. (2014)
sequenced the rabbitYRP1 gene and showed that the b allele at this locweiermined by a single nucleotide
polymorphism in exon 2 that leads to a prematuop sbdon at position 190 of the deduced proteinusece
(p-W190ter). This mutation was identified only iretbrown Havana rabbits that have a brown coaticolo

The English spotting coat colour locus in rabbits, also knownDxsminant white spotting locus, is determined by
an incompletely dominant allelé&erf). Rabbits homozygous for the recessive wild-typlelea (en/en) are self-
colored, heterozygousn/en rabbits are normally spotted (as requested bystidnedard of several spotted breeds,
like Checkered Giant and English Spotting), and ¢mygous En/En animals are almost completely white.
Compared to vitabn/en and En/en rabbits,En/En animals are subvital because of a dilated ('meggym and
ascending colon (Bboderek et al., 1995; Wiebernait Wegner, 1995; Fontanesi et al., 2014b). We éxstuded
the endothelin receptor EEDNRB) gene as a potential candidate gene for this I¢Eoatanesi et al., 2010c).
Then, Fontanesi et al. (2014b) showed that an SN#B3948587T>C) in the v-kit Hardy-Zuckerman 4 felin
sarcoma viral oncogene homolaglT) gene cosegregated with the coat colour phendtyelarge Checkered
Giant family, indicating that this gene, alreadpwh to affect spotted phenotypes in other livestepé#cies, is the
causative gene of tHenglish spotting locus in rabbit. Th&En/En rabbit model showed neuro-Interstitial Cells of
Cajal (ICC) changes reminiscent of the human namglionic megacolon. This rabbit model may provédeetter
understanding of the molecular abnormalities uiyiteglconditions associated with non-aganglionic azedpn.

Common rabbit fur is usually constituted by 3 typédair differing in length and diameter (guardrhd8—4 cm
long for a diameter of 50-60 pm; awn hair: 3—-3.325%30 um; down hair: 2.5-3 cm/15 pum) while thatef
rabbits is essentially made up of soft and shontrdbair (Diribarne et al., 2011). Rex short haiatphenotypes in
rabbits were shown to be controlled by three distioci: Rex 1 (with the recessive causative allele indicatedgs
Rex 2 (r?) andRex 3 (r*; Robinson, 1958). Diribarne et al. (2011) ideertifthe causative mutatiort @llele) of the
Rex 1 locus through a positional candidate gene appro@his mutation is due to a frameshift polymorphism
determined by one bp deletion in exon 9 of theskipmember HL{PH) gene mapped on rabbit chromosome 14.
Polymorphisms in this gene are also associatedaldfecia and hair loss phenotypes in humans.

Excessive long hair phenotypes occuring in sevsgpakies, including the rabbiérgora locus) is caused by
recessive alleles. Mutations in the fibroblast giofactor 5 FGF5) gene were shown to affect this phenotype in
mice and other species (e.g. Hebért et al., 19%ihg a candidate gene approach this gene wasnaisstigated

in angora and non-angora rabbitsshowing that onéraime insertion was in almost complete linkage
disequilibrium with the putativeaingora allele (Mulsant et al., 2004). However, it could blso possible that
different mutations in this gene cause the angbengtype (Mulsant et al., 1994). These results wat@ectly
confirmed in an F2 rabbit population in which thegora locus was mapped on chromosome 15 in a region
encompassing the rabBEF5 gene (Chantry-Darmon et al., 2006).
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A locus that could be interesting for meat prodarctis theYellow fat (Robinson, 1958). Using a candidate gene
approach, Strychalski et al. (2015) analysed tha-barotene oxygenase BGO2) gene and identified a 3-bp
deletion that might dermine the fat colour in rabbihis gene encodes for an enzyme involved ircénetenoid
metabolism.BCO2 mutations in cattle and sheep causes the yellbyHanotype (Tian et al., 2010; Vage and
Boman, 2012).

One of the first animal model for a very importénait has been described in rabbit as a monogeaitc Watanabe
heritable hyperlipidemic (WHHL) rabbit is an impant animal model for familial hypercholesterolemidis
model is derived by a natural deletion of 4 amiomsin the low density lipoprotein recepttDLR) gene that
affect the possibility for this receptor to be sparted to the cell surface causing hypercholesteia
(Yamamoto et al., 1988).

This list of monogenic traits affecting differemaits that have been already characterized at thleamar level
with the identification of causative genes and ioshcases with the identification of the causatiugtations will
probably increase in the future. The combinationgehome wide association studies and next generatio
sequencing will make it possible to quickly map ainen identify relevant mutations of loci alreadssdribed in
the past or newly occurred mutations in rabbit pajens used for many different purposes.

Table 2: Genes affecting monogenic phenotypes

Locus Gene Gene name Alleles Mutations References
symbol
Coat colour loci
Extension MC1R melanocortin 1 E"(wild type) Two wild type alleles Fontanesi et al.
receptor differing by two SNPs: (2006, 2010b)
c.[333A>G;555T>C]
EPor ES 6 bp-in-frame deletion:
(dominant black  ¢.280_285del6
or steel)
e(red, non- 30 bp-in frame deletion:
extension of €.304_333del30
black)
€’ (Japanese 6 bp-in frame deletion
brindling) flanked by a G>A transition
in 5"
c.[124G>A;125_130del6]
Agouti ASP agouti-signalling A (light-bellied Wild type allele Fontanesi et al.
protein agouti; wild type) (2010a)
a (recessive black c¢.5_6insA
nonagouti)
a' (black and tan)  p.L55M and p.L89P
C(albino) TYR tyrosinase C (fully coloured) Wild type allele Aigner et al.
(2000)

¢ (Chinchilla) p.E294G and p.T358I
¢! (Himalayan p.E294G

albinism)

c (albino, total p.T373K

lack of pigments)

Dilute MLPH melanophilin D (wild type, Several wild type alleles Fontanesi et al.
intense black and (2014a)
red)

d (dilution of bick  g.549853delG
to blue and red to

yellow)
d (dilution of bick  Two exon skippin mutation Lehner et al.
to blue and red to (2013)
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yellow)
Brown TYRP1 tyrosinase-related B (wild type) Several wild type alleles Utzeri et al
protein 1 (2014)
b (brown) p.Trp190ter
English KIT v-kit Hardy- en(solid coloured, Wild type sequences Fontanesi et al.
spotting Zuckerman 4 wild type, (2014b)

feline sarcoma recessive)
viral oncogene

homolog
En (English 0.93948587T>C (in
spotted; partially complete linkage
dominant) disequilibrium with the
segregating alleles)
Hair and coat structure loci
Rex 1 LIPH lipase member H RY(wild type Wild type sequence Diribarne et al.
allele) (2011)
r! (mutated allele)  1362delA (deletion in exon
9)
Angora FGF5 fibroblast growth L (wild type Wild type sequence Mulsant et al.
factor 5 allele) (2004); Chantry-
Darmon et al.
(2006)
| (mutated In frame insertion of 3 bp
allele(s)) (exon 3); T>C SNP
Other loci
Yellow fat BCO2 beta-carotene Y (white fat) Wild type sequences Strychalski et al.
oxygenase 2 (2015)
y (yellow fat) A three-bp deletion in exon
6
Watanabe LDLR low density Two alleles in the In-frame deletion of 12 bp  Yamamoto et al.
heritable lipoprotein Watanabe (mutated allele) (1986)
hyperlipidemia receptor population

GENOMIC SELECTION IN RABBITS?

Breeding and crossbreeding strategies based ortitgtige genetics approaches have largely drivenetie
progress in meat rabbit lines during the last desaBven if the application of BLUP Animal ModeBshnot been
fully implemented for the evaluation of bucks anmkes in selected nuclei in all lines, it is cleaattbthe new
developments derived by the implementation of géo@®lection, that is becoming a routine in othmecies, are
attracting rabbit breeders.

Genomic selection can be considered an enhanceibweof marker or gene assisted selection (Dekkers
Hospital, 2002). In rabbits, as far as | know, nearlissisted selection has not been implemented iclassical
version due to the paucity of studies that idesdifuseful markers for this purpose and the prddifficulties and
limits of this approach. Genomic selection was psgul to predict the genetic value of the animatetan the
genotype at thousands of single nucleotide polytmsms (SNPs) covering the whole genome, overcortiieg
limits of marker assisted selection plans (Meuwissial., 2001). When the concept of genomic seleaetas first
defined, technologies and information needed telbgvthis idea were not available yet. Three maimsequent
advances have made it possible to implement geneatéction in the most relevant livestock speciarting
from dairy cattle: i) the sequencing of their gemoand the identification of thousands or even amli of
polymorphisms (mainly SNPs); ii) the developmenthigh throughput genotyping technologies that camogype
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thousands of SNPs spread all over the genome iosteffective manner; iii) the development of statal
methods to estimate the allelic effects of thousasfdnarkers in a data sets of limited number ahals (Samore
and Fontanesi, 2016).

What is the situation in rabbit about these issnesded to start thinking about any application efiamic
selection in this species?

i) The rabbit genome has been sequenced and msilladnpolymorphisms have been already identified;. (e.
Bertolini et al., 2014; Carneiro et al., 2014); tile international rabbit genomic research communibder the
umbrella of the European funded COST Action TD11A1Collaborative European Network on Rabbit Genome
Biology — RGB-Net” has just developed a commer8idP genotyping panel in collaboration with Affymgtiiii)
statistical methods can be derived from what ha&n likeveloped in other species and, in particulbstrategies
that are developed in pigs could be adapted algakhit, considering similar selection problems atrdtegies
between the two species.

