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Preface

The European rabbit (Oryctolagus cuniculus), also known only as ‘rabbit’ (the simple name commonly 
used in this book) or, in some contexts referring to the domesticated animals, as ‘domestic rabbit’, is 
a multi-purpose species: it is considered a livestock (for meat and fur production), a fancy animal or 
a pet with a broad spectrum of  different phenotypes, an animal model used to address many 
biological questions, a bioreactor for the production of  antibodies and other biomolecules and a pest 
or a wild resource species in several regions.

World rabbit meat production reaches about 1.5 million tons and it is, on average, increasing by 
3–4% each year. Rabbit fancy breeders maintain a large collection of  breeds and lines (differing in size, 
morphological traits, coat colour, etc.) that constitute very valuable natural genetic resources. 
The rabbit is one of  the most common animal models in biomedicine. It is used in all research areas, 
ranging from basic research to clinical disciplines. Its size and its specific anatomy and biology make 
the rabbit a more appropriate model than the rodents in several fields. Pharmaceutical companies have 
developed therapeutic rabbit antibodies and transgenic rabbits for production of  humanized proteins 
used as therapeutic agents for several disease treatments. Polyclonal and monoclonal antibodies pro-
duced from rabbits are widely marketed commercially. Its worldwide annual market is estimated to be 
3–4 billion dollars with an annual growth rate of  ~10–15%.

The rabbit serves as a keystone species and an ecosystem engineer in its native range. The rabbit 
has been introduced in South America, Australia and many islands in which it is considered a pest. The 
use of  viruses (e.g. myxoma virus) has been tested experimentally to control these feral populations.

Domestication of  the rabbit has been a progressive and recent event (from 1200 to 400 years 
ago or less) as compared to other livestock species, making this unique lagomorph a very interesting 
model to evaluate domestication processes comparing domesticated stocks and wild populations 
that are present together in the domestication centre (Spain–France) as well as in most other Euro-
pean countries. By the way, the rabbit is considered the only animal species that has been domesti-
cated only in western Europe.

Since the rediscovery of  Mendel’s laws at the beginning of  the 1900s, the rabbit has been a corner-
stone of  the genetics of  the mammals. The pioneering studies of  William E. Castle, who published in 
1930 the first genetic textbook dedicated to the rabbit (The Genetics of  the Domestic Rabbit), together 
with the studies of  several other founders of  this emerging discipline, shed the first light on the genetics 
of  the rabbit, starting from explaining the variety of  coat colour diversity segregating in the species.

The genomics era has recently visited the rabbit. The rabbit genome has been sequenced, open-
ing new perspectives in all fields mentioned above, eliminating disadvantages and limits of  the rabbit 
compared to other species and creating additional opportunities in several rabbit applied biology 
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areas and related fields. An ‘omic’ vision of  rabbit biology is becoming reality by integrating genomic 
information with transcriptomics, proteomics, metabolomics and so on.

This book is addressed to a broad audience, including students, teachers, researchers, veterinarians 
and rabbit breeders. The purpose of  the book is to present in one location a comprehensive overview 
of  the progress of  genetics in the rabbit, with a modern vision that integrates genomics to obtain a 
complete picture of  the state of  the art and of  the applications in this species, defined according to the 
multiple uses and multi-faceted places that this species has in applied and fundamental biology. The 
18 chapters cover several fields of  genetics and genomics: Chapters 1 and 2 present the rabbit within 
the evolutionary framework, including the systematics, its domestication and an overview of  the 
genetic resources (breeds and lines) that have been developed after domestication. Chapters 3–5 
cover the rabbit genome, cytogenetics and genetic maps and immunogenetics in this species. Chapters 
6–8 present the genetics and molecular genetics of  coat colours, fibre traits and other morphological 
traits and defects. Chapters 9–13 cover the genetics of  complex traits (disease resistance, growth and 
meat production traits, reproduction traits), reproduction technologies and genetic improvement in 
the meat rabbits. Chapters 14–18 present the omics vision, the biotech and biomodelling perspectives 
and applications of  the rabbit. The continuous progress in genetics and genomics in this species 
made it impossible to cover all recent and relevant literature and studies, and some publications 
might not have been cited. We hope that any relevant omissions can be brought to our attention.

This book is the result of  international efforts among scientists that started with the European 
Union-funded COST Action ‘A Collaborative European Network on Rabbit Genome Biology – RGB-Net’, 
which acquired the contributions of  several other specialists. I am very grateful to all of  them who, 
with patience, have waited for the time of  publication of  their work. I acknowledge the professional 
help of  CABI in producing the book that I hope will serve as a useful reference for all who study or 
work with this fascinating species.

The book is particularly dedicated to my family (my wife Giovanna, my son Davide and my 
daughter Sara) who are supporting me in the daily work of  a scientist, a job that is a sort of  mission, 
to discover and spread knowledge, as reported in this book.

Luca Fontanesi
Bologna, 8th March 2021
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1 The Evolution, Domestication and 
World Distribution of the European  

Rabbit (Oryctolagus cuniculus)

Luca Fontanesi1*, Valerio Joe Utzeri1 and Anisa Ribani1

1Department of Agricultural and Food Sciences, Division of Animal Sciences, 
University of Bologna, Italy

1.1 The Order Lagomorpha

The European rabbit (Oryctolagus cuniculus, 
Linnaeus 1758) is a mammal belonging to the 
order Lagomorpha.

Lagomorphs are such a distinct group of  
mammalian herbivores that the very word ‘lago-
morph’ is a circular reference meaning ‘hare-
shaped’ (Chapman and Flux, 1990; Fontanesi 
et al., 2016). A unique anatomical feature that 
characterizes lagomorphs is the presence of  
small peg-like teeth immediately behind the up-
per-front incisors. For this feature, lagomorphs 
are also known as Duplicidentata. Therefore, 
instead of  four incisor teeth characteristic of  
rodents (also known as Simplicidentata), lago-
morphs have six. The additional pair is reduced 
in size. Another anatomical characteristic of  the 
animals of  this order is the presence of  an elong-
ated rostrum of  the skull, reinforced by a lattice- 
work of  bone, which is a fenestration to reduce 
the weight (Chapman and Flux, 1990; Rose, 
2006). The herbivorous diet and the terrestrial 
mode of  life are the primitive conditions of  this 
order (López-Martínez, 1985). All lagomorphs 
are also characterized by a specific feeding 
behaviour known as caecotrophy, that is the 
re-ingestion of  soft cecal-derived faeces needed 

to assure essential vitamin uptake, the digestion 
of  the vegetarian diet and water reintroduction 
(Hörnicke, 1981).

The order Lagomorpha was recognized as a 
distinct order within the class Mammalia in 
1912, separated from the order Rodentia within 
which lagomorphs were originally placed (Gidely, 
1912; Landry, 1999). Lagomorphs are, however, 
considered to be closely related to the rodents 
from which they diverged about 62–100 million 
years ago (Mya), and together they constitute 
the clade Glires (Chuan-Kuei et al., 1987; Benton 
and Donoghue, 2007). Lagomorphs, rodents and 
primates are placed in the major mammalian 
clade of  the Euarchontoglires (O’Leary et al., 2013).

Modern lagomorphs might be evolved from 
the ancestral lineage from which derived the 
†Mimotonidae and †Eurymilydae sister taxa, 
following the Cretaceous-Paleogene (K-Pg) bound-
ary around 65 Mya (Averianov, 1994; Meng et al., 
2003; Asher et al., 2005; López-Martínez, 2008).

The systematics of  the order are not com-
pletely clear yet and currently under revision 
by the International Union for Conservation of  
Nature and Natural Resources (IUCN), Species 
Survival Commission (SSC), Global Mammal 
Assessment, and Lagomorph Specialist Group 
(LSG). The order is divided into two families 
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(Fig. 1.1; Hoffmann and Smith, 2005; Chapman 
and Flux, 2008; Fontanesi et al., 2016): (i) Ochoto-
nidae (the pikas), with 26 teeth, and (ii) Leporidae 
(the jackrabbits and hares, and the rabbits), with 
28 teeth. According to the most accepted taxonomy, 
these two families account for a total of  92 living 
species (Chapman and Flux, 1990; Fontanesi 
et al., 2016; Melo-Ferreira and Alves, 2018).

Fossil and molecular estimates are not 
completely in agreement in the identification of  
the evolutionary split between these two extant 
families. Fossil data seem consistent in indicat-
ing that the divergence period occurred before 
42 Mya (Ruedas et al., 2018) even if  molecular 
estimates based on mitochondrial and nuclear 
genome sequences have placed this family split in 
a more recent period (about 30 Mya; Matthee 
et al., 2004). Merging fossil data and molecular 
estimates, the differentiation time has been 
placed around 50 Mya (Meredith et al., 2011).

The list of  all recognized extant lagomorph 
species is reported in Table 1.1. The family 
Ochotonidae comprises 29 species of  small 
(70–300 g) egg-shaped mammals with distinct 
rounded ears and no visible tail. All species have 
been assigned to the genus Ochotona. They have 
hind legs not much longer than the fore legs. 
Most of  these species are vocal. There are two 
major groups of  pikas (Smith, 1988; Smith et al., 
1990; Lissovsky, 2014): (i) those that live in 
rocks or talus have low reproductive rates and 

are generally long-lived; they are territorial 
either as individuals or pairs and have extremely 
low rates of  social interaction; and (ii) those that 
live in meadow or steppe habitat and burrow; 
they have high reproductive rates and are gener-
ally short-lived; these species form extended 
families and are highly social. These groups have 
been divided into five subgenera (Alienauroa, 
Conothoa, Lagotona, Ochotona, and Pika), 
commonly recognized mainly considering their 
distribution (Hoffmann and Smith, 2005; Lisso-
vsky, 2014). A recent phylogenomic analysis 
recognized four subgenera of  extant pikas 
(Alienauroa, Conothoa, Ochotona and Pika), with 
the mountain group Conothoa being the sister 
group of  all other pikas (Wang et al., 2020).

The family Leporidae comprises 32 species of  
hares (genus Lepus) and 31 species of  rabbits (Fig. 
1.1; Table 1.1). The hares are the largest lago-
morphs (2–5 kg), having long ears and hind legs. 
Of  the group of  rabbits, 18 species belong to the 
genus Sylvilagus whereas the remaining species 
are mainly included in monotypic genera (Fig. 1.1; 
Table 1.1), some of  which are Evolutionarily Dis-
tinct and Globally Endangered (EDGE) species 
(Verde Arregoitia et  al., 2015). The rabbits have 
also somewhat long ears, but not as long as the 
hares, and present a more rounded body type. 
Other rabbits include a variety of  unique forms 
found around the world: for example, the Riverine 
rabbit (Bunolagus monticularis) in South Africa; the 

Lagomorpha

LeporidaeOchotonidae

Pikas Jackrabbits and Hares

Amami Rabbit Pentalagus (1)
Pronolagus (4)
Romerolagus (1)
Caprolagus (1)
Oryctolagus (1)
Sylvilagus (18)
Brachylagus (1)
Bunolagus (1)

Poelagus (1)

Nesolagus (2)

Rock Hares
Volcano Rabbit
Hispid Hare
European Rabbit
Cottontails
Pigmy Rabbit
Riverine Rabbit

Bunyoro Rabbit
Sumatran Rabbit
Annamite Striped Rabbit

Rabbits

Lepus (32)Ochotona (29)

Fig. 1.1. Schematic representation of systematics of the order Lagomorpha (number in parenthesis 
indicates the number of species within the genera). (Modified from Fontanesi et al., 2016)
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Table 1.1. List of lagomorph species. (From Chapman and Flux, 1990; Fontanesi et al., 2016; Melo-Ferreira 
and Alves, 2018)

Family/genus Species Common name

Ochotonidae
Ochotona O. alpina Alpine Pika

O. argentata Helan Shan Pika
O. cansus Gansu Pika
O. collaris Collared Pika
O. coreana Korean Pika
O. curzoniae Plateau Pika
O. dauurica Daurian Pika
O. erythrotis Chinese Red Pika
O. forresti Forrest’s Pika
O. gloveri Glover’s Pika
O. hoffmanni Hoffmann’s Pika
O. hyperborea Northern Pika
O. iliensis Ili Pika
O. koslowi Koslov’s Pika
O. ladacensis Ladak Pika
O. macrotis Large-eared Pika
O. matchurica Mantchurian Pika
O. nubrica Nubra Pika
O. opaca Kazakh Pika
O. pallasii Pallas’s Pika
O. princeps American Pika
O. pusilla Steppe Pika
O. roylei Royle’s Pika
O. rufescens Afghan Pika
O. rutila Turkestan Red Pika
O. syrinx Qinling Pika
O. thibetana Moupin Pika
O. thomasi Thomas’s Pika
O. tutuchanensis Turuchan Pika

Leporidae
(the rabbits) Brachylagus idahoensis Pygmy Rabbit

Bunolagus monticularis Riverine Rabbit
Caprolagus hispidus Hispid Hare
Nesolagus netscheri Sumatran Striped Rabbit
Nesolagus timminsi Annamite Striped Rabbit
Oryctolagus cuniculus European rabbit
Pentalagus furnessi Amami Rabbit
Poelagus majorita Bunyoro Rabbit
Pronolagus crassicaudatus Natal Red Rock Hare
Pronolagus randensis Jameson’s Red Rock Hare
Pronolagus rupestris Smith’s Red Rock Hare
Pronolagus saundersiae Hewitt’s Red Rock Hare
Romerolagus diazi Volcano Rabbit

Sylvilagus S. aquaticus Swamp Rabbit
S. audubonii Desert Cottontail
S. bachmani Brush Rabbit
S. brasiliensis (sensu stricto) Tapetí, Andean Cottontail, Rio de 

Janeiro Dwarf Cottontail
S. cognatus Manzano Mountain Cottontail
S. cunicularius Mexican Cottontail
S. dicei Dice’s Cottontail
S. floridanus Eastern Cottontail

Continued
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Hispid hare (Caprolagus hispidus) of  the Terai 
region of  India and Nepal; the black Amami Island 
rabbit (Pentalagus furnessi) that occupies isolated 
islands in the far south of  Japan; the Annamite 
striped rabbit (Nesolagus timminsi) of  south-east 
Asia; the Volcano rabbit (Romerolagus diazi) that 
lives at high elevations on volcanoes surrounding 
Mexico City; and the European rabbit (Oryctolagus 
cuniculus) that originally occupied the Iberian 

Peninsula and that was subsequently spread in 
many other regions.

1.2 The European Rabbit  
(Oryctolagus cuniculus)

The European rabbit (Oryctolagus cuniculus) in-
cludes both wild and domesticated animals. 

Family/genus Species Common name

S. gabbi Gabb’s Cottontail
S. graysoni Tres María Cottontail
S. insonus Omiltemi Rabbit
S. mansuetus San José Brush Rabbit
S. nuttallii Mountain Cottontail
S. obscurus Appalachian Cottontail
S. palustris Marsh Rabbit
S. robustus Davis Mountains Cottontail
S. transitionalis New England Cottontail
S. varynaensis Venezuelan Lowland Rabbit

Lepus L. alleni Antelope Jackrabbit
L. americanus Snowshoe Hare
L. articus Arctic Hare
L. brachyurus Japanese Hare
L. californicus Black-tailed Jackrabbit
L. callotis White-sided Jackrabbit
L. capensis Cape Hare
L. castroviejoi Broom Hare
L. comus Yunnan Hare
L. coreanus Korean Hare
L. corsicanus Corsican Hare
L. europaeus European Hare
L. fagani Ethiopian Hare
L. flavigularis Tehuantepec Jackrabbit
L. granatensis Iberian Hare
L. habessinicus Abyssinian Hare
L. hainanus Hainan Hare
L. insularis Black Jackrabbit
L. mandshuricus Manchurian Hare
L. nigricollis Indian Hare
L. oiostolus Woolly Hare
L. othus Alaskan Hare
L. peguensis Burmese hare
L. saxatilis Cape Scrub Hare
L. sinensis Chinese Hare
L. starcki Ethiopian Highland Hare
L. tibetanus Desert Hare
L. timidus Mountain Hare
L. tolai Tolai Hare
L. townsendii White-tailed Jackrabbit
L. victoriae African Savanna Hare
L. yarkandensis Yarkland Hare

Table 1.1. Continued.
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Oryctolagus cuniculus is also the only domesticated 
species of  the order Lagomorpha and the only 
example of  an animal domestication process that 
occurred exclusively in western Europe. Its dis-
tribution has been largely expanded and modified 
from its ancestral area (Flux, 1994), mainly rec-
ognized in the Iberian Peninsula, where the species 
might have been emerged in the mid-Pleistocene 
(López-Martínez, 2008). The subsequent geograph-
ical expansion of  this species and the consequent 
successful colonization of  a large variety of  regions 
and ecosystems are mainly human-derived and 
occurred during historical times (Thompson 
and King, 1994). This species has also the most 
within-species phenotypic diversity due to hu-
man-driven artificial directional selection that 
produced many different breeds and lines, as a 
consequence of  its domestication.

The wild original forms are mainly distrib-
uted in its native and contiguous regions (the 
Iberian Peninsula and the south of  France). Feral 
forms, derived by repeated human-mediated 
dispersal of  domesticated rabbits into the wild 
(and, in some cases, together with dispersal of  
wild forms), are present in many islands and 
continents, including Australia and New Zealand 
(Flux, 1994), often with devastating consequences 
for native flora and fauna and the agricultural 
system, leading some countries to fight the prob-
lem with drastic methods (Fenner and Ross, 
1994; Williams et  al., 1995; Vere et  al., 2004; 
Cooke et al., 2013; Pedler et al., 2016).

Nowadays, the European rabbit is con-
sidered one of  the most widespread species glo-
bally even if  it was not able to colonize most of  
Africa and the north of  America (Thompson 
and King, 1994). Despite attempts of  introduc-
tion in these continents, probably the competi-
tion with other leporid species that exist in these 
territories and/or the potential natural control 
that might have been derived by the sensitivity 
of  O. cuniculus to coexisting lagomorph patho-
gens could explain the incapacity of  the Euro-
pean rabbit to spread into these areas (Cooke 
et al., 2018).

The evolutionary history, domestication 
and expansion of  the European rabbit can be in-
ferred from fossil and archaeological records, 
molecular information and historical documents, 
which together can contribute to reconstructing 
remote and more recent events that shaped 
this species and contributed to its successful 

(fortunate or unfortunate) colonization of  the 
globe and its shift to a domesticated species.

1.2.1 The evolutionary history of the 
European rabbit: fossil records

Fossil records indicate that the Iberian Peninsula 
is the most probable ancestral area of  the Euro-
pean rabbit. The oldest fossils attributed to the 
modern Oryctolagus cuniculus species identified 
in this peninsula resulted from the Middle 
Pleistocene, around 0.6 Mya (Donard, 1982; 
López-Martínez 1989, 2008). This is in some 
ways in contrast to the ~2 Mya estimated by mo-
lecular data that traced back the divergence of  
two morphologically similar rabbit populations 
coexisting in different parts of  the Iberian Penin-
sula (Branco et al., 2000).

The first recorded Oryctolagus species 
(†O. laynensis) was from Middle Pliocene (about 
3.5 Mya) from Spain and possibly from the 
South-east of  France (López-Martínez, 2008). 
Despite the fact that the biogeographical origin 
of  Oryctolagus seems confirmed by several evi-
dences, the phylogenetic origin of  the genus is 
not completely clear. Precursors of  Oryctolagus 
in its ancestral area and its surroundings were 
the widespread Leporinae †Alilepus and after 
†Trischizolagus, the latter being proposed as the 
direct ancestor of  the Oryctolagus and Lepus gen-
era (López-Martínez, 2008). Phylogenetic ana-
lyses based on mitochondrial DNA sequences 
gave other contradictory results, linking Oryc-
tolagus either to Lepus, Bunolagus or Caprolagus 
(Halanych and Robinson, 1999; Matthee et al., 
2004). From the fossil records, Oryctolagus and 
Lepus did not share a common ancestral area, al-
though both might be related to their ancestor 
genera †Alilepus and †Trischizolagus. No transi-
tional forms are known between †O. laynensis 
and the modern O. cuniculus. Other Oryctolagus 
species, †O. lacosti (recorded between 2.5 and 
0.6 Mya in Spain, France, Italy and in some iso-
lated sites in Hungary and Greece) and †O. burgi 
(described in Middle Pleistocene of  Italy) have 
more differences than that between †O. laynensis 
and the modern O. cuniculus (López-Martínez, 
2008). In the Middle Pleistocene of  the central 
Iberian Peninsula and in France, two subspecies 
or separated groups, contemporaneous with the 
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large-sized lineage †O. lacosti-†O. burgi, have 
been recorded: †O. c. lunelensis and †O. c. grenal-
ensis. Only the modern rabbit survived in the late 
Pleistocene, spreading to northern Europe and 
peri-Mediterranean areas. Then, during the 
maximum glacial period and Early Holocene, 
the European rabbit returned to be confined 
to the Iberian Peninsula and southern France 
(López-Martínez, 2008).

1.2.2 The evolutionary history of the 
European rabbit: molecular data

The first studies that applied molecular data to 
obtain information useful to analyse the evolu-
tionary dynamics of  O. cuniculus were based on 
biochemical markers (Coggan et al., 1974; Rich-
ardson et al., 1980; Arana et al., 1989; Ferrand 
and Rocha, 1992; Peterka and Hartl, 1992). 
These markers and the designs of  the related 
studies were partially informative and could pro-
vide first-hand information on the variability 
present in the different rabbit populations that 
preliminarily suggested the partition of  the exist-
ing diversity within the European rabbit species.

Subsequent studies that analysed the mito-
chondrial genome in wild European rabbits 
identified two mitochondrial DNA (mtDNA) lin-
eages (clades A and B) with about 4.5% nucleo-
tide divergence (Ennafaa et al., 1987; Biju-Duval 
et al., 1991; Monnerot et al., 1994). These ma-
ternally derived genetic lineages were reported 
to overlap to two subspecies (O. c. algirus and O. c. 
cuniculus) distinguished by slight phenotypic dif-
ferences in size and cranial morphology (Shar-
ples et  al., 1996), also matching preliminary 
genetic partitioning determined by nuclear poly-
morphic loci (van der Loo et  al., 1991, 1999). 
These two subspecies are distributed parapatric-
ally: O. c. algirus, originally localized in the 
south-west of  the Iberian Peninsula; and O. c. 
cuniculus, originally localized in the north-east 
of  the Iberian Peninsula and south of  France 
(Biju-Duval et al., 1991; Monnerot et al., 1994; 
Branco et  al., 2000, 2002). The O. c. cuniculus 
population from the south of  France shares the 
type B mitochondrial lineage with the popula-
tion in north-east Iberia but with a reduced level 
of  genetic diversity that is consistent with a 
bottleneck effect derived by the subsequent 

expansion of  this Iberian subspecies in the close 
France region (Monnerot et  al., 1994; Branco 
et al., 2000, 2002; Carneiro et al., 2014a).

The two subspecies of  the European rabbit 
(Oryctolagus cuniculus) provide a window into 
the early stages of  speciation. This phylogeo-
graphical pattern suggests that two groups of  
European rabbits were isolated for a certain 
time, creating the conditions for independent 
evolutionary trajectories. The separation might 
be derived by the retreat into glacial refugia dur-
ing Quaternary ice ages. Later, these isolated 
groups expanded and partially overlapped when 
barriers were eliminated over the post-glacial 
period that recreated the possibility for a recol-
onization of  the Iberian Peninsula (Branco et al., 
2000). Therefore, throughout the Pleistocene, 
these two subspecies likely experienced multiple 
events of  isolation and contact following cli-
matic change dynamics. Mitochondrial DNA 
data suggested a history of  large and stable 
populations associated with clade A, allowing 
the diversification and maintenance of  many 
sub-haplotype variants. A history of  small or 
fluctuating and possibly more fragmented popu-
lations is explained by the phylogeographical 
pattern observed for the sub-haplotypes of  clade B 
(Branco et al., 2000, 2002).

The O. c. cuniculus population from the 
South of  France shares the type B mitochondrial 
lineage with the population in the north-east 
Iberia but with a reduced level of  genetic diver-
sity that is consistent with a bottleneck effect 
caused by the subsequent colonization of  clade B 
Iberian subspecies of  the close French region 
(Branco et al., 2000; Carneiro et al., 2014a). The 
lower levels of  genetic diversity identified in the 
south of  France compared to that of  the other 
side of  the Pyrenees (reported using both mtDNA 
and microsatellite markers) indicate that rabbit 
populations in that region could have experienced 
a few cycles of  extinction and recolonization, 
probably derived by recurrent climatic modifica-
tions in this area (Hardy et  al., 1995; Queney 
et al., 2001; Ferrand, 2008; Alves et al., 2015). 
This colonization process led to about 12%  
reduction of  genetic diversity estimated using 
microsatellite data (Alves et al., 2015).

The current contact and natural overlap-
ping zone between the two mtDNA lineages, fur-
ther confirmed by analyses of  nuclear genome 
variability, including Y and X chromosome 
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markers (Geraldes et al., 2006, 2008; Carneiro 
et  al., 2009, 2010, 2013), bisects the Iberian 
Peninsula along a diagonal that goes from 
north-west to south-east (Fig. 1.2). This ‘hybrid 
zone’ has been well characterized at the level of  
DNA variability, indicating some contrasting 
patterns of  differentiation at multiple loci and 
according to the types of  investigated markers 
(i.e. mtDNA, nuclear genome markers in sex 
chromosomes or close to centromeres; Branco 
et al., 2000; Geraldes et al., 2006, 2008; Carnei-
ro et al., 2009, 2010, 2013; Alda and Doadrio, 
2014). This picture suggests that the differences 

between the two subspecies are maintained by a 
balance between dispersal and natural selection 
against hybrids (Carneiro et al., 2013).

Carneiro et  al. (2014b) analysed extensive 
nuclear genome variants distributed on all rab-
bit chromosomes (about 300 k polymorphic 
sites) and reported low to moderate overall levels 
of  differentiation between the two subspecies. 
Only ~200 genomic regions, dispersed through-
out the genome, showed high differentiation, 
consistent with a signature of  reduced gene flow 
between the two subspecies (Carneiro et  al., 
2014b). Differentiated chromosome regions had 

IX-X centuries

XI-XII centuries

XII-XIII centuries

From the XIV centrury
and later

O. c. cuniculus

O. c. algirus

Fig. 1.2. Map of the original distribution of the rabbit and of the Medioeval dispersal in western Europe. 
The pale green area indicates the natural range of the rabbit derived by the constraints that occurred 
during the Last Glacial Maximum, with the approximate areas of the two subspecies indicated (O. c. 
algirus and O. c. cuniculus), divided by the two dashed lines, which border the overlapping region. The 
dark green areas indicate the putative refugial areas for the two main populations. The arrows indicate 
both natural and human-mediated diffusion. The coloured dots summarize the information on the 
historically and archaeologically documented appearance and transfer of the western Europe. (Adapted 
from information reported in Ferrand and Branco, 2007; Ferrand, 2008; Irving-Pease et al., 2018a, and 
other literatures cited in the text)
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small size and usually were smaller than 200 kb 
and contained very few genes. Regions of  high dif-
ferentiation were enriched on the X-chromosome 
and near centromeres. This picture was com-
pleted by a subsequent study that analysed whole 
genome-resequencing data of  the two subspe-
cies that display partial reproductive isolation 
(Rafati et  al., 2018). Geographic cline analysis 
was able to identify about 250 genomic regions 
characterized by steep changes in allele fre-
quency across the natural geographic region 
of  contact of  the two subspecies (Rafati et  al., 
2018). These chromosome portions included 
genes that might cause some reproductive dys-
functions in the hybrids raising the hypothesis 
that incomplete reproductive barriers are deter-
mined by the effects of  many loci and that regu-
latory variants (and not large chromosomal 
rearrangements) are likely the primary factors 
that determine reproductive incompatibilities 
(Rafati et al., 2018).

This original geographic distribution in the 
Iberian Peninsula of  the two subspecies has been 
in part altered as a consequence of  very recent 
human activities (in the 1980s and 1990s) car-
ried out by hunters and conservationists that 
translocated rabbits of  lineage A in several local-
ities within the distribution area of  lineage B, 
and vice versa (Delibes-Mateos et al., 2008).

1.2.3 The domestication process  
of the European rabbit

All definitions of  animal domestication indicate 
a relationship between humans and target 
animal populations (Zeder, 2006). Animal do-
mestication can be considered a long-term and 
multi-stage process that gradually has led to 
morphological, biological and behavioural 
changes in the animal populations by means of  
directional selection, introgression and admix-
ture and by starting from the wild ancestral 
counterparts (Larson and Burger, 2013). Not all 
animal species followed the same trajectory in 
this process. Three domestication pathways have 
been described (Zeder, 2012): the commensal 
pathway, when wild animals habituated to hu-
mans after being attracted by their waste; the 
prey pathway, when animals were initially hunted 
and then managed by humans; and the directed 

pathway that does not involve the preliminary 
steps of  habituation or management and begins 
with the capture of  wild animals with the aim to 
control their breeding and reproduction. This 
pathway took place over much shorter time-
frames and was accompanied by a bottleneck. 
The domestication process of  the European rab-
bit probably followed the directed pathway (Larson 
and Burger, 2013; Irving-Pease et  al., 2018a). 
The European rabbit is a burrowing species and 
this hiding characteristic probably facilitated the 
possibility to tame some of  these animals while a 
superficially similar species like a hare, which 
depends on speed for escape, could not be easily 
tamed, and this aspect could explain why it was 
not targeted for domestication despite its similar-
ities with the rabbit (Clutton-Brock, 2012).

The domestication process of  the European 
rabbit can be described at the molecular level. 
The case of  the European rabbit is unique among 
all domestic animal species as the ancestral wild 
population from which the domestication pro-
cess derived is still alive and it can be compared 
in parallel to the domesticated populations. As 
the process occurred in historical time, zooar-
chaeological discoveries and historical sources 
can complement molecular information. The 
first waves of  spread in Europe of  the European 
rabbit can also be considered, at least in part, to 
be elements of  this process.

1.2.3.1 Molecular evidences

The domestication of  the European rabbit was 
based on the genetic pool that originally colon-
ized the south of  France (up to the river Loire) 
and that subsequently expanded in the north of  
France and the north of  Europe by means of  
human translocation activities that occurred 
mainly during the Middle Age (Callou, 1995, 
2003). The domestication process led to a se-
cond subsequent reduction of  genetic diversity, 
after that which occurred when the south of  
France wild populations were derived from the 
Iberian populations.

All rabbits of  domestic breeds belong to the 
B mitochondrial lineage (Biju-Duval et al., 1991; 
Monnerot et  al., 1994; Queney et  al., 2002). 
Mitotypes identified in the domestic rabbits are a 
subset of  the B haplotypes identified in the 
north-east Iberian wild rabbits and then identi-
fied in the south-west of  France supporting that 
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the domestication occurred from the genetic 
material that colonized France (Monnerot et al., 
1994; Hardy et al., 1995; Queney et al., 2002). 
The most frequent mitotype in the current Euro-
pean domestic populations is B1, followed by a 
few other haplotypes (Queney et  al., 2002). 
Similar patterns have also been observed in 
breeds and domestic populations of  China, Egypt 
and Kenya, confirming that they share the same 
root of  European domestication and subsequent 
exportation from Europe (Long et  al., 2003; 
Emam et al., 2016; Owuor et al., 2019).

The reduction of  genetic diversity observed 
at the mitochondrial DNA level was also evi-
denced using protein markers and other nuclear 
genome markers, i.e. microsatellites and single 
nucleotide polymorphisms (Queney et al., 2002; 
Ferrand and Branco, 2007; Carneiro et  al., 
2011, 2014a; Alves et al., 2015). Microsatellite 
data estimated that the initial domestication 
process accounted for losses of  about 20% of  the 
pre-existing levels of  genetic diversity in the 
French wild population (Alves et  al., 2015) 
whereas sequencing data estimated a much lar-
ger reduction that was about the double of  that 
estimated with microsatellite markers (Carneiro 
et al., 2011, 2014a). This discrepancy might be 
due to different statistical properties of  the two 
methods used to estimate genetic diversity, to the 
higher mutation rate of  microsatellites in com-
parison with nucleotide substitutions that en-
abled a faster reconstitution of  genetic diversity 
levels in domestic rabbits and to different num-
bers of  domestic animals that were investigated 
in the two studies (that could or could not have 
captured a real picture of  the genetic variability 
available in the domestic populations) (Alves 
et al., 2015). The reduction of  genetic diversity is 
compatible with the small effective population 
size that might be derived by the fact that the 
early rabbit domestication occurred in a geo-
graphically and temporally defined region and 
period (i.e. France in the Middle Age and close to 
the monasteries or castles) (Zeuner, 1963; Cal-
lou, 2003) and that subsequent recurrent back-
crosses with the wild ancestors (described fre-
quently in other domestic animals, i.e. pigs and 
dogs) might not have been very frequent in rab-
bits (Alves et al., 2015). Recurrent backcrosses 
with wild rabbits would have limited the genetic 
distance between the wild and domestic popula-
tions. There is also no clear evidence for a highly 

unequal contribution of  males and females to 
the domestic rabbit gene pool (Carneiro et  al., 
2011) even if  this matter has not been studied 
into detail.

However, estimating the exact time of  do-
mestication would require sampling the wild 
population from which domestic rabbits arose 
(which is not obvious in case of  unclear popula-
tion divergence during the domestication pro-
cess) and the conversion of  molecular time 
estimates into precise temporal periods would 
require robust mutational rates that are difficult 
to calculate. Therefore, molecular dating ap-
proaches to domestication should be critically 
evaluated considering other evidences and the 
domestication process as a gradual and continu-
ous selective process (Irving-Pease et al., 2018a).

Whole-genome resequencing analysis has 
shown that very few loci have gone to complete 
fixation in domestic rabbits compared to the wild 
ancestors and none of  the fixed variants is in 
coding sites or at non-coding conserved sites 
(Carneiro et al., 2014a). Allele frequency shifts 
in the domestic gene pools, however, were de-
tected at many loci spread across the genome. 
Almost all domestic alleles (indicated in this way 
because of  their higher frequency in the domestic 
rabbits) were also found in wild rabbits, im-
plying that directional selection events associ-
ated with rabbit domestication are consistent 
with polygenic and soft-sweep modes of  selec-
tion that primarily acted on standing genetic 
variation in regulatory regions of  the genome 
(Carneiro et  al., 2014a). Many of  the domestic 
alleles are in regulatory regions of  genes affect-
ing brain and neuronal development. This indi-
cation is consistent with the view that the most 
critical phenotypic changes during the initial 
steps of  animal domestication probably involved 
behavioural traits that allowed animals to toler-
ate humans and the environment humans 
offered and involved adaption of  the reproduc-
tion cycles to the new production systems 
(Carneiro et  al., 2014a; 2015). The paucity of  
specific fixed domestication genes in rabbits can 
be interpreted in the direction that no single gen-
etic change was either necessary or sufficient for 
the domestication of  this species. This is also in 
line with the current view that the tame behav-
iour has a complex genetic component and that 
the domestication of  the rabbit occurred as a 
consequence of  the effect of  many mutations of  
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small effects, rather than by changes at only a 
few loci with large effects. This conclusion might 
serve as model for the domestication of  other 
species (Carneiro et  al., 2014a). Changes in 
brain architecture were probably the results of  
this genetic shift that occurred during the do-
mestication process. High-resolution brain mag-
netic resonance imaging showed that domesti-
cation reduced amygdala volume and enlarged 
medial prefrontal cortex volume, supporting 
that areas driving fear have lost volume while 
areas modulating negative effect have gained 
volume during the domestication of  the rabbit 
(Brusini et al., 2018).

Another reduction of  genetic diversity of  
about 20% was derived by the process of  breed 
formation (this estimate is averaged across 
breeds; Alves et al., 2015) after or concurrent to 
the domestication of  the rabbit. This high level 
of  reduction (similar to reduction of  genetic 
diversity occurring during the first step of  do-
mestication) might be due to the fact that the 
constitution of  breeds is usually an extreme pro-
cess that includes strong founder and bottleneck 
effects, artificial selection and, again, reduction 
of  effective population size (Alves et al., 2015). 
Considering that the domestication of  the rabbit 
occurred in historical time, combining historical 
records with molecular data it is tempting to 
consider that both domestication and breed 
formation might have been continuous and un-
separated processes in the domestication history 
of  this species. However, domestic rabbits exhibit 
a clear and detectable genetic substructure cor-
responding to the breeds which are genetically 
well differentiated mainly due to changes in 
allele frequencies (Alves et al., 2015). This might 
be derived by the short generation interval and 
the high selection pressure that can be applied in 
this species and that can quickly modify allele 
frequency structures in rabbit populations. Simi-
lar levels of  genetic diversity observed across 
breeds (Queney et al., 2002) are consistent with 
historical records which indicate that the most 
modern rabbit breeds have also been derived by 
crossbreeding between pre-existing varieties or 
morphs and that outcrossing has been fre-
quently used for introgression of  desirable coat 
colour variants into other varieties (Whitmann, 
2004; Alves et al., 2015).

Important molecular signs of  domestica-
tion can be considered to be the occurrence and 

spread of  coat colour mutations that constitute 
the most important distinctive morphological 
trait (i.e. coat colour) of  most rabbit breeds (see 
Chapter 6).

1.2.3.2 The first waves of rabbit  
distribution in Europe: archaeological  

and historical sources

As mentioned, the natural range of  O. cuniculus 
derived by the constraints that occurred during 
the Last Glacial Maximum was the Iberian Pen-
insula and south-west France. This is well sup-
ported by fossil and zooarchaeological records 
(Donard, 1982; Callou, 1995; López-Martinez, 
2008). This area is regarded as the only land 
occupied by the European rabbit until Classic 
Antiquity when, as a consequence of  transpor-
tation by men, this species was first spread in the 
west and central Mediterranean basin, in a large 
part of  Europe and in several other regions of  
the globe (Flux and Fullagar, 1992; Flux, 1994).

A few issues should be considered for the in-
terpretation of  zooarchaeological records that 
identify European rabbit specimens: in most 
cases they are incomplete and should be re-
garded with caution, particularly if  they would 
be the only elements useful to construct histor-
ical trajectories; the burrowing behaviour of  this 
species could complicate the identification based 
only on stratigraphy records; European rabbit 
bones could be easily misclassified as derived 
from hares, complicating the interpretation of  
the reports of  several sites; and excavation strat-
egies could systematically miss the presence of  
rabbits if  sieving for small bones is not applied 
(Callou, 2003; Irving-Pease et al., 2018b). More-
over, few ancient DNA studies have been carried 
out to link zooarchaeological information with 
molecular data, leaving some doubts and un-
clarified questions on the presence of  European 
rabbit bones in explored sites (Hardy et  al., 
1994a, 1994b, 1995; Monnerot et al., 1994).

Analysis of  bone remains from excavations 
throughout Iberia showed that this lagomorph 
was a crucial part of  the diet of  Anatomically 
Modern Humans but was relatively under- 
utilized during the Mousterian, when Neander-
thals were present. Game biomass from this 
small mammal that was abundant in this region 
contributed to feed hunters in a period of  dra-
matic loss of  large mammalian fauna (Fa et al., 
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2013). Remains from the oldest Epipalaeolithic 
sites (11500–9300 cal bc) of  the Iberian Penin-
sula demonstrated that hunting activity was 
based specifically on capturing European rabbits 
that were represented by more than 90% of  the 
total number of  identified specimens in 74% of  
the explored sites (17 out of  23) (Saña, 2013). It 
seems that in this period there could be some sig-
nificant regional differences related to hunting 
strategies in Iberia and that rabbit hunting was 
more frequent in the eastern peninsula. Analysis 
of  Mesolithic remains (9300–5700 cal bc) 
showed a significant drop in the number of  sites 
specialized in rabbit hunting in this peninsula 
and only five out of  19 (26%) could be classi-
fied according to this specialized hunting strat-
egy (Saña, 2013). The trend of  decreasing ex-
ploitation of  rabbits from the Epipalaeolithic to 
the Mesolithic period has also been documented 
in the south-west and south-east of  France (Co-
chard and Brugal, 2004). This decrease also 
continues in all the Iberian Neolithic sites 
(5700–2500 cal bc) indicating that in this period 
there was a consolidation of  the shift towards a 
greater exploitation of  animal domestic re-
sources, i.e. on pigs and cattle (Saña, 2013).

Excavations undertaken in France did not 
show any rabbits in all deposits of  the Holocene 
(or earlier) in the regions north of  the Loire, 
whereas rabbit bones were abundant in Charente 
Maritime, Gironde, Haute Garonne, Hérault, 
Bouches-du-Rhône, Ain, Dordogne, Corrèze and 
Ardèche (Donard, 1982; Rogers et  al., 1994) 
some of  which were used for ancient DNA ana-
lyses (Hardy et al., 1994a, 1994b; 1995).

It is not completely clear what roles Phoeni-
cians, and later the Romans, played in the early 
distribution of  the European rabbit in the 
Mediterranean area even if  several scholars re-
ported that these peoples might have largely 
contributed to the first waves of  colonization 
over the first millennium bc and a few centuries 
later. The earliest reported introduction of  Euro-
pean rabbits in a Mediterranean island was esti-
mated to occur around the 14th–13th century 
bc as suggested by bones identified in the Men-
orca island (Balearic Archipelago) (Reumer and 
Sanders, 1984). This introduction might be 
derived by ancient settlers from the Iberian 
mainland, at the time of  the Talayotic culture, 
the settlers that lived on the island before the 
Romans (Reumer and Sanders, 1984; Sanders 

and Reumer, 1984). The Romans conquered the 
archipelago around 1100 bc and might have 
contributed to the introductions in these Medi-
terranean islands. The introduced rabbits were 
suggested to be of  the O. c. algirus subspecies 
(morphologically classified in another subspe-
cies, i.e. O. c. huxleyi, that is not distinct at the 
molecular level and thus not recognized), also 
indicated to be widely distributed by the Phoeni-
cians in the Mediterranean basin (Zeuner, 1963; 
Robinson, 1984; Gibb, 1990). Analysis of  mtD-
NA of  modern European rabbits of  another Ba-
learic island (Mallorca) indicted that they be-
longed to the mitochondrial clade B, therefore 
the O. c. algirus subspecies is not currently pre-
sent in this island (Seixas et  al., 2014). Nine 
haplotypes were found among the modern Ma-
llorcan rabbits (already identified in wild rabbits 
from Spain and in France) suggesting a complex 
dynamic of  introductions that may reflect recur-
rent waves of  faunal replacements induced from 
repeated man-mediated translocations (Seixas 
et al., 2014).

Archaeological reports in these islands 
showed that rabbits were present much earlier 
than the date indicated by historical sources that 
reported the presence of  rabbits in the same is-
lands. Strabo, a Greek geographer and historian 
(64–63 bc – 20–25 ad), in his work Geography 
(Γεωγραφικά – 14–23 ad), reported the intro-
duction in a Balearic Island of  a pair of  rabbits 
from the opposite continent (i.e. Spain). Accord-
ing to what he reported (Volume III, Chapter V), 
the rabbit population that derived from this 
introduction became so numerous that it im-
pacted negatively on the vegetation and stability 
of  the houses by burrowing beneath and the in-
habitants were forced to request the support of  
the Romans. A similar tale was also reported in 
the same volume (Chapter II) indicating the 
damage that rabbits infesting the whole of  
Iberia, reaching Marseilles and several islands. 
In this text it was indicated that ‘formerly the in-
habitants of  the Gymnesian islands [Mallorca 
and Menorca] sent a deputation to the Romans 
soliciting that a new land might be given them, 
as they were quite driven out of  their country by 
these animals, being no longer able to stand 
against their vast multitudes’.

This story is also reported by the Roman au-
thor Gaius Plinius Secundus, known as Pliny the 
Elder (23–79 ad), in his encyclopedic Naturalis 
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Historia [Volume VIII, Chapter 81 (55)]. He 
wrote about a species of  hare, in Spain, which is 
called coney (rabbit, cuniculus) ‘that is ex-
tremely prolific and produced famine in the Ba-
learic Islands, by destroying the harvests’. The 
inhabitants of  these islands begged the Emperor 
Augustus Caeser the aid of  Roman soldiers to 
counter the too-rapid increase of  these animals. 
In his text, he mentioned the use of  ferrets to 
catch the rabbits in their burrows and also the 
laurices, considered a delicate food based on 
the young rabbits (‘either when cut from out of  
the body of  the mother, or taken from the breast, 
without having the entrails removed’). Evidence 
of  the strong association between Spain and rab-
bits during the Roman period is also deduced 
from the Roman coins under the Emperor 
Hadrian (117–138 ad) in which Hispania (the 
Latin name of  Spain) is written in the face 
together with a rabbit and a woman holding an 
olive branch, as symbols of  fertility and of  this 
country.

In the central Mediterranean basin, zooar-
chaeological remains date the presence of  the 
European rabbit in a period that ranged from the 
Bronze Age to the 2nd –3rd century ad (Massetti 
and De Marinis, 2008). Remains were identified 
to be related to this time window in a few islands: 
the site of  Mursia in the Pantelleria island (Sicil-
ian Channel) dated back to the late Bronze Age 
(Wilkens, 1987); the sanctuary of  Juno at Tas 
Silg on Malta (1st century bc– 1st century ad); 
the archaeological sites of  the islands of  Nisida 
and Capri in the Gulf  of  Naples and of  the island 
Zembra in Tunisia (Barrett-Hamilton, 1912; 
Vigne, 1988; Albarella, 1992; Massetti and De 
Marinis, 2008).

Ancient DNA analysis of  European rabbit 
remains excavated in Zembra (200–600 cal ad) 
and mtDNA analysis of  modern European rab-
bits sampled on the same island agreed on the 
presence of  only B haplotypes of  the O. c. cunicu-
lus subspecies in the two periods, i.e. late Roman 
Empire time and present time (Ennafaa et  al., 
1987; Hardy et al., 1994a, 1994b, 1995; Mon-
nerot et al., 1994), matching what was reported 
for the modern samples of  the Mallorca island. 
Therefore, multiple evidences agreed to support 
that the spread of  European rabbits in the Medi-
terranean area was based on O. c. cuniculus sub-
species, despite what was previously supposed 
(Zeuner, 1963; Robinson, 1984; Gibb, 1990; 

Flux, 1994). More recent introduction or re-
introduction events could also have happened 
and/or escapes from domestic stocks might 
also have occurred together with recorded 
events of  extinctions in the Mediterranean 
regions (Flux and Fullagar, 1992; Massetti and 
De Marinis, 2008).

An interesting match between zooarchaeo-
logical records and a classical historical source is 
also available for the presence of  the rabbits in 
the island of  Nisida (mentioned above). Athe-
naeus, a Greek author who lived at the end of  
the 2nd and the beginning of  the 3rd century ad, 
in his Deipnosophistae (Δειπνοσοφισταί; IX, 63) 
mentioned that voyagers ‘have seen a great 
many [κούνικλος, rabbit] in …[a] voyage from 
Dicæarchia to Naples…there is an island not far 
from the mainland, opposite the lower side of  
Dicæarchia [Nisida], inhabited by only a very 
scanty population, but having a great number 
of  rabbits’.

The European rabbit was also imported in 
other eastern Mediterranean islands in the last 
period of  the Roman Empire and at the begin-
ning of  the Middle Ages (Massetti and De 
Marinis, 2008). The fact that Classical Greek 
authors like Xenophon (c.430–354 bc) and 
Aristotle (384–322 bc) did not mention rabbits 
in their writings has been interpreted as an indir-
ect demonstration of  the fact that these animals 
were not known in this region at that time and 
support a later introduction (Zeuner, 1963).

Other Classical sources mentioning the 
presence of  the European rabbit in the Mediter-
ranean basin are from: (i) a doubtful citation of  
Polybius (c.200–118 bc) who in his Histories 
(ʽIστορίαι, vol. XII, 3.8–4.6) reported in Corsica 
the presence of  a type of  hare (kyniclos, trans-
lated as rabbit) that could more plausibly be 
identified as the extinct Prolagus sardus, which 
was probably the only lagomorph present in this 
island and in Sardinia at that time (Massetti and 
De Marinis, 2008); (ii) the report of  Marcus Ter-
entius Varro (a Roman scholar; 116–27 bc) who, 
in his history of  agriculture De Re Rustica (Vol. 
III), wrote instructions on how to keep rabbits 
(conies) in the leporaria, that are considered the 
precursors of  the medieval warrens (Zeuner, 
1963); (iii) the poet Gaius Valerius Catullus 
(86–40 bc) who linked rabbits to the Iberian 
country and people (Poem XXXIX); (iv) the De Re 
Coquinaria, a compiled collection (dated from the 
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3rd to the 4th century ad) of  Roman cookery 
recipes attributed to Marcus Gavius Apicius (a 
wealthy Roman gourmet – who lived in a period 
across the 1st century bc and the 1st century ad), 
that includes dishes made of  rabbit.

Subsequent historical sources are from the 
Medieval period from which a few anecdotes 
were then reported with misinterpretation of  
their general meaning (Nachtsheim, 1949; 
Zeuner, 1963; Rogers et al., 1994). One of  them 
is related to the consumption of  laurices (men-
tioned in a writing, dated c.584 ad, attributed to 
St Gregory of  Tours, 538–594 ad) that would 
have been admitted in the Lent period because it 
was not considered as meat. No other reports re-
lated to this potential use appeared before or 
later than this writing, confirming that this fact 
cannot be interpreted as the event that would 
have initiated the domestication of  the European 
rabbit by French monks. There is no historical 
document supporting the reason for which 
monks started to breed rabbits in this period and 
would have been to obtain animal proteins with-
out infringing religious rules. However, it seems 
plausible to suppose that practices to keep rab-
bits in warrens might also have been continued 
in the high Medieval period in France where wild 
rabbits were naturally present and that French 
monasteries between the 6th and 10th centuries 
ad could have attempted to breed these animals 
to secure meat (Zeuner, 1963). However, no his-
torical documents are available in this period to 
testify this practice. The exploitation of  the Euro-
pean rabbit as meat source in the high Middle 
Age in Spain and probably in France might have 
been mainly based on hunting as also deduced 
from the encyclopaedia of  the Spanish arch-
bishop, theologian and encyclopaedist Saint Isi-
dore of  Seville (c.560–636 ad), who explained 
the etymology of  the name cuniculus (rabbit) as 
being derived from caniculus because dogs (canis) 
were used for hunting these animals from their 
holes (Etymologiae, Vol. XII).

The first archaeological evidence of  the 
presence of  European rabbits in the north of  
France is dated to the 9th century ad after which 
archaeological remains appear more frequently 
(Callou, 2003). This suggests that a second wave 
of  spread towards the north of  Europe started in 
this period probably driven by contacts between 
monasteries as deduced from a letter of  1149 ad 
from the Abbot Wibald of  Corvey (a Benedictine 

monastery on the Wesser, Germany) to Abbot 
Gerald of  Solignac (France) who asked for two 
pairs of  rabbits and archaeological records from 
monastic sites with rabbit remains dated from 
the 11th–12th (site of  Charité-sur-Loire in 
France; Audoin-Rouzeau, 1984) to the 12th–13th 
centuries (Belgian sites of  Ename Abbey and 
Dune Abbey; Gautier, 1984; Ervynck et  al., 
1999). It is not clear how the frequency and in-
tensity of  this distribution in Europe was, as just 
a few documents from this period are available. 
Starting from monastic centres, European rab-
bits were subsequently and more frequently as-
sociated with the secular elite (Sykes and Curl, 
2010) and garennae, the corresponding of  war-
rens (probably not only linked to rabbits in this 
period but also associated with a landscape for 
hunting a variety of  small game animals), be-
came important parts of  the seigneurial culture 
in the North of  France starting from the 11th 
century (Gautier, 2007; Sykes and Curl, 2010). 
It has been suggested that the way of  keeping 
rabbits in warrens might not have facilitated 
selection for tameness and for this reason this 
practice cannot be considered as a first step 
towards domestication (Zeuner, 1963).

Subsequently, European rabbits were re-
ported to arrive in the island of  Amrum in the 
North Sea around the year 1230, transported by 
King Valdemar I of  Denmark (Nachtsheim, 
1949). European rabbits were mentioned to be 
usually sold in markets or were part of  intense 
commercialization as reported in the book of  the 
12th-century Conejeria de Toledo (the Rabbitries 
of  Toledo) and the despatch of  6000 pelts from 
Castile to Devon in 1221 (Delort, 1984). In the 
13th–14th centuries, rabbits were then found in 
The Netherlands, in Belgium and in Germany 
(Thomson, 1951; Van Damme and Ervynck, 
1988; Lauwerier and Zeiler, 2001).

The earliest records on the arrival of  the 
European rabbit in England described the estab-
lishments of  warrens (or introductions) on sev-
eral islands, including Drake’s Island, Devon, in 
1135, Isles of  Scilly, Cornwall, in 1176, Lundy 
Island in 1274 and Stockholm Island in 1324 
(Thompson, 1994), and in the mainland with 
the Dartmoor warren (known from a deed dated 
to between 1135 and 1272), the cunicularium 
mentioned in the grant of  land by Simon le Bret 
to the canons of  Waltham in Essex (1187–1194) 
and the reference in the Close Rolls (1235) 
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which reports the donation of  King Henry III of  
10 live rabbits obtained from his park at Guild-
ford (Veale, 1957; Henderson, 1997; Bartlett, 
2000; Sykes and Curl, 2010). Archaeological 
excavations of  the Royal Palace at Guildford 
confirmed that in this period (c.1230–1268; 
Sykes et al., 2005) rabbits increased their pres-
ence and several other evidences indicated that 
in the first half  of  this century (from 1230 to 
1250) warrens quickly spread in mainland Brit-
ain and arrived by 1264 in Scotland (Veale, 
1957; Gilbert, 1979). Despite the rise in the 
number of  warrens that mainly started in this 
period, it should be considered that the establish-
ment of  rabbit colonies was quite difficult and 
expensive and that at the beginning it was 
mainly driven by the elite that wanted to secure 
the source of  luxury meat. Therefore, rabbits 
and warrens were usually associated with castles 
and monasteries and became symbols of  lord-
ship (Bailey, 1988; Sykes and Curl, 2010). The 
relevance and value of  rabbit meat increased 
during the 14th century and became part of  the 
menus of  great banquets like that of  the coron-
ation of  King Henry IV (1399). Hunting of  rabbits 
in warrens was not considered as true hunting 
and it could be an acceptable activity for men of  
the cloth (for whom hunting was not allowed) 
and for ladies. This is evident in the iconography 
of  that time in which women are frequently de-
picted in the acts of  catching rabbits. The most 
famous example is found in a few scenes of  the 
Queen Mary's Psalter (c.1315) where two ladies 
are depicted rabbiting with the help of  ferrets, 
cages and clubs. For seven centuries from their 
first introduction to Britain, rabbits were con-
stantly bred in warrens for meat production and 
fur (Thompson, 1994). The economic relevance 
of  the warren-based production system lasted 
till the second half  of  the 19th century when the 
import of  carcases and fur from Australia and 
the development of  more efficient agricultural 
systems contributed to the abandonment of  the 
wild rabbit production (Thompson, 1994). Mo-
lecular evidence from modern wild rabbits indi-
cated that the colonization of  Britain derived 
from O. c. cuniculus having the B mitotype (Mon-
nerot et al., 1994).

Rabbit hunting was probably common in 
France in the 13th–14th centuries as evidenced 
by the iconography and by several documents, 
including the famous medieval book on hunting, 

Livre de Chasse (1387–1389) written by Gaston 
III, Count of  Foix (known as Phoebus or Fébus) 
with a scene of  rabbit hunting depicted with rab-
bits of  pale and brown coat colour varieties. 
Warrens became quite frequent also in France in 
that period. The monarchy attempted to restrict 
the rights on the creation of  new warrens and 
on the enlargements or re-establishment of  old 
ones with the ordinance of  King John II (1336) 
and of  King Charles VI (1413). In the 17th 
century the prime minister of  King Louis XIV 
ordered the destruction of  rabbits in the royal 
forests as these animals became numerous and 
damaging. This ordinance was then cancelled 
during the French Revolution that annulled also 
the privilege of  the gentry to control the warrens 
even if  rabbits continued to be enclosed and con-
trolled in France till the Empire of  Napoleon III 
(Rogers et al., 1994).

In the 13th–14th centuries, wild rabbits 
were quite common in central and south Italy 
and were usually hunted, as evidenced by the 
numerous archaeological sites in which rabbit 
bones were identified (Callou, 2003; De Venuto, 
2009; Rizzo et al., 2012). The use of  wild rabbits 
was very frequent in Sicily where many remains 
were identified in the Medieval site of  Brucato 
(Bresc, 1980). Mitochondrial haplotypes of  the 
B lineage have been the only mitotypes identified 
in modern wild rabbits sampled in Sicily (Valvo 
et  al., 2017) in line with previous evidences of  
the spread of  O. c. cuniculus in Europe. Despite 
the reported presence of  hunted rabbits in Ital-
ian Medieval archaeological sites, rabbit meat 
was absent in Italian Middle Age recipes, sug-
gesting that this species was not a common com-
ponent of  the diet in most parts of  Italy in that 
period, probably due to the incomplete distribu-
tion in this Peninsula (Piccinni, 1982). How-
ever, its use for fur production increased. The 
painting of  the Madonna of  the Rabbit (c.1530) 
by Titian (Tiziano Vecellio) produced in Italy and 
now at the Louvre Museum is the first document 
on the appearance of  the white coat colour vari-
ant in this species.

Other coat colour varieties were reported 
by the French-Dutch philologist and historian 
Joseph Justus Scaliger (1540–1609) who men-
tioned black, yellow, blue, piebald and, again, 
white rabbits. Olivier de Serres, a French agricul-
tural scientist, in his Le Théâtre d'Agriculture 
(1606) distinguished rabbits into a few races 
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according to the type of  coat: le lapin commun 
(normal grey), le lapin riche (with grey-black- 
silver coat colour) and le lapin Angora. He also 
distinguished rabbits according to their origin or 
raising methods that give different flavour to the 
meat: warren rabbits (from the garenne) and do-
mestic rabbits; hutched rabbits and wild rabbits. 
Darwin (1868) cited Gervaise Markham who in 
1631 described coat and fur features in the rab-
bit suggesting that selection and breeding for 
fur production was already established at that 
time in England. In the same text, Darwin cited 
Aldrovandi who in 1637 described larger races. 
Van Leeuwenhoek, the inventor of  the micro-
scope, reported on the practice of  crossbreeding 
white varieties with wild rabbits to obtain coloured 
furs (more requested at that time) and arrived to 
demonstrate dominance in rabbits by using coat 
colours much earlier than Mendel’s law was  
developed (Sirks, 1959; Zeuner, 1963). This period 
might be considered the beginning of  the forma-
tion of  rabbit breeds and the consolidation of  the 
domestication of  the European rabbit.

1.2.4 World distribution of the European 
rabbit and genetic perspectives

The world distribution of  the European rabbit 
depended largely on human activities (Flux, 
1994). Both domestic and wild-type European 
rabbits have been transported in many parts of  
the world (including more than 800 islands) for 
many purposes, depending on the historical 
period in which the transfer occurred and on 
who carried out these actions: for sport, to farm 
for meat or fur production, as food for other 
animals or bait for lobster pots, to control vege-
tation, amuse tourists, and even to conserve 
representative populations from myxomatosis 
(Flux and Fullagar, 1992; Flux, 1994).

Following the early introductions in Britain 
and the development of  the warren system, wild 
rabbits slowly proceeded north to Scotland 
where they arrived in 1793 (Barrett-Hamilton, 
1912). Many other successful introductions 
contributed to the spread of  European rabbits in 
northern, central and eastern European coun-
tries, including Germany, a few islands of  Nor-
way, the south part of  Sweden, Poland, a spot in 
Lithuania and areas in the Czech Republic, 

Slovakia, Hungary, Romania, Italy and Ukraine 
and in a few Croatian islands (Flux, 1994). 
Other attempts, however, failed for several 
reasons, some of  which are unknown.

Most of  the introductions in other contin-
ents were from the O. c. cuniculus subspecies, as 
genetic stocks from this lineage were used to col-
onize Europe, which constituted the genetic reser-
voirs (of  wild, feral or domestic origin) used for 
the colonization of  many regions of  the world, 
including Australia, New Zealand and some re-
gions of  South America. However, direct evidence 
of  that is not always available as molecular gen-
etic studies have been carried out in a few popula-
tions (Zenger, 1996; Long et  al., 2003; Zenger 
et al., 2003; Emam et al., 2016; Brajkovic et al., 
2017; Valvo et al., 2017; Owuor et al., 2019).

An interesting exception in the history of  
rabbit introduction is the colonization of  the 
Portuguese Atlantic islands of  the Madeira, 
including the Porto Santo island, mentioned by 
Darwin (1868), Azorean and Canary archipel-
agos. In these islands, wild rabbits were from the 
O. c. algirus subspecies as first deduced from mor-
phological and then from molecular data, using 
polymorphisms at antibody loci, microsatellite 
and mitochondrial DNA markers (Franca, 1913; 
Gibb, 1990; Esteves, 2003; Fonseca, 2005; Fer-
rand and Branco, 2007). The introduction of  
wild rabbits in the Porto Santo island is dated 
back to the year 1418 by Bartolomeo Perestrello, 
a Portuguese navigator and explorer of  Italian 
origin (considered the first to discoverer this 
island), even if  earlier introductions probably 
occurred in the 14th century (Trouessart, 1917; 
Flux and Fullagar, 1992). The story reports that 
a single pregnant doe was released in the island 
and from it in a few years this land was populated 
by a large number of  rabbits which completely 
devastated the vegetation and led to the collapse of  
the Portuguese settlement. Darwin (1868) erro-
neously described the Porto Santo rabbit popula-
tion as an example of  speciation that occurred 
since the first introduction in historical time (de-
rived by the isolation and by the local selection 
pressure). His error was due to the fact that he 
compared the Porto Santo animals with the Eng-
lish wild rabbits, which actually derive from the 
O. c. cuniculus subspecies, and not with wild rab-
bits from the south of  Iberia.

The most explosive and damaging expansion 
of  the European rabbit occurred in Australia. 
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The first five domestic rabbits, probably silver- 
grey, were released in 1788 around Sydney. 
After, a few other importations were based on 
domestic varieties. In 1859, the release of  20 
wild rabbits imported from England at Geelong 
(Victoria) was much more effective with an 
explosion of  the number of  rabbits in the subse-
quent period and the beginning of  the geo-
graphic expansion that, after other releases that 
continued around 1870, reached an estimated 
rate of  125 km/year in New South Wales and 
300 km/year along the drainage channels in the 
Simpson Desert (Flux, 1994; Myers et al., 1994; 
Williams et  al., 1995). The expansion of  the 
European rabbit is well documented in Australia 
and followed different rates, according to the en-
vironmental conditions that this pest encoun-
tered. The economic damage that the European 
rabbit has been causing to Australia is difficult to 
estimate as this pest impacts on the endemic 
wildlife flora and fauna and on the agricultural 
economy at different levels but it could be around 
several hundreds of  millions of  dollars per year 
(Williams et al., 1995). Therefore, different counter 
actions have been experimented. The introduc-
tion of  myxomatosis in 1950 as a weapon for 
biological control drastically reduced the Aus-
tralian rabbit population that re-emerged after a 
few years from the virus outbreaks (Fenner and 
Ross, 1994; Williams et  al., 1995). The subse-
quent introduction of  rabbit haemorrhagic 
disease virus (RHDV) in 1995 caused a rapid 
decrease in the Australian rabbit population 
that then recovered (Mutze et al., 1998).

The effects of  the potential bottlenecks and 
the results of  the rabbit population dynamics in 
Australia have been genetically investigated by 
a few authors with contrasting interpretations 

that might be derived by the complexity and the 
overlapping of  events and conditions on the dif-
fusion of  the European rabbit in this country 
(Fuller et al., 1996, 1997; Zenger et al., 2003; 
Schwensow et al., 2017a; Iannella et al., 2019). 
The absence of  reduced genetic diversity ob-
served with microsatellite data analysed in Aus-
tralian populations was indicated to be derived 
by a rapid population expansion at the time of  
the establishment in Australia (Zenger et  al., 
2003). Genome-wide population analyses 
supported a history of  multiple independent 
introductions across the continent, as also dem-
onstrated by historical records, followed by re-
gional dispersal. The resulting genetic structure 
and sub-structure, with evidence for RHDV-driven 
selection, may contribute to variation across 
the country in rabbit resistance to the viral bio-
controls (Schwensow et al., 2017a, b; Iannella 
et al., 2019). The natural experimental designs 
created by the occurrence of  RHDV and myx-
omatosis made it possible to compare genome 
features of  wild rabbits that survived the infec-
tion waves against that of  wild rabbits that died 
and it was possible to obtain information of  the 
genetic mechanisms determining virus disease 
resistance (Schwensow et  al., 2017a; Alves 
et al., 2019).

Population genetic structures of  wild and/
or feral European rabbits distributed in many 
parts of  the world (Ziege et  al., 2020) and the 
possibility to track back the origin of  the Euro-
pean rabbit introductions by using DNA infor-
mation can open interesting avenues for future 
investigations that could see this generalist col-
onizer as a model in a variety of  natural environ-
mental and genetic experimentations (Thulin 
et al., 2017).
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2.1 What Does the Term ‘Race’  
or Breed, as Applied to Rabbits,  

Mean Today?

The term ‘race’ probably comes from the 14th- 
century Italian razza, used in the sense of  spe-
cies. According to Quittet (1965), ‘A race or 
breed is the normal, constant culmination of  ef-
forts to improve a population’. This idea echoes 
the patient and meticulous observations of  
Charles Darwin, who, in 1859 in The Origin of  
Species, wrote that ‘nature gives successive vari-
ations; man adds them up in certain directions 
useful to him’. These concepts highlight the role 
ascribed to humans in forming breeds. Quittet 
continued, in the Revue de l’Elevage, giving the 
following definition: ‘Within a species, a breed is 
a collection of  individuals having a certain num-
ber of  morphological and physiological charac-
teristics in common which they perpetuate 
when they breed amongst themselves’. More-
over, the FAO (1999) defines a breed as being 
formed by ‘either a sub-specific group of  do-
mestic livestock with definable and identifiable 
external characteristics that enable it to be 
separated by visual appraisal from other simi-
larly defined groups within the same species or a 
group for which geographical and/or cultural 

separation from phenotypically similar groups 
has led to acceptance of  its separate identity’. 
Article 2 section 1 of  the French decree n. 
69667, dated 14 June 1969, applying the Law 
on Breeding, states that ‘to be able to be recog-
nized, a breed must cover a group of  animals of  
the same species having an adequate number of  
common characteristics: the breed model is de-
fined by enumerating these hereditary charac-
teristics, giving an indication of  the mean inten-
sity of  their expression in the group under 
consideration’ (Arnold, 2005). A breed is not 
therefore a group of  clones – the notion of  breed 
involves a certain inevitable variability when 
working with live organisms (Denis, 1982).

However, ‘the breed as the geneticist en-
deavours to define it is only a moment in the 
biological history of  the group,’ explained 
Jacques Rufié (1982) in his Traité du vivant. In 
these few words, he straightaway posed the 
question of  time: a breed is ephemeral and chan-
ging; it evolves. We have chosen to summarize 
the various definitions and to consider a breed to 
be ‘a group of  individuals which evolve within 
the same domesticated species, which have the 
same principal, particular genes, and which re-
semble each other and their progenitors but not 
always their descendants’ (Boucher, 1988).

Contact e-mail address: herve.garreau@inrae.fr

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



24 S. Boucher et al. 

This definition applies very well to rabbit 
breeds, which are often picked out by their coat, 
among other morphological characteristics. 
However, there are breeds where their represen-
tatives are heterozygous for characteristics 
related to fur colour. This is the case for several 
domestic breeds. A peculiar example is constituted 
by the spotted markings of  rabbits of  the papil-
lon breeds (Giant Papillon or Checkered Giant, 
English Spot, Rhinelander, Miniature Papillon, 
Dwarf  Papillon, Dalmatian, Rex, etc.), which 
have the heterozygous genotype En/en at the 
English spotting locus (see Chapter 6) and, conse-
quently, do not have homogeneous offspring: 
crossing two papillon rabbits only 50% of  the 
kits are papillon, the others being either com-
pletely coloured (genotype en/en) or almost 
white (genotype En/En). This is also the case for 
rabbits with coloured extremities such as Mar-
ten Sable where crossing produces some individ-
uals close to Himalayan rabbits. The individuals 
which do not resemble their progenitors are not 
considered as belonging to the breed by amateur 
breeders and their standard committees (Searle, 
1968; Arnold, 1986; Boucher, 1988).

2.2 The Origin of Breeds

The wild species Oryctolagus cuniculus, from 
which all domestic rabbits are descended, has 
originated in Spain where the oldest fossil was 
discovered (Arnold, 1986; see Chapter 1). The 
rabbit has been known to humans for a very 
long time and was very accurately described 
from 1765 in the tenth volume of  the Ency-
clopédie des Sciences. This very old description 
could be considered as the first standard.

The method of  rearing, or rather, we should 
say, of  keeping in captivity, means that it could 
not be possible to talk of  domestication yet. In 
the early rearing systems selection was natural. 
We have to wait until the 16th century for rab-
bits to be kept other than in monasteries. En-
closed warrens were then developed (closed 
areas where the animals were concentrated). In 
this context, natural selection was still strong.

However, grouping the animals together, 
their being relatively protected from natural 
predators and the unavoidable increase in con-
sanguinity increased the appearance of  peculiar 

characteristics (size, weight, colour, fur struc-
ture, ears and other traits). At the same time, the 
rate of  occurrence of  genetic problems or dis-
eases increased and individuals showing them 
being no longer naturally eliminated (Boucher 
and Nouaille, 2013). The gustatory quality of  
these, doubtless, quite ‘degenerate’ animals was 
mediocre because of  the lack of  real natural or 
artificial selection, and rabbits from natural 
warrens were still preferred.

In the 19th century, with the abolition of  
the hunting right privileges of  the nobility, rab-
bit hutches appeared enabling separation by age 
and sex. The rabbit attained a certain degree of  
importance and finally found its place among 
domesticated animals. Multiplication of  animals 
that were markedly different from wild rabbits 
could now occur: conscious selection could now 
take place. Interest centred essentially on the an-
imal’s fur but also on its meat. Ten or so breeds 
were listed in the middle of  the 19th century and 
particularly the Riche or Argenté rabbit, the Lop 
(with drooping ears), the Angora, the Hima-
layan (also called Russian or China White), the 
Nicard (the possible ancestor of  dwarf  rabbits) 
and the Giant (Knight, 1881; Boucher, 1993; 
Arnold, 2005; Le Gal, personal communica-
tion). All these names should, however, be con-
sidered with caution, since different names are 
found in the literature for a single population, 
depending on the countries and period.

In the second half  of  the 19th century, in 
Britain, where the fanciers multiplied the pet 
lines, and in France, the number of  new breeds 
continued to increase, starting from the few 
breeds mentioned previously and crossing be-
tween them and with farm populations (Melay, 
1900, 1908; Boucher, 1993; Le Gal, personal 
communication).

2.3 Creation of Breeds

As Arnold (2005) wrote, the stages of  obtaining 
‘racial populations (of  rabbits)’ can be summar-
ized as follows: (i) appearance, through succes-
sive mating within a group of  animals or by 
inter- group crossing of  a type as close as possible 
to a predefined set of  characteristics; (ii) multi-
plication between them of  individuals showing 
the type more or less markedly, within a previously 
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isolated group, until a certain state of  apparent 
homogeneity appears in descendants (achieving 
success in this second stage may be very slow); 
(iii) final perfection solely by breeders selecting 
the type sought, with the help of  all the refined 
and proven techniques of  genetic improvement. 
All the recognized breeds of  rabbits have been 
created more or less in this way. Some, the pri-
mary breeds, arose from geographical isolation 
(e.g. Normand). Others arose from geographical 
isolation and were then artificially selected (e.g. 
Fauve de Bourgogne or Burgundy Fawn, New 
Zealand Red, Giant Himalayan). In still others, 
the so-called Mendelian breeds, an ‘abnormality’ 
appearing spontaneously in a mutation, has 
been reproduced (e.g. Rex, Angora, Himalayan, 
Thuringer or Thuringian, Havana, Marten Sable). 
Finally, inter-breed crosses have produced syn-
thetic breeds such as the Bouscat Giant White 
from Argenté de Champagne (or Champagne 
d’Argent), Flemish Giant and Angora. These syn-
thetic breeds are very close to the lines that con-
stitute nowadays the meat rabbit lines (Fig. 2.1).

2.4 Recognition of an Isolated 
Population as a Breed or a Line

Primary descriptions are made by the breeders 
creating the breeds, but since 1962 there has 

been a real compendium of  standards in France 
managed by a technical commission. This com-
pendium is regularly updated and, after an ob-
servation period, includes the new breeds and 
varieties. Rabbit varieties very often depend on 
the fur. A French decree dated 14 June 1969 
stated that ‘variety must correspond to the num-
ber of  animals of  a breed which particular selec-
tion treatment has distinguished from other 
animals of  the breed’. Depending on the species, 
a divergent population may also be qualified as a 
branch, type, strain or line. The line, or strain, 
corresponds to obtaining a relatively homoge-
neous group of  animals which can be character-
ized by a certain level of  performance, in a given 
environment. The line or strain derives from a 
closed stock of  animals or from a group of  ani-
mals of  whatever origin, which are subjected to 
continuous selection in a predetermined direc-
tion (Minvielle, 1990).

In the majority of  countries, all rabbit breeds 
are described in a compendium of  national 
standards (Associazione Nazionale Coniglicoltori 
Italiani, Standaard van de in Nederland Erkende 
Konijnenrassen, Commission des Standards Bel-
ges, Landesverband Luxemburger Kleintierzuch-
tervereine, Fédération Suisse de Cuniculture, 
Fédération Française de Cuniculiculture, Zentral-
verband Deutscher Rasse-Kaninchenzüchter). In 
contrast, lines are not described by a national 

Line A
Selection of one
or more maternal
characteristics

Selection of one
or more maternal
characteristics

Selection of one
or more paternal
characteristics

Selection of one
or more paternal
characteristics

Maternal lines Paternal lines

Creation of the parental
female AB

Meat rabbit for marketing

Creation of the parental male
CD

Grand-parental

Parental

Final product

Line B Line C Line D

Fig. 2.1. Schematic representation of the production of a meat rabbit.
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standard. The French compendium (Commission 
Technique et des Standards) is the worldwide ref-
erence for French breeds. Many European coun-
tries have published a compendium of  standards 
for rabbit breeds. In Europe, the standards for 
breeds created in a given country but recognized 
in at least three countries are compiled into a 
compendium updated by the Standards Commis-
sion of  the European Association of  Poultry, 
Pigeon, Bird, Rabbit and Cavy Breeders.

A standard describes a breed, generally 
under six headings. The first three are identical 
for all the descriptions of  breed and concern the 
general appearance (e.g. build, stance, dewlap), 
weight, size and fur. Then there are three head-
ings which consider the characteristics particu-
lar to each race and which constitute its special 
features. These may be the colour, outline, shape 
and length of  the ears, the head or any other 
particular characteristic. This is the description 
the judge will refer to when he or she is in action. 
The judge will compare the animal to be exam-
ined with a fictitious animal described in the 
standard. Nevertheless, this description is still 
deliberately somewhat vague to allow breeds to 
evolve. To freeze them and stop their improve-
ment would indeed be an error as a breed still 
evolves over time. For example, in two studies, 
on the commercial line Orylag that originates 
from the Rex rabbit (Salvetti et al., 2008) and on 
the Brun Marron de Lorraine breed (Boucher 
et  al., 2007), the phenotypic characteristics of  
animals produced by re-implanting embryos col-
lected 14 years earlier were compared with con-
temporary animals of  the line or breed, which 
showed that the animals had evolved. A line by 
definition evolves and a breed, defined by a delib-
erately open standard, shows phenotypic evolu-
tion over time.

2.5 Rabbit Breeds on an  
International Level

Although rabbits were domesticated in Europe, 
they have now spread throughout the world. 
The FAO maintains a global database of  livestock 
breeds to store information provided by member 
countries. The database is publicly accessible 
through the Domestic Animal Diversity Information 
System (DAD-IS – http://www.fao.org/dad-is, 

accessed 22 December 2020). Member countries 
are expected to report in DAD-IS all of  the live-
stock breeds present in their territory and regu-
larly update information regarding population 
size. Data on population size are used in official 
United Nation  processes to monitor animal gen-
etic diversity, being used as Indicators for the 
Sustainable Development Goals and the Conven-
tion on Biological Diversity. Details about the 
physical and productive characteristics of  each 
breed can also be inserted, as well as informa-
tion about breed management, including the 
history of  the breed’s development, the primary 
ways in which the breed is utilized and relevant 
institutions such as breeders’ associations and 
public or private conservation programmes.

According to DAD-IS, domestic rabbits are 
found in 70 different countries representing 
most continents. This is almost certainly an 
underestimate, due to incomplete recording. 
FAO members tend to report data more exten-
sively for the major livestock species, such as cat-
tle, chickens, goats, pigs and sheep. FAO uses a 
system for classifying breeds geographically as 
either ‘local’ or ‘transboundary’. Local breeds 
are breeds reported to be present in only one 
country. Transboundary breeds are those re-
ported in at least two countries. Transboundary 
breeds are further classified as either ‘Regional’ 
or ‘International’. Regional transboundary 
breeds are found only in neighbouring countries 
within the same region, whereas international 
refers to breeds found in multiple regions.

In total, 672 different national rabbit breed 
populations have been reported in DAD-IS. These 
populations include 335 different breeds, as de-
fined by individual countries. The difference 
between these two numbers represents popula-
tions of  transboundary breeds in different 
countries. The 335 breeds include 276 local and 
59 transboundary breeds. Among the trans-
boundary breeds, 34 are regional and 25 are 
international.

Europe is, by a wide margin, the world 
leader in terms of  rabbit breed diversity accord-
ing to breed number reported in DAD-IS. This re-
sult is not surprising given the fact that Europe 
comprises the centre of  rabbit domestication; in 
addition, European countries generally report 
more breeds than do other regions across live-
stock species (FAO, 2007). European countries 
report the presence of  230 local breeds; no other 
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region claims as many as 20 (Asian countries 
report 18 local rabbit breeds). European and 
Asian countries have a greater tendency to 
develop more local breeds, rather than simply 
using transboundary breeds, than do Latin 
American and African countries. On average, 
40–50% of  the national rabbit breed popula-
tions in Europe and Asian countries are local. 
This proportion is less than 25% in Africa and 
Latin America.

In terms of  countries, Germany is by far the 
leader in breed diversity, reporting the presence 
of  110 rabbit breeds. France, Luxemburg, The 
Netherlands, Slovenia and Slovakia each have 
about half  this total, reporting 62, 59, 54, 43 
and 40 breeds, respectively. Most of  this differ-
ence is because of  a much greater number of  
local breeds; Germany lists 78 local breeds, 
whereas the second-place, France, reports only 
36. Outside of  Europe, China reports 13 breeds, 
of  which six are local, whereas Uruguay reports 
two local and ten transboundary breeds.