Genomic selection is based on the prediction obtieeding value (the genomic breeding value or GE&\éach
individual by summing up all SNP allele effects owbe whole genome. Marker effects are estimated as
regression of the phenotype on the genotype imitgidata sets, i.e. the animals in the populatitth both
phenotypic and genotypic (or genomic) informatiemd these estimates are used to predict GEBV for al
individuals with genomic data without any phenotypinformation (prediction population). Therefordese
animals are selected based on their genotype asahds of SNPs, covering the whole genome, witti@inheed
of recording phenotype information on all animatsier evaluation (Samoré and Fontanesi, 2016). [pgon
prior distributions considered in SNP effects eation, different procedures based on this strafegy training
and prediction populations) were proposed by séwrors (Meuwissen et al., 2001; VanRaden, 200&nd
Yu, 2008; Gianola et al., 2009; Calus, 2009; Haleieal., 2011; reviewed in Samoré and FontanedigR0A
modified approach, known as single step methodyrpurates marker information into the traditionadigree
models accounting also for all phenotypic and pedignformation available, including pedigree aedfigrmance
records collected from non-genotyped individualsgarra et al., 2009; Mistzal et al., 2009; Agudaal., 2010).

The introduction of genomic selection is expecteihtrease the genetic progreass§, according to the classical
concepts of quantitative genetics (Falconer, 1988hwing the general formula:

AG=(*r*gg /L

wherei is the selection intensity,is the accuracyg, is the genetic variability and L is the generatioterval.The
two terms that would be directly affected by therdaduction of genomic selection are the generaitiderval (L)
and the accuracy (r) of the predictions. In rabbitseems that the benefits might come only fraomirecreased
accuracy of genetic predictions and for the poksilio predict maternal traits in bucks as alse@atly proposed in
pigs (Samoré and Fontanesi, 2016). However, thidgangages should be balanced by intrinsic limitthefrabbit
breeding systems derived by i) the high cost ofogging, compared to the individual animal valug,the
peculiarities of rabbit selection schemes, basegywamidal population structures with selection mhaion pure
lines, but the final performances are expressedrossbred animals, iii) the short time availallethe genetic
evaluation, and iv) the overall implementationtwf togistics aspects, including storage of DNA thieo biological
materials from the animals, computation power,agerand handling data and personnel training (Saraod
Fontanesi, 2016). On the other hand, it could lssipte to use genomic selection approaches in aatibin with
high phenotyping strategies in nuclei in which impot parameters or predictors of new phenotypes disease
resistance) might be included. Therefore, speeajfiglication of genomic selection programs in rabbéeding can
be envisaged in particular situations when it issilde to manage these limits and when the econbaiance is
positive, considering the possibility to select ‘ifficult” traits.

CONCLUSIONS

What we have presented here is a very promisingstilih¢in large parts) unexplored scenario in Wwhigenomics is
changing the way the rabbit is studies to take aidhege from the discovery and then from the useatdinal and
valuable variability that is present within andvee¢n many rabbit breeds, lines or populations. rEfisement of
the complete sequence of the rabbit genome israquisite for more advanced investigations thathmigclude

detailed functional annotations. The nascent itiimnal effort of the Functional Annotation of ArdinGenomes
project (FAANG; Andersson et al., 2015) could hlpmprove the annotation of the rabbit genomestdysequent
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more detailed and precise applications that migbiude gene editing of important defined genesréate new
animal models or new lines for other purposes. Hanehe production of many genomic information aoly in

rabbit but also in all other livestock species stidae combined with a parallel improvement in thetegy of
phenotyping to overcome the phenotype gap thatésad the main bottle-neck in the genomic era t&kersense
from nucleotide data.
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The University of Bologna's Partnerships around the world

CHINA I

The University of Bologna hosts one of Italy's most active branches of
the Confucius Institute, and was recognised as the best of 2012.

Local relations of the more than 800 Chinese students at Bologha are
supported by the "Collegio di Cina" Association.
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« Livestock resource
— Meat, fur, pet, fancy breeds
— European meat market: 1.6 billion €

« Animal model and bioreactor
— Model of prolific livestock species (pig)
— Basic biology
— Human diseases
— Biotechnology applications
— World antibodies production: 3-5 billion €

Wild resource
— Ecology, game species, pest
\ — Related species (wild lagomorphs)
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What is
genomics?

Study of genomes
In 1986 mouse geneticist Thomas

Roderick used Genomics for “mapping,
_____sequencing and characterizing genomes”
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What is a genome?

Entire genetic content / information
of an organism

. ACGTGTGCGTGAAAGGG...
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CTCGCGTCTGGGCGGGGGTCGGAAGGGGCAATTCTTTCTGGCTTTTCTACCTTGCTTCTTGTCCCCCCTC
TCCTTTCCAATTGTATGCGGGCGAGTGTGAGAGCCATGGAGCGAAGAGCCTGGACTCTGCAGTGTACTGC
TTTCACTCTCTTTTGCGCTTGGTGTGCATTAAACAGTGTAAAAGCGAAGAGGCAGTTTGTGAATGAATGG
GCAGCGGAGATCCCCGGGGGACCAGAGGCAGCCTCGGCCATAGCGGAGGAGCTAGGCTATGACCTTTTGG
GTCAGATAGGATCACTTGAAAATCACTACTTATTCAAACATAAAAGCCATCCTCGAAGATCTCGAAGGAG
TGCCCTTCATATCACTAAGAGATTATCTGATGATGACCGTGTGATATGGGCTGAACAACAGTATGAAAAA
GAGAGAAGTAAACGTTCACTTCTAAGAGACTCAGCACTAAATCTCTTTAATGATCCGATGTGGAATCAGC
AATGGTACTTGCAAGATACTAGGATGACTGCAGCCCTGCCCAAGCTGGACCTCCATGTGATACCTGTTTG
GCAAAAAGGCATAACAGGCAAAGGAGTTGTTATTACTGTACTGGATGATGGCTTGGAGTGGAATCACACA
GACATCTATGCCAACTATGATCCAGAGGCTAGCTATGATTTTAACGATAATGACCATGATCCATTTCCCC
GATATGATCCCACAAATGAGAACAAACATGGGACCAGATGTGCAGGAGAAATTGCTATGCAAGCAAATAA
TCACAAGTGTGGGGTCGGAGTTGCATACAATTCCAAAGTTGGAGGCATAAGAATGCTGGATGGCATTGTG
ACTGATGCTATAGAAGCCAGCTCAATTGGATTTAATCCTGGACATGTGGATATTTACAGTGCAAGCTGGG
GCCCTAATGATGATGGGAAAACTGTGGAAGGGCCTGGCCGACTAGCCCAGAAGGCTTTTGAATATGGTGT
CAAACAGGGGAGACAAGGAAAGGGCTCTATCTTCGTCTGGGCTTCTGGAAATGGGGGACGTCAGGGAGAT
AACTGTGACTGTGATGGGTACACAGACAGCATCTACACCATCTCCATCAGCAGTGCCTCGCAGCAAGGCC
TATCCCCCTGGTATGCTGAGAAGTGCTCCTCCACACTGGCCACCTCGTACAGCAGTGGGGATTACACCGA
CCAGCGAATCACGAGTGCTGACCTGCACGATGACTGCACAGAGACCCACACAGGCACCTCGGCCTCTGCA
CCCCTGGCTGCTGGCATCTTCGCTCTGGCCCTGGAAGCAAATCCAAATCTCACCTGGCGAGATATGCAAC
ACCTGGTTGTCTGGACCTCTGAGTATGACCCACTGGCAAATAATCCTGGATGGAAAAAGAATGGAGCAGG
CTTGATGGTGAACAGTCGGTTTGGATTTGGGTTGCTAAATGCCAAAGCTCTGGTGGATCTAGCTGATCCC
AGGACCTGGAGCAGTGTGCCTGAGAAGAAGGAGTGTGTTGTAAAAGACAATGACTTTGAGCCCAGAGCCC
TGAAAGCTAATGGAGAAGTTATTATTGAAATCCCAACAAGAGCTTGTGAACCACAAGAGAATGCTATCAA
GTCACTGGAACATGTGCAATTTGAAGCAACAATTGAGTATTCCCGCAGAGGAGACCTCCATGTCACCCTC
ACTTCTGCTGCTGGAACCGGCACTGTACTGTTGGCAGAAAGAGAGCGGGATACATCTCCTAATGGCTTTA
AGAATTGGGACTTCATGTCTGTTCATACATGGGGAGAGAATCCCATAGGCACTTGGACTTTGCGAATTAC
AGACATGTCTGGAAGAATGCAAAATGAAGGCAGAATCGTGAACTGGAAGCTGATTCTGCATGGCACCTCT
TCCCAGCCAGAACACATGAAACAGCCCCGAGTGTACACGTCCTACAACACGGTGCAGAATGATCGCAGAG
GCGTGGAGAAGGTGGTGGATTCCGAGGAGGAGCAGCCCACACAGGAGAACCTGAATGAGAGCCCTCTGGT
ATCCAAAAGCCCCAGTGGCAGCAGTGTGGGGGGCCGAAGGGAAGAGCTGGCAGAGGGTGCCCCATCTGAG
GCCATGCTCCGACTCCTGCAAAGTGCTTTCAGCAAAAACTCTGCCCCAAAGCAATCACCAAAGAAATCTG
CAAGTGTGAAGCTCAACATTCCTTACGAAAATTTCTATGAAGCCCTGGAAAAGCTGAACCAACCTTCTCA
GCTTAAAGACTCTGAGGACAGTCTGTATAACGACTATGTGGATGTTTTCTACAACACGAAGCCTTACAAG
CTCGCGTCTGGGCGGGGGTCGGAAGGGGCAATTCTTTCTGGCTTTTCTACCTTGCTTCTTGTCCCCCCTC
TCCTTTCCAATTGTATGCGGGCGAGTGTGAGAGCCATGGAGCGAAGAGCCTGGACTCTGCAGTGTACTGC
TTTCACTCTCTTTTGCGCTTGGTGTGCATTAAACAGTGTAAAAGCGAAGAGGCAGTTTGTGAATGAATGG
GCAGCGGAGATCCCCGGGGGACCAGAGGCAGCCTCGGCCATAGCGGAGGAGCTAGGCTATGACCTTTTGG