As was explained earlier in this chapter, the 
definition of  breed is somewhat ambiguous and 
combines scientific, historical, genetic and so-
cial aspects. As a result, its definition can vary 
from circumstance to circumstance and from 
country to country. This fact may partially ex-
plain the large number of  breeds reported in 
Germany. For example, Germany discriminates 
the Satin population type into 13 different 
breeds, distinguishable according to character-
istics such as body size and coat colour. Most 
other countries list only one Satin breed, 
whereas both the American Rabbit Breeders’ 
Association (http://www.arba.net, accessed 22 
December 2020) and the British Rabbit Council 
(http://www.thebrc.org, accessed 22 December 
2020) recognize only three distinct Satin breeds, 
with different colour varieties. Interpretation 
likely depends on the breeding common 
practices undertaken within each country, 
e.g. whether different colour strains are inter-
breeds or maintained as genetically isolated 
populations.

In terms of  specific breeds, the Californian 
is the most popular breed on the global level, ac-
cording to DAD-IS. Forty-one countries report 
the presence of  this breed. Other popular breeds 
include the New Zealand White, reported by 
29 countries, and the Chinchilla reported in 
22 countries.

2.6 A Breed Has One or More  
Purposes

Analysing the history of  rabbit breeds, it is 
possible to see that many of  them were created 
for useful purposes (Boucher and Nouaille, 
2013) (Table 2.1). Most special coats were se-
lected, for example, in a period when fur was 
prized (Boucher, 1993). Castor Rex, where the 
fur has only downy hair, is the most typical ex-
ample. The very recent creation of  Orylag, one 
of  the branches selected from Castor Rex, 
shows that breeds still have commercial niches 
to occupy.

Rabbit fur is also highly prized for the 
quality of  its structure. There are two distinct 
classes: French Angora has hairs which are 
plucked and are long and fine, without too 
much duvet, and the hair of  German strains is 
often shaved, coarser and rich in duvet. Within 
the same breed there can exist slightly different 
or very divergent strains (Rougeot and The-
bault, 1984).

Finally, rabbits are bred for their meat. 
There are meat breeds with recognized gusta-
tory qualities (e.g. Fauve de Bourgogne, New 
Zealand, Argenté de Champagne, Californian, 
among others). They all have a standard de-
scribing the ideal sought, because, as regards 
rabbit breeds, the phenotype is indeed import-
ant. A population very well selected for a given 
character but very heterogeneous in terms of  
coat, for example, would have little chance of  
being recognized as a breed. Because of  this, 
we have, at the same time, lines which are well 
characterized but not recognized by a stand-
ard; they are bred with the aim of  improving 
the animals to make them more prolific and de-
velop better. These lines essentially meet the 
demands of  professional breeders producing 
meat rabbits and allow the rabbit to form part 
of  an economic system where a breeder can 
live from his production. Improved lines are 
essential for the rational production of  meat 
rabbits and began to see the light of  day in 
France in the 1970s, with the rationalization 
of  production which was based on three main 
elements: animals imported from the USA (New 
Zealand White and Californian), complete 
granulated food, and breeding on a wire grid 
(Boucher, 2011).
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Table 2.1. Rabbit breeds classified according to their main use, size, product quality or specialization (for meat, 
fur, hair and as a pet) and main susceptibilities or general features (1: Main quality; 2: Secondary quality).

Breeds Meat Fur Hair As a pet
Susceptibility, qualities or 
general features

Large breeds Susceptible to staphylococci
Flemish Giant 1 – – – Very rapid growth
Bouscat Giant White 2 1 – Laboratory animals
French lop 1 – – 2 Maternal qualities
French Giant papillon 2 1 – 2 Obligatory heterozygous En/en
Medium-sized breeds
Alaska 2 1 – – Solid, strong bones
Argenté de Champagne 1 2 – – Maternal qualities
Saint Hubert Silver 1 2 – – Maternal qualities
English lop – – – 1 Fragile, susceptible to otitis
Beveren 1 2 – – –
Hotot 1 2 – 2 –
Vendée White 1 2 – – Fine skeleton
Vienna White 1 2 – 2 Robust
Vienna Blue 1 2 – – Maternal qualities
Vienna Black 1 2 – – Maternal qualities
Vienna Grey 1 2 – – –
Vienna Blue Grey 1 2 – – –
Californian 1 – – – Stands up well on grids
Thuringer (Thuringian) 1 2 – 2 Unusual colour genes, robust
Fauve de Bourgogne 1 2 – – Hardy
Giant Chinchilla 2 1 – – Maternal qualities
Giant Himalayan 1 – – 2 Maternal qualities
Gris du Bourbonnais 1 – – Hardiness
Japanese 2 – – 1 Susceptible, many 

malformations
Belgian Hare 2 – – 1 Compact meat, lively
New Zealand 1 – – – Stands up well on grids
Silver Fox 1 2 – – –
Normand 1 – – – Hardiness, good general 

qualities
Rhinelander 2 1 – 2 –

Fur breeds
Rex 2 1 – 2 Fine bones, susceptible to 

staphylococci
Satin – 1 – 2 –
French Angora – – 1 Particular form of myxomatosis
Swiss fox – – 2 1 Particular form of myxomatosis
Small breeds generally hardy
English silver – 2 – 1 Fine bones
Brun marron de Lorraine 1 2 – – Very hardy
Chinchilla 2 1 – – Maternal qualities
Saxen gold 2 1 – – –
Marburg 2 1 – – Unusual coat
Tan 1 2 – – Hardy
Havana 2 1 – – Unique coloration genes
Dutch 2 – – 1 Maternal qualities
Lux 2 1 – – Unknown coloration genes
English Spot – – – 1 Unique spotting

Continued
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2.7 Evolution of Breeds and Lines

One or several traits are selected within a line. 
Thus, several lines are selected to create an 
end-product intended for the rabbit meat market. 
For the maternal lines, the females are selected 
on various criteria such as the number of  nip-
ples, prolificacy, uniformity of  birth weight, etc. 
For the paternal lines, the males are selected on 
characteristics such as carcass yield, and growth 
rate. In rabbit breeding schemes, these different 
lines, produced in closed populations, are crossed 
to give a parental hybrid female (prolific and rais-
ing her young well) mated with a pure or crossed 
male from synthetic paternal lines (producing 
well structured, quick-growing animals) to give a 
final product, well suited to the market targeted, 
benefitting greatly from heterosis or hybrid vig-
our (Fig. 2.1). New Zealand, Californian, Gris du 
Bourbonnais, Fauve de Bourgogne, Argenté de 
Champagne, Bouscat Giant White, Flemish 
Giant, Vienna Blue, Dutch and French Giant Pap-
illon are the main breeds which are or have been 
used for producing these lines. There is an inven-
tory of  the main commercial lines used in Europe 
for the production of  meat rabbits in Table 2.2. 
The breeds of  domestic animals of  a given species 
are thus a tremendous genetic reservoir (still not 
totally used) in which to delve to produce a line 
which, perhaps one day, will be approved as a 
breed (Rochambeau, 1980).

Besides these utilitarian criteria only 
concerning the agronomic aspect of  the rabbit, 
humans have at the same time been able to 
develop natural behavioural habits allowing the 
animal a place in a human home. Thus, while 
seeking perfect rotundity (at least for individ-
uals intended for ‘breed’ competitions) a dwarf  
rabbit was created with the appearance of  a 
cuddly toy.

Because humans are not able to focus on all 
criteria at once, artificial selection leads to a de-
gree of  bias. By focusing all our attention on the 
fur, we forget other characteristics. For this rea-
son, in its first hours of  glory (in the 1920s), Rex 
had the bad reputation of  being a very fragile 
animal, extremely susceptible to syphilis (Bou-
cher, 2004). In the same way, selecting dwarf  
animals with rounder and rounder heads has 
increased respiratory problems (by shortening 
sinuses, which no longer filter the air breathed 
in well enough) and increased the rate of  prog-
nathism and poorly growing teeth. By selecting 
individuals such as Sable des Vosges or Rex with 
very fine fur, paw problems are encouraged if  
rabbits continue to be raised on grids. Con-
versely, the New Zealand, with its very dense pil-
osity under the paws, is particularly well suited 
to being raised in this way. Selection must be 
done at a given moment, in a given environ-
ment, and any undesirable appearance of  a new 
characteristic must be ruthlessly tracked down. 

Breeds Meat Fur Hair As a pet
Susceptibility, qualities or 
general features

Miniature papillon – – – 1 –
Lop miniature 2 – – 1 Maternal qualities
Perlfee – – – 1 –
Himalayan 1 – – – Maternal qualities
Sablé des Vosges 2 1 – 2 Exceptional fur
Marten sable 2 1 – 2 Unique coat
Dwarf breeds general respiratory sensitivity
Netherland dwarf 2 – – 1 Low productivity
Dwarf 2 – – 1 Low productivity
Lop dwarf 2 – – 1 Good productivity

Angora dwarf – – 2 1
Particular form of  

myxomatosis
Rex dwarf

– – – 1
Fragile, susceptible to 

staphylococci

Table 2.1. Continued.
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This is the only way to eliminate abnormalities 
or genetic diseases from a given population.

There are many breeds of  rabbits. Each dec-
ade, a few more are created. Their genetic pool is 
frequently kept as a secret. However, considering 
that nowadays rabbit breeding is mainly oriented 
towards productivity criteria, a lower number of  
breeds are created compared to the past.

To date, a few dozen qualities (or defects) 
have been identified and studied in rabbits, but 
many more are still unrecognized and conse-
quently unexploited. Professional rabbit breed-
ers only make use of  a small percentage of  the 
genetic potential of  rabbit lines and breeds. 
Nevertheless, some characteristics, previously 
unexploited in a rational fashion, appear in 
so-called ‘industrial’ lines. For example, the 
requirement for rabbits with coloured eyes (a 
regular request from the consumer) has led to 
the introduced of  previously neglected breeds 
to selection and insemination centres. Moreover, 
quite a large number of  farms are also involved 
in conservation programmes of  endangered 
breeds. The number of  animals of  some lines/
breeds is, however, decreasing rapidly, which 
endangers the maintenance of  certain original 
characteristics. For this reason, a programme of  
deep-freezing embryos of  particular lines of  
threatened breeds has been undertaken involv-
ing INRA and the French rabbit breeder associ-
ation (FFC) (Joly et al., 1998). Similar programmes 
of  ex situ conservation have been started in 
other countries.

2.8 Synthetic Lines in Developing 
Countries

Genetic improvement is mainly based on selec-
tion and/or crossbreeding of  above-described 
breeds or strains. Selection allows the accumula-
tion of  additive genetic progress, while the main 
interest of  the crossbreeding between breeds or 
strains is to profit from their complementarity 
and exploit heterosis (Bidanel, 1992). In Europe, 
specialized strains are selected to produce F1 fe-
males, which are crossed with a sire of  another 
strain to produce terminal products. This solution 
has the advantage of  exploiting at each gener-
ation the entirety of  the effect of  heterosis (direct 
and maternal), but it requires a complex scheme, 
based on the maintenance and selection of  the 
pure stocks and the multiplication and diffusion 
of  the crossbred females (Fig. 2.1). This is the rea-
son why these turnkey programmes are rarely 
used in developing countries, except in some 
large- scale private units. They need an import-
ant investment and create a technical and eco-
nomic dependence which does not usually fit the 
social and economic environment.

Another solution is to create a synthetic 
line by crossing females of  a local population or 
breed, well adapted to the environment, with im-
ported males or semen from a selected strain to 
produce an F1 population; it will be bred with-
out selection during a few generations, avoiding 
inbreeding, and constitute a nucleus submitted 
to selection. This solution makes it possible to 

Table 2.2. Main commercial lines used in Europe for the production of meat rabbits.

France Spain Hungary Italy

Hypharm
Hyplus Hyla Hycole

Polytechnic 
University of 
Valencia IRTA

University of 
Kaposvár

Martini 
Group ANCI

Maternal 
lines

GD14 GPD GPC A, V, H, LP PRAT Pannon  
White

A Bianca Italiana
X Pezzata 

Italiana

GD25 GPC GPD Pannon Ka B

Paternal 
lines

PS40 Hylamax Medium R Caldes Pannon 
Terminal

C Argentata 
Italiana1

PS59 XXL D
PS119 Coloured 

Medium

1Italian Silver
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provide farmers with improved animals, while 
ensuring their independence. It offers the farm-
ers the faculty to adapt their strategy of  renewal 
of  their herd to their possibilities: they can prac-
tise self-replacement without loss of  the genetic 
level, buy males or the two sexes to the nucleus, 
permanently or punctually to profit from the 
genetic progress carried out. It does not exclude 
the terminal crossbreeding with a male. Table 2.3 
summarizes the main characteristics of  such 
programmes in developing countries.

2.8.1 Western Asia

In Saudi Arabia, a national project of  rabbit pro-
duction was established to detect the possibilities 
of  producing meat rabbit under industrialized 
and hot conditions (Khalil et  al., 2002, 2005). 
For this reason, special emphasis was paid to con-
struct a genetic improvement programme to de-
velop new lines of  meat rabbits convenient for 
this hot country. Accordingly, V-line rabbits were 
imported in 2000 from the University of  Valen-
cia (Spain) and were crossed with desert Saudi 
rabbits (Gabali). This programme was based on 
an evidence stating that V-line rabbits and their 
crosses could produce efficiently under hot cli-
matic conditions (Al-Sobayil and Khalil, 2002; 
Khalil et  al., 2002). From this programme, two 
synthetic lines (Saudi-2 as a maternal line with 
the structure of  ((¾V ¼S)2)2 and Saudi-3 as a 
paternal line with the structure of  ((¾S ¼V)2)2 
were developed from crossing Saudi Gabali with 
V-line rabbits, both selected for litter weight at 
weaning and individual weight at 84 days 
(Table 2.3). Details concerning the development 
of  these new lines were presented by Khalil et al. 
(2002, 2005) and Al-Saef  et al. (2008). The su-
periority of  these synthetic lines over original 
breeds was evidenced by Khalil and Al-Saef  
(2012) and Khalil and El-Zarie (2012).

2.8.2 North Africa

In Algeria, an attempt to introduce selected 
strains and develop rabbit meat production (be-
tween 1985 and 1988) failed because of  many 
factors, among which were the lack of  know-
ledge of  the animal, the absence of  an adapted 

industrial feedstuff, and the absence of  a prophy-
lactic programme. Afterwards, the strategy of  
development of  this species was based on the use 
and upgrading of  local populations but Kadi 
et al. (2008) underlined the weakness of  this in-
dustry. Thus, since 1990, the Institut Technique 
de l’Elevage (ITELV) and some universities, espe-
cially that of  Tizi Ouzou, set up programmes of  
characterization of  these populations and con-
trol of  their productive performances. They 
highlighted the defects of  these populations, 
namely their too-weak prolificacy and their low 
adult weight, but also their qualities, namely a 
good adaptation to the local climatic conditions, 
without any loss of  productivity in summer 
(Lakabi et  al., 2004; Zerrouki et  al., 2005a, 
2005b, 2007). To provide farmers with more 
productive animals, the ITELV, in collaboration 
with the INRA, chose to create a synthetic line 
obtained by a crossing between a local popula-
tion and the INRA 2666 strain (Gacem and Bo-
let, 2005). After four generations of  homogen-
ization, this synthetic line was compared during 
18 months to two local populations in the same 
conditions. The synthetic line’s does were heav-
ier (+200 to 420 g) and the observed litter size 
showed its superiority (+1.9 to 2.5 born alive) 
There were no genotype x season interactions 
which changed the genotypes ranking. It means 
that the synthetic line is as well adapted as local 
populations to local climatic conditions and 
much more productive. So, this comparison con-
firms the interest of  this synthetic line to develop 
rabbit production in Algeria. It is now selected 
for litter size and weight at slaughter age with a 
BLUP index including direct and maternal ef-
fects and disseminated by ITELV to co-operatives 
and multiplication farms (Gacem et  al., 2008, 
2009; Lebas et al., 2010).

In Egypt, great efforts have been made since 
1998 to select for one exotic maternal line under 
local conditions and to develop and select lines 
based partially on local breeds. An Egyptian- 
Spanish programme was established involving 
Alexandria University, Animal Production 
Research Institute (APRI, Cairo) and Benha Uni-
versity. V-line rabbits were imported in 1998 
from Spain and various selection experiments 
were practised. The first line was developed from 
crossing Baladi Red with V-line and this maternal 
line named APRI was selected for litter weight 
at weaning (Youssef  et al., 2008; Abou Khadiga 

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



32 
S

. B
oucher et al. 

Table 2.3. Programmes used for creating and selecting synthetic lines in developing countries.

Synthetic line and origin Founder breeds Selection criteria Selection methodology Number of generations
Selection response per 
generation

Maternal lines:
Saudi-2, Saudi Arabia, 

Khalil et al. (2005)
Line V and Saudi 

Gabali
LWW + W12 BLUP animal-repeatability 

model
10 LSB= 0.18 kit/litter  

LSW= 0.16 kit/litter 
LWW= 62 g/litter  
WW= 8.6 g/kit

APRI, Egypt, Youssef 
et al. (2008)

Line V, Baladi Red LWW BLUP animal-repeatability 
model

5

Paternal lines:
Alexandria, Egypt, 

El-Raffa, (2007)
Line V, Baladi Black ADG (28-63 d) Individual selection using 

BLUP
5

Saudi-3, Saudi Arabia, 
Khalil et al. (2002, 
2005)

Line V and Saudi 
Gabali

LWW + W12 Individual selection using 
BLUP

8 W12= 38 g; ADG= 0.6 g; 
LSB= 0.14 kit/litter; 
LSW= 0.12 kit/litter; 
LWW= 35 g/litter

Multi-purpose lines:
ITELV, Algeria Gacem 

et al. (2008)
INRA2666 and local 

populations
LSB and 63 days weight 

(direct and maternal 
effects)

BLUP selection 4 (homogenization) +2 
(selection)

Botucatu, Brazil, Moura 
et al. (2001)

Norfolk English line Weaning litter + ADG 
(28-70 d)

Selection index

Moshtohor, Egypt, Iraqi 
et al. (2008)

Sinai Gabali, line V LWW+ 56-d weight Two-stage selection using 
BLUP

ADG: average daily gain; LSB = litter size at birth; LSW = litter size at weaning; LWW = litter weight at weaning; WW = weaning weight; W12: weight at 12 weeks.
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et  al., 2012). A synthetic paternal line named 
Alexandria was originated in Alexandria Uni-
versity from crossing V-line with Baladi Black 
and selection was performed for daily weight gain 
during 28–63 days of  age (El-Raffa, 2007). In 
2003, a selection programme was started to pro-
duce a synthetic multi-purpose line named 
Moshtohor resulting from crossing Sinai Gabali 
with V-line and selection was performed for litter 
weight at weaning and live weight at 56 days 
(Iraqi et al., 2007, 2008).

In Tunisia, local populations of  the south- 
west (Tozeur and Gafsa oases) have been charac-
terized (Ben Larbi et  al., 2008) and very poor 
performances have been evidenced. On the other 
hand, European strains have been imported 
about 20 years ago and are maintained in some 
farms with a limited selection (Lebas and Bolet, 
2008). There is a strong political will to develop 
rabbit meat production in medium-size units. The 
ministry of  agriculture and an interprofessional 
structure, the GIPAC, in collaboration with INRA, 
will develop in these farms a programme of  data 
recording to characterize these strains; after-
wards, according to the results, a programme of  
selection and diffusion will be implemented 
(Bouslama et al., unpublished data).

2.8.3 Sub-Saharan Africa

In Benin, a nucleus of  rabbits from local popula-
tions of  the south has been implemented in the 

CECURI (University of  Abomey-Calavi) (Kpode-
kon and Coudert, 1993) and, after many years 
of  efforts focusing on sanitary aspects, a selec-
tion programme has been recently initiated 
(Akpo et al., 2008) with the help of  INRA. How-
ever, the project of  crossing this local population 
with an INRA strain to create a synthetic line is 
in progress.

In Nigeria, Oseni (2008a) emphasized the 
lack of  applied research for rabbit production; 
Abu et al. (2008) and Oseni et al. (2008) charac-
terized the weakness of  traditional systems. 
Oseni (2008b) recently proposed a genetic im-
provement programme; its strategy is to exploit 
locally available heterogeneous populations to 
create a closed nucleus, define breeding goals 
and selection criteria and provide backyard small 
units with improved animals.

2.8.4 Latin America

In Brazil, a multi-purpose selection programme 
was initiated in 1992 to develop a multi-purpose 
line named Botucatu, using a selection index in-
cluding litter size and weight at weaning and 
post-weaning growth traits (Moura et al., 2001).

In Mexico, a strategy of  providing ‘family 
packages’ to promote the production and con-
sumption of  rabbit meat began many years ago 
and seems to continue (Mendoza et  al., 2008), 
but no information is available about the origin 
and selection of  bucks and does.

Examples of the Development of a few Rabbit Breeds (Boucher, 1993)
1. An example of a primary breed arising from geographical isolation: the silver rabbit

We can perhaps trace the history of the contemporary breeds farthest back with silver rabbits. This 
form of colouration was already being described in the 17th century. As reported by Arnold (2005), in 
1631 Gervaise Markham wrote: ‘the skin, that is accounted the richest which hath the equallest mixture 
of black and white hair together, yet the black rather shadowing the white.....when another skin is worth 
two or three pence, they are worth two shillings’. Darwin (1868) made the following comment on this text: 
‘From this full description we see that silver-grey rabbits existed in England at this period; and, what is 
far more important, we see that the breeding or selection of rabbits was then carefully attended to’. In 
1854, Mariot-Didieux described four varieties of rabbits including one, the Riche rabbit, which was ‘a 
more or less dark silver-grey’. He explained that light greys were most appreciated by furriers and that 
their meat was good. It is true that one of the breeds descended from these Riche rabbits, the Argenté 
de Champagne, is today a breed for the table, widely used in the creation of black-eyed commercial 
lines. In England, Knight (1881) and others, from the end of the 19th century, spoke of different shades 
of silvering (today the English silver is bred in three shades: dark, medium or light) and indicated that 
the Cream silver (a fawn rabbit with genes allowing the expression of silvering) was common around 
Paris, including in the Jardin d’Acclimatation.

Continued
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Silvered rabbits have thus produced several breeds (Argenté de Champagne, English silver, etc.) 
and varieties. Through the natural geographical isolation at first of the wild then the domestic popula-
tions, several breeds were able to be obtained, from a single colouration model – a sort of selection 
marker – which have been exploited for their meat and/or their fur, depending on the period or location.

2. An example of artificially selected geographical isolation: the Fauve de Bourgogne rabbit
Albert Renard, a rabbit breeder at Celle Saint Cyr in the French department of Yonne, found a popu-

lation of rabbits of average size (3.5 kg) with a wild grey coat which was more phaeomelanic than usual. 
‘Its geographical area is quite restricted,’ he wrote in the journal L’Acclimatation of 23 November 1919, 
although today it is spreading a little everywhere. It is found frequently in Burgundy, from Dijon, in the 
Côte d’Or department. It is seen in the Nièvre department as far as Clamecy and then enters the Yonne 
where it is more common than anywhere else, but hardly extends beyond a line between Sens and 
Montargis, in the Gâtinais region. It does not cross the boundary between the departments of Yonne 
and Aube.

According to his words it was ‘an ordinary domestic rabbit bred haphazardly like so many others 
by small Burgundian farmers’. Renard related the history of the Fauve de Bourgogne, and explained that 
it was not ‘a new breed obtained by crossing different breeds’ but was a population ‘the existence of 
which, according to the information collected from good sources, dates from at least a century ago, if 
not longer’. Still in this article, Renard explained that the breeders of these rabbits ‘were not concerned 
with the principles of hygiene, selection or consanguinity’ and this was one of the essential points of the 
selection for him, because, as he wrote, ‘it is undeniable that with such methods, mortality must have 
been high and natural selection occurred eliminating the least robust’.

From the start, Renard wanted to improve this geographically isolated population to create a uni-
formly fawn rabbit with an intense colour. One of his good ideas was the creation of the Fauve de 
Bourgogne breeders association (AELFB) which, still today, is carrying on his selection work, and has 
made a slightly yellow common domestic rabbit one of our most successful French breeds, found now-
adays throughout the world.

3. An example of a synthetic breed: the Bouscat Giant White
The Bouscat Giant White was obtained by M. and Mme Dulong, breeders in Bouscat in the 

Gironde region, from the French white Angora, the Argenté de Champagne and probably the wild grey 
Flemish Giant. From 1910, their aim was to obtain ‘a short-haired rabbit, which had fur as white, and 
with the same silver highlights and the same silky filaments, as the Angora’. The first crosses between 
the Angora and the Argenté de Champagne gave a ‘pretty, small, white rabbit, pretty, but small’, ac-
cording to Mme Dulong. It was then, quite logically, crossed with what was the heaviest breed of the 
period (and still is today): the Flemish Giant. The result was a large rabbit with short, white fur and 
which has what today is said to be ‘frosted’ fur, i.e. directional hair sufficiently long to extend beyond 
the undercoat hair giving a particularly shiny effect to the fur. Once again, the formation of a club al-
lowed the breed to be developed in France.

Continued
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3.1 Introduction

Genomics, which has intrinsically revolution-
ized most of  the genetic approaches in all live-
stock species and in many other animals, mainly 
relies on DNA sequencing and high-throughput 
genotyping platforms coupled with data ana-
lyses. Particularly, next-generation sequencing 
and related technologies introduced in this field 
have been largely contributing to the exponen-
tial production of  genomic data also in rabbits 
for several applications that span from the study 
of  genetic variability and the characterization of  
the transcriptome and epigenome. Transcrip-
tomic data have been used for the functional an-
notation of  the rabbit genome and for gene 
expression analyses in many different tissues 
and conditions. Sequence data generated from 
the rabbit are expected to increase exponentially. 
The interpretation and use of  these data will 
benefit the understanding of  the biology of  this 
species.

The most important resource that derived 
by the application of  genomic approaches in the 
rabbit during the last years is the complete se-
quence of  its genome (Carneiro et al., 2014). 
This fundamental resource has opened new op-
portunities to study this multi-purpose species 
for its different applications and will contribute 
to sustain applications in the future.

3.2 The Genome of Oryctolagus 
cuniculus

The genome of  the European rabbit is divided 
into 21 autosomes plus the sexual chromosomes 
X and Y. Therefore, the 2n is equal to 44. Auto-
somes and the X chromosome have been se-
quenced and assembled producing a low coverage 
and first genome draft (oryCun1.0), generated 
within the Mammalian Genome Project by the 
Broad Institute (Lindblad-Toh et al., 2011). This 
preliminary version, that was used for an evolu-
tionary analysis across mammals, has been im-
proved and a second reference genome version 
has been subsequently assembled (oryCun2.0; 
Carneiro et al., 2014). oryCun2.0 was sequenced 
to a ~7.5X and made available in Ensembl and 
NCBI databases (http://www.ensembl.org/Oryc-
tolagus_cuniculus/Info; https://www.ncbi.nlm.
nih.gov/assembly/GCF_000003625.3, accessed 
23 December 2020). The genome assembly is on 
chromosome level and accounts for a total of  
about 2.74 Gbp, 82% of  which has been an-
chored to chromosomes. Fig. 3.1A reports the 
size in Mbp of  the assembled chromosomes. In 
more details, the genome consists of  84,024 
contigs assembled into 3318 scaffolds from 
which 22 chromosomes have been built (i.e. 21 
autosomes and the X chromosome). This gen-
ome version also  includes 3218 unplaced (Un) 
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sequences (not anchored to any chromosome) 
of  total length 489,693,461 bases with names 
of  chrUn0001 thru chrUn3219. In addition to 
the nuclear genome, oryCun2.0 contains a 
non-nuclear assembly of  the mitochondrial gen-
ome of  17,245 nucleotides.

To obtain an approximate evaluation of  the 
quality of  the assembly of  a genome, the used 
parameter is the N50 size. N50 size is the length 
such that 50% of  the assembled genome lies in 
blocks of  the N50 size or longer. The oryCun2.0 
N50 length for scaffolds is 35,972,871 kb 
whereas the N50 size for contigs is 64.648 kb. To 
have a first evaluation of  the quality of  this as-
sembly we could compare it to the N50 size of  
the latest cattle genome assembly (ARS-UCD1.2 
submitted by the USDA in 2018), that is one of  

the most precise genome assemblies among all 
livestock species. For the Bos taurus genome, the 
N50 size for contigs is 25,896.116 kb and for 
the scaffolds is 103,308.737 kb. That means 
that the quality of  the cattle genome is much 
better than that of  the oryCun2.0 genome ver-
sion. In the near future, the complementary use 
of  long-read sequencing technologies (e.g. 
PacBio, Nanopore) will make it possible to fur-
ther improve the genome assembly of  all species, 
including that of  the rabbit.

The annotation process of  the rabbit gen-
ome available in the Ensembl database has fol-
lowed a defined annotation pipeline that 
included different steps to identify an initial set 
of  genomic features, including repeat features 
(using RepeatMasker), species specific cDNA and 
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proteins, projected protein-coding annotation 
from the human assembly GRCh38.p12, a set of  
proteins retrieved from UniProt to cover the rab-
bit proteome and RNA-seq datasets. Then a filter-
ing phase selected the protein-coding transcript 
models to construct the final protein-coding gene 
set. Other pipelines annotated Immunoglobulin 
and T-cell receptor genes, non-coding RNAs and 
pseudogenes.

The current annotation of  the oryCun2.0 
genome version (Ensembl release 98) lists a total 
of  20,612 coding genes, 8319 non-coding genes 
(2520 small non-coding genes, 5736 long non- 
coding genes and 63 other non-coding genes), 
656 pseudogenes and a total of  51,853 gene 
transcripts. Fig. 3.1B shows the gene density 
( defined as the number of  annotated genes per 
Mb) on the different assembled chromosomes. 
Chromosomes 19 and 21 have the highest gene 
density whereas chromosomes 7, X and 17 have 
the lowest number of  annotated genes per Mb. 
Fig. 3.2 reports the distribution of  the number of  
repeated features identified in the rabbit genome.

Genetic variations are not integrated yet in 
the Ensembl browsers (Ensembl release 98), 
even if  extensive studies have been carried out 
on this species at the genome-wise level. The first 
study that reported massive data of  single nu-
cleotide polymorphisms (SNPs) over the  rabbit 

genome has been obtained using the Ion Torrent 
Personal Genome Machine to sequence reduced 
representation libraries in a DNA pool-seq ap-
proach (Bertolini et al., 2014). This study identi-
fied about 62.5 k SNPs (479 of  which were 
missense mutations, and 16 were stop-gain mu-
tations) by sequencing sampled fractions of  the 
rabbit genome that covered about 0.1 Gb with a 
detection rate of  one SNP per about 1.7 kb of  
sampled genome. Then, Carneiro et al. (2014) 
described the sequencing and assembly of  ory-
Cun2.0 identifying about 50 million high-quality 
SNPs and 5.6 million insertions/deletions ( indels) 
by whole-genome sequencing of  several DNA-
pools from different domestic breeds and wild 
strains.

The genome of  a total of  30 rabbits belong-
ing to three different rabbit breeds or lines (New 
Zealand White, Japanese White and Watanabe 
heritable hyperlipidemic line) was sequenced at 
12–13X producing about 29.8 million of  SNPs 
and 1.6 million of  indels (Wang et al., 2016).

Another study applied restriction-site- 
associated DNA sequencing (RAD-seq) to discover 
genome-wide SNPs in about 100 rabbits from 
four Chinese breeds (Ren et al., 2019). A total of  
about 7 million SNPs were identified but only 
~114 k SNPs were considered for the analysis of  
population genetic structure of  the investigated 
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Fig. 3.2. Proportion of the number of repeat features in the rabbit genome.
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breeds. Variability in the rabbit genome has been 
investigated using a genotyping-by-sequencing 
approach designed to identify signature of  selec-
tion derived by the adaptation of  wild (feral) 
Australian rabbits to a viral disease (Schwensow 
et al., 2020).

An additional level of  variability in the rab-
bit genome is constituted by copy number vari-
ations (CNVs). Copy number variations are 
defined as interspecific gains or losses of  ≥1 kb of  
genomic DNA. They are very frequent in all 
mammalian genomes which represent the most 
important source of  variability in terms of  nu-
cleotides involved (covering, on the whole, 
~0.4–25% of  a genome; Redon et al., 2006; 
Conrad et al., 2010), with potential functional 
relevance. One study investigated CNVs in the 
rabbit genome using the array comparative gen-
ome hybridization (aCGH) technique based on 
high-density probes spread all over the ory-
Cun2.0 genome (Fontanesi et al., 2012). A total 
of  155 copy number variation regions (CNVRs), 
identified by overlapping or partially overlapping 
CNV events in the four analysed rabbits, covered 
about 6.62 Mb (~0.3% of  the rabbit genome). 
These 155 CNVRs included 95 gains, 59 losses 
and one with both gain and loss, localized on all 
chromosomes except on chromosome 20. As 
more extensive analyses of  CNVs are not avail-
able in the rabbit, thus far these variants are not 
annotated in the oryCun2.0 genome version.

3.3 Genomic Tools and Applications

The databases already mentioned above and 
their browsers (Ensembl: http://www.ensembl.
org/Oryctolagus_cuniculus/Info/Index, accessed 
23 December 2020) and University of  Califor-
nia Santa Cruz (UCSC) Genome Browser: http://
genome.ucsc.edu/index.html (accessed 23 De-
cember 2020) are the most important bioinfor-

matic tools publicly available for the rabbit 
genome. Another database (RabGTD) compiling 
both genome and transcriptome data produced 
by next- generation sequencing (retrieved 
from the NCBI Sequence Read Archive, SRA; 
https://www.ncbi.nlm.nih.gov/sra, accessed 
23  December 2020) has been constructed (Zhou 
et  al., 2018). RabGTD gathered genomic vari-
ations coming from 79 rabbit genomes and gene 
expression profiles of  86 tissue samples of  do-
mestic rabbits and included tools to query and 
visualize polymorphisms (https://www.picb.
ac.cn/RabGTD/, accessed 23 December 2020).

A high-throughput genotyping tool has 
also recently been developed for the rabbit. The 
genotyping array (OrcunSNP array) is based 
on the Axiom genotyping platform of  Affyme-
trix (now Thermo Fisher Scientific) and in-
cludes 199,692 SNPs (200 k) selected among 
polymorphisms identified by Carneiro et al. 
(2014) and Bertolini et al. (2014) with a few 
other functional markers. This tool has been 
used in a few genome-wide association studies 
that detected genomic regions affecting meat 
quality traits and reproduction traits in meat 
rabbit lines (Casto- Rebollo et al., 2020; Sosa- 
Madrid et al., 2020a, 2020b, 2020c; Bovo 
et al., 2021). It is expected that this tool will be-
come more widely used in many other popula-
tion genomic studies in this species. 
A  high-throughput genotyping array can be 
used for cost-effective analyses of  the genome 
to identify and screen simple and complex gen-
etic traits, identify population structures and 
relationships among  animals, families, lines 
and breeds, identify signatures of  selections or 
infer population histories. Other applications 
could be for parentage analysis, traceability of  
rabbit products and animals, for the construc-
tion of  high-resolution genetic maps and for 
the design of  genomic  selection programmes in 
this species.
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4.1 The Karyotype of Oryctolagus 
cuniculus

Painter (1926) first established the correct diploid 
karyotype of  Oryctolagus cuniculus, which com-
prises 21 pairs of  autosomes and the X and Y 
chromosomes (n = 22; 2n = 44). Since this first 
description, followed then by the work of  Melander 
(1956), who described the position of  the centro-
mere in the European rabbit chromosomes, several 
banded karyotypes have been published (Echard, 
1973; Ducayen et al., 1974; Stock, 1976; Chan 
et al., 1977; Schroder et al., 1978; Hageltorn and 
Gustavsson, 1979) by using different staining 
techniques. To avoid confusions, regarding the 
numbering of  the chromosomes, a standardized 
system was required. The first standardized 
karyotype for the rabbit was established at the 
First International Conference for the Standard-
ization of  Banded Karyotypes of  Domestic Ani-
mals in 1976 (Ford et al., 1980). The Committee 
for Standardized Karyotype of  Oryctolagus cunicu-
lus modified this karyotype in 1981 by switching 
the chromosome numbers 16 and 17 (Committee 
for Standardized Karyotype of  Oryctolagus cunicu-
lus, 1981). This standardized karyotype provides 
chromosome and band numbering based on 
G-band patterns (Fig. 4.1). To define a correlation 

between G- and R-banded rabbit chromosomes, 
Hayes et al. (2002) constructed new GTG- (G-bands 
by trypsin using Giemsa) and RBG- (R-bands 
by bromodeoxyuridine using Giemsa) banded 
mid- metaphase rabbit karyotypes and performed 
classical karyotyping and fluorescent in situ 
hybridization (FISH) localization of  chromosome- 
specific markers on both G- and R-banded 
chromosomes.

4.2 Gene Mapping in the Domestic 
Rabbit: Physical Gene Maps

The physical location of  genes provided the pos-
sibility to assign linkage groups to chromosomes. 
This information, in turn, was important to link 
cytogenetic-derived chromosome nomenclature 
to the sequenced chromosome scaffold derived 
from the sequencing of  the European rabbit 
 genome (Carneiro et  al., 2014). The complete 
 sequence of  the nuclear genome of  Oryctolagus 
cuniculus constitutes the definitive physical 
map that can be improved based on subsequent 
 versions.

Since the Mammalian Genome Project 
founded by the National Institutes of  Health 
was started in 2004, the Oryctolagus cuniculus 
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Fig. 4.1. Standardized karyotype of the European rabbit defined by the Committee for Standardized 
Karyotype of Oryctolagus cuniculus (1981). Ideograms illustrating the G-banding patterns of the 
chromosomes have been redesigned following the standard karyotype patterns.
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was  one of  24 mammals that was sequenced. 
The details of  the first twofold assembly were 
published in 2005 (see Chapter 3). Today, the 
genome is sequenced with a sevenfold coverage. 
Approximately 82% of  the 2.74 Gb sequences 
have been anchored to chromosomes, compris-
ing all autosomes, the X chromosome and the 
mitochondrial genome. The remaining un-
anchored sequence contigs were assigned to 
 virtual chromosomes. The current status on the 
physically mapped genes and the estimated length 
of  the chromosomes is described in Chapter 3.

4.2.1 Mapping using somatic cell 
hybrids

A major advancement in assigning genes to 
 rabbit chromosomes was achieved by the gener-
ation and use of  somatic cell hybrids in the early 
80s. A hamster-rabbit somatic cell hybrid panel 
allowed the mapping of  several genes to specific 
chromosomes (Echard et al., 1981; Soulie and de 
Grouchy, 1982). The first genes that were mapped 
were hypoxanthine-guanine phosphoribosyl-
transferase (HPRT), glucose-6-phosphate de-
hydrogenase (G6PD), phosphoglycerate kinase 1 
(PGK) and galactosidase, alpha (GLA), which 
were all assigned to the X chromosome (Echard 
et al., 1981). In 1982, synteny between the rabbit 
gene loci lactate dehydrogenase B (LDHB) and tri-
osephosphate isomerase (TPI) as well as between 
lactate dehydrogenase A (LDHA) and tissue acid 
phosphatase 2 (ACP2) was observed (Echard 
et al., 1982). Furthermore, the rabbit gene locus 
uteroglobin (UGL) was syntenic with LDHA and 
ACP2 (Gellin et al., 1983). These two loci and 11 
other genes were assigned to specific chromo-
somes (Soulie and de Grouchy, 1982, 1983). 
LDHA and galactose-1-phosphate uridyltrans-
ferase (GALT) were mapped to chromo some 1, 
LDHB and glyceraldehyde-3- phosphate dehydro-
genase (GADPH) to chromosome 4, glutathione 
peroxidase (GPX) and aminoacylase (ACY) to 
chromosome 9, phosphoglucomutase 1 (PGM1) 
to chromosome 13, guanylate kinase (GUK) and 
malate dehydrogenases 2 (MDH2) to chromo-
some 15, and glutathione reductase (GSR) to 
chromosome 19. Peptidase B (PEPB), nucleoside 
phosphorylase (NP) and inosine triphosphatase 
(ITP) were assigned to chromosome 17 [in their 

original paper they were assigned to chromo-
some 16 using the karyotype according to the 
Reading Conference in 1976 (Ford et al., 1980)]. 
Medrano and Dutrillaux (1984) were able to 
map immunoglobulin kappa (IGK) to chromo-
some 3 and immunoglobulin heavy (IGH) to 
chromosome 17 (originally chromosome 16) 
using mouse–rabbit cell hybrids.

4.2.2 Mapping by in situ hybridization

In 1969, in situ hybridization was introduced into 
rabbit cytogenetics by Pardue and Gall (1969). 
At that time, radioactive gene probes were used. 
Using 125I-labeled ribosomal RNA (rRNA), genes 
were localized on chromosomes 13, 16, 20, and 
on the telomeric region of  the long arm on 
chromosome 21 (Martin-DeLeon, 1980). The 
first genes assigned to a band were casein alpha 
(CASA) and casein beta (CASB), which were as-
signed to band q24 of  chromosome 12 (Gellin 
et  al., 1985). Later, Kirsten rat sarcoma viral 
oncogene homolog (KRAS2) was assigned to 
16p11-q11 (Martin-DeLeon and Picciano, 
1988), followed by the assignments of  the creat-
ine kinase B (CKBB) gene to 20q13-ter (Ma-
honey et al., 1988), creatine kinase M (CKMM) 
gene to 19q11-q12 (Martin-DeLeon et al., 1989), 
beta-like globin gene cluster (HBBC), parathyroid 
hormone (PTH) gene and Harvey-ras 1 proto- 
oncogene (HRAS1) to 1q14-q21, alpha-like  globin 
gene cluster (HBAC) to 6p12 (Xu and Hardison, 
1989, 1991), and phosphorylase kinase, alpha 
(PKHA) and beta (PHKB) genes to Xq12 and the 
proximal end of  5q, respectively (Debecker and 
Martin-DeLeon, 1992).

While the mapping resolution was rather 
poor with the use of  radioactive probes, the phys-
ical mapping of  genes became more accurate 
with the introduction of  fluorescent in situ hy-
bridization (FISH). Using FISH, additional genes 
could be integrated into the cytogenetic map of  
the rabbit, such as: retinoblastoma (RB1) gene to 
8q21, thymidylate synthetase (TYMS) gene to 
9q12-13, superoxide dismutase 1 (SOD1) gene 
to 6p12, superoxide dismutase 2 (SOD2) gene to 
12q14-16 and thymidine kinase (TK1) gene to 
19q22-23 (Lemieux and Dutrillaux, 1992), the 
Na-phosphate cotransporter 1 (NPT1) and 2 
(NPT2) genes localized to 12q11 and 3p11, 
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 respectively (Kos et al., 1996), calcium-sensing 
receptor (CASR) gene to 14q11 (Martin-DeLeon 
et  al., 1999), the whey acidic protein (WAP) 
gene to 10q16 and the three major histocom-
patibility complex (MHC) related genes DQA, 
TNFA and R19 to 12q11 (Rogel-Gaillard et  al., 
2000, 2001).

Using FISH, the genes encoding prolactin 
receptor (PRLR) and growth hormone receptor 
(GHR) were mapped to q12 of  chromosome 11 
(Zijlstra et al., 2002). These new positions were 
not in agreement with the before-published com-
parative mapping data (Korstanje et  al., 1999; 
see this chapter, synteny mapping), which sug-
gested the position of  these genes on chromo-
some 10 due to homology between human 
chromosome 5 and rabbit chromosome 10. The 
discrepancy could result from an ambiguity 
error between chromosome 10 and chromosome 
11 (Zijlstra et al., 2002). However, with today’s 
knowledge, rearrangements between different 
rabbit breeds cannot be excluded. Additional 
FISH mapping led to the localization of  the  
following genes: peripheral myelin protein 2 
(PMP2) to 3q14, metallothionein 1 (MT1) to 
5p12, T-cell receptor beta locus (TRB) to 7p23, 
transferrin (TF) to14p11-q11, hexokinase 1 
(HK1) to 18q21, cytochrome P450, subfamily 
IIC, polypeptide 4 (CYP2C4) to 18q24, arachi-
donate 15-lipoxygenase (ALOX15) to 19q12, 
angiotensin I converting enzyme (ACE) to 
19q22 (Zijlstra et al., 2002), insulin-like growth 
factor 2 (IGF2) to 1q27, transforming growth 
factor, alpha (TGFA) to 2q21, insulin-like growth 
factor 1 (IGF1) to 3q15, deoxyribonuclease I 
(DNASE1) to 6p14, coagulation factor VII (F7) 
to 8q26, cytochrome b-5 (CYB5) 9q17, calretic-
ulin (CALR) to 10p12, solute carrier family 2, 
member 1 (SLC2A1) to 13q31-32, alpha- 
2-HS-glycoprotein (AHSG) to 14q17-18, poly-
meric immunoglobulin receptor (PIGR) to 
16q21, lipase, hepatic (LIPC) to 17q11, trans-
forming growth factor, beta 3 (TGFB3) to 
20q12, nitric oxide synthase 1 (NOS1) to 21q14, 
sex determining region Y (SRY) to Yp12 (Hayes 
et  al., 2002), PMP2 to 3q11, MT1 to 5q11, 
TCRB to 7pter, ALOX to 19q11 (Korstanje et al., 
2003), and the microsatellites Sat13 to 1p12, 
Sol33 to 3q11 and D1Utr6 to 1q24-q26 (Zijlstra 
et al., 2002). Based on the FISH mapping result 
of  the gene DNASE1 on the p arm of  OCU6 and 
not on the q arm as expected from the 

cross-species comparison with the human 
chromosomal band (HSA16p13.3), the authors 
concluded that the rabbit chromosome 6q 
(OCU6p) corresponds to HSA16 and OCU6q to 
HSA7 (Hayes et al., 2002).

A further improvement of  the cytogenetic 
map of  the rabbit was obtained by FISH map-
ping of  235 genes (Chantry-Darmon et  al., 
2003, 2005a). The mapping of  these genes 
contributed to the discovery of  a conserved 
 segment between rabbit chromosomal band 
4q15.3 and part of  human chromosome 22. 
Together with these genes, 305 rabbit micro-
satellite sequences were described and mapped, 
177 of  them were assigned to 139 defined cyto-
genetic positions distributed across all rabbit 
chromosomes except OCU21 (Chantry- Darmon 
et al., 2005b).

4.3 Synteny Mapping

Using the human genome information, the gene 
map of  the rabbit could be further improved. 
This might still be useful even though the rabbit 
genome sequence is now available, considering 
that a lot of  scaffolds still need to be assigned to a 
chromosome. The work of  Dutrillaux et al. (1980) 
compared the R-banded karyotypes of  rabbit 
and human and found about 50 structural re-
arrangements that differentiate the rabbit from 
the human karyotype. However, in using the 
R-banding comparison, some rabbit chromo-
some arms still remained unassigned or could 
not be clearly identified.

The technique of  reciprocal chromosome 
painting between mammalian species (Wien-
berg and Stanyon, 1995) and the massive map-
ping of  rabbit genes by FISH have facilitated the 
construction of  a first homology map between 
the human and rabbit genome (Korstanje et al., 
1999). The results revealed extensive genome 
conservation between the two species. The 
whole rabbit chromosomes 12, 19 and X were 
homologous to human chromosomes 6, 17 and 
X, respectively. The other human chromosomes 
were homologous to two or sometimes three rab-
bit chromosomes. Some hybridization patterns 
found are remarkably conserved throughout the 
mammalian orders. For example, the chromo-
some segments homologous to human chromo-
somes 3 and 21, 4 and 8p, 7 and 16, 12 and 22, 
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14 and 15, 16 and 19, which reside on rabbit 
chromosomes 14, 2, 6, 21, 17 and 5, respectively, 
are also found in other mammals like the cat, 
the mink, the mouse, the pig and the cow. The 
chromosome segments homologous to human 
chromosomes 1 and 10, which are in synteny 
with rabbit chromosome 16, are also found in the 
mouse and the grey squirrel. It seems that these 
regions with conserved synteny are ancestral to 
all mammalian species (Ferguson- Smith and 
Trifonov, 2007).

The syntenic regions between Homo sapiens 
(GRCh38 genome version) and European rabbit 
(oryCun2.0 genome version) extracted from 
their pairwise alignment in Ensembl release 76 
(run in February 2020) identified 242 synteny 
blocks. This synteny map covers about 73% of  
the human genome and 79% of  the rabbit gen-
ome. The graphical representation of  the 
human–rabbit synteny map for the rabbit auto-
somes (OCU) versus the human chromosomes 
(HSA) is shown in Fig. 4.2.

4.4 Genetic Linkage Maps

With respect to inheritance patterns, genetic 
markers provide a powerful tool to scrutinize the 
transfer of  maternal and paternal alleles to off-
spring. By observing parental and offspring 
marker alleles, markers can be identified which 
are inherited together, more often than expected, 
by chance, an observation that is named linkage 
disequilibrium. The analysis of  linkage between 
markers can be used not only to identify markers 
which are inherited together but also to deter-
mine the genetic distance between markers and 
their order on a chromosome. Linkage mapping 
is based on the recognition of  recombination 
events through successive generations as a result 
of  crossing over of  chromatids of  homologous 
pairs of  chromosomes between polymorphic 
markers during meiosis. The recombination rate 
is used as a measure for the genetic distance 
between the markers. Since linkage mapping is 
 dependent on the occurrence of  polymorphic 
markers, reference pedigrees for linkage map-
ping are usually generated by crossing gen-
etically different breeds. In rabbits, initially, 
coat colour (Castle, 1924a), blood protein 
groups (Sawin et  al., 1944), immune proteins 
(Tissot and Cohen, 1974) and enzyme isoforms 

(van Zutphen, 1974) were used for mapping 
studies. Blood protein groups and biochemical 
enzymes contributed substantially to early link-
age mapping efforts in this species as in most 
other mammalian species. Good markers for 
genome mapping are microsatellites and SNP 
because they are easy to type, very abundant 
and distributed across the whole genome. In 
particular, SNP emerged as the most widely used 
markers as they can by genotyped at high-density 
time and cost-effectiveness, on SNP chips and by 
next- generation sequencing shots (Bertolini 
et al., 2014; Sosa-Madrid et al., 2020).

The construction of  genetic linkage maps is 
based on examination of  co-segregation of  
marker alleles through a pedigree. Order and 
distances of  linked markers along a chromo-
some are defined by the position and frequency 
of  recombination between markers during mei-
osis. In part, the frequency of  meiotic crossover 
events depends on the length of  a chromosome, 
the distance from the centromere, the specific 
pedigree, and the sex. Large chromosomes re-
combine more often through meiosis than 
smaller ones. An ideal mapping pedigree is pro-
duced by crossing genetically divergent breeds 
and consists of  parents and two subsequent gen-
erations of  full sibs. The meiosis of  F

1 parents to 
produce the F2 generation is particularly inform-
ative according to the Mendelian Laws of  segre-
gation of  alleles, if  fixation of  alternative alleles 
in the two parental breeds is assumed. The rabbit 
is an ideal animal to produce a large number of  
informative meiosis seen in offspring of  F2 inter-
cross or in a backcross pedigree.

4.4.1 History of the rabbit linkage map

First linkage in rabbits was reported in 1919 be-
tween Dutch (du) and English spotting (En) by 
Castle (1919). Later on, linkage was found be-
tween the Angora locus (L) and du and En (Castle, 
1924a). Only a short time later, linkage between 
the Albino (c) and the Brown (b) pigmentation 
loci was reported by Castle (1924b). Linkage be-
tween the Yellow fat (y) and c loci was described 
by Pease (1928). The distance between du and 
En was determined to be 1.2 cM (Castle and 
Sawin, 1941).

In the 1960s, the rabbit was used for im-
munological studies, thus, various immunological 
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Fig. 4.2. Synteny maps between the human and the European rabbit chromosomes obtained using the Ensembl Synteny analysis tool (Cunningham et al., 
2019). Chromosome X which is in almost complete synteny was not reported.
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markers were added to the genetic map (Hagen 
et  al., 1978). In the 1980s a few biochemical 
markers were added to the linkage map. Summar-
izing these results, Fox (1994) presented the first 
comprehensive linkage map, comprising 10 auto-
somal rabbit linkage groups (LG), 11 chromo-
somes and five X-linked loci. The 10 autosomal 
linkage groups were named LG1 to LGX. The 
whole map included a total of  69 assigned loci.

Subsequently, three F
2 reference popula-

tions were generated to improve the genetic 
map of  the rabbit. Korstanje et  al. (2001a, 
2001b, 2003) at Utrecht University (The Neth-
erlands) generated a F2 intercross population 
between the rabbit inbred strains AX/JU and III-
VO/JU. Chantry-Darmon et al. (2006) at INRA 
(France) used a cross between three rabbit in-
bred strains (INRA 2066, Castor Orylag and 
Laghmere), and Sternstein et  al. (2015) at 
Humboldt-Universität Berlin (Germany) used 
an intercross between Giant Grey and New 
 Zealand White. In addition to the F

2 intercross a 
backcross population was generated from an 
initial cross between the inbred strains AX/JU 
and IIIVO/JU. This cross was used to generate 
the first male linkage map by using 103 ampli-
fied fragment length polymorphism (AFLP) 
markers with a map length of  583 cM (Van 
Haeringen et  al., 2002). Furthermore, two 
backcross populations with the partially inbred 
strains OS/J, WH/J and X/J were used for link-
age analysis (Korstanje et al., 2001a). For these 
backcross populations two linkage groups could 
be assigned to OCU1.

The mapping of  36 microsatellites in the 
intercross AX/JU and IIIVO/JU led to the identi-
fication of  new linkage groups to chromosomes 
1, 3, 5, 6, 7, 12 and 19 (Korstanje et al., 2001a, 
2001b, 2003). The length of  the linkage groups 
was approximately 470 cM. In the cross of  the 
three rabbit inbred strains INRA 2066, Castor 
Orylag and Laghmere, for the first time an inte-
grated genetic and cytogenetic map was con-
structed. In this cross, 109 microsatellites 
and  two phenotypic markers were mapped 
(Chantry- Darmon et  al., 2006). The linkage 
analysis could integrate 90 markers into 20 
linkage groups on 20 chromosomes. The other 
21 microsatellites could be mapped to separate 
linkage groups. While 19 out of  the 21 markers 
could be mapped precisely to a cytogenetic pos-
ition, the two other microsatellite markers 

could only be assigned to a chromosome. No 
marker could be mapped to chromosomes 20, 
21 and X. The constructed genetic map spans 
2766.6 cM averaged across the male and fe-
male maps. The male and female maps were 
2942 and 2930 cM long, respectively. In the 
cross of  Giant Grey x New Zealand White 186 
microsatellite markers and three SNPs could be 
integrated in to 21 linkage groups residing on 
19 autosomes and the X chromosome (Stern-
stein et al., 2015). The total length of  all auto-
somes reached 1419 cM with an average 
marker distance of  7.8 cM. In contrast to the 
findings of  Chantry-Darmon et  al. (2006), the 
total map length calculated from maternal mei-
oses was 1.4 times longer than from paternal 
meioses. These sex-specific results are consist-
ent with findings in several other species. For 
example, sex-specific differences in recombin-
ation rates were also reported in pigs (Archibald 
et  al., 1995), cattle (Kappes et  al., 1997) and 
mice (Cox et al., 2009). However, in distinct re-
gions on OCU4 (LG4b), OCU9 and OCU16 ma-
ternal maps were shorter than paternal maps, a 
result which is also consistent with other spe-
cies, e.g. pigs (Geldermann et  al., 2003), and 
mice (Cox et al., 2009).

Other developments in the European rabbit 
linkage map, including links to the reference 
genome, are expected with the use of  the com-
mercial SNP genotyping tool which can analyse 
about 200,000 biallelic markers.

4.4.2 Comparison of linkage maps 
in European rabbit populations

In all three reference populations, the linkage 
groups on chromosomes 1, 3, 5, 7, 8, 11, 14, 16, 
and 19 have the same marker order, although 
differences with regard to marker distances do 
occur. Differences in the marker order were iden-
tified for the linkage groups on chromosomes 4, 
6, 9, 13, 15, and 18. The other remaining chromo-
somes (2, 10, 12, 17, 20, 21, X and Y) cannot be 
compared, because different markers were used 
in the different populations (Table 4.1). Informa-
tion presented in this table is important to link 
data of  classical genetic maps to genome coord-
inates for further exploitation and integration 
with SNP genotyping data that will be produced 
in the future.
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Table 4.1. Summary of the data associated with microsatellites integrated into genetic maps.

Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 1
INRACCDDV0130 AJ874471 1p33k 1:3.036859 LG1a 0.0
D1Utr1 AF389372 1c 1:4.365497 0.0
D1L1B10 AF398352 nd2 1:11.669725 LG1a 0.0
Sol51 X94685 nd2 1:18.934007 LG1a 5.8
D1Utr2 AF389367 1c 1:23.922373 LG1a 7.0 12.9
D1L2B4 AF389358 nd2 1:31.864989 LG1a 14.4
D1Utr7 AF389355 1c 1:46.450792 LG1a 21.4
INRACCDDV0236 (TJP2) AJ874569 1p21.3-p21.1h 1:55.571101 LG1a 27.1
INRACCDDV0269 (TJP2) AJ874595 1p21.3-p21.1h 1:55.598578 LG1a 27.1 LG1a 43.4
Sat13 X99892 1p12b,f 1:63.440888 LG1a 31.7 27.2
INRACCDDV0345 (PSAT1) AJ874661 1p12j 1:64.769638 LG1a 32.7
INRACCDDV0240 (DAPK1) AJ874573 1p11disth 1:73.481778 LG1a 36.8
INRACCDDV0272 (PTCH) AJ874598 1p11h 1:74.514704 LG1a 63.5
INRACCDDV0299 AJ874621 nd2 1:75.221585 LG1a 37.4
D1Utr3 AF389359 1c UN0044:236839 LG1a 39.9 35.0
Est-5 - 1c - 40.5
INRACCDDV0204 AJ874541 nd2 1:77.245221 LG1a 75.3
D1L7C11 AF389369 nd2 1:101.865544 LG1a 53.1
INRACCDDV0271 (HTR3B) AJ874597 1q14h 1:102.427689 LG1a 53.1 LG1a 99.0
INRACCDDV0252 (HTR3B) AJ874583 1q14h 1:102.503351 LG1a 53.1
INRACCDDV0320 (SLN) AJ874640 1q14j 1:108.750414 LG1a 56.8 LG1a 111.2
D1L8C9 AF389374 nd2 1:109.935529 LG1a 57.4
OCPRG5 (PRG5) M14547.1 nd2 1:115.601359 LG1a 61.1
Tyrosinase (c-locus) AF210660 1c 1:127.563000 LG1a 136.3 60.9
INRACCDDV0136 AJ874476 nd2 1:129.254095 LG1a 70.5
D1Utr4 AF389353 1c 1:140.830836 LG1a 74.4 LG1a 152.4 67.3
INRACCDDV0302 AJ874624 nd2 UN0035:2.586312 LG1a 88.8
INRACCDDV0169 AJ874508 1q21.5k 1:158.578780 LG1a 90.4 LG1a 176.5
D1Utr5 AF389357 1c 1:167.752362 LG1a 96.0 86.9
D1Utr6 AF389354 1q24-q26c,f 1:185.813547 LG1a 110.6 97
INRACCDDV0298 AJ874620 1q27distk UN0303:119096 LG1a 126.8 nl3
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 2
INRACCDDV0192 AJ874530 2p21.3distk 2:29.010004 LG2a 0.0 nl3

INRACCDDV0096 AJ874439 2q14distk 2:97.960977 LG2a 0.0
INRACCDDV0173 AJ874511 2q14-q25k 2:103.450832 LG2a 41.4 nl3

INRACCDDV0070 (TGFA) AJ874414 2q21e 2:115.725659 LG2a 8.8
INRACCDDV0077 (FSHR) AJ874421 2q22h 2:137.458194 LG2a 72.7

Chromosome 3
D6L3H10 AF421925 nd2 UN0969:35647 LG3a 0.0
INRACCDDV0036 (CD14) AJ874398 3p21proxh 3:22.734617 LG3a 26.4 LG3a 0.0
INRACCDDV0159 AJ874499 nd2 3:31.608853 LG3a 34.9
D3Utr2 AF421903 3i 3:36.821929 LG3a 12.6 0.0
D3Utr1 Z54345.1 3i 3:41.628443 5.2
INRACCDDV0110 AJ874452 nd2 3:51.793955 LG3a 49.5
INRACCDDV0111 AJ874453 nd2 3:51.794186 LG3a 50.1
Sat5 X99887 nd2 3:52.120053 LG3a 50.7
Sol33 X94683 3q11i 3:67.506294 LG3a 54.6 16.0
INRACCDDV0158 AJ874498 nd2 3:67.808093 LG3a 54.6
INRACCDDV0225 (ASPH) AJ874558 3q16h 3:89.390826 LG3a 59.5
INRACCDDV0129 AJ874470 nd2 3:97.054015 LG3a 72.0
Sat3 (PLP2/PMP2) J03744 3q14-3q15i,f 3:97.128709 LG3a 72.0 24.6
D3Utr3 AJ874396 3i 3:130.580965 43.3
INRACCDDV0203 AJ874540 3q22-q23k 3:132.701292 LG3a 90.5 nl3

Chromosome 4
INRACCDDV0340 (NCOA6) AJ874657 4p13k 4:4.997753 LG4a 0.0
INRACCDDV0314 (PRNP) AJ874635 4p13h 4:11.430617 LG4a 16.6
INRACCDDV0333 (PRNP) AJ874650 4p13h 4:11.438746 LG4a 19.7
INRACCDDV0022 (ERBB3) AJ874385 4q11h 4:39.642327 LG4a 30.8 LG4b 0.0
INRACCDDV0040 (ERBB3) AJ874400 4q11h 4:39.692417 LG4a 31.3
D6L2H3 AF421920 nd2 UN0016:1.423853 LG4a 32.2
INRACCDDV0100 AJ874442 4l 4:40.214873 LG4a 33.9 nl3

INRACCDDV0182 AJ874520 4q13k 4:47.789199 LG4a 36.6 LG4a 0.0
INRACCDDV0090 AJ874433 nd2 4:53.765969 LG4b 26.6
INRACCDDV0248 (PMCH) AJ874579 4q15.1-q15.2h 4:81.470379 LG4b 0.0 LG4b 68.4
INRACCDDV0228 AJ874561 4l UN0068:787523 LG4b 52.5 LG4a 0.0
INRACCDDV0194 AJ874532 nd2 UN0112:177215 LG4b 61.5

Continued
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Table 4.1. Continued.

Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 5
INRACCDDV0282 AJ874606 5l UN0660:37685 LG5a 0.0 LG5a 0.0
D5Utr4 AF421907 5i UN0091:788280 LG5a 11.3 0.0
D5L1C3 AF421908 nd2 UN0024:2.971584 LG5a 21.6
D5Utr3 AF421905 5i 5:2.065870 LG5a 43.7 1.5
INRACCDDV0142 AJ874482 5l 5:3.956473 LG5a 22.2 LG5a 32.7
D5Utr2 AF421913 5i UN0024:544852 LG5a 26.0 6.7
Es-1 - 5i nd 18.9
D5Utr1 (MT1) X07791 5i 5:12.933984 19.6
Est-2 - 5i nd 26.6
Est4, Est6 - 5i nd 28.5
EstX - 5i nd 33.0
HP - 5i nd 37.0
INRACCDDV0039 (LCAT) AJ874399 5q14h 5:23.468490 LG5a 54.2
INRACCDDV0211 (HAS3) AJ874545 5q14h 5:24.513058 LG5a 64.2 LG5a 77.7

Chromosome 6
D6Utr1 (HBA) M74142 6i UN0452:119139 81.4
INRACCDDV0290 AJ874613 6p14proxk 6:4.700318 LG6a 0.0 LG6a 0.0
INRACCDDV0287 AJ874610 nd2 6:7.089687 LG6a 4.7
D6Utr2 AF421922 6i 6:9.765056 LG6a 14.9 42.6
D6L2F1 AF421919 nd2 6:16.072792 LG6a 23.4
INRACCDDV0214 (EIF3S8) AJ874548 6p12proxh 6:18.674086 LG6a 27.8 LG6a 34.2
D6L2B5 AF421918 nd2 UN0054:856279 LG6a 29.1
INRACCDDV0120 AJ874462 6q12proxk 6:26.244933 LG6a 30.5
D6Utr3 AF421915 6i UN0163:156403 29.1
D6Utr4 AF421916 6i 6:25.038137 LG6a 31.6 LG6a 26.4 16.6
D6Utr5 AF421923 6i UN0062:567 0.0
INRACCDDV0292 AJ874615 6l UN0150:40539 LG6a 41.8
INRACCDDV0187 AJ874525 6l X:33.398793 LG6b 0.0
INRACCDDV0213 (PRKCB1) AJ874547 6p12-p13h X:9.618638 LG6b 7.7
INRACCDDV0127 AJ874468 6l X:24.702536 LG6b 45.9
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 7
D7Utr1 (TCRB) M26312 7i UN0060:1.646812 0.0
D7Utr6 (PODXL) NM001082766 7i 7:10.098532 LG7a 0.0 23.9
INRACCDDV0311 (CALU) AJ874633 7p21proxk 7:15.768489 LG7a 2.9
INRACCDDV0231 (GPR37) AJ874564 7p21-p12h 7:19.767546 LG7a 5.2
INRACCDDV0221 (GPR37) AJ874555 7p21-p12h 7:19.825055 LG7a 8.9 nl3

Sat12 X99891 nd2 7:30.647593 LG7a 17.7
INRACCDDV0093 AJ874436 nd2 7:41.036817 LG7a 22.7
D7L2F2 AF421933 nd2 7:60.680119 LG7a 29.6
INRACCDDV0323 (PROC) AJ874642 7q14k 7:59.306464 LG7a 30.5
INRACCDDV0336 (PROC) AJ874653 7q14k 7:59.289400 LG7a 33.7
D7Utr2 AF421934 7i 7:80.549370 67.7
INRACCDDV0163 AJ874502 7q21distk 7:117.531438 LG7a 68.0 nl3

INRACCDDV0164 AJ874503 nd2 7:117.531629 LG7a 69.3
D7Utr3 AF421935 7i 7:118.659538 LG7a 70.9 87.9
MSTN A7LH84 nd2 7:130.429151 LG7a 75.9
D7Utr4 AF421932 7i 7:151.015154 LG7a 88.1 102.2
D7L1B10 AF421926 nd2 7:157.320400 LG7a 90.8
INRACCDDV0092 AJ874435 7q25k 7:157.491661 LG7a 92.4
D7Utr5 AF421930 7i 7:161.912736 LG7a 96.2 108.6
D12L1H3 AF421943 nd2 7:167.212085 LG7a 98.1

Chromosome 8
INRACCDDV0276 AJ874602 8l UN1449:7894 LG8a 0.0
INRACCDDV0074 AJ874418 8l 8:37.469977 LG8a 0.0 LG8a 20.1
INRACCDDV0080 (SLC6A12) AJ874423 8p12h 8:37.478525 LG8a 0.0
INRACCDDV0087 (SLC6A12) AJ874430 8p12h 8:37.475734 LG8a 0.7 LG8a 52.1
INRACCDDV0165 AJ874504 nd2 UN0007:2.539579 LG8a 6.1
INRACCDDV0341 (TPT1) AJ874658 8q13.3-q21k 8:56.020048 LG8a 19.0 LG8a 80.1
INRACCDDV0021 (SLC15A1) AJ874384 8q24h 8:100.476949 LG8a 49.6 LG8a 119.7
INRACCDDV0157 AJ874497 8p11k 8:45.058626 nl3

Continued
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 9
INRACCDDV0184 AJ874522 9l UN0005:3.059813 LG9a 0.0 LG9a 0.0
D0Utr16/ D12L1C2 AF421939 nd2 UN0005:220525 LG9a 10.0
INRACCDDV0005 (GPX1) AJ874371 9p13h 9:16.925406 LG9a 33.3
INRACCDDV0274 (ITIH3) AJ874600 9p13proxh 9:19.829246 LG9a 35.5 LG9a 32.8
INRACCDDV0296 (NPC1) AJ874618 nd2 9:29.041225 LG9a 44.6
INRACCDDV0016 (NPC1) AJ874380 9q13h 9:64.721594 LG9a 60.2
INRACCDDV0010 AJ874375 9q13h 9:64.784532 LG9a 60.2 LG9a 87
INRACCDDV0146 AJ874486 9l 9:66.056608 LG9a 61.5 LG9a 49.6
INRACCDDV0344 (MAPRE2) AJ874660 9q14.2k 9:76.418691 LG9a 73.1
INRACCDDV0155 AJ874495 9q15.1k 9:87.333291 LG9a 87.9 LG9a 119.5
INRACCDDV0200 AJ874537 9q15.3k 9:96.072343 LG9a 152.5
INRACCDDV0017 (CYB5) AJ874381 9q17e 9:114.418655 LG9a 102.4 LG9a 194.7

Chromosome 10
INRACCDDV0138 AJ874478 10q12k 10:3.394692 nl3

INRACCDDV0004 (CALR) AJ874370 10p12e UN0287:20813 LG10a 0.0
INRACCDDV0006 (ICAM5) AJ874372 10p12h UN0135:129426 LG10a 13.5
INRACCDDV0145 AJ874485 nd2 10:13.560088 LG10a 31.4
Sat7 X99888 nd2 10:21.599399 LG10a 41.7
INRACCDDV0025 (STK17A) AJ874388 10q15h 10:26.306649 LG10a 44.6
INRACCDDV0076 (DLX5) AJ874420 10q15h 10:32.224844 LG10a 50.1
D10Utr1 (WAP) NM_001082390 10a 10:45.322775 LG10a 65.6
INRACCDDV0304 (EGFR) AJ874626 10q16terk 10:45.727001 LG10a 74.6 nl3

Chromosome 11
INRACCDDV0183 AJ874521 11p11.1-p11.2k 11:27.133319 LG11a 0.0 LG11a 0.0
INRACCDDV0108 AJ874450 11q13proxk 11:52.391639 LG11a 10.2 nl3

INRACCDDV0086 (GHR) AJ874429 11q13e 11:63.633971 LG11a 31.9
INRACCDDV0237 (NNT) AJ874570 11q13-q14h 11:64.364077 LG11a 19.6 LG11a 66.0

Table 4.1. Continued.
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 11
INRACCDDV0072 (DSP) AJ874416 12p15proxh 12:1.341026 nl3

D12L4A1 AF421945 nd2 UN0049:776653 LG12a 0.0
D12L1E11 AF421941 nd2 UN0017:1.450742 LG12a 9.9
INRACCDDV0191 AJ874529 nd2 12:12.395105 LG12a 25.9
D12Utr1 (RLADPA1) M22640 12q11d 12:23.542148 LG12a 29.6 0.0
OCRLADF4 (RLADF4) X60986 nd2 UN0072:11751 LG12a 32.0
INRACCDDV0260 (RNGTT) AJ874590 12q15h 12:75.751148 LG12a 4.5
INRACCDDV0201 AJ874538 12q16k 12:77.126750 LG12a 64.6 LG12a 0.0
D12Utr2 AY095444 12i 12:90.608707 LG12a 4.5 31.5
INRACCDDV0176 AJ874514 12q23distk 12:128.433337 LG12a 94.5 nl3

Chromosome 13
INRACCDDV0198 AJ874536 nd2 13:4.371301 LG13a 0.0
INRACCDDV0230 AJ874563 14p11distk 13:10.557452 LG13a 8.7
INRACCDDV0219 (MYH11) AJ874553 6p12-p13h 13:10.596261 LG13a 8.7
INRACCDDV0106 AJ874448 13l 13:12.692600 LG13a 12.4 LG13a 0.0
OCELAMB (ELAMB) M91004 nd2 13:21.851839 LG13a 15.0
INRACCDDV0297 AJ874619 13q21proxk 13:26.717719 LG13a 16.3 LG13a 48.6
OCCRP (CRP) M14538.1 nd2 13:33.404947 LG13a 23.4
INRACCDDV0293 AJ874616 nd2 13:33.420599 LG13a 26.6
INRACCDDV0027 (CD1B) AJ874390 13q21h 13:34.788232 LG13a 27.9 LG13a 62.5
INRACCDDV0153 AJ874493 nd2 13:42.013148 LG13a 35.3
INRACCDDV0139 AJ874479 13l 13:47.564061 LG13a 38.3 LG13a 84.6
INRACCDDV0270 (BCAS2) AJ874596 13q22-q23h 13:49.682570 LG13a 40.0
INRACCDDV0177 AJ874515 13l 13:57.547003 LG13a 47.9 LG13a 102.8
INRACCDDV0137 AJ874477 13l 13:63.908.025 LG13a 109.4
INRACCDDV0342 AJ874659 13q26-q27k 13:95.525.834 LG13a 150.7
INRACCDDV0289 AJ874612 13l 13:111.882614 LG13a 76.4 LG13a 214.8
INRACCDDV0014 (SLC2A1) AJ874378 13q31-q32e 13:123.935975 LG13a 84.9 LG13a 181.5
INRACCDDV0151 AJ874491 13l UN0006:4.131875 LG13a 91.7 LG13a 180.5
INRACCDDV0291 AJ874614 13l UN0006:5.102365 LG13a 95.0 LG13a 243.3
INRACCDDV0310 (PTAFR) AJ874632 13q33k 13:137.381150 LG13a 99.2

Continued
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 14
INRACCDDV0112 AJ874454 14l 14:14.651472 LG14a 0.0
INRACCDDV0337 (SIAH2) AJ874654 14q13proxj 14:44.599073 LG14a 0.0 LG14a 34.9
INRACCDDV0166 AJ874505 14q13proxk 14:47.396502 LG14a 37.2
INRACCDDV0313 (HES1) AJ874634 14q21proxh 14:89.981493 LG14a 37.4 nl3

INRACCDDV0140 AJ874480 14q23k 14:121.357640 LG14a 50.8 LG14a 70.3
INRACCDDV0241 (TIAM1) AJ874574 14q25h 14:161.237466 LG14a 79.6 LG14a 92.4
INRACCDDV0162 AJ874501 14l UN0209:452477 LG14a 86.6 LG14a 108.2

Chromosome 15
INRACCDDV0101 AJ874443 15l 11:35.511688 LG15a 0.0
INRACCDDV0103 AJ874445 nd2 UN0003:7.861545 LG15a 0.0
INRACCDDV0286 AJ874609 15q11.3l 15:18.057583 LG15a 14.9 LG15a 47.6
INRACCDDV0125 AJ874466 15l 15:20.804619 LG15a 17.3 LG15a 24.9
INRACCDDV0143 AJ874483 15q12k 15:108.340756 LG15a 23.3 nl3

INRACCDDV0091 AJ874434 nd2 15:35.956631 LG15a 37.7
INRACCDDV0288 AJ874611 15l 15:53.373658 LG15a 46.9 LG15a 64.7
INRAL (Angora) 15l nd LG15a 69.4
INRACCDDV0115 AJ874457 nd2 15:60.785483 LG15a 51.9
INRACCDDV0044 (ALB) AJ874402 15q23h 15:76.663725 LG15a 62.2
INRACCDDV0306 (GC) AJ874628 15q23distk 15:78.231304 LG15a 62.2
INRACCDDV0303 (SLC4A4) AJ874625 15q23distk 15:78.678247 LG15a 63.4 LG15a 136.1
INRACCDDV0035 (CSN3) AJ874397 15q23disth 15:79.715078 LG15a 115.2
Sat2 (CSN1S1) M77195 nd2 15:79.905947 LG15a 63.4
OCAS1CG (CSN1S1) AY284844.1 nd2 15:79.905947 LG15a 63.4
INRACCDDV0018 (CSN1S1) AJ874382 15q23e 15:79.939447 LG15a 64.3
INRACCDDV0294 AJ874617 15l UN0015:2.339043 LG15a 78.7 LG15a 90.0

Table 4.1. Continued.
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

Chromosome 16
INRACCDDV0148 AJ874488 16p12.1k 16:2.262135 LG16a 0.0 LG16a 0.0
INRACCDDV0279 AJ874604 nd2 16:23.048782 LG16a 29.4
INRACCDDV0105 AJ874447 16l 16:54.615243 LG16a 32
INRACCDDV0185 AJ874523 16q23k 16:82.956921 LG16a 91.2 LG16a 74.4

Chromosome 17
INRACCDDV0031 (CA12) AJ874394 17q12h 17:8.874666 LG17a 0.0
INRACCDDV0172 AJ874510 17q21distk 17:55.188981 LG17a 0.0 LG17a 33.2
INRACCDDV0217 (GMFB) AJ874551 17q23proxh 17:73.200829 LG17a 10.6
Sat8 X99889 nd2 17:78.000869 LG17a 15.1

Chromosome 18
INRACCDDV0280 AJ874605 18q12proxk 18:3.817803 LG18a 0.0 nl3

INRACCDDV0218 (ARFGEF1) AJ874552 3q14h 18:68.515123 LG18a 8.7
INRACCDDV0119 AJ874461 18q21.1k 18:8.195053 LG18b 0.0
INRACCDDV0123 AJ874464 18l 18:9.868534 LG18a 19.0 LG18b 8.1
INRACCDDV0188 AJ874526 18l 18:23.594801 LG18a 36.7 LG18a 0.0
INRACCDDV0190 AJ874528 18q22-q23k 18:32.532845 LG18a 0.0
INRACCDDV0258 (MINPP1) AJ874588 18q23h 18:35.388785 LG18a 43.3
INRACCDDV0029 (CYP2C18) AJ874392 18q31h 18:42.614826 LG18a 48.5
INRACCDDV0023 (CYP2C18) AJ874386 18q31h 18:42.669764 LG18a 48.5 LG18b 53.9
INRACCDDV0063 (CYP2C18) AJ874409 18q31h 18:42.699522 LG18a 48.5
D0Utr10 (CYP2C4) M74203 18q24f 18:43.242464 LG18a 48.6
INRACCDDV0256 (MSN) AJ874586 Xq12proxh 18:52.168480 LG18a 53.4
INRACCDDV0104 AJ874446 18l 18:52.711932 LG18b 64.4
INRACCDDV0168 AJ874507 18l 18:59.695227 LG18a 57.7 LG18b 47.0

Chromosome 19
D19Utr2 AF421952 19i 19:4.820808 0.0
INRACCDDV0234 (NDEL1) AJ874567 19q12.3h 19:10.884688 LG19a 0.0 LG19a 0.0
D19Utr1 (ALOX) M33291 19i 19:12.174077 14.0
D19L1E12 AF421950 nd2 19:23.208880 LG19a 19.7
INRACCDDV0102 AJ874444 19l 19:24.412844 LG19a 21.8 LG19a 25.2
INRACCDDV0094 AJ874437 19q21proxk 19:36.155753 LG19a 30.9 LG19a 36.3
D19Utr3 AF421951 19i 19:37.973556 LG19a 34.6 42.0
INRACCDDV0071 (KRT12) AJ874415 19q21h 19:41.957794 LG19a 36.9 LG19a 45.9

Continued
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Marker symbol
(associated gene)

Accession
number

Localization
(Literature)

Physical position
Chr.: Mb (start)1

Linkage
group

Berlin Map
Position

(cM)
Linkage
group

INRA Map
Position

(cM)

Utrecht Map 
Position

(cM)

INRACCDDV0033 (ITGB3) AJ874396 19q21h 19:46.768982 LG19a 52.5
INRACCDDV0193 AJ874531 19l 19:55.797718 LG19a 54.2 LG19a 60.4
Es-3 19i nd 77.5
D19Utr4 AF421949 19i nd LG19a 67.8 84.5

Chromosome X
INRACCDDV0213 (PRKCB1) AJ874547 6p12proxh X:9.618638 LGX 0.0
INRACCDDV0127 AJ874468 6l X:24.702536 LGX 18.1
INRACCDDV0126 AJ874467 nd2 X:24.702290 LGX 19.6
DXUtr1 AF389361 Xc UN0085:798734 LGX 119.6
INRACCDDV0084 (TGFB3) AJ874427 20q12e X:108.830383 LGX 139.7

Table 4.1. Continued.

1 (http://www.ensembl.org/Oryctolagus_cuniculus/, accessed 30 December 2020), Ensembl 73, oryCun2.0);
2 nd = not determined;
3 nl = not linked;
a Rogel-Gaillard et al. (2000);
b Korstanje et al. (2001a);
c Korstanje et al. (2001b);
d Rogel-Gaillard et al. (2001);
e Hayes et al. (2002);
f Zijlstra et al. (2002);
h Chantry-Darmon et al. (2003);
i Korstanje et al. (2003):
j Chantry-Darmon et al. (2005a);
k Chantry-Darmon et al. (2005b);
l Chantry-Darmon et al. (2006).
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Some discrepancies among the published linkage 
maps and the assignment of  the markers to the 
chromosomes can be deduced from the  reported 
data. Fig. 4.3 illustrates an example of  integrated 
linkage and physical maps for chromosome 1 
(OCU1).

4.4.3 Physical versus genetic maps

In the age of  whole-genome sequences, physical 
distances measured in base pairs of  nucleotides 
provide the standard coordinates for navigating 
the positions and structures of  the genome. Al-
though genetic and physical maps are colinear, 
well-characterized differences and heterogen-
eities in the average frequency of  meiotic recom-
bination events that occur along chromosomes 
were detected within a genome and also between 
populations (Cox et al., 2009).

For the rabbit genome, the relationship be-
tween genetic and physical maps is shown in Fig. 4.4. 
Although the average translation of  the genetic to 
the physical distance in the rabbit is about 1 
megabase to 1 centiMorgan (Table 4.2), there are 
remarkable differences in the recombination land-
scape between the three most widely used mapping 
populations (INRA, Berlin, Utrecht). The INRA 
population, consisting of  a three-way cross, har-
bours more recombinations than the two other 
populations which are classical intercross popula-
tions between two breeds. This is best documented 
for chromosomes 1 and 13, where many markers 
were mapped in all mapping populations. The 
translation between genetic and physical maps is 
very similar in the two other crosses. For chromo-
somes, where only a few markers were mapped 
and these markers differed between the different 
populations, the map conversion is less well docu-
mented. Single markers which are highly deviant 
from the linear relationship, which can be found 
on several chromosomes (e.g. chromosomes 5, 6, 
11, 15, 18) are most likely mapped to the wrong 
genetic position. The knowledge of  the relationship 
between genetic and physical maps helps to cor-
rectly reconstruct the whole genome physical map.

4.5 QTL Studies in Rabbits

The described genetic maps constituted by DNA 
markers were used to design experimental studies 

that could identify chromosome regions har-
bouring variants affecting phenotypic traits 
(QTL). These traits might have a direct economic 
relevance (carcass composition and meat qual-
ity) or could be relevant in biomedical studies. 
Despite the relevance of  this species in several 
fields, only a few QTL studies have been produced 
so far. However, classical QTL studies in the 
European rabbit based on reference populations 
are expected to be substituted by genome-wide 
association studies due to the availability of  a 
commercial high-throughput SNP genotyping 
platform (e.g. Sosa-Madrid et  al., 2020). Other 
studies aimed to identify markers associated 
with several traits were based on variability in 
candidate genes. These studies are presented in 
the chapters dealing with different traits.

4.5.1 QTL studies for carcass 
 composition and meat-quality traits

Up to now, only one QTL mapping study for car-
cass composition and meat-quality traits was 
performed in rabbits in a crossbred population of  
Giant Grey and New Zealand White (Sternstein 
et al., 2015). On the basis of  the generated gen-
etic map (as described above), a highly significant 
QTL for different carcass weights was identified 
on chromosome 7, a significant QTL for bone 
mass was found on chromosome 9 and another 
one for drip loss on chromosome 12. Additional 
suggestive QTL were found on almost all chromo-
somes. The identified QTL explained 2.5% to 
14.6% of  the phenotypic variance in the F

2 popu-
lation. The results provide starting points for fine 
mapping and candidate gene search for carcass 
composition and meat-quality traits in the rabbit.

4.5.2 QTL studies for atherosclerosis 
and hypercholesterolemia

Beside the agricultural use, the rabbit often is 
used as a model animal for human research. For 
this purpose, different rabbit inbred lines have 
been developed. To analyse the genetic determin-
ants for dietary cholesterol susceptibility, two 
rabbit inbred strains (AX/JU and IIIVO/JU) with 
different dietary cholesterol reactivity were used 
to generate an F

2 intercross population (Korstan-
je et  al., 2001b) and a backcross population 
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Fig. 4.3. Linkage groups of the rabbit assigned to chromosome 1 (OCU1) according to the linkage mapping results in the pedigrees Giant Grey x New Zealand 
White (Berlin-Map, Sternstein et al., 2015), INRA2066, Castor Orylag and Laghmere (INRA-Map, Chantry-Darmon et al., 2006) and AX/JU and IIIVO/JU 
(Utrecht-Map, Korstanje et al., 2001a, 2003). From left to right, the maps are the cytogenetic map with band numbers, Berlin-Map, INRA-Map, Utrecht-Map with 
distances between markers in centiMorgan (cM), physical map with megabase pairs (Mb) scale, Ensembl version 74, oryCun2.0. Genetic markers that were 
used in two or more maps are connected by lines.
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Fig. 4.4. Relationship between physical and genetic maps of all chromosomes. The genetic map (x-axis) is given in centiMorgans (cM), the physical map is given 
in megabases (Mb). Every dot, triangle or square represents a marker mapped in the Giant Grey x New Zealand White (Berlin) population, the INRA2066, Castor 
Orylag and Laghmere (INRA) population and AX/JU x IIIVO/JU (Utrecht) population. Information was reported only for the chromosomes where the number of 
genetically mapped markers could allow to define a meaningful relationship.
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(Van Haeringen et al., 2001). Using microsatel-
lites and biochemical markers a sex-specific QTL 
for the degree of  aorta atherosclerosis was ob-
served on LGVI (OCU5) in the F2 intercross popu-
lation (Korstanje et al., 2001b). The finding was 
further supported by the identification of  a QTL 
for basal serum HDL cholesterol on the same 
linkage group, using the AFLP technology in the 
backcross population (Van Haeringen et  al., 
2001). In addition to this, a male genetic map 
was constructed, consisting of  12 linkage groups 
and 103 AFLP markers in a backcross popula-
tion of  the AX/JU and IIIVO/JU inbred strains 
(Van Haeringen et  al., 2002). Linkage analysis 
between the cholesterol-related traits and 
marker loci revealed a significant QTL for the 
relative weight of  adrenal glands in males and 
suggestive linkages were found for basal serum 
total cholesterol levels in females, for serum total 
cholesterol response in males, and for hemato-
crit in males (Van Haeringen et al., 2002).

4.6 Concluding Remarks

The generation of  the physical and genetic 
maps provides accurate information about 

the consecutive order of  markers and genes 
along the chromosomes in the genome of  
different species. The genetic maps of  the 
European rabbit, compared to the genetic 
maps available in other species, are still 
quite primitive. Comparative mapping pro-
cedures between humans and rabbits might 
still be useful, considering that the rabbit 
genome version needs to be refined by as-
signing and placing scaffolds in established 
chromosome contigs. The integration of  the 
rabbit genetic maps with SNPs data from the 
commercial high-throughput genotyping 
platform is also needed. Genetic maps have 
been successfully used to identify genomic 
regions affecting growth, carcass and fertil-
ity traits and other biomedically relevant 
traits. At present there is no QTL database 
for this species to gather all related informa-
tion. This is mainly due to the limited num-
ber of  studies that have been carried out on 
this matter in this species. More studies are 
expected in the future and it would also be 
useful to develop for the European rabbit a 
QTL database integrating  results from QTL 
studies, genome-wide association studies 
and candidate gene analyses.

Table 4.2. Chromosomal recombination rate (cM/Mb). Information was reported only for the chromosomes 
where the number of genetically mapped markers could allow to estimate this ratio.

LG/ OCU INRA-Map Berlin-Map Utrecht-Map

1 1.13 0.63 0.53
2 0.50 0.67 –
3 0.89 0.58 0.46
4 1.64 0.86 –
5 2.19 2.04 1.67
6 1.30 1.55 1.70
7 – 0.62 0.56
8 1.58 0.79 –
9 1.71 0.71 –
10 – 1.34 –
11 1.77 0.53 –
12 0.33/ 3.27 0.59 0.47
13 1.63 0.75 –
14 0.63 0.68 –
15 2.61 0.80 –
16 0.92 1.13 –
17 0.72 0.66 –
18 0.91 1.03 –
19 1.34 1.21 1.27
X 2.53 1.41 –

Average 1.45 0.93 0.95
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5.1 Introduction

It is likely that more than 1% of  the protein- 
coding genes in the rabbit genome participate in 
some aspects of  the immune system. This chap-
ter on immunogenetics in the rabbit cannot in-
clude descriptions of  all such genes but will 
focus on some genes with genetic and genomic 
sequence information including those encoding: 
soluble circulating immunoglobulin molecules 
(Igs) and their surface-bound forms on B lympho-
cytes (BCRs); T-cell receptors on T lymphocyte 
surfaces, (TCRs); the rabbit Leukocyte Antigen 
(RLA) complex (proteins on cells that function to 
present antigen fragments to TCRs); and some 
cytokine genes that encode key regulators of  
T- and B-cell responses. A recent description of  
Lagomorph immunology can be found in Pinhei-
ro et al. (2016).

Immunogenetic studies add to understand-
ing of  diseases that result from abnormalities of  
the immune system as well as the roles that genes 
play in responses to infectious diseases. Specific 
immune responses include those against foreign 
antigens present on or in viruses, bacteria, fungi, 
and parasites that cause infections, as well as 
 responses to vaccines developed to protect against 
some of  the infectious diseases they cause. Aller-
gic diseases also reflect specific  immune responses 
to a wide array of  environmental allergens that 

lead to allergic reactions such as asthma, hives 
and other forms of  dermatitis. Silverstein 
(2001) provides a valuable historical perspective 
on early concepts in immunology. Paul Ehrlich 
used the term ‘horror autotoxicus’ at the begin-
ning of  the 20th century to describe the observa-
tion that destructive antibodies are not normally 
produced against our own cells and tissues. How-
ever, we now know that T-cell and B-cell toler-
ance must be established and maintained to 
avoid development of  serious autoimmune dis-
eases when immune responses are directed 
against self-antigens on or in an individual’s own 
cells and tissues.

The rabbit has long been used as an animal 
model for infectious, cardiovascular and auto-
immune diseases (Rogel-Gaillard et  al., 2009). 
Unusual or unique features of  rabbit B-lympho-
cyte development and sequence diversification 
during immune responses contribute to their 
ability to produce protective antibodies. Rabbit 
antibodies to a large number of  target antigens 
are commercially available because they are 
very stable reagents with high specificity and af-
finity. Polyclonal products are developed for 
basic research, as well as by biotech companies 
that provide reagents for basic and clinical tests, 
and by pharmaceutical companies for thera-
peutics; e.g. Thymoglobulin (reviewed in Deeks 
and Keating, 2009). These efforts will benefit 
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from the draft assembly of  the Oryctolagus cunic-
ulus whole genome sequence (oryCun2.0; GCA 
000003625.1. Nov/ 2009) and first whole gen-
ome analyses (Carneiro et  al., 2014). Rabbit 
monoclonal antibodies (mAbs) are reviewed by a 
few authors (Rader, 2009; and Weber et al., 2017).

A multi-authored review (Esteves et al., 2018) 
describes some of  the many diseases for which rab-
bits are among the best or only animal model of  
human diseases. Rabbits are also used for investi-
gations of  autoimmune diseases such as Systemic 
Lupus Erythematosus (Mage and Rai, 2012).

Even greater benefit will come from im-
provements of  the current assembly and annota-
tion of  gene sequences in this and new sequences 
from rabbits of  different breeds. OryCun2.0 is a 
high-quality draft assembly of  Chromosomes 
1-22 and X, but with only 6.51x coverage and 
3218 unplaced scaffolds (chrUn), the assemblies 
of  scaffolds and chromosomes have numerous 
small and some very large gaps in regions with Ig 
and other immune system-related genes. Ory-
Cun2.0 DNA was from a single female rabbit of  a 
partially inbred strain that is now extinct. These 
Thorbecke rabbits had developmental anomalies 
and were more susceptible to experimental infec-
tion with Mycobacterium tuberculosis than nor-
mal rabbits such as New Zealand White (NZW) 
(Dorman et al., 2004; Mendez et al., 2008). For-
tunately, an important cluster of  cytokine genes 
was included in the 1% of  human genome se-
quence targeted for comparative sequencing as 
part of  a pilot phase of  the ENCODE project 
(Margulies et  al., 2007). The additional assem-
bled genomic sequence used DNA from an NZW 
rabbit (Accession: PRJNA13686 ID: 13686). 
This allowed comparisons of  independent as-
semblies of  the region from two rabbits (Gertz 
et al., 2011). Unfortunately, the ENCODE project 
did not include Ig, TCR and MHC genes.

5.2 Immunoglobulins (Igs)

5.2.1 Genes encoding Igs

A detailed review of  information available in 
2006 was published (Mage et al., 2006).

With the completion of  the oryCun2.0 se-
quence and assembly, additional information is 
now available (Gertz et al., 2013). At the time of  

this writing, the last updated new information 
about Ig genes in oryCun2.0 was added to the 
International ImMunoGeneTics Information 
System site (IMGT) on 12 March 2013 at http://
imgt.org/IMGTveterinary/#Rabbit (accessed  
28 February 2021).

5.2.1.1 Definitions

Table 5.1 lists some terms used to describe the 
genes that rearrange to encode mRNA that is 
spliced to then encode the final structures of  Ig 
molecules.

A series of  gene rearrangements occur be-
fore mRNA can be transcribed, processed, and 
proteins expressed. For heavy chains, one of  the 
diversity (DH) genes must rearrange to one of  
the joining (JH) genes. In rabbits the VH1a allo-
type-encoding gene closest to the DH genes 
(Becker and Knight, 1990) usually rearranges 
to form VHDHJH. The joins must be in frame, i.e. 
the codon at the join must be in the same trans-
lational frame across the join. Once a functional 
rearrangement has occurred, rearrangement on 
the second chromosome is inhibited. Individual 
Ig-producing cells thus express the functional 
products of  the rearrangement on only one 
chromosome (allelic exclusion). This also applies 
to kappa or lambda light chains where a V gene 
must rearrange to a J gene and produce an in-
frame product. Rabbit Ig proteins are produced 
as both cell surface receptors (BCRs) on B cells 
and as molecules secreted from mature B cells 
and plasma cells. BCRs have transmembrane and 
cytoplasmic portions of  the heavy-chain con-
stant regions that are encoded by additional 
exons. Production of  surface or secreted protein 
depends on alternative splicing of  mRNA. Com-
plexes of  specialized proteins including VDJ re-
combination-activating proteins RAG 1 and RAG 
2 are required for gene rearrangements to form 
both BCRs and TCRs. At some stages of  B-cell and 
T-cell development the enzyme terminal deoxy-
nucleotidyl transferase (TdT) adds non-templat-
ed bases not present in the genome (N regions) 
during gene rearrangements at the junctions of  
V to D and D to J and/or V to J. Further diversifi-
cation of  the rearranged sequences occurs in B 
cells by somatic hypermutation and gene conver-
sion, but this does not occur in T-cells. Activation 
Induced Deaminase (AID) is required for both 
types of  sequence diversification as well as for 
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class switching that results in the rearranged 
VDJ relocating into a new genomic location to 
produce a different class of  Ig.

The Ig classes have constant regions with 
different functional roles such as binding comple-
ment and Fc Receptors (IgM and some IgGs), or 
to receptors on mast cells or basophils (IgE). Rab-
bit Igs are composed of  symmetrical heavy- and 
light-chain pairs usually connected by interchain 
disulfide bonds. IgG in serum and on the cell sur-
face consists of  two such pairs. IgM in secreted 
form has five pairs and includes a joining chain 
(J). Serum IgA is generally dimeric and also con-
tains the J chain. An additional secretory compo-
nent is associated with secretory IgA found in 
the gut. In rabbits, normal development of  gut- 
associated lymphoid tissues (GALT) and produc-
tion of  IgA requires gut flora. Studies in man and 
mice emphasize that IgA plays a key role in 
maintaining gut homeostasis, symbiotic relation-
ships with commensal gut microbes, and protec-
tion against pathogens (Mantis et  al., 2011; 
Brandtzaeg, 2013). The 15 different isotypes of  
IgA in rabbits may have different functional roles 
in different parts of  the body (Spieker-Polet et al., 
1993). Fig. 5.1 shows simplified diagrams of  the 
general organization of  genes encoding Ig heavy, 
kappa and lambda chains in rabbits.

5.2.2 Heavy-chain genes

The heavy-chain-encoding genes were not 
mapped to a chromosome in oryCun2.0. Gertz 
et  al. (2013) identified the location of  IGH 
near the q telomere of  Chromosome 20 by 
fluorescence in situ hybridization (FISH) ana-
lyses on RBP-banded chromosomes. Synteny 
analysis with human chromosome 14 pre-
dicted that orthologous genes in approxi-
mately 3 Mb at the q telomeric end of  rabbit 
chromosome 20 are absent from the assembly. 
Some, but not all, missing genes were found 
on unplaced scaffolds including at least 79 
containing approximately 372 IGHV genes. 
The donor of  DNA used for the oryCun2.0 se-
quence was heterozygous at the heavy-chain 
locus. Thus, the number of  IGHV genes per 
haploid genome is uncertain. The sequence of  
VH1a1 is probably incorrectly placed in the 
oryCun2.0 assembly of  scaffold (chrUn0742) 
because it is surrounded by other VH genes. 
The VH1a2 gene that encodes the VHa2 allo-
type, known to be closest to DH, JH and CH 
genes, is found near one end of  another un-
placed scaffold chrUn0439 that contains the 
genes extending through IGHE that encodes 
IgE (Fig. 5.1a and Fig. 1 in Gertz et al., 2013). 

Table 5.1. Definitions of basic terms and genes that rearrange and assemble to encode rabbit Ig molecules.

Genes                                         Components of Ig molecules encoded (estimated number)

Heavy Chains
IGHV Variable-regions (>200)
IGHD Diversity-regions (14-20)
IGHJ Joining-regions (six - three functional))
IGHM IgM one copy, four constant domains CH1, CH2, hinge region, CH3, CH4
IGHG IgG one copy, three constant domains CH1, hinge region, CH2, CH3
IGHE IgE one copy, four constant domains CH1, CH2, hinge region, CH3, CH4
IGHA IgA 15 copies (isotypes) per haploid genome; CH1+hinge, CH2, CH3
Light Chains
Kappa
IGKV Variable-regions (~100-150)
IGKJ1-5 Joining-regions IGKC1 (five - one functional)
IGKJ1-3 Joining-regions IGKC2 (three - functional associated)
IGKC1 Duplicated constant-region IGKC1
IGKC2 Duplicated constant-region IGKC2
Lambda
IGLV Variable-regions (~43)
IGLJ5 Joining-region
IGLC5 Constant-region
IGLJ6 Joining-region
IGLC6 Constant-region
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Ros et al. (2004)  prepared a BAC library from a 
rabbit of  the VH1a2 allotype. They reported the 
sequences of  BAC clones (GenBank accession 
numbers AY386694, AY386695, AY386696 
and AY386697) that encompass regions con-
taining 34 IGHV, IGHD, IGHJ and the constant 
regions of  IgM, IgG, IgE, and four of  the known 
IgA isotypes. Partial sequencing of  a Fosmid 
clone (AY386698) identified an additional 
IGHA (see Fig. 1 in Gertz et al., 2013). Scaffold 
chrUn0439 does not include the expected 15 
copies of  IGHA genes encoding IgA isotypes. 
Partial matches to some but not all IGHA genes 
were found on four different unplaced scaffolds.

5.2.3 Light chain genes – Kappa and 
Lambda variable and constant regions

The oryCun2.0 donor rabbit was homozygous 
for the IGKC1-encoded allotype b5 and carried 
the two known functional lambda light-chain 
isotypes IGLC5 and IGLC6 that encode sero-
logically detectable variants c21 and c7 (Gertz 
et al., 2013). In the oryCun2.0 assembly, IGKC1, 
IGKC2, IGKJ (Jκ), and associated enhancers are 
on chromosome 2. Fig. 5.1b illustrates the un-
usual duplication of  the kappa light-chain con-
stant regions. The IGKC2 and IGKC1 on 
chromosome 2 in the assembly are in opposite 
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Fig. 5.1. Diagrammatic summary of genomic organization of rabbit Ig genes.
a. Positions shown are on the assembly of chrUn0439 that contains VH1a2 through the region 

 encoding IgE.
b. The duplicated kappa light-chain locus as assembled on Chromosome 2 in oryCun2.0 with positions 

of IGKV, IGKJ, and IGKC genes. The assembly has nine gaps of more than 200 bp (dotted lines). Arrows 
indicate transcriptional orientations. In the central region with dotted lines, the orientation of transcription 
of a few Vk is on the forward strand and the remainder on the reverse strand.

c. The lambda light-chain locus on Chromosome 21. There are 3 Mb missing from the p telomeric end 
of the chromosome in the assembly. Numbers in the current IMGT reference sequences are 3 Mb lower 
because assembled scaffold NW_003159316.1 was used for the IMGT annotations.
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transcriptional orientations about 0.8 Mb 
apart but this may be an underestimate of  the 
distance because of  numerous gaps in the as-
sembly. Arrows indicate the transcriptional 
orientations of  some of  the 94 IGKV (Vκ) genes, 
pseudogenes and gene fragments found on 
chromosome 2. Dotted lines indicate gaps of  
more than 200 bp. A full tabulation of  Vκ in-
cluding the additional 21 Vκ genes in three un-
placed scaffolds is given in online resource Table 
5 of  Gertz et  al. (2013). Lambda light-chain 
genes are assembled on chromosome 21 in a re-
gion syntenic to the human lambda light- chain-
encoding region on human chromosome 22. 
Fig. 5.1c summarizes the locations of  the known 
functional IGLJ5, IGLC5, IGLJ6, IGCL6 and ~43 
Vλ genes or pseudogenes identified on chromo-
some 21. Some IGLC genes are missing, possibly 
due to gaps in the assembly. IGLC gene sequences 
are also found in three unplaced scaffolds. Al-
though the sequences of  half  or more of  the 
heavy chain VH and light-chain Vκ and Vλ genes 
may be listed as ‘non-functional’ pseudogenes, 
these are potentially functional as sources of  
donor sequences in gene conversions that diver-
sify rearranged Ig genes during B-cell develop-
ment and specific immune responses discussed 
in section 3.

5.3 Ig Protein Structure

Table 5.2 lists terms used to describe the struc-
tural basis for recognition of  antigens by anti-
bodies and some key proteins that contribute to 
antibody diversification and Ig functions. Com-
plexities, extensions and exceptions to some 
basic definitions in the table are reviewed in 
 Sela-Culang et al. (2013).

5.3.1 Genetic variants detectable 
with alloantisera (allotypes)

Alloantisera used to detect genetically controlled 
differences in protein products were developed 
by immunization of  one or more individual rab-
bits with purified immunoglobulin of  other 
 rabbit(s). Rabbit genetic variants and allotypes 
provided markers used for documenting allelic 
exclusion and showing that genes encoding the 
V and C regions on the same chromosome are 
usually rearranged intrachromosomally and 
 expressed together (cis expression during re-
arrangement and class switching). Somatic and 
germline recombination between VH and CH 
genes will be discussed further in section 5.3.3.

Table 5.2. Structures of antigens and Igs that contribute to functional interactions.

Term

Variable region (V) Amino terminal first domain of antibody heavy (H) and light (L) chains
CDRs Complementarity determining regions (hypervariable loops)
FR Framework regions that maintain the folded V region structures
Paratope Antibody combining site formed by six hypervariable loops three from VH and three 

from light-chain V domain
Epitope A structure recognized by antibody*
Fab, F(ab’)2 Amino terminal domains VH and CH1 of heavy and light chains**
Fc The CH2 and CH3 constant domains of rabbit IgG ***
Hinge region Sequence usually encoded by a separate exon that provides flexibility of Y-shaped 

N-terminal domains and encodes Cys that connects the heavy chains by one 
disulfide bond in rabbit IgG.

Fv Fragment containing only variable regions of H or L chains
Single-chain Fv H and L chain Fv engineered with a synthetic peptide to reconstitute a combining site

*Antigens may be proteins, carbohydrates, some lipids, and peptides or other small molecules (haptens) 
if coupled to a larger protein or carrier molecule.

**Fab or F(ab’) 2 derive from protease digestion of purified rabbit IgG with Papain or Pepsin.
***Papain digestion also yields crystalline Fc. The CH2 domain has carbohydrate associated with it. Fc 

regions may bind and activate complement as well as a variety of activating or inhibitory receptors on 
other cells of the immune system.
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Lists of  the genetic variants found in com-
mon laboratory rabbit strains can be found in 
Mage et  al. (2006). Additional variants have 
been identified in wild rabbits. Fig. 5.2 shows 
the localization of  common allotypes and vari-
ants found on IgG molecules detectable with 
antisera. Allotypes of  IgG heavy chains include 
allelic VH1a1, a2, a3, other VH collectively 
termed VHn, CH hinge region d11, d12 and 
CH2 e14 and e15, and on kappa chains, allo-
types b4, b5, b6, b9 of  kappa 1 and bas1, bas 2 
of  kappa 2. Alloantisera also detect variants of  
the two functional isotypes of  lambda light-
chain constant region, c7 and c21. Rabbits of  
the now extinct inbred ACEP/J strain at the 

Jackson Laboratory that lacked c7 made anti-
bodies to lambda light chains that we now 
know are encoded by IGLC6. Similarly, some 
rabbits lacking expressed IGLC5 produced anti-
bodies to the c21 type. The schematic diagrams 
of  rabbit IgG molecules in Fig. 5.2 also show 
Fab, hinge and Fc regions and the disulfide 
bonds within and between the heavy and light 
chains. Conventional structures associated 
with IgG bearing lambda or kappa light chains 
associated with Cκ2 are shown in Fig. 5.2a. 
These do not have the unusual interdomain di-
sulfide bond between the Vκ and Cκ regions 
shown in Fig. 5.2b. This extra disulfide bond 
connects a Cys at variable region position 80 in 

ATG
Met
d11
d12
ACG
Thr

VHn (x32, y33, etc.)…
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Fig. 5.2. Locations of variants or allotypes of IGHV, IGHC, IGKC1, IGKC2 and IGLC genes found on 
rabbit IgG.

a. Light chains of CK2 and some CK1 of b9 type have disulfide bonds within the variable and constant 
domains that are typical of most species. The bas1 and bas 2 allotypes were discovered in mutant Basilea 
rabbits that fail to express parental b9 allotype because of a defect in the acceptor site for splicing Jκ to Cκ 
b9 (Lamoyi and Mage, 1985).

b. Light chains of CK1 and some of b9 type have an unusual additional disulfide bond between the 
variable and constant domains of the light chains.
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Vκ genes to a constant region Cys at position 171 
of  the Cκ1 light chains of  rabbits with allotypes 
b4, b5, b6, and some of  the Vκ genes from b9 
rabbits. In the OryCun2.0 assembly of  chromo-
some 2, most Vκ genes or pseudogenes encoded 
the Cys at position 80. Among those surround-
ing IGKC2 and associated IGKJ1, IGKJ2-4 and 
IGKJ3, only two were found to encode Cys 80; 
the others encoded either Ala or Pro. The great 
stability of  rabbit antibodies may in part result 
from stabilization of  kappa 1 light-chain struc-
tures by the unusual inter-domain disulfide 
bond illustrated in Fig. 5.2b. Compared to b4 
rabbits, those of  the rare b9 and mutant bas 
types express a higher proportion of  Vκ that 
lack the Cys 80. Yields of  distinct and specific 
high-affinity Fab increased when rabbits of  
these types were immunized and recombinant 
rabbit–human Fab without the extra disulfide 
bond were generated by phage display (Popkov 
et al., 2003). The Cys at position 80 in most rab-
bit Vκ genes leads to an unpaired thiol group 
that interferes with folding and expression of  
recombinant proteins because the method is de-
signed to generate recombinant chimeric rabbit 
Fab molecules with human Cκ. This method is 
still widely used to generate selected highly spe-
cific high-affinity rabbit mAbs (reviewed in 
Rader, 2009).

5.3.2 Haplotypes and recombinants

Evidence for somatic and germline recombin-
ation between VH and CH (or between IGHM 
and the remaining CH genes within the heavy-
chain locus was reviewed by Kelus and Stein-
berg (1991). Table 5.3 lists some of  the 
haplotypes found in laboratory strains includ-
ing additional allotypic markers on IgM and IgA 
and recombinant haplotypes observed during 
breeding in different laboratories (first reviewed 
in Mage et al., 1982). Additional recombinants 
were reported in Kelus and Steinberg (1991) 
and Mage et al. (1992). The regions encompass-
ing recombination sites were determined by re-
striction enzyme mapping of  DNA from four 
recombinants. Two were found 5’ (R3 and R4) 
and two 3’ (R1 and R2) of  the stretch of  se-
quence containing the DH genes (Newman 
et al., 1991; Mage et al., 1992). Kelus and Stein-
berg (1991) summarized previous observations 

of   recombinations and an additional large-scale 
experiment in their  breeding colony to find re-
combinants between genes of  the IGH locus that 
led to four more  observations and an estimated 
recombination frequency of  0.1%. They dis-
covered that all reported recombinations oc-
curred in the male parent and suggested that 
they occurred during spermatogenesis, possibly 
during the multiple mitotic divisions of  
 spermatogonia.

5.4 B Cell Development and 
 Diversification of Sequences 

 Encoding Igs

5.4.1 Early development of the B-cell 
repertoire

Protective circulating antibodies in newborn 
pups are acquired from the dam via hemochorial 
transplacental transfer and further transfer 
from colostrum, and milk. The development of  
the rabbit’s own B lymphocytes that initiates in 
locations including fetal liver and omentum, 
continues in bone marrow during the perinatal 
period. Ig allotypes were used to measure de-
creases in maternally acquired antibodies. As 
the protection from maternal antibodies wanes 
at about 6 weeks of  age, pups must produce their 
own protective antibodies and are particularly 
vulnerable to infections.

Rabbits and chickens both produce pre- 
immune and specific immune repertoires. A 
T-independent process in chickens initiates in 
the Bursa of  Fabricius (bursa) prior to hatching. 
The crucial bursa-like role of  appendix and 
other GALT in rabbit initiates after birth. Surgi-
cally or hormonally bursectomized chickens 
produce Igs but are incapable of  producing spe-
cific antibodies. Neonatal appendectomy and 
removal of  the developing sacculus rotundus 
and Peyer’s patches similarly impairs the abil-
ity of  rabbits to make specific protective im-
mune responses. Early B-cell development in 
rabbit GALT also appears to be T-cell independ-
ent (Yermalli and Knight, 2013). In contrast  
to the specific T-dependent immune response 
discussed below in section 5.5, primary pre- 
immune repertoire development and expansion 
of  appendix B cells requires endogenous and 
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microbial  superantigens as stimuli. Gut-associ-
ated lymphoid tissue (GALT) including the de-
veloping appendix, sacculus rotundus and 
Peyer’s patches are important sites for rabbit 
B-lymphocyte development (reviewed in Sever-
son and Knight, 2014). Dasso et  al. (2000) 
found that the morphology of  bursal follicles is 
similar to those in young human and rabbit ap-
pendix. Quantitation of  T-cell content indicated 
that if  the human appendix also functions as a 
primary lymphoid organ, it might occur during 
the time when few T-cells are present. In con-
trast with bursal involution, both rabbit and 
human appendix follicles do not involute but 
become less elongated after the newborn period 
and then resemble Peyer's patches. More re-
cently, Weller et al. (2008) discovered a poten-
tial human pre-immune repertoire in a 
population of  circulating IgM-positive B cells 
from children aged 2 or younger with somatic 
diversification patterns that did not resemble 
those undergoing clonal selection.

5.4.2 Diversification by gene conversion 
and somatic hypermutation of rearranged 

rabbit heavy- and light-chain gene 
sequences

Rabbit B-cell development resembles chicken in 
another important way. Rearranged rabbit 
heavy- and light-chain sequences derived from 
the genome (germline) undergo sequence diver-
sification by a somatic gene conversion-like 
mechanism in addition to the somatic hyper-
mutation pathway typically used to introduce 
point mutations in human and mouse B cells. A 
recent report of  gene conversion-like events in 
man also contains an excellent overview of  this 
subject (Duvvuri and Wu, 2012).

5.4.2.1 Gene conversion

Gene conversion was first documented as a mech-
anism to diversify sequences in chickens where 
only the first VH gene in the locus is functional 

Table 5.3. Some haplotypes of the complex heavy-chain locus found in laboratory strains and recombinant 
haplotypes observed during breeding.

Designation VH μ γ α

a x y ms n d e f g
1A 1 16(81) 12,15 73,74
1B 1 33,30 17(80) 12,15 71,75
1C 1 33,30 17(80) 11,15 72,74
1I 1 33,30 17(80) 12,14 69,77
1J 1 16(81) 12,15 70,76
1R2[1I-(F-C)]* 1 33,30 17(80) 11,15 72,74
1R6[1F-(F-I)]* 1 17(80) 12,14 69,77
1F 1 17(80) 12,15 71,75
2R3 F-C* 2 32, 33 17(80) 11,15 72,74
2E 2 32, 33 17(80) 12,15 71,75
2F 2 32, 33 17(80) 12,15 69,77
2R1 F-I* 2 32, 33 17(80) 12,14 69,77
2ali F-I** (2) 32, 33 17(80) 12,14 69,77
2M 2 32, 33 16(81) 12,15 73,74
3G 3 32 17(80) 12,15 71,75
3H 3 32 16(81) 11,15 72,74
3R4 H-I* 3 32 17(80) 12,14 69,77
3R7 [H(ali F-I)]* 3 32 16(81) 12,14 69,77
3R8 [3F-(F-I)]* 3 17(80) 12,14 69,77
3F 3 17(80) 12,15 71,75

Asterisks (*) in Table 5.3 identify haplotypes derived from recombinations that occurred during breeding of 
laboratory rabbits. The parental haplotypes from which the recombinants were derived are shown in 
brackets when one of the parental types was derived from a previous recombinant haplotype. **The ali F-I 
was derived from the F-I recombinant (Kelus and Weiss, 1986). It has an approximately 10 kb deletion in 
the region containing VH1a2 (Allegrucci et al., 1990; Knight and Becker, 1990; Ros et al., 2004).
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but upstream ‘pseudogenes’ serve as donors. Rab-
bit is the most well-studied of  mammals although 
other species such as sheep and cattle probably 
also utilize gene conversion-like alterations of  re-
arranged sequences. Rabbit V genes have similar 
framework region sequences. Thus, gene conver-
sion blocks often appear to alter only the CDRs. 
Studies of  clonally related sequences from single 
cells in splenic germinal centres found point mu-
tations beyond gene-converted stretches and 
also superimposed upon sequences already 
introduced as blocks by gene conversion. Se-
quences of  both rearranged heavy- and light-
chain genes are altered by introduction of  small 
or large blocks of  sequences from other V genes 
(Sehgal et  al., 2000; and references therein). 
This mechanism provides a highly efficient 
means of  generating new combining sites to pro-
duce a pre-immune repertoire in GALT of  young 
rabbits and fine-tune the affinity of  antibodies 
during immune responses in germinal centres of  
peripheral secondary lymphoid tissues such as 
spleen, lymph nodes, Peyer’s patches and appen-
dix in adult rabbits.

5.4.2.2 Clonally related sequence 
 diversification patterns in developing 
appendix differ from patterns during  

specific immune responses in secondary 
lymphoid organs

Gene conversion and somatic hypermutation of  
rearranged heavy- and light-chain gene se-
quences initiates during the first few weeks of  
life. Between 3 and 9 weeks of  age, when rabbit 
pre-immune B-cell populations expand in appen-
dix and few, if  any, T cells are present, Ig-produc-
ing cells display clonal sequence diversification 
patterns that differ from the patterns of  diversifi-
cation in spleen (Sehgal et al., 2002). A quantita-
tive algorithm that generated mutational lineage 
trees from sites of  primary and secondary Ig gene 
diversification in rabbits confirmed the earlier 
conclusions. The trees derived from data during 
primary repertoire development in appendix dif-
fer significantly from the type of  trees seen when 
antigen-specific selection occurs in splenic ger-
minal centres (Mehr et al., 2004). Affinity mat-
uration occurs in splenic germinal centres in 
response to immunization. A review by Good-
now et al. (2010) describes the complex regula-
tory pathways of  positive and negative selection 

of  B-lymphocytes as B- and T-lymphocytes 
 encounter antigens and enter developing germi-
nal centres in peripheral lymphoid organs such 
as spleen and lymph nodes. Selection for survival 
and expansion occurs while at the same time 
eliminating potential autoantibody-producing 
cells. B cells require continuous survival signals. 
Competition between B cells with receptors spe-
cific for very low amounts of  immunizing anti-
gen bound to specialized follicular dendritic cells 
in germinal centers leads to survival of  those 
with high affinity that out-compete other specific 
B cells and receive survival signals from special-
ized T-follicular helper cells.

5.5 T-Cell Receptors

As in man and mouse, rabbit T cells bear T-cell 
receptors (TCR) that are either composed of  
alpha and beta chains or of  gamma and delta 
chains (α, β or γ, δ). Gene rearrangements similar 
to those described above for Ig genes utilize simi-
lar factors including RAG1, RAG2 and TdT for 
important additions of  non-templated N regions.

5.5.1 TCR Gamma (TRG)

In the murine and human immune systems, α, β 
T cells are the more abundant type (Isono et al., 
1995; Massari et  al., 2012). Cho et  al. (2005) 
suggested that in species with highly organized 
GALT including rabbit, chicken, cattle and 
sheep, higher proportions of  γ, δ T cells could re-
flect some extra-thymic development and expan-
sion of  cells in the gut. In contrast to α, β T cells 
that must recognize peptides in association with 
MHC molecules and undergo selection and mat-
uration in the thymus, γ, δ T cells recognize 
unique structures on pathogens and tend to lo-
calize at barrier sites including skin, lungs and 
gut epithelium. Cho et  al. (2005) isolated, se-
quenced and characterized one TRGC, 22 dis-
tinct TRGV, and two TRGJ genes by probing and 
sequencing rabbit germ-line encoded TRGV in 
cosmid and lambda phage libraries spanning 
200 kb. However, although also finding two 
TRGJ and one TRGC, Massari et al. (2012), only 
found a 70 kb stretch with 10 TRGV on chromo-
some 10 in the oryCun2.0 assembly. They 
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stated, ‘we assume that the rabbit locus is the 
smallest among the mammalian loci identified 
to date’. Both groups note the resemblance of  
the rabbit and human TRG loci. Whether the size 
discrepancy is due to gaps in oryCun2.0 assem-
bly, differences between rabbits or other reasons 
remains to be determined. The regions of  rabbit 
chromosome 10 and human chromosome 7 
where the TRG genes reside are syntenic.

5.5.2 TCR beta (TRB)

The general organization of  the TRBV, TRBJ and 
TRBC genes resembles those of  man and mouse. 
In addition to TRBC1 and TRBC2 some rabbits 
have a third chimeric copy of  a TRBC gene that 
appears to have resulted from unequal crossing 
over leading to segments from both TRBC1 and 
TRBC2. Mage (1998) contains tabulations and 
references to available information. The locus is 
not mapped to a chromosome in oryCun2.0 but 
is assembled between positions 120,000 and 
166,000 in unplaced scaffold chrUn0060 
(NW_003159384.1).

5.5.3 TCR alpha and delta

The organization of  the complex locus encoding 
components of  the rearranging genes that form 
alpha or delta chains in the rabbit also appears 
to be similar to the human locus.

Rabbit and human TRAV, TRAJ, TRAC, TRDV, 
TRDD and TRDC genes are present on syntenic re-
gions of  chromosomes 17 and 14 respectively.

5.6 The Rabbit Leukocyte Antigen 
(RLA) Complex

Historically, the MHC has been extensively studied 
in many animal species as a key player in adaptive 
immunity by encoding the highly polymorphic 
class I and II molecules involved in peptide presen-
tation to TCRs and responsible for allograft rejec-
tion. In addition, the MHC has been found in all 
jawed vertebrate species examined including car-
tilaginous fishes, and stands as an outstanding 
model region for genome evolution studies 
(Danchin and Pontarotti, 2004; Kelley et  al., 

2005). The Rabbit MHC is referred to as the Rabbit 
Leukocyte Antigen complex, following a species- 
specific nomenclature (e.g. HLA for Human 
Leukocyte Antigen, SLA for Swine Leukocyte 
Antigen, BoLA for Bovine Leucocyte Antigen).

5.6.1 Mapping and organization

The MHC is one of  the regions with highest gene 
density in mammalian genomes and spans sev-
eral megabases. The MHC locus contains the 
class I and II histocompatibility genes but also a 
wide range of  other genes with immunity-relat-
ed, non-immunity-related as well as unknown 
functions. It has been estimated that about 40–
60% of  the expressed genes have immune sys-
tem function (MHC Sequencing Consortium, 
1999). The MHC locus has been divided into 
three subregions (class I, II and III) according to 
the gene content. The class I and II subregions 
contain MHC class I and II genes, respectively. 
The class III subregion located at the junction 
between class I and II does not contain histo-
compatibility genes but key genes such as the 
complement genes, tenascin, heat shock protein 
genes, and tumour necrosis factor (MHC Se-
quencing Consortium, 1999). In rabbit, the 
class III region was initially reported to be lo-
cated outside the class I and class II adjacent re-
gions (Chouchane and Kindt, 1992), in contrast 
to other mammalian species. More recently, it 
was shown that the RLA complex maps to a 
unique locus on chromosome 12 at position 
q1.1 (Rogel-Gaillard et al., 2001). This RLA map 
location is orthologous to the human HLA locus 
at position HSA 6p21, as expected from recipro-
cal comparative chromosomal painting (Korstanje 
et  al., 1999). This location is confirmed in the 
oryCun2.0 assembly.

In this chapter, we have considered that the 
MHC boundaries are provided by the genes MOG 
(myelin oligodendrocyte glycoprotein) and KIFC1 
(kinesin family member C1), at the end of  class I 
and II subregions, respectively (Fig. 5.3). By re-
ferring to this genomic segment MOG-KIFC1, the 
HLA complex spans 3.6 megabases and the first 
extensive map identified 224 gene loci among 
which 128 were predicted to be expressed (MHC 
Sequencing Consortium, 1999). For rabbit, in 
the oryCun2.0 assembly MOG maps at chromo-
some 12:12:21984941-21999226 and KIFC1 
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at chromosome 12:23777969-23793012:1 
suggesting that the RLA region spans 1.8 megab-
ases. A partial BAC-based contig of  the RLA 
complex has been built by screening a BAC li-
brary derived from a NZW rabbit homozygous for 
MHC (Rogel-Gaillard et al., 2001). All BACs have 
been sequenced and are provided EMBL/NCBI/
DDBJ accession numbers (see legend of  Fig. 5.3). 
This BAC contig does not cover the whole RLA 
region and a few gaps still have to be filled. How-
ever, the existing non-overlapping sub-contigs 
span a total length of  2 megabases, meaning that 
the current status of  the RLA region provided by 
the oryCun2.0 assembly is probably not com-
plete. A general map of  the RLA complex is pre-
sented in Fig. 5.3.

5.6.2 The MHC class I genes

The MHC class I genes are a series of  duplicated 
genes and pseudogenes that include classical 
(class Ia) and non-classical genes (class Ib). The 
class I genes encode the heavy chains of  the 
class I molecules.

In humans, the functional MHC class Ia 
genes are HLA-A, -B and -C, and the class Ib genes 
HLA-E, -F and -G. The MHC class Ia genes are 
highly polymorphic and expressed in all nucleated 
cells. Conversely, the MHC class Ib genes present 
limited polymorphism, tissue-specific expression 
and alternate transcripts that encode various pro-
tein isoforms. In rabbit, the number of  class I 
genes and pseudogenes is not precisely known but 
has been estimated between 8 and 13 (Rebière 
et  al., 1987). The genes are found in two main 
clusters. One cluster is in the vicinity of  TRIM26, 
TRIM39 and PRR3 and the other is at the telo-
meric end of  the class I subregion after POU5F1 
(Fig. 5.3). By contrast to the HLA complex, but 
similar to the SLA complex (Renard  et al., 2006), 
no class I gene was found in the vicinity of  ZNRD1. 
This finding confirms that the class I genes evolve 
in a species-specific manner and that no easy gene 
orthology can be drawn between the series of  
MHC class I genes in different species. The MHC 
class Ia molecules are transmembrane glycopro-
teins of  44 kilodaltons (kDa) that belong to the 
immunoglobulin superfamily. MHC class Ia mol-
ecules present endogenous and viral peptides to 
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Fig. 5.3. Rabbit MHC (RLA complex) genomic mapping.
a. Mapping of the RLA complex on chromosome 12 at position q1.1.
b. Genomic organization of the RLA complex established from BAC contigs using the rabbit BAC library 

reported by Rogel-Gaillard et al. (2001). The genomic sequence from ZNRD1 to VARSL is available with 
the BAC sequence accession numbers AC234889, AC234890, AC234891, AC234997, KJ810984, 
KJ810977, KJ810983, KJ810978, AC234892, AC235084, AC236481, AC234893. The genomic sequence 
from CDSN to NOTCH4 is available with the BAC sequence accession numbers AC235550, KJ810979, 
KJ810980, AC234894, AC234895, AC235568, AC234896, AC235095, AC234897. The genomic se-
quence from RLA-DRA to RLA-DQB is available with the BAC sequence accession numbers KJ810981, 
AC234898, AC234899, KJ810982, AC235476. The genomic sequence from RLA-DMA to KIFC1 is avail-
able with the BAC accession numbers AC234900, AC234901, AC234902.
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cytotoxic CD8+ lymphocytes. They have also been 
shown to regulate innate immunity as ligands for 
killer inhibitory receptors (KIRs) on NK cells in 
humans. They bind to inhibitory receptors on NK 
cells that include KIR (killer cell Ig-like receptors) 
in man, C-type lectin-like Ly49 molecules in 
mouse, and CD94/NKG2A heterodimers in 
human and mouse (Anfossi et  al., 2006). The 
MHC class Ia molecules are composed of  an alpha 
chain non-covalently associated with a β chain 
encoded by the β2-microglobulin (B2M) gene that 
maps outside the MHC region. In rabbit, B2M 
maps to chromosome 17 (Ensembl ID EN-
SOCUG00000017117, position 17:27607330-
27614076 on the reverse strand in oryCun2.0 
assembly). The MHC class Ia genes have a com-
mon genomic organization with eight exons. Exon 
1 corresponds to a leader peptide. Exons 2 and 3 
encode the polymorphic α1 and α2 domains, re-
spectively. The α1 and α2 domains fold together to 
create a groove, which binds peptides. Exon 4 cor-
responds to the α3 domain, an immunoglobu-
lin-like region that binds to the CD8 co-receptor 
on CD8 positive T cells. Exon 5 encodes the trans-
membrane domain and the remaining exons 6 
through 8 encode the cytoplasmic tail. The RLA 
class Ia genes have been reported to have a similar 
organization (Marche et al., 1985).

Several transcripts have been reported and 
their features suggest that two clones referred to 
as pR11 (Accession numbers: K02441, K02442) 
and pR19 (Accession number: K02819) could 
correspond to RLA-class Ia genes whereas the 
clone pR27 (Accession numbers: M22384, 
M22385) could correspond to an RLA-class Ib 
gene due to a tissue-specific expression (Rebière 
et al., 1987).

5.6.3 The MHC class II genes

The MHC class II region includes a series of  
alpha and beta genes that encode heterodimeric 
class II molecules. The class II molecules are ex-
pressed on professional antigen presenting cells 
(such as dendritic cells, macrophages and B 
cells) and present peptides derived from exogen-
ous antigens that have been processed intracel-
lularly and displayed on the cell surface to 
interact with the TCR and CD4 co-receptor on 
CD4+ T helper lymphocytes. Seven class II beta 
genes have been reported thus far in rabbits, 

 including: one DQ beta (DQB), one DP beta 
(DPB) and five DR beta (DRB) genes (Sittisombut 
et al., 1989). Characterization and expression of  
the rabbit DQ, DR and DP RLA class II gene series 
have been reported (LeGuern et  al., 1985; Sitti-
sombut and Knight, 1986; Sittisombut 1988; 
Sittisombut et  al., 1988; Spieker- Polet et  al., 
1990, 1993). In addition, DM genes (DMA and 
DMB) have been characterized and reported to 
be co-expressed with class II genes in lymphoid 
tissues, as are the DM genes of  other mammals 
(Hermel et  al., 1999). The class II genes anno-
tated in the oryCun2.0 assembly are summar-
ized in Table 5.4.

5.6.4 Genetic variability of the RLA 
complex

One remarkable characteristic of  MHC class Ia 
and II genes is the extremely high polymorphism 
carried by exons 2 and 3 that encode the α1 and 
α2 domains responsible for the peptide binding 
groove. This feature is not only a selective advan-
tage for an individual to express molecules that 
bind different repertoires of  peptides, but also for 
a population to have many variants segregating 
among its members. An underlying concept is 
that the higher the number of  allelic variants, 
the higher putative protection against patho-
gens at the population level.

The high number of  MHC polymorphic 
genes has led to the construction of  haplotypes 
and for transplantation studies; a prospective 
diagnosis of  isogenicity between donor and re-
cipient is a prerequisite before any surgical oper-
ation. No large-scale design of  serological testing 
has ever been developed in rabbit due to the very 
small number of  available allele-specific anti- 
rabbit MHC monoclonal antibodies (Boyer et al., 
1995). Typing methods have been based on re-
striction fragment length polymorphism (RFLP) 
markers in the RLA class I and class II regions in 
inbred rabbit lines (Marche et al., 1989) as well 
as outbred lines (Boyer et al., 1995). Haplotypes 
were numbered by class I and class II designa-
tions and the composites are given a numerical 
identification. A total of  13 distinct RLA haplo-
types have been reported using this method 
(Marche et al., 1989). Boyer et al. (1995) refined 
this method for RFLP-based haplotyping by us-
ing similar class I probes and a DQ alpha probe 
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for the class II region. A total of  34 RFLP-based 
class I haplotypes and 16 RFLP-based class II 
haplotypes have been defined in two commer-
cially available populations of  NZW rabbits us-
ing this method. Allelic analyses are now based 
on resequencing of  the variable exons, as re-
cently reported for association studies with DRB 
(Oppelt et al., 2010).

In rabbit, a nomenclature for the MHC class 
I and II genes has to be established, together with 
a nomenclature for the allelic variants. The Im-
muno Polymorphism Database (https://www.
ebi.ac.uk/ipd/mhc/, accessed 31 December 2020) 
offers a repository for MHC allelic variability for 
a wide range of  species but the rabbit is not yet 
included.

5.6.5 Insights provided by the current 
assembly of the rabbit genome

The oryCun2.0 assembly is very useful for 
searching gene by gene but, likely, does not yet 
provide an extensive description of  the RLA re-
gion as a whole. In addition, an extensive anno-
tation of  all functional MHC genes is still missing. 
As presented in Table 5.4, putative RLA class I 
genes are found outside the predicted boundar-
ies of  the MHC region, suggesting either mis- 
assemblies in oryCun2.0 or RLA features not yet 

identified. Deep analyses are required to accur-
ately relate transcript data with genomic anno-
tation in the oryCun2.0 assembly (Table 5.4), 
and to reliably classify functional genes and 
pseudogenes. The availability of  a reference se-
quenced haplotype is still pending and should 
pave the way towards the extensive character-
ization of  other haplotypes by resequencing.

5.7 Cytokine Genes

Perkins et al. (2000) published sequences of  rab-
bit cDNAs encoding IL2, IL4, IL6 and IL10. The 
cluster of  genes encoding the coordinately regu-
lated Th2 cytokines IL5, IL4 and IL13 that is pre-
sent on human chromosome 5 is found on a 
syntenic region of  rabbit chromosome 3 in the 
oryCun2.0 genome assembly. These cytokines 
are beneficial in combating helminth infections, 
but play negative roles in allergy and asthma, 
and also contribute to fibrosis of  the lung and 
liver. Gertz et al. (2011) compared sequences of  
promoter regions, DNase hypersensitive sites, 
transcription factor binding sites and coding re-
gions in the oryCun2.0 genome from a tubercu-
losis-susceptible strain with the syntenic regions 
in other species as well as with the correspond-
ing regions in ENCODE ENm002 from a normal 
NZW rabbit. Fig. 5.4 summarizes the region 

Table 5.4. Mapping of class I and II MHC genes in the oryCun2.0 assembly.

Classes Rabbit genes Ensembl ID Mapping in the oryCun2.0 assembly2

Class I ENSOCUG00000011016 12:20242252-20300679:13

Class I ENSOCUG00000010972 12:20208925-20285057:-13

Class II RLA-DR-ALPHA ENSOCUG00000009103 12:23070319-23074942:1
Class II RLA-DRB1 ENSOCUG00000029731 12:23116765-23198692:-1
Class II RLA-DQA1 ENSOCUG00000002480 12:23254403-23259308:1
Class II RLA-DQB11 ENSOCUG00000002485 12:23143857-23287878:-1
Class II RLA-DOB1 ENSOCUG00000029437 12:23329185-23335061:-1
Class II TAP1 ENSOCUG00000002135 12:23361423-23370950:-1
Class II TAP2 ENSOCUG00000002489 12:23346548-23354611:-1
Class II RLA-DMA1 ENSOCUG00000022573 12:23467875-23469906:-1
Class II RLA-DMB ENSOCUG00000026567 12:23449981-23456715:-1
Class II RLA-DOA1 ENSOCUG00000003319 12:23521562-23550151:-1
Class II RLA-DPB11 ENSOCUG00000008721 12:23554108-23560778:1

1The prefix HLA or SLA used in the oryCun2.0 assembly has been replaced by the prefix RLA in the table.
2The transcriptional orientation of the genes is indicated by 1 (forward) or -1 (reverse). Chromosomal 
positions as available in December 2019.
3The position maps outside the expected boundaries of the RLA complex, likely suggesting assembling 
issues in the oryCun2.0 assembly.
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Fig. 5.4. Region encoding Th2 cytokines on rabbit chromosome 3. (Adapted from Gertz et al., 2011)
a. Phylogenetically conserved overall structure of the Th2 cytokine region (not shown to scale) that 

contains IL5, the DNA repair gene RAD50 with a locus control region (LCR), IL13, IL4 with conserved 
non-coding sequences (CNS) 1 and 2 and KIF3A (Strempel et al., 2010). The directions of transcription are 
shown with arrows. DNase hypersensitive sites include enhancers and a silencer (HSIV) that suppresses 
expression of IL4 in Th1 and immature T cells.

b. Transcription factor binding sites. The expanded view of the large RAD50 gene is to ~30% of true 
relative length. Transcription factor binding sites are conserved across rabbit, mouse and man in RAD50 
(1-12) and in the regions containing IL13 and IL4 (13-30). Also shown are conserved Ets-1, GATA-binding 
and promoter sequences. IL13P(3) has probably been lost in rabbit as both the oryCun2.0 and ENCODE 
NZW rabbit sequences have gaps when this region aligns with the nine other species. Full details are pre-
sented in Gertz et al. (2011).
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 containing rabbit genes encoding Th2 cyto-
kines, IL5, the DNA repair gene RAD50 IL13, 
IL4 and KIF3A (Gertz et al., 2011). The KIF3A 
and RAD50 genes do not encode cytokines, yet 
their placement at this locus has been conserved 
throughout mammals (Strempel et  al., 2010). 
RAD50 contains a locus control region and acti-
vated Th2 cells produce SATB1 that binds to 
CNS1 and 2 (Fig. 5.4b) and nine other sites from 
IL5 past KIF3A. As discussed in Gertz et  al. 
(2011), Th2 cell activation involves chromatin 
remodeling to bring together distant sites within 
the locus.

Although the donor of  DNA for oryCun2.0 
was more inbred than outbred NZW rabbits, 

 difficulties in assembly of  multiple copies of  
highly similar genes were compounded by po-
tential heterozygosity at the complex loci de-
scribed in this chapter. A second genomic 
sequence of  the Th2 cytokine region permitted 
more complete evaluation of  areas where gaps 
occurred in one of  the two assemblies.
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6.1 Introduction

After the rediscovery of  Mendel’s laws at the be-
ginning of  the 20th century, the European rab-
bit, with the large variety of  domestic lines and 
strains that, at that time, were already available, 
became a model mammal, together with the ro-
dents, to study the genetic factors determining 
coat-colour variability (Castle, 1905; Punnett, 
1912). The relevance of  this phenotypic trait in 
the domestic rabbit is also evident by the name 
of  many breeds and strains that include a char-
acterizing coat colour or colour pattern and by 
the description of  breed standards that are de-
fined considering, as primary elements, these 
features (see Chapter 2).

Pigmentation in all mammals (including 
the European rabbit) is determined by the accu-
mulation (or absence) of  melanin pigments in 
the hair and skin. Melanins are synthesized 
starting from the enzymatic oxidation of  the 
tyrosine amino acid, which is not the limiting 
factor as it is a basic biochemical element of  the 
proteins. From this biochemical step, two chem-
ically distinct types of  melanin are then pro-
duced: (i) eumelanin (black or brown melanin); 
and (ii) pheomelanin (yellow or red melanin). 
The appearance of  a coat colour is subsequently 
determined by the relative quantity or distribu-
tion of  these two pigments producing the two 

extreme colours (black/brown and yellow/red), 
with the only accumulation of  one of  these two 
forms, and all intermediate grades according to 
their different proportion. For the final produc-
tion of  the coat colour, in addition to these 
basic biochemical components, other biological 
processes are involved. A simplified summary of  
the different steps and related mechanisms is re-
ported below, which introduces the complexity 
of  coat-colour determination where a large num-
ber of  genes and their derived protein products 
or regulatory elements are involved (Lamoreaux 
et al., 2010).

The metabolic pathways leading to the 
production of  these two melanin pigments 
are mostly known. Tyrosinase (TYR) is the key 
enzyme in the melanin synthesis. It catalyses the 
first two metabolic steps that first hydroxylate 
tyrosine to obtain dihydroxyphenylalanine (DOPA) 
and then oxidase this molecule to produce 
DOPAquinone. Eumelanins are subsequently 
produced from metabolites originated from DO-
PAchrome and pheomelanins are derived from 
5-S-cysteinylDOPA metabolites (Prota, 1992). 
Melanocytes are specialized cells in which mela-
nins are synthesized and accumulated. Melano-
cytes are positioned between the derm and the 
epiderm and together with keratinocytes consti-
tute the epidermal melanin unit. Melanogenesis 
occurs in the melanosomes that are organelles 
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present in the cytoplasm of  these specialized 
cells. The melanosomes derive from the smooth 
endoplasmic reticulum and their biogenesis and 
translocation include several steps of  matur-
ation and transformation. Premelanosomes de-
velop into mature melanosomes through four 
stages. When melanosomes reach stage 4, they 
are transported to the periphery of  the cells in 
which they have been developed and then they 
are transferred to keratinocytes. An exocytosis 
process occurring at this level is responsible for 
the transfers of  the melanosomes into the hairs 
over their growing phase, conferring on these 
structures the related pigmentation. Pigmenta-
tion can be modified depending on a more or less 
reduced melanocyte activity or modified process 
of  melanin accumulation or transfer, with the 
involvement of  melanosomal protein processing 
and transfer. The melanocytes originate from 
the melanoblasts (the primordial cells) that, 
starting from the neural crest during the embry-
onic development, colonize different regions of  
the animal’s body. After transformation into 
melanocytes, only the regions in which they res-
ide can show pigmentation, whereas the areas 
that lack melanocytes have white patterns, like 
white-spotted or white-belted colourations. The 
position of  the body in which melanocytes are 
located regulates, in some cases, the activities of  
these specialized cells and the result is another 
level of  pigmentation variability.

A few reviews, written over the last century 
(Wright, 1917; Castle, 1930, 1940; Sawin, 
1955; Robinson, 1958; Searle, 1968; Fox, 
1994), compiled the evidences on the genetic 
factors affecting coat colour in the European 
rabbit that were derived by classical genetic stud-
ies. Information mainly came from crossbreed-
ing and segregation analyses which identified 
several allelic series, matching similar series re-
ported in other mammals for the putative hom-
ologous major loci. The list in rabbit included the 
following allelic series: A (Agouti), B (Brown), C 
(Albino), D (Dilute), E (Extension), Du (Dutch), En 
(English spotting), V (Viennese white), Si (Silver), 
Re (Red Eye) and W (Wide Band). Some of  these 
loci have been subsequently characterized at the 
molecular level starting from a candidate gene 
approach based on homologous genes respon-
sible for similar coat-colour phenotypes in mice 
and other species. Studies in rabbits identified 
the causative mutations of  different alleles or 

markers associated with specific coat-colour 
phenotypes, confirming for most loci the as-
sumptions on the mutated alleles reported in the 
classical studies with some new evidences and, 
in a few cases, contrasting or unexpected results. 
The C (Albino) series has been the first coat- 
colour locus in the European rabbit for which 
several alleles have been described at the DNA 
level (Aigner et al., 2000), followed by the E and 
A loci (Fontanesi et al., 2006, 2010a) and others 
that were subsequently characterized, at least in 
part. Table 6.1 summarizes the alleles and the 
molecular information available for the major 
coat-colour loci described in the European 
rabbit. From this summary, it is evident that the 
molecular characterization is still incomplete for 
a few loci and for a few alleles hypothesized at 
some loci.

6.2 The Albino Locus:  
Characterization of the  

Tyrosinase Gene

The Albino (C) locus encodes the rate-limiting en-
zyme (tyrosinase or TYR) required for the pro-
duction of  melanin within the melanosome. TYR 
catalyses the formation of  melanin pigments in 
the melanosome, and the result of  a normally 
functioning gene is essential to have pigmented 
melanosomes (Beermann et  al., 2004). There-
fore, the Albino locus determines whether or not, 
and how much, melanin is produced. Consider-
ing its role, it is epistatic over many other 
coat-colour loci. The human syndrome that re-
sults from the complete absence of  TYR activity is 
referred to as Oculocutaneous albinism type IA 
(OCA1A), whereas the diminished melanogene-
sis resulted by a defective TYR enzyme is known 
as OCA1B (Grønskov et al., 2007). The coding re-
gion of  the mammalian TYR gene is about 1.6 kb 
long and is composed of  five exons. TYR has two 
active sites, each binding a copper ion and known 
as CuA and CuB, encoded by the first and the 
third exon, respectively (Goldfeder et  al., 2014; 
Kanteev et al., 2015).

The rabbit TYR gene is located on chromo-
some 1 (OCU1) and encodes for a protein of  530 
amino acids, of  which the first 18 residues form 
the signal peptide (Aigner et al., 2000; Carneiro 
et  al., 2014). The assignment of  this gene to 
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Table 6.1. Loci, genes, alleles and mutations affecting coat colour in the rabbit.

Locus LG1 Gene symbol Gene name Chr.2 Alleles (effects) Mutations4 References3

C (Albino) I TYR tyrosinase OCU1 C (fully coloured) Several wild-type alleles Aigner et al. (2000); Utzeri 
et al. (2021)

cchd (dark chinchilla) p.E294G and p.T358I Aigner et al. (2000); Utzeri 
et al. (2021)

cchm (medium 
chinchilla)

Unknown (not confirmed  
yet by molecular studies)

–

cchl (light chinchilla) Unknown (not confirmed  
yet by molecular studies)

–

ch (Himalayan) p.E294G Aigner et al. (2000); Utzeri 
et al. (2021)

c (albino, total lack of 
pigments)

p.T373K Aigner et al. (2000); Utzeri 
et al. (2021)

E (Extension) VI MC1R melanocortin 1 
receptor

GL018965 E+ (wild type) Two wild-type alleles differing 
by two SNPs: c.
[333A>G;555T>C]

Fontanesi et al. (2006)

ED (dominant black) 6 bp-in-frame deletion: 
c.280_285del6

Fontanesi et al. (2006)

ES (steel) Hypothesized to be due to the 
same mutation of ED

Fontanesi et al. (2006)

e (red, non-extension  
of black)

30 bp-in frame deletion: 
c.304_333del30

Fontanesi et al. (2006)

eJ (Japanese brindling) 6 bp-in frame deletion flanked 
by a G>A transition in 5': c.
[124G>A;125_130del6]

Fontanesi et al. (2010c)

A (Agouti) IV ASIP agouti signalling 
protein

OCU4 A (light-bellied agouti; 
wild type)

Several wild-type alleles Fontanesi et al. (2010b)

a (recessive black 
non-agouti)

c.5_6insA Fontanesi et al. (2010b)

at (black and tan) p.L55M and p.L89P / 11 kb 
deletion spanning the 
promoter and first exon

Fontanesi et al. (2010b); 
Letko et al. (2020)

Continued
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D (Dilute) – MLPH melanophilin GL018840 D (wild type, intense 
black and red)

Several wild-type alleles Fontanesi et al. (2014a)

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

c.585delG (g.549853delG) Fontanesi et al. (2014a); 
Demars et al. (2018)

d (dilution of black to 
blue and red to 
yellow: not confirmed 
in all diluted rabbits)

Two exon skipping mutation: 
c.111-5C>A

Lehner et al. (2013); 
Demars et al. (2018)

B (Brown) I TYRP1 tyrosinase- 
related  
protein 1

OCU1 B (wild type) Several wild-type alleles Utzeri et al. (2014)

b (brown) p.W190ter (g.41360196G>A) Utzeri et al. (2014)
English  

Spotting
II KIT v-kit Hardy-

Zuckerman 4 
feline sarcoma 
viral oncogene 
homolog

OCU15 en (solid coloured, wild 
type, recessive)

Wild-type sequences Fontanesi et al. (2014b)

En (English spotted; 
partially dominant)

g.93948587T>C (in complete 
linkage disequilibrium with 
the segregating alleles)

Fontanesi et al. (2014b)

Dutch II – – – Du (wild type) Unknown –
du (Dutch pattern) Unknown –

Viennese white – – – – V (wild type) Unknown –
v (completely white 

with blue eyes)
Unknown –

Silver – – – – Si (wild type) Unknown –
si (progressive greying) Unknown –

Continued
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ontanesi 1 Linkage Group including the indicated locus, as defined by classical genetic studies (summarized in Fox, 1994).
2 Chromosome in which the reported gene is annotated. Some genes have been placed in unassembled scaffolds. Information is derived from the oryCun2.0 
genome version. OCU, followed by a number, indicates the rabbit chromosome in which the gene is annotated.
3 References of the molecular studies. Other references of the classical genetic studies are mentioned in the text.
4Unknown means that the allele has not been characterized yet by molecular studies.

Red Eye – – – – Re (wild-type) Unknown –
re (red eye and diluted 

coat colour)
Unknown –

Wide Band IV – – – W (wild-type) Unknown –
w (wide yellow band) Unknown –

Locus LG1 Gene symbol Gene name Chr.2 Alleles (effects) Mutations4 References3

Table 6.1. Continued.
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OCU1 is in agreement with earlier studies that 
established the linkage between the Albino and 
Brown loci in rabbits (Castle, 1924a), which was 
the seed for the constitution of  the first linkage 
group in this species (Linkage Group I or LG I), 
that was subsequently mapped to OCU1 (Hatey 
et al., 1987; Xu and Hardison, 1989).

Classical genetic studies have reported six 
alleles at the rabbit Albino locus (Castle, 1905, 
1921; Sawin, 1932a, b; Robinson, 1958; 
Searle, 1968; Table 6.1). The full development 
of  both black and yellow pigments is dependent 
in the first instance on the presence of  the C al-
lele. The result is the production of  full colour 
with dark eyes (very dark pupil and dark brown 
iris). All other mutant alleles are recessive to C. 
They lead to a progressive decline in quantity of  
pigment produced. The dark chinchilla allele 
(cchd) is dominant over the other mutated alleles 
for coat colour alone. It causes a reduction of  
phaeomelanin whereas eumelanin remains 
unaffected. It produces very dark pupil with iris 
colour that might be able to distinguish the het-
erozygote state with other lower alleles. The me-
dium chinchilla allele (cchm) does not lead to any 
pheomelanin production, it slightly reduces 
eumelanin production determining slightly 
sepia or sepia in homozygous state or in com-
bination with other lower alleles. The pupil is 
reddish-black (or red in combination with 
lower alleles) and the iris is brown. The light 
chinchilla allele (cchl) does not produce any 
pheomelanin and causes a reduced eumelanin 
production determining sepia (if  homozygous) 
or pale sepia in heterozygous state with other 
lower alleles. The pupil is red and the iris is 
brown. The Himalayan allele (ch) has a tempera-
ture-dependent action. It does not lead to any 
pheomelanin production whereas it determines 
a reduced eumelanin production even if  lo-
cated only at the extremities where the body 
temperature is lower than in the rest of  the 
body, which appears white. Nachtsheim (1959) 
suggested the presence of  more than one Hima-
layan allele, having extreme effects from ex-
tended pigmented parts to reduced pigmented 
regions located on ears and tail only. The albino 
allele (c) causes the complete absence of  mel-
anin and determines pink pupil and white iris. 
Table 6.2 summarizes the dominance relation-
ships and expression of  pigments for the differ-
ent combinations of  alleles.

The five coding exons of  the rabbit TYR 
gene have been sequenced in European rabbits 
carrying different alleles at the Albino locus 
(Aigner et al., 2000; Utzeri et al., 2021). These 
studies made it possible to characterize at least 
four of  the six alleles of  the C series reported by 
classical genetic studies (Table 6.1). The albino 
allele (c) is determined by the p.T373K amino 
acid substitution. This missense mutation (allele 
with the K amino acid), identified in the albino 
New Zealand White rabbits, substitutes a con-
served residue in the CuB binding site. Sequen-
cing the TYR gene in several New Zealand White 
rabbits, Utzeri et  al. (2021) reported that this 
causative mutation is included in at least two dif-
ferent TYR haplotypes. The same substitution 
causes OCA1A in humans (Sanabria et  al., 
2012). Genome editing in rabbits that inserted 
this mutation in the TYR gene, confirmed the 
disrupting effect of  the p.T373K amino acid sub-
stitution in producing albinism (Song et  al., 
2018).

Other two missense mutations (p.E294G, 
identified in Californian rabbits showing the 
Himalayan phenotype; and the p.E294G to-
gether with the p.T358I, identified in Chin-
chilla rabbits) determine the ch allele and one of  
the three cch alleles, respectively. It is, however, 
not clear to which chinchilla allele the mutated 
haplotype determined by these two missense 
mutations corresponds. Two Himalayan haplo-
types and two chinchilla haplotypes deter-
mined by other synonymous mutations were 
identified by Utzeri et al. (2021). The sequence 
of  the C allele has been determined in several 
fully coloured rabbits and other missense and 
synonymous mutations have been reported 
(Aigner et  al., 2000; Utzeri et  al., 2021). That 
means that more than one wild-type allele, de-
termining the same or similar full production 
of  melanin, exists at this locus in Oryctolagus 
cuniculus. Fig. 6.1 reports a schematic repre-
sentation of  the rabbit TYR protein with indi-
cated amino acid changes that determine the 
described C series alleles.

CRISPR/Cas9-mediated deletions in the 
3’-untranslated region of  the rabbit TYR gene 
that eliminated putative polyadenylation sites 
created rabbits with a greying phenotype, prob-
ably due to reduced stability of  the TYR mRNA, 
resulting in lower expression of  tyrosinase (Song 
et al., 2017).
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6.3 The Extension Locus: Several 
Deletions in the Melanocortin 1 

Receptor Gene

The Extension (E) locus encodes the melanocor-
tin 1 receptor (MC1R) (Robbins et  al., 1993). 
MC1R is a seven transmembrane G protein 
coupled receptor that is primarily located on the 
surface of  melanocytes. In normal conditions, 
this receptor alternatively binds the α melano-
cyte-stimulating hormone (αMSH) and the agouti 
signalling protein (ASIP), which induce eumela-
nin and phaeomelanin synthesis, respectively. 

MC1R controls which of  these two types of  mel-
anin is produced. When it is activated, it triggers 
a chemical reaction cascade inside the melano-
cytes that leads to the production of  eumelanin, 
whereas when it is blocked or not activated the 
melanocytes are stimulated to produce phae-
omelanin. The rabbit MC1R gene is constituted 
by one single coding exon of  about 920 bp, that 
in the oryCun2.0 genome version of  the Euro-
pean rabbit genome is localized in an unassigned 
scaffold (GL018965 from position 152,309 to 
position 153,232). The Extension locus has 
been originally assigned to linkage group VI 

Chinchilla
New Zealand White

Californian

SP EGF CuA CuB TM

Allele Cch

Allele Ch

Allele C

Allele C

p.E294G

p.V31M p.K224T p.S287T

p.T358I p.T373K

Fig. 6.1. A schematic representation of the rabbit tyrosinase protein with the indication of the different 
domains (SP: signal peptide; EGF: epidermal growth factor-like domain; CuA and CuB: copper binding; 
TM: transmembrane domain) and of the amino acid substitutions that determine the described alleles at 
the Albino locus. Several wild-type alleles (C) have been detected and the related variants have been 
reported (Aigner et al., 2000; Utzeri et al., 2021).

Table 6.2. Dominance relationships between alleles of the C series and expression of pigments for the 
different combinations of alleles. (Adapted from Robinson, 1958; Searle, 1968)

Genotype Eumelanin level Phaeomelanin level Pupil Iris colour

C/- + + + + + + + black brown
cchd/cchd cchd/ch cchd/c + + + + + (dorsal stripe) black marbled blue
cchd/cchm cchd/cchl + + + + + (dorsal stripe) black brown
cchm/cchm cchm/cchl + + + (slightly sepia) absent Reddish-black brown
cchm/ch cchm/c cchl/cchl + + (sepia) absent red brown
cchl/ch cchl/c + + (pale sepia) absent red brown
ch/ch ch/c + + (extremities) absent pink white
c/c absent absent pink white
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(Fox, 1994), together with Esterase loci (Es-1 
and Es-2) and Carboxylesterase loci (Est-1, Est-2, 
Est-4 and Est-6) described in Chapter 8.

Early classical genetic studies in the Euro-
pean rabbit have indicated five alleles at the 
Extension locus (Punnett, 1912, 1924, 1930; 
Castle, 1924b; Robinson, 1958; Searle, 1968; 
Table 6.1): ED (dominant black), ES (steel, 
weaker version of  ED), E (wild type, normal grey 
or normal extension of  black), eJ (Japanese 
brindling, mosaic distribution of  black and yel-
low) and e (non-extension of  black, yellow/red 
with white belly). The order of  dominance is 
the following (Punnett, 1930): ED > ES > E > eJ 
> e, with possible partial dominance of  ED over 
E, of  ES over E and of  eJ over e. ED and ES tend to 
eliminate the agouti band of  phaeomelanin 
and darken the belly. Therefore, homozygous 
ED/ED rabbits are uniformly black and 
non-agouti whereas ED/E rabbits are agouti- 
black like ES/ES, ES/eJ and ES/e rabbits. ES/E 
rabbits are steel-grey, E/eJ animals are agou-
ti-steel mosaic and eJ/e rabbits are Japanese but 
with reduced black spots if  compared with eJ/eJ 
rabbits (Fontanesi et al., 2010b). Table 6.3 reports 
the dominance relationships and interactions 
of  the alleles at this locus derived by Robinson 
(1958) and Searle (1968).

Sequencing the coding region of  the rabbit 
MC1R gene in different breeds, Fontanesi et  al. 
(2006, 2010c) identified three in-frame deletions. 
Fig. 6.2 indicates the positions of  the resulting 
deleted amino acids in the 2D structure of  the 
rabbit MC1R protein.

One deletion of  6 bp (c.280_285del6 or Δ6 
allele), which eliminates two amino acids in the 
second transmembrane domain, is associated 

with the dominant black coat colour and 
determines the ED allele. As no other mutations 
associated to self-black or agouti-black were 
identified, it is not completely clear if  this deletion 
could also be the causative mutation of  the ES 
allele. That means that ED and ES could be deter-
mined by the same mutation and the observed 
variation of  intensities of  black (steel) could be 
due to different states at this locus (i.e. homozy-
gous vs heterozygous), due to the effect of  modi-
fier genes or due to epigenetic factors. These 
questions are still open and should be the matter 
of  other specific studies. The homozygous geno-
type for this 6 bp deletion (Δ6/Δ6) was observed 
in all analysed Californian, Checkered Giant, 
Checkered Small, Dutch, Giant White (albino) 
and New Zealand White (albino) rabbits (Fonta-
nesi et al., 2006). As described above, the albin-
ism of  the completely white rabbits inhibits the 
production of  all types of  melanin and is epi-
static over all other coat-colour loci. In all other 
mentioned breeds, the black of  the coloured 
spots is due to the dominant black Δ6 allele at 
the MC1R gene.

A larger in-frame deletion of  30 nucleo-
tides (c.304_333del30; Δ30 allele) determines 
the recessive e allele that in homozygous condi-
tion gives the red coat colour (Fontanesi et al., 
2006). The recessive red deletion eliminates 
10 amino acids of  the first extracellular loop 
(Fig. 6.2), disrupting the function of  the MC1R 
protein. This allele was identified to be in 
homozygous state in all yellow/red rabbits 
belonging to the Burgundy Fawn, Gold Saxony, 
New Zealand Red and Thuringian breeds and in 
all yellow/red rabbits of  other breeds (Fontanesi 
et al., 2006).

Table 6.3. Dominance relationships and interactions of the alleles at the 
Extension locus (Robinson, 1958; Searle, 1968).