) \& ;'

G /9 \ GGTACTTGCAAGATACTAGGATGACTGCAGCCCTGCCCAAGCTGGACCTCCATGTGATACCTGTTTG
%1#% \@ AAAGGCATAACAGGCAAAGGAGTTGTTATTACTGTACTGGATGATGGCTTGGAGTGGAATCACACA
Illm CATCTATGCCAACTATGATCCAGAGGCTAGCTATGATTTTAACGATAATGACCATGATCCATTTCCCC

JéAAGTGTGGGGTCGGAGTTGCATACAATTCCAAAGTTGGAGGCATAAGAATGCTGGATGGCATTGTG
T GATGCTATAGAAGCCAGCTCAATTGGATTTAATCCTGGACATGTGGATATTTACAGTGCAAGCTGGG
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CTCGCGTCTGGGCGGGGGTCGGAAGGGGCAATTCTTTCTGGCTTTTCTACCTTGCTTCTTGTCCCCCCTC
TCCTTTCCAATTGTATGCGGGCGAGTGTGAGAGCCATGGAGCGAAGAGCCTGGACTCTGCAGTGTACTGC
TTTCACTCTCTTTTGCGCTTGGTGTGCATTAAACAGTGTAAAAGCGAAGAGGCAGTTTGTGAATGAATGG
GCAGCGGAGATCCCCGGGGGACCAGAGGCAGCCTCGGCCATAGCGGAGGAGCTAGGCTATGACCTTTTGG
GTCAGATAGGATCACTTGAAAATCACTACTTATTCAAACATAAAAGCCATCCTCGAAGATCTCGAAGGAG
TGCCCTTCATATCACTAAGAGATTATCTGATGATGACCGTGTGATATGGGCTGAACAACAGTATGAAAAA
GAGAGAAGTAAACGTTCACTTCTAAGAGACTCAGCACTAAATCTCTTTAATGATCCGATGTGGAATCAGC
AATGGTACTTGCAAGATACTAGGATGACTGCAGCCCTGCCCAAGCTGGACCTCCATGTGATACCTGTTTG
GCAAAAAGGCATAACAGGCAAAGGAGTTGTTATTACTGTACTGGATGATGGCTTGGAGTGGAATCACACA
GACATCTATGCCAACTATGATCCAGAGGCTAGCTATGATTTTAACGATAATGACCATGATCCATTTCCCC
GATATGATCCCACAAATGAGAACAAACATGGGACCAGATGTGCAGGAGAAATTGCTATGCAAGCAAATAA
TCACAAGTGTGGGGTCGGAGTTGCATACAATTCCAAAGTTGGAGGCATAAGAATGCTGGATGGCATTGTG
ACTGATGCTATAGAAGCCAGCTCAATTGGATTTAATCCTGGACATGTGGATATTTACAGTGCAAGCTGGG
GCCCTAATGATGATGGGAAAACTGTGGAAGGGCCTGGCCGACTAGCCCAGAAGGCTTTTGAATATGGTGT
CAAACAGGGGAGACAAGGAAAGGGCTCTATCTTCGTCTGGGCTTCTGGAAATGGGGGACGTCAGGGAGAT
AACTGTGACTGTGATGGGTACACAGACAGCATCTACACCATCTCCATCAGCAGTGCCTCGCAGCAAGGCC
TATCCCCCTGGTATGCTGAGAAGTGCTCCTCCACACTGGCCACCTCGTACAGCAGTGGGGATTACACCGA
CCAGCGAATCACGAGTGCTGACCTGCACGATGACTGCACAGAGACCCACACAGGCACCTCGGCCTCTGCA
CCCCTGGCTGCTGGCATCTTCGCTCTGGCCCTGGAAGCAAATCCAAATCTCACCTGGCGAGATATGCAAC
ACCTGGTTGTCTGGACCTCTGAGTATGACCCACTGGCAAATAATCCTGGATGGAAAAAGAATGGAGCAGG
CTTGATGGTGAACAGTCGGTTTGGATTTGGGTTGCTAAATGCCAAAGCTCTGGTGGATCTAGCTGATCCC
AGGACCTGGAGCAGTGTGCCTGAGAAGAAGGAGTGTGTTGTAAAAGACAATGACTTTGAGCCCAGAGCCC
TGAAAGCTAATGGAGAAGTTATTATTGAAATCCCAACAAGAGCTTGTGAACCACAAGAGAATGCTATCAA
GTCACTGGAACATGTGCAATTTGAAGCAACAATTGAGTATTCCCGCAGAGGAGACCTCCATGTCACCCTC
ACTTCTGCTGCTGGAACCGGCACTGTACTGTTGGCAGAAAGAGAGCGGGATACATCTCCTAATGGCTTTA
AGAATTGGGACTTCATGTCTGTTCATACATGGGGAGAGAATCCCATAGGCACTTGGACTTTGCGAATTAC
AGACATGTCTGGAAGAATGCAAAATGAAGGCAGAATCGTGAACTGGAAGCTGATTCTGCATGGCACCTCT
TCCCAGCCAGAACACATGAAACAGCCCCGAGTGTACACGTCCTACAACACGGTGCAGAATGATCGCAGAG
GCGTGGAGAAGGTGGTGGATTCCGAGGAGGAGCAGCCCACACAGGAGAACCTGAATGAGAGCCCTCTGGT
ATCCAAAAGCCCCAGTGGCAGCAGTGTGGGGGGCCGAAGGGAAGAGCTGGCAGAGGGTGCCCCATCTGAG
GCCATGCTCCGACTCCTGCAAAGTGCTTTCAGCAAAAACTCTGCCCCAAAGCAATCACCAAAGAAATCTG
CAAGTGTGAAGCTCAACATTCCTTACGAAAATTTCTATGAAGCCCTGGAAAAGCTGAACCAACCTTCTCA
GCTTAAAGACTCTGAGGACAGTCTGTATAACGACTATGTGGATGTTTTCTACAACACGAAGCCTTACAAG
CTCGCGTCTGGGCGGGGGTCGGAAGGGGCAATTCTTTCTGGCTTTTCTACCTTGCTTCTTGTCCCCCCTC
TCCTTTCCAATTGTATGCGGGCGAGTGTGAGAGCCATGGAGCGAAGAGCCTGGACTCTGCAGTGTACTGC
TTTCACTCTCTTTTGCGCTTGGTGTGCATTAAACAGTGTAAAAGCGAAGAGGCAGTTTGTGAATGAATGG
GCAGCGGAGATCCCCGGGGGACCAGAGGCAGCCTCGGCCATAGCGGAGGAGCTAGGCTATGACCTTTTGG

JéAAGTGTGGGGTCGGAGTTGCATACAATTCCAAAGTTGGAGGCATAAGAATGCTGGATGGCATTGTG
"GATGCTATAGAAGCCAGCTCAATTGGATTTAATCCTGGACATGTGGATATTTACAGTGCAAGCTGGG
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Cost per Raw Megabase of DNA Sequence

Moore's Law : Moore's Law
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Research Institute Research Institute
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Wetterstrand KA. DNA Sequencing Costs: Data from the NHGRI Genome
Sequencing Program (GSP) Available at:
www.genome.gov/sequencingcostsdata. Accessed [1st of June 2016].
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Wetterstrand KA. DNA Sequencing Costs: Data from the NHGRI Genome
Sequencing Program (GSP) Available at:
www.genome.gov/sequencingcostsdata. Accessed [1st of June 2016].
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PERSPECTIVE
Big Data: Astronomical or Genomical?
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Growth of GenBank and Whole Genome Shotgun (WGS)
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Genomic
data

Zachary et al. 2015
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Data Phase Astronomy Twitter YouTube Genomics
Acquisition 25 zetta-bytes/year 0.5-15 billion 500-900 million hours/year 1 zetta-bases/year
tweets/year
Storage 1 EB/year 1-17 PBlyear 1-2 EB/year 2-40 EB/year
Analysis In situ data reduction Topic and Limited requirements Heterogeneous data and analysis

Distribution

Real-time processing
Massive volumes

Dedicated lines from antennae
to server (600 TB/s)

sentiment mining
Metadata analysis

Small units of
distribution

Major component of modern user's
bandwidth (10 MB/s)