Genotype Coat-colour appearance

ED/ED, ED/ES, ED/eJ, ED/e Self-black
ED/E, ES/ES, ES/eJ, ES/e Agouti-black
ES/E Steel-grey
E/E, E/e Agouti
E/eJ Agouti-Steel mosaic
eJ/eJ Japanese
eJ/e Japanese with reduced black areas
e/e Red/yellow
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Another 6 bp deletion flanked by a G>A 
transition in 5' (c.[124G>A;125_130del6]) 
constitutes the eJ allele determining the so-
called Japanese brindling coat-colour pheno-
type. The 6 bp deletion included 2 nucleotides 
of  codon 42, three nucleotides of  codon 43 and 
one nucleotide of  codon 44. Together with the 
G>A transition, this 6 bp deletion eliminates 
two amino acids in the first transmembrane 
domain (D and G at positions 42 and 43 of  the 
wild-type sequences) and, in addition, causes 
an amino acid substitution at position 44 (p.L44T). 
The eJ allele determining the Japanese brin-
dling coat-colour variety probably appeared in 
France within the second half  of  the 19th cen-
tury and subsequently was introduced in other 
countries (Castle, 1924b; Punnett, 1924). This 
coat pattern can be defined as a yellow coat 
mottled with black and seems determined by 
the presence of  two different types of  mel-
anocytes in different skin areas, one producing 
eumelanin and another one producing 
pheomelanin (Fontanesi et  al., 2010b). The c.
[124G>A;125_130del6] mutation is fixed in 
the Japanese and Rhinelander rabbit breeds. 
The former breed (named after its coat colour) 
has the classic mottled phenotype. The Rhine-
lander rabbit breed has a tricolour pattern 
with black, yellow and white areas. The white 

regions are caused by the absence of  mature 
melanocytes due to a dominant English spotting 
locus allele (see below). The coloured patches 
are much larger than those of  the tortoise-
shell-like pattern probably because a reduced 
number of  melanoblasts in the skin allows for a 
spatial expansion of  the melanoblast-derived 
clones. RNA analysis of  the skin regions with 
hairs of  different colours (white, black and red) 
in Rhinelander rabbits reported that MC1R 
transcripts are present in the black regions 
whereas no transcripts of  this gene are present 
in the red and white regions, even if  the gen-
omic DNA of  the skin cells of  these body parts 
has the homozygous genotype for the mutated 
eJ allele. This evidence excluded that somatic 
mutations could be involved in the pattern dis-
tribution of  black and red regions. Therefore, it 
seems that peculiar regulatory mechanisms, 
driven by another mutation in linkage dis-
equilibrium or by the same identified composite 
mutation, could determine the brindling pheno-
type. Epigenetic factors could be involved in 
determining this coat-colour phenotype 
(Fontanesi et al., 2010b).

Gene editing based on CRISPR/Cas9 that 
targeted the MC1R gene in rabbits confirmed 
that disrupting mutations at this locus produces 
red/yellow coat colours (Xiao et al., 2019).
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Fig. 6.2. The 2D structure of the rabbit MC1R protein with the position of the three in-frame deletions and 
some examples of breeds that are fixed for the identified mutations.
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6.4 The Agouti Locus: Mutations 
Affecting the Agouti Signalling 

Protein Gene

The Agouti locus encodes the agouti signalling 
protein (ASIP) which is a ~130 amino acid para-
crine peptide that is involved in determining the 
switch from eumelanin to pheomelanin synthe-
sis in melanocytes (Bultman et  al., 1992). The 
wild type (banded-hair) agouti coat colour is 
caused by the mutually exclusive binding of  the 
MC1R by the ASIP protein or by the α-melano-
cyte-stimulating hormone (Lu et al., 1994; Oll-
mann et  al., 1998). Recessive loss-of-function 
mutations of  the ASIP gene described in many 
species, which impair either the protein function 
or reduce the level of  its mRNA synthesis, result 
in lack of  regulation activity of  the MC1R protein 
which, in turn, leads only to eumelanin produc-
tion and then dark coat colour (e.g. Bultman 
et al., 1992; Kuramoto et al., 2001; Miltenberger 
et  al., 2002; Kerns et  al., 2004; Norris and 
Whan, 2008; Fontanesi et al., 2011).

The rabbit Agouti locus has been originally 
assigned to the Linkage Group (LG) IV, together 
with the Dwarf (Dw) locus and the Wide Band 
(W) locus (Sawin, 1934; Castle and Sawin, 1941; 
Fox, 1994). Three alleles have been detected at 
the Agouti locus by classical genetic analyses 
(Robinson, 1958; Searle, 1968; Table 6.1). The 
wild-type allele (A) resembles that of  the mouse 
Aw (light-bellied agouti) allele described to be the 
true wild-type allele in murine species (Silvers, 
1979). This allele (also indicated in rabbit as Aw; 
Searle, 1968) produces grey or greyish-brown 
dorsal fur but a much lighter, almost white, 
underside. The short guard-hairs and underfur 
all have a band of  phaeomelanin whereas the 
long dorsal guard-hairs are unbanded and ap-
pear intensively dark at the tip but shading to 
blue towards the base due to the pigments that 
are more sparse at this level. Along the sides and 
flanks of  the animals the fur changes to lighter 
tones. The belly fur is usually white or faintly 
flushed with cream and bluish undercolour 
(Robinson, 1958; Searle, 1968). The Aw allele is 
dominant over the other two alleles: at (black-
and-tan pattern) and a (non-agouti or self). Rab-
bits homozygous for the at allele do not have 
banded hairs on the dorsal surface of  the body 
where all hairs are non-agouti but still have the 

whitish belly colour as the agouti rabbits, with 
similar colour in other positions (i.e. undertail, 
line of  jowl, eye-circles, feet pads and inside the 
ears; Robinson, 1958; Searle, 1968). The tan allele 
is dominant over the self allele. The non-agouti 
rabbits (i.e. homozygous for the a allele) are com-
pletely self-coloured over the whole body.

The rabbit ASIP gene has been placed on 
chromosome 4 (OCU4). On the oryCun2.0 gen-
ome version, it is annotated from nucleotide 
positions 5435027-5439803 of  OCU4 (on the 
reverse strand). Fontanesi et al. (2010b) charac-
terized by sequencing and gene expression ana-
lysis the rabbit Aw allele. The three coding exons, 
namely exons 2, 3 and 4, were separated by 
1277 and 2911 bp intronic sequences. The 
predicted encoded rabbit ASIP protein is consti-
tuted by 133 amino acids. Other non-coding 
exons were identified in the 5’ flanking region 
(Fig. 6.3). Transcription analysis in wild-type 
agouti rabbits revealed the presence of  two 
major transcripts with different 5’-untranslated 
regions (1A and 1C, named according to the 
high level of  identity of  two corresponding re-
gions already reported in mice; Vrieling et  al., 
1994) having ventral (1A) or dorsal and ventral 
(1C) skin-specific expression. These transcripts 
were not expressed in other tissues. ASIP gene 
expression was, however, detected in several 
other tissues (brain, kidney, heart, fat, muscle, 
liver and spleen) distinguishing the rabbit ex-
pression pattern from what was observed in 
wild-type mice, in which ASIP transcription is 
not ubiquitous (Bultman et  al., 1992; Vrieling 
et al., 1994).

The rabbit non-agouti allele is determined 
by a frameshift mutation caused by a 1 nucleo-
tide insertion in the coding region of  exon 2 
(c.5_6insA), determining the production of  a 
predicted truncated protein of  only 21 amino 
acids (Fontanesi et  al., 2010a). All rabbits of  
breeds with black coat colour or variation of  
black (for example, blue or silver), that also car-
ried a wild-type MC1R allele (Fontanesi et  al., 
2006), namely Alaska, Blanc de Hotot, Cham-
pagne d’Argent, English Spot, Havana, Mini Sil-
ver, Russian, Silver and Vienna Blue, were 
homozygous for the c.5_6insA mutation. For 
most of  these breeds, classic genetic studies 
have indicated that their black coat colour was 
due to the homozygous a/a genotype at the 
Agouti locus (Castle, 1930; Robinson, 1958; 
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Fox, 1994). Californian, Checkered Giant, 
Checkered Small and Dutch breeds that have 
black coat-colour patterns but that carry (fixed 
or not fixed) the dominant allele at the Extension 
locus (MC1R c.280_285del6 allele; Fontanesi 
et  al., 2006), were also fixed or had high fre-
quency of  the ASIP c.5_6insA mutation. The 
ASIP c.5_6insA mutation was also detected in 
non-black rabbits of  other breeds (i.e. New Zea-
land White, Thuringian and White Vienna) for 
which mutations in other loci (Albino, Extension 
and Viennese White, respectively) determine 
their coat colour (Castle, 1930; Robinson, 
1958; Aigner et  al., 2000; Fontanesi et  al., 
2006). Giant Grey rabbits were usually wild-
type at the ASIP gene. A few animals of  this 
breed were heterozygous for the c.5_6insA al-
lele even if  their coat colour was always of  the 
typical wild-type grey, confirming that the Aw 
allele is dominant over the non-agouti allele 
(Fontanesi et al., 2010a).

Three other missense mutations (p.L55M, 
pK77R and p.L89P) were reported by Fontanesi 
et al. (2010b) in the rabbit ASIP gene sequenced 
in several breeds. Even if  in silico analysis of  the 
predicted amino acid changes excluded that they 
could have any functional effects, it is worth 
mentioning that the SNP in exon 3 (c.163T>A) 
causing the p.L55M amino acid change (located 
in a conserved position of  the basic amino-ter-
minal domain of  the ASIP protein) was identi-
fied only in Tan rabbits, which are expected to 
carry the at allele. The other two missense muta-
tions were identified both in Tan and in Belgian 
Hare breeds. The presence of  a large haplotype 
at the Agouti locus determining the at allele was 
also reported by Letko et al. (2020) who identi-
fied 75 at-associated variants including an 11 kb 
deletion. The deletion is located in the region of  
the hair cycle-specific ASIP promoter. This region 
is homologous to the site of  the retroviral inser-
tion causing the at allele in mice. Considering the 
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Fig. 6.3. A schematic representation of the genomic organization of the rabbit ASIP gene with the 
indication of the mutations determining the at and a alleles. The coding regions of exons 2, 3 and 4 are 
shown as solid boxes. Untranslated regions are shown as striped (horizontal or diagonal) boxes. Four  
ASIP transcripts with different 5’-untranslated have been identified. Only the two main untranslated exons 
(1A and 1C) that are conserved in rodents have been reported (Fontanesi et al., 2010b). Representative 
breeds for the different alleles have been reported in the correspondence of the indicated mutations.
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perfect association between the genotypes at this 
deletion with the black and tan phenotype in 
rabbits, the 11 kb deletion is the most likely 
causative variant of  the at allele in rabbits (Letko 
et al., 2020). A schematic representation of  the 
mutations identified in the rabbit ASIP gene with 
some representative breeds for these variants is 
reported in Fig. 6.3.

6.5 The Dilute Locus:  
Polymorphisms in the  

Melanophilin Gene

In rabbits, coat-colour dilution, which derives 
from an altered distribution of  eumelanin and 
pheomelanin pigments in the hairs, is caused by 
the Dilute locus (Castle et al., 1909; Castle, 1930; 
Robinson, 1958; Searle, 1968). Two alleles have 
been described at this locus (Table 6.1): the wild-
type allele D and the mutated recessive allele d. 
As a result of  the mutated allele, the distribution 
of  the pigment granules in the hair is altered, 
which in turn determines a change in the gross 
appearance of  the coat from black to blue, from 
grey to blue-grey, from chocolate to lilac and 
from yellow to beige or cream (Castle, 1930; 
Robinson, 1958; Searle, 1968). The first rabbit 
breed that was fixed for the non-agouti dilute or 
self  blue coat-colour phenotype (having geno-
type a/a and d/d at the Agouti and Dilute loci) was 
the Vienna Blue, from which all other dilute col-
oured breeds might be derived (Castle, 1930; 
Fox, 1994).

Similar coat-colour dilutions are deter-
mined in mice by mutations in the myosin Va 
(Myo5a; the murine Dilute locus), Rab27a (Ashen 
locus) and melanophilin (Mlph; Leaden locus) 
genes (Mercer et al., 1991; Wilson et al., 2000; 
Matesic et  al., 2001). These genes encode pro-
teins of  the melanosome transport complex 
(Barral and Seabra, 2004). In these mutants, 
mature melanosomes cluster in the perinuclear 
area of  the cell, rather than at the periphery, and 
pigment granules are released unevenly into the 
developing hair shaft causing a decrease in the 
amount of  light absorbability and hence a light-
ened coat-colour phenotype (Marks and Seabra, 
2001; Barral and Seabra, 2004).

A first molecular genetic study excluded the 
rabbit homologous gene of  the mouse Dilute 

locus (i.e. MYO5A) as the determinant of  the Di-
lute locus in rabbit (Fontanesi et al., 2012). The 
subsequent family-based segregation analysis of  
rabbit melanophilin (MLPH) gene markers re-
vealed that this is the gene responsible for the Di-
lute locus in Oryctolagus cuniculus (Fontanesi 
et al., 2014a). Two potential candidate causative 
mutations determining the d allele have been 
reported (Lehner et  al., 2013; Fontanesi et  al., 
2014a). The c.111-5C>A variant, located 
within intron 2 in an acceptor site for splicing, 
was reported as the most likely polymorphism 
leading to the skipping of  exons 3 and 4 from the 
normal rabbit MLPH transcript, which was sug-
gested to be the molecular event causing the di-
luted coat colour in rabbits (Lehner et al., 2013). 
However, the identification of  homozygous rab-
bits for this mutation having wild-type coat col-
our tended to exclude this variant as being the 
causative mutation of  the d allele (Demars et al., 
2018). A second variant in the MLPH gene, 
c.585delG (indicated also g.549853delG, if  re-
ferred to its position on the scaffold GL018840 
of  the oryCun2.0 genome version where the 
MLPH gene is located), corresponding to a 1-bp 
deletion in exon 6, leads to a frameshift and an 
altered amino acid sequence with a premature 
stop codon in a downstream exon (Fontanesi 
et al., 2014a). All self  blue or spotted blue rabbits 
(Vienna Blue, Castor Rex and Chinchilla diluted 
rabbits and Californian, Checkered Giant and 
English Spotted rabbits with blue spots) and 
light grey or cream rabbits (Fairy Marburg and Fairy 
Pearly rabbits) were homozygous for the 
c.585delG deletion (Fontanesi et  al., 2014a; 
Demars et al., 2018). A few heterozygous rabbits 
for the g.549853delG mutation were identified 
in several breeds and rabbits without diluted 
coat colour, further confirming the recessive be-
haviour of  this allele and the fact that d segre-
gates in several rabbit populations (Fontanesi 
et  al., 2014a). The overall skin expression of  
MLPH transcripts, including several isoforms, 
was shown to be drastically decreased in ani-
mals carrying the c.585delG variant and with a 
coat-colour dilution, further supporting that 
this mutated variant is the most likely causative 
factor determining coat-colour dilution in many 
rabbit breeds (Demars et al., 2018). The identifi-
cation of  the MLPH gene as the responsible gene 
for the Dilute coat-colour locus in rabbit provides 
a natural animal model for the human Griscelli 
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syndrome type 3, which is an inherited condi-
tion determined by mutations in the same gene 
and characterized by unusually hypopigmented 
skin and light silvery-grey hair starting in in-
fancy (Sanal et al., 2002; Menasche et al., 2003).

6.6 The Brown Locus: A Mutation in 
the Tyrosinase-related Protein 1 Gene

The Brown locus gives the possibility to develop 
dark pigments in the fur, skin and eyes. Classical 
genetic studies in rabbits suggested the presence 
of  two alleles at this locus (Table 6.1): a wild type 
B allele that can produce dense eumelanin 
throughout the coat and a recessive b allele that 
in homozygous condition (b/b genotype) pro-
duces brown pigmentation, as the animals are 
unable to produce black pigments. In rabbits 
with diluted coat colour, the effect of  this geno-
type on the blue undercolour is a slight reduction 
of  intensity to obtain a grey-blue colour (Castle, 
1930; Robinson, 1958; Searle, 1968). The mo-
lecular characterization of  the Brown locus, 
which has been described in several mammals 
(Searle, 1968), was first reported in mice when 
the tyrosinase-related protein 1 (Tyrp1) gene was 
assigned to the chromosome region in which this 
locus was mapped (Jackson, 1988). This gene 
encodes for a transmembrane melanosomal 
enzyme, which oxidases 5,6-dihydroxyindole- 
2-carboxylic acid (DHICA), stabilizes the TYR 
protein and contributes to the structure of  the 
melanosome (Sarangarajan and Boissy, 2001). 
The effects of  the mutated b allele in mice are: 
(i) the absence of  the oxidase function which, in 
turn, determines an increased incorporation of  
DHICA and reduced inclusion of  5,6-dihydrox-
yindole (DHI) into the melanin (obtaining brown 
melanin); (ii) a modified interaction with TYR 
that influences the function of  both enzymes; 
and (iii) modified shape and dimension of  the 
melanosomes, potentially influencing the reflec-
tion of  the light (Lamoreaux et al., 2010).

As already mentioned, the Brown locus was 
included in the first linkage group established in 
rabbits that also comprised the Albino locus (Cas-
tle, 1924c), subsequently assigned to OCU1. The 
rabbit TYRP1 gene based on seven coding exons 
is localized on this chromosome and is anno-
tated on the reverse strand from nucleotide 

41,345,981 to 41,362,120 (oryCun2.0 gen-
ome version). Utzeri et al. (2014) sequenced this 
gene in several rabbit breeds with different coat 
colours, including Havana rabbits, which have 
brown/chocolate coat colour. This study identi-
fied a mutation in exon 2 (g.41360196G>A) in 
Havana rabbits only. The g.41360196G>A 
polymorphism leads to a premature stop codon 
at position 190 of  the deduced protein sequence 
(p.W190ter) that, in the wild-type form, con-
tains 537 predicted amino acids. The predicted 
truncated TYRP1 protein of  the brown/choc-
olate rabbits lacks almost completely the tyrosin-
ase domain. Genotyping analysis of  rabbits from 
32 breeds and populations reported that this 
non-sense mutation was only present (and al-
ways in homozygous condition) in rabbits with 
brown/chocolate coat colour (Utzeri et  al., 
2014). Therefore, this disrupting variant of  the 
TYRP1 gene can be considered the causative 
mutation of  the b allele of  the rabbit Brown locus 
even if  functional analyses have not been car-
ried out thus far.

6.7 The English Spotting Locus: 
Association with a KIT Gene Marker

The English Spotting locus is caused by a domin-
ant allele indicated as En (determining a spotted 
phenotype, that can be very variable in extent) 
over the wild-type allele symbolized as en (deter-
mining a self-coloured phenotype in homozygous 
state; Castle, 1919; Table 6.1). The heterozy-
gous En/en rabbits have far larger patches of  
coloured fur than the homozygous En/En rab-
bits (Robinson, 1958), which are called Chaplins 
(Fig. 6.4). The heterozygous state determines the 
characteristic spotted patterns of  the English 
spot (or spotted) rabbits, Butterflies and Check-
ered Giants (Castle, 1930) that is requested by 
the standards of  these breeds and that is desired 
by fancy breeders usually for show purposes. 
The coloured patches are presented in the colour 
that is determined by the allelic combination at 
other loci described above. Robinson (1958) re-
ported a large degree of  variation of  expression 
of  the English-type white spotting. His scale 
comprises 12 grades, from 1 (few white areas) to 
12 (black marks only around the eyes). Grades 
from 1 to 8 include heterozygous En/en rabbits 
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and grades from 8 to 11 or even 12 are indica-
tors of  the homozygous En/En state (Fig. 6.4). 
The degree of  extension of  the white might be 
due, in part, to modifying genes (Richardson, 
1953). En/En rabbits are usually subvital com-
pared to the heterozygous En/en and en/en rab-
bits because dominant homozygous animals are 
affected by an underlying megacolon (Nacht-
sheim, 1943; Richardson, 1953; Robinson, 
1958; Wieberneit et  al., 1990; Böderek et  al., 
1995; Wieberneit and Wegner, 1995; Fontanesi 
et  al., 2014b). The defect is, however, recessive 
since it is not observed in En/en rabbits. It has in-
complete penetrance, probably depending on en-
vironmental conditions (e.g. diet, stressors and 
aging) and also on the contribution of  other 
modifier genes (Fontanesi et  al., 2014b). The 
first studies that investigated the etiopathogene-
sis of  this megacolon suggested the involvement 
of  enteric nervous system abnormalities 
throughout the colon, but with incomplete 
characterization (Gerlitz et  al., 1993; Böderek 
et al., 1995; Wieberneit and Wegner, 1995).

In rodents and other mammals, several 
genes that also affect coat colour have been im-
plicated in the pathogenesis of  megacolon. For 
example, inactivating mutations of  the endothe-
lin receptor B (Ednrb) gene in rodents cause 
aganglionic megacolon with spotted coat-colour 
patterns (Hosoda et  al., 1994; Gariepy et  al., 
1996) and EDNRB mutations in humans are 
known to be associated with different forms 
of  Hirschsprung disease (Puffenberger et  al., 
1994; Attié et  al., 1995). However, a study in 
rabbit excluded EDNRB as the gene involved in 

determining the English spotting locus (Fontanesi 
et al., 2010e).

A subsequent study targeted the v-kit Har-
dy-Zuckerman 4 feline sarcoma viral oncogene 
homolog (KIT) gene as candidate for this coat 
 colour locus in rabbit (Fontanesi et al., 2014b). 
Mutations in the KIT gene have been already 
described to affect pigmentation in many mam-
mals (e.g. Chabot et al., 1988; Fleischman et al., 
1991; Marklund et  al., 1998; Fontanesi et  al., 
2010a, 2010d). This gene encodes the mast/
stem cell growth factor receptor that is a large 
protein with an extracellular domain consisting 
of  5 Ig-like subdomains, a transmembrane region 
and a tyrosine kinase domain (Ray et al., 2008). 
KIT is involved in regulating the migration of  
melanoblasts from the neural crest along the dorso-
lateral pathway to reach the final destinations in 
the skin and is also involved in the differentiation 
of  these primordial cells (Besmer et  al., 1993; 
Thomas and Erickson, 2008). Its expression in 
the gut musculature is prominent only in inter-
stitial cells of  Cajal (ICC). These cells are known 
to play important roles in gut motility and their 
abnormalities are associated with several gastro-
intestinal motility disorders (Farrugia, 2008).

The KIT gene was sequenced in rabbits of  
different breeds to identify informative polymor-
phisms that were used in an association ana-
lysis based on an F1 population obtained by 
crossing Checkered Giant bucks and does with 
genotype En/en at the English Spotting locus 
(Fontanesi et  al., 2014b). Even if  no obvious 
causative mutation was identified, a synonym-
ous single nucleotide polymorphism identified 
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Fig. 6.4. Spotted phenotypes in rabbits. A) Examples of rabbits with the three genotypes at the English 
Spotting locus obtained by crossing Checkered Giant bucks and does. For the en/en and En/En genotypes, 
details of a normal intestine and of a megacolon defect are reported (Fontanesi et al., 2014b). B) Variation 
of the grades of English-type white spotting as reported by Robinson (1958).
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in exon 5 (g.93948587T>C) perfectly cosegre-
gated with the three coat-colour phenotypes (θ 
= 0.00 LOD = 75.56). All animals with the T/T 
genotype were En/En at the English Spotting 
locus and highly associated with the megacolon 
defect of  these animals, whereas all rabbits with 
the C/C genotype were self-coloured (en/en) and 
all T/C heterozygous rabbits were En/en, like all 
Checkered Giant parents. The C/C and C/T rab-
bits did not show any megacolon (Fontanesi 
et  al., 2014b). These results were confirmed 
genotyping other Checkered Giants and rabbits 
of  the Checkered pattern, indicating that un-
detected variants at the KIT gene are responsible 
for this specific English Spotting pattern. Other 
alleles at this locus might determine different 
spotted phenotypes as all English Spot rabbits 
analysed at the g.93948587T>C SNP had 
genotype C/C (Fontanesi et al., 2014b). In add-
ition to the genotyping results, it was interest-
ing to note that KIT gene expression in cecum 
and colon specimens of  En/En rabbits (obtained 
from the F1 families) was just a small fraction of  
that of  en/en rabbits. En/En rabbits had also re-
duced and altered c-kit immunolabelled ICC 
compared to en/en rabbits. Neuronal and ICC 
abnormalities were evident in En/En cecum and 
colon tissues. Therefore, in addition to the effect 
of  this locus on coat colour evidenced in Check-
ered Giant rabbits, the neuro-ICC changes in the 
En/En genotype that are reminiscent of  the 
human non-aganglionic megacolon, could 
make Chaplin rabbits useful animal models for 
this defect (Fontanesi et al., 2014b).

6.8 The Dutch Series

The characteristic form of  Dutch type of  white 
spotting consists of  a belt of  white encircling the 
front half  of  the body, including the front legs 
and some white on the nose (Searle, 1968). Ac-
cording to Robinson (1958), the Dutch pattern 
has, however, a great variation of  extension of  
the white-spotting that ranges from an almost 
completely pigmented body to an almost com-
pletely unpigmented one, similarly as already de-
scribed for the English Spotting locus. The genetic 
basis of  the Dutch series has not been completely 
clarified yet and contrasting hypotheses have 
been proposed (Punnett and Pease, 1925; Castle, 
1926). It seems that a primary recessive allele du 

is the major causative factor of  this pattern even 
if  a number of  minor modifying genes might 
contribute to the expression of  this phenotype 
(Robinson, 1958; Searle, 1968). The presence of  
more than one recessive allele at this series can-
not be excluded (Castle, 1919, 1932). Castle 
(1924a) reported that the Dutch, the English 
Spotting and the Angora loci are on the same link-
age group. As the Dutch and the English Spotting 
were reported to be very closely linked, consider-
ing that several complex mutations at the KIT 
gene in other species have been demonstrated to 
cause different spotted phenotypes, including 
belted patterns (e.g. Fontanesi and Russo, 2013), 
it is tempting to predict that variability of  the KIT 
gene or mutations involving the surrounding 
chromosome region could be responsible for the 
spotted phenotypes that might range from Dutch 
types to English spotted types. The complete mo-
lecular characterization of  the Dutch and English 
Spotting loci might clarify the complexity of  the 
white spotting patterns that could not be well 
explained by classical genetic studies.

6.9 The Viennese White Locus

The colour factor of  Viennese White (or Vienna 
White) was first interpreted as an allelomorph of  
albinism (Castle, 1922) and subsequently recog-
nized as an independent locus. Utzeri et al. (2021) 
confirmed that variability in the TYR gene is not 
associated with the Viennese White phenotype. 
This locus might have some phenotypic effects 
similar to those of  the Dutch type spotting. The 
mutated allele v, in homozygous v/v rabbits, de-
termines a completely white coat but with blue 
eyes (Castle, 1922; Castle, 1930; Robinson, 
1958; Searle, 1968). The wild-type allele is desig-
nated V. The heterozygous V/v rabbits usually 
have low grade of  Dutch-like markings whereas 
V/V rabbits are usually self-coloured. Rabbits 
homozygous for the v allele can frequently de-
velop epileptic seizures (Nachtsheim, 1939a, 
1939b, 1941). The locus has not been character-
ized at the molecular level yet.

6.10 Silvering

Silvering or hereditary greying of  hair has been 
mainly described in the Champagne d’Argent 
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and Silver (also known as English Silver) breeds 
(Nachtsheim, 1929). The greying effect is sup-
posed to be due to a recessive si allele which de-
termines a progressive reduction in the number 
of  pigmented hairs during subsequent hair 
growth cycles. It is still not completely clear if  
polygenic effects or modifier genes are involved 
(Robinson, 1958) or if  the same genetic factors 
are responsible for the progressive greying in 
both Champagne d’Argent and Silver breeds. 
Rabbits of  these two breeds are genetically 
black and their coat colour is due to the homo-
zygous state for the non-agouti allele at the 
Agouti locus (Fontanesi et al., 2010b). In these 
rabbits, the first hairs are normally pigmented, 
thus the coat colour is self-black. In Cham-
pagne d’Argent, the secondary guard hairs of  
the second hair cycle are generally unpigment-
ed whereas the primary guard hairs and wool 
hairs, for the most part, are pigmented from tip 
to base. The general effect is that the coat ap-
pears grey with a bluish cast. In older Cham-
pagne d’Argent rabbits the coat is lightened 
further and many of  the primary guard hairs 
and wool hairs are found to lack pigment. Simi-
larly, in the Silver breed the silvering does not 
appear until after the first moult and consists in 
the loss of  pigment in the secondary guard hair. 
Quevedo and Chase (1957) reported that the 
progressive silvering in the Champagne 
d’Argent rabbits involves a disappearance of  
melanocytes from the hair follicles and the con-
sequent production of  entirely unpigmented 
secondary guard hairs during the second hair 
generation and many of  the primary guard 
hairs and wool hairs during later hair gener-
ations. Histologically, the unpigmented hair fol-
licles are identical in appearance with the un-
pigmented follicles of  white spotted rabbits 
(Quevedo and Chase, 1957).

6.11 The Red Eye Locus

A mutated allele (recognized with the symbol re) 
that mainly affects eye colour with a slight dilu-
tion of  hair pigmentation has been described 
by Magnussen (1952, 1954, 1959a, 1959b). 
Homozygous re/re rabbits have pink albinotic 
eyes at birth and lack a cornea. Then, some pig-
ments in the eye appear and the cornea starts to 

develop even if  it remains underdeveloped (Rob-
inson, 1958). The effect on coat colour appears 
limited to the neck region where agouti red-eyed 
rabbits are lighter than normal animals. The ef-
fect of  the mutation might be modified by the 
genetic background at other coat-colour loci or 
modifier genes.

6.12 The Wide Band Locus

The mutation indicated with the symbol w, de-
scribed by Sawin (1932a, 1934) to have a reces-
sive mode of  inheritance, doubles the normal 
length of  the yellow pigmented band of  the 
agouti hair. Homozygous w/w rabbits are conse-
quently lighter than normal animals. The Wide 
Band (W) locus was reported to be linked to the 
Agouti locus (Sawin, 1934).

6.13 Conclusion

The molecular characterization of  several 
coat-colour loci in rabbits has shown that 
variants determining the described alleles are 
distributed in different breeds where they con-
tribute to establish the specific coat-colour 
phenotype that is one of  the most important 
breed-characterizing feature in the domesti-
cated rabbit populations. That means that vari-
ants, emerging in one population from one 
unique mutational event, were then transferred 
in other populations contributing to maintain 
within breeds and across breeds genetic vari-
ability. The constitution of  the rabbit breeds 
could be considered the last step of  the domesti-
cation process of  this species and can be sum-
marized as the activity that gathered together 
and fixed some alleles to originate the desired 
coat colour phenotypes. The molecular mech-
anisms determining a few loci (Dutch, Viennese 
White, Silver, Red Eye and Wide Band), some al-
leles for other partially characterized loci and 
other coat-colour variants that might be re-
cently emerged in fancy breed stocks are still to 
be elucidated. Their characterization could 
probably be relevant to further add useful infor-
mation on the biology of  pigmentation in mam-
mals and to establish new animal models.
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7 Genetics of Fibre and  
Fur Production in Rabbits

Daniel Allain
GenPhySE, INRAE, Castanet Tolosan, France

7.1 Introduction

Variations in coat structure and coat colour of  
the rabbit were among the first characters of  
any animal to be studied at the beginning of  the 
20th century (Castle, 1905; Hurst, 1905; Castle 
et al., 1909) because variations in the colour and 
hair structure are more conspicuous. The early 
investigations were undertaken from the various 
coat colour and hair structure present in fancy 
and specific rabbit breeds which afforded ready 
material for the confirmation of  Mendelian in-
heritance.

Angora rabbit was probably the earliest com-
mercial rabbit breed. It is established that the 
Romans kept and bred them and utilized Angora 
wool from at least 100 BC and the Angora breed 
has been developed in the Carpathian moun-
tains where tribes maintained herds of  captive 
Angoras, and bred them for their warmer and 
softer wool, as opposed to their prized goat wool.

Angora made their way to England where 
in the 1500s laws banned the export of  prized 
‘English silk hares’ as Angora rabbits were called 
there. Then, Angora were imported to the 
south-west of  France in 1723 by English sailors 
who described the animals as originally coming 
from the Angora region of  Turkey; and the 
Angora wool (also called ‘the silk of  Angora’) 
industry started in France in 1765.

Properly prepared rabbit pelts from both wild 
and domestic rabbits were also valued during the 
Middle Ages. As far back as 1631, differential 
prices were noted between ordinary rabbit pelts 
and the pelts of  quality riche rabbit in the Cham-
pagne region of  France. The colour of  the pelt 
originating from the development of  new coat- 
coloured breeds was the main criterion determining 
the value of  the pelts for a long time. Commercial 
breeds for fur production were then developed 
following the appearance of  the Rex rabbit in 
France in 1919.

The emphasis on Angora and specific 
coloured- fur rabbit breeds drove development of  
fibre and fur production by rabbits until the 
1930s when systematic studies appear to be made 
on the quantitative variation of  coat qualities, 
fibre and pelt production. This chapter aims to 
present the genetics of  fibre and fur production in 
the rabbit. It focuses first on general biology of  
hair covering and hair development of  the rabbit. 
A clear understanding of  the biological basis of  
the coat is essential for a better understanding 
of  the genetic basis of  fibre and fur production. It 
then examines the genetic basis of  hair growth pat-
tern and coat composition for fibre and fur produc-
tion. Selection of  rabbit on coat colour, a compo-
nent of  fur production, will be dealt with very 
briefly. Genetics and molecular genetics of  coat 
colour is the subject of  Chapter 6 of  this book.
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7.2 Biology of the Coat of the Rabbit

7.2.1 Structure and composition  
of the coat

The normal coat of  the rabbit, which is its main 
protective organ, is made up of  three kinds of  
hairs: (i) bristles or guard hair; (ii) awns or inter-
mediate hair; and (iii) down or underfur fibres. 
The properties of  the different hair types, the 
composition and the structure of  the coat, all 
play a role in this protection. The bristles are long 
and coarse overhairs of  the outer coat, which 
provide mechanical protection. The downs are 
short and fine underhairs of  the inner coat, 
which provide the thermal protection. The awns 
having intermediate length and diameter are 
considered as overhairs.

The distribution of  hair follicles within skin 
is not determined at random. They are assem-
bled in homogeneous functional units known as 
follicle groups. Some hair follicles are specialized 
in the production of  guard hairs, whereas others 
supply down hairs. The type of  hair produced is 
determined by the position of  the hair follicle 
within its group. The age at which a follicle is 
formed determines its place in the group. At first, 
during foetal life, there is a succession of  four or 
five generations of  central primary hair follicles 
from the 18th day of  gestation. Subsequently, at 
least two lateral primary follicles will appear on 
both sides of  each central primary follicle. Sec-
ondary follicles will establish themselves after-
wards within the previously-defined area from 
the 26th day of  gestation. There are two types of  
secondaries. The epidermal follicles originate 
from the primitive foetal epidermis as primaries, 
until the first sign of  epidermal keratinization. 
As the keratinized epidermis is not able around 
birth to produce more new follicles, the subse-
quent secondaries are formed by branching from 
existing epidermal follicles (Hardy and Lyne, 
1956). These derived follicles with their original 
epidermal follicle constitute a compound hair 
follicle. The hairs of  derived follicles pass through 
the epidermis in the common hair canal devel-
oped by the generating epidermal follicle. There 
are only 4–6 derived follicle buds per follicle 
group at birth. Thereafter the multiplication of  
derived follicles is independent of  the age but in-
creases in the growing animal to maintain the 

hair cover up to a weight of  about half  that of  
the adult, to reach 25–50 derived follicles per 
follicle group (Mehner and Koetter, 1965). The 
follicle group is usually organized in groups of  
three to five primary hair follicles and a bundle 
of  secondaries (Carter, 1943; Rougeot and 
Thébault, 1984; Rougeot et al., 1984b). The over-
hairs are produced by primary hair follicles. The 
central primaries produce bristles while lateral 
primaries produce awns. The underhairs are 
produced by secondary follicles. The secondary 
derived follicles are more than simple morpho-
logical features producing some additional downs 
in the coat to maintain the hair cover. They play 
an important role in the efficiency of  the under-
fur cover in growing mammals through infant 
moults and in adapting the adult coat to sea-
sonal climatic changes through seasonal moult-
ing periods.

7.2.2 Hair structure

The length of  the fine undercoat is 20–30 mm 
whereas the coarse guard hairs are up to 30–40 mm 
long. The fine downs are square, oval or near- 
circular in cross-section with a constant diameter 
along the fibre of  6–20 μm.

The overhairs have a variable diameter 
from the base to the tip. The change commences 
at about mid-length and consists of  a flatten-
ing of  the cross-section until it becomes bean-
shaped, passing to sausage and dumb-bell. 
The hair finally ends in a fine point. Diameter 
is 20–30 μm and 40–60 μm in the basal part, 
and 60–80 μm and 90–100 μm in the upper 
part for intermediate and guard hairs, 
 respectively.

The hair shaft is made of  three structural 
keratin-protein components: cuticle, cortex 
and medulla. The cortex, the main structural 
component of  the hair shaft, consists of  a cylin-
drical array of  closely packed cells whose long 
axes are aligned parallel to the fibre axis. The 
cortex is covered by a cuticle composed of  
sheath-like cells which overlay each other in a 
similar manner to the tiles on a roof. The me-
dulla is unbroken, wide and central, symmetric-
ally-shaped in cross-section. The overall struc-
ture of  the medulla belongs to the serial type 
with one or several columns of  air-filled cells 
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along the axis of  the hair shaft in the downs and 
overhairs, respectively.

7.2.3 Hair growth and moulting  
periods

In the normal-coat, the different hair types of  
rabbits grow for 4–6 weeks, regardless of  their 
nature. Differences in length are the outcome of  
different growth rates. Each kind of  fibre type is 
replaced periodically. The growth pattern of  in-
dividual fibres can be divided in three phases: 
anagen (active growth phase), catagen (follicle 
regression) and telogen (resting phase) (Chase, 
1954). Shedding of  the previously-grown fibre 
tends to occur around the onset of  anagen, thus 
at least one hair is, in general, always present in 
a follicle. The duration of  anagen is constant 
whereas the duration of  telogen can be modified 
by photoperiodic manipulations, hormones, 
trauma and plucking. Thus, a hair may be an-
chored in the skin by its club root for several 
weeks without growing. Pattern of  hair growth 
and changes in the coat depend on moulting: 
juvenile moults in the growing animal and sea-
sonal moults in the adult.

In the young rabbit, there are three types of  
juvenile coats: newborn, infant and sub-adult. 
The coat of  the newborn rabbit stops growing 
when the animal weighs about 0.4 kg (for an 
average-size breed). The infant coat is mature at 
about 8–10 weeks depending on the animal 
weight, as the number of  derived hair follicles 
in development depends on the surface skin area 
in the growing animal. The coat of  the sub-adult 
rabbit is mature from about 4.5–5 months 
(Thébault, 1997).

In the adult, moults are governed by sea-
sonal photoperiodicity and occur in spring and 
autumn. The spring moults are spectacular, 
with visible loss of  winter coat; but they are 
slow and irregular and rarely give an entirely 
stable coat in the summer. The summer coat is 
short and thin as during spring moult, when 
the down falls, some secondary derived follicles 
regress to the hair germ stage or disappear 
without replacing the hair. By contrast the au-
tumn moult reactivates all the hair follicles in a 
relatively short time. It gives longer hairs and a 
thicker coat as all secondary derived follicles 

produce a down and contribute to the thickness 
of  the winter coat.

7.3 Single Genes Affecting Hair  
and Coat Structure

In rabbits, several independent and autosomal 
recessive genes determine characteristics of  fibre 
growth, coat composition and structure. The 
Angora phenotype is characterized by an abnor-
mally long hair length (Rougeot and Thébault, 
1984). The Rex trait suppresses development of  
long coarse fibres (Letard, 1928; Castle, 1929; 
Fraser, 1953). The satin gene modifies fibre struc-
ture (Castle and Law, 1936; Robinson, 1953) 
and the furless and hairless phenotypes are due 
to partial or complete suppression of  down fibre 
production, respectively (Castle, 1933; Boucher 
et al., 1996).

Other autosomal recessive genes (‘wuzzy’, 
furnished or waved) affect coat structure but most 
of  them have been observed in association with 
other recessive genes affecting hair and coat 
structure (Robinson, 1958).

The Angora and Rex characters are indus-
trially used for fibre and fur production whereas 
other mutations are mainly used for creating 
fancy breeds in combination with colour and 
coat-modifying genes.

7.3.1 Angora

Castle (1903) has firstly demonstrated that the 
long coat of  the Angora, with a length about 
three times longer than in the normal-coat rabbit, 
was due to a single recessive gene. Different stud-
ies undertaken thereafter demonstrated that this 
recessive gene acts only on fibre length without 
any other modifications on coat composition or 
hair structure such as fibre diameter or coat soft-
ness compared to the normal rabbit (Wucherer, 
1925; Hardy and Markley, 1944). A woolly coat-
type rabbit, having also a long coat but shorter 
than the Angora was described by Hardy and Mar-
kley (1944). However, both rabbit types are own-
ing the same recessive gene, but the Angora pos-
sesses coat polygenes increasing hair length and 
fleece weight (Robinson, 1958). Similarly, the 
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presence of  long wool tufts on the tips of  the ears, 
called ‘furnishing’, was caused by the segregation 
of  modifying polygenes and not due to a domin-
ant gene associated with Angora mutation or 
correlated to the wool yield (Pickard, 1930).

Extension of  the active growth phase of  
hair (anagen) without changes in growth rate is 
at the origin of  the unusual length of  the coat in 
Angora rabbits (Rougeot and Thébault, 1983, 
1984) as in mice (Pennycuick and Raphael, 1984). 
After rabbits are plucked or defleeced, hair growth 
stops suddenly at the sixth week in rabbits not 
carrying the Angora mutation whereas com-
plete hair growth lasts more than thirteen weeks 
in Angora rabbits. Angora mutation does not 
prolong the duration of  the active phase accord-
ing to any regular pattern. Some hairs complete 
their growth cycle at the end of  12 weeks and are 
shed, whereas others are still growing 5 months 
later (Rougeot and Thébault, 1984). It seems 
possible to increase the average duration of  the 
active phase up to a permanent growth pattern 
with an appropriate selection programme as it 
happens in the German breed selected for shear-
ing (Rougeot and Thébault, 1984).

Mulsant et al. (2004) have reported a tight 
linkage between the rabbit Angora trait and a 
polymorphism in exon 3 of  fibroblast growth fac-
tor 5 (FGF5) gene, although no causative muta-
tion has been identified. The Angora locus 
mapped on a 15 cM region of  chromosome 15 
(OCU15) including the FGF5 gene as reported 
by a study that also defined a first-generation 
genetic map in rabbits using microsatellites 
(Chantry-Darmon et al., 2006) confirming a pre-
vious report (Fox, 1994). It was also confirmed 
that the FGF5 gene could be the potential major 
gene affecting wool yield or that it could be in link-
age disequilibrium with the causative muta-
tion(s), supporting the possibility to use markers 
in this gene for improving wool yield in Angora 
rabbits (Li et al., 2008). Recently, it was shown 
that the FGF5 gene was upregulated in the An-
gora rabbit (Zhao et al., 2018; Ding et al., 2019).

7.3.2 Rex

The Rex phenotype is characterized by the rela-
tive absence of  guard hair with a short and soft 
hair coat which gives a quite different fur from 
that of  the normal-coat rabbit raised for meat 

production. This coat phenotype was first observed 
in France in 1919 within a litter of  wild gray 
rabbit (Letard, 1928). Similar phenotypes appeared 
thereafter in Germany (1926) and France (1927). 
All these Rex phenotypes showed simple Mendel-
ian recessive inheritance (Castle, 1929, 1933). 
It was first suggested that these three phenotypes, 
quite undistinguishable in appearance, were con-
sidered genetically different (controlled by three 
different loci: R1, R2 and R3) as any crosses be-
tween these lines produced rabbits with normal 
coat (Castle and Nachtsheim, 1933). However, as 
genetic differences between these three phenotypes 
were never observed thereafter, it was suggested 
that differences between these Rex phenotypes 
were mainly due to variations in guard hair 
length with polygenic additive effects (Lienhart, 
1962). It is now accepted that Rex phenotype is 
due to a single recessive allele (indicated as r1, 
following the classical nomenclature of  the Rex 
loci) but coat characteristics of  the Rex rabbit can 
be improved through selection programmes to 
reduce the proportion and dimensions of  guard 
hairs within the Rex coat (Thébault et al., 2000).

In the Rex coat, guard hairs are less numer-
ous and about 10 mm shorter than in normal- 
coat rabbits. Thus, undercoat and guard hair 
length are similar, hair is finer and compactness 
is higher (Lienhart, 1962; Vrillon et al.,1988; 
Diribarne et al., 2011). This abnormally short 
hair trait with the relative absence of  guard hair 
was thought to originate from a large decrease 
in fibre growth affecting mainly the outer coat 
without any modifications of  coat composition 
(Lienhart, 1962) or was due to degenerescence 
of  some primary hair follicles which usually pro-
duce guard and intermediate hair (Vrillon et al., 
1988). Recent studies, including skin histology 
methods and fine measurements of  fibre length 
and diameter, state that the lack of  guard hair in 
Rex rabbits was not due to the degenerescence 
of  primary hair follicles. A large part of  them re-
mains active and produces hair. But these guard 
hairs present a modification of  their shape and 
an important decrease of  diameter. The hairs 
produced by the primary follicles seem to have 
disappeared but their reduction in size and 
shape, especially for guards, made them look like 
down (Diribarne et al., 2011). This is the reason 
why guard and awn hairs have been considered 
as lacking when fur was only visually assessed. It 
also explains why Rex fur has characteristics of  
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shortness, fineness, density, smoothness and beau-
tiful velvety texture, and represents a great value 
for breeders and the industry (Robinson, 1958).

A single polymorphism in the lipase mem-
ber H (LIPH) gene was shown to have a complete 
linkage disequilibrium and association with the 
Rex phenotype, confirming the recessive determin-
ism of  the trait (Diribarne et al., 2011). This poly-
morphism was found as a one base pair deletion 
in exon 9 (c.1362delA) of  LIPH gene. This deletion 
modifies transcription and leads to a premature 
termination of  the Rex LIPH protein which affects 
LIPH expression in hair follicle and skin. The 
higher the relative absence of  guard hair, the 
lower LIPH expression is (Diribarne et al., 2012).

7.3.3 Satin

The coat of  the Satin rabbit has a characteristic 
glossy and smooth appearance and feels softer 
and silkier than the normal rabbit coat without 
any modification in hair length. This mutation, 
first observed in the USA in the 1930' within a 
litter of  Havana rabbit, is due to a recessive allele at 
a single locus (Castle and Law, 1936; Robinson, 
1953). Variations in the three structural compo-
nents of  the hair shaft – cuticle, cortex and 
medulla – give the glossy aspect of  the Satin coat. 
The cortex as well as the medulla and the cuticle 
layer covering the cortex are thinner in the Satin 
coat. These characteristics associated to a smoother 
surface of  the cuticle scale increase the visibility 
of  the hair pigment and make in turn the hair 
colour more brilliant (Boucher, 1993). The cells 
of  the medulla, instead of  belonging to the serial 
type, become more compact and lead to form a 
spongy-like structure (Castle and Law, 1936) or 
the absence of  medulla (Spendlove and Robin-
son, 1970). The Satin mutation, as well as the 
Rex one, in combination with colour type, were 
often used to create fancy breeds but its commer-
cial interest in the fur industry remains limited.

7.3.4 Waved

The waved (or curly) coat phenotype in the rab-
bit seems to be due to a recessive allele at a single 
autosomal locus but is dependent upon the pres-
ence of  the Rex recessive homozygous genotype. 

It is only manifested in the fine-coated Rex 
rabbits (Pickard, 1941). Any attempt to 
combine the waved trait with a coarse Rex coat 
or the Angora one failed. This trait is also often 
called ‘astrex’ as it can only be manifested in the 
fine Rex.

7.3.5 ‘Wuzzy’ (hair sticky and matted)

‘Wuzzy’ rabbits possess a long coat which differs 
from the Angora. Hairs appear to mat in tufts in 
a characteristic fashion (Sawin, 1955). A straight 
hair shaft is observed in the Angora rabbits whereas 
the tips of  hairs have a tendency to mat with each 
other in a peculiar, seemingly twisted, fashion 
which becomes progressively more pronounced 
as hair density increases (Crary and Sawin, 1959). 
A recessive allele at a single locus was apparently 
involved but no relation with the Angora has 
been established (Robinson, 1958).

7.3.6 Naked or furless

The rare occurrences of  naked and furless rabbits 
were first reported in Russia (Kislovsky, 1928) 
and Great Britain (Castle, 1933), respectively. The 
furless and naked loci both prevent the normal 
formation of  fine underhairs, leaving primarily 
the long and coarse guard hairs (Drapeau, 1933). 
It was then suggested that the naked or furless 
traits were due to a recessive allele at the same 
locus (Castle, 1933; Jackson et al., 2006). Other 
mutations leading to the absence of  underhairs 
were also described: pelt loss (Nachtsheim, 1937, 
1958), wirehair (Sawin, 1955) and hairless 
(Boucher et al., 1996) but all these mutations ap-
peared to be closely similar to the naked or furless 
trait. The naked rabbit resembles the furless one 
but with less residual hairs due to a variation in 
gene expression (Crary and Sawin, 1959). Naked 
and furless rabbits produce approximately 90% less 
fur than normal furred rabbits (Rogers et al., 2006). 
It could be assumed that all the mutations describ-
ing the loss of  underfur exhibit variations in the 
absence of  downs or any hair over the body as re-
ported by Castle (1933) and Boucher et al. (1996), 
probably due to modifier genes. This mutation was 
reported to be lethal (Kislovsky, 1928), but contra-
dictory results were described (Castle, 1933; 
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Jackson et al., 2006) although furless rabbits were 
found to be difficult to keep alive and have low fer-
tility (Boucher et al., 1996).

7.4 Genetic Improvement  
of Fibre and Fur Production

Fibre and fur production schemes in rabbits are 
based on purebred selection schemes with spe-
cialized breeds. Genetic improvement of  fibre 
and fur production in rabbits is aimed at:

(i) increasing the production of  fibre or fur to 
give a greater economic return per animal and 
production unit; and
(ii) improving the quality of  the fibre or fur so 
that it can be processed into superior end prod-
ucts thus attracting a higher unit value.

The development of  efficient breeding programmes 
requires to:

(i) identify the traits of  importance;
(ii) know the phenotypic variation levels and gen-
etic parameters among the traits to be improved so 
that breeding value predictions can be made using 
genetic model with appropriate adjustments for 
environmental and non-genetic factors; and
(iii) evaluate selection strategies to achieve the 
breeding objective.

This part focuses on genetic improvement for 
the production of  fibre and fur in rabbit. Other 
traits relating to functional and adaptation traits 
(reproduction, health, growth and maternal 
traits) have also to be taken into consideration 
with less or more importance. The genetics of  these 
traits is the subject of  other chapters of  this book.

7.4.1 Genetic improvement of Angora 
rabbit for fibre production

Angora wool is almost exclusively used in the 
carded processing chain, either in drapery or in 
hosiery. These two uses led to the selection of  two 
different breeds or lines of  Angora rabbit which are 
produced under different management systems.

The French breed, raised mainly in France, 
intended to produce bristly Angora with a long 
and hairy coat, is harvested by defleecing with a 
depilatory treatment. Long guard hairs within 
well-structured staples are desirable fibres for 

making luxurious garments and fashion knit-
wear having a brush appearance.

In the French breed, fibres are collected 
every 90–100 days by defleecing when the hair 
follicles reach the resting phase and before hairs 
start falling. Defleecing does not affect the be-
haviour of  hair follicles and the hairs of  Angora 
rabbits continue to grow in appropriate syn-
chronism, obeying the typical growth rate of  
each type of  hair (Rougeot and Thébault, 1984). 
At the time of  defleecing, all hairs have the same 
duration of  growth, but due to different growth 
rates, there are significant differences in fibre 
length between long guard hairs (10–12 cm) 
and fine downs (6–7 cm). Thus, a well-struc-
tured staple is produced. French Angora rabbits 
are usually defleeced at 8 weeks of  age for the 
first time, then at intervals of  13–14 weeks 
(Rougeot and Thébault, 1984).

The German breed, mainly raised in China, 
South America and central Europe, intended to 
produce a woolly fleece, has a long, soft and fine 
woolly coat with a minimum of  bristles or guard 
hairs. The German breed is selected for a woolly 
and finer fibre to make soft and very fine yarns 
for fashion knitwear and thermal underwear.

In the German breed, the hair is collected by 
shearing or cutting every 10–13 weeks. As 
shearing do not appear to encourage hair to 
grow, an absence of  synchronism in hair growth 
is observed between the different type of  fibres; 
some hairs follow their established growth pat-
tern, whereas others start their growth cycle ran-
domly, so that hairs are cut at different stages of  
their growth, giving the coat a woolly look. In 
central Europe and China, Angora rabbits are 
sheared at 13-week intervals whereas in South 
America, the first shearing takes place when the 
rabbits are 9 weeks old, the second at 20 weeks, 
and subsequent shearing at intervals of  10 weeks 
(Garcia and Magofke, 1982). The adoption of  
such a pattern would have the effect of  increas-
ing the annual wool output, but with a reduction 
in the length of  the hairs gathered each time.

7.4.1.1 Relevant traits

In both French and German breeds, the main 
selection criterion is the total fleece weight. Angora 
rabbits produces each year 1–1.5 kg, even up to 
2 kg, of  fibre, which is more than a quarter of  
their body weight.
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The fleece of  Angora rabbits is usually sorted 
in five different grades during harvest according 
to length, type of  wool, cleanness and absence of  
felting. For the French breed, these grades are 
(Vrillon and Thébault, 1992):

(i) WAJ1 for bristly wool harvested from the 
back and side of  the rabbit, which includes both 
bristles and down longer than 6 cm and repre-
sents about 70% of  the total fleece weight;
(ii) WAW1 for woolly wool harvested from the 
throat and the belly longer than 6 cm;
(iii) WAW2 includes short wool less than 6 cm 
long harvested mainly from young rabbits at the 
first and second harvest;
(iv) CFW for clean felted wool; and
(v) DW for dirty wool.

For the German breed, there are no nation-
wide standard classes. However, Angora wool is 
graded according to the length (2 or 3 grades 
from 3 to 6 cm) and the type (woolly or single 
coat and bristly or double coat) of  hair.

By contrast to other fibre-producing animals 
such as sheep, goats and South-American cam-
elids, fibre diameter and other fleece characteris-
tics (fineness variability, curvature, crimp, staple 
strength, undesirable fibres) are not considered 
as traits of  importance. Objective measurements 
based on optical fiber diameter analysis (OFDA) 
methodology for determining fineness, curvature 
and proportion of  coarse fibre are available (Rafat 
et al., 2007b) but not widely used. Angora wool 
is a fine fibre (13–16 μm) like fine cashmere with 
about 0.5–5% of  coarse fibres (diameter >30 μm) 
without undesirable fibres and a length of  6–10 cm 
depending upon the interval between harvests.

Other production traits are of  less importance 
in the husbandry of  Angora rabbits. Both French 
and German Angora rabbits are raised to produce 
fibres with an adult animal, having a long life-
time (4–6 years) depending upon management 
system and without any meat valorization. Thus, 
fertility and maternal traits are of  less importance 
as reproduction is only used for animal replace-
ment and selection.

7.4.1.2 Non-genetic factors affecting  
fibre production in Angora rabbits

Despite the harvest method which affects the 
type of  fleece produced by the German and French 

breeds, wool production is affected by age and 
sex of  the animals, reproduction and season.

Age or harvest number is important (at least 
at the first harvest) for all Angora rabbit breeds 
as the development of  secondary follicles produ-
cing downs is continuing after birth until animals 
reach about 50% of  their adult weight. Young 
rabbits produce woolly fleece at the first and 
second harvest, even in the French breed after 
defleecing. Total fleece weight is about 30–40 g 
at the first harvest and then increases rapidly up 
to the fourth and the fifth harvest to reach a 
weight five or six times higher than at the first 
harvest. As live body weight increases rapidly 
from about 50 g at birth to 1.3 kg, 3 kg and 4 kg 
at 8, 20 and 30 weeks, respectively, total fleece 
weight increases with age and live body weight 
(Thébault et al., 1992).

Fleece weight is greater in females than in 
males. This sex effect is more important in the 
French breed where males produce up to 20% 
less wool than females whereas in the German 
breed, males produce 0–15% less than females. 
This sex effect in Angora rabbits is the reverse of  
that observed in sheep and goats. Due to a lower 
fibre production in males, females and castrated 
males in some management systems are mainly 
used for Angora wool production. Entire males are 
only kept for reproduction and animal replacement.

Reproductive status of  the doe, and especially 
gestation and lactation, reduce hair production 
by about one-third (Thébault and de Rocham-
beau, 1988; Umesh et al., 2004).

Seasonal effects are important. Fibre output 
is maximal in winter and minimal in summer in 
both breeds (Magofke et al., 1982a, 1982b; 
Rougeot and Thébault, 1983; Allain et al., 1999). 
The seasonal influence decreases with age or 
harvest number. The relative difference be-
tween winter and summer is around 30% for 
the first and second harvest, around 15% for 
the third and the fourth harvest and only 9% 
for subsequent adult harvest (Rougeot et al., 
1984b). Fleece parameters are also influenced 
by the season in which animals are born. The 
total yield of  adult animals born in winter is 
significantly greater than those born in sum-
mer (Allain et al., 1999). However, a greater sea-
sonal influence has been observed in the 
French breed, when animals are defleeced, 
than in the German breed, when animals are 
sheared (Schlolaut, 1980).
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7.4.1.3 Genetic parameters

Few studies have reported genetic and phenotypic 
parameter estimates for wool traits in Angora 
rabbits. There was a considerable range in pub-
lished heritability estimates for fleece weight at 
different harvests to the adult age (Table 7.1).

total fleece weight The heritability estimated 
for total fleece weight ranged from 0.08 ± 0.20 
to 0.96 ± 0.29 (Table 7.1). The most probable 
values estimated under an REML animal model 
ranged from 0.21 to 0.52 with a mean value of  
0.35 ± 0.08 which is similar to the weighted mean 
heritability for clean fleece weight (0.36 ± 0.02) 

Table 7.1. Estimates of heritability (± S. E.) with reference to wool traits in French (F) and German (G) 
Angora rabbit breeds.

Heritability Breed1 Method2 Reference

Total fleece weight
First harvest

0.20 ± 0.12 G – (Caro et al., 1984)
0.40 ± 0.02 F REML (Allain et al., 1999)
0.19 G ROS (Magofke et al., 1994)
0.44 ± 0.15 G REML (Singh and Jilani, 2006)
0.17 G – (Risam et al., 2005)

Second harvest
0.23 ± 0.12 G – (Caro et al., 1984)
0.31 ± 0.03 F REML (Allain et al., 1999)
0.27 G – (Magofke et al., 1994)
0.40 ± 0.20 G REML (Singh and Jilani, 2006)
0.25 G – (Risam et al., 2005)

Third harvest
0.09 ± 0.12 G – (Caro et al., 1984)
0.32 ± 0.03 F REML (Allain et al., 1999)
0.31 G ROS (Magofke et al., 1994)
0.49 ± 0.11 G REML (Singh and Jilani, 2006)
0.45 G – (Risam et al., 2005)

Fourth harvest
0.08 ± 0.20 G – (Caro et al., 1984)
0.30 G – (Lin et al., 1994)
0.23 F REML (Allain et al., 1996a)
0.21 ± 0.24 G REML (Singh and Jilani, 2006)
0.14 G – (Risam et al., 2005)

Fifth harvest
0.26 G ROS (Magofke et al., 1994)
0.26 ± 0.13 G REML (Singh and Jilani, 2006)
0.11 ± 0.10 G ROS (Katoch et al., 1999)

Homogeneity
0.18 F REML (Allain et al., 1996a)

Structure
0.17 F REML (Allain et al., 1996a)

Bristle length
0.25 F REML (Allain et al., 1996a)

Down length
0.15 F REML (Allain et al., 1996a)

Compression
0.19 F REML (Allain et al., 1996a)

Resilience
0.12 F REML (Allain et al., 1996a)

1 F, French breed; G, German breed.
2 ROS, regression of offspring on sire; REML, restricted maximum likelihood estimation.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



112 D. Allain 

observed in sheep wool breeds (Safari et al., 
2005). Despite the large variation observed in the 
phenotypic expression of  Angora wool production 
according to the age of  the animal, heritability 
estimates of  total fleece weight are of  the same 
magnitude in both young and adult animals 
(Allain et al., 1999).

Maternal genetics effects for total fleece 
weight are high and significant in both the young 
and the adult animals but decrease with age and 
range from 0.44 in the young to 0.10 in the 
adult (Allain et al., 1999).

fleece quality traits Estimations of  heritabil-
ity of  different fleece quality traits in French 
Angora rabbit females range from 0.15 to 0.25 
(Allain et al., 1996a) (Table 7.1).

live body weight Direct heritability estimates 
of  live body weight ranging from 0.28 to 0.63 at 
the fourth harvest and moderate to high mater-
nal genetic estimates from 0.43 at 8 weeks of  
age to 0.14 in the adult age were reported in the 
French Angora rabbits (Allain et al., 1999). 
Higher heritability estimates of  live body weight 
were reported in the German Angora rabbits but 
these values were probably overestimated due to 
confusion between direct additive and maternal 
effects (Caro et al., 1984).

genetic correlations Genetic correlations of  
total fleece weight between the different harvests 
were moderate to high and positive. The first har-
vest was not highly correlated to the following 
harvest with estimates ranging from 0.22 to 
0.39 (Allain et al., 1996b). Between the con-
secutive following harvests, genetic correl-
ations were positive and high and ranged from 
0.69 to 0.89 indicating that the second harvest is 
a good predictor of  breeding value for total fleece 
weight (Magofke et al., 1994; Allain et al., 1999).

Genetic correlations between live body weight 
and total fleece weight are variable according to 
the age of  the animals and the breed type. With 
the exception of  the first harvest, genetic correl-
ations between body weight and fleece weight 
are low and not significant, indicating that no 
improvement of  fleece weight production can be 
obtained by selection in the French breed (Allain 
et al., 1999). On the contrary, high correlations are 
observed in the German breed (Caro et al., 1984).

Genetic correlations between total fleece 
weight and the weight of  long and bristly wool, 
as well as between the length of  the two kinds of  
fibres within the staple or at different locations 
are high (Allain et al., 1996a).

7.4.1.4 Response to selection

Estimated genetic parameters have given us 
relatively precise predictions for expected re-
sponses to selection. In practice, selection for a 
single trait, i.e. total fleece weight, has been 
widely used in both the French and the German 
Angora rabbit breeds. It would be important to 
check if  the prediction of  the selection response 
for total fleece weight would is really effective. 
Such work has only been reported for the French 
breed.

direct response to selection for total fleece 
weight Rafat et al. (2007a) explored the genetic 
variability of  wool production and other produc-
tion traits through an 8-cohort divergent selection 
experiment for total fleece weight in the French 
Angora breed. The lines were selected for high 
and low total fleece weight at each harvest every 
three months from the third harvest and the 
selection response measured as deviations be-
tween the two lines. A divergence of  three genetic 
standard deviations was observed between the 
low and high lines after eight years of  divergent 
selection. The pattern of  response was consistent 
with a heritability estimate of  0.38 and selection 
intensity at a rate of  2.4% per year (Rafat et al., 
2007a). Selection for total fleece weight signifi-
cantly increased the weight of  both long bristly 
and woolly wool grades of  the fleece in similar 
proportion. An increased live body weight was 
also obtained by selection for total fleece weight 
as expected in regard to genetic parameters. It 
was also shown that response to selection at the 
second harvest was similar to that observed at 
the following harvest whereas no response to se-
lection was observed on the first harvest (Rafat 
et al., 2009) in regard to genetic correlations be-
tween following harvests from birth. These re-
sults confirm that (i) fleece weight at the first 
harvest is a different trait as hair follicle develop-
ment is not complete at 8 weeks of  age when the 
first harvest occurs; and (ii) the second harvest is 
a good predictor of  breeding value for total fleece 
weight (Magofke et al., 1994; Allain et al., 1999).
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correlated response to selection for total 
fleece weight From the same divergent selec-
tion experiment, correlated response to selection 
for total fleece weight on different fleece-quality 
traits – length, diameter and proportion of  the 
different fibre types, secondary to primary follicle 
(S/P)  ratio, compression and resilience properties 
of  hair – were evaluated. Selection for total fleece 
weight increased bristle length, S/P ratio and com-
fort factor (% of  fibres having a diameter <30 μm), 
and decreased bristle diameter, mean fibre diameter, 
compression and resilience, whereas no correlated 
responses were observed in down length (Rafat 
et al., 2008).

No similar selection experiment on the German 
Angora rabbits has been published. It could be 
assumed that a similar response to selection 
would be expected.

consequences for breeding programmes  
Selection for increasing total fleece weight has 
positive effects on fleece characteristics such as 
bristle length, follicle population and fibre diam-
eter (Rafat et al., 2008). The measurement of  
total fleece weight is simple and easy to do at 
farm level. Breeding programmes based only on 
this criterion result in an improvement of  both 
quantitative and qualitative traits of  wool pro-
duction in the Angora rabbits.

7.4.2 Genetic improvement of rabbit  
for fur production

There are two kind of  skins from rabbits used in 
the production of  various fur items and trim: skins 
from meat rabbits and skins from Rex rabbits.

Skins from normal rabbits specially bred for 
meat production are retrieved from the slaughter-
house as a by-product of  the rabbit meat indus-
try. Such valorization of  skins provided pelts of  
acceptable quality to the fur industry until the 
1960s, but due to the development of  the meat 
rabbit industry using specialized breeding lines 
selected to improve numerical and weight prod-
uctivity with an earlier slaughtering age, pelt qual-
ity fell dramatically (Thomas, 1977, Rochambeau 
and Vrillon, 1985). Many skins are still collected 
from European slaughterhouses and exported as 
raw skins to China. By sorting, a small percent-
age corresponding to the best quality are dressed 

and processed to feed the fur industry. Others are 
shorn to collect hair for textile use. Today this 
market is not very stable and large fluctuations 
of  the demand are observed. The price of  raw 
skins can vary from 0% to 30% of  the total value 
of  the animal at slaughterhouse level.

The Rex rabbits are specially bred for their fur 
and used for fur production. Their fur is quite 
distinct from that of  regular. The Rex fur has no 
prominent guard hairs resulting in a silky, dense, 
soft and plush type of  fur (comparable to velvet). 
This fur is highly desirable and can obtain high 
market prices. Its popularity in garment produc-
tion stems from the various colours available 
throughout the breed’s different varieties. The 
Rex mutation was first observed in France in 
1919 and was considered as a new breed in 
1925 in France. Then, development of  Rex rabbit 
farming for fur production was popular up to the 
1950s and declined until the 1970s with the 
demand in fur. Thereafter studies for developing 
a dual-purpose rabbit for both meat and fur pro-
duction were developed in France (Vrillon and 
de Rochambeau, 1982) and China. A specific 
Rex rabbit industry was then created in France 
(Thébault et al., 2000), China and some other 
countries aiming to produce a meat rabbit with a 
valued pelt which could be better valorized than 
usual by-product pelt from the meat rabbit 
slaughterhouse industry. A large panel of  col-
oured Rex furs has been obtained and offered to 
the fur industry.

As fur production is more often associated 
with meat production from dual-purpose 
breeds owning the Rex mutation, there are two 
kinds of  important traits: those related to fur 
production and fur quality and others to meat 
production including reproduction and mater-
nal abilities, growth and carcass performances 
and adaptive traits. This part focuses only on 
traits relating to fur production. Genetics of  other 
production traits are given in other chapters of  
this book.

7.4.2.1 Relevant traits in Rex rabbits

More traits are relevant for fur production than 
for fibre production. The main barrier to quality 
fur production is slaughter age: the pelt must be 
large enough and the whole coat mature, i.e. a 
winter coat having a high fur density. Thus, ani-
mals are slaughtered at a later age than meat 

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



114 D. Allain 

rabbits, from 20 to 35 weeks of  age, when pelts 
are large enough and mature (Rougeot, 1986).

The two other major defects that make nor-
mal rabbit fur a down-market product are the un-
equal growth of  the hairs during moulting periods 
and the long and fragile guard hairs which break 
off  very easily.

The first defect can be ironed out by produc-
tion techniques (Vrillon et al., 1988; Uzcategui 
and Johnston, 1990, 1996) that synchronize 
moulting and by checking the progress of  moult-
ing in all parts over the body.

The Rex rabbits are nearly free of  the second 
defect as their coat contains no, or only a few, short 
guard hairs. Thus, Rex is the main if  not the only 
breed raised and selected for fur production. 
However, the presence of  short guard hairs called 
bristliness determines fur softness and remains 
an important quality criterion.

Other fur characteristics such as size, 
compacity, colour and other skin faults which 
determine the quality of  the fur and its economic 
value, are taken into account for grading furs 
within each breed type.

fur maturity A non-whole mature fur cannot 
be used in the fur industry because non-prime 
areas show unequal growth of  hairs and im-
portant hair losses are observed following the 
tanning process. The crucial time to reach 
maturity is moulting: juvenile moults for grow-
ing rabbits and seasonal moults for adults. 
There are three types of  juvenile coats: that of  the 
newborn rabbit, infant and sub-adult coats. 
The first two are unusable because they are too 
small. The sub-adult coat becomes more inter-
esting but the lengthy (4–6 weeks) moult, which 
is produced,  does not start until the rabbit reaches 
1.7–1.9 kg. It matures from 5 to 8 months of  
age (Petersen, 1992). Despite these limits,  it is 
the first coat that could provide a fur of  interest 
(Rougeot, 1986).

The progress of  moulting and fur maturity 
can be assessed by scoring the extension and in-
tensity of  blue pigmentation through separating 
the hair over the skin which indicates hair fol-
licle activity (Allain and Rougeot, 1980). This 
pigmentation is due to the renewal of  melano-
genesis in hair follicles during hair growth. At 
fur maturity, any pigmentation of  the skin was 
not observed over the whole surface of  the body 
(Thébault et al., 2000).

coat composition and fur density The pres-
ence of  guard hair and composition of  the coat 
are of  importance for determining softness and 
compacity of  the fur. Softness is associated with 
bristliness (presence of  coarse hairs) whereas 
the density of  fibres per skin area unit determines 
compacity. The Rex type is known to shorten and 
reduce the proportion of  coarse fibres. However,  
residual short guard hairs, a little longer than 
downs, are remaining and its content deter-
mines the softness of  the Rex fur. It can be scored 
by visual assessment (Thébault et al., 2000) or 
objectively measured using OFDA methods. The 
former method is cheap and easy to undertake 
on a large animal population and allows rapid 
progress (Thébault et al., 2000). The latter one, 
developed for measuring fineness in wool, can 
also be used to determine comfort factor (propor-
tion of  fibres having a diameter >30 μ) in the fur 
rabbits. This method is quite expensive and can be 
used only when visual assessment does not allow 
any more improvement in coat composition.

Fur compacity which corresponds to the dens-
ity of  fibres or hair follicles per skin area unit can be 
assessed by handling the coat or can be measured 
using a compacimeter (Thébault et al., 2000).

other fur characteristics Other traits such as 
size, coat depth or fibre length, clarity and skin 
faults have an impact on fur grading which deter-
mines its use by the industry. Size of  the fur which 
is determined by live body growth at slaughter 
age, and fibre length or coat depth can be easily 
measured. Variations of  fur colour within a colour 
genotype can be assessed by scoring through dif-
ferent criteria such as extension of  the agouti 
band along the fibre, intensity and homogeneity 
of  the colour. These traits are usually checked at 
grading to sort furs in different quality batches be-
fore marketing and processing, but they could also 
be taken into account in breeding programmes.

7.4.2.2 Genetic parameters and response 
to selection for fur production in Rex rabbits

Data about genetic parameters and selection 
schemes of  Rex rabbits for fur production are very 
sparse. A selection programme based on the 
quality of  fur and mainly the absence of  guard 
hairs was initiated in France during the 1980s 
from a castor Rex rabbit in order to obtain a 
dual-purpose animal, a fur only composed of  
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undercoat associated to meat production (Vrillon 
et al., 1988). Several fur-quality parameters were 
introduced in the selection programme and par-
ticularly fur priming in order to obtain light and 
soft pelts. Its main objective was to create and de-
velop a dual-purpose Rex rabbit producing both 
meat and the orylag® fur, a registered trade-
mark fur different from that of  the Rex rabbits, 
with an incomparable softness and lightness 
exploited under licence by a French breeder 
co-operative (Thébault et al., 2000).

The different selection criteria taken into 
account to improve fur quality were: hair length, 
compactness, bristliness, fur priming and three- 
colour criteria (intensity, homogeneity and 
extension of  the agouti band along the fibre) de-
termined by scoring. Live body weight at 8 weeks 
of  age was also introduced in the selection 
scheme. Quite apart from body growth develop-
ment, it determines the end of  hair follicle multi-
plication in the growing rabbits and hair growth 
of  the second or juvenile coat (Thébault, 1997) 
and consequently determines moult onset of  the 
sub-adult coat having a commercial value (Vril-
lon et al., 1988). Selection goals are to decrease 
bristliness score, to improve 8-week body weight, 
compactness and fur priming, and to maintain 
steady hair length. Genetic parameters observed 
in the Castor orylag® are reported in Table 7.2 
(Thébault et al., 2000).

Heritability estimates of  bristliness is mod-
erate (0.28) indicating that despite the major 
effect of  the Rex recessive allele on primary 
hair- follicle activity, there are still other poly-
genic effects acting on the development of  
guard hairs in animals owning the Rex geno-
type and an improvement in direction to sup-
press guard hairs could be obtained through a 

quantitative selection programme (Thébault 
et al., 2000). Heritability estimates for other 
fur-quality traits are small to moderate and 
ranged from 0.06 for fur priming to 0.25 for 
fur-colour intensity. Genetic correlations reveal 
various antagonisms. Unfavourable correl-
ations between bristliness score and compact-
ness and hair length and between 8-week body 
weight and compactness were observed. To 
solve these antagonisms, a multivariate selec-
tion procedure including all fur production 
parameters and live body weight at 8 weeks of  
age was proposed. This selection obtained a 
dual- purpose animal producing a carcass which 
represents about 40% of  the total income and a 
fur of  high quality which is valorized in France 
through a breeder co-operative.

7.5 Concluding Remarks

Fibre and fur production are based on special-
ized breeds and pure-bred selection schemes. 
This could result in lower reproductive and 
productivity performances observed in both 
Angora and Rex rabbits than in modern meat- 
rabbit lines.

Hair is mainly collected from an adult 
Angora rabbit with harvest at about 2–3-month 
intervals from birth until up to 5–6 years of  age. 
Fibre harvesting is the main competitiveness 
criterion in Angora rabbit farming whereas 
reproduction, which is used only for animal 
replacement and numerical productivity, has 
a low impact on the selection scheme and 
fibre production. Angora rabbit is a very effi-
cient animal producing annually 1.2–1.5 kg of  

Table 7.2. Heritability and genetic correlation between fur production traits in Orylag® Castor 
(Thébault et al., 2000).

Traits LBW8 BR HL CO FP ABE FCI FCH

Live body weight at 8 weeks (LBW8) 0.40 0.09 0.15 –0.11 0.10 0.20 –0.02 0.32
Bristliness (BR) 0.29 –0.38 –0.37 –0.39 –0.21 –0.36 0.33
Hair length (HL) 0.19 0.33 –0.16 –0.36 –0.07 0.14
Compactness (CO) 0.20 –0.09 –0.21 0.14 –0.09
Fur priming (FP) 0.09 –0.02 –0.67 0.69
Agouti band extension (ABE) 0.16 0.35 0.09
Fur colour intensity (FCI) 0.28 –0.58
Fur colour homogeneity (FCH) 0.09
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wool that is more than a quarter of  its body weight. 
Selection schemes based only on the measurement 
of  total fleece weight from the second harvest, a 
moderate to high heritable trait easy to measure at 
the farm, result in an improvement of  both quantity 
and quality of  wool produced by the Angora rabbits.

In fur production, numerical productivity 
has a larger impact. The income from Rex rabbit 
farming is balancing between meat and fur pro-
duction. Animals are slaughtered to produce both 
meat and furs at 5–8 months when the pelt is large 
enough and the whole coat mature. If  meat can be 
marketed easily, any fur defect or low- quality 
grade has a large impact on pelt value. The Rex 
rabbit, which has a low numerical productivity, 
cannot compete with meat-production systems 
based on crossbreeding or multi-purpose line 
schemes, which avoid adverse effects between re-
productive and growth performances. Breeding 

objectives must lead to produce a high- quality pelt 
to compensate for the low numerical productivity.

Any deviation from the breeding objectives 
due to economic reasons could have negative im-
pacts. Any selection to increase numerical product-
ivity must be limited to avoid adverse effects on 
growth rate of  kits from birth. Hair follicle devel-
opment determines moulting periods and fur dens-
ity in the growing animals and consequently final 
fur quality. Any improvement of  meat-production 
income through a higher growth rate or an 
earlier slaughter age has adverse effects on coat 
maturity and fur quality. Thus, breeding object-
ives in fur-production schemes should obtain a 
dual-purpose Rex line having reasonable numerical 
productivity, high-quality pelt, taking into account 
the negative relationship between fur quality cri-
teria, and allowing a high value of  the fur, whilst 
keeping carcass weight within commercial limits.
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8 Genetics and Molecular Genetics of 
Morphological and Physiological Traits and 
Inherited Disorders in the European Rabbit

Luca Fontanesi
Department of Agricultural and Food Sciences, Division of  

Animal Sciences, University of Bologna, Italy

8.1 Introduction

Since the rediscovery of  Mendel’s laws at the 
beginning of  the 20th century, the European rab-
bit has been used in genetic studies that reflected 
the multiple purpose of  this lagomorph, i.e. as 
livestock species, fancy animal, animal model, wild 
animal and pest. The first pioneering genetic works 
in this species contributed to confirm the valid-
ity of  Mendelian inheritance in mammals (e.g. 
Castle, 1905, 1907; Punnett, 1912, 1915). Coat 
colours and fibre traits were the first targeted 
phenotypes of  these studies (see Chapters 6 and 
7) that subsequently were oriented to investigate 
many other morphological traits and inherited 
defects. Defects were mainly described in inbred 
stocks, lines and breeds and were usually related to 
a high level of  inbreeding that increased the fre-
quency of  recessive alleles at different loci in a 
variety of  populations (e.g. Chai, 1968, 1969, 
1970; Crary and Fox, 1980). Biochemical stud-
ies were subsequently introduced to understand 
basic biological mechanisms of  observed variabil-
ity of  blood components, physiological states or 
enzyme activities determining functional effects 
at different levels (e.g. Watanabe, 1977).