Variant calling, ~2 trillion central
processing unit (CPU) hours

All-pairs genome alignments, ~10,000
trillion CPU hours

Many small (10 MB/s) and fewer massive
(10 TB/s) data movement

doi:10.1371/journal.pbio.1002195.1001
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It is clear that livestock species are
contributing to this explosion of data

.... but the rabbit will probably arrive later
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Cost per Raw Megabase of DNA Sequence

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts
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Wetterstrand KA. DNA Sequencing Costs: Data from the NHGRI Genome
Sequencing Program (GSP) Available at:
www.genome.gov/sequencingcostsdata. Accessed [1st of June 2016].
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Evolutionary history of the domestic rabbit

Time |
e Domestication XX century o7 1990 2007 2016
Application of g yp OryCunl.0 Genomic
VII century I\/Ilodern quantitative  Apimal tools
ancy genetics Model
« breeds theory
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Evolutionary history of the domestic rabbit

Time line
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EVOLUTIONARY GENOMICS

Rabbit genome analysis reveals a
polygenic basis for phenotypic change
during domestication

Miguel Carneiro,"* Carl-Johan Rubin,?* Federica Di Palma,*** Frank W. Albert,’}

Jessica Alfoldi,”> Alvaro Martinez Barrio,” Gerli Pielberg,”> Nima Rafati,”> Shumaila Sayyab,®
Jason Turner-Maier,” Shady Younis,”’ Sandra Afonso,' Bronwen Aken,>? Joel M. Alves,"°
Daniel Barrell,®° Gerard Bolet,™ Samuel Boucher,'? Hernan A. Burbano,’} Rita Campos,*
Jean L. Chang,? Veronique Duranthon,'” Luca Fontanesi,'* Hervé Garreau,™

David Heiman,® Jeremy Johnson,® Rose G. Mage,'® Ze Peng,'® Guillaume Queney,'”

Claire Rogel-Gaillard,'® Magali Ruffier,>? Steve Searle,® Rafael Villafuerte,'® Anqi Xiong,2°
Sarah Young,? Karin Forsberg-Nilsson,>? Jeffrey M. Good,”*! Eric S. Lander,”

Nuno Ferrand,>>* Kerstin Lindblad-Toh,>*§ Leif Andersson>%>**§

Rabbit genome analysis reveals a polygenic basis for phenotypic
change during domestication
Miguel Carneiro et al.
Science 345, 1074 (2014);
RAYAAAS DOI: 10.1126/science.1253714
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Selective sweep and A allele frequency analyses
(A) Plot of FST values between wild and domestic rabbits.
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Take home message

Domestication In rabbit has been a
soft domestication process

based on shifts in allele frequencies
at many loci affecting behavior
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« Livestock resource
— Meat, fur, pe(, fancy breeds
— European mea © billion €

« Animal model and bioreactor
— Model of prolific livestock species (pig)
— Basic biology
— Human diseases
— Biotechnology applications
— World antibodies production: 3-5 billion €

Wild resource
— Ecology, game species, pest
\ — Related species (wild lagomorphs)
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Evolutionary history of the domestic rabbit

Time |
e Domestication XX century o7 1990 2007 2016
Application of g yp OryCunl.0 Genomic
VII century I\/Ilodern quantitative  Apimal tools
ancy genetics Model
\ breeds theory
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Pigmentation in mammals is mainly determined by the
distribution of distinct melanin pigments:

1) pheomelanin (red/yellow)
2) eumelanin (dark/black)

Tyrosinase

CO0H | mOou
Hom _"_. H,
Tyrosine 0z Dopagquincne (DQ)

+ Cysteine

Tyrosinase
-~

HM
HOOC )
5-5-Cysteinyldopa 2-S-Cysteinyldopa
{5-S-CD) (2-5-CD)

DQ

H

{HOOC)

HO. OOH
5,6-Dihydroxyindole 5.6-Dihydroxyindole
a?rl:il-ll]mr -2-carboxylic acid Hy . COOH
(DHICA) 00, Ho H,

0 0 o .
Benzothiazine Intermediates
N N
yrosinase DHICA oxidase (0)

(Tyrpt)

Pheomelanin
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Pigments are produced by melanocytes

Main processes affected by colour genes

Z/ \ N 2) Melanosomal components.

’ \ % 3) Regulation of synthesis of
these (amount, eu- or pheo-
melanosomal) ’ S

6) [Transfer to
keratinocytes,

1) Development: neural crest
processing in

(NC) emergence, melanoblast
determination, migration,

proliferation and differentiation
(or RPE development)

QD J
4) Processing and transport 5) Transport of melanosomes
of melanosomal components to dendrite tips

to melanosomes
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Classical genetic studies carried out just after the
rediscovery of Mendel's laws defined several coat colour
loci in rabbits

Extension
Agouti

Dilute

Brown

English spotting
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The Extension locus codes for the Melanocortin receptor 1 (MC1R)
The Agouti locus codes for the Agouti Signaling Protein (ASIP)

MC1R / Melanocyte

feomelanin
(yellow-red)

TYR--TYRP1-- TYRP2

1

eumelanin
(black-brown
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Alleles at the Extension locus

Locus Alleles

Extension EP  (Dominant black)
ES  (Steel)
E (Normal extension) —
e’ (Japanese brindling)
e (Non-extension of black)

SHORT COMMUNICATION doi:10.1111/].1365-2052.2006.01494 .x

Mutations in the melanocortin 1 receptor (MC1R) gene are
associated with coat colours in the domestic rabbit (Oryctolagus
__ cuniculus)

& L. Fontanesi, M. Tazzoli, F. Beretti and V. Russo

=+ 1) DIPROVAL, Sezione di Allevamenti Zootecnid, Faculty of Agriculture, University of Bologna, Via Flli Rosselli 107, Villa Levi - Coviolo, 42100
Reggio Emilia, Italy

Fontanesi e al. BMC Genetics 2010, 11:59
http/Awww biomedcentralcom/1471-2156/11/59

BMC
Genetics
RESEARCH ARTICLE Open Access

A composite six bp in-frame deletion in the
melanocortin 1 receptor (MCIR) gene is
associated with the Japanese brindling coat

colour in rabbits (Oryctolagus cuniculus) .
Luca Fontanesi'”, Emilio Scotti', Michela Colombo', Francesca Beretti', Lionel Forestier?, Stefania Dall'Olio”, TU DlO RUM - U N lV E RS ITA Dl B O LOG N A

sverine Deretz® ! " B
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Deletion of 6
bp in

Ra bblt CTC AAT GCC ACG 3 Japanese

and

MC1 R Rhinelander
ACA GGA CCC TGG [ (A6J)
Sequence CTG GGG CTG GTG

CCCCGGACGGGACT

TGC TTC CTG GGC GCC ATC GCC GTG GAC CGC TAC ATC TCC ATC TTC TAC GCA

CTG CGC TAC CAC AGC ATC GTG ACG CTG CCC AGG GCG CGG TGT GTC GTC CTG
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2D structure of the rabbit MC1R protein

|

Extracellular |

- Extracellular Loop 1 y
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(Mouse):.
L100P
(Cattles,

D,
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Transmembrane
domain 1

(m)
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®®© S71L

(Mouse) Intracellular Loop 2
Intracellular Loop 1

Intracellular
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430/ 430 46/ 46 E/E

New Zealand red

Checkered giant

MCI1R
genotypes
in
different
breeds

Californian

Alaska
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Japanese
— ABJ/ABJ
_ ... there is an
Rhinelander unknown epigenetic
mechanism that

may determine the
shift between

black/red
pigmentation
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Alleles at the Agouti locus

Locus

Agouti

Alleles

Agouti)
Tan) —— N0
Self, non-agouti)

Genomics 95 (2010) 166-175

B
Contents lists available at ScienceDirect

Genomics

journal www.elsevier.com/! v

Characterization of the rabbit agouti signaling protein (ASIP) gene: Transcripts and
phylogenetic analyses and identification of the causative mutation of the nonagouti
black coat colour

Luca Fontanesi **, Lionel Forestier ®, Daniel Allain <, Emilio Scotti®, Francesca Beretti *,
Séverine Deretz-Picoulet ¢, Elena Pecchioli ¢, Cristiano Vernesi ¢, Terence J. Robinson , Jason L Malaney £,
Vincenzo Russo?, Ahmad Oulmouden *

* DIFROVAL Sezione di Allevamenti Zootecnici. Universicy of Bologna, Via .1l Rosseli 107, 42100 Reggio Emile, faly
* INKA, UMRI06) Urniré e Génétique Moldculire Animale, Universin de Limages, 87060 Limogrs Codex, Fronce

URS31, Stacion ¢ Amélorarion Génétique des Animatax, INRA. 31326 Castanet Tolosan. France
# UE967, Générique Expérimentale en Productions Animales, INRA, 17700 Surgires, Prance
* Research and Mnovation Centre, Fondazione Edmund Moch, Viote del Monte Bondone. 35040 Trent, Kaly
 Department of Botary and Zvolagy. Evolutionary Genomics Group, University of Stellenbasch, 7B X1, Matieland 7602, South Afica
* Museu of Southwestern Biology and Dept. of Biolagy, University of New Mexico, Albunquerque, NM 87131-0001, SA

ARTICLE INFO ABSTRACT

Articke hstory ‘The agouti locus encodes the agouti signalling protein (ASIP) which is involved in determining the switch
Received 16 September 2000 from eumelanin to pheomelanin synthesis in melanocytes. In the domestic rabbit (Orycrolagus cuniculus)
Jeceped 27 Yovesher 2109 early studies indicated three alleles at this locus: A, light-bellied agouti (wild type): a', black and tan; a.