Mode of  inheritance of  morphological traits 
and malformations or other defects ranged from 

polygenic to monogenic with complete or partial 
penetrance and different levels of  dominance, 
genetics and environment interactions, com-
plicating the interpretation of  the results in 
several cases. Most of  these studies were completed 
in the pre-DNA era or when genomic analyses 
could not be applied. They relied only on classical 
genetic approaches that observed the manifest-
ation of  the traits and measured parameters in 
family-based designs or in approaches that could 
monitor or infer the inheritance in the investigated 
rabbit populations and lines. With the advent of  
molecular genetics and the application of  DNA 
markers in genomic studies, few morphological 
traits and defects have also been characterized at 
the molecular level. Results obtained from DNA-
based approaches are still limited but they are 
expected to increase within the next decade by 
taking advantage of  the availability of  genomic 
tools.

This chapter compiles and updates the 
knowledge on morphological, physiological 
and biochemical traits under genetic control 
and on inherited disorders documented in the 
European rabbit. The chapter is also focused on 
the recent developments determined by the 
molecular characterization of  these traits and 
defects.

Contact e-mail address: luca.fontanesi@unibo.it
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8.2 Sources of Information

Over the last century, a few authors have reviewed 
the genetic literature on inherited traits and 
disorders described in the European rabbit. 
Castle (1930) wrote the first manual on the 
genetics of  the domestic rabbit that detailed 
the basic coat colour loci and analysed a few 
other genetically determined morphological 
traits, including body size and ear length. Sawin 
(1955) reviewed the genetic studies in rabbits 
published at that time and listed loci affecting 
hair colour and hair morphology, single locus 
and polygenic variations for morphological 
and physiological characters, genetic factors 
affecting the neuromuscular systems and be-
haviour, serological characteristics and body 
size, body proportions and growth. An exten-
sive compilation of  the genetic works in the 
rabbit was published by Robinson (1958), 
which constitutes a milestone on rabbit genet-
ics of  the pre-DNA period. His review included 
genetic knowledge on colour and pelage vari-
ation, variability of  physiological traits, genet-
ics of  gross abnormalities affecting different 
organs and systems and quantitative genetics 
of  size and growth, ear length, reproduction 
physiology, skeleton and several other bio-
logical aspects. Lindsey and Fox (1974, 1994) 
listed inherited diseases and variations de-
scribed in rabbits. Fox (1974, 1975, 1994) 
reported the latest extensive reviews on rabbit 
genetics. In the final update (Fox, 1994), he 
listed a total of  101 recognized mutations 
(loci). This latest list included loci affecting 
coat colour and hair (n. 15 loci), morphological 
traits and inherited defects (n. 44; mainly 
derived by the works on inbred stocks) and 
biochemical traits (n. 43). The Online Men-
delian Inheritance in Animals (OMIA) data-
base (Nicholas and Hobbs, 2014; https://omia.
org/home/, accessed 7 January 2021) includes 
97 entries (April 2020) of  disorders and other 
traits for which monogenic or oligogenic 
inheritance has been claimed or supposed in 
rabbits.

Together with a comprehensive literature 
survey, these sources of  information have been 
used to critically compile this chapter and link 
what was reported by previous reviews, as sum-
marized in Table 8.1.

8.3  Sources of Genetic Variability

Early rabbit breeders developed, by selection, a 
variety of  breeds and lines that can not only be 
distinguished by the colours of  the animals but 
also by their size, shape and other physiological 
features. A large number of  rabbit breeds are 
now raised and maintained by fancy breeders 
who are organized in breeders’ associations in 
many countries (see Chapter 2). Comparative 
analyses among breeds have also been used to 
infer genetic predispositions to different defects or 
to analyse morphological features (e.g. Johnson 
and Burn, 2019).

Inbred stocks have been developed by re-
search workers to further exploit the usefulness 
of  the rabbit in genetic studies of  defects mainly 
caused by recessive mutations. Investigations 
of  these stocks culminated in the period that 
ranged from the 1940s to the 1970s when sev-
eral strains were developed and then maintained 
at the Jackson Laboratory and in a few other 
laboratories around the world. Unfortunately, 
most of  these genetic resources could not be fully 
characterized and were subsequently lost. Others, 
like the Watanabe heritable hyperlipidemic 
(WHHL) rabbit and its advanced strains, con-
tinued to be used in the subsequent decades in 
many laboratories and since their development 
they have been largely analysed as models of  
relevant human pathophysiological mechan-
isms (Shiomi, 2020).

8.4 Quantitative Inheritance

Variability of  most of  the morphological and 
physiological characteristics in rabbits as well as 
in all animals are under the control of  many 
genes and the inheritance of  these traits can be 
interpreted using the concepts of  quantitative 
genetics. However, major genes affecting quanti-
tative traits might exist, as demonstrated by QTL 
and genome-wide association studies carried 
out in several livestock species, and, more re-
cently, also in rabbits for economically relevant 
traits (Sternstein et al., 2015; Sosa-Madrid et al., 
2020a, 2020b). Other studies applying genomic 
approaches are expected in the future to better 
interpret the genetic variability observed for 
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Table 8.1. List of loci, related defects and morphological traits caused or affected by naturally occurring mutations in the European rabbit with monogenic, 
oligogenic or polygenic modes of inheritance or with potential major loci affecting the traits (loci affecting coat colour and fibre traits are described in Chapters 6 
and 7, respectively).

Loci, defects or traits1 OMIA2 Genes3

Mode of 
inheritance Alleles1 Descriptions/notes References

Affecting or involving the eyes:
Buphthalmia (congenital  

or infantile glaucoma, 
hydrophtalmia)4,5

000411 – Autosomal, 
recessive

Normal (Bu) - 
Buphthalmus or 
hydropthalmus (bu)

Homozygous recessive rabbits 
developed the defect at 5–6 weeks. 
The defect has been considered 
semi-lethal. Several other studies 
described similar defects probably due 
to different loci. Buphthalmia and 
glaucoma have not been clearly 
distinguished in the rabbit. Rabbits with 
buphthalmia had also a defect in 
taurine transport in the ciliary 
epithelium (Harris et al., 1983).

Vogt (1919); Nachtsheim 
(1937a); Hanna et al. 
(1962); Fox et al. 
(1969a); Sheppard  
et al. (1971); Holve  
et al. (2011)

Cataract (Cat or Ca)4,5 000168 – Autosomal, 
recessive or 
dominant

First allele series: normal 
(Cat-1)/cataract of lens 
(cat-1), recessive. 
Second allele series: 
cataract of lens (Cat-2) 
/ normal (cat-2), 
recessive

Two series of juvenile cataract alleles, 
probably due to different loci have 
been described. Peng et al. (2015) 
described cataracts in ageing inbred 
rabbits probably due to other loci.

Nachtsheim (1937b); 
Nachtsheim and 
Gürich (1939); Ehling 
(1957); Nachtsheim 
(1958); Munger  
et al. (2002)

Coloboma Retinae – – Multiple 
potential 
conditions

Some conditions might 
be due to a single 
dominant gene or by 
the segregation of two 
recessive genes

Several independent cases have been 
reported. The precise information on 
the type of inheritance is not known.

Davis and Smith (1930); 
Grüneberg (1947)

Cyclopia (Otocephaly)4,5 000249 – Autosomal, 
recessive

Normal (Cy) / cyclopian 
monster (cy), 
recessive

It might be an effect of high inbreeding 
level.

Menschow (1934); 
Nachtsheim (1958)
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Entropion5 000337 – Unknown Not described Conjunctivitis and blepharospasm were 
observed in a litter of four 2-week-old 
New Zealand white rabbits. Corneal 
opacity and neovascularization of the 
cornea and entropion of the upper 
eyelids were observed when the 
rabbits were examined 10 weeks later.

J. G. Fox et al. (1979)

Heterochromia iridis – – Unknown Not described Reported together with other phenotypic 
traits or defects.

Punnett (1920); Drews 
and Picó (1971)

Keratitis associated with 
French Rex mutation5

– – Autosomal, 
recessive

Normal (R1) /  
showing keratitis (r1)

Rabbits homozygous with the pelage 
mutated allele known as French Rex 
also have deformed eyelashes. The 
irritation of the cornea caused by the 
abnormal hairs has been reported to 
cause keratitis.

Létard (1929); 
Nachtsheim (1934b)

Red eye4,5 002008 – Autosomal, 
recessive

Normal (Re) / 
depigmented red  
eye (re)

The defect was identified in Chinchilla 
rabbits. Animals had prominent red 
pupils associated iris depigmentation 
(from light blue to grey-brown). 
Affected animals were more 
susceptible to infections.

Magnussen (1952, 
1954)

Affecting the neuromuscular system:
Acrobat4,5 001999 RORB Autosomal, 

recessive
Normal (Ak) / walks  

on forelegs  
(ak or Sam)

It is a nervous behaviour affecting the 
gait. The animals walk normally but the 
start to proceed only on their forelegs. 
It is associated with some eye defects. 
A splice-site mutation in an 
evolutionary conserved site of RORB 
results in several aberrant transcript 
isoforms, leading to a drastic reduction 
of RORB-positive neurons in the spinal 
cord, as well as defects in 
differentiation of the DMRT3-
expressing population of interneurons.

Létard (1935, 1943); 
Audigier and Renous 
(2002); Carneiro et al. 
(2021)

Continued
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Ataxia4,5 000077 – Autosomal, 
recessive

Normal (Ax) / loss of 
co-ordination (ax), 
recessive and 
sub-lethal

This hereditary nervous disorder was 
described in the strain AX of the 
Jackson Laboratory. The animals are 
born apparently normal but develop 
the defect rapidly (on average at ~70 
days of age).

Sawin et al. (1942); 
Tourtellotte et al. 
(1966); Robinson 
(1970); O’Leary et al. 
(1972, 1974)

Audiogenic seizures 
(epilepsy)4,5

000344
000093

– Autosomal, 
recessive

Normal (Ep) / epileptic-
like seizures (ep)

Animals which are subject to epileptic-like 
seizures occurred occasionally in the 
Vienna White breed and in the derived 
Blue-eyed White Beveren strain. The 
locus might be associated with the 
Vienna white locus (or could be derived 
from another allele of this series).

Nachtsheim (1937a, 
1939b); Antonitis et al. 
(1954); Sawin (1955); 
Nellhaus (1958, 
1965); Hohenboken 
and Nellhaus (1970)

Cannabinoid induced 
behavioural 
convulsions (Δ9-
tetrahydrocannibinol 
susceptibility)4,5

000267 – Autosomal, 
recessive 
(with full 
penetrance)

Normal (Thc) / seizure 
causing allele (thc)

It was observed in an inbred population of 
New Zealand White rabbits (Uaz:NZW-
thc strain). Seizures were induced by 
intravenous administration of low doses 
of Δ9-tetrahydrocannabinol. Rabbits 
developed tolerance during long-term 
administration. It was proposed as 
model for the study of marijuana 
psychoactivity.

Martin and Consroe 
(1976); Fish et al. 
(1981, 1983); Consroe 
and Fish (1981); 
Consroe et al. (1982); 
Fish and Consroe 
(1983)

Hydrocephalus (and cleft 
palate)4,5

000487
000197

– Apparently 
autosomal, 
recessive 
(incomplete 
penetrance)

Normal (Hy) / high 
cranial vault, soft and 
easily depressed, 
excess of fluid in 
cranial ventricles (hy)

It can occur with several eye defects and is 
semi-lethal. The defect was first 
described in an inbred colony of the 
Henry Phipps Institute. Hydrocephalus 
and cleft palate seemed determined by 
the same defective allele. Cases of 
hydrocephalus were described to occur 
in inbred rabbit stocks. Environmental 
factors and incomplete penetrance might 
affect the occurrence of the defects. It 
could also occur in several populations.

Da Rosa (1946); 
Robertson et al. 
(1966); Lukefahr 
(1982)

Table 8.1. Continued.

Loci, defects or traits1 OMIA2 Genes3

Mode of 
inheritance Alleles1 Descriptions/notes References
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Lethal muscle 
contracture (muscle 
contracture)4,5

000674 – Autosomal, 
recessive

Normal (Mc) / 
contracture and 
atrophy of muscles 
(mc)

Rabbits were stillborn or died soon after 
birth because they could not ambulate 
and nurse normally. All legs were held 
in rigid position. There was atrophy of 
the musculature. Hind legs were 
usually less affected. The expression 
of the anomaly was variable. The 
affected rabbits had also other 
malformations (cleft palate and 
hydrocephaly).

Nachtsheim (1939a); 
Sawin (1955)

Neuroaxonal dystrophy 000715 – Autosomal, 
recessive

Not described The defect was observed in a C6-
deficient rabbit cohort.

Giannini et al. (1992)

Paralytic tremor (tremor 
X linked)4,5

000770 PLP1 Sex-linked, 
recessive

Normal (Pt) / Parkinson’s 
trembling (pt)

The defect was first discovered in 
Chinchilla rabbits. It seems different 
from the Tremor defect described by 
Nachtsheim (1934a). Affected rabbits 
were recognized during the first week 
of life by the presence of a coarse 
tremor which was similar to the 
involuntary movements seen in 
Parkinson's disease of humans. The 
clinical course was variable. The 
morphological changes included 
neuroaxonal degeneration. The defect 
was due to a point mutation in exon 2 
of the PLP1 gene, that results in the 
substitution of histidine at amino acid 
36 by a glutamine, at the end of the 
first potential transmembrane domain 
of the protein. This mutation caused 
the reduction of PLP1 protein and 
gene expression levels.

Osetowska and 
Wisniewski (1966); 
Osetowska (1967); 
Tosic et al. (1993, 
1994); Sypecka and 
Domañska-Janik 
(2005)

Spastic spinal paralysis 
(paresis posterior)

000011 – Autosomal, 
recessive

Normal (Sp) / spastic 
paralysis of the hind 
legs (sp)

The defect was noticed when the animals 
left the nest.

Nachtsheim (1937b)

Continued
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Syringomyelia4,5 000965 – Multifactorial, 
supposed to 
be autosomal 
and recessive

Normal (Sy) / 
asymmetrical spastic 
paralysis (sy)

Paralysis of the hind limbs was more 
frequent than that of the forelegs. The 
development of the paralysis seemed 
variable.

Ostertag (1930a, b; 
1934); Nachtsheim 
(1931)

Tremor (shaking palsy)4,5 – – Autosomal, 
recessive

Normal (Tr) / shaking 
palsy (tr)

It was described in a German breed. The 
symptoms emerged at 10–14 days of 
age and were characterized by fine 
tremors involving the entire body. The 
tremors became more evident with the 
passage of time. They were 
exaggerated in the presence of sudden 
noises. Flaccid paralysis proceeded 
with the age from the hind legs to the 
front legs, followed by complete 
paralysis and death.

Nachtsheim (1934a, 
1958);

Waltzing (circling)5 – – Unknown Not described This disorder was described twice. The 
first description included just one rabbit 
in a litter. The second description was 
in another litter obtained by crossing a 
New Zealand White buck and a White 
Beveren doe. Five out of eight 
obtained rabbits exhibited circling 
behaviour. Genetic transmission was 
supposed but could not be tested.

Cole and Steele (1922); 
Cogan (1943)

Affecting or involving the skin:
Ehlers-Danlos syndrome 

(cutaneous asthenia; 
hyperelastosis cutis)

000327 – Heterogeneous: 
dominant or 
recessive

Not described Different loci might be involved in 
determining different types of this 
syndrome.

Harvey et al. (1990); 
Brown et al. (1993); 
Sinke et al. (1997)

Furless4 002002 – Autosomal, 
recessive

Normal (F) / Furless (f) The mutants were described in an inbred 
rabbit population. This locus is linked 
to the brachydactyly locus (Castle and 
Sawin, 1941). It is different from the 
naked locus.

Castle (1933a); Drapeau 
(1933)

Table 8.1. Continued.

Loci, defects or traits1 OMIA2 Genes3

Mode of 
inheritance Alleles1 Descriptions/notes References
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Continued

Furnishing in Angoras 
(ears)

002001 – Autosomal, 
dominant (or 
partially 
dominant)

Presence of tufts of wool 
on the tips of the ears 
(furnishing) (Fu allele) 
/ absence of ear tufts 
(plain), (fu allele)

The trait was observed in Angora rabbits. 
From breeding records of Angora lines, 
three groups of rabbits were observed: 
(i) furnished (putative homozygous Fu/
Fu or heterozygous Fu/fu); (ii) trace, 
where only a vestige of ear tuft was 
present (putative heterozygous Fu/fu, 
or Fu/Fu with modifying factors 
affecting the expression of the trait); 
(iii) plain (putative homozygous fu/fu). 
High wool yield seems associated with 
the presence of ear tufts even if 
conclusive confirmation was not 
reported.

Pickard (1930); 
Tegtmeyer (1949); 
Robinson (1958)

Naked4 000700 – Autosomal, 
recessive

Normal (N) / naked (n) It could also be indicated as Hairless. 
Similar phenotypes were subsequently 
described in different rabbit 
populations (Boucher et al., 1996; 
Jackson et al., 2006; Rogers et al., 
2006).

Kislovsky (1928); David 
(1932)

Pelt loss4 002003 – Autosomal, 
recessive

Normal (Ps-1 and Ps-2) / 
Absence of wool hairs, 
less pronounced than 
furless (ps-1 and ps-2)

Two different allele series have been 
postulated. The allele series was also 
identified with the symbol Pl. Allele 
ps-2 might determine absence of 
underwool hair with a coat thicker than 
in ps-1. It is not completely clear the 
differences between the two putative 
loci and the phenotypic difference with 
the furless locus.

Nachtsheim (1937b, 
1954, 1958)

Wire hair4 – – Autosomal, 
partially 
dominant

Absence of wool hair 
(Wh) / Normal (wh)

At birth, Wh/Wh animals had a relatively 
large proportion of guard to wool hair.

Sawin (1955)
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Wuzzy4 001078 – Recessive Normal (Wu) / hair sticky 
and matted (wu)

Gross matted clumping of the hair, 
ulceration of the eye, and minimal 
denudation were secondary effects of 
structural changes in medula, cortex, 
and particularly of the cuticular scales. 
Ultimate separation of these scales from 
the surface of the hair, enhanced by 
abnormal secretion from the skin, led to 
entanglement of the hair, irritation of the 
eye and skin, and secondarily to 
localized denudation. It was identified in 
a New Zealand White colony.

Sawin (1955); Crary and 
Sawin (1959)

Affecting or involving the teeth, the skeleton or related systems:

Absent incisors (absence 
of second incisors) 4,5

– – Autosomal, 
dominant or 
partially 
dominant

Absence of secondary 
incisors (I2) / presence 
of secondary  
incisors (i2)

Normally, the rabbit has two pairs of incisor 
teeth in the upper jaw. The second pair 
of milk teeth erupts normally but either 
one or both of these may not be 
succeeded by the permanent teeth. The 
locus has also been indicated as Ia.

Nachtsheim (1936b, 
1938, 1958)

Achondroplasia-14,5 001996 – Autosomal, 
recessive 
(lethal)

Normal (Ac-1) / 
Achondroplasia  
lethal (ac-1)

The defect determined a dwarfism 
characterized by a relative shortening of 
the extremities with several other 
secondary defects. Animals that showed 
these defects were either stillborn or 
died within a few hours of birth.

Brown and Pearce 
(1945); Pearce and 
Brown (1945a, 
1945b); Crary and 
Sawin (1963)

Achondroplasia-2 
(Dachs)4,5

001997 – Autosomal, 
recessive

Normal (Ac-2) / 
Achondroplasia  
viable (ac-2)

Animals were fully viable and appeared 
almost normal at birth but, when adult, 
had the characteristic short legs and other 
anatomical modifications. Nomenclature of 
the locus changed over publications: the 
mutated allele was indicated da by Crary 
and Sawin (1952) or dachs by Sawin et al. 
(1959a, 1959b).

Crary and Sawin (1952); 
Sawin (1955); Crary  
et al. (1958); Sawin et al. 
(1959a, 1959b, 1962); 
Lamb and Sawin (1962, 
1963); Crary (1964); 
Sawin and Trask (1965); 
Sawin and Hamlet (1970)

Table 8.1. Continued.
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Brachydactily 
(Brachydactylia)4,5

000146 – Autosomal, 
recessive

Normal (Br) / absence of 
nails, digits, limbs (br)

Feet abnormalities can be associated 
with defects of the ears or other 
anatomical abnormalities. The defect 
was also associated with abnormalities 
of haematopoietic tissue (particularly 
of foetal liver), including a rarefaction 
of erythropoietic tissue and a defect of 
the megakaryocytic series resulting in 
erythrocyte macrocytosis and 
thrombopenia. The defect showed 
variable levels of expression but with 
almost complete penetrance.

Greene (1935); Greene 
and Saxton (1939); 
Inman (1941); Jost  
et al. (1969); Petter  
et al. (1971, 1973, 
1977); Bourbon 
(1976); Ehrensperger 
et al. (1981); 
Boucher-
Ehrensperger and 
Petter (1984)

Brachygnathia or 
mandibular 
prognathism 
(hypognatia, 
malocclusion, walrus 
teeth, buck teeth)4,5

000149 – Autosomal, 
recessive

Normal (Bg or Mp) / 
abnormal development 
of the upper jaw (bg 
or mp)

As a consequence of the retarded 
development of the upper jaw bones, 
the incisors of the lower jaw and those 
of the upper jaw are incorrectly 
synchronized and are not worn down. 
Thus, the incisors continue growing 
and ultimately appear as curved tusks. 
It was also described with several 
synonyms.

Nachtsheim (1937b); 
Robinson (1958); 
Weisbroth and 
Ehrman (1967); Fox 
and Crary (1971c); 
Huang et al. (1981); 
Korn et al. (2016); 
Harvey et al. (2019)

Condrodystrophy4,5 000189 – Autosomal, 
recessive

Normal (Cd) / 
disproportionate dwarf, 
lethal (cd)

The defect was observed in the III/J 
strain of rabbits at the Jackson 
Laboratory. The mutants were viable 
prenatally but did not survive after 
birth. The defect is different from dachs 
and achondroplasia. It is similar to the 
metatropic dwarf described in humans.

Fox and Crary (1971a, 
1975); Webber et al. 
(1981)

Condrodystrophy with 
femoral luxation

002004 – Unknown – It was described in a sporadic case. Jepsen and Kinkler 
(1977)

Congenital luxation  
(Luxate Femor)4,5

– – Autosomal, 
recessive

Normal (Lu or Lx) / 
luxation of the hip 
(lu or lx)

It is not known if it is separated from 
other similar defects like splay legs.

Da Rosa (1945)

Continued

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



130 
L. F

ontanesi 

Craniosynostosis 001224 FGFBP1, 
ITGA3

Autosomal, 
dominant with 
incomplete 
penetrance 
and variable 
expression

Two main loci associated 
with different factors 
determining the 
disease (with 
alternative alleles)

SNPs achieving a genome-wide 
significance of p = 5x10−8 were 
identified on chromosome 2 in 
association with disease occurrence 
and on chromosomes 14 and 19 in 
association with disease onset. 
Genotyping identified a coding variant 
in fibroblast growth factor binding 
protein 1 (FGFBP1) on chromosome 2 
and a non-coding variant upstream of 
integrin alpha 3 (ITGA3) on 
chromosome 19 that associated with 
disease occurrence and onset, 
respectively.

Mooney et al. (1994, 
1996, 1998a, 1998b, 
1998c); Gilbert et al. 
(2018)

Curvature of distal  
foreleg5

001212 – Autosomal, 
recessive

Normal (Fc) / foreleg 
curvature (fc)

The bowing abnormality occurred only in 
certain families of purebred Beveren, 
Belgian, French Silver and Dutch 
rabbits. The defect was characterized 
by an inwardly directed curvature of 
the distal segment of both forelegs. 
The condition was detected at 2–3 
weeks of age, developed rapidly, and 
reached its final and permanent stage 
at 2–3 months of age.

Pearce (1960a, 1960b); 
Pulker et al. (2011)

Droopy-ear (abnormal  
ear carriage)5

– Probably due to 
a single 
recessive 
gene with 
incomplete 
penetrance, 
or to multiple 
factors

Not described It was described in inbred stocks at the 
Jackson Laboratory. The defect was 
characterized by abnormal ear 
carriage, i.e., the ears were held 
downward toward the front and side of 
the head.

Chai and Clark (1967)

Table 8.1. Continued.
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Dwarf4,5 000299 HMGA2 Autosomal, 
recessive (or 
partial 
recessive)

A few putative series of 
alleles have been 
described: Normal 
(Dw) and 
proportionated 
dwarf-reduced size 
(dw); Normal (Nan) 
and proportionated 
dwarf – nanosomia 
(nan); Normal (Zw) 
and proportionated 
dwarf (zw).

It is not completely clear if these series 
described by different authors 
correspond to the same locus. 
Homozygotes (dw/dw) are smaller 
than litter mates, exhibit a swollen 
head, tiny ears and die within a few 
days after birth. These animals are 
called peanuts. Heterozygous (Dw/dw) 
reach about two-thirds the size of the 
homozygous normal (Dw/Dw) rabbits. 
The dw allele is caused by a ~12.1 kb 
deletion overlapping the promoter 
region and first three exons of the 
HMGA2 gene.

Greene et al. (1934); 
Nachtsheim (1937a); 
Greene (1940); 
Castle and Sawin 
(1941); Latimer and 
Sawin (1955a, b, 
 c; 1963); Carneiro  
et al. (2017).

Hypoplasia pelvis 
(spastic paralysis)4,5

– – Autosomal, 
recessive

Normal (Hyp) / 
Hypoplasia of ischium 
(hyp)

It was discovered in English Checkered 
Giant rabbits. The rabbits could not 
move the hind legs. The lesions 
involved the pelvis and the femurs.

Nachtsheim (1936a, 
1937b, 1940, 1958)

Macrostomus4,5 000618 – Autosomal, 
recessive 
(with 
incomplete 
penetrance)

Normal (Mst) / Defective 
(mst)

Rabbits had deformities of the zygomatic 
(malar, jugal) bone and related 
zygomatic processes of adjacent 
bones. It was proposed as a model for 
human Treacher Collins syndrome. 
The defect was described in inbred 
rabbit strains of the Jackson 
Laboratory (WH/J and III/DwJ).

Fox and Crary (1979)

Narrow axis4,5 001568 – Autosomal, 
recessive

Normal (Nx) / Narrow 
axis (nx)

The defect causes a marked narrowing 
of the second cervical vertebra. This 
condition was first recognizable on X 
rays at 32–33 days gestation. It was 
observed in strain X/J rabbits of the 
Jackson Laboratory.

Crary and Fox (1983)

Continued
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Osteopetrosis4,5 000755 – Autosomal, 
recessive

Normal (Os or O) / 
abnormal tooth and 
bone development 
(os or o)

The defect is determined by generalized 
skeletal sclerosis due to reduction in 
bone resorption and showing abnormal 
bone and tooth development. Mutants 
were smaller than normal littermates 
and died by the fourth or fifth postnatal 
week. The defect was first described in 
a Dutch breeding stock and then 
maintained at the Jackson Laboratory 
as OS/J strain.

Pearce (1948, 1950); 
Pearce and Brown 
(1948); Marks et al. 
(1986); Popoff et al. 
(1989); Lenhard et al. 
(1990); Popoff and 
Marks (1990, 1991)

Oxycephaly5 – – Not well 
characterized 
(probably 
recessive)

Not described It was described as a defect of the 
growth of the skull bones. It is not 
known if it was determined by different 
genetic factors than those affecting 
other skull disorders (e.g. 
craniosystosis). Other deviants of the 
shape of the calvarium were also 
described in rabbits (trigonocephaly, 
plagiocephaly and scaphocephaly).

Greene (1932, 1933)

Scoliosis5 – – Polygenic or 
oligogenic 
(two 
recessive 
genes)

Not described Studies in inbred lines confirmed the 
genetic transmission of the trait even if 
the results were not conclusive. The 
character appeared to be sporadic in 
some cases.

Sawin and Crary (1955, 
1962)

Spina bifida4,5 000933 – Autosomal, 
recessive

Normal (Sb) / Spina 
bifida occulta totalis 
(sb)

Spina bifida has occurred sporadically in 
the rabbit for many years either as a 
bifid lumbar spine or as a small 
meningocele in either cranial or 
lumbosacral region. The described 
defect occurred in the AC strain at the 
Jackson Laboratory.

Crary et al. (1966)

Table 8.1. Continued.
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Splay legs (hip 
dysplasia)5

000473 – Complex mode 
of inheritance

– It is a defect commonly applied to 
animals that do not have the ability to 
adduct one or all legs (usually the rear 
legs) and have a classical standing 
position. It is not known if it could be a 
separate genetic disease from 
syringomyelia, hypoplasia pelvis, 
femoral luxation, hip dysplasia and 
distalis foreleg curvature. It is probably 
due to imbalanced development of the 
neural, muscular and skeletal systems 
of the limb. It is not clear if it could be 
derived by a recessive gene with 
reduced expressivity or by more genes 
and environmental factors.

Innes and O’Steen 
(1957); Innes (1959); 
Arendar and Milch 
(1966); Joosten et al. 
(1981); Pałyga et al. 
(1985)

Supernumerary incisors4,5– Supposed 
autosomal, 
recessive 
with 
incomplete 
penetrance.

Normal (In or Isup) / 
presence of extra 
second incisors (in 
or isup)

The defect produces a row of four 
secondary incisor teeth in the upper 
jaw.

Nachtsheim (1936b, 
1937a, 1958); 
Robinson (1958)

Syndactyly 002067 – Unknown Not described The defect was also determined by 
pharmacological treatments (McClain 
and Langhoff, 1980; Ujhazy et al., 
1993).

Gallego and Avedillo 
(2016)

Vertebral number – – Polygenic – Variability in both thoracic and lumbar 
vertebral number has been reported in 
several populations.

Sawin (1937, 1945); 
Sawin and Hull 
(1946); Greenaway 
et al. (2001); Proks  
et al. (2018)

Continued
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Affecting or involving other morphological and physiological traits:
Acromegaly5 – – Unknown Not described It was first described in inbred Dutch 

rabbits. Acromegalic rabbits had the 
skin of the neck, the shoulders and the 
chin that became thickened and 
reddened at 1–2 weeks of age. The 
defect of the skin subsequently spread 
to the entire body. Diseased animals 
were initially larger than normal animals 
but then they lost weight and died. 
Skeletal overgrowth occurred in some 
animals.

Hu and Greene (1935)

Adrenal hyperplasia4,5 000017 CYP11A1 Autosomal, 
recessive 
(fully 
penetrant)

Normal (Ah) / 
Hyperplasia and 
adrenal, lethal (ah)

The mutants were maintained at the 
Jackson Laboratory, strain III VO/ahJ. 
Homozygous ah/ah rabbits were viable 
prenatally, recognized by gross 
examination of the adrenal at least as 
early as 19 days of gestation, but died 
soon after birth. There was an external 
feminizing effect of the defective allele 
(the model was similar to the feminizing 
congenital lipoid adrenal hyperplasia 
reported in man). The defect is caused 
by a gross deletion (not completely 
characterized yet) of the gene encoding 
cytochrome P-450 cholesterol 
side-chain cleavage enzyme, resulting 
in complete elimination of the adrenal 
gene expression. The gene was 
previously named P450scc or P45011A.

Fox and Crary (1972, 
1978); Pang et al. 
(1992); Yang et al. 
(1993); Iwamoto et al. 
(1994)
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Aortic arteriosclerosis5 – – Polygenic Not described Aortic arteriosclerosis was independently 
described by several authors in many 
different rabbit lines and breeds with 
differences in the incidence of the 
disease. Lesions might not be usually 
comparable to those observed in 
WHHL rabbits.

Israel (1881); Miles (1907); 
Levin and Larkin (1910); 
Kesten (1935); Schenk 
et al. (1966); Gaman  
et al. (1967); Garbarsch 
et al. (1970) Adams  
et al. (1972); Shore and 
Shore (1976)

Diaphragmatic hernia4,5 000459 – Two autosomal 
recessive 
genes, 
supposed

Normal (Dh-1, Dh-2) / 
Diaphragmatic hernia 
(dh-1, dh-2; both 
alleles must be 
present in 
homozygous condition 
to cause this lethal 
defect)

Associated abnormalities included 
hypoplasia of the ipsilateral lung and 
an increased incidence of ventricular 
septal defects. The condition was 
lethal perinatally due to insufficiency of 
the respiratory system.

Fox and Crary (1973)

Ear length – – Polygenic – It is normally correlated with the size of 
the animals. Lop rabbits have long 
ears. Long-eared rabbits have 
modified skull structure. The trait is 
associated with increased risk of aural 
pathologies.

Darwin (1868); Castle 
and Reed (1936); 
Dunlop and 
Hammond (1937); 
Johnson and Burn 
(2019), Richardson  
et al. (2019)

Hydrops foetalis4 000493 – Autosomal, 
dominant

Erythroblastosis fetalis 
(Hd) / Normal (hd)

The mutants were identified in a rabbit 
line (rabbit-hydrops-strain). 
Immunological aspects were not 
completely defined.

Nachtsheim (1947); 
Helmbold (1956)

Hypertension5 – – Polygenic Not described Hypertensive rabbit strains have been 
developed. Variability in blood 
pressure was observed among several 
strains. Heritability of this trait seems 
moderate.

Alexander et al. (1954, 
1956); Fox et al. 
(1969b)

Continued
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Hypogonadia4,5 – – Autosomal, 
recessive

Normal (Hg) / absence 
of germ cells (hg)

The recessive allele (hg) caused sterility 
in both sexes. Hypogonadics (hg/hg) 
may have either a completely 
abnormal or a ‘mosaic’ phenotype. 
‘Mosaics’ may vary from less than 1% 
to almost 100% abnormal tissue. 
Hypogonadics had normal body size 
but infantile external genitalia. 
‘Mosaics’ could mate and produce 
young.

Sawin and Crary (1962); 
Fox and Crary 
(1971b)

Hypospady (split penis) – – Autosomal, 
recessive

Normal (Hy) / defect of 
the penis (hy)

It was as a defect of the penis with 
variable degree of expression. The 
extreme cases appeared similar to 
hermaphrodites.

Robinson (1958)

Left ostium straight4,5 000583 – Autosomal, 
recessive 
(with 
incomplete 
penetrance)

Normal (Los) / left ostium 
straight (los)

The defect had variable expression and 
resulted in the left oviduct extending 
lateral to the kidney with the ostium 
opening upward in otherwise normal 
animals. The defect was identified in 
rabbit strains AX/J and AXBU/J of the 
Jackson Laboratory.

Crary and Fox (1981)

Lymphosarcoma4,5 000615 – Autosomal, 
recessive

Normal (Ls) / 
susceptibility to 
lymphosarcoma (ls)

Lymphosarcoma occurred often in the 
WH strain of rabbits. Affected rabbits 
usually died between the ages of 5 
and 13 months. The neoplastic 
features involved lymphoreticular 
organs and other organs, especially 
kidneys. It could be determined by the 
same locus causing Hemolytic anemia.

Fox et al. (1970); Fox, 
and Meier (1976); Fox 
et al. (1976)
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Megacolon (associated 
with the English 
spotting locus)

000629 KIT Incompletely 
dominant 
allele for 
spotting but 
recessive for 
megacolon 
(En) / Self 
coloured and 
normal (en).

Presence of the 
megacolon (En) / 
normal (en)

Megacolon is probably determined by a 
regulatory mutation affecting the 
expression of the KIT gene. The En 
allele might have incomplete 
penetrance for the megacolon defect. 
The En/En rabbits have neuro-
interstitial cells of Cajal changes 
reminiscent of the human non-
aganglionic megacolon.

Gerlitz et al. (1993); 
Bödeker et al. (1995); 
Wieberneit and 
Wegner (1995); 
Fontanesi et al. (2014)

Pelger anomaly4,5 000783 – Autosomal, 
dominant (or 
partial 
dominant)

Chondrodystrophic 
dwarf, primary effect 
on nuclei of leukocytes 
and lethal (Pg or P) / 
Normal (pg or p)

The condition is referred to as either 
Pelger or Pelger-Huët anomaly. 
Homozygotes Pg/Pg show extreme 
forms of the defect (nuclear 
segmentation of the leukocytes 
completely suppressed and the 
skeletal system with severe 
deformities) that results in neonatal 
death in almost all cases. These 
animals are called super-Pelgers. 
Heterozygous Pg/pg are indicated as 
Pelgers. They could not be 
distinguished from normal except by 
means of blood tests (nuclei of 
neutrophils have a reduced number of 
lobes: one, two or rarely three). 
Viability of these rabbits is not 
seriously affected.

Undritz (1939, 1943); 
Nachtsheim (1950); 
Holtz et al. (1977)

Polycystic kidney disease 000807 – Unknown Not described Clinicopathologic characterization in New 
Zealand White rabbits revealed 
similarities to both autosomal-dominant 
and autosomal-recessive polycystic 
kidney diseases of humans.

Maurer et al. (2004)

Continued
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Premature senescence 
(premature aging 
syndrome)5

001213 – Unknown Not described The defect was first reported in a purebred 
Belgian hare line. The senile appearance 
was evident in rabbits of one or two 
years of age which resembled much 
older rabbits in such respects as an 
irregular unkempt coat, dry scurfy or 
scaly skin areas, and an increasingly 
poor nutritional state. A similar defect 
was described by Sui et al. (2019) in 
targeted LMNA-mutated rabbits.

Pearce and Brown 
(1960a, 1960b)

Prolapsus vaginae – – Probably due to 
a recessive 
allele at one 
locus with 
incomplete 
penetrance or 
more than 
one locus

Not described Rabbits showing the defect were 
identified in an inbred line of the 
Jackson Laboratory. The prolapses 
were primarily caused by an over-
expansion of existing blood vessels in 
the vestibular wall which occurs during 
a period of increasing sexual activity of 
the rabbits.

Van Herck et al. (1989)

Renal agenesis4,5 002007 – Autosomal, 
recessive

Normal (Na) / absence of 
one kidney (na)

The mutation suppresses the 
development of either the right or the 
left kidney at random. The homozygote 
had reduced general viability whereas 
the heterozygote appeared normal. 
The mutated allele was indicated as ra 
by Robinson (1958).

Da Rosa (1943); 
Robinson (1958)

Renal cysts4,5 – – Autosomal, 
recessive 
(with 
incomplete 
penetrance)

Normal (Rc) / cortical 
renal cysts (rc)

It was described in the IIIvo strain of rabbits 
at the Jackson Laboratory. Cysts were 
similar to the ‘simple cysts’ in man. They 
occurred primarily in adult life and affect 
the normal structure of the renal cortex, 
but did not appear to be associated with 
pathological changes in the normal 
functioning of the kidney.

Fox et al. (1971a)
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Retroesophageal right 
subclavian artery4,5

– – Autosomal, 
recessive 
(with 
incomplete 
penetrance)

Normal (Res) / 
retroesophageal right 
subclavian artery (res)

Inheritance of this defect was studied in 
inbred lines of the Jackson Laboratory. 
However, its frequency was reported 
to be around 1% in several other rabbit 
populations. It is a vascular 
abnormality classified among the 
vascular ring malformations.

Sawin and Edmonds 
(1949); Crary and Fox 
(1978)

Teat number – – Polygenic – High heritability of teat number was 
estimated in a meat-rabbit population.

Szendrő et al. (1991, 
1992)

Vena cava morphology5 – – Polygenic – Several patterns of vena cava 
morphology were identified.

McNutt and Sawin 
(1943)

Vestigial pulmonary 
arterial trunk4,5

– – Two loci, 
autosomal, 
recessive 
with variable 
expression

Two loci: normal (Vpt-1, 
Vpt-2) / defective 
expression (vpt-1, 
vpt-2). Both loci should 
be homozygous for the 
recessive alleles to 
obtain the 
malformation.

The defect was identified in the IIIVO/J 
rabbits at the Jackson Laboratory as 
the commonest expression of a 
malformation involving the heart and 
great vessels. The animals appeared 
normal in every other respect. In its 
extreme forms this mutation was lethal.

Crary and Fox (1975)

Affecting or involving biochemical traits:
Alkaptonuria 001243 – Unknown Not described It was described in only one doe. The 

doe died before other information was 
obtained.

Lewis (1926)

C3 deficiency4,5 000155 – Autosomal, 
recessive

Normal (C3H) / about 
1/10 normal (C3L)

Hereditary hypocomplementemia of the 
third component of complement (C3) 
was found in a strain of rabbits in 
which hereditary C8 alpha-gamma 
deficiency was also found. The serum 
C3 concentration, haemolytic C3 
activity and total complement 
haemolytic activity (CH50) of these 
animals were, respectively, 6–12%, 
8–13% and 27–37% of the normal 
levels. C3 hypocomplemetemic rabbits 
had reduced survival with sera 
showing reduced bactericidal activity.

Komatsu et al. (1988)

Continued
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C6 deficiency4,5 001624 – Autosomal, 
recessive

Normal (C6) / Deficient 
(C6def)

C6 deficiency was observed in at least 
three different rabbit strains. Therefore, 
they might be caused by different 
mutations. Delayed xenograft rejection 
was observed in C6-deficient rabbits. 
C6-deficient rabbits were more 
susceptible to ventricular arrhythmias 
after coronary artery occlusion, 
independent of reperfusion. C6-
deficient rabbits do not have hemolytic, 
bactericidal and leukocyte chemotactic 
activity.

Rother and Rother 
(1961); Biro and 
Ortega (1966); 
Rother et al. (1966, 
1967); Brown et al. 
(1970); Lachmann 
(1970); Zimmerman 
et al. (1971); Abe et 
al. (1979); O’Regan 
et al. (1979); 
Goldman et al. 
(1982); Ito et al. 
(1996); Schmiedt et 
al. (1998); Liu et al. 
(2007)

C8 deficiency4,5 000156 C8A Autosomal, 
recessive

Normal (C8α-γN) / 
Deficient (C8α-γD)

C8α-γ-deficiency was characterized by 
dwarfism (non-pituitary), small litter size, 
small thymus, a low survival rate, severely 
reduced serum bactericidal activity and 
enhanced delayed-type hypersensitivity 
and normal expression of alpha and 
gamma genes. Alleles might be 
determined by abnormal co-translational 
processing of C8α gene (a mutation of 
the exon/intron junction of the C8α gene).

Komatsu et al. (1985, 
1990, 1991); Komatsu 
(1992)

Carboxylesterase: Est-14 – – Autosomal, 
dominant 
(Est-1S is 
dominant)

Est-1S and Est-1s. Est-1S gives rise to the three S zones 
possessing the cocainesterase activity. 
Est-1 and Est-2 are closely linked.

Van Zutphen  
(1974a, 1974b)

Table 8.1. Continued.
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Carboxylesterase: Est-2 
(Atropinesterase 
deficiency: As)4,5

002000 – Autosomal, 
codominant

Est-2F, Est-2f1, Est-2F1, 
Est-2f [from high 
atropinesterase activity 
(As) to low 
atropinesterase activity 
(as)]

The enzyme can also hydrolyze 
monoacetylmorphine. Est-2F gives rise to 
the three F zones with atropinesterase 
activity. The presence of the allele can be 
manifested only with the Est-1S allele. 
Est-2f lacks enzyme activity. It is located in 
the linkage group with the Extension 
locus. Rabbits with low or null 
atropinesterase activity were used to test 
different treatments and related response. 
A correlation of the dietary cholesterol 
susceptibility with the presence or 
absence of the esterase zones in the 
anodal, fast-moving region of the gel, was 
observed (Van Zutphen and Fox, 1977). 
Polymorphisms at this locus have been 
associated with differences in 
pharmacologic and toxicologic effects. 
The absence of atropinesterase might not 
have any harmful effects on the rabbits.

Glick and Glaubach 
(1941); Sawin and 
Glick (1943); Margolis 
and Feigelson (1963, 
1964); Stormont and 
Suzuki (1970); Gasser 
et al. (1973); 
Ecobichon and 
Comeau, (1974); Van 
Zutphen (1974a. 
1974b); Van Zutphen, 
and Den Bieman 
(1975); Van Zutphen 
et al. (1977, 1981); 
Forster and Hannafin 
(1979); Koplovitz, and 
Stewart (1992, 1994) 
Stampfli and Quon 
(1995)

Carboxylesterase: Est-34 – – Autosomal,  
two alleles 
(Est-1D is 
dominant)

Est-1D and Est-1d Est-3D codes for the D zone. This D 
esterase reacts with the 
α-naphthylacetate substrate only in the 
presence of the F zones.

Van Zutphen (1974a, 
1974b)

Diabetes mellitus – – Supposed 
polygenic

– It was reported in an inbred New Zealand 
White colony that was developed from 
a single affected doe, first observed to 
be polyuric, polydipsic and 
hyperglycemic. Diabetes was 
characterized by fasting hyperglycemia 
and depressed intravenous glucose 
stimulated serum insulin levels in some 
animals and in others it was 
characterized by glucose disposal with 
normal or slight elevations in fasting 
serum glucose levels.

Conaway et al. (1980, 
1981); Taylor et al. 
(1980); Cannon and 
Conaway (1981); 
Boyd et al. (1982)

Continued
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GM2 gangliosidosis 001461 – Unknown Not described The defect was identified in a rabbit with 
chronic nasal discharge and ataxia and was 
associated with reduced activity of tissue 
β-hexosaminidase A in brain and liver tissue.

Rickmeyer et al. (2013)

Hemolytic anemia4,5 – – Autosomal, 
recessive 
(lethal)

Normal (Ha) / Hemolytic 
anemia (ha)

This condition was rapidly fatal to both 
sexes with a mean survival time of about 
5 months. It could be the same locus of 
the Ls locus conferring susceptibility to 
lymphosarcoma in strain WH rabbits.

Fox et al. (1971b); Fox, 
and Meier (1976)

Hypercholesterolemia 
(diet-induced 
hypercholesterolemia 
resistance)

– Polygenic or 
oligogenic

Not described Rabbits are more sensitive to a cholesterol diet 
than other experimental animals. However, 
there is high variability among rabbit breeds 
and within breeds on the response to 
hypercolesterolemic diets. A few authors 
described the constitution of cholesterol-
resistant rabbit line (CRT/mlo) that is resistant 
to the hypercholesterolemia induced by 
cholesterol-rich diet. Resistant rabbits showed 
higher liver expression level of the cholesterol 
7α-hydroxylase than normal rabbits.

Pescador (1978); Van 
Van Zutphen et al. 
(1981); Lindqvist et al. 
(1988); Overturf et al. 
(1989); Loose-Mitchell 
et al. (1991); Poorman 
et al. (1993)

Hypercholesterolemia, 
Kurosawa-Kusanagi

001567 LDLR Autosomal, 
recessive

The mutated allele is 
determined by a 
12-base pair deletion 
in the low-density 
lipoprotein receptor 
mRNA

It was described in a rabbit strain (KHC) 
manifesting inherited and persistent 
hypercholesterolemia and produced by 
inbreeding from mutants discovered in 
1985. KHC rabbits had abnormally high 
serum cholesterol, triglyceride, and 
phospholipid concentrations 8 to 10 
times greater than the concentrations in 
clinically normal Japanese white rabbits. 
KHC rabbits also had decreased serum 
high-density lipoprotein cholesterol 
concentration, about one-third the value 
in clinically normal rabbits.

Kurosawa et al. (1995); 
Akita et al. (2002)
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Hyperlipidaemia 
(Watanabe heritable 
hyperlipidemia)4,5

001160 LDLR Autosomal, 
recessive

The defect arises from 
an in-frame deletion of 
12 nucleotides that 
eliminates four amino 
acids from the 
cysteine-rich ligand 
binding domain of the 
LDL receptor.

The Watanabe heritable hyperlipidemic 
(WHHL) rabbit, an animal with familial 
hypercholesterolemia, produces a mutant 
receptor for plasma low-density 
lipoprotein (LDL) that is not transported to 
the cell surface at a normal rate. This 
model has been extensively studied and 
a large literature is available, including 
effects on atherosclerosis and 
hypercolesterolemia. Only the relevant 
literature that described this mutation is 
cited here. Other reviews report additional 
information (e.g. Shiomi, 2020).

Watanabe (1977, 1980); 
Watanabe et al. 
(1977); Kita et al. 
(1981); Yamamoto  
et al. (1986)

Lysozyme deficiency – – Autosomal, 
recessive

Normal (Ld) / deficiency 
of lysozyme (ld)

Lysozyme has antibacterial activity. Most of 
the tissues of lysozyme-deficient rabbits 
including bone marrow, liver, lung, 
spleen and bone had levels of lysozyme 
which were 1% or less of the levels in the 
corresponding tissues of normal rabbits 
when measured with the lysoplate 
method. Levels of lysozyme in the kidney 
and serum were 6% of controls, but the 
thymus of the lysozyme-deficient rabbits 
had normal levels of the enzyme.

Prieur et al. (1974); 
Greenwald et al. 
(1975); Prieur and 
Camara (1979, 1985); 
Camara, and Prieur 
(1980); Camara et al. 
(1990)

N-acetylation rate4,5 – NAT2 Autosomal, 
codominant

Rapid acetylators (R) / 
slow acetylators (r)

Slow acetylators have defective drug 
metabolism. Slow acetylator phenotype 
in the rabbit results from the deletion of 
the N-acetyltransferase 2 (NAT2) gene. 
Rabbit liver cytosols of rabbits deleted 
NAT2 gene catalyze the N-acetylation 
of sulfamethazine, benzidine, 
4-aminobiphenyl, and the O-acetylation 
of N-hydroxy-2-amino-1-methyl-6- 
phenylimidazo[4,5-b]pyridine (N–OH–
PhIP) at rates significantly lower than 
rabbits carrying the NAT2 gene.

Gordon et al. (1973); 
Weber et al. (1976); 
Glowinski et al. 
(1980); Hein et al. 
(1982); McQueen et 
al. (1982); Blum et al. 
(1989); Sasaki et al. 
(1991); Hein and Doll 
(2017)

Continued
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Protease inhibitor 
(alpha-1-antitrypsin 
level)4

000032 (LOC1 
-00328621)

Autosomal, 
codominant 
(sex 
differences)

High level of alpha-1-
antitrypsin (A-I-AT) 
and trypsin inhibition 
(PiM)/ low level of 
A-I-AT and trypsin 
inhibition (PiP)

Three electrophoretic phenotypes were 
distinguished: M, P and MP. M was 
characterized by a predominant anodal 
A-1-AT band, and P had a major cathodal 
component. The MP pattern was 
observed in heterozygous rabbits. The P 
pattern was associated with low A-1-AT 
concentration (about 56% of that in sera 
with the M phenotype). The levels in MP 
rabbits were intermediate. No mutations 
associated with this phenotype have been 
reported so far. It is not clear if the reduced 
A-I-AT level could have functional effects.

Kueppers et al. (1984)

Red cell esterase: Es-14,5 – – Autosomal, 
codominant

Es-1A, Es-1B, Es-1C It is closely linked to Es-2. Rabbits with 
the AB genotype were more resistant 
to the disease enterities.

Grunder et al. (1965, 
1968); Bellen et al. 
(1984)

Red cell esterase: Es-24,5 – – Autosomal, 
codominant

Es-2A, Es-2B It is closely linked to Es-1. Schiff (1970); Schiff and 
Stormont (1970)

Red cell esterase: Es-34,5 – – Autosomal, 
codominant

Es-3A, Es-3B It was not assigned to any linkage group. Schiff (1970); Schiff and 
Stormont (1970)

Serum paraoxonase 
activity

– PON1 Autosomal, 
codominant

Two alleles (PON1A and 
PON1B) determined 
by three missense 
mutations within exon 
4 (corresponding to p.
P82S, p.K93E and 
p.S101G)

PON1 was recognized to hydrolyse paraoxon 
(the active form of the organophosphate 
insecticide parathion). PON1 is a 
high-density lipoprotein (HDL)-
associated enzyme that hydrolyses 
aromatic esters, organophosphates and 
lactones and can protect low-density 
lipoprotein (LDL) against oxidation. Two 
PON1 proteins segregated in the 
investigated rabbit population (PON1A 
and PON1B) that hydrolysed a variety of 
substrates at different rates. PON1A was 
also at least three times more efficient at 
protecting LDL from oxidation than 
PON1B.

Zech et al. (1999); 
Watson et al. (2001)
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Tissue esterase: Est-44 – – Autosomal, 
codominant

Absence (Est-4a) or 
presence (Est-4b) of 
two bands of esterase 
activity

The system was identified after 
electrophoresis of rabbit tissue 
homogenates. Est-4 variants are 
determined by two bands of esterase 
activity with intermediate anodal 
mobility and broad substrate specificity. 
Expression of Est-4 was found in liver, 
small intestine, and spleen but not in 
kidney, heart and testis.

Van Zutphen et al. 
(1983)

Tissue esterase: Est-54 – – Autosomal, 
codominant

Est-5a and Est-5b The system was identified after 
electrophoresis of rabbit tissue 
homogenates. Est-5 is coding for 
cathodally migrating esterases which 
differ in mobility (Est-5a and Est-5b). 
Est-5 expression was found only in 
kidney and testis homogenates. Est-5 
esterases are more active against 
α-naphthyl acetate than against 
β-naphthyl acetate and have no activity 
against α-naphthyl butyrate.

Van Zutphen et al. 
(1983)

Tissue esterase: Est-64 – – Autosomal, 
codominant

Est-6a and Est-6b Est-6 is closely linked to the Est-1,2,4 cluster. 
Esterase of Est-6 is found in many organs, 
particularly in liver and small intestine, but 
not in erythrocytes and serum. Est-6 
esterase hydrolyses α-naphthyl acetate and 
butyrate, naphthol AS-D acetate, indoxyl 
acetate, and butyrate as well as 
5-bromoindoxyl acetate, N-acetyl-l-alanine-
α-naphthyl ester but not 4-methylumbelliferyl 
acetate and fluorescein diacetate. The 
enzyme is inhibited by bis-p-nitrophenyl 
phosphate and eserine but not 
byp-chloromercuribenzoate. It is assumed 
to be homologous with mouse Es-7.

Van Zutphen et al. 
(1987)

Continued
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Von Willebrand disease 001056 – Autosomal The presence of a 
normal allele and a 
defective allele can be 
inferred.

The defect was identified in a Flemish 
Giant Chinchilla colony. Rabbits had 
moderate to severely reduced levels of 
factor VIII coagulant activity (FVIII-C). 
Some have shown prolonged bleeding 
after venipunctures and gastrointestinal 
and intramuscular haemorrhages.

Benson and Dodds 
(1977)

Warfarin resistance – – Unknown Not described Some rabbits showed resistance to 
warfarin and did not become 
anticoagulated and failed to demonstrate 
inhibition of peripheral blood monocyte 
tissue factor expression.

Edwards et al. (1986)

Yellow fat4,5 001079 BCO2 Autosomal, 
recessive

Normal (Y) / Yellow  
fat (y)

The locus was indicated to be linked to 
the Albino and Brown loci. The fat of 
the rabbits is usually white but in some 
animals it could be yellow. The yellow 
fat occurs in rabbits that are 
homozygous y/y at the Yellow Fat 
locus. These animals accumulate 
xanthophylls in the fat because they 
lack the liver enzyme that can 
metabolize these plant biochemical 
pigments. The recessive y allele is 
caused by an AAT-deletion in the 
coding sequence of the BCO2 gene.

Pease (1928b); Willimott 
(1928); Castle 
(1933b); Wilson and 
Dudley (1946); Jones 
et al. (1965); 
Strychalski et al. 
(2015, 2016, 2019a, 
2019b)

1 Locus and allele nomenclatures derive from Sawin (1955), Robinson (1958), Lindsey and Fox (1994), Fox (1994), Nicholas and Hobbs (2014) and the cited literature for several traits.
2 Online Mendelian Inheritance in Animals (OMIA) number. OMIA database was analysed in April 2020.
3 Gene symbol was reported when gene affecting the trait was identified.
4 The locus or the trait was also listed by Fox (1994).
5 The locus or the trait was also listed by Lindsey and Fox (1994).
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many traits by the classical genetic works pub-
lished over the last century.

This paragraph reports information on a 
few relevant traits for which quantitative inher-
itance has been shown or inferred.

General body size, body weight, body pro-
portions (or regional body growth), and growth 
rate are mainly considered under polygenic con-
trol and environmental factors. Body size is also 
used to classify rabbit breeds in three main cat-
egories: large breeds, medium-sized breeds and 
small breeds (see Chapter 2). Examples of  extreme 
breeds in terms of  size and weight are the Flemish 
Giant and the Polish breeds: the adult weight of  
the first breed is about 3–4 times bigger than that 
of  the second breed. Another category includes 
the dwarf  breeds whose size is largely influenced 
by the locus (or loci) determining their characteris-
tic dwarfism (considered a monogenic-determined 
trait; see Table 8.1). The first studies that recog-
nized a polygenic basis of  size inheritance in rab-
bits were published by Castle (1914), MacDowell 
(1914a, 1914b) and Wright (1918) using data 
obtained by crossing large and small rabbit strains 
and recorded in F1, F2 and backcrossed animals. 
Size inheritance was also approached by Castle 
(1922) measuring bones (dimension of  the skull 
and length of  long leg bones), body weight and ear 
length. Other early studies were mainly based on 
weight or growth rate as the prime criterion of  
size (Punnett and Bailey, 1918; Pease, 1928a; 
Castle, 1929).

Regional growth was first studied by investi-
gating ear length (Lang, 1910). Among ordinary 
rabbit breeds, ear length is normally correlated 
with the size of  the animals and this seems to be 
true also in the purebred lop-eared rabbits (Cas-
tle, 1922; Castle and Reed, 1936). However, Lop 
breeds that have been selected for long and blend-
ing ears might have accumulated multiple 
mutated genes affecting this trait (Castle and 
Reed, 1936). It seems plausible that, in Lop breeds, 
one or few major genes might affect ear length 
and positioning.

Skull shape variability is evident comparing 
different breeds. In particular, Lop breeds have a 
typical short skull morphology, resembling bra-
chycephaly, which increases the risk of  dental 
problems (Böhmer and Böhmer, 2017). General 
skull form was studied by Suchalla (1943) by 
analyzing F1, F2 and backcrossed rabbits obtained 
by crossing parental animals of  a small breed 
and of  a lop-eared large breed. Heredity of  27 

measured skull traits was typically polygenic 
with complex interactions between the different 
parts of  the skull.

Variation and inheritance of  the number of  
vertebrae in rabbits was investigated in inbred 
families (Sawin, 1937, 1945; Sawin and Hull, 
1946). In these early studies, variability was ob-
served in the number of  thoracic vertebrae and 
ribs (n. 12–13) or considering all presacral ver-
tebrae (n. 26–27), together with variable extent 
to which the extra element is fully expressed. 
Family segregation data tended to support a 
polygenic or an oligogenic mode of  inheritance, 
with the presence of  putative major gene(s). How-
ever, textbooks reported a certain variability in 
the number of  vertebrae in the general rabbit 
population and published the following verte-
bral formula for the European rabbit: cervical 
(C) 7, thoracic (Th) 12–13, lumbar (L) 6–7, sacral 
(S) 4 and caudal Cd (15–16) (Capello and Lennox, 
2008; Reese and Fehr, 2011; Vella and Donnelly, 
2012). More recent studies showed a broader 
variability of  the vertebral number in this lago-
morph. Analysing radiographs obtained from a 
heterogeneous rabbit population, Proks et al. 
(2018) identified seven vertebral formulas with 
different frequency [C7/Th12/L7/S4 (90.0%), 
C7/Th12/L6/S4 (3.9%), C7/Th13/L7/S4 (2.9%), 
C7/Th12/L7/S5 (1.4%), C7/Th12/L8/S4 (1.1%), 
C7/Th12/L7/S6 (0.35%) and C7/Th11/L7/S4 
(0.35%)]. Frequent congenital spinal abnormal-
ities were also reported in rabbit populations 
(Proks et al., 2018).

Polygenic type of  inheritance was also 
suggested for a few other vertebral-related traits 
(number and position of  ventral spinous pro-
cesses, number and length of  sternebrae and rib 
ossification; Sawin, 1946; Hull, 1947; Peck and 
Sawin, 1950). Scoliosis, as investigated in inbred 
lines, might have been genetically determined 
based on polygenic or oligogenic actions (Sawin 
and Crary, 1955). The same could be for several 
other skeletal deformities (Sawin and Crary, 1962).

The number of  teats is another morpho-
logical trait that is partially under genetic con-
trol. Heritability for this trait was estimated in 
meat rabbit lines (Szendrő et al., 1991, 1992). 
Bovo et al. (2021) reported the first genome- wide 
association study for this trait in a meat- rabbit 
line and identified a few potential major genes af-
fecting the number of  teat in this species.

Polygenic variations could explain dif-
ferent vascular-related patterns affecting 
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vena cava (McNutt and Sawin, 1943), the ori-
gin of  the ilio- lumbar arteries (Sawin and Nace, 
1948) and aortic arch patterns (Sawin and Ed-
monds, 1949), even if  the studies that investi-
gated these traits could not be always conclusive 
and several other observed abnormalities should 
also be analysed from a genetic point of  view (An-
gell-James, 1974).

Table 8.1 includes some of  the mentioned 
traits for which polygenic inheritance with the 
potential effects of  some major loci/genes could 
explain the observed genetic variability.

8.5  Single-locus or Oligogenic  
Determined Traits and Defects

Description of  monogenic determined morpho-
logical traits in rabbit started after the genetic char-
acterization of  loci affecting coat colour and hair 
structure. Most of  the morphological traits that 
resulted in being determined by single loci emerged 
in the rabbit populations after inbreeding was used in 
farming conditions or in laboratory strains. In-
breeding caused the manifestation of  many reces-
sive alleles that, in several cases, determined 
morphological defects. For some traits, the mode of  
inheritance was not reported in the literature that 
described the cases and the related phenotypes or 
this information was not conclusive. Retrospective 
analysis of  the literature suggested that variability 
for some morphological defects could be better ex-
plained supposing the effects of  more than one 
locus. A list of  the loci affecting morphological, 
physiological and biochemical traits, with a short 
description, the mode of inheritance and the related 
references is reported in Table 8.1. The list was div-
ided in loci mainly affecting (i) the eyes, (ii) the 
neuromuscular system, (iii) the skin, (iv) the teeth, 
the skeleton or related systems, (v) other morpho-
logical and physiological traits, and (vi) biochemical 
traits. Loci described using biochemical variants that 
were mainly used as genetic markers or that de-
scribed immunological parameters are discussed 
in Chapters 4 and 5, respectively. A few loci had 
pleiotropic effects on several functions, systems 
and morphological features and are included 
within the category that mainly defined the de-
scribed defect.

Among the listed loci and genetically char-
acterized traits, only a few have been investigated 
at the molecular level and DNA mutations have 
been reported for 11 of  them (Table 8.1). Most of  

them describe the fine molecular mechanisms that 
value the rabbit as the animal model for several 
human diseases.

One of  the most important uses of  the rabbit 
as an animal model is for the study of  human lipid 
metabolism and atherosclerosis. Two naturally oc-
curring hypercholesterolemic rabbit models have 
been frequently used for this purpose (Fan et al., 
2015, 2018). One is a cholesterol-fed wild-type 
rabbit model in which feeding is used to induce 
severe hypercholesterolemia (Finking and Han-
ke, 1997) and the other is the Watanabe herit-
able hyperlipidemic (WHHL) rabbit, which is 
genetically deficient in low-density lipoprotein 
(LDL) receptor function (Watanabe, 1977, 1980). 
Both rabbit models develop aortic and coronary 
atherosclerosis, but the elevated plasma choles-
terol levels are caused by different mechanisms. 
Wild-type rabbits can be easily induced to de-
velop severe hypercholesterolemia with a cho-
lesterol-rich diet due to the marked increase in 
hepatically- and intestinally-derived remnant 
lipoproteins, called β-very low density lipopro-
teins (VLDL), which are rich in cholesteryl 
esters. There is quite a large variability on the 
sensitivity among rabbit breeds and within 
breeds on fed-induced hypercholesterolemia (e.g. 
Van Zutphen et al., 1981; Lindqvist et al., 1988). 
Some rabbits, termed ‘low responders’, do not 
exhibit marked hypercholesterolemia (Overturf  
et al., 1989). Transcriptomic and whole-genome 
resequencing analyses of  hypercholesterolemic 
fed-induced rabbits have recently been carried 
out but not on extreme responders (Wang et al., 
2016; Loke et al., 2017). The Watanabe herit-
able hyperlipidemic (WHHL) mutant was the 
first example of  a defective trait described at the 
DNA level in the rabbit. The defect arises from an 
in-frame deletion of  12 nucleotides that elimin-
ates four amino acids from the cysteine-rich ligand 
binding domain of  the low-density lipoprotein 
(LDL) receptor (Yamamoto et al., 1986). This 
mutation reduces the transportation rate of  the 
plasma LDL to the cell surface and WHHL rabbits 
are characterized by elevated plasma LDL levels 
on a standard chow diet, which resembles human 
familial hypercholesterolemia. Whole-genome 
resequencing of  WHHL rabbits also identified a few 
other deleterious mutations in genes with poten-
tial additional effects on atherosclerosis (ALDH2, 
ORL1 and VWF) that accumulated in the inbred 
line since the development of  this model (Wang 
et al., 2016).
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Other biochemical- and physiological-related 
defects have been described with the final char-
acterization of  the causative mutations. Reduced 
N-acetylation rate that affects drug metabolism 
response is caused by the deletion of  the 
N-acetyltransferase 2 (NAT2) gene (Blum et al., 
1989; Sasaki et al., 1991). Serum paraoxonase 
activity is affected by three missense mutations 
in the PON1 gene (Watson et al., 2001). C8-defi-
ciency, also causing several pleotropic effects at 
the morphological level, is determined by a 
mutation affecting C8A gene expression (Komatsu 
et al., 1991; Komatsu, 1992). A three-nucleotide 
deletion in the BCO2 gene determines the yellow 
fat defect caused by increased concentrations of  
β-carotene and α-tocopherol in the adipose tis-
sue of  homozygous mutated rabbits (Strychalski 
et al., 2015, 2019a).

Mutations identified in a few genes determine 
morphological defects with several other pleio-
tropic effects, including metabolic disturbances. 
Adrenal hyperplasia is determined by a gross de-
letion (not characterized in detail yet) of  the 
CYP11A1 gene, resulting in the complete elim-
ination of  the adrenal expression of  this gene 
(Yang et al., 1993). A polymorphism in the KIT 
gene is associated with the megacolon and spot-
ted phenotypes (Fontanesi et al., 2014). The 
dwarfism is determined by the presence of  a 
copy of  a mutated HMGA2 gene lacking the first 
three exons (Carneiro et al., 2017). A ge-
nome-wide association study showed that the 
occurrence of  the craniosynostosis defect is af-
fected by variability in the FGFBP1 gene and the 
onset of  this disorder is influenced by polymor-
phisms in the ITGA3 gene (Gilbert et al., 2018).

Causative mutations were also identified for 
two neuromuscular defects. A missense muta-
tion in the PLP1 gene was shown to determine 
the X linked paralytic tremor disorder (Tosic 

et al., 1993). The acrobat behavioural disorder 
affecting the gait of  the mutated rabbits is caused 
by a splice site mutation in the RORB gene deter-
mining a large reduction of RORB-positive neurons 
(Carneiro et al., 2021). Additional studies have 
recently reported on the production of  several 
gene-edited rabbits, targeting specific genes to 
obtain new animal models. These works are not 
covered in this review.

8.6  Conclusion

This chapter presented a list of  inherited mor-
phological, physiological and biochemical traits 
and parameters and included inherited defects 
described so far in the European rabbit. Inherit-
ance was demonstrated for a broad range of  
disorders affecting different systems and physio-
logical mechanisms. The large spectrum of  
inherited traits and defects demonstrates the use-
fulness of  the rabbit as a valuable animal model 
for many biological aspects. However, thus far, 
molecular characterization of  most of  the de-
scribed traits has not been reported and, consid-
ering the paucity of  the available molecular in-
formation, the rabbit has a large unexplored 
potential for further studies in this field. Genom-
ics is expected to facilitate the characterization of  
most inherited traits and new defects that could 
appear in the future in many breeding lines and 
populations with the possibility of  developing 
novel animal models. It would be important to  
establish close collaborations between breeders, 
scientists and international networks to collect 
and maintain new mutants and to provide re-
search infrastructures and expertise for the gen-
omic characterization of  the variability present 
in the rabbit and that could emerge in the future.
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9.1 Introduction

Diseases remain major profit-limiting factors in 
rabbit production. Two main syndromes are 
generally characterized in rabbits: respiratory 
syndromes, which prevail in adults, and digestive 
syndromes, more frequent in growing rabbits 
(Maertens and Coudert, 2006). Pasteurellosis is 
the most common bacterial disease affecting the 
respiratory system. Myxomatosis is a major viral 
disease for which secondary infections can also 
cause nasal congestion and the clinical signs of  
the amyxomatous form are mainly respiratory. 
Another viral pathology, Rabbit Haemorrhagic 
Disease (RHD), is characterized by acute pulmon-
ary and hepatic infection. Digestive disorders are 
responsible for mortality and significant morbid-
ity characterised by reduced growth and poor feed 
conversion. Digestive disorders can be caused by 
many infectious agents: parasites, bacteria and 
viruses. In the case of  Epizootic Rabbit Enterop-
athy (ERE), the aetiological agent is not identified.

The fundamental definition of  disease resist-
ance includes freedom from clinical signs of  disease 

after challenge (Raadsma et al., 1997). Disease 
resistance is used generically to cover resistance 
to infection, i.e. a host’s ability to moderate the 
pathogen or parasite lifecycle, and also resistance 
to the disease consequence of  infection (Bishop 
and Morris, 2007). The expression of  disease 
resistance as a binomial trait holds for most dis-
eases in animals where clinical signs are well 
defined (Raadsma et al., 1997). In the analysis of  
binomial traits, such as disease resistance, it is also 
common practice to adopt a threshold model, as 
described by Dempster and Lerner (1950) and 
Falconer (1965). The broad concept of  disease 
resistance might also include more specific con-
cepts of  tolerance, resilience and resistance that 
are discussed in other specialized texts (e.g. Bishop 
and Woolliams, 2014).

To establish a successful commercial breed-
ing programme to improve disease resistance, it 
is necessary to identify a well-defined and meas-
urable trait that can indicate disease resistance. 
The indicator trait must have a genetic component 
of  variation and should be genetically correlated 
with the disease trait of  economic importance in 
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the breeding objective. To be adopted by the 
breeding companies, this trait should be easy to 
measure in commercial production systems.

9.2 Pasteurellosis

9.2.1 Disease description

Pasteurellosis is one of  the most common bac-
terial diseases in rabbit commercial breeding 
farms as well as in laboratory facilities. It is re-
sponsible for at least 50% of  the major causes of  
culling of  breeding does (Coudert et al., 2006). This 
disease may take any form in the rabbit: rhinitis, 
abscesses, pneumonia, mastitis, diarrhoea, metri-
tis, wryneck, septicaemia. In Europe, approaches 
to disease control have relied on environmental 
hygiene (Lebas et al., 1997), requiring large cap-
ital investment in housing and routine inclusion 
of  antibiotics in rabbit feed (Goñi et al., 2004). 
Even with these controls, Pasteurella multocida 
infection in meat rabbits still occurs, albeit at 
low incidence and severity (Rosell, 2003).

9.2.2 Selection for resistance  
to bacterial infection

Baselga et al. (1988) estimated the heritability of  
lung damage caused by infection to be between 
0.12±0.05 and 0.28±0.14. The evaluation of  
this trait involved post mortem examination of  
lung tissue, so it could not be a practical option 
for a breeding programme. Eady et al. (2007) 
studied the genetic component of  observable 
signs of  bacterial infection in an experimental 
population set up to establish a national breed-
ing programme for meat rabbits in Australia 
(Eady, 2003). Incidence of  visual signs of  bacter-
ial infection and mortality, from causes related 
to bacterial infection, were recorded on a weekly 
basis in growing meat rabbits from 5 to 10 weeks 
of  age. At the beginning of  the breeding pro-
gramme, and at 12-monthly intervals, some dead 
and sick rabbits were sent to an animal health 
diagnostic laboratory to confirm the species of  
bacteria present. Where the signs were abscesses, 
the predominant bacterium was Staphylococcus 
aureus. Where the signs were nasal discharge 

(snuffles), the predominant bacterium was 
Pasteurella multocida. Rabbits sent for post mortem 
examination often showed both signs. Heritability 
of  weekly incidence of  disease was the highest at 
weeks 9 and 10 (0.05±0.02 and 0.06±0.02, re-
spectively, with linear model, and 0.10±0.06 
and 0.12±0.05, respectively, with a threshold 
model). The genetic correlation between Weekly 
Incidence was high for weeks 6–10 with incidence 
in week 5 appearing to be under a different gen-
etic control. This is probably not surprising as 
rabbits at week 5 are freshly weaned and would 
have some carryover resistance from their dams. 
Therefore, choosing resistance at week 10 as 
the selection trait should result in a correlated 
response for the other weeks, with the exception 
of  week 5. This would provide improvements in 
the weeks of  higher disease incidence. Heritability 
of  mortality (dead and euthanized due to infec-
tion) in this study was not significantly different 
from zero (0.02±0.05). The low genetic variabil-
ity of  mortality could be explained by the low 
proportion of  dead animals and, consequently, 
by the low variance of  mortality. Genetic correl-
ations between disease incidence and mortality 
were imprecise and not different from zero. How-
ever, the results showed a phenotypic relationship 
between observed disease signs and subsequent 
death, with the risk of  dying being increased be-
tween 10- and 50-fold if  the rabbit had a positive 
disease score in the prior week. Selection for re-
duced disease incidence may not result in a gen-
etic improvement in mortality but still has an 
economic value in a breeding programme as it 
appears that mortality will be phenotypically 
reduced with an improvement in disease resist-
ance. This study demonstrated that observed 
signs of  bacterial infection in rabbits can be used 
as an indicator trait for resistance to bacterial in-
fection, and the heritability of  the trait is high 
enough to warrant its inclusion in a breeding 
programme. The disease binary trait was included 
in the breeding objective of  the Australian national 
breeding programme in 2002.

Previous estimates of  heritability for a single 
measure of  bacterial infection, from two com-
mercial populations of  meat rabbits in France, 
suggested useful genetic variation (0.04±0.01 
and 0.03±0.01) but heritability estimates were 
lower (Eady et al., 2004). The lower heritability 
estimates compared to the previous study may 
be due to a different recording system. In those 
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commercial populations, the purpose of  data 
collection was not specifically to score for the 
presence or absence of  the disease and the pre-
dominant symptom was recorded, rather than 
all symptoms.

9.2.3 Genetic resistance to experimental 
Pasteurella multicoda infection

A research project dedicated to the genomic 
evaluation of  the genetic resistance of  the rabbit 
to pasteurellosis as a new tool for the control of  
this disease has been set up by the INRA (Helloin 
et al., 2009, 2015). The question of  the number 
and diversity of  Pasteurella strains that can be 
isolated in breeding units represents an essential 
preliminary step to evaluate the potential of  such 
a genetic approach. A collection of  about 200 
strains was established from isolates sampled in 
rabbit flocks since 2003. These strains were 
characterized and their genetic diversity evalu-
ated through the development of  a Multi-Locus 
Variable-number-tandem-repeat analysis (MLVA 
technique), and validated with the already 
published but less discriminating Multi Locus 
Sequence Type (MLST) method. Virulence in 
rabbits of  five strains selected as representatives 
of  the main genetic groups of  Pasteurella was 
evaluated in vivo after intra-nasal or subcutane-
ous inoculation. The subcutaneous infection 
route was chosen to compare 20 representative 
strains from the collection and evidenced their 
virulence variability, as well as an individual 
variability in the rabbit’s ability to control the 
infection. Based on these results, a strain of  
Pasteurella was chosen to inoculate a rabbit 
population representative of  the French rabbit 
lines. In total, 964 inoculated rabbits were phe-
notyped for disease resistance and genotyped to 
identify chromosomal segments (QTL) involved 
in resistance to pasteurellosis. The final objective 
was to propose genomic-based strategies to se-
lect for pasteurellosis resistance. The heritability 
of  pasteurellosis resistance traits was low to 
moderate. Heritability was 0.13±0.07 for the 
abscess dissemination score, 0.08±0.05 for bac-
teria score, 0.29±0.07 for growth at the first week 
after inoculation, 0.20±0.06 for growth at the second 
week after inoculation, and 0.16±0.06 for the 
pasteurellosis resistance score, which combines 

survival, abscess and bacteria scores. These 
results show that there is a potential to decrease 
prevalence of  pasteurellosis by selecting resist-
ant rabbits on any of  these traits (Shrestha 
et al., 2018).

9.3 Epizootic Rabbit Enterocolitis 
and Digestive Disorders

9.3.1 Disease description

Intestinal pathology is one of  the most important 
problems encountered in rabbit breeding and oc-
curs mainly in young rabbits after weaning 
(Marlier et al., 2003). Digestive disorders are re-
sponsible for significant mortality and morbidity 
(depression of  growth and poor feed conver-
sion). Diarrhoea is the main clinical symptom of  
enteropathy. It is possible to distinguish enterop-
athies originating from a specific pathogenic agent 
from those where no clear pathogenic origin is 
detected. The reduction of  the dietary fibre level 
is a major factor that increases the incidence of  
non-specific enteropathy in the growing rabbit 
(Gidenne, 2003). Viruses, bacteria and intes-
tinal parasites can induce enteropathy. Coccidia 
are the major parasitic agents of  digestive affec-
tions in the rabbit (Coudert, 1989).

The outbreak of  epizootic rabbit enterop-
athy (ERE) occurred in 1997 (Licois et al., 2000; 
Jones and Duff, 2001). This new gastrointestinal 
syndrome induces high mortality in young rab-
bits after weaning. ERE is generally associated 
with a specific clinical pattern: weak diarrhoea 
and pronounced distension of  the abdomen. At 
necropsy, ERE is characterized by the dilatation 
of  all segments of  the gastrointestinal tract but 
there is no digestive inflammation or congestion 
(Licois et al., 2005). The disease is reproducible 
and contagious. One or several infectious patho-
gens could be involved, but those pathogens 
have not yet been identified (Marlier et al., 2003).

9.3.2 Genetic variability of the resistance 
to digestive disorders of various origins

Rochambeau et al. (2006) analysed the genetic 
variability for the resistance to three experimen-
tal digestive stresses in the growing rabbit: after 
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inoculation of  coccidia (trial ‘coccidian’), with a 
fibre-deficient diet (trial ‘FD’), and after experi-
mental reproduction of  epizootic rabbit enterop-
athy (trial ‘ERE’). Genetic variability was analysed 
from a sample of  48 bucks, which produced the 
experimental young rabbits. Two binary indexes 
were defined to describe the rabbit individual re-
sponse. The first one (‘Alive’) dealt with mortal-
ity. The second (‘Tolerant’) dealt with mortality 
and morbidity. The buck effect was significant 
for each index in the ‘coccidian’ and the ‘FD’ 
trials. The buck effect was significant for the 
‘tolerant’ index in the ‘ERE’ trial. Correlations 
between buck rankings for the two indexes of  
one trial were often significant. Correlations 
between buck rankings for indexes of  ‘coccidian’ 
and ‘FD’ trials were weakly significant. These 
results showed that genetic variability for the 
resistance to ERE is low and independent from 
the genetic variability for resistance to coccidia 
or to a fibre-deficient trial.