Aalavie omiko 11 Decembes 200 black nonagouti. We characterized the rabbit ASIP gene and identified the causative mutation (an insertion

in exon 2) of the black nonagouti allele whose frequency was evaluated in 31 breeds. Phylogenetic analysis

i of ASIP sequences from Orycrolaguss and 9 other species of the family Leporidae placed Orycrolagus as sister
o species to Pentalagus and Bunolagus. Transcription analysis in wild type agoul rabbits revealed the presence
Lagomorpha of two major transcripts with different -untranslated regions having ventral or dorsal skin specific
Mutaton expression. ASIP gene transcripts were also detected in all examined rabbit tissues distinguishing the rabbit
Ontcdagas cuniculus expression pattern from what was observed in wild type mice.

Rablit
Transcripson analysts

© 2009 Elsevier Inc. All rights reserved.
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Agouti locus = ASIP gene

ldentified 18 SNPs and 1 indel

«—— C.163T>A (p.L55M)

+—— ¢.230A>G (p.K77R)
«—— C.266T>C (p.L89P)

«—

<
%)
=
©
o)
o

c.-10-34C>T
c.-10-31C>T

c.5 6IinsA
c.126G>A
c.147G>A
Cc.161-223T>A
c.161-192G>A
c.161-70C>T
C.163T>A (p.L55M)
C.225+5A>G
C.226-92G>A
C.226-63G>A
c.230A>G (p.K77R)
C.234G>T
Cc.252G>A
C.266T>C (p.L89P)
Cc.*14A>G
c.*23G>C
c.*41C>T
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ASIP Exon 2 genotypes (insertion: c.5 6insA)
in different breeds

.| wtywt (A/A)

a

seckered giant

Alaska
Californian

New Zealand

g LK .
oy

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA

ENTE MATERIALE E RISERVATO AL PERSONALE DELL'UNIVERSITA DI BOLOGNA E NON PUO ESSERE UTILIZZATO Al TERMINI DI LEGGE DA ALTRE PERSONE O PER FINI NON ISTITUZIONALI



D| | ute ANIMAL GENETICS 'mpunegenetic. Molecular Genetics

i W11 T

A frameshift mutation in the melanophilin gene causes the dilute
coat colour in rabbit (Oryctolagus cuniculus) breeds

L. Fortanesi®", £ Smtt ", . Allin™ and £, Dall'Olio”
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Alleles at the Dilute locus

Locus Alleles

d

Dilute D (normal black)
d (blue)

Vienna Blue
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.ACCTGGACTTGGAGGCGGAC. ..

Melanophilin gene (MLPH)
wild type allele

AAA AAG CGG CTC CTC TCC ATC CAC GAC CTG GAC TTG GAG GCG GAG

K K R L L S I H D L D L E A D

TCG GAT CAC TCC ACG CGG TCC TGT GGT CAG CTC CTG GAC TTG TCC
S D H S T R S C G Q L L D L S

TCC GAG GCT GAG GCC ACG GGC AGC CTG CAG
S E A E A T G S L Q

.ACCTGGACTTGAGGCGGAC.

dilute allele MJ\\/\UV\WW\

I T P R G P \Y \Y S S W T C P

\\AGG CTG AGG CCA CGG GCA GCC TGC AG
R P R A A C X
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Melanophilin gene (MLPH)

<> = blue

del/del

COONONOM

del/G del/del del/del del/G del/del del/G del/del del/G

HOEMONO

/d@i?’del del/G del/del del/G del/del del/del del/del
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Alleles at the Brown locus

Locus Alleles

d

Dilute B (normal black)
b (brown)

ANIMAL GENETICS mmesmeiz ol sonese

'y SHORT COMMUNICATION doi: 10.1111/age 12171

5 A premature stop codon in the TYRPT gene is associated with brown
coat colour in the European rabbit (Oryctolagus cuniculus)

5 V.J. Utzeri®, A. Ribani* and L. Fontanesi*'

*Department of Agdcuitural and Food Scences {DISTAL), Division of Animal Scences, Universty of Boiogna, Viale Fanin 46, 40127
Bolagna, Iy, "Cente for Genome Biolagy , Univesity of Bologna, 40124, Boogna, aly.

)

S
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Brown

Tyrosinase-related protein 1 (TYRP1)

-. . ITTTGTTTGGACACACTA. ..

Wild type allele

F 14 N I S T B N ¥ F v W T H ¥ B &

TCA GTC AAA AAG ACT TTT CTT GGT CCG GGG CAG GAA AGC TTT GGT GAA
5 v K K g F L G P G Q E S F G E

GTT GAT TTT TCT CAT GAAR GGA CCG GCT TTC CTC ACA TGG CAC AGG TAC
v D F ) H E e P =% F L T W H R B ¢

.. . ITTGTTTGAACACACTA. ..

Brown allele /mﬁf\lA/\ﬁ[\J.\

¥ E N I s I Y N p € B v %

ICA GIC AAA AAG ACT TTT CTT GGT CCG GGG CAG GAA AGC TTT GGT GAA

GTT GAT TTT TCT CAT GAA GGA CCG GCT TTC CTC ACA TGG CAC AGG

TAC
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Genomics applied to the Genomics applied for the

improvement of farm characterization of animal

animal productions models of human genetic
diseases
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English spotting

Alleles at the English spotting locus

Locus Alleles <9

/

English spotting En  (English spotting)
en  (normal, non spotted)
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English spotting

264 ROY ROBINSON

which pecessituted their abundonment, NACRTSHEIN is inclined 1o
Lhis view by analogy to the mouse where dominant white is cither
Jethal or semi-lethal when present in the homozygous condition

ettt e e s \/grjation of expression
of English-type white spotting

S \k\‘\ Py 2. Variation of expresseon of Englsh-type white spatting,
ToN

than that of the mouse (the mouse homezygote is pure white with

N\
R \ /? dark eyes) it is suggested that the lethalness of the mbbit gene will
= ‘/i//;o\/\><> \ \ be correspondingly less severe. The inviability of the English pene
\ \ axy a o3 oy 4 . v
‘ may be so slight that a good environment may largely overshadow

Essentially the same suggestion is advanced by RiraaT (19548)

7:3 »‘ the effects to be expected.

who, however, makes the point that the analogy is supported I J
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English spotting

WoRLD RABBIT ScrENCE 1995, 3 (1), 19-26.

ALBINO RABBITS CAN SUFFER FROM MEGACOLON-SYNDROME
WHEN THEY ARE HOMOZYGOUS
FOR THE "ENGLISH SPOT" GENE (EnEn)

WIEBERNEIT D., WEGNER W.

Zur Problematik der Scheckenzucht bei Kaninchen.
4. Mitteilung: Morpho- und histometrische Befunde
am ZNS und an der Schilddriise sowie

SH-Gehalte im Schlachtblut von Hybridkaninchen,
Beurteilung des Heterosiseffektes

Von K. FLEMMING, C. KUHNEL, D. WIEBERNEIT und W. WEGNER

Aus dern Institut fir Tierzueht und Vererbungsforschung der Tierdrztlichen Hochschule Hanno-
ver

]. Ver. Med. A. 42,549-559 (1995)

© 1995 Blackwell Wissenschafts - Verlag, Berhin FLEMMING, K. C. KUHNEL, D. WIEBERNEIT und W. WEGNER (1904): Zur Problematlk der
ISSN 0911~] 84){ * icht bei Kaninchen. 4. Mitteilung: Morpho- und histometrische Befunde am ZNS
: und an der Schilddrilse sowle SH-Gehaite im Schlachtbiut von Hybridkaninchen, Beurtei-
lung des Heterosiseffektes.
Dtsch, tierarztt, Wschr, 101, 434-439

Institute of Animal Breeding and Genetics, Hannover School of Veterinary Science,
Biinteweg 17p, 30559 Hannover, Germany

Pathophysiological and Functional Aspects of the
Megacolon-Syndrome of Homozygous Spotted Rabbits

D. BOpEKER®, O. TURCK, E. Loven, D. WIEBERNEIT and W. WEGNER

Address of authors: Institute of Animal Breeding and Genetics and “Institute for Physiology:
Hannover School of Veterinary Science, Germany TA DI BOLOGNA
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Hirschsprung disease

The disorder described by Hirschsprung (1888) and known
as Hirschsprung disease or aganglionic megacolon is
characterized by congenital absence of intrinsic ganglion
cells in the myenteric (Auerbach) and submucosal (Meissner)
plexuses of the gastrointestinal tract (from OMIM).