Genetic parameters of  resistance to ERE 
were estimated in another experiment (Garreau 
et al., 2006). Two batches of  330 young rabbits 
were inoculated after weaning using the in-
oculum INRA TEC3 (Licois et al., 2005). Four 
indexes were defined – mortality, diarrhoea, 
abnormal growth, resilience – to assess individual 
response of  the young rabbits from day 5 to day 
33. The application of  a logistic regression 
highlighted a significant effect of  the sire for the 
diarrhoea, abnormal growth and resilience in-
dexes but not for mortality index. The genetic 
parameters of  these indexes were estimated us-
ing a threshold model and REML methodology. 
Heritability estimates for mortality, diarrhoea, 
abnormal growth and resilience indexes were, 
respectively, 0.05±0.05, 0.21±0.16, 0.38±0.21 
and 0.08±0.06.

9.3.3 Selection for the resistance  
to digestive disorders

To design a meat-rabbit breeding programme 
aimed to improve resistance to digestive disorders, 
the first steps are: (i) to identify a measurable 
and heritable trait related to disease incidence; 
(ii) to estimate the genetic correlations of  this 
trait with the other traits of  economic import-
ance in the breeding objective; and then (iii) to set 
up an adequate selection strategy. In commercial 

populations, clinical symptoms of  enteropathy 
(diarrhoea, bloated abdomen) can be routinely 
observed and recorded without identifying any 
clear pathogenic origin. Garreau et al. (2008) 
carried out a Bayesian analysis to estimate the 
genetic parameters of  a binary trait based on the 
observed signs of  enteropathy, 63-day body weight, 
carcass yield and perirenal fat percentage in a 
commercial paternal line. The incidence of  digest-
ive disorder was 8% of  the population and 66% 
of  these rabbits died prior to 63 days weighing. 
Estimated heritability was equal to 0.08±0.02 
for the resistance to digestive disorders. The gen-
etic correlations between the disease trait, on 
the one hand, and the 63 days body weight and 
the carcass yield on the other, were negative 
(–0.19±0.10 and –0.34±0.17, respectively) and 
so favourable. The genetic correlation between 
the disease score and the perirenal fat percent-
age was close to zero (–0.07±0.12). Since then the 
disease binary trait was included in the breeding 
scheme of  two paternal lines (AGP39 and 
AGP59) of  the rabbit breeder Hypharm in order 
to reduce the enteropathy incidence.

9.3.4 Resistance to an experimental 
Escherichia coli infection

In order to assess selection efficiency against 
digestive disorders, a one-generation divergent 
selection experiment was carried out in the lines 
AGP39 and AGP59 previously mentioned. Ani-
mals were inoculated with an enteropathogenic 
E. coli 0103 strain (Garreau et al., 2012). Two 
successive batches of  178 crossbred animals, 89 
resistant (R) and 89 sensitive (S), were produced 
by mating AGP39 resistant bucks with AGP59 
resistant does and AGP39 sensitive bucks with 
AGP59 sensitive does, respectively. Individual 
Estimated Breeding Values (EBVs) of  animals of  
the R group and of  the S group were calculated 
as the mean of  their sire and dam’s EBVs. These 
EBVs were genetic scores ranking animals based 
on their resistance to digestive disorders. In each 
batch, 31 animals with the lowest EBVs in the R 
group and 31 animals with the highest EBVs in 
the S group were selected to constitute a very re-
sistant group (RR) and a very sensitive group 
(SS), respectively. Young rabbits received 105 
bacteria of  the strain LY265, E. Coli O103:H2:K, 
rhamnose negative (Licois et al., 1992), by oral 
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administration, at 37 days of  age. Thirteen days 
after inoculation, nine rabbits of  each subgroup 
were sacrificed to measure pH of  the caecal di-
gesta and for caecum and caecum appendix 
weighing. The impact of  the E. coli challenge 
was significant for growth and for the caecum 
relative weight. Although mortality tended to be 
higher in sensitive animals than in resistant ani-
mals (p=0.12) there was no significant diffe-
rence between R and S groups for cumulative 
mortality, daily weight gain and caecum meas-
urements. Mortality was significantly lower 
(p=0.04) in the SS group than in the RR group 
at day 11, day 12 and day 13 (31.8%, 34.8% 
and 36.6% vs. 50.0%, 51.0% and 54.7%, re-
spectively). Several reasons can explain the lack 
of  difference between R and S groups. Sires and 
dams of  experimental rabbits were selected for 
the incidence of  non-specific digestive disorders 
under natural infection. The selected trait was 
quite different from the traits measured in this 
study, i.e. a response to an experimental infec-
tion with the specific strain LY265, E. Coli O103. 
In other words, selection for resistance to natural 
and non-specific infection may not be efficient 
enough to protect animals against an artificial 
infection or against this specific strain of  E. coli. 
The low genetic response to divergent selection 
due to a low heritability of  the trait and to the 
single generation of  selection may also explain 
the lack of  difference in response to inoculation 
between resistant and sensitive animals. The 
significant difference in mortality between very 
resistant and very sensitive animals reflected, 
consequently, the increased genetic divergence 
due to the increased selection intensity realized 
by the selection of  extreme animals according 
to their EBV within each group. These results 
justify continuing the selection on these bases, 
which can be regularly tested with the same 
infectious model, or may be with another one 
(e.g. ERE, clostridium, coccidia).

9.3.5 Candidate genes studied  
to identify markers associated with 
resistance to digestive disorders

Molecular genetics approaches were recently 
applied to study genetic resistance to digestive dis-
orders (Zhang et al., 2011, 2013, 2014; Chen  
et al., 2013; Liu et al., 2013; Yang et al., 2013; Fu 

et al., 2014). The same or similar experimental 
methodologies were applied by these authors who 
investigated the variability in several candidate 
genes involved in host immunity (MyD88, JAK1, 
STAT3, Dectin-1, TLR4, NOD2, NLRP3 and 
NLRP12). Single nucleotide polymorphisms 
(SNPs) were identified by sequencing coding re-
gions or flanking regions of  these genes. Some 
SNPs were genotyped for association analysis 
based on a case and control design and evaluat-
ing allele and genotype frequency differences 
between the two groups of  rabbits (i.e. cases or af-
fected and controls or not affected). Association 
analysis revealed that these genes played a poten-
tial role in the susceptibility to digestive disorders 
or protection against them. Some SNPs of  these 
genes had protective effects against digestive dis-
orders. Subsequent analyses of  mRNA expres-
sion of  MyD88, Dectin-1, NOD2, NLRP3 and 
NLRP12 genes were performed after experimen-
tally inducing non-specific digestive disorders. The 
expression of  the studied genes varied significantly 
between healthy individuals and rabbits suffering 
from the disorders, which confirmed the possible 
relationships or association between these genes 
and digestive disorders. However, these studies 
can be considered preliminary and need to be fur-
ther validated and confirmed including different 
rabbit lines/breeds, a large number of  animals 
and different experimental designs. It is also clear 
that resistance to digestive disorders might have a 
polygenic nature and at present, no major genes 
have been identified.

9.4 Multiple Disease Syndromes

Growing rabbits can suffer from digestive and 
respiratory syndromes. Instead of  analysing 
them separately, another approach consists of  
considering all disease syndromes together, and 
considering more general resistance traits such 
as poor body condition, unspecific infectious syn-
dromes, unspecific infectious mortality (Gunia 
et al., 2015; Ragab et al., 2015).

9.4.1 Unspecific disease resistance 
under two feeding systems

Ragab et al. (2015) estimated the heritability of  
disease traits in a Spanish paternal line under a 
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restricted feeding system and under an ad libitum 
feeding system. The traits were unspecific mor-
tality (incidence of  7%), morbidity and mortality 
from ERE (incidence of  8%), from respiratory 
syndromes (incidence of  2%), and from poor 
body condition (incidence of  3%). The observed 
heritabilities of  unspecific mortality, ERE, re-
spiratory syndromes and poor body condition 
were 0.07 ± 0.02, 0.05 ± 0.02, 0.03 ± 0.01 and 
0.06 ± 0.02, respectively. On the underlying 
scale, heritabilities were 0.27 ± 0.06, 0.17 ± 
0.09, 0.27 ± 0.08 and 0.38 ± 0.09, respectively. 
Similar heritability estimates were found under 
ad libitum feeding. The genetic correlations be-
tween the same syndromes under the two feeding 
systems were significantly different from one, which 
indicated a genotype by environment interaction. 
Genetic correlations between disease traits and 
average daily gain were moderate and negative.

9.4.2 Resistance to infectious  
syndromes

Gunia et al. (2015) estimated the heritability of  
disease traits in French paternal lines. The studied 
traits were morbidity or mortality from digest-
ive syndromes (incidence of  7%), from respiratory 
syndromes (incidence of  4%), from infectious syn-
dromes (a combination of  digestive, respiratory 
and other infectious syndromes; incidence of  12%), 
and infectious mortality (incidence of  5%). The 
observed heritabilities of  digestive syndromes, 
respiratory syndromes, infectious syndromes, and 
infectious mortality were 0.03, 0.04, 0.03 and 
0.04, respectively, with standard errors of  0.003. 
The genetic correlations between digestive and 
respiratory syndromes were slightly negative 
(-0.18). The genetic correlations between the com-
posite infectious disease trait and digestive or re-
spiratory syndromes were moderate (0.65 ± 0.04 
and 0.61 ± 0.04, respectively). Most of  the gen-
etic correlations between disease traits and live 
weight were not significantly different from zero.

9.4.3 Resistance to non-specific disease 
in a selection and challenged environment

Gunia et al. (2018) performed the same study 
in a French maternal line in a selection and a 

challenged environment. In this study, even the 
slightest clinical signs of  disease were recorded. 
The incidence of  infectious syndromes was 26% 
in the selection environment and 41% in the 
challenging environment, and the correspond-
ing heritability for the resistance to infectious 
syndromes were 0.08 ± 0.02 and 0.04 ± 0.01, 
respectively. The genetic correlation between 
these two traits was 0.70 ± 0.13, indicating 
genotype by environment interactions. Most of  
the genetic correlations between disease and 
production traits were not significantly different 
from zero, except between the weaning weight 
and resistance to infectious syndromes in the 
selection environment, with a favourable correl-
ation of  −0.34 ± 0.12. Therefore, selection on 
non-specific disease resistance or tolerance 
using simple observations seems to be feasible. 
Given these genetic parameters, for the same level 
of  exposure of  rabbits to pathogens, the expected 
response to selection is a reduction of  disease in-
cidence of  4–6% per generation.

All these studies showed that traits account-
ing for multiple disease syndromes are heritable. 
There is genetic variability underlying a more 
general resistance to undescribed diseases. The 
genetic correlation between these general resist-
ance traits and the production traits are neither null 
nor favourable. Some genotype by environment 
interaction occurs, depending on the feeding 
system or the disease incidence, and should be 
taken into account.

9.5 Myxomatosis

Myxomatosis is a lethal, generalized viral disease 
of  domestic and wild European rabbits (Oryctola-
gus cuniculus) (Fenner and Ratcliffe, 1965; Fenner, 
1983;  Kerr and Donnelly, 2013) caused by the 
myxoma virus (MYXV), family Poxviridae, sub-
family Chordopoxvirinae, genus Leporipoxvirus 
(Fenner, 1979). MYXV naturally circulates in 
two species of  cottontail rabbits (Sylvilagus sp.), 
the South American tapeti (S. brasiliensis) and 
the North American brush rabbit (S. bachmani) 
(Moses, 1911; Aragão, 1927, 1943; Marshall 
and Regnery, 1960; Fenner and Ratcliffe, 1965; 
Regnery and Miller, 1972). In the two native 
long-term Sylvilagus hosts, MYXV only causes 
a cutaneous fibroma restricted to the site  
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of  inoculation (Fenner and Ratcliffe, 1965). Both 
Oryctolagus and Sylvilagus genera are members 
of  the family Leporidae. While Sylvilagus species 
are extensively distributed throughout North and 
central America, and the northern half  of  South 
America (Chapman and Flux, 1990; Matthee et al., 
2004), Oryctolagus, a monotypic genus, is the most 
widely dispersed genus beyond its natural range, 
the Iberian Peninsula, since it has a worldwide 
distribution mediated by human action (Chapman 
and Flux, 1990; Ferrand and Branco, 2007). The 
combination of  several molecular markers al-
lowed establishing a robust phylogeny for the 
Leporidae family, where the divergence time 
between Sylvilagus and Oryctolagus genera was esti-
mated around 10 million years ago (Mya) (Matthee 
et al., 2004; van der Loo et al., 2009). More details 
on the Lagomorpha order and diffusion of  the 
European rabbit are reported in Chapter 1.

Following deliberate use of  MYXV as a bio-
logical control agent for wild European rabbits in 
Australia and several European countries in the 
1950s, the virus is now endemic in wild Euro-
pean rabbit populations and can easily be trans-
mitted to highly susceptible farmed, laboratory 
and pet European rabbits (Fenner and Fantini, 
1999; Kerr, 2012; Kerr and Donnelly, 2013). 
Clinically, myxomatosis can assume different 
forms, depending on the symptoms exhibited (Kerr 
and Donnelly, 2013). Acute myxomatosis is the 
classical mucocutaneous form of  myxomatosis, 
which includes swellings (secondary lesions also 
denominated myxomas) on the eyelids, nose, ears, 
anogenital region, and subsequently over the 
entire body, conjunctival inflammation (blepha-
roconjuctivitis), and mucopurulent discharge 
from the nose and eyes (Best et al., 2000). Later 
in infection, the severity of  the symptoms in-
creases with the obstruction of  the nostrils and 
closure of  the eyelids by the mucopurulent dis-
charge, and acute respiratory distress (Best et al., 
2000). Finally, European rabbits may develop 
secondary infections, such as severe bacterial 
infections of  the conjunctivae and upper respira-
tory tract. Death typically occurs 7–15 days after 
infection, and case fatality rates are nearly 100% 
(Best et al., 2000). On the other hand, in the peracute 
form of  myxomatosis, sudden deaths may occur 
with only mild or even no clinical signs of  myx-
omatosis (Silvers et al., 2006; Kerr and Donnelly, 
2013). Neurological signs, such as convulsion, 
muscle twitching, hypersensitivity to stimulation, 

depression and coma, have been observed in 
European rabbits infected with the North Ameri-
can MYXV strain MSW (Fenner and Ratcliffe, 
1965; Silvers et al., 2006). Death will also occur 
7–15 days after virus inoculation. The subacute 
form of  myxomatosis results from infection with 
attenuated field strains of  MYXV. The emergence 
of  these strains is a consequence of  the action of  
natural selection in MYXV and in wild European 
rabbit populations from Australia and Europe, re-
sulting in less virulent and more efficiently trans-
mitted strains, and in the appearance of  resistant 
European rabbit populations (Fenner and Mar-
shall, 1957; Kerr, 2012). In this disease form, the 
virus causes typical myxomatosis but with a pro-
tracted course, with deaths occurring from 10 to 
30-plus days after infection (Kerr, 2012). Recently, 
when testing 1990s MYXV Australian field iso-
lates in laboratory European rabbits most viruses in-
duced a highly lethal immune collapse syndrome 
similar to septic shock, a phenotype that was 
markedly distinct from classical cutaneous myx-
omatosis. Rabbits became moribund over a few 
hours and died between days 10–15, with only 
minor signs of  typical myxomatosis: the viral in-
oculation site was poorly differentiated from the 
surrounding skin and secondary cutaneous lesions 
were absent (Kerr et al., 2017). The aforemen-
tioned study is another great evidence that the 
natural arms race between MYXV and Australian 
rabbits is a still ongoing process, as increase in host 
resistance has led to the evolution of  strains of  
MYXV that are more immunosuppressive.

The pathogenesis of  MYXV has been exten-
sively described for susceptible laboratory Euro-
pean rabbits after infection with highly virulent 
strains (Hurst, 1937; Fenner et al., 1953; Best 
et al., 2000; Kerr, 2012; Jeklova et al., 2008) 
(Fig. 9.1). The virus initially replicates in the 
skin at the inoculation site, particularly in MHC-
II positive denditric-like cells at the epidermal/
dermal junction and deeper in the dermis at 24 
hours (Best et al., 2000). Also, within 24 hours 
of  infection, the virus can be detected in the 
lymph node draining the inoculation site. Here, 
MYXV replicates to high titres within the lymph-
oid tissue of  the paracortex and cortex resulting 
in the massive loss of  lymphocytes in the drain-
ing lymph node (Best et al., 2000). From the 
lymph node, MYXV then spreads, probably in 
lymphocytes and monocytes, to distal tissues 
such as lungs, testis, spleen and other lymphoid 
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tissues, skin and mucocutaneous sites, such as 
nose, eyelids and anogenital region (Fenner et 
al., 1953; Best et al., 2000; Kerr, 2012). After 
several days of  infection, the epithelial cells of  
the epidermis at the inoculation site and in sec-
ondary cutaneous lesions, such as eyelids and 
ears myxomas, become packed with virus and 
are critical for mosquitoes and fleas transmis-
sion (Fenner et al., 1953).

A programme of  selection for resistance to 
myxomatosis in the domestic European rabbit 
was conducted from 1955 to 1967 in Australia 
(Sobey, 1969). The aim of  this experiment was 
to estimate the genetic parameters of  myxoma-
tosis resistance and build up a line of  genetically 
resistant rabbits for evaluating the effects of  new 
virus strains. Every generation, rabbits were 
infected with a strain of  MYXV. Surviving rabbits 
or rabbits showing few symptoms of  infection 
were then mated to produce the subsequent gen-
eration. Percentage of  recovery increased gener-
ation after generation (from 50% to 80% for the 
least virulent strain and from 10% to 20% for 
the most virulent virus strain).

The successful replication and propagation 
of  MYXV within its natural long-term Sylvilagus 
hosts and in the susceptible European rabbit 
host requires the evasion and manipulation of  
the potent and complex host immune defences 

by a remarkable repertoire of  viral proteins (Kerr 
and McFadden, 2002; Stanford et al., 2007; 
Spiesschaert et al., 2011; Kerr, 2012). The con-
sequences of  this dynamic battle between MYXV 
and its hosts are expected to be manifested by the 
presence of  selective pressure hallmarks in their 
genome, with particular incidence in the host 
immune genes. Once MYXV successfully crossed 
the species barrier, it had already partially adapted 
to its natural long-term hosts, the tapeti and the 
brush rabbit. It is still unclear why MYXV infec-
tion has such a strikingly different outcome in the 
natural hosts and in the susceptible European 
rabbit; yet it is likely that the severity of  the effects 
of  viral proteins depends on the genotype of  the 
host (Zuniga, 2002; Kerr, 2012). For the suscep-
tible Oryctolagus host, a level of  genetic resist-
ance to MYXV emerged independently in three 
countries: Australia, UK and France. By con-
ducting a vast study on European rabbit exomes 
collected before and after the 1950s pandemic 
for these three geographically distinct popula-
tions, a strong pattern of  parallel evolution, 
with selection on standing genetic variation 
favouring the same alleles was described. Many 
of  these play a regulatory role in the innate im-
mune response, including IFN-a21A, CD200-R, 
MHC class I, FCRL3, CD96 and MFSD1 (Alves 
et al., 2019).
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Fig. 9.1. Pathogenesis of myxoma virus (MYXV) in laboratory European rabbits.
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The evolutionary and genetic aspects of  
some other host immune genes likely to play a 
crucial role in fighting, restricting and inhibiting 
MYXV infection and replication were studied in 
different Leporidae genera. The first to be studied was 
the C-C motif  chemokine receptor 5 (CCR5) gene 
in Oryctolagus, Sylvilagus and Lepus genera (Carmo 
et al., 2006). CCR5 is a seven-transmembrane, 
specific G protein-coupled receptor that is activated 
by several low-molecular-weight chemotactic 
cytokines, named chemokines (Fenner and Rat-
cliffe, 1965; Zlotnik and Yoshie, 2000). Some of  
these chemokines are crucial in immune and 
inflammatory responses when produced by 
cells during infection or in the presence of  a 
pro-inflammatory stimulus (Fenner and Ratcliffe, 
1965; Zlotnik and Yoshie, 2000; Zlotnik and Yoshie, 
2012). The study of  Leporidae CCR5 genes revealed 
the first striking difference between genera and, 
more importantly, between Oryctolagus and Syl-
vilagus (Carmo et al., 2006). Indeed, Oryctolagus 
CCR5 experienced a gene conversion event with 
C-C motif  chemokine receptor 2 (CCR2) in the 
second extracellular loop, which was not observed 
in Sylvilagus and Lepus, a third Leporidae genus 
with some evidences of  susceptibility to MYXV 
(Fenner and Ratcliffe, 1965). Indeed, recently, 
Iberian hares (Lepus granatensis) were found 
dead with lesions consistent with myxomatosis. 
The sequencing of  Myxoma virus detected in 
Iberian hare tissue samples showed a new MYXV 
(MYXV Toledo). The genome of  this new virus 
encodes a novel ~2.8 kb recombinant region, 
which resulted from an insertion of  four novel 
poxviral genes (Agueda-Pinto et al., 2019). The 
functional significance of  this gene conversion 
event in Oryctolagus CCR5 remains unknown, 
but prompted the study of  the genetic aspects of  
four of  CCR5 chemokine ligands, CCL3, CCL4, 
CCL5 and CCL8 (van der Loo et al., 2012; de  
Matos et al., 2013). The study on Leporidae CCL8 
revealed an Oryctolagus-Bunolagus lineage- specific 
feature, as CCL8 gene was pseudogenized, while 
it was intact in the Lepus-Sylvilagus lineage (van 
der Loo et al., 2012, 2016). Selection analyses 
on CCL3, CCL4 and CCL5 demonstrated that 
these inflammatory CCR5 ligands are under 
strong purifying selection. Also, the low number 
of  genetic differences between Oryctolagus, 
Sylvilagus and Lepus suggested functional bind-
ing constraints in CCL3, CCL4 and CCL5, yet it is 
fundamental to assess whether the species- or 

genus-specific amino acid substitutions observed 
in signalling and receptor-binding regions of  
chemokines influence ligand-receptor binding 
(de Matos et al., 2013). The sensing of  MYXV in-
fection in primary human macrophages by the 
retinoic acid-inducible gene-I (RIG-I) protein (Wang 
et al., 2008), a DExD/H box RNA helicase, has 
driven the search for evidence of  positive selection 
in the three members of  the RIG-I-like receptor 
family in mammals (Lemos de Matos et al., 
2013a). As a result, clear evidence of  positive se-
lection operating in the host innate sentinel RIG-I 
protein, melanoma differentiation associated 
factor 5 (MDA5) protein and laboratory of  gen-
etics and physiology 2 (LGP2) protein was found 
(Lemos de Matos et al., 2013a). When compar-
ing specifically European rabbit and brush rabbit 
RIG-I proteins, the amino acid differences of  
positively selected codons between the two spe-
cies were located in the repressor domain (Lemos 
de Matos et al., 2013b), the RIG-I region respon-
sible for recognition and binding to RNA from 
actively replicating viruses in infected cells (Bruns 
and Horvath, 2012; Schmidt et al., 2012). These 
insights into the evolution and genetic aspects of  
some Leporidae host immune genes might help 
highlight the origins of  the species-specific in-
nate responses to MYXV and the different spe-
cies susceptibility/resistance to myxomatosis.

9.6 Rabbit Haemorrhagic  
Disease (RHD)

The rabbit haemorrhagic disease (RHD) was 
first described in 1984 in China (Liu et al., 
1984). This disease induces an acute liver ne-
crosis and is responsible for high mortality in 
wild and domestic rabbits leading to significant 
ecologic and economic losses (Abrantes et al., 
2012). The virus that causes RHD is a Calici-
virus named rabbit haemorrhagic disease 
virus (RHDV). Non-pathogenic and moderately 
pathogenic strains have also been described 
(Capucci et al., 1996; Forrester et al., 2007; 
Bergin et al., 2009; Strive et al., 2009). Accord-
ing to a recently proposed nomenclature, patho-
genic strains previously ascribed to genogroups 
G1-G6 now constitute the Lagovirus europaeus/
GI.1 genotype, while non-pathogenic strains  
belong to genotypes GI.3 and GI.4 (Le Pendu  
et al., 2017).
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In 2010, atypical RHD outbreaks were detected 
in France in rabbits vaccinated against RHDV 
(Le Gall-Récullé et al., 2011a, 2011b). Molecular 
characterization of  the causative strains showed 
the emergence of  a new genotype, GI.2, that dif-
fers by more than 15% from the other genotypes 
and represents a distinct phylogenetic cluster 
(Le Pendu et al., 2017). In addition, GI.2 strains 
have the ability to kill young rabbits (less than 2 
months of  age). GI.2 strains have been widely dis-
persed (Rouco et al., 2019) and in some places, 
such as the Iberian Peninsula, replaced the for-
mer circulating GI.1 strains, probably due to a se-
lective advantage (Dalton et al., 2014; Lopes 
et al., 2014). Emergence of  RHDV as a pathogenic 
virus is controversial, and the hypotheses to ex-
plain this emergence include evolution from a 
non-pathogenic form of  the virus or through a 
species-jump (Esteves et al., 2015). Evolutionary 
studies showed that the RHDV strains evolved 
under positive selection and suffered several re-
combination events (Abrantes et  al., 2008; Es-
teves et al., 2008; Forrester et al., 2008; Alda et al., 
2010; Kinnear and Linde, 2010; Lopes et al., 2015, 
2017;  Hu et al., 2017; Silvério et al., 2018).

Due to the lack of  a suitable cell culture sys-
tem for RHDV, most of  the current knowledge on 
the virus infectious cycle is based on animal ex-
perimentation or the employment of  indirect sys-
tems. These systems demonstrated that the RHDV 
pathogenic strains have the ability to bind to his-
to-blood group antigen (HBGAs) present on the 
surface of  host epithelial cells of  the respiratory 
and digestive tracts, most likely co-factors to initi-
ate their infectious cycle (Ruvoen-Clouet et al., 
2000; Nyström et al., 2011; Lopes et al., 2018). Ex-
pression of  HBGAs H/A/B type 2/Ley is highly 
variable in rabbits and the RHDV strains have 
been co-evolving in order to maintain their abil-
ity to recognize these host glycans (Nyström 
et  al., 2011; Lopes et al., 2018). Synthesis of  
these antigens is complex and might require sev-
eral glycosyltransferase enzymes; for example, 
synthesis of  H type 2 is performed by an α1,2- 
fucosyltransferase that adds a fucose in α1,2 
linkage to a precursor. In rabbits, α1,2-fucosyl-
transferases are encoded by three genes located 
in tandem: FUT1, FUT2 and SEC1. In mammals, 
these genes originated from two successive du-
plications, with FUT1 being generated first and 
then FUT2 and SEC1 (Apoil et al., 2000). Evolu-
tionary studies further showed that FUT2 and 

SEC1 suffered multiple gene-conversion events, 
while in the European rabbit, the three genes have 
suffered gene conversion events (Abrantes et al., 
2009). A study on a French rabbit population 
aiming at finding null alleles at the α1,2-fucosyl-
transferase genes FUT2 and SEC1 that would 
encode non-functional or weakly functional en-
zymes constituting (non-secretor) resistant pheno-
types, did not detect such alleles (Guillon et al., 
2009). However, the authors showed an associ-
ation of  a SEC1 allele and the increase of  sur-
vival rate, but this allele was always associated 
with a functional FUT2 allele. The authors hy-
pothesized that mutations at regulatory regions 
rather than at coding regions might be respon-
sible for resistance to RHDV. A follow-up study sug-
gested that in leporids, unlike in most other mam-
mals where it became extinct, SEC1 evolved a new 
function and has dominant- negative effect on 
FUT1 (Nyström et al., 2015). This negative effect 
leads to the suppression of  the activity of  the 
FUT1-encoded α1,2-fucosyltransferases and of  
the synthesis of  RHDV ligands, impairing the 
virus attachment to the host cells. However, since 
such glycans are not present in adult rabbit hep-
atocytes (Ruvoen-Clouet et al., 2000; Nyström  
et al., 2011), additional hepatic cellular recep-
tor(s) must be involved in virus infection, but re-
main to be identified.

Although it has been shown that upon in-
fection young rabbit hepatocytes may present 
damage (Mikami et al., 1999; Prieto et al., 2000; 
Ferreira et al., 2006b), young and adult rabbits 
present a marked difference of  resistance/sus-
ceptibility to GI.1. In young rabbits, enhanced ex-
pression of  IL-1, IL-6 and IL-8, TNF-α, IFN-α, 
IFN-γ may have an important role in their nat-
ural resistance. Indeed, GI.1 infection in young 
rabbits leads to the production of  these pro-in-
flammatory cytokines at early times (Marques et al., 
2012). An increase in the B and T leukocyte 
populations is also observed, while in adult rab-
bits infection induces an early depletion of  these 
populations in the liver and the spleen which 
critically compromises the immune response 
(Ferreira et al., 2006a, Marques et al., 2010). It 
was further demonstrated that by supressing 
their innate immune response, young rabbits be-
come as fatally susceptible as adult rabbits to 
GI.1 (Marques et al., 2014). More recently was 
shown the upregulation of  several innate immu-
nity-related genes in young rabbits infected with 
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GI.1 (e.g. MHC class II, natural cytotoxicity trig-
gering receptor 3, macrophage colony-stimulat-
ing factor 1 receptor, CD68) (Neave et al., 2018). 
Thus, in young rabbits, resistance to RHD caused 
by GI.1 correlates with a rapid, co-ordinated and 
efficient innate immune response. As for GI.2, 
which kills rabbits below 2 months of  age that 
are resistant to GI.1, there is a downregulation 
of  several MHC class I genes, following infection 
of  young rabbits suggesting a suppression of  the 
innate immune response by the virus. However, 
the mechanisms employed by the virus to sur-
pass such response that could provide additional 
hints on resistance against GI.2 are currently 
unknown.

The first step of  the immune response is the 
recognition of  foreign antigens. Despite the lack 
of  specificity, innate immunity recognizes a wide 
variety of  pathogens via pattern-recognition 
receptors (PRRs). PRRs sense generic signals in 
the pathogens, i.e. the pathogen-associated 
molecular patterns (PAMPs) and include the toll-
like receptors (TLRs) for which little is known in 
rabbits, in particular on their role in RHDV. In 
humans, TLR3, 7-9 are expressed intracellularly 
and can detect viral nucleic acids (Kumar et al., 
2009). In rabbits, TLR7 and TLR8, which are 
involved in the recognition of  single-stranded 

RNA viruses such as RHDV, are absent and pseu-
dogenized, respectively (Astakhova et al., 2009). 
Since TLR9 senses double-stranded DNA vir-
uses, only TLR3 might be able to detect and sig-
nal the presence of  viral RNA. A recent study on 
TLR3 genetic diversity on rabbits found higher 
levels of  diversity on wild animals (Abrantes 
et al., 2013), but how this correlates with resist-
ance has yet to be assessed. Other PRRs might be 
involved in recognition of  RHDV.

9.7 Concluding Remarks

Genetic variability on resistance to diseases exists 
in rabbits. Several studies demonstrated that 
resistance to specific diseases (such as pasteurel-
losis, ERE, myxomatosis) as well as unspecific 
diseases (infectious diseases, respiratory syndromes, 
digestive syndromes) might exist. Host resist-
ance mechanisms have been more extensively 
studied in the case of  myxomatosis and RHD. 
Concerning the other diseases, they are largely 
unknown. More widespread use of  genomic 
tools will provide valuable insights into the gen-
etic mechanisms involved in disease resistance 
in the European rabbit.
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10.1 Introduction

The most common breeding scheme in rabbit in-
dustrial production consists of  two lines selected for 
litter size to produce a crossbred dam, and a ter-
minal sire selected for growth rate. Selection for 
growth rate has consequences on carcass and meat 
quality. Although meat quality in rabbit is not 
paid nowadays, it is convenient to examine pos-
sible changes produced by selection. In this chapter 
we review the genetic variability between breeds 
and within breeds related to growth, carcass and 
meat quality, as well as on the selection experiments 
performed. This chapter updates several topics on 
this subject previously reviewed (Blasco et al., 2018), 
adding new information about genomics and 
metagenomics experiments on these traits.

10.2 Economic Importance of  
Growth and Carcass Traits in Genetic 

Programmes

Growth has a decisive importance in rabbit meat 
production. Table 10.1 shows the costs of  a typ-
ical industrial rabbitry that can be managed by 
one person. Feeding growing rabbits represents 

almost 30% of  the total costs of  each rabbit sold 
when rabbits are slaughtered at a young age  
(9 weeks of  age in the Spanish case) and more 
than 30% for rabbits slaughtered at later ages. 
This implies that food conversion rate and cor-
related traits (residual feed intake, growth rate and 
slaughter weight) have a decisive importance in 
the profits. Economic weights and profit func-
tions of  rabbit production have been assessed by 
Armero and Blasco (1992), Prayaga and Eady 
(2000) and Cartuche et al. (2014).

The most important traits were feed conver-
sion rate and litter size. The first represents the 
main part of  the variable costs of  the product 
sold (the rabbit to the slaughterhouse) whereas 
litter size is important in reducing the fixed costs, 
sharing them among more rabbits if  litter size 
increases (Cartuche et al., 2014). Other considered 
traits had lower relevance. Costs derived from 
traits affecting the reproductive stock, for example 
longevity or traits related to artificial insemin-
ation (AI), are shared by all rabbits produced by 
a doe or a sire, therefore the cost by rabbit sold 
becomes very small. Other traits can be import-
ant but are near their optimum, as survivals. As 
the only relevant return is the one coming from 
the liveweight of  rabbits sold, feed efficiency and 
litter size become the keys of  the profit in rabbit 

Contact e-mail address: ablasco@dca.upv.es

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



180 A. Blasco et al. 

meat production. Feed conversion rate measure 
needs special facilities and higher labour costs; 
thus, it is intended in selection programmes to 
measure correlated traits like growth rate with 
the objective of  improving feed conversion rate. 
Sometimes feed intake or residual feed intake 
have been proposed to substitute feed conversion 
rate, but they have the same problem of  expensive 
recording. Research is now being carried out to 
design electronic individual feed recording, as in 
pigs (Sánchez et al., 2021). An alternative using 
food consumption of  the cage with individual 
growth rate has been proposed by Piles et al. 
(2019) based on a model of  Su et al. (2018) for 
pigs; this simplifies food recording and reduces 
its cost, although prediction of  breeding values 
for feed efficiency have a lower accuracy than 
individual feed conversion.

In rabbits, selection programmes are based 
on three-way crosses. A crossbred commercial 
doe is produced crossing two lines selected for lit-
ter size, and one terminal sire comes from a line 
selected for average daily gain (ADG) (Baselga, 
2004). This scheme is similar to that commonly 
used in pigs. Selection for lean content is applied 
in pigs, and often conformation and some meat- 
quality characteristics (e.g., Pale Soft Exudative 
meat: PSE) play important roles in this species but 
they are not relevant in rabbit. Rabbit has a very 
lean carcass when it is sold (Dalle Zotte, 2002; 
Hernández and Gondret, 2006), thus meat con-
tent is not hitherto an important trait. Conform-
ation is not important in rabbit carcasses, and rabbit 
meat does not have problems like PSE meat, thus 
these traits are not included in commercial genetic 
programmes. Feed consumption is often meas-
ured in pigs using electronic tags, but they are still 
not available in rabbits, although this system is being 

developed. Moreover, labour costs and amortiza-
tion costs are higher in rabbits (Table 10.1) and 
measuring feed conversion rate or feed consump-
tion increases labour costs, which is not feasible in 
commercial rabbit programmes. Feed conversion 
rate is improved through selection for growth rate, 
but genetic correlations are not high and success 
in this field has been limited, as discussed later. An 
undesirable consequence of  selection for growth 
rate is augmenting adult liveweight (Blasco et al., 
2003), but in commercial programmes this has 
limited effect, since artificial insemination is 
widely implemented and dams are not selected 
for increasing their growth.

Selection can also target dressing-out per-
centage or percentage of  muscle in the carcass, but 
this cannot be performed in the candidate, thus sibs 
or progeny should be recorded; however, both ways 
are costly and less efficient than direct selection on 
the candidate. Selection schemes based on progeny 
testing of  terminal sires for dressing-out percent-
age were carried out by Varewyck et al. (1986) and 
Szendrő et al. (1988), but the programmes were 
abandoned due to their high cost and larger gen-
eration interval. Nevertheless, application of  
non-invasive techniques such as computer tomog-
raphy (CT) makes selection for slaughter traits 
using live animals possible, as shown by Szendrő 
et al. (2010) and Nagy et al. (2013), although this 
technique is also limited by its cost.

10.3 Genetics of Growth Traits

10.3.1 Between-breed genetic variability

Adult size is very variable between breeds in rab-
bits, from dwarf  (around 1 kg adult weight) to 

Table 10.1. Costs of an industrial rabbitry with 750 reproductive does. Weaning at 35 days and slaughter 
at 63 days (2.2 kg of live weight). Management in batches with artificial insemination. Costs are based on 
Cartuche et al. (2014).

€ / kg live weight € / doe year % total

Feeding does 0.28 32.7 15.9
Feeding rabbits for slaughter 0.53 60.5 29.4
Artificial insemination 0.08 8.69 4.2
Replacement reproductive stock 0.10 11.8 5.7
Health 0.12 14.3 6.9
Labour 0.32 37.3 18.1
Amortization 0.18 20.2 9.8
Others 0.19 20.7 10.1
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giant (around 7 kg adult weight) lines. Medium- 
size breeds are used for reproduction in commer-
cial production because of  their high prolificacy, 
and large breeds are preferred for terminal sires 
because of  their high growth rate. Using medi-
um-size breeds for dams, not selected for growth, 
facilitates management, also lowering mainten-
ance cost, and using large-size breeds selected for 
growth rate for terminal sires leads to commer-
cial rabbits having a high growth rate.

Differences between lines or breeds due to 
genetic effects should be found by comparing 
animals at the same stage of  maturity. Some 
lines grow quicker than others, thus they arrive 
to a commercial slaughter weight being younger. 
Therefore, meat quality of  different breeds is 
different at the same commercial weight for two 
reasons: (i) the age; and (ii) the genetic back-
ground. Both effects are confused, thus they should 
be compared at the same stage of  maturity; i.e. at 
the same proportion of  adult weight, if  the inter-
est is knowing genetic differences between lines 
or breeds (Taylor, 1985). When breeds under dif-
ferent treatments, or other groups of  animals, are 
compared at the same stage of  maturity, many 
of  the differences previously found disappear or 
are substantially reduced. When adult weight is 
not available, Pascual et al. (2015) showed in 
commercial rabbit lines that comparisons at the 
same age can be good approximations, but even 
at the same age, the stage of  maturity of  very dif-
ferent lines can also be different (Ouhayoun and 
Rouvier, 1973).

Bolet et al. (2000) and Ouhayoun and 
Poujardieu (1978) have published comparisons 
among breeds of  several adult sizes. Large dif-
ferences in average daily gain (ADG) between 
breeds were found as expected (more than 15 g/d 
between 4 and 11 weeks of  age). It seems to 
be a negative favourable between- breeds 
relationship between growth rate and feed 
conversion ratio (FCR) (Ouhayoun and Pou-
jardieu, 1978). FCR between 4 and 11 weeks 
varied from 3.61 in Flemish Giant to 4.52 in 
Small Russian. McCarthy (1980) has explained 
this as a consequence of  better thermoregula-
tion of  heavy breeds; per kg of  body weight 
(BW), maintenance energy is lower in giant 
lines since maintenance energy is proportional 
to metabolic weight (BW0.75 for adult BW). 
Therefore, giant lines have more energy avail-
able for growing.

10.3.2 Genetic parameters  
of growth traits

Several estimates of  heritability have been reported 
in the literature for weight at a fixed age, nor-
mally at slaughter time (SW), which is different 
in several countries (from 9 weeks in Spain to 13 
weeks in the north of  Italy), but also for weaning 
weight (WW), ADG and daily gain (SW-WW). 
Heritability of  SW ranges from 0.12 to 0.67 with 
a mean of  estimates of  0.27 as deduced from 17 
publications summarized by Hernández and 
Gondret (2006). However, caution should be 
taken when examining average estimates of  
many studies. First, their quality is not the same, 
some of  them having large standard errors or 
being biased because of  the method of  estimation 
or because the models were incomplete. Second, 
there are differences among farms in environ-
mental variability, affecting not only the estimates 
but the actual heritabilities. Third, negative esti-
mates are forced to be positive, leading to biased 
averages of  estimates. Fourth, non-additive vari-
ability can be contained in some of  the relation-
ships used in the estimation (for example, maternal 
effects, dominance, epistasis, etc.). In general, 
estimates tend to be over-optimistic, therefore it 
is advisable to consult the estimates derived from 
selection experiments, particularly the ones hav-
ing additional evidence from control populations 
or divergent selected populations, which do not 
depend on estimates derived from relationships.

Another problem related to heritability esti-
mates comes from the type of  feeding regime, re-
stricted or ad libitum. If  the commercial farms 
are under restricted feeding, Piles et al. (2017) 
have shown that selection for daily gain under ad 
libitum feeding can be inefficient due to the be-
haviour of  rabbits competing for feed. Moreover, 
Piles and Sánchez (2019) found only a moderate 
correlation (0.48) between growth rate under 
restricted or ad libitum feeding. Restricted feeding 
is less efficient for growth than ad libitum, but it 
is common in France and Italy in order to avoid 
digestive disorders. This practice is not common 
in other countries like Spain, in which rabbits 
are slaughtered earlier.

Measuring feed intake is expensive, but if  
genetic correlation between feed efficiency and 
growth rate is high, selecting for growth rate can 
be used for indirectly improving efficiency. How-
ever, FCR seems to be less related to growth rate 
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in rabbits than in other species. There are three 
estimates of  the genetic correlation between 
growth rate and FCR in the literature; –0.49 and 
–0.47 for two different lines (Piles et al., 2004) 
and –0.38 (Drouilhet et al., 2013), all of  them 
with large confidence intervals. As the heritabil-
ities of  ADG and FCR are similar (from 0.22 to 
0.31) (Piles et al., 2004; Drouilhet et al., 2013), 
for a true genetic correlation around –0.4 or 
–0.5, selection for growth rate will be inefficient 
for improving FCR.

Other measures of  feed efficiency have been 
proposed by Koch et al. (1963): actual feed in-
take adjusted for growth and requirements for 
maintenance (called nowadays residual feed 
intake, RFI), or actual growth adjusted for feed 
consumption and maintenance requirements 
(residual growth rate, RGR). The aim of  RFI is to 
select animals arriving to the same weight with 
lower feed consumption, and the aim of  RGR is 
to obtain animals growing quicker for the same 
amount of  feed consumed. RFI is often estimated 
as the residual of  feed intake (FI) adjusted for 
ADG and maintenance requirements (in rabbits, 
maintenance requirements have been estimated 
as the average live weight (LW) between 30 and 
63 days to the power 0.75). RFI has a low heritabil-
ity (0.10–0.16) (Drouilhet et al., 2013). A higher 
value (0.45) was found by Larzul and Rocham-
beau (2005) in a one-generation divergent 
 selection experiment in which BW, ADG and 
RFI were unusually high. For this reason, their 
results should be considered with caution. Gen-
etic correlation between FCR and RFI is very 
high (0.96) (Drouilhet et al., 2013). As the her-
itability of  FCR is much higher, the advantage 
of  using RFI instead of  FCR in selection is un-
clear in rabbits. Using Bayesian techniques 
(Blasco, 2017), Piles et al. (2007) estimated the 
heritabilities of  the partial regression coeffi-
cients used to define RFI. In this study, the her-
itabilities of  these coefficients are similar to the 
ones of  ADG. Piles and Sánchez (2019) have 
estimated genetic parameters of  RFI using group 
(cage) food intake instead of  individual food in-
take, using the phenotypic parameters in the re-
gression coefficient, as usual, or using the genetic 
parameters, as recommended by Kennedy et al. 
(1993) to ensure genetic independence be-
tween growth rate and feed intake in order 
to reduce food consumption at the same 
growth rate. Heritability of  RFI using genetic 

parameters was lower (0.07) than the usual RFI 
(0.22), and the genetic correlation of  the latter 
with growth rate was positive (0.58). Another 
problem of  RFI calculated with genetic param-
eters is that it depends on the accuracy of  these 
parameters, which is generally low due to the 
difficulty of  having a high number of  data for feed 
intake. Piles and Sánchez (2019) also estimated 
residual growth rate after correcting individual 
growth rate by cage food intake and metabolic 
weight. This is a more attractive measure of  feed 
efficiency because RFI obtains feed efficiency by 
reducing feed intake for the same weight and 
RGR by increasing growth for the same amount 
of  feed. As farmers do not control feed intake but 
observe growth rate, RGR seems more attractive 
for commercial terminal sire lines. Again, they 
found lower heritabilities when genetic param-
eters were used for estimating the residuals.

10.4 Genetics of Carcass Traits

10.4.1 Between-breed genetic variability

Comparisons of  different breeds and crosses show 
different tendencies when estimated at the same 
BW (Pla et al., 1996, 1998; Gómez et al., 1998; 
Hernández et al., 2006) or at the same age (Rouvier, 
1970; Lukefahr et al., 1982; Brun and Ouhay-
oun, 1989, 1994; Ozimba and Lukefahr, 1991; 
Metzger et al., 2006a, 2006b; Szendrő et al. 2009; 
Ouyed et al., 2011).

Breeds with lower adult BW are in a higher 
maturity stage at slaughter (Pla et al., 1996, 1998; 
Gómez et al., 1998; Hernández et al., 2006). They 
had better dressing-out percentage, higher hind 
part and lower fore part and greater fat depots.

There are few studies that estimated heter-
osis from different crosses (Brun and Ouhayoun, 
1989, 1994; Ouyed et al., 2011). Carcass yield 
and carcass fatness showed favourable results in 
some cases, but individual or maternal heterosis 
had no effect on carcass composition.

10.4.2 Genetic parameters of carcass traits

Few studies estimated carcass traits genetic param-
eters in rabbits because of  the large samples 
needed for obtaining an appropriate precision. 
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Heritability estimates of  retail cuts are generally 
moderate, as common litter effects (Ferraz et al., 
1991,1992; Al-Saef, et al., 2008). Carcass ratios 
have higher heritabilities, varying from moderate 
to high. Perirenal fat percentage has shown the 
highest heritability; however, muscle percentage, 
a trait much more important for consumers, has 
only a moderate heritability. Thigh muscle vol-
ume measured in vivo by computer tomography 
(CT) showed low heritabilities (Gyovai et al., 
2008, 2012; Nagy et al., 2010, 2013), but the 
average surface of  the CT estimation of  Longissi-
mus thoracic and lumborum (LTL) muscle had a 
substantially higher heritability. Heritability of  
Longissimus lumborum muscle surface between 
the second and third lumbar vertebrae, estimated 
by using ultrasound, was moderate (Lenoir and 
Morien, 2015, 2016). Maternal effects were 
generally low for carcass components (Krogmeier 
et al., 1994) and also for muscle traits measured 
in vivo (Gyovai et al., 2008, 2012; Nagy et al. 
2010, 2013).

Dressing-out percentage has a moderate 
heritability, although the results of  the studies 
that estimated it cannot always be compared be-
cause slaughter age was not the same (96 vs. 63 
days, Krogmeier et al. 1994; Larzul et al., 2005; 
Garreau et al., 2008), dissection was not made 
according to World Rabbit Science Association 
recommendations (Blasco et al., 1993; Blasco 
and Ouhayoun, 1996), carcasses had no head 
(Ferraz et al., 1992; Lukefahr et al., 1996), or dis-
tal parts of  the legs were not removed (Rouvier, 
1970). Moreover, hot carcass weight was used 
sometimes instead of  cold carcass weight for 
dressing-out percentage (Ferraz et al., 1992;  
Krogmeier et al., 1994; Al-Saef  et al., 2008). Colour 
values had heritabilities ranging from 0.11 (b*, 
yellowness) to 0.36 (a*, redness), according to the 
only experiment reporting estimations for these 
parameters (Martínez-Álvaro et al., 2016a).

Due to its cost, carcass studies have a limited 
sample size; therefore, estimates of  genetic cor-
relations, which need large samples for being 
precise enough, should be taken with caution, 
since they often have large standard errors. Kro-
gmeier et al. (1994) and Garreau et al. (2008) 
did not find a relevant genetic correlation between 
perirenal fat percentage and dressing-out per-
centage. Nagy et al. (2006) observed a negative 
genetic correlation between perirenal fat weight 
and muscle LTL volume based on CT scans. 

These authors also found a moderately high 
genetic correlation between dress-out percent-
age and the average cross-sectional area of  the 
muscle LTL, which was corroborated using 
ultrasounds by Lenoir and Morien (2015). No 
genetic correlation was found between dress-
ing-out percentage and thigh muscle volume, 
but thigh muscle volume had a relatively high 
genetic correlation with hind part percentage 
(Nagy et al., 2010), showing that, using CT, se-
lection for thigh muscle volume might improve 
hind part percentage.

10.5 Genetics of Rabbit Meat Quality

Meat quality is controlled by metabolic pathways 
affecting many traits. No single genes have been 
found for rabbit meat quality. Thus, it seems that 
meat quality in rabbits depends on many genes 
with small effects. Traits measured for assessing 
meat quality are often difficult and expensive to 
record, since they are commonly measured after 
slaughter. This is one of  the reasons for not 
including meat quality in selection programmes. 
Nevertheless, it is convenient to examine the 
consequences of  selection for growth rate on 
meat quality.

10.5.1 Genetic variability between  
rabbit lines

Several meat-quality traits have shown differences 
between lines or crosses. However, in meat-qual-
ity studies, sample sizes are small, because traits 
are difficult and expensive to record, which often 
leads to relevant differences that could be non- 
significant. Moreover, differences in the size of  
the rabbit line can explain some of  the differences 
found in meat quality. There are substantial dif-
ferences between lines or crosses in meat pH 
(around one standard deviation of  the trait, see 
review by Hulot and Ouhayoun, 1999). In gen-
eral, no association has been found between 
breed size and meat pH. Within lines, moreover, 
Blasco and Piles (1990) did not find any correl-
ation between carcass weight and meat pH.

Differences in meat colour values (L*a*b*) 
have been found in lines of  different sizes by Ber-
nardini Battaglini et al. (1995), Hernández et al. 
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(2006) and Dalle Zotte et al. (2015), but they did 
not show any clear patterns. Comparing lines of  
different size for water-holding capacity (WHC), 
no differences were found by Bernardini Battag-
lini et al. (1995) and Ariño et al. (2006). Differ-
ences between synthetic giant and medium lines 
in meat-texture traits were reported by Ariño 
et al. (2006) and Lukefahr et al. (1982). Heavy 
lines were more tender in both cases, and in the 
study of  Ariño et al. (2006), the heavier line had 
lower collagen content and higher proteolytic 
activity. A sensory analysis performed by Ariño 
et al. (2007) found differences in tenderness in 
the same direction, but they did not find differ-
ences in odour or flavour traits.

Ramírez et al. (2005) and Hernández et al. 
(2008) compared lipid content and fatty acid 
composition of  rabbit hind leg meat and perire-
nal fat using the same lines as Ariño et al. (2006, 
2007). They found higher polyunsaturated fatty 
acids (PUFA), lower saturated fatty acids (SFA) 
and no differences in monounsaturated fatty acids 
(MUFA) percentages in one of  the lines selected 
for litter size; the differences between lines were 
high, more than one standard deviation. Other 
authors compared a local breed and a commer-
cial breed and found no differences in SFA, MUFA 
and PUFA, but their experiment had large stand-
ard errors, thus they could not conclude that 
there were no differences between both breeds 
(Gasperlin et al., 2006). Hernández et al. (2008) 
also found differences in lipolytic activities 
between lines selected for litter size and a line 
selected for growth rate, but no line effect was 
found for free fatty acids (FA) after refrigerated 
storage. No differences between lines were found 
either for oxidative parameters or for the enzyme 
activity of  the muscle energy metabolism, such 
as aldolase and isocitrate dehydrogenase (ICDH) 
(Hernández et al. 2006).

10.5.2 Genetic parameters of  
meat-quality traits in rabbits

Reliable estimates of  heritability have been pub-
lished only for carcass and meat colour, pH, 
intramuscular fat (IMF), meat FA profile and in-
strumental texture. Larzul et al. (2005) gave a 
heritability estimate of  0.16 for ultimate pH (pH

u) 
not different from zero (s.e. was 0.09), Martinez- 
Alvaro et al. (2016a) reported a similar result, 0.08 

with [0.01, 0.20] confidence interval at 95% 
probability, but Larzul and Rochambeau (2005) 
gave a much higher heritability, 0.50 (s.e. 0.16), 
suggesting that pHu might be selected with suc-
cess. Carcass colour (L*a*b*) does not show a 
clear pattern. Larzul and Rochambeau (2005) 
and Larzul et al. (2005) found heritabilities near 
zero, but Martinez-Alvaro et al. (2016a) found 
heritabilities between 0.14 and 0.25 for these 
traits. The latter result is consistent with the cor-
related response to selection found in an experi-
ment by Hernández et al. (2004) described in 
section 10.6. Intramuscular fat (IMF) showed a 
high heritability, 0.54, with a probability of  95% 
of  being higher than 0.40 (Martinez-Alvaro et al., 
2016a). This result was corroborated, as de-
scribed later, by the results of  a selection experi-
ment. Genetic correlations between carcass fat 
depots and IMF were positive but low (0.3); they 
were of  the same order as the correlation be-
tween IMF and reference carcass weight, meat/
bone ratio and pH

u (Martinez-Alvaro et al., 
2016a). This means that an increment in IMF by 
selection will not necessarily deteriorate carcass 
quality by increasing its fat depots. Martinez- 
Alvaro et al. (2016a) also investigated the genet-
ics of  fat composition and found low heritability 
(0.09) for SFA and high heritabilities for PUFA 
(0.45), MUFA (0.61), and also for the PUFA:SFA 
ratio (0.42). Strong genetic correlations were 
found between IMF and meat FA percentages; 
negative genetic correlation for PUFA and 
PUFA:SFA ratio, and positive for MUFA. IMF and 
SFA had a positive genetic correlation, but 
with a wide confidence interval. Individual FA 
percentages of  C14:0, C18:0, C16:1, C18:1n-9, 
C18:2n-6 and C20:4n-6 also showed high herit-
abilities (Martinez-Alvaro et al., 2018c). Strong 
negative correlations were found between IMF 
and C18:0, C18:2n-6, and C20:4n-6, and high 
positive genetic correlations between IMF and 
C14:0, C16:1, C18:1n-9. Correlated responses 
to selection corroborated all these estimates 
(Martinez-Alvaro et al., 2018c). Larzul et al., 
(2005) provided a high heritability for instru-
mental texture, 0.57 (s.e. 0.02, which for a 
meat-quality trait is surprisingly low). No gen-
etic correlations were found between growth 
rate and Warner-Bratzler Shear Force (WBSF) or 
pH

u, which agrees with the null correlated response 
obtained for pH in selection experiments for 
growth rate.
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10.6 Selection Experiments

10.6.1 Selection for growth

Responses to selection for growth rate with a 
control population have been reported by  
Rochambeau et al. (1989), Lukefahr et al. 
(1996), Piles and Blasco (2003) and Larzul et al. 
(2005). Responses to selection using divergent 
selection lines have been reported by Moura et al. 
(1997) and Larzul et al. (2005). In France, feed 
restriction is commonly used in commercial 
farms for preventing digestive disorders; this has 
motivated a selection experiment for ADG under 
feed restriction by Drouilhet et al. (2013, 2016). 
Other studies have less clear interpretation (Ferraz 
et al., 1992; Rochambeau et al., 1994) or an ar-
guable methodology (Niedzwiadek et al., 1992).

Selection was successful in all these experi-
ments. Rochambeau et al. (1989) selected for 
growth rate between 30 and 77 days of  age in 
eight generations of  selection and obtained a 
response of  0.83 g/d per generation (2% of  the 
mean per generation). Lesser progress was ob-
tained by Piles and Blasco (2003) in seven gen-
erations of  selection, 0.56 g/d per generation 
(1.2 % of  the mean per generation). In both ex-
periments an increment in slaughter weight 
(SW) was observed, but no correlated responses 
were found in weaning weight (WW). Lukefahr 
et al. (1996) selected by live weight at 70 days 
and obtained a correlated response for ADG 
(from 28 to 70 days of  age) of  2.7 g/d (1.4% of  the 
mean per generation) in five generations of  se-
lection. Larzul et al. (2005) selected for live weight 
(LW) at 63 days in an experiment of  divergent 
selection that also had a control population. 
After five generations they found a difference be-
tween lines for ADG between 28 and 63 days of  
12 g/d, being the control population intermedi-
ate between both lines, which means 6 g/d per 
line in five generations (1.2% of  the mean per 
generation). Moura et al. (1997) reported a diffe-
rence between the high and low lines of  their di-
vergent selection experiment of  8.4 g/d from 
56–60 days to 84–88 days of  age (2.25% of  the 
mean per generation under the supposition of  
symmetrical response). However, it seems that 
greater success was obtained in decreasing than 
in increasing daily gain. Selecting ADG under re-
stricted feeding, Garreau et al. (2015a, 2016) 

found, after nine generations of  selection, a 
response of  1.9 g/day (0.5% of  the mean per 
generation), lower than the response found 
without restriction. This is expected because the 
full potential for growth is not expressed under 
restriction. In their experiment, it was found a 
difference of  11.2 g/d between ad libitum and 
restricted feeding.

Actual responses were lower than the expected 
ones based on heritability estimates of  LW or ADG, 
but as rabbit generation interval can be very 
small (six months), the responses per year would 
be between 2% and 4% of  the mean, which are 
reasonably good results when comparing with 
other species (Smith, 1984).

10.6.2 Selection for feed efficiency

The most common measure of  feed efficiency 
is feed conversion rate (FCR), that is the ratio 
between feed intake (FI) and body weight gain 
(BWG) in a fixed range of  days. Residual feed 
intake (RFI) is another popular measure of  feed 
efficiency. Both parameters have advantages and 
disadvantages. FCR can be improved either by 
augmenting LW for a fixed amount of  FI or by 
reducing FI at a fixed weight. Selection for FCR 
has a higher correlated response on the trait 
with a higher variability and tends to reduce 
consumption without changing BWG. This has 
been observed both in growing pigs (Webb, 
1989) and in sows (Prunier et al., 2010). In sows 
it may create some problems if  increasing litter 
size leads to higher nutrition demands. Another 
issue is that the FCR is a ratio and has the so-
called ‘spurious correlations’ (Pearson, 1897) 
with its components, it is not normally distrib-
uted, and it has some inconvenient properties for 
predicting responses to selection (Gunsett, 1984). 
On the other hand, RFI has also received criticisms. 
Kennedy et al. (1993) stressed that genetic 
parameters should be used when defining RFI 
instead of  the phenotypic ones, in order to en-
sure independence between feed intake and 
ADG, but this implies having good estimates of  
genetic parameters for feed consumption and 
ADG, and large sample sizes. Besides, RFI seems 
to have in rabbits a genetic correlation with FCR 
close to one, but it also shows a lower heritabil-
ity. Therefore, its use in selecting for RFI would 
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be less successful for improving feed efficiency 
than directly measuring FCR. A further criticism 
is that metabolic weight is usually estimated as 
BW to the power of  0.75 when defining RFI, 
which is correct only for adult BW and not for 
BW of  growing animals (Brody, 1945; Taylor, 
2009). Selection for feed consumption and daily 
gain in an index is the most efficient way for 
improving benefits, since traits are weighed to 
obtain the maximum benefit, but accurate genetic 
parameters and estimates of  economic weights 
are needed. If  these parameters are not avail-
able, selection for FCR or RFI may produce better 
results.

Experiments in rabbits have been performed 
selecting for FCR (Moura et al., 1997), RFI (Lar-
zul and Rochambeau, 2005; Drouilhet et al., 
2013, 2016) and ADG under restricted feeding 
(Drouilhet et al., 2013, 2016). Moura et al. 
(1997) reported inconsistent results in a diver-
gent selection experiment, with the low line hav-
ing a higher FCR than the high line at the end of  
the experiment. However, these authors found a 
symmetric progress for FCR of  0.6% per gener-
ation in each direction in the period ranging 
from 56–60 days to 84–88 days of  age, using 
mixed-model breeding predictions. The experi-
ment carried out by Larzul and Rochambeau 
(2005) on divergent selection for RFI was too 
short to drive conclusions. Drouilhet et al. (2013, 
2016) carried out a longer experiment on RFI 
between 30 and 65 days of  age, showing similar 
results when using mixed-model techniques or 
when comparing with a control population. This 
study found a response of  –39 g of  RFI per gen-
eration (0.9% of  the mean per generation) and a 
correlated response of  –0.20 in FCR (0.8% of  
the mean per generation), after nine generations 
of  selection (Garreau et al., 2015a, 2016). Selec-
tion acted reducing feed consumption, since no 
correlated response was found for growth rate.

10.6.3 Consequences of selection  
for growth rate or feed efficiency

10.6.3.1 Changes in adult weight

Selection for growth rate has a correlated response 
increasing adult weight in all species (Taylor, 
1980, 1985). This has been shown in rabbits in 
an experiment of  selection for growth rate by 

Blasco et al. (2003); adult weight increased by 
1% per generation, a similar rate as the direct 
response for growth rate. In consequence, lines 
selected for growth rate would become giant 
lines, that are more expensive to maintain and 
manage. Nevertheless, this should not be a serious 
problem in modern industrial rabbit production, 
as very few terminal sires are needed due to the 
wide use of  artificial insemination.

10.6.3.2 Changes in feed conversion rate

Selection on ADG aims to improve feed conver-
sion rate (FCR) in rabbits. The only direct evidence 
of  this effect comes from Moura et al. (1997), who 
showed lower values for FCR in the line selected 
for increased ADG, and a response of  3.5% of  
the mean per generation in each direction of  
their divergent selection experiment. However, 
no relevant changes in ADG were found in the 
line selected for improved FCR, thus the experi-
ment did not show a clear evidence. Larzul et al. 
(2005) did not find, after five generations of  se-
lection, changes in FCR when comparing their 
line selected for ADG with the control line.

Under restricted feeding, Garreau et al. 
(2015b) found a correlated response in FCR of  
–0.19 (0.8% of  the mean per generation), simi-
lar to the response obtained for FCR in their line 
selected for RFI (Garreau et al., 2015a). As both 
lines had almost the same response to selection 
for FCR, under restricted feeding, selection for 
growth rate seems easier to implement. In the 
long term, this will produce heavier animals 
(Garreau et al., 2015a, Drouilhet et al., 2016) 
and rabbits should be slaughtered earlier for the 
same commercial weight.

10.6.3.3 Changes in carcass quality

Selection for growth rate produces younger rab-
bits that arrive earlier at the slaughter commer-
cial weight. This leads to poorer carcass yield, 
but also to slightly higher muscle/bone ratio and 
to retail cuts with slightly different proportion 
between them. It can also be expected to have 
lower fat content, since fat deposition increases 
at later ages; however, selecting for growth rate 
increases feed consumption, and it is well known 
that augmenting food intake leads to increased 
fat deposition at all ages (Whittemore, 1987). 
Pascual and Pla (2007) and Gondret et al. 
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(2005) have studied the effect of  growth rate 
selection at fixed BW. Higher percentage of  dis-
sectible fat of  the carcass and lower muscle/bone 
ratio in the hind leg were found in the high line 
in both studies. Gondret et al. (2005) also found 
poorer carcass yield in their high line, as expected. 
As rabbits were slaughtered at fixed body weight, 
they were at different maturity stage, therefore the 
effect of  maturity and the actual effect of  selec-
tion are confounded.

Body weight is highly correlated with retail 
cuts and tissue composition; thus, when com-
parisons are made at the same maturity stage, 
most differences found at the same weight disappear 
or are highly reduced. The effect of  growth rate 
selection on the relative growth of  retail cuts 
and carcass tissues has been studied by Pascual 
et al. (2008) who compared the line selected for 
growth rate by Piles and Blasco (2003) and a 
control population. This study correlated response 
in allometric coefficients of  retail cuts and also 
examined the correlated response in muscle/
bone ratio of  the hind leg. No effect of  selection 
was evidenced in any of  the allometries or in the 
muscle/bone ratio studied. The correlated response 
to selection for growth rate on carcass compos-
ition has been examined at the same age by 
Lukefahr et al. (1996), Hernández et al. (2004) 
and Larzul et al. (2005), and under restricted 
feeding conditions by Lukefahr et al. (1996), 
Hernández et al. (2004) and Garreau et al. 
(2015b) did not find any correlated response in 
carcass yield, although Larzul et al. (2005) 
found a small favourable difference between the 
line selected to increase ADG and the control line. 
Piles et al. (2000) and Hernández et al. (2004) 
found less fat in the line selected for increased 
ADG than in the control line, which disagrees 
with the results of  Larzul et al. (2005), who 
found more dissectible fat in their high line than 
in their low line. Lukefahr et al. (1996) found 
some advantage for their selected line in muscle/
bone ratio of  the loin cut. Gondret et al. (2005) 
found that their low line had a better muscle/
bone ratio than the control line, although they 
did not find differences between the high line 
and the control line. These results disagree with 
Hernández et al. (2004) who found in the line se-
lected for ADG a higher muscle/bone ratio. No 
differences between selected and control lines in 
retail cuts and other parts of  the carcass (liver, 
heart, head, lungs and kidneys) were found. 

Under restricted feeding, Drouilhet et al. (2013, 
2016) reported a relevant correlated response in 
perirenal fat (19% reduction in nine generations, 
2% of  the mean per generation), although scapu-
lar fat did not change. This study did not find 
correlated responses in retail cuts, muscle/bone 
ratio and carcass yield. Higher correlated response 
in perirenal fat in their line selected for RFI (33% 
in nine generations, 3.6% of  the mean per gen-
eration) and a correlated response in scapular fat 
(2% of  the mean per generation) were observed. 
Hind leg proportion and muscle/bone ratio 
showed favourable correlated responses in the 
same line.

10.6.3.4 Changes in meat quality

The effect of  selection for growth rate in meat 
quality has been investigated by Hernández et al. 
(2004) (study 1) using a control population, and 
by Larzul et al. (2005) (study 2) using divergent 
selection and also a control population. Study 1 
found a correlated response in muscle LTL meat 
colour and also in carcass colour; selection for 
growth rate led to higher L*, and lower a* and b* 
when comparing selected and control lines, 
whereas in study 2 no correlated responses were 
found. No correlated responses on pH

u were 
found, neither in LTL in study 1 (Ramírez et al., 
2004) nor in LTL and in m. Semitendinosus in 
study 2 (Larzul et al., 2005). Negative correlated 
response in WHC was found in study 1, also ob-
served in previous analyses with the same lines 
for cooked meat (Piles et al., 2000). Study 1 also 
showed some correlated response of  hind leg fat 
content and fatty acids composition. The strong-
est effect was in the PUFA/SFA ratio, which in 14 
generations of  selection changed from 1.06 to 
0.95 (Ramírez et al., 2005). Both studies found a 
correlated response in meat toughness, but no 
clear pattern appeared for texture parameters. 
Study 1 had a trained panel test who did not find 
any correlated response in fibrousness, tenderness 
or juiciness. Moreover, no differences in muscle 
fibre analyses, related to tenderness, were found 
in study 2. Negative correlated response was 
found in study 1 for some sensory traits, decreas-
ing aniseed odour and flavour and increasing 
liver flavour. Proteolitic and lypolitic enzyme 
activities related to meat quality have also been 
analysed in study 1, but no correlated response 
to selection for growth rate was found (Gil et al., 
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2006). Under restricted feeding, some correlated 
responses in pHu and L* were obtained, but no 
correlated response of  WHC in cooked meat was 
found (Molette et al., 2016). In their line selected 
for RFI, this study found minor unfavourable 
correlated responses in the latter traits.

As a general conclusion, it seems that there 
are no clear correlated responses to selection for 
growth rate in meat-quality traits. The experi-
ments showed some correlated responses, not in 
the same direction, which can be due to sampling 
error or genetic drift.

10.6.4 Selection for increasing  
muscle volume

Computer tomography (CT) scanning of  live rab-
bits has been used for two divergent selection 
 experiments. In the first experiment, with two 
generations for the low line and three generations 
for the high lines, males were selected for increas-
ing or decreasing the average surface of  the m. 
Longissimus lumborum (between the 2nd and 3rd 
and 4th and 5th lumbar vertebra) (Szendrő et 
al., 1996). In the second experiment, with three 
generations of  selection, rabbits (males and fe-
males) were selected for increasing thigh muscle 
volume (Szendrő et al., 2012). Both experiments 
were successful. In the first experiment, a diffe-
rence between the high and low lines of  1.3 cm2 
in the surface of  the m. Longissimus lumborum 
was observed, and a correlated response for 
dressing-out percentage of  2% was also found. 
The intermediate and hind parts of  the carcass 
had a difference of  22 g and 14 g, respectively, 
whereas the gastrointestinal tract showed a dif-
ference of  23 g between high and low lines. The 
second experiment reported similar results (Sze-
ndrő et al., 2012), the difference between the 
high and low lines for the thigh muscle volumes 
was 25 cm3; moreover, correlated responses for 
FI and FCR were found, having lower FI in the 
high line (128 g/d in the high line vs. 138 g/d in 
the low line) and also better FCR in the high line 
(2.81% vs. 3.01). Correlated response in perirenal 
fat (2.40% vs.1.90%) and scapular fat (1.07% vs. 
0.49%), were also found, as well as differences in 
retail cuts proportions: fore part of  the reference 
carcass was higher in the low line (30.1% vs. 
29.4%), but the high line had higher hind part 
(36.3% vs. 38.2%) and higher meat of  both hind 
legs (26.9% vs. 28.7%). Therefore, CT-aided 

selection can improve carcass traits and muscle 
volume. Matics et al. (2014) have summarized 
the main results of  the CT-aided selection breed-
ing programme.

10.6.5 Selection for intramuscular  
fat content

Intramuscular fat (IMF) content is an important 
trait affecting meat quality. By increasing IMF, 
tenderness, juiciness and flavour are improved. 
The nutritional value of  meat is also affected by 
IMF and its composition. Zomeño et al. (2013a, 
2013b) and Martinez-Alvaro et al. (2016a, 2016b) 
performed and analysed a divergent selection ex-
periment on IMF of  muscle Longissimus thoracic 
and lumborum (LTL) in  rabbits. Direct response to 
selection was 1.09 g/100 g after seven generations 
of  selection (5% of  the mean per generation), 
having symmetrical genetic trends for both lines 
(Martinez-Alvaro et al., 2016a). Selection also 
increased IMF in other muscles: Semimembrano-
sus proprius, Supraspinatus and Biceps femoris 
(Martínez-Álvaro et al., 2018a). pH

u did not 
show any correlated response in any muscle. No 
correlated responses were observed for colour of  
the meat and of  the carcass (Martinez-Alvaro  
et al., 2016a). A correlated response in lipogenic 
activities was observed in muscles LTL and Semi-
membranosus proprius, liver and perirenal fat, 
being greater in the high line (Martínez-Álvaro 
et al., 2017, 2018b). Perirenal fat content was 
also higher in the high line. Regarding fatty acid 
composition, the low line had lower MUFA and 
higher PUFA, whereas no correlated response was 
found in SFA (Martinez-Alvaro et al., 2016a). 
This led to unfavourable ratio PUFA/SFA in the 
high line, but favourable MUFA/SFA ratio in this 
line. A similar pattern was found for single FA of  
the MUFA and PUFA groups, with the exception 
of  C18:3n-3, which was greater in the high line 
(Martínez-Álvaro et al. 2017). The other mus-
cles showed the same pattern (Martínez-Álvaro 
et al., 2018c). From a nutritional point of  view, 
selection for IMF can deteriorate carcass and meat 
quality due to the worsening in PUFA/SFA ratio 
and the augmentation of  dissectible fat. However, 
rabbit carcasses are very lean, having a low  
percentage of  dissectible fat (2.5% at 9 weeks 
and 3.5% at 13 weeks; Hernández et al., 2004). 
The same happens with IMF (about 1%) (Zomeño 
et al., 2013a), human health is not going to be 
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compromised by selection for IMF when consum-
ing rabbit meat. Finally, the low line had a 9.9% 
greater WBSF toughness, whereas other instru-
mental texture and sensory attributes, and cook-
ing loss were similar in both lines. Selection for 
IMF did not affect sensory attributes (Martinez- 
Alvaro et al., 2016b).

10.7 Genomics in Rabbit Growth, 
Carcass and Meat Quality

Studies using DNA markers in candidate genes 
or involving a high-density single nucleotide 
polymorphism (SNP) genotyping platform with 
200,000 SNPs covering the whole genome have 
been applied to identify genes or chromosome 
regions associated with growth performances, 
meat quality and carcass traits in rabbits.

The candidate gene approach consists of  
proposing a gene that may be related to the tar-
geted productive trait because of  its biological 
role in the metabolic or physiological routes 
related with the trait of  interest. Having markers 
within the gene or closely linked to it, it is pos-
sible to examine whether rabbits having the 
favourable version of  a gene allele perform better 
than other rabbits carrying alternative alleles. 
Several candidate genes have been proposed for 
body weight at different ages (Fontanesi et al., 
2011, 2012a, 2012b, 2013, 2016; Zhang et al., 
2012, 2013; Peng et al., 2013) and for carcass 
weight (Zhang et al., 2012; Sternstein et al., 2015). 
Some candidate genes have also been proposed 
for meat-quality parameters, including pH (Zhang 
et al., 2012), intramuscular fat (Zhang et al., 
2013) and several other traits (Wang et al., 2016, 
2017; Migdal et al., 2018). Being useful as ex-
ploratory works, the candidate gene approach 
has some limitations. It is sometimes difficult to 
identify the candidate genes to be investigated 
whose variability could explain a relevant pro-
portion of  the genetic variability for that specific 
trait. Analysed markers in the candidate gene 
could not be in complete linkage disequilibrium 
with a potential causative mutation. This means 
that the same markers in other populations, or 
even in the same population after some generations, 
can give different results, and the associations 
may be lost. Moreover, the hypothesis tested in 
these works use P-values that can easily lead to 
false positive results.

10.7.1 Genome-wide association studies 
for growth, carcass and meat quality in 

rabbits

A genome-wide association study (GWAS) for 
growth traits has been recently performed by 
Sánchez et al. (2019) who identified some 
chromosome regions putatively associated with 
growth rate and residual feed intake and sug-
gested some candidate genes, one of  them 
(FTO) previously associated with growth in rab-
bits (Zhang et al., 2013). The first GWAS in rab-
bit for meat-quality traits identified some gen-
ome regions affecting intramuscular fat 
(Sosa-Madrid et al., 2020a). A positional candi-
date gene suggested by this study explained 
part of  the IMF genomic variance (7.34%). So-
sa-Madrid et al. (2020b) have also found some 
signatures of  selection in genomic regions that 
include genes involved in energy, fatty acid and 
lipid metabolic processes in the divergent selec-
tion experiment for intramuscular fat described 
by Martínez- Álvaro et al. (2016a). Laghouaou-
ta et al. (2020) performed a GWAS on fatty acid 
composition of  the same animals of  Sosa-Ma-
drid et al. (2020b) and identified a region asso-
ciated with C16:0 and SFA, explaining, respect-
ively, 11.2% and 11.3% of  the genomic 
variance and another  region explaining up to 
8% of  the genomic variance of  MUFA/SFA. 
These regions harbour  several positional and 
functional candidate genes involved in lipid me-
tabolism. The findings of  Sosa-Madrid et al. 
(2020a, 2020b) and Laghouaouta et al. (2020) 
suggest that there is a large component of  poly-
genic effect determining IMF and its compos-
ition, as the variance explained by the genomic 
analysis was low. These studies indicated that 
most complex traits are determined by many 
genes of  small effects and some associations 
might be affected by the experimental design 
and by the number of  genotyped and pheno-
typed animals (Visscher et al.; 2012; Blasco and 
Toro, 2014).

10.7.2 Rabbit metagenomics for growth, 
carcass and meat-quality traits

Animals live with other genomes, in addition to 
their own genome, which have not been given 
attention until recently: the genomes of  gastro-
intestinal microbes. Their importance to regulate 
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traits related to health and well-being has al-
ready been establish in humans and animal 
models. The gastrointestinal microbes and their 
genes can also play some roles in the regulation 
of  productive traits in livestock such as feed con-
version rate, growth and carcass- and meat-qual-
ity traits. Microbiota is analysed by classifying 
microbes into groups (species, gender, order, 
family, class or phyla). Studies in rabbits have been 
focused on the characterization of  the microbial 
communities of  the caecum, with a primary focus 
on digestive health (Combes et al., 2017), on the 
effects of  feed restriction (Velasco-Galilea et al., 
2018) and on the effects on selection for feed  
efficiency (Drouilhet et al., 2016). The metagen-
ome is more expensive and difficult to study,  
because it involves sequencing all the genes of  the 
bacteria present in the samples. The advantage 
of  the metagenome is that it shows the genes 
that are present in a sample, which can belong 
to several species of  bacteria, leading to a better 
knowledge of  the metabolic pathways involved 
in the investigated traits. At present, few studies 
on the relationships between the microbiota or 
the metagenome and meat quality in any live-
stock species have been carried out. In rabbits, 
Zubiri-Gaitán et al. (2019), Blasco et al. (2019) 
and Martínez- Alvaro et al. (2019) have shown 
that intramuscular fat selection modifies the mi-
crobial genome for metabolic energy pathways 
in the rabbit intestine. In the divergent selection 
for intramuscular fat quoted before (Martínez 
Álvaro et al., 2016a), the genes involved in spe-
cific carbohydrate metabolism showed a greater 
relative abundance in the line selected for higher 
intramuscular fat content compared to the line 
 selected for lower intramuscular fat. Other 
bacterial genes, such as those involved in the 
biosynthesis of  lipopolysaccharides, were more 
abundant in the selected line for lower intramus-
cular fat content. This study confirms that the 
microbiota is also determined by interaction 
with the genes of  the individual in which the 
microbiota is housed.

10.7.3 Genomic selection for  
meat-quality traits

The low cost of  SNPs markers and their availabil-
ity in platforms with several tens of  thousands 

of  SNPs for livestock species, has promoted the 
use of  these markers for better estimating 
the genetic value of  the candidate animals to 
selection. In dairy cattle, in which selection is 
based on progeny test, this has permitted to 
evaluate bulls before having daughters, which 
has dramatically reduced the generation inter-
val, leading to a spectacular increase of  the 
genetic progress per year. In species like pigs or 
poultry, in which genomics does not reduce the 
generation interval, genomic selection has also 
been useful, allowing improvements of  genetic 
responses around 20–30% of  the total eco-
nomic value (Blasco and Toro, 2014; Blasco 
and Pena, 2018).