Incidence of 1/5000 births
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The KIT Gene Is Associated with the English Spotting
Coat Color Locus and Congenital Megacolon in
Checkered Giant Rabbits (Oryctolagus cuniculus)

Luca Fontanesi'’?*, Manuela Vargiolua, Emilio Scotti’, Roce
Pellegrini®, Maurizio Mazzoni?, Martina Asti*, Roberto Chi
Paolo Clavenzani?, Roberto De Giorgio®*

1Department of Agricultural and Food Sciences, Division of Animal Sciences, Laboratory of
Genome Biology, University of Bologna, Bologna, Italy, 3Health Sciences and Technologies-l|
Bologna, Italy, 4Department of Veterinary Medical Science, University of Bologna, Bologna, It
Ricerca Biomedica Applicata (C.R.B.A), St. Orsola-Malpighi Hospital, University of Bologna, Bolog
Anatomy and Histology, University of Florence, Florence, Italy, 7 Department of Medical and
University of Bologna, Bologna, Italy

En/En

Subvital
(discarded)

Normal Normal
(selected for show) (discarded)

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA

IL PRESENTE MATERIALE E RISERVATO AL PERSONALE DELL'UNIVERSITA DI BOLOGNA E NON PUO ESSERE UTILIZZATO Al TERMINI DI LEGGE DA ALTRE PERSONE O PER FINI NON ISTITUZIONALI




English spotting
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KIT exon 5 CIT AG

g.160T>C
(g.61620715T>C)
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KIT exon 5 ¢g.160T>C (g.61620715T>C)

F1 =131 rabbits
Theta = 0.00 Tg
LOD = 75.56

1R OO

¢ ¢ TC TC TC TT TT TT

® & O

en/en En/en En/En

2o)e9[ ]

4907 /4908, /4905 /4906 4904

¢ ¢ TC TC T

330

TC

&SOOL

4956 4960 97\ /6 Y\ 4958 /73 (495N 4959 4961
cC CC \CcC/\TC) TC | TT ) 1T 17
N N S NS

4917, 4923, 4918\ 4919 4920 4922, 4924 4925 4921 m @ m m . . . .

CC ¢ 1€ TCTC TC TC TC TT 4934 /3929, /4930, (4932, 4933 4927\ /4928, /4931 4935
3 ¢c T1TC TC TC TC TT TT TT TT

LRIl 10O

4873, /4874 4867 4868 | 4869 (4872 & 4870 /4871

¢cC ¢ 1C TC TC TC TT TT
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Genotypes of the g.61620715T>C SNP in different rabbit breeds

Checkered Giant

| Breeds No. of animals Genotypes
1T TC CcC
: 1 Giant Grey 6 3 3 0
: | Giant White 2 0 2 0
| Checkered Giant 20 0 C 20 0
Rhinelander Champagne d'Argent 12 0 0 12
Giant Chinchilla 12 0 3 9
Vienna Blue 13 9 2 2
New Zealand White 4 0 0 4
Californian 20 1 3 16
Rhinelander 3 0 C 3D 0
English spotting 3 0 U] 8
Dutch 8 1 2, 3
Japanese 1 0 0 1
Tatal 107 14 38 55

, ngy\‘s\gpotting

N
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KIT gene expression in colon
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Locus Gene symbol
Coat colour loci

Extension MC1R
Agouti ASIP

C (albino) TYR

Dilute MLPH

Brown TYRP1
English spotting KIT

— Hair and coat structure loci

—

¢

Rex1 LIPH
Angora FGF5
Other loci

"

Yellow fat BCO2
Watanabe heritable  LDLR

hvoerlinidemia

Gene name

melanocortin 1 receptor

agouti-signalling protein

tyrosinase

melanophilin

tyrosinase-related protein 1

v-kit Hardy-Zuckerman 4
feline sarcoma viral
oncogene homolog

lipase member H

fibroblast growth factor 5

beta-carotene oxygenase 2

low density lipoprotein
recentor

Alleles

E* (wild type)

EP or ES (dominant black or

steel)
e (red, non-extension of
black)
e’ (Japanese brindling)

A (light-bellied agouti; wild

type)

a (recessive black
nonagouti)

at (black and tan)

C (fully coloured)

cC" (Chinchilla)

cH (Himalayan albinism)
c (albino, total lack of
pigments)

D (wild type, intense black

and red)

d (dilution of bick to blue
and red to yellow)

d (dilution of bick to blue
and red to yellow)

B (wild type)

b (brown)

en (solid coloured, wild
type, recessive)

En (English spotted;
partially dominant)

R! (wild type allele)
rl (mutated allele)
L (wild type allele)

| (mutated allele(s))

Y (white fat)
y (yellow fat)

Two alleles in the
Watanabe nonulation

Mutations

Two wild type alleles differing by two
SNPs: ¢.[333A>G;555T>C]
6 bp-in-frame deletion: ¢.280_285del6

30 bp-in frame deletion: ¢.304_333del30

6 bp-in frame deletion flanked by a G>A
transition in 5: ¢.[124G>A;125_130del6]

Wild type allele
c.5_6insA

p.L55M and p.L89P
Wild type allele

p.E294G and p.T358lI
p.E294G

p.T373K

Several wild type alleles
g.549853delG

Two exon skippin mutation

Several wild type alleles

p.Trp190ter
Wild type sequences

0.93948587T>C (in complete linkage
disequilibrium with the segregating
alleles)

Wild type sequence
1362delA (deletion in exon 9)
Wild type sequence

In frame insertion of 3 bp (exon 3); T>C
SNP

Wild type sequences
A three-bp deletion in exon 6

In-frame deletion of 12 bp (mutated
allele)

References
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Fontanesi et al. (2014a)

Lehner et al. (2013)
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Fontanesi et al. (2014b)

Diribarne et al. (2011)

Mulsant et al. (2004);
Chantry-Darmon et al.
(2006)

Strychalski et al. (2015)

Yamamoto et al. (1986)
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The candidate gene approach
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CTCGCGTCTGGGCGGGGGTCGGAAGGGGCAATTCTTTCTGGCTTTTCTACCTTGCTTCTTGTCCCCCCTC
TCCTTTCCAATTGTATGCGGGCGAGTGTGAGAGCCATGGAGCGAAGAGCCTGGACTCTGCAGTGTACTGC
TTTCACTCTCTTTTGCGCTTGGTGTGCATTAAACAGTGTAAAAGCGAAGAGGCAGTTTGTGAATGAATGG
GCAGCGGAGATCCCCGGGGGACCAGAGGCAGCCTCGGCCATAGCGGAGGAGCTAGGCTATGACCTTTTGG
GTCAGATAGGATCACTTGAAAATCACTACTTATTCAAACATAAAAGCCATCCTCGAAGATCTCGAAGGAG
TGCCCTTCATATCACTAAGAGATTATCTGATGATGACCGT RLATGGGCTGAACAACAGTATGAAAAA
GAGAGAAGTAAACGTTCACTTCTAAGAGACTCAGCACTEAATCTCTINAATGATCCGATGTGGAATCAGC
AATGGTACTTGCAAGATACTAGGATGACTGCAGCCCTGECCACGCTGEACCTCCATGTGATACCTGTTTG

CCCCTGGCTGCTGGCATCTTCGCTCTGGCCCTGGAAGCAAATCCAAATC TGGCGAGATATGCAAC
ACCTGGTTGTCTGGACCTCTGAGTATGACCCACTGGCAAATAATCCTGGATGGAAAAAGAATGGAGCAGG
CTTGATGGTGAACAGTCGGTTTGGATTTGGGTTGCTAAATGCCAAAGCTCTGGTGGATCTAGCTGATCCC
AGGACCTGGAGCAGTGTGCCTGAGAAGAAGGL# TTGTAAAAGACAATGACTTTGAGCCCAGAGCCC

CAAGTGTGAAGCTCAACATTCCTTACGAAAATTTCTATGAAGCCCTGGAAAAGCTGAACCAACCTTCTCA
GCTTAAAGACTCTGAGGACAGTCTGTATAACGACTATGTGGATGTTTTCTACAACACGAAGCCTTACAAG
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Gene symbol

Gene name

Polymorphisms

Growth and meat production traits (carcass and meat and fat quality traits)

FTO
GH1

GHR
GHR

IGF2
IRS1
MC4R
MSTN
MSTN

MSTN
NPY

PGAM2

POMC

POU1F1

TBCi1D1

Fat mass and obesity associated
Growth hormone

Growth hormone receptor
Growth hormone receptor

Insulin-like growth factor 2
Insulin receptor substrate 1
Melanocortin 4 receptor
Myostatin

Myostatin

Myostatin
Neuropeptide Y

Phosphoglycerate mutase

proopiomelanocortin

POU class 1 homeobox 1

TBC1 domain family member 1

Reproduction traits in does

OVGP1

PGR

TIMP1

Oviductal glycoprotein 1

Progesterone receptor

TIMP metallopeptidase inhibitor 1

Disease/disorder resistance traits

~ DECTIN1 (CLE7A)
P\ IL10
%EJAKS

C-type lectin domain family 7 member A
Interleukin 10

Janus kinase 1

myeloid differentiation primary response 88
NLR family, pyrin domain containing 12

Nucleotide-binding oligomerization domain
containing 2

signal transducer and activator of transcription

3
Toll-like receptor 4

Tyrosine kinase 2

3 SNPs in exon 3 (2 missense
mutations)

SNP in a putative regulatory region
Missense mutation (SNP)
Missense mutation (SNP)