In rabbits, genomic selection may be par-
ticularly useful for litter size, a trait that is not 
expressed in the female when being selected, so 
that future dams are selected using only the in-
formation of  their relatives. Meat-quality traits 
have been proposed for genomic selection, be-
cause breeding values for meat quality can be 
estimated in live animals using their genomic 
data. However, there are some limitations of  
genomic selection that prevent its implementa-
tion in rabbits. First, a large ‘reference popula-
tion’ (several thousand animals) is needed for 
the construction of  the prediction equations 
for breeding values. These equations need to be 
reconstructed every two or three generations 
because recombination breaks the association 
between SNPs and causal genes (Ibáñez and 
Blasco, 2011).

Another major problem is the cost of  
genotyping that is very relevant in the case 
of  rabbits because of  the small individual 
value of  the animals. Low-density chips with a 
few hundred SNPs, inferring the missing SNPs 
from high-density chips, will be much cheaper 
and will help to solve the cost problem. This 
technique, called ‘imputation’, relies on a low 
recombination rate in a single generation, and 
has produced efficient results (Huang et al., 
2012; Cleveland and Hickey, 2013). As before, 
imputation should be estimated again every 
three or four generations, due to errors of  im-
putation produced by recombination. Nowadays 
genomic selection with imputation is being 
examined in rabbits (Mancin et al., 2019) and 
it may be implemented in the future if  costs of  
genotyping decrease.
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11.1 Introduction

In rabbits, as well as in any other species, progress 
in the biology of  reproduction is fostered by our 
understanding of  the underlying factors that 
control the entire sequence of  events from gam-
etogenesis to ovulation, from fertilization to 
 embryo development, gestation and parturition. 
Unquestionably, a better knowledge of  those 
mechanisms that drive the emergence of  high- 
quality oocytes and sperms after meiosis as well 
as embryos following fertilization is also a key 
 requirement for the development and/or refine-
ment of  novel reproduction technologies that 
are better tailored to rabbit reproduction.

Due to the short gestation length and the 
large number of  offspring, the rabbit has high re-
productive potential. The profitability of  commer-
cial rabbit farms has increased in recent years due 
primarily to improvements in genetic selection 
and the management of  reproduction (Dal Bosco 
et al., 2011). As for other animal species, further 

development of  reproductive techniques could 
lead to relevant changes in management, selec-
tion and preservation of  rabbit populations.

In addition, due to their optimal size and 
physiologic similarities to humans, rabbits have 
proved to be an important translational model 
for studying cardiovascular diseases, the toxicol-
ogy of  pregnancy, and the developmental origins 
of  health and diseases (Tyl, 2010; Duranthon 
et al., 2012; Fischer et al., 2012).

In this chapter, we have updated the recent 
advancements acquired in the field of  biology 
and technology of  reproduction that may have 
significant repercussion in the breeding of  rab-
bits and in biomedical research.

11.2 Gonadogenesis

In both rabbit sexes, the first germ cells are de-
tected from the ninth day post coitum. They mi-
grate into the genital crests until day 16 and 
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thereafter undergo a series of  mitosis until final 
differentiation at meiosis. Histological features 
and gene expression during gonadal develop-
ment in the rabbit have been thoroughly de-
scribed (Daniel-Carlier et al., 2013).

In females, contrary to humans and most 
mammals, meiosis takes place entirely after 
birth, starting from birth to 15 days of  age and 
subsequently followed by the onset of  follicu-
logenesis (Hutt et al., 2006). Puberty takes place 
around 3–4 months of  age.

In males, primitive seminiferous tubules are 
formed and contain Sertoli and germline cells be-
fore birth (Jost et al., 1985). Testes and the acces-
sory glands grow rapidly after five weeks of  age. 
Meiotic activity appears around 50 days and be-
comes abundant 15 days later. The first spermato-
zoa are present in the ejaculate at about 110 days. 
Puberty is achieved at 5–6 months of  age.

11.3 Reproduction in the Male

The testicles in mature bucks are oval-shaped 
and, during mating, appear prominent. The scro-
tum hangs from the body surface, so that the test-
icles are located at a temperature of  about 35°C, 
necessary for optimal maturation of  spermato-
zoa. At birth, the testicles are located in the ab-
dominal cavity and, at about 2 months of  age, 
they descend into the scrotal sac. At rest, the penis 
is directed obliquely backwards and is encased in 
a skin-fold penis; it points forward when erect.

During maturation, sperms are protected 
from anti-sperm antibodies and toxic substances 
by the blood–testis barrier. A series of  divisions 
leading to spermatocytes II, spermatids and 
sperm undergo in the seminiferous tubules 
spermato gonial stem cells. The sperm cells are 
then released into the lumen of  the seminiferous 
tubules and move into the efferent channels. It 
takes 48–55 days to obtain an epididymal sperm 
from a spermatogonium. The transit from initial 
to the final part of  the epididymis lasts 8–10 days.

11.3.1 Sperm cell

The sperm is a highly differentiated cell with a head, 
containing DNA, and a tail that allows the move-
ment. During the early stages of  spermatogenesis, 

granules secreted by the Golgi  apparatus form 
the acrosome, which occupies about two thirds 
of  the head and contains glycoproteins and lytic 
enzymes involved in sperm, attach to the oocyte 
and penetration of  zona pellucida (ZP). The nu-
clear chromatin progressively condenses for sta-
bilizing and protecting the DNA. The histone 
proteins are replaced by transition proteins and 
later by arginine-rich proteins. Associated with 
these changes there is a reduction in the nuclear 
volume and a block in gene transcription. The 
tail in its initial part contains the mitochondrial 
sleeve with key enzymes ensuring the energy 
metabolism. Sperm have lost almost all the 
common cellular functions, lack the reparative 
processes and are very sensitive to local environ-
mental conditions (seminal plasma, vaginal and 
uterine fluids, conservation medium).

11.3.2 Sperm membrane

Sperms have a high amount of  long-chain poly-
unsaturated fatty acid (PUFA) of  n-3 and n-6 
series (Apel-Paz et al., 2003) which are respon-
sible for the membrane fluidity and competence 
(capacitation, acrosome reaction and oocyte 
membrane fusion). Metabolic and functional 
characteristics of  the sperm are influenced by 
dietary PUFA, which improves the kinetic 
parameters of  the cell. On the contrary, high 
level of  dietary cholesterol alters the metabolism 
of  Sertoli cells (Yamamoto et al., 1999) and the 
normal spermatogenesis.

11.3.3 Sperm capacitation  
and acrosome reaction

Capacitation and acrosome reaction (AR) are 
closely linked. Capacitation implies the acquisi-
tion by the sperm of  the full fertilizing ability due 
to the contact with the uterine and oviductal 
fluids. Capacitation depends on the removal of  
carbohydrate groups that enhance the removal 
of  cholesterol from the membrane. The capaci-
tated sperm also exhibits hyperactivation consist-
ing in the beating of  the tail that facilitates the 
crossing of  gel areas and the adhesion to the ZP.

The initiation of  capacitation and AR also 
depends on free radicals. In fact, they activate a 
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molecular cascade resulting in an increase of  
intracellular Ca2+ and an efflux of  cholesterol 
from the membrane that increases membrane 
fluidity (Darin-Bennett and White, 1977). The 
main molecular changes involved in the activa-
tion of  capacitation, besides the loss of  choles-
terol, are ionic flows due to an altered membrane 
potential and an increase in tyrosine phosphor-
ylation of  proteins. The changes of  the post- 
translational proteins are essential for sperm 
since sperm are not able to synthesize any protein.

Only capacitated sperm undergo the AR, 
recognize the ZP and fuse with it. The AR in-
volves the acrosome lysis and the release of  pro-
teolytic enzymes. The interaction between sperm 
and oocytes is mediated by molecules whose re-
ceptors are expressed on the plasma membrane 
of  the sperm while the glycans (complementary) 
are located on the ZP.

11.3.4 Seminal granules (SGs), ejaculate 
and daily sperm production

Estrous plasma contains many round-shaped 
granules of  different sizes (0.5–6 μm diameter) 
found also in several other mammalian species 
(El-Hajj et al., 2004). These granules, which are 
secreted by the prostate, are surrounded by an 
electron dense membrane (Castellini et al., 2012) 
and contain a large amount of  cholesterol and 
sphingomyelin (Castellini et al., 2006).

These granules, together with seminal plasma 
(Castellini et al., 2013), affect sperm capacitation 
and AR, their kinetics, immune-response, and 
transit in the female tract (Johansson et al., 2004). 
Granules and seminal plasma probably act as 
donors of  sterols that protect spermatozoa 
against environmental shock and premature 
acrosome reaction. In addition, seminal gran-
ules are very rich in tocopherol (Mourvaki et al., 
2008), which contributes to reducing the re-
sponsiveness of  sperm to exogenous stimuli by 
lowering the free radicals in the semen.

The role of  SGs as modulators of  capacita-
tion and AR along the female tract is particularly 
sound in rabbit because the ovulation in rabbit 
female is induced by coitus. Indeed, ovulation 
 occurs about 10–16 hours from mating and, 
during this lag-phase, SGs contribute to avoid 
premature capacitation and AR of  rabbit sperm.

The standard semen volume is about 0.3–
0.8 mL, whereas sperm concentration ranges 
from 150 to 500×106 sperm/mL. During the 
epididymal transit about 30% of  sperm (mainly 
defective) is reabsorbed while 20% is excreted in 
the urine. The amount of  sperm produced by 
bucks depends, however, on several factors (indi-
vidual, age, photoperiod, temperature, collec-
tion rhythm, stress, drugs).

11.3.5 Buck and semen

Several factors affect seminal traits (Boiti et al., 
2005) and thus it is crucial to define suitable 
protocols to improve sperm characteristics and 
the expected fertility. Semen evaluation provides 
information on the fertilizing ability of  sperm-
atozoa: the most relevant parameters correlated 
with the fertility rate are the number of  sperm-
atozoa/AI and their motility. However, the use of  
a single trait is not able to predict the fertilizing 
ability of  the semen (Lavara et al., 2005).

11.3.5.1 Factors influencing semen 
production

Individual and genetic variability of  semen char-
acteristics in male rabbits is generally high (Mocé 
et al., 2005). Buck effects were also reported on the 
fertility and prolificacy after AI with frozen-thawed 
semen from different selected rabbit lines (Mocé 
et al., 2003). Lavara et al. (2013, 2017) showed 
that sperm freezability in rabbit is heritable and 
heritability for some rabbit frozen-thawed semen 
traits ranged from 0.08 to 0.15.

Frequency of  collection has an effect on 
semen characteristics (Bencheikh, 1995) both 
in terms of  quality and quantity. A too-intensive 
 collection rhythm or very few collections exert a 
 depressive effect on sperm output. Light affects 
the hypothalamus-pituitary axis, hormonal release 
and spermatozoa production. A daily, constant 
16L:8D light programme increases sperm produc-
tion. By contrast, light intensity does not affect 
semen characteristics (Besenfelder et al., 2004).

Sexual maturity occurs approximately at 
5 months (depending on the strain) and semen 
quality generally decreases in old rabbits (>30 
months). Some authors showed that the chro-
matin structure of  the rabbit sperm is less stable 
in young (<5 months) and old bucks (Gogol 
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et  al., 2002). Bucks' health has to be regularly 
controlled because inflammation of  male repro-
ductive apparatus impairs testicular function 
and seminal characteristics.

Specific dietary recommendations for rabbit 
bucks are not available, and only some require-
ments have been established. However, a bal-
anced fatty acid composition seems one of  the 
most important aspects of  male nutrition. Diet-
ary addition of  PUFA modified several traits of  
rabbit spermatozoa (Castellini et  al., 2019). At 
the same time, the high unsaturation level of  
spermatozoa membrane renders these cells very 
susceptible to peroxidation and, therefore, diets 
should be fortified with antioxidants. High diet-
ary level of  alpha-tocopherol is effective in limit-
ing the oxidative damage of  semen (Castellini 
et al., 2003).

11.4 Reproduction in the Female

11.4.1 Estrous synchronization  
and ovulation

Estrous synchronization increases fertility and 
prolificacy, while decreasing the number of  
 inseminations required for gestation (Rebollar 
et al., 2006). High-yield lactating does need ef-
fective estrous synchronization methods to im-
prove their reproductive outcome by enhancing 
ovarian function (Arias-Álvarez et al., 2010). The 
most known regulators of  ovarian functions are 
hormones, growth factors and mediators of  
their action, e.g. cyclic nucleotides, protein 
 kinases (Chrenek et  al., 2010; Sirotkin et  al., 
2010; Sirotkin, 2011), and plant molecules 
(resveratrol, rapamycin), which can have either 
regulatory or  protective properties (Kadasi et al., 
2012; Kolesarova et  al., 2012). On the other 
hand, environmental factors such as heavy met-
als (Kolesarova et al., 2010), mycotoxins (Kolesa-
rova et al., 2012) or high fat–high cholesterol diet 
(Cordier et al., 2013) can affect ovarian functions.

Ovarian gonadotropin stimulation is rou-
tinely used in animal reproductive technologies 
for estrus synchronization, multiple ovulation, 
and/or embryo transfer protocols to favour fol-
licular growth and generate more developmen-
tally competent oocytes. Gonadotropin releasing 
hormone (GnRH) plays a central role in the 

regulation of  reproductive functions as it regu-
lates the release of  both LH and FSH gonadotro-
pins (Teplán, 1989). Ovulation in mammals 
involves pulsatile release of  GnRH from the 
hypothalamus into the hypophyseal portal sys-
tem with subsequent release of  LH from the 
 anterior pituitary into systemic circulation. Ele-
vated circulating concentrations of  LH induce a 
cascade of  events within the mature follicle, cul-
minating in follicle rupture and evacuation. The 
broad classification of  species as either spontan-
eous or induced ovulators is based on the type of  
stimulus responsible for eliciting GnRH release 
from the hypothalamus. In spontaneously ovu-
lating species, the release of  GnRH from the 
hypothalamus is triggered when, in the absence 
of  progesterone, systemic estradiol concentra-
tions exceed a threshold. In induced ovulators 
such as rabbits, the release of  GnRH is contingent 
upon copulatory stimuli; hence, ovulation is not 
a regular cyclic event (Adams and Ratto, 2013).

Gonadotropins (FSH, LH) and their ana-
logues – equine chorionic gonadotropin (eCG) 
and human chorionic gonadotropin (hCG) – and 
GnRH and its analogues are the most known 
and widely used promoters of  rabbit ovarian fol-
licular growth and ovulation (Dal Bosco et  al., 
2011). The mechanisms of  action of  these hor-
mones are not fully elucidated. Nevertheless, it 
was shown that FSH, LH, and GnRH can exert 
their effects through changes of  ovarian cell pro-
liferation, apoptosis, transcription factor CREB-1, 
release of  steroid hormones, oxytocin, vasopres-
sin and IGF-I (Nitray et al., 1992; Laukova and 
Sirotkin, 2007; Zerani et al., 2010).

Several methods can be used to increase 
 female receptivity, the most common being eCG 
treatment, although the use of  hormones in 
meat- producing animals should be avoided 
(Castellini, 1996). In rabbit breeding, eCG is 
usually applied for improving follicular develop-
ment and as a method for estrus synchroniza-
tion in high-yield lactating animals because 
lactation exerts an inhibitory effect on ovarian 
function, especially in primiparous does (Rebol-
lar et  al., 2008; Theau-Clément et  al., 2008). 
Moreover, gonadotropin stimulation protocols 
can modify peripheral 17β-estradiol and proges-
terone concentrations, as well as their ratio, and 
therefore the environment in which oocytes and 
embryos are developed (Ertzeid and Storeng, 
1992). It is generally accepted that progesterone 
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is a key regulator of  reproductive function in 
mammals (Fair and Lonergan, 2012). It is essen-
tial for normal ovarian cycles and contributes in 
regulating ovarian follicular development. Pro-
gesterone also exerts an inhibitory action on fol-
licular development and steroidogenic function 
in the rabbit ovary (Setty and Mills, 1987; Parillo 
et al., 2013).

Follicular development and function are 
regulated by several hormones such as gonado-
tropins, leptin and insulin-like growth factor I 
(IGF-I), which either alone or in combination, 
affect hormonal secretion, proliferation and 
apoptosis through intracellular regulators 
(Sirotkin, 2011). Indeed, IGF-I stimulated pro-
gesterone and prostaglandin (PGF) but sup-
pressed testosterone and estradiol secretion by 
cultured rabbit ovarian granulosa cells (Sirotkin 
et  al., 2009). The presence of  IGF-I in cultures 
was associated with a significant increase of  
17β-estradiol and androstenedione production 
by cumulus–oocyte complexes. Moreover, the 
addition of  IGF-I significantly enhanced nuclear 
maturation in rabbit oocytes. It must be under-
lined, however, that all these effects were found 
in oocytes surrounded by cumulus cells (Lorenzo 
et al., 1997).

11.4.2 Luteal function  
and pseudopregnancy

The corpus luteum (CL) is a transient endocrine 
gland that secretes progesterone, a hormone ne-
cessary for the development and maintenance of  
pregnancy. The CL develops rapidly from an ovu-
lated follicle reaching its maximal size and func-
tional capacity within 9–10 days. The growing 
CL is characterized by active angiogenesis and 
intense tissue remodelling with luteinization of  
the granulosa cells caused by LH (Webb et  al., 
2002). Several factors, including lymphokines, 
growth factors and prostaglandin (PGE2 and 
PGF2α) released by different luteal cell types 
such as endothelial cells, fibroblasts and resident 
immune cells, as well as progesterone and 17β- 
estradiol released by luteal and follicular cells 
(Goodman et  al., 1998) act to programme the 
lifespan of  CL. However, the overall balance be-
tween luteotrophic and luteolytic actions may 
change with the age of  the CL and/or in the pres-
ence of  an embryo (Stocco et al., 2007).

In rabbits, the CL is maintained throughout 
gestation, a characteristic that differentiates this 
species from many other mammals. If  preg-
nancy fails to occur, the CL and uterus develop 
as in a normal pregnancy, but for a shorter 
period, lasting 16–18 days. Thus, pseudopreg-
nancy is the consequence of  an ovulation fol-
lowing unsuccessful mating or mating by a 
sterile buck. It can also be induced by vaginal 
stimulation, mounting by another doe, proxim-
ity to a male rabbit, or treatment with GnRH or 
hCG, but often no specific cause can be associ-
ated with pseudopregnancy. The pseudopreg-
nant doe is unable to conceive up to day 15 
(Fischer et al., 1986). At day 16 of  pseudopreg-
nancy, a normal pseudo-/pregnant endometrial 
transformation can be induced again and fertil-
ization and implantation can be achieved at day 
15, although full restoration of  the epithelium is 
not completed before day 24 (Busch et al., 1986).

Luteolysis is a dynamic regression process 
(McCracken et al., 1999) that comes into play at 
around days 12–14 of  pseudopregnancy under 
the action of  PGF2α secreted by the endometrium 
and ends with the complete functional and struc-
tural demise of  the CL, a few days later. The pres-
ence of  the uterus is necessary for a timely 
luteolysis, although there is no evidence for a 
counter-current transfer in the utero-ovarian ped-
icle allowing a local control between the uterine 
horn and the adjacent ovary. In addition, several 
distinct intraluteal pathways have emerged as po-
tential candidate mediators of  the initial PGF2α 
triggering luteolytic action, including nitric oxide 
(NO), endothelial derived factors (Boiti et al., 2007), 
immune and apoptosis related factors (Maranesi 
et al., 2010) as well as locally synthesized prosta-
glandins (Zerani et al., 2007). In addition, recep-
tors for estrogen, progesterone, PGF2α, GnRH, 
ACTH, leptin, dopamine (Guelfi et al., 2011; Parillo 
et al., 2013) are localized in the rabbit CL and may 
mediate the expression of  pro- and/or anti-apop-
totic genes that control the CL lifespan.

In rabbits, complete functional luteolysis 
can be induced by exogenous PGF2α administra-
tion only when the CL have acquired a full luteo-
lytic capacity, from day 9 after ovulation (Boiti 
et al. 1998). The PGF2α has no effect on CL dur-
ing the early-luteal phase up to day 6 of  pseudo-
pregnancy, a borderline day between early and 
mid-luteal stages when CL shift from refractori-
ness to partial responsiveness.
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11.4.3 Breeding strategies

Rabbit does are considered fertile at any stage 
of  the reproductive cycle. However, the success 
of  artificial insemination (AI) largely depends 
on the sexual receptivity of  the female which, 
in turn, interacts with genetic factors, physio-
logical and metabolic state (lactating or not, 
stage of  lactation), and parity (Parigi-Bini and 
Xiccato, 1993; Fortun- Lamothe et  al., 1999). 
 Accordingly, the attainment of  high sexual re-
ceptivity at AI is a main goal. Such increase 
could be reached in different ways: use of  syn-
chronizing hormones or biostimulations induced 
by change of  cage, does gathering, dam- litter 
 separation, feeding programme, and light 
 stimulations.

11.4.3.1 Induction of ovulation

The rabbit is a reflex-ovulating species in which 
sensory and neuroendocrine stimuli act together 
to determine the ovulatory response. In the 
standard AI technique, a GnRH analogue is 
intramuscular injected to induce pituitary LH 
release. However, ovulation can also be induced 
by the vaginal absorption of  GnRH analogues 
added to the seminal dose (Rebollar et al., 2012).

11.4.3.2 Sexual receptivity

AI also allows the induction of  pregnancy in 
females which refuse mating, but their fertility 
is significantly lower than in receptive does. 
The low fertility and prolificacy of  non-recep-
tive does are mainly due to ovulation and preg-
nancy  failures (Theau-Clément, 2007). 
Moreover, non- receptive does have a lower num-
ber of  pre- ovulatory follicles (Kermabon et  al., 
1994) and estrogen concentrations (Rebollar 
et al., 1992). Consequently, the productivity of  
non-receptive females is 3 to 4 times lower than 
that of  receptive females. Although rabbit does 
do not have an estrous cycle, immediately after 
kindling and after weaning, almost all does are 
receptive. Therefore, the reproductive rhythm 
should be co-ordinated with this ‘natural’ trend 
of  receptivity. Unfortunately, post partum AI is 
too stressful for the does, whereas post-wean-
ing AI is considered too extensive for commer-
cial breeding (Cardinali et al., 2008). The main 
methods for improving sexual receptivity are 

hormonal treatments or alternative methods 
called ‘ biostimulations’.

11.5 Modern Reproductive 
 Technologies

11.5.1 Cryopreservation of embryos

Cryoconservation methods serve for a long-term 
preservation of  the biological material and are 
important for the gene bank formation, which 
guarantees genetic material resources. Cryocon-
servation methods are slow freezing and fast 
freezing or vitrification.

Slow freezing is based on gradual dehydra-
tion of  embryos with temperature decreasing 
gradually, approximately 1°C per minute, but is 
time-consuming and requires controlled and 
 expensive freezing units.

Vitrification is the solidification of  a solu-
tion at low temperature through extreme eleva-
tion in viscosity during cooling (water assumes a 
glassy, vitrified state from the liquid phase). This 
method combines the use of  concentrated solu-
tions of  cryoprotectants with rapid cooling to 
avoid ice formation. There are permeating 
( glycerol, ethylene glycol, dimetyl sulfoxide) and 
not permeating cryoprotectants (sacharides, 
proteins, polymers) depending on their ability 
to  enter the cell membranes. Permeating sub-
stances have a strong dehydrating effect, are 
hydrophilic and decrease the solution freezing 
point delaying ice crystal formation that usually 
occurs at –10°C and is reached at –35°C until 
–45°C. Non-permeating substances signifi-
cantly decrease the concentration of  the intra-
cellular cryoprotectants necessary for the 
successful cryoconservation and so also their 
toxic effect (Chrenek et al., 2011).

Cryoconservation of  embryos includes six 
steps: (i) primary exposure to cryoprotectant; 
(ii)  cooling (fast or slow) below freezing point; 
(iii) storage in liquid nitrogen at –196°C; (iv) 
thawing; (v) dilution and flushing out the cryo-
protectant; and (vi) transfer of  embryos into the 
uterus. During freezing, embryos can be dam-
aged by intracellular formation of  ice crystals, 
extracellular crystallization, chemical toxicity of  
the cryoprotectant, osmotic swelling, osmotic 
shrivelling, and by rupturing.
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11.5.2 Cryopreservation of rabbit 
spermatozoa

In several livestock species, including rabbit, arti-
ficial insemination (AI) is used to optimize repro-
duction and breeding management and improve 
selection. In the rabbit-meat industry, AI is per-
formed with fresh or cooled semen. Frozen rabbit 
semen is not used because of  the poor fertility re-
sulting after thawing (Mocé and Vicente, 2009). 
However, frozen thawed rabbit semen is used for 
other purposes: ex situ conservation of  rabbit 
genetic resources (including rare or endangered 
breeds or high-value males); international ex-
port (semen from selected lines); and for research 
(Kulíková et al., 2017; Lavara et al., 2017).

Cryopreservation of  rabbit semen is applied 
in similar ways as carried out in other species 
with some adaptations. After semen collection, 
the spermatozoa are diluted to get larger semen 
volume and greater number of  insemination 
doses. The main function of  the diluent is to con-
serve semen and to prolong the viability and fer-
tilizing ability of  the gametes.

The preservation length of  semen biological 
features depends on the diluent used. The interval 
between semen collection and dilution should not 
be longer than 15 minutes to prevent develop-
ment of  intoxication processes. The diluent must 
have good buffer ability, small electrolytes con-
tent, same osmotic pressure of  spermatozoa, suit-
able pH, and temporary energetic source for 
spermatozoa. The diluent should not affect sperm-
atozoa, their metabolism and agglutination, as 
well as fertility, cause inflammatory processes in 
genitals of  the females, contain germs that might 
induce infections and diseases in human and ani-
mals, and contain more than 5000 non-patho-
genic germs in the insemination dose.

Semen dilution has several principles that 
should be respected. First of  all, the semen must 
be assessed macroscopically and microscopic-
ally. The diluent is always added to the semen, 
not contrariwise, and added slowly along with 
permanent mixing. The diluent temperature has 
to be the same as that of  the ejaculate (± 1ºC). 
The pH of  the diluent solution should vary from 
6.2 to 7.5, and all tools used for dilution must be 
sterile and at the right temperature. The most 
used diluents are yolk added with either citrate 
or milk, or plant juices and honey as well as min-
eral waters.

Semen, which is conserved using sodium 
citrate (pH 6.15) or acids (carbonic, citric) has 
short fertilizing ability. Therefore, this approach 
is substituted by deep freezing. Before deep freez-
ing, the diluted ejaculate must be cooled. It is 
chilled at 2–4°C, so the fertilizing ability is pro-
longed to 72 hours, but the optimal use is within 
24–48 hours. In the fast-freezing method, the 
whole freezing process lasts 7–12 minutes. The 
semen samples are conserved in straws (plastic 
cavities) or in pellets.

11.5.2.1 Semen freezing in the straws 
(French method)

The process starts with the dilution of  the ejacu-
late in a yolk-citrate diluent for half  of  the final 
dilution. In the second step, it is stored for 50 
minutes in a refrigerator at 1–3ºC. When cooled, 
the semen is diluted in the same diluent volume 
enriched with 10–20% glycerol. Glycerol dilu-
ents should be added to the semen gradually, for 
15 minutes. After final dilution, the ejaculate 
must show at least 70% of  spermatozoa activity 
before freezing. It is diluted in such a ratio that 
the insemination dose will contain at least  
10–12x106 motile spermatozoa.

Diluted semen is divided into a volume of  
0.25 mL using an automatic device and then 
hermetically sealed into ministraws. One end of  
the ministraw is closed with polyvinyl alcohol. 
All these manipulations are done at a tempera-
ture of  5ºC. In another step, the ministraws are 
put in a horizontal position into the water bath 
of  the same temperature as the ejaculate. They 
are transferred to the refrigerator where they 
equilibrate at 3ºC for 2–6 hours. Before deep 
freezing, diluted semen must be kept at a tem-
perature above 0ºC, because during this period 
the sperm membranes become more resistant to 
freezing, against the critical temperature from 
–15ºC to –25ºC. After equilibration, the semen 
is frozen in the vapours of  liquid nitrogen for  
7 minutes and then it is directly immersed into 
liquid nitrogen.

15.5.2.2 Semen freezing in the PELLETS 
(Japanese method)

Fresh semen is diluted at a temperature of  35ºC 
in the diluent that includes 75.3% of  11% lac-
tose solution, 20% egg yolk, and 4.7% glycerol. 
After dilution, the semen is put into the 
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 refrigerator at a temperature of  1–3ºC for equili-
bration that lasts about 4–7 hours. In another 
step, the semen is frozen by the fast method at 
the rate of  20ºC/min on the prism of  dry ice 
with thickness of  at least 3 cm. Hollows are 
6 mm in diameter and about 4–8 mm depth. The 
semen freezing takes 7 minutes. Afterwards, pel-
lets are stored in the container with liquid nitro-
gen. Frozen spermatozoa cannot be thawed at 
the critical point of  –60ºC. Diluted semen is 
frozen into 0.1 mL pellets directly on the dry ice 
and stored in a container with liquid nitrogen.

There are three main mechanisms during 
the semen freezing (and consequent thawing) 
that may damage the gametes: extracellular and 
intracellular crystallization, formation of  con-
centrated solutions of  electrolytes, and rapid de-
crease in temperature.

During the cell suspension thawing, the ice 
crystals are firstly formed in the extracellular 
fluid, and then inside the cells. A prerequisite for 
the successful storage of  the spermatozoa is to 
prevent, from chemical processes, the change of  
the free extracellular and intracellular water 
into solid state. At selected temperature, the 
re-crystallization processes should be eliminated 
or significantly restricted; these processes are 
stopped at the temperature of  –160ºC and at the 
temperature of  –196ºC the storage should be 
time unlimited.

11.5.3 Embryo development and losses

Most of  the data go back to studies performed in 
the 1950s to 1970s. The extensive knowledge 
on pre-, peri- and post-implantation embryo de-
velopment and embryo–maternal interactions 
together with the rare biological feature of  the 
uterus duplex (two cervices and uteri) make the 
rabbit an ideal experimental model for many as-
pects of  biomedical research.

Approximately 10–12 hours after mating 
(post coitum, p.c.) or hCG/GnRH injection, ovula-
tion takes place. About 4 hours later the second 
polar body is visible as proof  of  fertilization. 
Twenty-four hours p.c., the first cleavage div-
ision to a two-cell embryo occurs. The next 
cleavages and time intervals are as follows: 4-cell 
stage at 28 hours, 8-cell stage at 36 hours, 16-
cell stage at 44 hours, morula at 60 hours, and 
blastocyst formation at 72 hours p.c. Cleavage 

stages up to the morula are usually recovered 
from the oviduct; later stages are obtained from 
uterine flushing. Cell numbers in morulae and 
non-expanded blastocysts are reported to be 
 approximately 140 cells in day 3 morulae and 
800–1000 in day 4 blastocysts.

Up to the early blastocyst stage, the size of  
the cleavage-stage rabbit embryo does not in-
crease within the zona pellucida (ZP); the vitel-
line (or intrazonal) diameter ranges between 
125 μm and 160 μm. The outer size of  the em-
bryo, however, does increase due to the overlay 
of  the extracellular covering mucoprotein layer 
and gloiolemma (Fischer et al., 1991). The total 
diameter increases from about 200 μm in early 
cleavage stages to 350 μm for morulae and 500 
μm for non-expanded blastocysts. The mucopro-
tein layer is deposited on the ZP during oviductal 
passage by tubal epithelial cells. The gloiolemma 
originates from secretions of  endometrial epi-
thelial cells (Denker and Gerdes, 1979; Fischer 
et al., 1991).

The extracellular embryonic coverings are 
somewhat specific but not unique to the rabbit 
(Leiser and Denker, 1988). Notably, the ZP gets 
dissolved during the third and fourth day of  de-
velopment and is replaced by the neozona from 
day 5 p.c. onwards (Denker and Gerdes, 1979).

Implantation in the rabbit has to be divided 
in two distinct processes. The expanded blasto-
cyst attaches at 6 days and 16 hours p.c. to the 
uterine epithelium at the antimesometrial side 
with its abembryonic pole, leading to the so-
called yolk sac placenta. Final implantation of  
the blastocyst starts at day 8 p.c. with the embry-
onic pole at the mesometrial side, resulting in 
the definite chorioallantoid placenta. A haemo-
chorial contact is established in both cases. The 
yolk sac placenta is only transiently built and 
soon replaced by the chorioallantoid mesometri-
al placenta (Denker 1977). The extracellular 
coverings are intact until 16 hours at day 6 p.c. 
indicating that attachment and invasion of  the 
uterine epithelium have not yet started. These 
processes, however, begin directly afterwards 
with trophoblast cells invading the endomet-
rium and subsequent fusion of  trophoblast and 
uterine epithelial cells. Implantation sites are re-
stricted to the so-called placental folds. Tropho-
blast invasion goes down to endometrial blood 
vessels, forming the haemochorial placenta by 
erosion of  maternal blood vessels.
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After blastocyst formation, blastocyst size 
increases dramatically during the next days, to 
approximately 1 mm at day 5, 2.5 mm at day 6 
and 7 mm at day 7 p.c. Sizes of  individual blasto-
cysts vary considerably within litters. The blasto-
cyst cavity is surrounded and protected against 
the uterine milieu by a trophoblast layer, which 
is tight and highly active in cellular transport. 
The remarkably large sizes – the biggest blasto-
cysts among mammalian pre-implantation 
 embryos – make the rabbit blastocyst a unique 
experimental model with many advantages 
(Fischer et al., 2012). It allows detailed genetic, 
molecular and cellular analyses, analysis of  the 
blastocyst cavity fluid as well as observation and 
counting of  the blastocyst numbers after uterine 
flushing or number of  implantation sites per 
uterus by naked eye and/or light microscopy.

As said, the rabbit model allows molecular 
analyses in individual blastocysts, an advantage 
not offered by most other mammalian experi-
mental animals. The cell numbers in the embry-
onic disc are as high as 2000 and 7000 embryo 
blast cells in stage 1 and 2, respectively (Ramin 
et  al., 2010). Total cell numbers in 6½ day-old 
blastocysts are in the range of  100,000 (Fujimo-
to et al., 1975), indicating that trophoblast cell 
numbers in these ontogenetic stages are still 
clearly higher. Furthermore, gastrulation starts 
prior to implantation (Fischer et al., 2012) and 
can be reliably staged by fairly simple morpho-
logical criteria in rabbit blastocysts. The rabbit is 
one of  the few mammalian species that allow 
analysis of  early gastrulation in intact blastocysts 
as the free-floating blastocysts can be flushed out 
of  the uterine lumen until day 6.6 p.c.

What are the critical phases of  early em-
bryo development and for embryo mortality in 
the rabbit? C.E. Adams, from the ARC Institute 
of  Animal Physiology in Cambridge (UK), has 
pioneered these studies and published a broad 
body of  information in the late 1950s to 1970s 
(Adams 1960, 1961, 1970). A short summary 
of  the main findings indicates that about 5% of  
female rabbits in which fertilization did occur 
suffer from a total embryonic loss, about 50% 
lose some embryos, and the others none. 
Adams has calculated that the pre-implanta-
tion embryonic loss in the rabbit is in the range 
of  10%. After implantation, about 3% of  the 
does lose all implants and 70% lose some. The 
percentage of  post-implantation losses sums up 

to about 20%. We also know from the studies 
of  Adams when these losses occur: about 7% 
peri-implantational, 66% between day 8 and 
17, and 27% between day 17 and 23 p.c. In 
total, prenatal embryo mortality in the rabbit 
sums up to approximately 30% of  the ovulated 
fertilized oocytes. Due to resorption, embryo 
loss before day 17 p.c. cannot be observed by 
the rabbit breeders.

Embryo mortality is closely related to em-
bryo numbers. Only 20% of  females bearing one 
foetus complete pregnancy. However, if  the other 
uterus accommodates embryos, then also the 
single embryo will survive. In the opposite situ-
ation, in the case of  superfetation with too many 
embryos and/or implantations, in general all lit-
ters are lost rather than only a few embryos.

11.5.4 Superovulation and collection 
of rabbit embryos and embryo transfer

Superovulation treatment is used to produce a 
larger number of  embryos and is usually initi-
ated 68–72 hours before AI or mating using re-
peated injections of  FSH or eCG (Besenfelder 
et  al., 2000). To induce ovulation at a known 
time, hCG or a GnRH agonist can be injected just 
after AI or mating.

Embryos can be recovered from the uterine 
horns 3.5 days after ovulation. Embryos are col-
lected post mortem by flushing the oviducts and 
uterine horns of  the doe or by laparoscopy 
(Mehaisen et al., 2004). Laparoscopy can be per-
formed repeatedly on the same does, but to avoid 
abdominal adhesions it is recommended to wash 
the reproductive tract with 0.1% EDTA solution 
in PBS (Mehaisen et al., 2004). Since all embryos 
may not be recovered and the doe may still be 
pregnant after flushing, treatment with PGF2α 
is needed if  pregnancy has to be avoided.

In vivo-produced embryos can be trans-
ferred by laparotomy or laparoscopy. The em-
bryos are mounted in a small catheter connected 
to a 1 mL syringe. In the case of  transfer of  early 
 embryos (less than 3.5 days), the embryos are 
placed directly in the oviduct through the am-
pulla. For older embryos, a small incision is 
made with a needle into the tip of  the horn to 
introduce the catheter and gently push the em-
bryos into the lumen. In vitro-produced embryos 
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should preferably be transferred in the oviduct 
where they will acquire the mucin coat.

11.6 Feto-placental Development, 
Growth and Parturition

Implantation takes place at day 6.6 p.c. Each foe-
tus forms a placenta with a foetal part (placenta) 
and a maternal part (decidua). Exponential 
growth of  the foetus starts around 12 days of  
pregnancy (Bal’magiya and Surovtseva, 1974). 
The rabbit gestation lasts 31–32 days.

After implantation, the rabbit foetus is 
mostly nourished through the placenta, although 
the ingestion of  amniotic liquid also contributes 
to foetal growth in the last third of  gestation. The 
placenta is discoid in shape, made of  two closely 
apposed discs (cotyledons). The rabbit placenta-
tion is hemochorial and two cell layers between 
maternal and foetal blood as in humans. The cel-
lular organization within the placenta is close to 
that of  the human placenta in the exchange 
zone, which makes it an attractive model for pla-
cental studies (McArdle et  al., 2009). Maternal 
and foetal blood circulate counter- current and 
the feto-placenta weight ratio ranges between 
1/5 and 1/10, like in humans.

Foetal growth is dependent on oxygen and 
nutriment transfers from maternal circulation, 
which depend mainly on blood flow and pres-
ence of  transporters. The blood flow to each pla-
centa is about 3–4 mL/min at term (Bruce and 
Abdul-Karim 1973). Placental vascularization 
can be evaluated in vivo by Power Doppler 
(Lecarpentier et al. 2012). For oxygen exchange, 
in contrast to humans, there is no foetal haemo-
globin in the rabbit. The major placental glucose 
transporter present in the human placenta,  
SLC2A1 (previously GLUT1), is expressed in the 
rabbit placenta, as well as SLC2A3, SLC2A4 and 
SLC5A1 (Kevorkova et al., 2007). Transporters 
involved in neutral amino acid transport have 
been reported in the rabbit placenta. In rabbits, 
as in humans, the placenta is very permeable to 
free fatty acids and changes in maternal dietary 
lipid intake can alter their placental transfers to 
the foetus (Stephenson et al., 1990; Montoudis 
et  al., 2004), in a sex-dependent manner. Im-
munoglobulins do not cross the placenta in the 
rabbit and their transfer is mediated partly 

through the absorption of  amniotic liquid before 
birth and partly through colostrum after birth 
(Brambell, 1969).

The concurrent effects of  pregnancy and 
lactation reduce litter size and foetal growth, 
possibly due to the combined effects of  reduced 
energy balance and hyperprolactinemia (Fortun- 
Lamothe et al., 1999). Due to a better vasculariza-
tion of  the uterus close to the ovary, the largest 
foetuses are usually close to the tip of  the uterine 
horn. Foetal and placental growths can be moni-
tored by ultrasound imaging (Chavatte- Palmer 
et al., 2008).

One to two days before delivery, does prepare 
a nest for the kits using hair that they pull from 
their own fur. Parturition lasts 10–20 minutes. 
Litters size is very variable, with a mean of  8–10 
kits. Birth weight ranges from 30–60 g in the 
New-Zealand breed, with 15–20% variability. 
The doe rapidly cleans the offspring after birth 
and eats the placentas within one hour. After 
parturition, the uterus involutes rapidly and loses 
about half  of  its weight within 48 hours.

11.7 The Rabbit Model in 
the  Toxicology of Pregnancy and in 
the Developmental Origins of Health 

and Diseases

Before drugs are used in humans, tests are 
 performed in animals to evaluate their potential 
deleterious effects, in particular during preg-
nancy. Thalidomide, a teratogenous agent in hu-
mans, initially was tested only in rodents where 
it was not harmful; this led to its use in women, 
causing very serious foetal malformations. Had 
it been tested in rabbits, however, its teratogenic 
effects would have been observed. Since then, 
the rabbit has become a reference species for 
testing drug teratogenicity (Tyl, 2010).

The rabbit embryo is a powerful tool to 
study gastrulation and early effects of  maternal 
environment on development (Schindler et  al., 
2020; Pendzialek et  al., 2017). Maternal dia-
betes was shown to impair gastrulation (Ramin 
et al., 2010) and affect mother–embryo commu-
nication involving the IGF1 axis (Thieme et al., 
2012). The rabbit is also large enough to per-
form fine surgery. Rabbit models of  intra-uterine 
growth retardation (IUGR) have been developed 
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using placental arterial ligatures (Eixarch et al., 
2011) or pharmaceutical approaches (Lecar-
pentier et al., 2012).

Finally, the rabbit lipid metabolism is close 
to that of  humans, with high LDL concentra-
tions in response to high-fat diets and rapid re-
sponse to high-cholesterol diets through the 
development of  atherosclerosis. The rabbit has 
become a species of  choice for the study of  
long-term effects of  maternal high-fat diets on 
offspring development and health. A diet supple-
mented with cholesterol (+0.1%) and lipids (8%) 
administered to does from 10 weeks of  age on-
wards advances puberty, reduces the number of  
antral follicles, and perturbs pituitary response 

to GnRH (Cordier et  al., 2013). Similar choles-
terol intake during pregnancy affects placental 
transfer of  fatty acids and glucose (Montoudis 
et al., 2004; Marseille-Tremblay et al., 2007), in-
ducing IUGR with a sexual dimorphism. Fatty 
streaks (precursors of  atheroscleroslerosis) are 
also induced in the foetal aorta (Napoli et  al., 
2000). Adult offspring from does fed a diet sup-
plemented with cholesterol and lipids develop 
components of  the metabolic syndrome and re-
productive disorders (Picone et al., 2011). These 
data provide important insight into mechanisms 
that may play a role in the current epidemy of  
obesity, metabolic diseases and reduced fertility 
observed in the human population.
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12.1 Genetics of Reproduction Traits

In this chapter, the genetic determinism of  all 
traits involved in male and female reproductive 
performances are reviewed. All traits related to 
the underlying biological processes leading to 
the mating outcome, as well as some of  its 
general features, such as the homogeneity of  the 
reproductive performances, are considered: semen 
and ejaculate characteristics, ovulation rate, fer-
tility, embryo survival, foetal survival and litter 
size. Different parameters of  fertility and litter 
size are discussed, including the contribution of  
both sexes to each phase of  the reproductive 
cycle. The female reproductive cycle is con-
sidered here as the period from mating to the end 
of  lactation. Doe performance during lactation 
has also been included due to its contribution to 
litter size at weaning which is one of  the most 
economically important traits in rabbit meat 
production. Homogeneity of  litter size and kit 
weight at birth is reviewed because of  its close 
relationship to prolificacy and kit survival dur-
ing lactation. Finally, researches on doe longev-
ity are also reviewed due to the impact of  this 
trait on all the other traits and on farm manage-
ment as well as on does’ robustness.

12.2 Fertility

Because of  the major economic importance of  
litter size (Cartuche et al., 2014) most of  the 
studies on reproductive performances have been 
focused on the female contribution to this trait 
and little attention has been paid to fertility. 
However, prolificacy depends on the rate of  
fertilized ova, which could be also improved by 
selection. The rate of  ova that are not fertilized 
or that do not initiate the first stages of  embryo 
development until day 7 after mating (i.e. just in 
the first quarter of  gestation period) was about 
16% in a maternal line selected for ovulation 
rate (Laborda et al., 2012a). This rate would 
be expected to be even higher in paternal lines or 
in the final cross between a crossbred female and 
a sire from a paternal line, considering that male 
reproduction performances are usually worse 
in paternal than in maternal lines (Vicente 
et al., 2000).

The outcome of  a mating or of  an artificial 
insemination is the result of  the contribution of  
the male, the female and the interaction between 
the two. Although the doe has a major role on 
fertility at birth (Piles et al., 2005) because of  its 
effects during the whole gestation, failures of  
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fertilization or embryogenesis due to male effects 
play important roles before implantation. In 
recent years, the use of  artificial insemination 
(AI) in intensive rabbit-meat production systems 
has become a common practice in commercial 
farms (Piles et al., 2013a). As a consequence, the 
contribution of  the buck to fertility, as well as 
to seminal characteristics conditioning the pro-
duction of  potentially fertile AI doses, is achieving 
increased interest (Alvariño, 2000).

12.2.1 Between-breed/line variation

Differences between lines have been evaluated 
just for fertility at birth (Piles et al., 2013a). Vicente 
(2000) compared male reproductive perform-
ances of  a paternal line selected for growth and 
three maternal lines. In this study, fertility rate 
did not differ among lines whereas prolificacy 
differed, probably due to the selection process of  
the maternal lines. Garcia-Tomás et al. (2006a) 
found differences in fertility between two rabbit 
lines highly selected for growth rate. No relevant 
differences, however, were observed either for 
number of  kits born alive or stillborn. Theau- 
Clément et al. (2007) did not evidence any differ-
ences in fertilizing ability between two lines that 
have been divergently selected for body weight at 
63 days. Brun et al. (2002a) reported that cross-
bred males and females from two rabbit maternal 
lines had a better conception rate than purebred 
animals of  the same lines used in the cross. How-
ever, it was not possible to ascertain whether those 
differences were due to the effect of  the crossbred 
males or crossbred females. Using paternal lines, 
García-Tomás et al. (2006a) found unfavourable 
individual heterosis effects for male fertility at 
birth. However, fertility at birth could not be a 
good marker of  male fertilizing capability, because 
it is masked by the female and environmental ef-
fects through gestation. Thus, this result cannot 
be considered conclusive regarding the potential 
usefulness on the use of  a crossbred male.

12.2.2 Within-line variation

Few works have been carried out to investigate 
within-line sources of  variation of  rabbit fertility. 

The first studies showed that fertility after natural 
mating had an almost null male contribution 
(Piles et al., 2005, 2013a), whereas female con-
tribution was higher but still low (heritability of  
about 6%). Results from subsequent studies con-
firmed a similar effect when AI was performed at 
high sperm dosage (Tusell et al., 2010). This 
study indicated that these conditions of  AI were 
not optimal for the detection of  individual variation 
among males, probably because the number and 
quality of  sperms at mating time for most of  the 
males exceeded the threshold needed to reach 
fertility (Amann and Hammerstedt, 2002). Thus, 
although differences among males that are inde-
pendent of  sperm dosage are maintained, differ-
ences among males that can, at least in part, be 
overcome by increasing the amount of  sperm 
are not detected.

By using the character state model, Tusell 
et al. (2010) showed that male contribution to 
fertility and litter size after AI was low but 
higher in magnitude than the contribution ob-
tained after natural mating. This result may in-
dicate a potential interaction between the male 
genotype and mating conditions (Piles et al., 
2013a). On the other hand, Piles et al. (2013b) 
suggested that male contribution to fertility at 
birth is probably masked by female effects 
through gestation, because males are not in-
volved in any biological processes regarding 
foetal development at late gestation. As a con-
sequence, male contribution to fertility is bet-
ter observed at early stages of  gestation (i.e. 
around implantation time) when the male is 
 involved in biological processes leading to fertil-
ization and to first stages of  embryo develop-
ment. The genetic correlation between male 
and female contributions to fertility has been 
found to be moderate/high and positive in a 
maternal and in a paternal line of  rabbits (Piles 
et al., 2005; Tusell et al., 2010; David et al., 
2011; Piles and Tusell, 2012), indicating that 
selection for the contribution to fertility of  one 
of  the sexes, if  successful, could have a favour-
able correlated response in the contribution to 
the same trait of  the other sex (Piles et al., 
2013a). This correlated response could be 
 responsible, at least in part, for the observed 
dif ferences in semen quality traits among 
bucks from maternal and paternal lines (Vicente 
et al., 2000).
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12.2.3 Relationship with other traits

Average daily gain (ADG) seems not to be genet-
ically correlated with male contribution to fertil-
ity at birth after natural mating or after AI under 
common commercial conditions of  use of  the 
bucks (Piles and Tusell, 2012). ADG was nega-
tively correlated with female contribution to 
fertility. The magnitude of  this correlation was, 
however, not high enough to produce a relevant 
impairment of  the reproductive performances of  
paternal lines of  rabbits selected for ADG (since 
the probability of  a genetic correlation lower than 
–0.5 was almost null). Moreover, several studies 
involving rabbit maternal lines indicated that 
the genetic correlation between growth and 
female contribution to litter size was negative, 
null or positive, but always of  low magnitude 
(Camacho and Baselga, 1990; Gómez et al., 
1998; Garreau et al., 2000; García and Baselga 
2002c). Therefore, from these results it is pos-
sible to summarize that rabbit growth is not (or 
is poorly) genetically correlated with fertility.

12.3 Semen Production and Quality

Since the implementation of  AI as a regular 
reproductive technique, the impact of  reproduct-
ive performances of  individual males is enormous. 

For this reason, there has been a growing interest 
in different traits involved in the efficient pro-
duction of  potentially fertile doses, which is still 
suboptimal from an animal production perspective 
(Piles et al., 2012).

Several studies have been carried out to 
explore the sources of  variation of  semen pro-
duction and quality traits. The genetic studies of  
traits that are only expressed in active adult 
bucks have special difficulties in achieving the 
dimension needed to obtain accurate-enough 
estimates of  genetic parameters, such as herit-
abilities or genetic correlations. To obtain meaningful 
results, a strict collaboration between selection 
nuclei and AI centres is usually needed. However, 
most AI centres do not record the pedigrees of  
their bucks and only traits included in the clas-
sical spermiogram tests are usually evaluated, 
because of  the high cost of  other analyses. 
Table 12.1 summarizes information on heritability 
and repeatability of  semen production and qual-
ity parameters reported by several studies.

12.3.1 Between-breed/line variation

It is usual to find relevant differences between 
lines in semen production and quality traits that 
are not necessarily related to their specialization 
as maternal or paternal lines (Piles et al., 2013a). 

Table 12.1. Heritability (h2) and repeatability (r) for some semen traits from single ejaculates (ejac.) or 
combined pools of ejaculates. Data are from Bencheikh (1995), Garcia-Tomás et al. (2006b), Khalil et al. 
(2007), Lavara et al. (2008, 2012), Tusell et al. (2012) and Brun et al. (2016).

Trait Range of h2 Range of r Range of n.1

Ejaculate volume
Single ejaculate
pool

0.06–0.13
0.23

0.29–0.38
0.46

172–412
541

Ejaculate concentration
Single ejaculate
pool

0.08–0.10
0.27

0.35–0.39
0.48

172–412
541

Total sperm amount
Single ejaculate
pool

0.07–0.12
0.23

0.17–0.18
0.38

172–412
541

Semen pH 0.06–0.18 0.07–0.38 172–883
Sperm motility traits 0.05–0.18 0.24–0.37 172–883
Sperm abnormalities 0.19 0.41 412
Acrosome status 0.18 0.32 412
Sperm morphology traits 0.11–0.35 0.26–0.46 283

1Number of animals included in the estimations.
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In addition, some of  the differences between 
lines in semen characteristics do not correspond 
to differences in fertility or prolificacy at birth, 
suggesting the uselessness of  these measurements 
to evaluate male contribution to reproductive 
performance in the current AI conditions. For 
example, lower sperm production, less motility 
and more acrosome defects in a paternal line 
selected for growth than in three maternal lines 
were reported by Vicente et al. (2000). The same 
study indicated that fertility rate did not differ 
among lines whereas prolificacy did, probably 
due to the selection process of  the maternal 
lines. On the other hand, Brun et al. (2006) did 
not find any differences in male libido between 
two lines divergently selected for body weight 
at 63 days. However, males from the lighter line 
had higher ejaculate volume, sperm motility and 
number of  ejaculates suitable for AI but lower 
sperm concentration than males from the heav-
ier line (Brun et al., 2006). In another study, no 
differences were found when the same lines were 
compared for fertilizing ability (Theau-Clément 
et al., 2007). Finally, Garcia-Tomás et al. (2006c) 
investigated two rabbit lines highly selected for 
growth rate and reported differences in direct 
genetic effects for some semen traits that did not 
correspond to differences in male fertility and 
prolificacy at birth (Garcia-Tomás et al., 2006a). 
Other studies, also reported differences between 
lines for sperm production and quality traits such 
as collection rate, ejaculate volume, sperm con-
centration, pH, sperm motility traits, morpho-
logical characteristics of  the sperm and seminal 
plasma proteoma (Brun et al., 2002b; Theau- 
Clément et al., 2003; El-Tarabany et al., 2015; 
Casares-Crespo et al., 2016, 2018) and favour-
able maternal effects for ejaculate and sperm 
quality and production traits (Garcia-Tomás et al., 
2006c). These observed differences in semen traits 
could be related to different sexual development. 
Males from rabbit maternal and paternal lines 
have been found to have different percentages of  
seminiferous tubules with spermatozoa at differ-
ent ages (García-Tomás et al., 2009).

Non-additive genetic variability across lines 
(heterosis estimates), investigated by several stud-
ies for several semen parameters, reported high 
variability in the estimates of  direct heterosis, 
largely depending on the lines involved in the 
crossbreds (Brun et al., 2002b; García-Tomás 
et al., 2006c; Khalil et al., 2007; El-Tarabany 

et al., 2015). Brun et al. (2002b) analysed 
semen characteristics in two maternal lines and 
their reciprocal crosses and reported positive dir-
ect heterosis for sperm concentration (37.5%), 
total number of  sperm per ejaculate (37.6%), 
mass motility (6.8%) and percentage of  motile 
spermatozoa (4.1%). Khalil et al. (2007) found 
favourable direct heterosis effect for ejaculate 
volume (10.6%), sperm concentration (13.6%), 
sperm motility (10.5%) and for percentage of  
spermatozoa with abnormal form and dead 
spermatozoa (–21.5% and –20.3%, respectively) 
in the cross scheme between a Spanish maternal 
line and a Saudi breed designed to obtain two 
new synthetic maternal lines. The same authors 
found favourable maternal heterosis for the 
same traits (24.0% for ejaculate volume, 10.3% 
for sperm concentration, 21.8% for sperm motil-
ity and –9.6% and –14.7% for percentage of  
spermatozoa with abnormal form and dead 
spermatozoa, respectively). El-Tarabany et al. 
(2015) found even opposite heterotic effects for 
some traits depending on the breeds involved in 
the crossbreed. However, the heterotic effects for 
semen traits obtained in crosses between two 
paternal lines of  rabbits were of  low relevance 
and only favourable for the presence of  sperm 
with cytoplasmic droplets (García-Tomás et al., 
2006c), which do not have a clear relationship 
with fertility. Therefore, the superiority of  crossbred 
bucks was not proven for those lines and traits.

12.3.2 Within-line variation

In general, a wide range of  heritability (h2) and 
repeatability estimates for semen traits can be 
found in the literature (Garcia-Tomás et al., 
2006b). The large variation in the magnitude of  
this parameter is due to several factors such as: 
(i) different genetic composition of  populations 
of  bucks among experiments; (ii) variation in 
the definition of  the traits, which in some cases 
are means of  observations, whereas in other cases 
corresponds to individual ejaculates (Ducrocq 
and Humblot, 1995; Wolf, 2009); and (iii) the 
possible effect of  collection frequency on the 
individual variation of  semen traits.

On the other hand, the heritability estimates 
are imprecise in most of  the reviewed studies. This is 
commonly due to small experimental data sets. 
Moreover, a large amount of  environmental 
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variation is originated during semen manipula-
tion and time to evaluation. The subjective methods 
used to evaluate several semen traits can contrib-
ute to explain this wide variability of  results.

Only three studies evaluated the genetic de-
terminism of  male libido, based on a categorical 
classification with different classes. Panella et al. 
(1994) and Khalil et al. (2007) reported moder-
ate h2 values (0.30 and 0.17, respectively) that 
seem to be the result of  inaccurate modelling or 
the result of  genetically heterogeneous popula-
tions, which included 11 different genetic types 
of  bucks. The study of  Tusell et al. (2012) reported 
a very low h2 (0.06) in a population selected for 
post-weaning growth rate.

Ejaculate parameters that are used to dis-
card ejaculates in AI centres (i.e. presence of  urine, 
calcium carbonates deposits and gel plugs) have 
low heritability (Tusell et al., 2012). Factors 
involved in semen collection such as variation in 
the temperature of  the artificial vagina (that could 
lead to a higher presence of  urine and calcium 
carbonate deposits in the ejaculate or unsuccessful 
mountings) play major roles in affecting these 
parameters (Morrell, 1995). The suitability of  
the ejaculate for AI, which involves the subjective 
combination of  several quality traits, as expected, 
had low heritability (h2 = 0.06; Tusell et al., 
2012). Therefore, genetic selection for increas-
ing semen production by improving male libido 
and reducing the number of  rejected ejaculates 
may not be effective.

Heritability estimates of  other semen production 
parameters, i.e. ejaculate volume and sperm con-
centration for single ejaculates, ranged from 0.06 
to 0.13 and from 0.08 to 0.10, respectively (Lavara 
et al., 2011; Brun et al., 2016). For pools of  two 
consecutive ejaculates, heritability for these 
parameters was estimated to be 0.23 and 0.27, re-
spectively (Tusell et al., 2012). Tusell et al. (2012) 
reported a moderate and negative genetic correl-
ation between sperm concentration and ejaculate 
volume (mean of  the marginal posterior distribu-
tion of  this parameter (PM)) = –0.53; highest pos-
terior density interval at 95% (HPD95%): –0.76, 
–0.27). Both traits determine the total amount of  
sperm produced per ejaculate, which was found to 
be moderately heritable in a pool of  two consecu-
tive ejaculates (PM: 0.23; HPD95%: 0.14, 0.31; 
Tusell et al., 2012). Thus, this trait could be used as 
a selection criterion in a breeding programme to  
improve semen production.

Among semen quality characteristics, pH 
has been considered in several studies because it 
is directly related to the degree of  activation of  the 
sperm cells. The h2 for pH has been reported to 
be low (range: 0.06–0.18; Khalil et al., 2007; 
Tusell et al., 2011, 2012; Brun et al., 2016). The 
h2 of  sperm mass motility was estimated to be 
0.05 (Brun et al., 2016). Estimates of  heritability 
for individual sperm motility, evaluated in a sub-
jective manner, were similar to the values obtained 
for mass motility (0.08; Tusell et al., 2012). During 
the last decade, computer-assisted sperm analysis 
(CASA) systems have been used to improve the 
accuracy of  sperm motility records in domestic 
animals. In general, the sperm motility and 
movement traits evaluated in this way have 
shown low heritability. However, the rate of  
motile sperms per ejaculate is a trait that has 
been considered as convenient for selection (Brun 
et al., 2016, h2 = 0.18). Three studies until now 
(Napier, 1961; Lavara et al., 2008, 2012), have 
actually examined quantitative variation of  other 
semen-quality traits, such as sperm abnormal-
ities, acrosome status or sperm morphology traits 
(length, width, area and perimeter of  sperm head). 
The available data suggest that h2 are medium to 
high and depend on the method of  estimation.

Summarizing, genetic selection for increased 
semen production by improving male libido and 
reducing the number of  rejected ejaculates may 
not be effective because of  the low heritability of  
both male libido and ejaculate characteristics. 
Selection for a set of  semen characteristics may 
have no correlated response in male fertility and 
prolificacy, at least for the semen parameters that 
are usually evaluated. It is necessary to find 
new effective, cheap and easy-to-measure fertility 
markers useful to improve semen quality and, in-
directly, male reproductive performances. On the 
other hand, it seems possible to improve semen 
production by selecting for increased total amount 
of  sperms in the ejaculate. However, the relationship 
between semen production and semen quality 
(which, in turn, requires a clear definition) is not 
yet established.

12.3.3 Relationship with other traits

Tusell et al. (2011) studied the genetic relationship 
between male fertility and one of  the semen-quality 
traits, i.e. pH of  the ejaculate, which is considered 
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an indicator of  the ejaculate capability to fertilize. 
The pH of  the ejaculate is, in a major part, a con-
sequence of  the number and activity of  the 
spermatozoa present in the ejaculate. This study 
reported a negative and linear relationship 
between pH and liability of  fertility at both 
phenotypic and environmental levels and a 
negative genetic correlation between pH and 
fertility at birth.

Although estimates are generally imprecise, 
there is some evidence of  the existence of  a gen-
etic relationship between semen production and 
quality with ADG (Piles et al., 2013a). Tusell et al. 
(2012) found that ADG had a slightly favourable 
genetic correlation with sperm concentration 
(0.21, HPD95% = –0.03, 0.48) and a slightly 
unfavourable genetic correlation with ejaculate 
volume (–0.19, HPD95% = –0.47, 0.08). More-
over, ADG was genetically uncorrelated with all 
libido and semen traits that are usually included 
in the criteria for ejaculate rejection in AI centres 
(i.e. pH, individual motility and presence of  
urine, blood and other elements that preclude 
the use and/or evaluation of  the ejaculate). 
Lavara et al. (2011) also obtained estimates of  
the genetic correlation among semen produc-
tion and quality with ADG. Some of  their esti-
mates were in contrast to what was reported by 
Tusell et al. (2011), even not very precise, mak-
ing it difficult to draw reliable conclusions. 
Lavara et al. (2012) obtained moderate and 
negative genetic correlation between sperm 
motility and ADG (–0.53, HPD95% = –0.95, 
0.02). Sperm movement characteristics meas-
ured with CASA systems, such as average path 
velocity, straight-line velocity, curvilinear vel-
ocity and straightness, seem to be genetically 
uncorrelated with growth (the PM of  the gen-
etic correlations ranged between 0.03 and 
–0.14; and the HPD95% intervals were around 
–0.50, 0.50). For sperm morphology and acro-
some membrane functionality, Lavara et al. 
(2012) reported a moderate genetic correlation 
between daily gain and normal sperms per 
ejaculate, but the magnitude of  the genetic cor-
relations does not seem to be high (–0.40, 
HPD9% = –0.78, –0.02 for normal acrosome 
status; 0.25, HPD95% = –0.18, 0.66 for sperm 
abnormalities).

Brun et al. (2006) did not find any differences 
in male libido between two lines divergently se-
lected for body weight at 63 days. These authors, 

however, reported that males from the line with 
the lowest body weight had higher ejaculate 
volume, sperm motility and number of  ejacu-
lates suitable for AI, but lower sperm concentra-
tion than males from the line with the highest 
body weight. In a later study, the same lines were 
compared by their fertilizing ability, and no 
differences were encountered between them 
(Theau-Clement et al., 2007). Because of  the an-
tagonism between volume and sperm concen-
tration of  the ejaculate, the genetic correlation 
between ADG and total number of  sperms in the 
ejaculate was almost null.

In summary, it seems that semen traits and 
growth rate are not genetically correlated. Two 
practical consequences derive from this conclu-
sion: (i) selection to improve ADG is not expected 
to impair semen traits involved in AI dose pro-
duction; and (ii) multi-trait selection, including 
ADG and other semen traits directly related to 
efficient dose production (even if  they have usu-
ally low heritability), is potentially feasible. 
Nevertheless, the decision of  defining the object-
ives of  a programme of  selection has genetic and 
economic components. Consequently, the eco-
nomic weights of  growth rate and the semen 
traits need to be carefully evaluated to correctly 
define selection criteria.

12.4 Prolificacy

Litter size is considered one of  the most import-
ant economic traits on intensive meat rabbit pro-
duction (Eady and Garreau, 2008; Cartuche 
et al., 2014). Accordingly, commercial maternal 
lines are usually selected on litter size at birth or 
litter size at weaning.

12.4.1 Between-breed/line variation

Mean value for litter size in selected maternal 
lines is about 8–10 young rabbits with a stand-
ard deviation of  about three young rabbits. Dif-
ferences between breeds in litter size have been 
reported by Bolet et al. (2000) in the first evalu-
ation for zootechnical traits of  original breeds or 
local populations in Europe. These authors 
evaluated prolificacy in eight breeds and in a 
control un-selected line (INRA9077 strain based 
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on New Zealand breed). The breeds studied 
showed smaller litter size than the control line, 
either at birth or at weaning. Litter size at wean-
ing ranged between 3.03 and 6.26 young rabbits. 
The difference between the studied breeds and 
the control line was about two rabbits at wean-
ing and ranged from 1.5 to 3 young rabbits.

Relevant differences in litter size between 
lines or breeds have also been reported by other 
authors, often in the context of  crossbreeding 
studies (Poujardieu and Vrillon, 1973; Hulot 
and Matheron, 1979; Brun et al., 1992, 1998; 
Cifre et al., 1998; Baselga et al., 2003; Orengo 
et  al., 2003; Ragab and Baselga, 2011; Kabir 
et al., 2012; Khalil and Al-Saef, 2012). Selected 
lines from Californian and New Zealand White 
breeds are usually involved in these studies. 
Some of  these works found that differences be-
tween lines in litter size are due to differences for 
ovulation rate and prenatal survival (Hulot and 
Matheron, 1979; Bolet et al., 1988; Brun et al., 
1992). In summary, relevant differences be-
tween breeds and lines show evidences of  gen-
etic variation in litter size and its components, 
ovulation rate and prenatal survival.

12.4.2 Within-line variation

Estimates of  heritability for litter size indicated a 
general low value of  about 0.10 (reviewed in: 
Rochambeau, 1988; Blasco, 1996). Table 12.2 
summarizes information on the heritability of  
two parameters affecting litter size in rabbits: 
number born alive and number of  weaned kits. 
It is relevant to note that estimates from selection 
experiments with high sample size are usually 
much lower (around 0.07 and 0.04 for number 
born alive and weaned; García and Baselga, 
2002a; Bolet and Saleil, 2012a, 2012b, 2012c). 
Response estimates using a control population 
(no selected population or contemporary popu-
lation from frozen embryos) are in agreement 
with these very low estimated heritability values 
(Rochambeau, 1998; García and Baselga, 2002a; 
Tudela et al., 2003).

Estimated heritability decreases from birth 
to weaning (Table 12.2). Estimated correlations 
between litter size at different stages (birth, wean-
ing and slaughtering age) are high and positive 
(García and Baselga, 2002a, 2002b; Piles et al., 
2006c; Ragab and Baselga, 2011). Differences 

between heritability and repeatability are usu-
ally small and permanent environmental effect 
shows similar values to heritability (Table 12.2). 
On the other hand, genetic maternal effects seem 
to be irrelevant. The contribution of  the mater-
nal effects is lower than 10% of  the phenotypic 
variation (Ferraz et al., 1992; Gómez et al., 1994).

Litter size is a trait essentially attributed to 
the dam (Mocé et al., 2004). Male contribution 
(i.e. male genetic and permanent environmental 
effects) to litter size at birth is almost null (Piles 
et al., 2006c). Male contribution is higher for the 
number of  implanted embryos than for litter size 
at birth (Piles et  al., 2013b) in agreement with 
 results from Bolet et al. (1990). These authors 
 reported an effect of  sire line on embryo sur-
vival, but this effect may be due to line differ-
ences in fertilization rate. Thus, the male seems 
to be involved in biological processes leading to 
fertilization and embryo development at early 
stages of  gestation and its contribution is lower 
at the end of  gestation.

12.4.3 Relationship with other traits

Very few estimates of  genetic correlations between 
litter size and growth traits have been published, 
indicating, in general, low correlation with a 
high standard error (Gómez et al., 1998; Garreau 
et al., 2000; García and Baselga, 2002c; Mínguez 
et al., 2012).

García and Baselga (2002a) used a line 
selected for litter size at weaning for 20 gener-
ations and reported no correlated responses on 
growth traits. However, Brun and Ouhayoun 
(1994) observed lower weaning and adult 
weight in the line A1077, selected for litter size 
at weaning during 13 generations, versus its 
control line. In agreement with these results, 
Rochambeau (1998) reported that the individ-
ual weight at weaning decreased after 18 gener-
ations of  selection for litter size in lines A1077 
and A2026 (–3.4 g and –4.4 g per generation, 
respectively). On the other hand, it seems that 
litter size can affect growth traits of  young rab-
bits from birth to weaning (Drummond et al., 
2000; Poigner et al., 2000) as well as the pro-
ductive performances of  the future reproductive 
females (Rommers et al., 2001). Thus, larger lit-
ters show a lower average birth weight, lower 
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birth-to-weaning growth rate, and a higher 
mortality than smaller litters. These results led 
to the creation of  a new line, A1777. This new 
line is selected for number born alive at birth and 
direct and maternal effects on weaning weight. 
After 12 generations of  selection, estimated gen-
etic response by using mixed models was 1.8 kits 
at weaning (0.14 kits per generation), although 
phenotypic increment in litter size at weaning 
was 1 kit (Garreau et al., 2015). The genetic pro-
gress of  weaning weight was 246 g, mostly due 
to the progress in direct effects.

12.5 Components of Prolificacy

Fertilization rate is not considered a limiting fac-
tor to increase litter size as it generally exceeds 
90% in selected maternal lines of  rabbits (Adams, 
1960; Torres et al., 1984; Santacreu et al., 1990; 
Theau-Clement et al., 2009). An approach to in-
crease litter size is to select for its main compo-
nents, i.e. ovulation rate and prenatal survival. 
Results from three selection experiments for lit-
ter size support this approach since the observed 
improvement in litter size was due to increased 
ovulation rate (Brun et al., 1992; García and 
Baselga, 2002a), or in foetal survival (line A; 
García and Baselga 2002b).

In rabbits, ovulation rate (i.e. number of  ova 
shed per estrus) is usually estimated as the num-
ber of  corpora lutea in both ovaries counted by 
laparoscopy or post mortem after the dissection 

of  the ovary. Mean value for ovulation rate in se-
lected maternal lines is 14–16 ± 2.5 ova (Brun 
et al., 1992, 1998; García and Baselga, 2002a; 
Laborda et al., 2011; Ragab et al., 2012).

Prenatal survival comprises two periods, 
the embryonic period and the foetal period. In 
rabbits, it is common to consider the embryonic 
period, from ovulation to implantation (d 7) and 
the foetal period from the implantation to the 
birth (d 30) (Mocé and Santacreu, 2010). Em-
bryonic survival is calculated as the ratio be-
tween the number of  implanted embryos and 
the number of  corpora lutea. Laparoscopy is 
usually used to measure ovulation rate and im-
planted embryos  which allows to estimate em-
bryonic and foetal survival in the same female 
(Santacreu et al., 1990). Prenatal survival,  
calculated as a percentage, is around 70%. In 
rabbits, approximately 30% of  ova shed are lost 
during prenatal development (Adams 1960; 
García and Baselga, 2002a; Laborda et al., 
2012a). About one third of  the total losses cor-
responds to the embryonic period whereas foetal 
mortality comprises the remaining two thirds of  
the total losses. Thus, prenatal losses are con-
sidered the major limiting factor of  litter size in 
rabbits, as in pigs and mice.

12.5.1 Within-line variation

Few estimates of  genetic parameters for ovulation 
rate and survival rates in rabbits under natural 

Table 12.2. Estimates of heritability (h2) and repeatability (r) for number born alive (NBA) and number 
weaned (NW).

h2 NBA r NBA h2 NW r NW Breed/line Reference

0.08 0.15 0.06 0.12 H Cifre et al. (1998)
0.03 0.02 Caldes Gómez et al. (2000)
0.12 0.32 0.09 0.25 NZW Rastogi et al. (2000)
0.05 0.03 Botucatu Moura et al. (2001)
0.07
0.13

0.17
0.21

0.05
0.11

0.13
0.17

V
A

García and Baselga (2002a)
García and Baselga (2002b)

0.07
0.06
0.07

0.04
0.04
0.04

A1077
A2066
A9077

Bolet and Saleil (2002a)
Bolet and Saleil (2002b)
Bolet and Saleil (2002c)

0.12
0.08
0.07

0.11
0.06
0.04

A
Prat
V

Piles et al. (2006c)
Piles et al. (2006c)
Piles et al. (2006c)

0.15 0.08 LP Sánchez et al. (2008)
0.05 0.11 CPC-Italy Mantovani et al. (2008)
0.10 0.09 ITELV2006 Bolet et al. (2012)
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mating have been published (Blasco et al., 1993a; 
Laborda et al., 2011; Laborda et al., 2012a; Ziadi 
et al., 2013).

Ovulation rate has higher heritability than 
litter size, but this heritability is lower in rabbits 
than in pigs and mice (see review by Blasco et al., 
1993b; Ruiz-Flores and Johnson, 2001; Rosendo 
et al., 2007; Laborda et al., 2011). These differ-
ences might be due to diversity in ovulation pro-
cesses among species. For example, in rabbits, 
ovulation occurs in response to coitus.

The number of  implanted embryos in rab-
bits had a low heritability (Bolet et al., 1994; Ar-
gente et al., 2000; Laborda et al., 2011; Ziadi 
et al., 2013); this was of  the same magnitude as 
heritability of  the number of  foetuses at different 
moments of  gestation in rabbits (d 12), pigs (d 
50) and mice (d 17) (Clutter et al., 1990; Blasco 
et al., 1993; Johnson et al., 1999, respectively).

Prenatal survival has also a low heritability, 
similar to that of  litter size. The low estimate of  
heritability is close to the values published in 
pigs (0.11; Rosendo et al., 2007) and mice (Clutter 
et al., 1990). Heritability was also low for embryo 
survival and moderate for foetal survival (Laborda 
et al., 2012a; Ziadi et al., 2013).

12.5.1.1 Relationship between litter size, 
ovulation rate and prenatal survival

The efficiency for improving litter size by selec-
tion of  its components depends on the genetic 
parameters of  ovulation rate and prenatal sur-
vival. Estimated correlations between litter size 
and its components are scarce in the literature. 
Phenotypic correlation between ovulation rate 
and litter size is low and positive. The estimated 
genetic correlations between these two parameters 
is also usually low, ranging from –0.20 to 0.36, 
with a high standard error (Blasco et al., 1993b, 
Laborda et al., 2011; Ziadi et al., 2013), mainly 
derived by the low number of  animals investigated, 
considering the technical difficulties derived by 
the collection of  information using laparosco-
pies, laparotomies or at slaughtering. However, 
the lack of  correlated response on litter size in 
rabbits (Laborda et al., 2012b estimated with 
control populations), pigs (Cunningham et al., 
1979; Leymaster and Christenson, 2000; Rosen-
do et al., 2007) and mice (Bradford, 1969; Land 
and Falconer, 1969), corroborates that the 

correlation between ovulation rate and litter size 
should be close to zero.

Litter size is phenotypically and genetically 
correlated with embryo, foetal and prenatal sur-
vival. Genetic correlations were moderate with 
embryo survival and foetal survival and high 
with prenatal survival (Blasco et al., 1993a, 
1993b; Laborda et al., 2012a; Ziadi et al., 2013). 
The positive correlations between litter size and 
survival rates agree with the estimates found in 
pigs (Johnson et al., 1999; Rosendo et al., 2007). 
However, these results should be taken with cau-
tion due to high standard errors.

12.6 Selection Experiments

Few selection experiments for litter-size compo-
nents have been reported in rabbits: two diver-
gent selection experiments for uterine capacity, 
one selection experiment for ovulation rate and 
another experiment combining selection for 
ovulation rate and litter size.

12.6.1 Selection for uterine capacity

Estimated genetic parameters in rabbits suggested 
that prenatal survival could be a good proxy to 
improve litter size more efficiently than direct 
selection (Blasco et al., 1993a, 1993b). Selection 
for increased uterine capacity was proposed as a 
means to change prenatal survival (Bennett and 
Leymaster, 1989). Uterine capacity was defined 
by Christenson et al. (1987) as the maximum 
number of  foetuses that a female is able to 
support at birth when ovulation rate is not a 
limiting factor. To measure uterine capacity in 
does, Blasco et al. (1994) proposed to use unilat-
eral ovariectomy. By removing one ovary, a 
duplication of  the ovulation rate is produced in 
the remaining ovary, leading to an overcrowding 
of  embryos in the adjacent uterine horn. The 
two uterine horns of  rabbit does have separate 
cervical canals, thus transmigration of  embryos 
does not take place (Fleming et al., 1984).

Two divergent selection experiments for 
uterine capacity (based on different criteria of  
selection) were performed in rabbits. In the first 
experiment (Bolet et al., 1994), selection was 
performed on a number of  dead foetuses from 
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implantation to birth. Estimation of  the implant-
ation sites can be obtained by laparoscopy with-
out affecting litter size (Santacreu et al., 1990). 
After four generations of  selection, the number 
of  dead foetuses did not change and no signifi-
cant response was obtained in litter size and its 
components.

The second experiment based the selection 
strategy on litter size in unilateral ovariecto-
mized females, which includes both embryo and 
foetal survival (Argente et al., 1997). Selection 
for uterine capacity based on this approach 
through 10 generations was successful, although 
it did not appear to be more effective than direct 
selection for litter size. Similar results were 
obtained in pigs (Gion et al., 1990; Leymaster 
and Christenson, 2000) and mice (Kirby and 
Nielsen, 1993). Analyses based on genetic trends 
showed that divergence in uterine capacity 
between lines was 1.5 rabbits born (Blasco et al., 
2005). Using a control population, it was evi-
dent that the response was asymmetric: no dif-
ferences on uterine capacity were found between 
high and cryopreserved control lines, whereas 
the low line and the control line differed by 1.08 
kits (Mocé et al., 2005). The correlated response 
on litter size was also asymmetric and diver-
gence between both lines was of  2.35 kits. The 
low uterine capacity line had 1.88 kits less than 
the control line, while the high uterine capacity 
line differed with the control line in 0.5 kits 
(Santacreu et al., 2005). The correlated response 
on litter size in the low line was associated with a 
lower prenatal survival (difference between low 
and control lines around 7%). Most of  the em-
bryo mortality was produced before 72 hours of  
gestation. Moreover, embryos from the low line 
showed a less advanced stage of  development at 
72 hours of  gestation than embryos from the 
high line (Mocé et al., 2004). As approximately 
half  of  the response in uterine capacity was 
obtained in the first two generations, the pres-
ence of  a major locus with moderate effect on 
uterine capacity and large effect on number of  
implanted embryos in this population was sug-
gested (Argente et al., 2003). This hypothesis 
was experimentally tested using an F2 popula-
tion created by reciprocal mating between the 
two lines divergently selected for uterine capacity. 
Single nucleotide polymorphisms (SNPs) in sev-
eral candidate genes involved in the reproductive 
functions were then used in the association 
analysis and combined with expression analysis 

between the two uterine capacity lines (Estellé 
et al., 2006;  Peiró et al., 2008; Merchán et al., 
2009; Argente et al., 2010; García et al., 2010; 
Ballester et al., 2013). Some of  these genes (pro-
gesterone receptor, PGR; hydroxysteroid (17‐beta) 
dehydrogenase 4, HSD17B4; and endoplasmic 
reticulum oxidoreductase 1, ERO1) showed dif-
ferent expression levels in the oviduct of  the does 
of  two lines, but these results could not be 
 confirmed by the identification of  any causative 
mutations. An interesting polymorphism was, 
however, identified in the promoter region of  the 
PGR gene associated with increased litter size 
and expression level of  this gene (Peiró et al., 
2008, 2010).