Indel in a putative regulatory region
2 synonymous SNPs

Missense mutation (SNP)
Missense mutations

1 SNP in 5'-flanking region

1 SNP inintron 1
1 SNP inintron 1

1 synonymous SNP on exon 1

1 SNP inintron 1

1 SNP inintron 5

1 missense mutation in exon 1

1 missense SNP in exon 11 and a
microsatellite

5 SNPs in two haplotypes

1 SNP in the promoter region

ss707197675A>G

Synonymous SNPs in exon 3

1 missense mutation (exon 9) and 1

synonymous SNP (exon 21)
Synonymous SNP in exon 4

1 missense mutation in exon 3
1 synonymous SNP in exon 10

2 synonymous SNPs (exons 4 and
8)

5 SNPs (2 synonymous and 3 non-
synonymous): 2 haplotypes

2 haplotypes

Populations

New Zealand, Ira and Champagne
rabbits

Commercial meat rabbit line
Commercial meat rabbit line

New Zealand, Ira and Champagne
rabbits

Commercial meat rabbit line
New Zealand rabbits

Commercial meat rabbit line
Commercial meat rabbit line

Ira, Champagne, and Tianfu Black rabbit
breeds
Giant Grey x New Zealand F2 population

Ira, Champagne, and Tianfu Black rabbit
breeds

Ira, Champagne, and Tianfu Black rabbit
breeds
Ira, Champagne, and Tianfu Black rabbit
breeds

Hyla, Champagne, and Tianfu Black
rabbit breeds

European White and New Zealand white
rabbits

F2 cross of two lines divergently selected
for uterine capacity

F2 cross of two lines divergently selected
for uterine capacity

F2 cross of two lines divergently selected
for uterine capacity

New Zealand white (case and control
study)

New Zealand white, Fujian yellow and
their reciprocal crosses

New Zealand white (case and control
study)

Yaan and Chengdu populations (case
and control study)

New Zealand white (case and control
study)

New Zealand white (case and control
study)

New Zealand white (case and control
study)

New Zealand white (case and control
study)

New Zealand white (case and control
study)

Associated traits

Body weight at 35, 70, and 84 d;
intramuscular fat

Finishing weight

Finishing weight

Eviscerated weight, semi-
eviscerated weight, eviscerated
slaughter rate, and semi-
eviscerated slaughter rate, pH24,
weight at 84 d

Finishing weight

Body weight at 35, 70, and 84 d
Finishing weight

None (analysed only finishing
weight)

Body weight at 84 d

Several carcass traits®

Eviscerated slaughter percentage,
semi-eviscerated slaughter
percentage

References
Zhang G.W. et al. (2013a)

Fontanesi et al. (2012a)
Fontanesi et al. (2016)
Zhang et al. (2012)

Fontanesi et al. (2012c)
Zhang et al. (2014)
Fontanesi et al. (2013)
Fontanesi et al. (2011)

Peng et al. (2013)

Sternstein et al. (2014)
Liu et al. (2014)

Body weight at 84 d, average daily Wu et al. (2015)

gain

84 d body weight, eviscerated
weight, semi-eviscerated weight,
ripe meat ratio

pH1, cooking loss, intramuscular
fat

Body weight at 35 days

Total number of kits born, number
born alive, number of implanted
embryos, foetal prenatal embryo
survival and development

Embryo implantation and litter
size, expression of progesterone
receptor isoforms

Embryo implantation

Nonspecific digestive disorder
Immune parameters?

Nonspecific digestive disorder

Nonspecific digestive disorder
Nonspecific digestive disorder
Nonspecific digestive disorder
Nonspecific digestive disorder

Nonspecific digestive disorder

Nonspecific digestive disorder

Liu et al. (2014)

Wang et al. (2015)

Yang et al. (2013)

Merchan et al. (2009); Garcia et
al. (2010)

Peir6 et al. (2008); Peiro6 et al.
(2010)

Estellé et al. (2006); Argente et al.
(2010)

Zhang G.W. et al. (2013a)
Wan et al. (2014)

Fu et al. (2014)

Chen et al. (2013)

Liu et al. (2013)

Zhang W.X. et al. (2013)
Fu et al. (2014)

Zhang et al. (2011)

Fu et al. (2015)
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Gene name lymorphisms
Growth and meat production traits (carcass and meat and fat quality trai
FT Eatmass and nhncity iated

3 SNPs in exon 3 (2 missense
mutations)

Populations

New Zealand, Ira and Champagne
rabbits

Commercial meat rabbit line
Commercial meat rabbit line

New Zealand, Ira and Champagne

Commercial meat rabbit line

abbits

eat rabbit line

eat rabbit line

Ira, Champagne, and Tianfu Black rabbit

Giant Grey x New Zealand F2 population
Ira, Champagne, and Tianfu Black rabbit

Ira, Champagne, and Tianfu Black rabbit

Ira, Champagne, and Tianfu Black rabbit

GH1 Growth hormone SNP in a putative regulatory region
GHR Growth hormone receptor Missense mutation (SNP)
GHR Growth hormone receptor Missense mutation (SNP)

rabbits
IGF2 Insulin-like growth factor 2 Indel in a putative regulatory region
IRS1
MC4R h d d 1 1
Growth and meat production traits
MSTN Myostatin 1 SNP in 5'-flanking region

breeds
MSTN Myostatin 1 SNP inintron 1
NPY Neuropeptide Y 1 SNP inintron 1

breeds
PGAM2 Phosphoglycerate mutase 1 synonymous SNP on exon 1

breeds
POMC proopiomelanocortin 1 SNP inintron 1

breeds
POU1F1 POU class 1 homeobox 1 1 SNPinintron 5

TBC1D1 TBC1 domain family member 1 1 missense mutation in exon 1

Reproduction traits in does
OVGP Oviductal glycoprotein 1

1 missense SNP in exon 11 and a
microsatellite

PGR

TIMP1 1 SNP in the promoter region

Disease/disorder resistance traits

D L A c-typetectin domain family 7 member A ss707197675A>G

Hyla, Champagne, and Tianfu Black
rabbit breeds

European White and New Zealand white
rabbits

F2 cross of two lines divergently selected
for uterine capacity
F2 cross of two lines divergently selected

for uterine capacity

F2 cross of two lines divergently selected
for uterine capacity

New Zealand white (case and control
study)

& IL10 Interleukin 10 Synonymous SNPs in exon 3 New Zealand white, Fujian yellow and
—— their reciprocal crosses

G JAK3 Janus kinase 1 1 missense mutation (exon 9) and 1 New Zealand white (case and control
synonymous SNP (exon 21) study)

MYD88 myeloid . . . . engdu populations (case

Disease/disorder resistance traits g8

NLRP12 NLR fal [l white (case and control
uay,

:NOD2 Nucleotide-binding oligomerization domain 1 synonymous SNP in exon 10 New Zealand white (case and control
containing 2 study)

« STAT3 signal transducer and activator of transcription 2 synonymous SNPs (exons 4 and New Zealand white (case and control
3 8) study)

TLR4 Toll-like receptor 4 5 SNPs (2 synonymous and 3 non- New Zealand white (case and control
synonymous): 2 haplotypes study)

TYK2 Tyrosine kinase 2 2 haplotypes New Zealand white (case and control

study)

Associated traits

Body weight at 35, 70, and 84 d;
intramuscular fat

Finishing weight

Finishing weight

Eviscerated weight, semi-
eviscerated weight, eviscerated
slaughter rate, and semi-
eviscerated slaughter rate, pH24,
weight at 84 d

Finishing weight

Body weight at 35, 70, and 84 d
Finishing weight

None (analysed only finishing
weight)

Body weight at 84 d

Several carcass traits®

Eviscerated slaughter percentage,
semi-eviscerated slaughter
percentage

References
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Zhang et al. (2014)
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Peng et al. (2013)

Sternstein et al. (2014)
Liu et al. (2014)

Body weight at 84 d, average daily Wu et al. (2015)

gain

84 d body weight, eviscerated
weight, semi-eviscerated weight,
ripe meat ratio

pH1, cooking loss, intramuscular
fat

Body weight at 35 days

Total number of kits born, number
born alive, number of implanted
embryos, foetal prenatal embryo
survival and development

Embryo implantation and litter
size, expression of progesterone
receptor isoforms

Embryo implantation

Nonspecific digestive disorder
Immune parameters?

Nonspecific digestive disorder

Nonspecific digestive disorder
Nonspecific digestive disorder
Nonspecific digestive disorder
Nonspecific digestive disorder

Nonspecific digestive disorder

Nonspecific digestive disorder

Liu et al. (2014)

Wang et al. (2015)

Yang et al. (2013)

Merchan et al. (2009); Garcia et
al. (2010)

Peir6 et al. (2008); Peiro6 et al.
(2010)
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Genomic data and tools era
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Rabbit genome analysis reveals a
polygenic basis for phenotypic change
during domestication
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change during domestication
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Rabbit genome analysis reveals a polygenic basis for phenotypic

Science change during domestication
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Livestock resource
— Meat, fur, pet, fancy breeds
— European meat market: 1.6 billion €

« Animal model and bioreactor
— Model of prolific livestock species (pig)
— Basic biology
— Human diseases
— Biotechnology applications
— World antibodies production: 3-5 billion €

Wild resource
— Ecology, game species, pest
\ — Related species (wild lagomorphs)

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA

IL PRESENTE MATERIALE E RISERVATO AL PERSONALE DELL'UNIVERSITA DI BOLOGNA E NON PUO ESSERE UTILIZZATO Al TERMINI DI LEGGE DA ALTRE PERSONE O PER FINI NON ISTITUZIONALI



Genomic data and tools era

Meat production

Genomic selection In rabbits ?
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Genomic data and tools era: Genomic Selection

“‘ - ’il'u' = 1 3

]
SRR
dalel Lls

-~ -
b alalls -
1N g —
-

<=
-

b

[T L I

R A 138 . . : | ;
2 Lhe | B -
] | i i 1E
bl hE RN g ?'\i 33
! :"Ir i1 i E ] il M= P
- » . : ’,2‘~1‘ ‘ ( | 2 gi B :
. : | 1 Bl |
4 {4 J>

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA
IL PRESENTE MATERIALE £ RISERVATO AL PERSONALE DELL'UNIVERSITA DI BOLOGNA E NON PUO E

PUO ESSERE UTILIZZATO Al TERMINI DI LEGGE DA ALTRE PERSONE O PER FINI NON ISTITUZIONALI

o 2k A
4 —— T
’l l],___ —Ap—— J - -
: e T e ateiit ¥
(WIS .“ i




Genomic data and tools era: Genomic Selection
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Genomic Selection

~

Reference populati(m éelectlon candldates

X X
X " I
S "

) &

Selected candidates
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Genomic Selection
ﬁeeference populati(m éelectlon candldates
| Phenotyped ;
@ and Genotypey \t 5 Only Genot}/pej

Prediction Equation

Selected candidates
Genomic Breding Value =

t1X; + X, +I3X3 +

using Genomic
Breeding Values
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Genomic data and tools era

Meat production

Genomic selection In rabbits ?

AG=(i*r*gy)/L

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA

IL PRESENTE MATERIALE E RISERVATO AL PERSONALE DELL'UNIVERSITA DI BOLOGNA E NON PUO ESSERE UTILIZZATO Al TERMINI DI LEGGE DA ALTRE PERSONE O PER FINI NON ISTITUZIONALI




Genomic data and tools era

Meat production

Genomic selection In rabbits ?

Genetic progress

AG=(i*r*ogy)/L

Generation interval
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Genomic data and tools era

Meat production

Genomic selection In rabbits ?

Genetic progress

|

\AG=('*r* 0,) /L = o
\

Generation interval
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Genomic data and tools era

Meat production

Gene editing in rabbits ?

Recognition
( 110
hm ZFNs 1 module/3 bp
[T
Wl
BRNS S5 8 3% TALENSs 1 module/1 bp
IIIH,IIIIIH\III
| |
PAM
""" . CRISPR/Cas 1 base/1 bp
Guide RNA
Casg

ﬂ Carroll D. 2014.
Annu. Rev. Biochem. 83:409-39
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Genomic data and tools era

Meat production

Gene editing in rabbits 2 [scievminc rerprrs

"FI - Efficient Generation of Myostatin
: Gene Mutated Rabbit by CRISPR/
Cas9

Gingyan L, Linvuan’™, ichao Dang?", Meo Chen, vong wang’, isn Zeng', Zhamiun L7 &
tiangrua i

Myostatin

Recognition A .

0 H

M m ZFNs 1 module/3 bp H

[URUAY H

. C ¢

‘f '/‘ .5
T gl“ﬁ | TALENS 1 module/1 bp E
|||H,|||||R\||| %

| | E

CRISPR/Cas 1 base/1 bp

Casg

. ﬂ Carroll D. 2014.
Annu Rev Biochem. 83:409-39
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« Livestock resource
— Meat, fur, pet, fancy breeds
— European meat market: 1.6 billion €

nimal model and bioreactor
— Model of prolific livestock species (pig)
— Basic biology

— Human diseases

Biotechnology applications

World antibodies production: 3-5 billio

Wild resource
— Ecology, game species, pest
\ — Related species (wild lagomorphs)
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Genomic data and tools era

Animal model / Biotech

Gene editing in rabbits ?

Recognition
' 18
hm ZFNs 1 module/3 bp
[URUAY
o
BRNS S5 8 3% TALENSs 1 module/1 bp
IIIH,IIIIIH\III
| TN
PAM
. CRISPR/Cas 1 base/1 bp
Guide RNA

Casg

| ﬂ Carroll D. 2014
{ @t ] Annu. Rev. Biochem. §3:409-39
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Genomic data and tools era

Animal model / Biotech

Gene editing in rabbits ?

Yan et al. Cell Regeneration 2014, 312

e CELL REGENERATION

RESEARCH Open Access

Generation of multi-gene knockout rabbits using
the Cas9/gRNA system

Quanmei Yan'*, Quanjun Zhang'", Huagiang Yang', Qingjian Zou', Chengcheng Tang?, Nana Fan'™

"'l”v‘"{ SCIENTIFIC REP{{;}RTS

W
11 |Y|||\'|‘Y||

Recognition

TALENS 1 module/1 bp OPEN CRISPR/Cas9-mediated GJA8
knockout in rabbits recapitulates
human congenital cataracts

inYuan*", Tingting Sui*’, Mao Chen?, Jichao Deng?, Yongye Huang™’, Jian Zeng®,
g Song?, Zhanjun Li* & d

IIIH,IIIII‘}\III

9 L

PAM

CRISPR/Cas 1 base/1 bp
Guide RNA

Many potential applications ....

J|a ﬂCarroll D. 2014.
Annu. Rev. Biochem. 83:409-39
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« Livestock resource
— Meat, fur, pet, fancy breeds
— European meat market: 1.6 billion €

« Animal model and bioreactor
— Model of prolific livestock species (pig)
— Basic biology
— Human diseases
— Biotechnology applications
— World antibodies production: 3-5 billion €

Wild resource
— Ecology, game species, pest
\ — Related species (wild lagomorphs)
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Genomic data and tools era (SNP chip) Oryctolagus cuniculus

«Dedomestication genetics — Project »

Dedomestication has been defined as switch of
domestic animals back into wild or semi-wild forms

The rabbit has also been widely translocated by
humans, and feral rabbits occur worldwide.

Feral rabbits often originate from released rabbits from
different domestic breeds, occasionally in combination
with strains of wild rabbits
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LAGOMORPHA
|

Ochotonidae

Pikas
Ochotona (30)

Jackrabbits and Hares
Lepus (32)

Leporidae
Rabbits
Amami Rabbit Pentalagus (1)
Rock Hares Pronolagus (3)
Volcano Rabbit Romerolagus (1)
Hispid Hare Caprolagus (1)
European Rabbit Oryctolagus (1)
Cottontails Sylvilagus (17)

Pygmy Rabbit Brachylagus (1)
Riverine Rabbit Bunolagus (1)
Bunyoro Rabbit Poelagus (1)

Sumatran and
Annamite striped Nesolagus (2)
Rabbits
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Lagomorph Genomics Consortium
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LaGomiCs—Lagomorph Genomics Consortium:
An International Collaborative Effort for
Sequencing the Genomes of an Entire
Mammalian Order

Luca Fontanesi, Federica Di Palma, Paul Flicek, Andrew T. Smith,
Carl-Gustaf Thulin, Paulo C. Alves, and the Lagomorph Genomics
Consortium®
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Conclusions

Needs:
Refinement of the rabbit genome
—unctional annotation: FAANG

Deep phenotyping

Potentials:
* To be further exploited

Future:
* Bright or dark?
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KJ World
0 Rabbit
2016 Congress

Outlooks S

What next ?.......
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A2 World
s

Outlooks G

What next ?.......

From the Genetics Round Table:

International Network on Rabbit Genome Biology
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From the Genetics Round Table
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016 Congress
 Cingilas, G

ccoskE

EUROPEAN COOPERATION IN SCIENCE AND TECHNOLOGY

ion ?
What is a COST Action |

It is a science and technology network with a
duration of four years funded by the

European Union. |
It is organised through a range of networking

tools, such as workshops, confere_n-ces,
training schools, short-term _smentlflc o
missions, publications, _gto. in order ’Fo cre
NSO opportunities for scientific collaborations

;\\ worldwide
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f‘f\ Rabbit

2016 Congress
Qingdas, China

From the Genetics Round Table
Working Groups

WG1. Genomic data and tools
T1. Rabbit genome annotation and assembly
T2-T3. Genomic and transcriptomic tools
T.4. Systems Biology platform

WG2. WGA4.
Applications in WG3. Applications
Agricu|ture Application in biomediCin in Ecology
1-T3. basic biology, human disea T1-T2.
T1. 4. Biotechnology applications Comparative
_| Genotype/phenotype population
L | T2. Breeding plans s
@%. T3. Biodiversity T3.
g,  fESOUICES Management
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From the Genetics Round Table

22 World
it

Qingdas, China

International Network on Rabbit Genome Biology
Activities/Objectives

1) Mapping all meat rabbit genetic resources/lines
In the world
2) Update FAO DAD-IS database for rabbit
breeds/lines
3) Constitute a database of rabbit biotech resources
4) Database of papers /strains of rabbits used as
L 57 animal model
| Network on gene editing In rabbits (Crispr/CAS9)
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2016 Congress
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Qingdas, China

The rabbit in the genomics era:

%

applications and perspectives &?@MMM
In rabbit biology and breeding

Luca Fontanesi

Department of Agricultural and Food Sciences
Division of Animal Sciences

University of Bologna

Bologna, Italy

E-mail: luca.fontanesi@unibo.it
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