A subsequent genome-wide association study 
was carried out using the commercial high- 
density OrcunSNP array by analysing does from 
a control population and from the high and low 
uterine capacity lines (Sosa-Madrid et al., 2020). 
Several reproduction traits were used in the as-
sociation analyses. SNP regions on chromosome 
17 (OCU17) were associated with total number 
born, number born alive and number of  im-
planted embryos. Ovulation rate was associated 
with other regions on OCU9, OCU10 and 
OCU14. Regions on OCU11 were associated with 
number of  implanted embryos.

12.6.2 Selection for ovulation rate

Only one selection experiment for ovulation rate 
has been carried out in rabbits. After ten gener-
ations of  selection, ovulation rate increased (1% 
per generation), but no correlated response on lit-
ter size was found (Laborda et al., 2011, 2012b). 
Similar results were obtained after selection for 
ovulation rate in pigs (Johnson et al., 1984; Rosen-
do et al., 2007) and mice (Bradford, 1969; Land 
and Falconer, 1969). The lack of  correlated re-
sponse on litter size was due to a correlated re-
sponse in foetal mortality of  about 1% per gener-
ation (Laborda et al., 2012a, 2012b), whereas 
embryo mortality was not modified. An ovarian 
transcriptomic analysis showed differential expres-
sion genes between females of  the line selected for 
ovulation rate (OR) and the control line that could 
help to elucidate the processes involved in oocyte 
maturation and ovulatory events (Serna-García 
et al., 2020). Further studies are needed to know 
the possible causes of  higher prenatal mortality in 
females selected for high ovulation rate.
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12.6.3 Selection for ovulation  
rate and litter size

Several authors predicted greater response in lit-
ter size by selecting using an index based on its 
components rather than using direct selection 
for litter size itself, not only in rabbits (Blasco et al., 
1993b), but also in pigs (Johnson et al., 1984; 
Bennett and Leymaster, 1989) and mice (Clutter 
et al., 1990; Ribeiro et al., 1997a, 1997b). An al-
ternative to an index could be a two-stage selec-
tion approach (Ruíz-Flores and Johnson, 2001).

A two-stage selection experiment for ovula-
tion rate and litter size has been carried out in 
rabbits. Results from six generations showed a 
change in litter size: the estimated overall response 
was approximately 0.9 kits, 0.13 kits/gener-
ation (Ziadi et al., 2013). Similar results for litter 
size were obtained after 11 generations (Badawy 
et al., 2019). In pigs, a two-stage experiment was 
also successful in increasing litter size (Ruíz-
Flores and Johnson, 2001). The litter size incre-
ment in rabbit experiment was due to the direct 
response in ovulation rate (0.14 ova/gener-
ation) and the correlated response in prenatal 
survival. It seems that both embryonic and foe-
tal survival has contributed to the increment of  
prenatal survival in the same amount. The two-
stage selection also improved litter size at birth, 
weaning and slaughter. An improvement of  
uterine capacity has been suggested by Badawy 
et al. (2019) to explain why survival at birth was 
not reduced. Survival at weaning and slaughter 
did not change either. Moreover, selection by lit-
ter size and ovulation rate led to a small weaning 
and slaughter weight increase (Badawy et al., 
2019) in agreement with the uncorrelated re-
sponse in survival at weaning and at slaughter. 
Therefore, a two-stage selection for ovulation 
rate and litter size could be effective to increase 
both litter size and prenatal survival rate without 
negative consequences on post-natal survival 
and growth traits.

12.7 Homogeneity and Residual 
Variance

A recent interest in several livestock species for 
the possibility of  increasing the character homo-
geneity by selection has been expressed for sev-
eral traits. In traits selected by their economic 

interest, selection for homogeneity would de-
crease the genetic variance of  the trait, reducing 
the direct response to selection for the trait, 
which is economically undesirable. However, if  
only residual variance is diminished, this reduc-
tion in environmental variability will not affect 
the genetic variance of  the trait when leading to 
more homogeneous products. Moreover, it will 
increase the heritability of  the trait, since gen-
etic variance is not affected, and residual vari-
ance is reduced.

12.7.1 Residual variance of litter size

Reducing environmental variability for litter size 
can be an interesting purpose for selection. 
Litter- size heritability is very low and its actual 
response to selection in several experiments has 
been low as well. Thus, reducing environmental 
variability would increase litter-size heritability, 
also improving management by reducing the 
number of  adoptions. A divergent selection 
experiment for litter-size environmental vari-
ability has been performed (Blasco et al., 2017). 
Assuming that all parities (i=1, 2, …n) of  a doe 
have the same genetic value (a) and permanent 
environmental effects (p), litter size only depends 
on systematic environmental effects (F) and ran-
dom environmental effects e

i (residuals).
Litter size of  a doe in parity i:

LSi = m + Fi + a + p + ei

Pre-correcting data for systematic environ-
mental effects, within doe litter size phenotypic 
variance is a measure of  the residual variance, 
which is the main component of  environmental 
variability, although results without pre-correcting 
data were almost the same, indicating that the 
pre-correction had little effect in the variance. 
Response to selection was high, approximately 
4.5% of  the mean of  the residual variance per 
generation (Fig. 12.1). A negative correlated re-
sponse to selection with litter size, due to a lower 
early embryo development (García et al., 2016) 
and implantation rate (Argente et al., 2017), 
was also found, which means that the most 
homogeneous line had also the highest litter size; 
therefore, selection for homogeneity does not 
damage litter size.

Improving homogeneity by selection has 
shown a more appealing result: variability of  
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litter size is associated with stress sensitivity and 
disease resistance, as shown by Argente et al. 
(2019) and Beloumi et al. (2020). A doe that is 
more constant in its litter size (more homoge-
neous) shows a better response to stress, and 
lower inflammatory response and susceptibility 
to infectious disorders. Moreover, the line selected 
for litter-size homogeneity has shown a greater 
capacity to mobilize energy reserves at delivery, 
which implies better adaptation to adverse con-
ditions when high-energy demand is required 
(Garcia et al., 2019). In summary, the more 
homogeneous line is more robust and resilient. 
A recent study combining genome-wide associ-
ation and a whole-genome sequencing of  both 
lines found several candidate genes and functional 
mutations related to the immune system, stress 
response, and the nervous system (Casto-Rebol-
lo et al., 2020), contributing to explain the differ-
ences between lines in robustness and resilience. 
As both response to stress and disease resistance 
are traits related to welfare, selection for homo-
geneity is also a way of  improving rabbit welfare, 

which is one of  the new objectives in animal 
production.

12.7.2 Residual variance of  
birth weight

San Cristobal-Gaudy et al. (1998) proposed a model 
assuming that the environmental variability of  
residual variance is also partially controlled by 
genes. Using this model, an experiment of  selec-
tion for residual variance of  birth weight has 
been performed (Garreau et al., 2008a, 2008b; 
Bodin et al., 2010). After 10 generations of  selec-
tion a response of  about 1.7% per generation of  
litter weight standard deviation was achieved in 
each direction (Figure 12.2). Correlated response 
on birth weight was not significantly different 
from zero. It seems that mortality at birth and at 
weaning was lower in the more homogeneous 
line, which may be partially related to the greater 
length capacity for elongation of  the uterine horn 
in the homogeneous line (Garreau et al., 2008b).
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Fig. 12.1. Genetic trends for litter-size variability. (Adapted from Blasco et al., 2017)
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12.8 Length of Productive Life

Length of  productive life (LPL) records are time-to-
event data, the event being death or culling for 
non- voluntary reasons. There is a body of  statis-
tical techniques specifically devoted to this 
type of  record, called survival analysis. These 
techniques consider the information contained in 
the part of  the records that could not have 
shown the final event. These types of  records are 
known as right- censored records. With the 
availability of  the Survival Kit software package, 
specifically designed for the genetic analysis of  lon-
gevity data (Ducrocq and Sölkner, 1994), studies 
considering this trait in animal breeding have 
been produced in nearly all livestock species.

Different measurements have been used for 
studying the length of  productive life in rabbits. 
The first references considering the survival abil-
ity of  the females in farms did not directly use a 
temporal measurement of  the life of  the animals. 
Instead, considering survival rates, genetic vari-
ability across populations in survival rates as well 
as in the distribution of  'reasons for culling' was 
demonstrated (Torres et al., 1986, 1987). In these 
studies and in Rosell (2003), a peak of  mortality 
was systematically observed at first parity.

Other definitions of  length of  productive life, 
derived from studies in other livestock species, 
have also been applied to the rabbit, namely: 
(i) the number of  days from first mating; (ii) first 
positive pregnancy test to death or culling (Sanchez 
et al., 2004; Piles et al., 2006a, b); and (iii) the 
number of  inseminations for a female during its 
life (Piles et al., 2006a). Length of  productive 
life should be measured independently from 

the production level and management practices, 
i.e. length of  productive life should be defined by 
involuntary culling reasons. Longevity records 
usually come from selection nuclei in which fe-
males are usually culled after they are genetic-
ally evaluated, irrespective of  their sanitary sta-
tus. Therefore, only a limited fraction of  the 
culled animals might have true length of  product-
ive life measurements.

12.8.1 Between-breed/line variation

Piles et al. (2006b) analysed longevity, defined as 
the number of  days between the first positive 
pregnancy test and the death or involuntary cull-
ing in three genetic types (A, V and Prat) devel-
oped from complete diallel crosses involving three 
maternal lines. Differences in longevity between 
types was explained by differences on direct gen-
etic effects and by the existence of  favourable 
heterotic effects in the crosses. More recently, 
Ragab et al. (2020) reported other results on lon-
gevity from a complete diallel cross involving four 
maternal lines (A, V, H and LP), some of  which 
are included in the aforementioned study. Here 
the observed variability on the risk of  death or 
involuntary culling across the genetic types in-
volved in the crosses might be explained by differ-
ences in direct and maternal genetic effects in 
addition to heterotic effects. Based on these stud-
ies, additive and non-additive genetic variability 
between maternal lines of  rabbits might exist. 
However, variability did not seem constant for the 
entire life of  the animals, but it might depend on 
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the age of  the females, since the interaction 
between genetic type and parity order was sig-
nificant (Ragab et al., 2020).

12.8.2 Within-line variation

Studies have also been published on the genetic 
variability within population. Using as LPL trait 
the number of  days between the first presentation 
to male and the date of  death or culling, Sanchez 
et al. (2004) reported for V line a heritability of  
0.05, when a sire-maternal grand sire propor-
tional hazard model was used. The same dataset 
was analysed by using an animal proportional 
hazard model with residual term (Sanchez et al., 
2006b). In this case a slightly different definition 
of  the trait was applied (i.e. the number of  days 
between the first positive pregnancy test and the 
date of  death or culling) and a higher heritabil-
ity estimate was obtained (0.09). These two esti-
mates were on the logarithmic scale, and these 
figures were not directly comparable to heritabil-
ity value estimates from a linear model. Yazdi 
et al. (2002) defined the effective and equivalent 
heritabilities, with the objective of  getting a 
heritability value to be used in the formula for 
approximating the accuracy of  breeding value 
predictions. The equivalent heritability was ob-
tained relying on index theory for a progeny test 
that can be interpreted similarly to the heritabil-
ity of  a Gaussian trait obtained using linear mixed 
models. In the two aforementioned studies 
(Sanchez et al., 2004, 2006b) the equivalent 
heritabilities were found to be 0.04 and 0.08, re-
spectively; these figures are directly comparable 
to heritability estimates of  linear Gaussian traits.

Piles et al. (2006a) studied the length of  
productive life in two maternal populations (Prat 
and A1077). In the first population the trait was 
defined as the number of  days between the first 
positive pregnancy test and the date of  death or 
culling, whereas in the second line the trait was 
the number of  artificial inseminations after the 
first fertile AI, defined as that conducting to the 
first parturition. In the two lines the estimated effect-
ive heritability was similar, being around 0.16. 
Sánchez et al. (2005) estimated dominance vari-
ance in the V line. They concluded that the mag-
nitude of  this parameter was low and hard to be 
properly estimated given the available data.

Recently, El Nagar et al. (2020) estimated 
genetic parameters and genetic trends for lines 
A, V, H, LP and R. The heritabilities of  the five 
lines are low, as high as 0.14 for the H line. The 
magnitude of  these heritabilities and the corres-
ponding additive genetic variances could be linked 
with the criteria considered when the lines were 
created. For example, one of  the lowest additive 
variances was estimated for the LP line, founded 
by selecting females with extremely large lon-
gevity (see the next section), this implies that the 
average of  this trait is expected to be high but 
with reduced variability. On the contrary, for the 
line A, which was founded without attending any 
production criteria, the whole variation in the 
population from which founder animals were 
sampled was kept. El Nagar et al. (2020) also 
reported significant genetic trends for some of  
the lines under study, particularly for those with 
the lowest average longevity and with the largest 
genetic variation. As the reported genetic correl-
ations between length of  productive life and 
prolificacy traits seems to be null (see below) 
the observed trends must be a consequence of  
favourable but unintended selection for length 
of  productive life. Only those females that suc-
cessfully reach a certain number of  parities can 
leave offspring for the next generation; genes in 
those dying in their firsts parities are not trans-
mitted to the next generation and purged from 
the population.

From these studies it can be concluded that 
length of  productive life has a low heritability 
and, as it could be expected, the magnitude 
pends on the population under study, the trait 
definition and the model of  analysis. A very 
large generational interval would be required to 
have accurate-enough genetic predictions, pre-
venting the implementation of  this trait in a 
commercial selection programme.

12.8.3 Selection experiments

Two selection processes have been performed 
hitherto. The first one was the constitution of  a 
robust line (LP) derived from a large population in 
which high selection pressure was applied, and 
the second one was based on a divergent selection 
experiment on longevity. The process of  foundation 
of  the robust line was conducted in the Polytechnic 
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University of  Valencia and it was inspired by the 
hyper-prolificacy selection experiments previ-
ously proposed and used in pigs and rabbits 
(Sánchez et al., 2006c, 2008). The length of  pro-
ductive life in line LP showed a better survival 
across farms than the V line, which is widely dif-
fused in Spain as a component of  crossbred fe-
males. The mean life was 31 days higher in the 
LP line than in the V line; this figure corresponds 
to nearly 60% of  the interval between parities in 
the experiment. This difference was generated 
late in the life of  the animals, and in the farm 
showing the worst environmental conditions. 
This is an evidence of  the genetic determinism of  
longevity as a function of  the age. Survival abil-
ity at young ages could be seen as a different but 
correlated trait. The divergent selection experi-
ment for longevity was conducted in INRA, 
France (Garreau et al., 2007, 2008b; Larzul 
et al., 2014), comprising a single generation of  
selection exclusively conducted in males after a 
progeny test for its evaluation. The differences 
between lines were mostly established in the 
farm with the best sanitary conditions, the spe-
cific pathogen-free (SPF) farm. In this case, both 
differences on mortality and culling rate were 
observed between lines, while in other farms – 
non-SPF farms – only differences on culling rate 
were observed. The authors explained this result 
as a consequence of  an antibiotic treatment in 
the non-SPF farm which attenuated the differ-
ences between lines regarding survival ability. In 
spite of  the observed differences favouring high 
line, results must be considered with caution 
since response could be asymmetric and it might 
happen that only the action on the low longevity 
line was successful. This possibility cannot be 
discarded since no control unselected population 
was considered in the experiment.

12.8.4 Relationships with  
other traits

A few studies evaluated relationships between 
length of  productive life and other traits in sev-
eral lines (Tudela et al., 2003; Sánchez et al., 
2006a, 2008; Theilgaard et al., 2006; Garreau 
et al., 2008b; Larzul et al., 2014) but none of  
them reported any consistent genetic correlation 
with reproduction performances.

On the contrary, what seems to be clear is 
the favourable relationship between LPL and 
traits or physiological indicators of  robustness. 
In this regard, several experiments have been 
conducted in which length of  productive life in 
line LP as well as other populations have 
been subjected to different challenging factors. 
Theilgaard et al. (2007) reported a better toler-
ance to strong feed restriction of  LP females 
than females from the V line. This effect could 
be partially mediated by a differential body re-
serves management across lines. Ferrian et al. 
(2013) observed a higher survival in LP fe-
males than in V females when they faced an 
 immunological challenge (lipopolysaccharide 
injection), which could be explained by a differ-
ential immunological activity between lines 
(Ferrian et al., 2012). A lower prevalence of  di-
gestive disorders was reported on LP kits than 
in kits from other lines selected for prolificacy 
or post-weaning growth (García-Quiros et al., 
2014). The observed differences in mortality 
were also linked to differential leukocytes popu-
lations across lines. All these results evidence 
that the selection for hyper-longevity has gen-
erated a more robust population that seems to 
be better prepared to face the challenging con-
ditions that might occur in the course of  the life 
of  females in commercial rabbit farms.
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13.1 Introduction

The genetic improvement is directed towards the 
competitiveness of  rabbit farming. Classical quan-
titative traits, such as litter size in maternal lines 
and growth in paternal lines, remain the most 
common selection criteria, but functional traits, 
such as longevity, health and maternal traits, are 
emerging targets in breeding schemes. Selection 
of  meat rabbits is based on the well- established 
concepts of  quantitative genetics but could also 
benefit from molecular marker information. Re-
cently, it is common to find association studies be-
tween genetic markers and production or health 
traits aiming to find causative genes of  them. The 
interest of  the genomic selection in rabbit needs 
also to be discussed. This chapter aims to present 
the organization of  rabbit-breeding schemes, the 
development of  lines and the diffusion of  the gen-
etic improvement for meat rabbits. The genetics of  
rabbit wool and fur, and the genetic improvement 
of  these traits are the subject of  Chapter 7.

13.2 Rabbit Production Schemes

From a production point of  view, the two most 
important types of  animals in a rabbit farm are 
the does and the young rabbits (Baselga, 2004). 
Does should be efficient producers of  weaned 
rabbits and these rabbits should grow fast, have 
a good feed conversion rate and acceptable car-
cass quality. Therefore, a selection programme 
in rabbits must be driven by two consequent 
main aims: improving the doe performances and 
the efficiency of  the growing rabbits. These aims 
could be achieved using crossbred does and 
young, mating specialized lines. The programme 
requires high levels of  organization and appro-
priate facilities (Baselga, 2004). It could also  
be possible to use only one line or breed with  
acceptable reproduction and growth perform-
ances. The implementation of  the last option is 
less demanding in terms of  resources and organ-
ization than the former and could be the most 
convenient for less-developed countries.
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13.2.1 Crossbreeding schemes

Intensive meat production in rabbits is based on 
a three- or four-way crossbreeding scheme. The 
first cross involves two maternal lines generat-
ing crossbred does in order to take advantage of  
the expected positive heterosis in reproductive 
traits, the eventual complementarity among the 
lines and the dissipation of  the inbreeding accu-
mulated within the lines. In the second cross, the 
former crossbred does are mated to males from a 
third line (three-way crossbreeding) or crossbred 
males from a third and a fourth paternal line 
(four-way crossbreeding) to produce meat rabbits.

The first and oldest selection programme, 
still active, is the French programme carried out 
by INRAE, which in 1969 began the develop-
ment of  specialized rabbit lines (Rouvier, 1981). 
This programme was followed by the Spanish se-
lection programme that started in 1976. The 
Spanish programme is carried out jointly by the 
Polytechnic University of  Valencia and IRTA 
(Baselga, 2004). Other countries, Egypt, Saudi 
Arabia (Youssef  et al., 2008), Hungary and Italy, 
now have their selection programmes based on 
the use of  crossbreeding schemes (Baselga, 2004).

13.2.2 Schemes based on  
multi-purpose lines

In countries where the rabbit industry has not yet 
reached a high level of  organization, it may not be 
possible to select sire and dam lines for a subse-
quent crossbreeding programme. An alternative 
could be the development of  a multi- purpose line, 
through simultaneous selection for litter size and 
growth traits. This alternate strategy was suc-
cessfully tested in Brazil, Spain and France.  Moura 
et  al. (2001) initiated the selection of  a multi- 
purpose line in 1992. There were four selection 
criteria: (i) litter size at weaning; (ii) individual 
weaning weight; (iii) litter weaning weight; and 
(iv) individual body weight at 70  days. These 
traits were combined in an index. Estimated an-
nual genetic trends for litter size at weaning (0.04 
young rabbits per litter and per year) and litter 
weaning weight were positive and significant. 
A  positive direct linear trend was observed for 
weaning weight, but no maternal linear trend 
was detected. Direct and maternal trends were 

 favourable for time-to-market individual weight. 
Moura et  al. (2001) observed a more consistent 
response for this trait, which received a higher 
relative economic weight in the selection index. 
Gómez et  al. (2000) chose two selection criteria 
for their multi-purpose strain: (i) litter size at 
weaning; and (ii) individual daily weight gain. An 
independent level culling selection method was 
used. Renewal bucks (and does) were selected 
from the 50% (and 80%) best-ranked dams and 
from the 15% (and 25%) fast-growing young rab-
bits. A genetic trend in litter weight at weaning 
(30.9 g per litter and per year) was the result of  a 
positive genetic response in individual weight at 
weaning (11 g per young rabbit and per year) and 
litter size at weaning (0.03 young rabbits per litter 
and per year). Direct response on daily gain was 
around 1.06 g per day, with an indirect response 
on individual 60 days weight (38 g per young rab-
bit and per year). The ability of  does to raise litters 
was also improved since genetic response on litter 
size at weaning was higher than the response on 
litter size at birth. Salaün et al. (2001) selected a 
Rex line on a single criterion: total litter weight at 
weaning per doe and per year. The heritability of  
the trait was low (0.06) and the genetic correl-
ation with the total litter weight at weaning 
(0.98) and the litter size at weaning (0.87) were 
high. An annual genetic trend was observed for 
the selected trait (342 g), which was equal to 
1.7% of  the phenotypic mean or 3.22% of  the 
phenotypic standard deviation.

A multi-purpose line has been selected by 
ITELV in co-operation with INRA in Algeria. 
This line was founded from local rabbits and the 
INRA strain A2666 (Gacem et al., 2008). After 
four generations of  the foundational mating, the 
new line has improved its prolificacy (1.8 young 
rabbits born alive), the live weight of  the females 
at mating (more than 500 g) and the rate of  still-
birth (13.5%) with regard to the local breed, 
without losing productivity in summer. The lit-
ter size at weaning and the slaughter weight are 
the objectives of  selection of  the line, considered 
too low when the synthesis of  the line was fin-
ished. The simplest way to diffuse the improve-
ment achieved in the line along the generations 
of  selection is regularly providing males from 
the nucleus of  selection to the farms to replace 
the bucks. The replacement of  the does would be 
done with the female progeny obtained in the 
farm sired by the bucks of  the nucleus.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



236 M. Baselga et al. 

A synthetic line, obtained by crossing New 
Zealand, Californian and Flemish Giant, was set 
up in Australia to establish a national breeding 
programme (Eady, 2003). This multi-purpose line 
is selected for number of  kits weaned per litter, 
average daily gain (ADG)  and bacterial disease re-
sistance. The breeding programme, named Cru-
sader, was designed to provide improved bucks 
directly to farmers. Genetic links have been estab-
lished between Crusader and some commercial 
breeding programmes by the reciprocal use of  
bucks. A data-management system has been set 
up for a national rabbit evaluation programme.

13.3 Development of Lines

When the use of  crossbreeding is possible, the 
development of  maternal and paternal lines is 
a crucial activity (Baselga, 2004). Chapter 2 of  
this book is devoted to the description of  the ex-
isting rabbit genetic resources that, in principle, 
could be the base for a crossbreeding pro-
gramme. In general, the breeds are entities that 
are numerically too large and genetically very 
variable to obtain repeatable results, particu-
larly if  the most cosmopolitan breeds are con-
sidered as they could be constituted by many 
sub-populations of  very different performances 
(Baselga, 2004). Thus it is preferable to rely on 
smaller groups of  animals, the lines, to which a 
definite programme of  selection can be applied, 
depending on the specialization of  the lines, 
with an appropriate crossbreeding plan designed 
to maximize the heterotic effects.

13.3.1 Criteria for the development  
of new lines

In order to create a new population of  small size 
that, after two or three generations of  inter-se 
mating, gives rise to a new line (Khalil and  Baselga, 
2002), the most common practice in the past 
was to rely on the existing breeds to get samples 
of  one or several of  them (Lukefahr et al., 1996; 
Baselga, 2004). The final size of  the line can 
range between 100 and 200 does and 20–40 
bucks (Baselga, 2004). This procedure is simple 
and easy to perform but some caveats must be 
taken into account. The first one is that given the 

enormous diversity that can exist within a breed, 
one may sample the founder stock for the new 
line from populations of  the breed that are gen-
etically poor for the traits of  interest, and conse-
quently the initial performance of  the new line 
will be low and possibly non-competitive. An-
other one is that health problems could appear 
when all the founders coming from a relatively 
large number of  different farms are put together 
in the same herd. This problem can be overcome 
by using hysterectomy or other techniques such 
as freezing and embryo transfer to obtain animals 
from the farms (García-Ximénez et al., 1996).

There are alternative procedures to the one 
described above to develop a new line; two of  
them are described below. In both cases, the first 
point is to realistically define the desired special-
ization of  the line. The first alternative attempts 
to find two or three populations, no matter their 
genetic origin (pure breed, synthetics or cross-
bred), that are clearly outstanding on the im-
portant traits regarding the desired specialization 
of  the line (Baselga, 2002). The next step is to 
obtain animals from these populations and mate 
them without selection for two or three gener-
ations. The second alternative relies on applying 
very high intensities of  selection for the traits of  
interest in very large populations (for example, 
commercial populations). We illustrate this pro-
cedure describing the foundation of  line H (Uni-
versitàt Politecnica de Valencia, UPV; Spain) which 
was based on the detection of   hyperprolific does, 
screening a large group of  does, spread over many 
Spanish farms. A doe was classified as hyperpro-
lific if  it had a parity with 17 or more kits born alive 
or if  it was within the group of  best 1% of  does 
based on its accumulated number of  kits born alive 
across parities. In a first step of  the foundation pro-
cess, male progeny was obtained from matings be-
tween 20 hyperprolific does and 9 bucks pertaining 
to line V. In a second step, those young males were 
mated to a new and larger batch of  hyperprolific 
does (backcross) to accumulate the genes for 
prolificacy in the progeny, which constituted 
generation 0 of  the new line H. To avoid health 
problems, hysterectomies were performed in the 
first step and embryo vitrification in the second 
step. After thawing and transferring these em-
bryos, a set of  474 rabbits belonging to gener-
ation 0 were allowable for maintaining the line 
and for studies of  comparison of  the line H with the 
line V and crossbred does AxV which demonstrated 
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the superiority of  line H (Cifre et  al., 1998a, 
1998b). The same procedure has been applied to 
create the line LP for which the screening in 
commercial farms was based on doe hyperlon-
gevity and prolificacy over defined thresholds 
(mean prolificacy higher than 7.5 rabbits born 
alive in more than 28 parities) (Baselga, 2004). 
In this case, three steps of  backcrosses were per-
formed. Details regarding the foundation of  this 
line as well as results on the comparison with line 
V have been reported by Sánchez et  al. (2008). 
Those results confirm that applying very high in-
tensities of  selection is a successful strategy for 
the creation of  new lines. In addition, these au-
thors showed that line LP resulted peculiarly ro-
bust in challenging environmental conditions 
regarding management, temperature, feeding or 
immune response (Theilgaard et al., 2009; Savi-
etto et al., 2012, 2013; Ferrian et al., 2013).

Using a mixed animal model (additive and 
non-additive permanent effects), the litter size 
data from June 1980 to February 2009 of  the 
lines A, V, H and LP, and their full pedigree to 
take into account the process of  selection, Ragab 
and Baselga (2011) estimated the differences in 
litter size between the lines at their respective 
times of  foundation. The line A showed the low-
est litter sizes with respect to the others with dif-
ferences of  1.39 rabbits/litter for total born, 
1.20 for number born alive, 0.84 for number 
weaned and 1.06 for number marketed. These 
important differences were attributed to the dif-
ferent criteria used for founding the lines, reveal-
ing that the criterion of  pertaining to a breed, 
used for creating the line A, was the worst.

13.3.2 Criteria and methods  
of selection – paternal lines

13.3.2.1 The current approaches

Paternal lines are commonly selected for post- 
weaning daily gain (Rochambeau et  al., 1989; 
Estany et  al., 1992; Gómez et  al., 2002) or for 
body weight at a time close to the market age 
(Lukefahr et  al., 1996; Larzul et  al., 2003a; 
Drouilhet et  al., 2013). These parameters are 
very easy to record and have a moderate and fa-
vourable genetic correlation with the conversion 
index (Moura et  al., 1997; Piles et  al., 2004; 
Drouilhet et al., 2013), which is very important 

for an  efficient production, because feeding ac-
counts for the highest proportion of  total costs 
(60–80% in rabbits; Baselga and Blasco, 1989; 
Drouilhet et al., 2013). Thus, economic weights 
for a standard Spanish farm of  intensive rab-
bit-meat production have been estimated, being 
the conversion index, the trait with the highest 
value of  this parameter, among several produc-
tion and reproduction traits (Cartuche et  al., 
2014). In meat-production farms, feed efficiency 
can be improved by limiting the amount of  food 
to 75–80% of  ad libitum feeding during part of  
the fattening period. This is mainly performed 
limiting the period in which feed is supplied daily. 
Although growth is reduced during restriction, 
feed restriction reduces the risk of  digestive dis-
eases and improves feed efficiency both during 
the period of  feed restriction and especially after 
it, when the amount of  food is gradually in-
creased (reviewed by Gidenne et  al., 2012). 
Therefore, feeding costs and the use of  antibiot-
ics are reduced, which result in economic profit 
and a reduced environmental impact of  rab-
bit-meat production. As a consequence, feed re-
striction has become a common management 
technique on commercial farms in Europe.

Despite its importance, the cost and tech-
nical difficulties in measuring individual feed 
 intake makes exceptional the direct genetic se-
lection for feed efficiency. When animals are 
housed in collective cages, electronic devices are 
required to enable recording of  the individual 
feed intake. If  animals are housed in individual 
cages, feed consumption could be measured 
manually. However, it would still be expensive 
and, in addition, there could exist a genotype by 
type of  housing interaction, which could make 
selection under individual housing not advisable 
when housing conditions at fattening consist of  
group cages (Piles et al., 2017). Selection for feed 
efficiency has commonly been performed by in-
direct selection for growth traits (i.e. ADG or live 
weight at a fixed age) of  animals fed ad libitum 
and housed in groups (Piles et  al., 2004). The 
methodology used to select growth traits has been, 
in general, individual selection. It is the simplest 
procedure of  selection because the traits are 
 expressed in both sexes and the heritability is me-
dium. In this way it is possible to save time, 
labour and resources. The interval between gen-
erations could be around six months. However, 
the correlated response on feed  efficiency is small 
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(Sánchez et  al., 2004; Larzul et  al., 2005) be-
cause the genetic correlation of  this trait with 
the selection criteria could not be high enough 
(Piles et al., 2004). In France, the rabbit breeder 
Hypharm in collaboration with INRA has se-
lected two paternal lines directly for feed effi-
ciency using as selection criterion the residual 
feed intake (RFI; i.e. the amount of  food con-
sumed above or below the expected needs) and 
ADG under restricted feeding, respectively, meas-
ured on a limited number of   selection candidates 
kept in individual cages. Results that compare 
the production performance of  young rabbits se-
lected for ADG and RFI and bred under different 
feeding regimens suggest that there is an inter-
action effect between genotype and feeding regi-
men on ADG but not on other traits such as body 
weight, feed intake or feed  efficiency when ani-
mals are in individual cages (Drouilhet et  al., 
2016). However, this interaction effect is rele-
vant when animals are bred in collective cages, 
which elicits competition for feed intake between 
cage mates that is particularly important when 
feed restriction is applied at fattening (Dalmau 
et al., 2015). Competition effects are a kind of  so-
cial effect (also known as indirect genetic effects; 
Bijma, 2011) which have a genetic determinism 
and contribute largely to the total heritable vari-
ance of  ADG when growing rabbits are raised on 
restricted feeding but not when they are fed ad lib-
itum.  Ignoring those effects in a breeding pro-
gramme for increasing rabbit growth is likely to 
have negative consequences on the productive 
performance of  young rabbits and eventually on 
animal well-being when the amount of  food is 
limited. The interaction between genotype and 
feeding regimen will lead to a substantial 
re-ranking of  the selection candidates under dif-
ferent conditions because of  the null correlation 
between total heritable variance for animals on 
different feeding regimens. This is mainly due to 
the null and negative genetic correlations be-
tween direct and social genetic effects on full and 
restricted feeding regimens, respectively. There-
fore, selection of  rabbits for ADG under ad lib-
itum feeding may completely fail to improve ADG 
in rabbits on restricted feeding. It is recom-
mended to select animals under the same condi-
tions of  feeding and housing as those applied on 
production farms for rabbit-meat production, by 
accounting for social effects if  the amount of  
food is limited (Piles et al., 2017). In Spain, since 

2018, three paternal lines belonging to IRTA 
are being directly selected for feed efficiency of  
growing  rabbits housed in groups following dif-
ferent strategies which account for social effects 
when needed. An electronic feeding station has 
been developed and produced to this end by IRTA 
in collaboration with a private company.

In Hungary, the Pannon White breed is 
being selected for daily gain and carcass traits, 
using computerized tomography (Szendrő et al., 
1996; Garreau et  al., 2000; Nagy et  al., 2010, 
2013a; Gyovai et al., 2012; Ács et al., 2019). The 
development of  this breed was initiated at the 
Kaposvár University in the late 1980s. During 
the first stage of  its development (1988–1990), 
the population consisted of  roughly 100 New Zea-
land White does selected for average daily gain 
and dressing-out percentage by progeny test. 
During the second stage, in 1991, New Zealand 
White rabbits were reciprocally crossed with Cali-
fornian rabbits and New Zealand- type rabbits of  
various origins. The progeny of  the crosses 
showing the best body-weight gain and dress-
ing-out percentage served as the basis of  the 
Pannon White rabbits, a new synthetic popula-
tion. The third stage of  the programme (since 
1992) involves a mass selection for ADG and 
carcass traits (applying computerized tomog-
raphy) using a closed herd book. Until 2004, the 
trait evaluated by computer tomography was 
the so-called L-value (the average surface of  
muscle Longissimus dorsi between the 2nd and 
3rd, and 4th and 5th lumbar vertebrae), which 
has a favourable genetic correlation with dress-
ing-out percentage (Nagy et  al., 2006). Since 
2004, this trait has been replaced with thigh 
muscle volume (determined by 10–11 computer 
tomography scans) as it determines the weight 
and the ratio of  the hind part of  the carcass (Sze-
ndrő et  al., 2010). Besides the Pannon White 
breed, the foundation of  the Pannon paternal 
line (Nagy et al., 2013b) started in 2004 using 
sperm from some Hungarian and foreign rabbits 
showing high ADG. The sperm of  these animals 
were used to inseminate Pannon White does 
showing high weight gain, being the resulting 
progeny of  the founders of  the paternal line. 
Since 2006, this line has been kept as a closed 
population and selected for ADG and thigh 
muscle volume applying computer tomography. 
This line was officially recognized as a new syn-
thetic rabbit breed in 2013.
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In France, the economic weight of  carcass 
yield becomes more and more important be-
cause of  the demand of  slaughterhouses. Breed-
ing for disease resistance has also become a 
major challenge. The AGP39 and AGP59 lines 
of  the breeding company Hypharm are currently 
selected for carcass yield and against digestive 
disorders incidence, in addition to the weight at 
slaughter age (Garreau et  al., 2008b). Carcass 
yield is measured on four offspring of  the first lit-
ter of  each dam of  the line. Each growing rabbit 
is inspected for general health and well-being. 
A binary disease score is defined according to the 
presence or the absence of  digestive disorders. 
The genetic parameters of  these traits were esti-
mated using a Bayesian methodology. Estimated 
heritabilities were equal to 0.08 and 0.24 for the 
disease trait and carcass yield, respectively 
( Garreau et al., 2008b).

A number of  attempts were performed in 
Italy over the 1990s in order to establish a  national 
breeding programme for rabbits. Finally, it started 
in 1999 in a central herd with three breeds: Cali-
fornian, New Zealand and Argenté de Champagne. 
The latter was chosen after different attempts with 
Burgundy Fawn, Vienna Blue and Giant Chinchilla. 
The Argenté de Champagne breed has been se-
lected for body weight at 60 ± 2 d of  age, using an 
animal mixed model (BLUP) to evaluate the ani-
mals. Besides usual environmental factors, the 
model also accounts for the number of  weaned 
kits in the litter and for individual inbreeding. The 
main challenge to overcome in selecting Argenté 
de Champagne for body weight at 60 d was the 
scarce adaptation of  the breed to intensive breed-
ing: it took over seven years to obtain robust rabbits 
by keeping those capable of  surviving, reprodu-
cing and growing in cages. Due to these difficul-
ties, from 1999 through 2012, only 759 females 
and 160 males could be weighed and evaluated. 
During this period a sharp reduction in rabbit 
adult body size has been observed, and selection 
response for daily gain up to 60 days was negative 
till 2007; later on it turned positive, with an aver-
age response of  11 grams per year up to 2012. 
Nowadays, the breed, quite different from the ori-
ginal stock, is known as Italian Silver.

13.3.2.2 Alternative approaches

In the future, for lines highly selected for growth, 
traits related to the production of  potentially 
 fertile artificial insemination doses (such as semen 

production and quality traits) or to the male con-
tribution to fertility and prolificacy (such as the 
rate of  implanted embryos) (Piles et  al., 2013), 
could be incorporated to the objectives of  selec-
tion of  the paternal lines. In all cases a close con-
nection between the nucleus and the artificial 
insemination centres will be required. Detailed 
information regarding the genetic determinism 
of  such traits is provided in Chapter 12.

13.3.3 Criteria and methods  
of selection – maternal lines

13.3.3.1 The current approaches

The most common criteria for selection of  ma-
ternal lines have been related to litter size at birth 
or at weaning (Estany et al., 1989; Rochambeau 
et  al., 1994; Gómez et  al., 1996; Nagy et  al., 
2011). Only in one case the selection criteria 
 included litter size at birth and kit weight at nine 
weeks of  life to prevent negative responses in 
adult body weight (Bolet and Saleil, 2002).

Selection methods in maternal lines are 
more complicated than in sire lines. This com-
plexity is due to the fact that males do not ex-
press the prolificacy traits themselves, and to the 
low values of  the heritabilities of  reproduction 
traits, which lead to longer generation intervals 
than in selection of  sire lines. Family indexes 
were proposed to integrate the does’ own infor-
mation and the information from relatives to 
carry out the genetic evaluation (Matheron and 
Rouvier, 1977; Baselga et al., 1984). This meth-
odology is still applied for the selection of  line A 
(UPV, Spain) where the family index has a max-
imum of  four items: average litter sizes at weaning 
of  the doe, its dam, full sisters and half- (paternal 
or maternal) sisters.

Currently, mixed-model methodology (BLUP) 
is the most used procedure for evaluation. One 
of  the biggest differences with the family index is 
that some environmental and physiological ef-
fects are considered in the model (Estany et al., 
1989; Gómez et  al., 1996; Rochambeau et  al., 
1998). Simulation studies with real data have 
shown similar efficiencies of  both methodologies 
for selecting litter size. The loss of  response due 
to selection on a family index instead of  a BLUP 
is around 8% (Armero et  al., 1995) when the 
generations of  selection do not overlap. All these 
methods of  selection increase the inbreeding of  
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the lines, generation after generation, and it is 
necessary to minimize the losses of  genetic vari-
ability by managing the mating (Ragab et  al., 
2015). This aspect is analysed by Kerdiles and 
Rochambeau (2002) along 20 generations of  
selection of  the INRA maternal lines.

In the Italian breeding scheme, Californian 
and New Zealand breeds have been selected for 
both maternal and growth traits. They are in-
tended to produce an F

1 doe to be mated to an 
Italian Silver buck. A two-trait animal model is 
used to jointly analyse body weight at 60 ± 2 d 
(like in the paternal line Italian Silver) and litter 
weight at 19 ± 2 d. Only the maternal effect (the 
effect of  the littering doe) on litter weight was 
considered and no correction for litter size was 
used in order to achieve a positive indirect selec-
tion response for that trait. Heritability for body 
weight was 0.31 and for litter weight 0.22 while 
the genetic correlation between them was 0.61. 
From 1999 through 2012, realized genetic 
trend for New Zealand breed was 43.8 g/y for lit-
ter weight and 30.9 g/y for body weight at 60 d, 
while for  Californian breed the trends were 27.4 
g/y and 17.4 g/y, respectively, for the two traits. 
From 1999 through 2012, 22,927 females and 
791 New Zealand males, 4210 females and 275 
Californian males were weighed and indexed. In 
order to reduce generation interval, both male 
and female replacements are produced by prim-
iparous does only. Selection indexes are computed 
from data on body weight at 60 days of  age and 
weight of  litters at 19 days of  age produced by 
first-littering does. Genetic evaluations are run 
after collecting litter weights on each batch of  
primiparous does. From each of  the best litters 
(rank 95) according to their pedigree index two 
young bucks are selected, while from each of  the 
next-best ranking litters (rank 50) up to three 
young  females are kept for replacement in the nu-
cleus.  Selection index weights were computed by 
setting as constraints the desirable correlations 
between the breeding values for the two traits and 
the selection index to be built. Expected correl-
ations of  the selection index with breeding values 
for litter weight at 19 days and individual body 
weight at 60 days were 0.99 and 0.70, respectively.

13.3.3.2 Alternative approaches

Different selection criteria have been proposed, 
as alternative methods, in order to improve re-
sponse to selection for litter size or the ability of  

the doe to nourish the lactating progeny and 
avoid kit mortality.

Some experiments have explored the genetic 
improvement of  litter size selecting for uterine 
capacity (Santacreu et al., 2005) or for ovulation 
rate (Laborda et  al., 2012) but their responses 
are not higher than the ones obtained directly 
selecting for number of  kits born alive or litter 
size at weaning, responses that will be commented 
on later in this chapter. However, an experiment 
that has reached the nine generations of  selec-
tion with the same objective of  improving litter 
size is achieving promising results  selecting 
jointly for litter size and ovulation rate (Badawy 
et al., 2013, Ziadi et al., 2013).

Selection criteria for increasing kit survival 
during lactation include direct and maternal 
genetic effects of  kit weight at weaning (Garreau 
and Rochambeau, 2003; Garreau et al., 2004), 
or direct genetic effects of  doe litter weight at 
weaning or total milk production (Garreau et al., 
2004; Youssef  et  al., 2008). Particularly, Gar-
reau et al. (2008a) proposed a selection for the 
within-litter homogeneity of  kit birth weight. 
This involved a new model (canalizing selection) 
incorporating a genotypic value for the mean 
and a genotypic value for the environmental 
variance. This method is currently applied by the 
French breeding companies.

A divergent selection for functional longev-
ity in breeding does was carried out in an INRA 
experimental farm, using the survival analysis 
methodology (Garreau et  al., 2008c; Larzul 
et al., 2014). After only one generation of  selec-
tion there was a significant difference of  longev-
ity between the two lines (39 days), demonstrating 
the efficiency of  selection for this trait. Further-
more, except for the total number born, which 
was higher in the low line, there was no diffe-
rence between the two lines for reproduction 
traits. This selection criterion is now included in 
the breeding objective of  the AGP77 line of  the 
French breeding company Hypharm.

A divergent selection experiment of  envir-
onmental variance of  litter size at birth over 13 
generations is being carried out in Miguel Hér-
nandez University (Spain). Successful response 
to selection of  this trait as well as differences in 
resilience between the divergent lines has been 
obtained (Blasco et  al., 2017; Argente et  al., 
2019). A low variability in litter size in the 
homogenous line is related to better adaptation 
to environment with less response to stress and 
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diseases (Beloumi et  al., 2020). Moreover, a re-
duction in litter-size variability shows a higher 
litter size at birth, as a consequence of  higher 
embryonic development at early gestation and 
number of  implanted embryos in the homogen-
ous line (García et al., 2016; Argente et al., 2017).

In an attempt to improve the maternal abil-
ity of  does, in the Italian scheme, great import-
ance was given to the number of  functional 
teats. These are counted on does a few days after 
their first littering and does are selected by inde-
pendent culling levels. Dams of  males should 
have at least ten functional teats and dams of  fe-
males at least nine. In 2004, New Zealand fe-
males with 8, 9, 10, 11 and 12 functional teats, 
respectively, were 65.6, 19.7, 14.7, 0.0 and 
0.0%, while in 2012 the same distribution was 
20.9, 33.1, 45.7, 0.2 and 0.1%. Studies on the 
identification of  genes associated with teat num-
ber in Italian breeds by using genome-wide asso-
ciation studies have been started in 2019 by the 
University of  Bologna in collaboration with the 
Italian Rabbit Breeders Association (ANCI). The 
final aim is to identify markers that could be 
used in marker-assisted selection for this trait 
(Bovo et al., 2021).

13.3.4 Responses to selection

13.3.4.1 Within-line responses

The standard way of  estimating the response in 
selection experiments has been the use of  a con-
trol population that is developed contemporarily 
to the selected population by random mating and 
no selection. Another common method is the 
analysis of  the differences between two lines se-
lected contemporarily, one to increase a trait and 
another to decrease it, which is called divergent 
selection (Santacreu et al., 2000). The use of  fro-
zen-thawed embryos allows the contemporary 
comparison of  two different generations of  the 
same line (Santacreu et  al., 2000). All these 
methods are neither model-dependent nor de-
pendent on the genetic parameters of  the traits.

On the other hand, statistical methods, 
such as mixed-model methodology (BLUP and 
REML) and Bayesian Inference, are frequently 
used to estimate genetic trends or responses to 
selection that are dependent on the models, the 
parameters and the information used a priori. 

These statistical methods have been applied in 
different selection experiments in rabbits. In 
many cases there was a good agreement be-
tween the responses estimated by both types of  
approaches, but not always. The implication is 
that the statistical methods and models used to 
estimate response to selection require a previous 
validation in the populations and traits under 
analysis before they are implemented.

The responses reported in experiments of  
selection for weight at market time, 63–70 d, 
range between 18 g and 35 g per generation (Ro-
chambeau et  al., 1994; Lukefahr et  al., 1996; 
Garreau et  al., 2000; Larzul et  al., 2003a) and 
there is a good agreement between the estimates 
of  the responses obtained using control lines or 
mixed-model methods (Lukefahr et  al., 1996; 
Larzul et  al., 2003a). When selection was for 
growth rate, the responses were between 0.45 
and 1.50 g/d (Rochambeau et al., 1989; Estany 
et al., 1992; Piles and Blasco, 2003; Gyovai et al., 
2008; Drouilhet et al., 2013; Nagy et al., 2013b). 
There are correlated responses to selection for 
growth as an increase in the adult weight (Blasco 
et  al., 2003). At a fixed slaughter weight, the 
feed conversion decreases and feed consumption 
increases (Feki et  al., 1996); intestinal content 
increases, and the dressing percentage is re-
duced (Gómez et al., 1998; Pla et al., 1998) be-
cause of  the lower maturity. Consequences of  
this lower maturity are also reduced fat deposits, 
diminished water-holding capacity of  the meat 
(Piles et  al., 2000) and lower ultimate pH in 
muscle (Gondret et al., 2003). Some of  the nega-
tive consequences of  selection for growth rate 
are not quantitatively important and can be re-
duced by increasing the market weight and im-
posing a light fasting before slaughter. In an 
analysis at a constant age, the improvement in 
the conversion index can disappear as well as the 
negative effects on dressing percentage and ma-
turity (Garreau et al., 2000; Larzul et al., 2003b; 
Hernández et  al., 2004). The efficiency of  the 
computer tomography-aided selection is ob-
served in the Pannon White and Pannon ter-
minal rabbit breeds where the estimated annual 
genetic trend for the thigh muscle volume was  
4 cm3 and 5.8 cm3, respectively (Gyovai et  al. 
2008; Nagy et al., 2013b).

The analysis of  the responses to selection in 
maternal lines by comparison to a control popu-
lation (Rochambeau et  al., 1998; Tudela et  al., 
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2003) or by the use of  frozen embryos (García 
and Baselga, 2002a, b), estimate responses be-
tween 0.08 and 0.09 total kits born, born alive 
or weaned per litter and generation. In the same 
lines, the responses estimated, as genetic trends, 
by mixed-model methods (BLUP and REML) 
completely agree in the first three experiments 
(Rochambeau et al., 1998; García and Baselga, 
2002a; Tudela et  al., 2003), but the genetic 
trend estimated in the fourth is 0.175 weaned 
rabbits per litter and generation, which is ap-
proximately double the response estimated us-
ing frozen embryos. There are also reports of  
responses estimated exclusively by mixed-model 
methods, the estimates ranging between 0.05 
and 0.13 live-born or weaned rabbits per litter 
and generation (Estany et  al., 1989; Rocham-
beau et al., 1994; Gómez et al., 1996). In some of  
these lines with significant responses in litter 
size, studies have been carried out to assess 
which component of  litter size had been modi-
fied. García and Baselga (2002a) found that for 
one of  the lines, the improvement in litter size 
was probably due to an increase in ovulation 
rate but for another line an increase in foetal 
survival was probably the trait actually im-
proved that could explain the observed response 
in litter size (García and Baselga, 2002b). The 
correlated responses in growth traits when se-
lection is for litter size have also been investi-
gated. García and Baselga (2002c) did not find 
significant responses for weight at weaning, 
weight at market time, post-weaning daily gain, 
daily feed intake and conversion index, when the 
comparisons were done at a constant litter size 
at birth. However, Rochambeau et al. (1994) re-
ported that selection for increased litter size re-
sulted in a decrease of  individual weight at 
weaning but the total weight of  the litter at 
weaning increased in two different maternal 
lines. This consideration has meant the modifi-
cation of  the selection objective in the INRA 
1077 maternal line, including in the objective 
the weight at 63 days, in addition to litter size 
performances, attempting to increase litter size and 
individual weight at the same time (Rochambeau, 
1998). In 2003, the new INRA 1777 maternal 
line was created with the aim to improve directly 
weaning weight in addition to prolificacy. This 
line is selected for direct and maternal genetic ef-
fects for weaning weight and for number of  kits 
born alive per litter (Garreau and Rochambeau, 

2003; Garreau et al., 2005). The same selection 
objective is applied to the AGP77 line of  the 
breeding company Hypharm.

13.3.4.2 Crossbred responses

It has been mentioned before that the final aim 
of  the genetic improvement of  the lines is the im-
provement of  the performance of  the crossbred 
doe and crossbred kit. However, no matter which 
lines are used in crossbreeding, their selection, 
as it has been presented, is on a within-line basis 
expecting that the response will also be ex-
pressed in the crosses. In this sense, it is crucial 
to evaluate the response of  the selection pro-
grammes on the crossbred doe and kits.

Contemporary comparisons among ani-
mals (pure or crossbred), representing different 
stages of  the programmes, have been made by 
Tudela et  al. (2003), Costa et  al. (2004) and 
Quevedo et  al. (2005). The maternal lines in-
volved in the first experiment were the INRA 
A1077 at the 30th generation of  selection and 
the control INRA A9077 both crossed to a se-
cond French maternal line at its current gener-
ation. The difference in total litter size between 
both types of  crossbred does was 1.43 kits, a lit-
tle higher than the expected values from selec-
tion of  the line INRA A1077 (1.12). In the 
second experiment the maternal lines were A (at 
two different generations of  selection) and V. In 
this experiment the crossbred does came from 
mating does of  the V line to bucks of  the A line. 
The young rabbits were the progeny of  the cross 
between the crossbred does and bucks of  the pa-
ternal line R. Two types of  crossbred animals, 
hereafter called H1 and H2, were compared. The 
H1 (H2) does came from the cross of  bucks of  
generation 16 (29) of  line A with females of  
generation 26 of  line V. The young rabbits H1 
(H2) were obtained by mating does H1 (H2) to 
bucks of  generation 6 (18) of  line R. Animals 
from previous generations were conserved as 
frozen embryos and thawed and transferred to 
produce adults contemporary to the current 
generations. Litter size and daily body gain were 
all favourable to current crossbreeds. Concern-
ing litter-size traits, the differences were 0.83, 
1.16 and 0.74, respectively, for number of  total 
born, born alive and weaned kits. These re-
sponses were higher than expected from the re-
sponses evaluated in the pure lines. For example, 
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the expected response in litter size at weaning 
was 0.55. In contrast, the responses in the cross-
bred young kits were lower than expected. Thus, 
the response for post-weaning daily gain was 
0.6 g/d although the expected response was 2.4 
g/d. No responses were obtained for daily feed in-
take and conversion index, but the consumption 
was expected to increase and the conversion 
index decrease. The authors had no explanation 
for these results, and suggest that they could be a 
consequence of  the type of  feed currently used 
to control a new disease, spread all over Europe, 
called epizootic enterocolitis, which can have 
different effects on the growth of  the animals de-
pending on the genetic type source. The results 
of  Costa et al. (2004) were confirmed in a third 
experiment (Quevedo et  al., 2005, 2006a, 
2006b) using the same lines. The difference be-
tween both experiments was that different gener-
ations of  the V line were used (generation 15th 
for the dams of  H1 does, and generation 26th for 
the dams of  H2 does). Thus, the H1 does repre-
sented old crossbred because their sires and 
dams belonged to old generations and H2 does 
represented current crossbred does. Analysing 
the data of  primiparous does, Quevedo et  al. 
(2005) showed that the H2 does had a number 
of  born alive significantly higher (2.06) than the 
H1 does and higher than expected from the re-
sponse within line (1.06). Also a higher foetal 
growth in the H2 does was observed, consuming 
the same amount of  energy that was interpreted 
as an increase in the efficiency of  the use of  en-
ergy as a consequence of  selection. The results 
for the multiparous does confirmed the superior-
ity of  the does H2 in number born alive (1.1) and 
showed that these does consumed more feed 
(3%) and produced more milk (6%) during the 
first 21 days of  lactation than the H1 does (Quevedo 
et al., 2006a). In this experiment, as occurred in 
the second, the superiority in post-weaning daily 
gain of  the current young rabbits with respect to 
the ones from previous generations was only one 
third of  the expected value, apparently, because 
of  the same circumstances.

Ragab (2012) has reported results regard-
ing reproduction traits of  the 16 genetic types of  
does coming from a complete diallel cross be-
tween the lines A (generation 41), V (generation 
38), H (generation 20) and LP (generation 8). 
The raw means obtained for 34,546 litters in 
four farms were: 10.54 total born/litter, 9.79 

born alive/litter, 7.97 weaned kits/litter and 
49.9 d of  kindling interval. The crossbred does 
were compared to those from line V and showed 
better performances than this line: 0.46 total 
born/litter, 0.56 born alive/litter, 0.75 weaned/
litter and –2.2 d of  kindling interval.

No comparison between pure and crossbred 
lines is available for the Italian scheme. However, 
some interesting results for the three-way cross 
have recently been provided: from 37 d to 86 d of  
age the rabbits grew 38.9 g/d or 39.8 g/d with a 
density of  48 kg/m2 or 36 kg/m2, respectively.

13.4 Dissemination of the Genetic 
Improvement

The final step of  a programme is to disseminate 
the achieved improvement from the nucleus to the 
farms. The standard way is to follow a pyramidal 
organization, including the multiplication of  the 
nucleus stock, as an intermediate step, before the 
commercial farms. At the multiplication stage, 
the cross between maternal lines is finally done 
and the crossbred does are supplied to the farm-
ers, but this step can be preceded by a multiplica-
tion of  the pure lines. In this way, the costs of  
selection are spread to a higher number of  ani-
mals. The genetic lag between the nucleus and 
the farms increases as the stages of  multiplica-
tion increase. In order to minimize the lag, the 
French and Spanish programmes have modified 
the standard of  multiplying the stock converting 
the intermediate stage of  multiplication of  the 
pure lines in a true stage of  selection. The French 
programme does it through what is called ‘de-
multiplication’. On the demultiplication farms, 
the replacement does come from the progeny of  
the does evaluated as in the nucleus, but the re-
placement bucks are supplied regularly to the 
farms directly from the nucleus. The companies 
that demultiply can be big companies aiming to 
sell pure or crossbred stock throughout France 
and other countries (Rochambeau, 1998). In 
France, three private companies are involved in 
the meat-rabbit genetic improvement. They have 
created and selected their own male and female 
lines. The Spanish approach is slightly different, 
and completely integrates the multiplication of  
the maternal lines and their selection. The 
chosen way is to create what could be named 
secondary nuclei of  selection, owned by farmers, 
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co-operatives or small companies. One maternal 
line is replicated in each secondary nucleus and 
it is selected, under the responsibility of  the gen-
eticists of  the primary nucleus, in the same way 
as in the latter. The line selected in the secondary 
nucleus is used as the dam to produce crossbred 
does that are commonly distributed to, or pro-
duced by, the farmers of  the area near the sec-
ondary nucleus. The sires required to get the 
crossbred doe pertain to  another maternal line 
and are supplied by the primary nucleus. The 
main feature of  this approach is its simplicity, al-
lowing the production of  pure line stock and 
crossbred does at very low prices with a min-
imum lag between breeders and producers. This 
approach reduces the health and adaptation 
problems originating from the introduction of  
foreign animals into the farms and improves the 
communication between breeding companies 
and farmers. The main disadvantage is the diffi-
culty of  operating on a large scale. The dissemin-
ation of  the paternal-line bucks for the terminal 
cross can have different modalities. The paternal 
lines can be owned and selected by the demulti-
pliers, by the secondary nucleus, by the primary 
nucleus or by breeders not related to the pro-
gramme, associated or not to artificial insemin-
ation centres. It is very common in the Spanish 
programme that the secondary nuclei have their 
own artificial insemination centre, facilitating in 
this way the complete dissemination of  the gen-
etic gain achieved in all lines involved in the 
double cross. In France, breeding companies are 
also involved in artificial insemination centres.

In Hungary, the majority of  the production 
is accomplished through two companies from 
which the first one applies the French system us-
ing one of  the French crossbred types. There are 
one-one stations in France and in Hungary, 
being animals from both stations connected by 
artificial insemination and jointly genetically 
evaluated to ensure a homogeneous genetic pro-
gress. The other company follows a conventional 
pyramidal organization in which the nucleus is 
located at the Kaposvár University, while the 
company owns both the multiplier and the com-
mercial rabbit farms.

In the Italian scheme, the unique nucleus 
herd produces pure breeding stock for con-
tracted farms where the cross between maternal 
lines is performed, while Italian Silver bucks are 
sold directly to commercial farms.

13.5 Perspectives of the Genomic 
Selection

Genomic selection (Meuwissen et al., 2001) has 
not been implemented in rabbits. In general, 
genomic selection could lead to an increased an-
nual response to selection, compared with the 
traditional schemes, by means of  a reduction of  
the generation interval, an increase in the selec-
tion intensity and a higher accuracy of  the pre-
dicted breeding values. However, current rabbit 
breeding programmes are characterized by high 
selection intensities and short generation inter-
vals, reducing the potential impact of  genomic 
selection; therefore, major gain should come 
from a gain in the accuracy of  prediction of  
breeding values. The gain in accuracy also de-
pends on: (i) the linkage disequilibrium between 
the markers and the causative genes, which in 
turn depends on the marker density and the ef-
fective population size; (ii) the genetic determin-
ism of  the traits; and (iii) the size of  the reference 
population (phenotyped and genotyped) and its 
proximity to the population to be evaluated as 
candidates to selection. Given that the rabbit 
populations under selection are very small, the 
size of  the reference population could probably 
not achieve the minimum size to obtain accurate 
predictions. In addition, this reference popula-
tion should be frequently updated because the 
short generation interval in this species will 
make to break down very quickly the linkage dis-
equilibrium pattern reducing the efficiency of  
the prediction equation obtained at a given time.

No summaries have been published thus far 
on simulation studies about the potential effi-
ciency of  this kind of  selection in rabbits but they 
exist in pigs (reviewed by Samoré and Fontanesi, 
2016). Some of  them compare several schemes 
of  genomic selection to conventional schemes of  
selection of  maternal breeds, when the objective 
of  selection includes only maternal traits (Lille-
hammer et al., 2011) and when production and 
maternal traits are considered (Lillehammer et al., 
2013). In these studies, the reference population 
was continuously updated with the individuals 
selected per round of  selection that are geno-
typed and phenotyped, and no decline of  the ac-
curacy was observed. The cost-benefit analysis was 
also made and the number of  slaughter pigs ne-
cessary to pay back, with the extra gains achieved 
by the genomic selection, the extra cost of  this 
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selection was computed. This number varied be-
tween 110,000 and 169,000 slaughter pigs per 
round of  selection. Taking into account that the 
cost of  genotyping might be similar for one pig 
and for one rabbit, but the benefits that could be 
obtained from one slaughter pig will be much 
higher than from one rabbit, it seems very un-
likely that the genomic selection in rabbits could 
be currently affordable. Further development of  

genomic tools should also be needed to obtain 
cheaper SNP genotyping arrays. However, 
 future changes in the conditions of  production 
of  the rabbits and in the cost of  the SNP chips 
could make feasible the genomic selection, but 
research is needed in order to evaluate the prac-
tical and logistical applications, benefits and 
strategies of  selection before any implementa-
tion is made.
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14.1 Introduction

During the last 40 years, developments in the 
fields of  genetics and molecular biology have led 
to important science breakthroughs clarifying 
gene functions and metabolic pathways involved 
in numerous diseases or physiological states of  
relevance to human health. During the last 20 
years, researchers have been gradually focusing 
on obtaining a complete picture of  biochemical 
mechanisms underlying their research subjects. 
To do so, they have gradually increased the scale 
of  their analysis. In fact, from a handful of  genes 
or proteins studied, the depth of  the biochemical 
pathway has moved to an analysis of  hundreds 
of  genes and gene products, allowing a fully in-
tegrated overview of  the biological issue. Such 
an upscaling was made possible by growing de-
velopments (and corresponding price decreases) 
in several technologies: protein electrophoresis, 
mass spectrometry-based protein identifica-
tion or Nucleic Magnetic Resonance (NMR). 

Nevertheless, high throughput capacity for gene 
sequencing that led to complete genome sequen-
cing of  several animal and plant species of  major 
use in agriculture and biomedical research, as 
well as a growing capacity to analyse such heavy 
and complex datasets through bioinformatics, 
were probably the most determinant factors. 
Such a large-scale analysis of  genes, transcripts, 
proteins or metabolites is known collectively as 
the ‘Omics’ technologies, respectively referring 
to genomics, transcriptomics, proteomics and 
metabolomics, as represented in Fig. 14.1. Simi-
larly, transcripts, proteins or metabolites in a 
given tissue, organ, organism or cell culture are 
respectively termed as the transcriptome, the 
proteome and the metabolome.

Numerous applications for genomics, tran-
scriptomics, proteomics and metabolomics may 
be found in the literature for all fields of  science 
and their importance has been continuously 
increasing. Accordingly, the rabbit model has 
been of  extensive use in Omics-driven research. 
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In this chapter we aim to introduce readers 
interested in rabbit genetics but not familiar 
with Omics principles and applications to the 
general principles of  each of  the most used tech-
nologies of  importance in the post-genomic era, 
i.e. the technologies that underlie gene function: 
transcriptomics, proteomics and metabolomics. 
In each section, specific examples of  the use of  
the technology and achievements with the Oryc-
tolagus cuniculus species will be provided.

14.2 Transcriptomics

14.2.1 Microarrays: general principles, 
applications and case studies  

in the rabbit

DNA molecules constitute the complete genomic 
information defining the structure and function 

of  living organisms. The flow of  this genomic 
information within a biological system, which 
depends on the cell type, environmental condi-
tions, etc., occurs through the processes of  tran-
scription into messenger RNA (mRNA) and 
eventually translation into proteins. As such, it 
is often of  great interest to obtain a comprehen-
sive understanding of  the behaviour of  the tran-
scriptome, i.e. the full set of  mRNA molecules 
present in a cell, tissue or organ, under different 
sets of  experimental conditions (for example, 
treatment versus placebo) or in different groups 
or tissue types (for example, in liver versus brain 
or across time).

With the introduction of  high-throughput 
biological assays in the mid-1990s, it has be-
come possible to measure the abundance of  
mRNA molecules in different cells for thousands 
of  genes simultaneously. In particular, the use 
of  microarray technology, and more recently 
next-generation sequencing technology (see para. 

RNA
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Fig. 14.1. Schematic overview of a common systems biology approach in the rabbit.
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14.2.2), has become a prominent way to study 
gene expression. Microarrays are a multiplex 
technology based on the affinity of  single-stranded 
DNA sequences to bind to complementary se-
quences of  nucleotides. Particularly, thousands 
of  features, made up of  specific probe sequences, 
are fixed or synthesized to a physical surface, such 
as a glass slide (the so-called chip), allowing for a 
genome-wide assay of  gene expression. In a typ-
ical experiment, RNA molecules are extracted 
from a biological sample, converted into comple-
mentary DNA (cDNA), amplified, and labelled 
with fluorescent dyes. The cDNA molecules (or 
targets) are then hybridized on the chip, where 
cDNA molecules bind to their complementary 
template. The relative level of  hybridization of  
each sequence is subsequently calculated as a 
function of  the fluorescence level recovered after 
the hybridization process. We note that a variety 
of  commercial and custom-made microarrays 
are currently available, with the most substan-
tial distinction among them lying in the process 
by which probes are created and affixed to 
the slide. In this chapter, we focus on the use of  
the single-channel Agilent 60-mer gene ex-
pression microarray for the rabbit, for which the 
comparison of  two conditions for the same gene 
requires two separate single-dye hybridizations. 
Note that the same array may also be used for 
two-dye hybridizations.

As with any scientific experiment, a full 
microarray experiment may be broadly broken 
down into three steps: (i) the experimental de-
sign phase; (ii) performing the experiment itself  
under the conditions defined in the previous 
step; and (iii) the statistical analysis of  experi-
mental data.

Although it is often neglected, the experi-
mental design phase is an indispensable part of  
the experimental pipeline in order to clearly 
specify the scientific objectives, identify avail-
able resources, and define appropriate methods 
for the subsequent data analysis. Summarizing, 
an experimental design should enable the data 
analysis and interpretation of  results to be as 
simple and efficient as possible, while account-
ing for the specific research question, as well as 
experimental and financial constraints. Prac-
tical considerations during this stage include 
identifying the quantity of  biological samples 
that may be collected, the type and number of  
microarrays to be used, and the number and 

type of  replicates to be included in the experi-
ment. For the latter, we may distinguish between 
technical and biological replicates. Technical 
replicates correspond to the use of  multiple 
microarrays for the same individual, or several 
probes for the same genes; these replicates 
enable an estimation of  technical effects (e.g. 
spatial effects on the microarray), but allow in-
ference only about a single, particular biological 
sample. On the other hand, biological replicates 
correspond to mRNA extractions from separate 
organisms or cell lines, followed by separate 
labelling and hybridization, under the same 
experimental conditions. Biological replicates 
tend to be more variable than technical repli-
cates, and they are essential to estimate the 
variability among individuals and to perform 
inference on the biological populations repre-
sented in the experiment.

Often in practice, microarray experiments 
are performed using measurements taken on a 
mixture, or pool, of  biological material collected 
from different biological replicates. There may be 
several reasons to use pooled measurements, 
including difficulties in recovering sufficient 
biological material per individual, to reduce the 
experimental cost, and to reduce biological vari-
ability (as expression measures are averaged 
across the pool). However, it is worth noting that 
pooling can introduce biases in expression meas-
urements, for example in terms of  the difference 
between the mean raw individual signals and 
the pooled mean signal.

Another important aspect of  the experi-
mental design phase is to identify and anticipate 
the potential sources of  technical and biological 
variability, in particular with respect to potential 
confounding factors. Indeed, an often-cited re-
mark by R.A. Fisher (1938) is the following: ‘To 
consult the statistician after an experiment is 
finished is often merely to ask him to conduct a 
post mortem examination. He can perhaps say 
what the experiment died of.’ To prevent con-
founding from adversely affecting an experi-
ment, it is essential to make use of  the principle 
of  randomization. Randomization refers to the 
random ordering of  treatments on experimental 
units. In some cases, a portion (or block) of  ex-
periments cannot be completely randomized (i.e. 
the entire experiment cannot be performed at 
one time); in such cases, it is important to bal-
ance samples within each block.
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14.2.1.1 Performing a microarray  
experiment

During the experiment itself, it is important to 
consider the principles of  repeatability and re-
producibility. By performing experiments under 
the planned homogeneous conditions (e.g. RNA 
extractions performed on the same day by the 
same technician, etc.), the subsequent measure-
ments of  gene expression represent to the great-
est extent possible the biological phenomenon of  
interest, rather than artifacts.

14.2.1.2 Arrays for rabbit analysis

To our knowledge, a single chip is commercially 
available for rabbit transcriptome analysis. It is 
produced by Agilent (commercial reference 
G2519F-020908) and is designed as one glass 
slide formatted with four ‘high definition’ 44k 
arrays. It displays 43,803 rabbit probes sourced 
from different databases (their early versions): 
RefSeq (Release 29), May 2008, UniGene (Build 11), 
March 2008 and Ensembl (Release 49), Febru-
ary 2008. This array has been successfully used 
for the transcriptome analysis of  several rabbit 
tissues, including spleen (Dkhil et al., 2013), ret-
ina (Zhao et al., 2012), infected rabbit appendi-
ces (Dkhil et al., 2012), liver (Al-Quraishy et al., 
2012) and early embryos (Naturil-Alfonso et al., 
2012; Saenz-de-Juano et al., 2012). A re-anno-
tation of  this chip has been performed using the 
sigReannot pipeline (Casel et  al., 2009) and is 
available in the biomaRt package of  Bioconduc-
tor (https://bioconductor.org/packages/release/
bioc/html/biomaRt.html, accessed 18 January 
2021) and at http://www.sigenae.org/filead-
min/_temp_/annotation/ens61/rabbit/agilent, 
accessed 18 January 2021. This re-annotation 
can be done again at the request of  users and es-
tablishes that oligos that may be linked to a gene 
from among the 13,798 different known genes. 
However, when performed in 2009, such a 
re-annotation showed that some oligos have ei-
ther multiple hits (about 1950 oligos) or no hits 
(about 12,000 oligos) among rabbit Ensembl 
transcripts or Unigene clusters.

This commercial array can be ‘easily’ cus-
tomized. For example, we have chosen to design 
a 60 k array by removing from the commercial 
array all probes with either multiple hits or no 
hits among Ensembl transcripts or Unigene 

clusters and by adding probes corresponding to 
genes previously identified as expressed during 
early embryo development, or involved in par-
ticular biological functions of  interest (gonad 
differentiation, embryo metabolism, X chromo-
some inactivation, pluripotency and epigenetic 
modifications of  the genome). This 60 k array 
was successfully used to analyse the transcrip-
tome of  rabbit Embryonic Stem Cells and In-
duced Pluripotent Stem cells (GO accession 
number GPL16482) (Osteil et al., 2013) and to 
compare these in vitro derived pluripotent cells to 
pluripotent cells present in the embryo (inner 
cell mass and epiblast cells) (Schmaltz-Panneau 
et al., 2014). It was also used to analyse the ef-
fects of  rabbit embryo vitrification on foetal pla-
centa transcriptome (Saenz de Juano et  al., 
2014). A second generation of  60 k customized 
array has been further developed that includes 
more candidate genes involved in pluripotency 
and embryo development or metabolism, epi-
genetics, immunology and mammary gland de-
velopment (GO accession number GPL16709). 
This second-generation customized array has 
been successfully used to analyse transcriptome 
variations in peripheral blood mononuclear cells 
after in vitro stimulation by LPS or PMA-Ionomy-
cin (Jacquier et al., 2015), and to further charac-
terize in vitro derived rabbit pluripotent cells 
 (Osteil et al., 2016; Tapponnier et al., 2017). We 
then developed a third-generation customized 
rabbit array displaying two probes per rabbit 
transcript identified in Ensembl database after 
the annotation of  the rabbit genome (Carneiro 
et al., 2014). This array contains probes corres-
ponding to about 24,000 rabbit Ensembl transcripts. 
Interestingly, it also contains embryo-specific 
probes and probes corresponding to about 1600 
transcripts still not annotated in Ensembl data-
base but identified in rabbit spleen, adrenal, 
PBMC, mammary gland and placenta (Carneiro 
et al., 2014). This last array is being used for fur-
ther analyses of  rabbit embryo and brain tran-
scriptomes.

14.2.1.3 Target preparation

Starting from total RNA (from 20 to 200 ng of  
total RNA), targets are synthesized using the 
‘RNA amplification and labeling kit’ (Agilent). 
This kit makes it possible to both amplify and 
label RNA of  each target sample. Briefly, starting 
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from total RNA, spike RNA are added to each 
RNA sample in order to serve as a quality control 
after hybridization. A first cDNA strand is re-
verse transcribed using oligo dT primers coupled 
to a T7 RNA polymerase promoter at their 5' 
end. The oligo dT part of  the primer selects mes-
senger RNAs to be reverse transcribed, while the 
T7 RNA polymerase promoter is used for target 
amplification and labelling by in vitro transcrip-
tion. The second cDNA strand is then synthe-
sized, and in vitro transcription using T7 RNA 
polymerase is carried out. The addition of  Cya-
nine3 labelled CTP in the reaction results in the 
synthesis of  a labelled cRNA that can be hybridized 
to the array. Because several cRNA molecules 
are transcribed from one single double-stranded 
cDNA matrix, the reaction results in a linear 
amplification of  the initial target RNAs. Both the 
yield and specific activity of  the labelled cRNA 
must be controlled according to manufacturer’s 
instructions. Specific activity should be at least 6 
pmole Cy3 per microgram of  cRNA.

14.2.1.4 Hybridization to the array

Labelled cRNA is then fragmented into about 
200 bp fragments and hybridized to the array 
(600 ng labelled cRNA diluted into 40 μl hybrid-
ization buffer Agilent). Hybridization is per-
formed for 17 hours in a rotating oven (10 rpm) 
at 65°C. After two washes in Gene expression 
wash buffers 1 and 2 (Agilent), respectively, 
slides are analysed by the Agilent array scanner, 
and fluorescent signal intensities associated to 
each probe are quantified using feature extrac-
tion software (Agilent). This software also ex-
tracts signals corresponding to spike RNAs, from 
which the quality of  the whole hybridization 
procedure can be deduced.

14.2.1.5 Data analysis for a microarray 
experiment

Finally, during the analysis itself, the model de-
fined during the initial design phase may be used 
to determine the influence of  different factors 
(e.g. the effect of  a treatment as compared to a 
placebo) by estimating their effects as well as 
their variance. One of  the most common 
statistical analyses performed for microarray 
experiments is a differential analysis, where the 
objective is to identify a subset of  differentially 

expressed (DE) genes. A gene is declared DE if  an 
observed difference or change in expression be-
tween two (or more) experimental conditions 
is statistically significant, i.e. greater than ex-
pected simply due to natural random variation. 
Such an analysis can be broadly broken into four 
steps: (i) data exploration and pre-processing; 
(ii) normalization; (iii) fitting a statistical model; 
and (iv) performing a statistical test.

In the data exploration and pre-processing 
step, probe intensities are quantified (typically dir-
ectly via software provided by the microarray 
manufacturer). Subsequently, descriptive statistics 
and graphical summaries may be used (e.g. calcu-
lating data quantiles, plotting linear associations 
between two samples, visualizing spatial effects on 
the array, plotting histograms or boxplots of  probe 
intensities prior to and following normalization) to 
explore the data prior to the analysis. Such data 
exploration enables an appreciation of  potential 
biases or technical artifacts that may be present in 
the data. In addition, differences between arrays 
in the shape or centre of  the distributions of  probe 
intensities can help highlight an eventual need for 
data normalization. Finally, prior to normalizing 
and analysing the data, a log2 transformation is 
typically applied to the raw probe intensities; this 
transformation leads to a stabilization of  the vari-
ance as well as more easily interpretable results in 
the following steps.

The objective of  the normalization step is to 
make measurements from different arrays com-
parable, i.e. to remove background noise from 
meaningful signal and ensure that observed 
 differences between samples are indeed due to 
differential expression and not simply technical 
biases. We note that an appropriate statistical 
design, as described above, can help avoid confu-
sion between biological and technical effects.  
A large variety of  methods have been proposed 
for the normalization of  microarray data, includ-
ing scale, non-linear, quantile, and background- 
correction normalization methods; a common 
hypothesis to most such methods is that a major-
ity of  genes are not DE among samples. The spe-
cific type of  normalization to be used depends on 
the specific platform used for the experiment. For 
Agilent single-channel arrays, following log2 
transformation of  the raw data, the probe in-
tensities are typically centred per slide and, if  
present, within-array replicate probes are aver-
aged across technical replicates.
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A statistical model (previously defined in 
the experimental design phase) is subsequently 
fitted to the pre-processed and normalized data 
to identify DE genes. The statistical model in-
cludes both the construction of  a test statistic 
and an appropriate modelling of  per-gene vari-
ances. Typically, the per-gene statistical signifi-
cance is calculated via a two-sample t-statistic:
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Where xij  represents the mean of  gene i in 
condition j, s
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 the average log-fold change of  gene i, and 

SE the standard error. However, the per-gene 
fold change M

i
 and standard error SE(M

i
) tend to 

be very unstable when a small number of  repli-
cates are present (a typical situation in practice 
for microarray data), leading to a lack of  power 
to detect DE. If, instead, a common estimate 
of  this variance is estimated for all genes, 
SE(M

i
) = SE(M), a more stable estimate may be 

obtained at the expense of  a high rate of  false 
positives (i.e. genes incorrectly identified as DE). 
For this reason, a more appropriate estimation 
of  variances is required, such as the significance 
analysis of  microarrays (SAM) t-test (Tusher 
et  al., 2001), where a constant is added to 
 per-gene variance estimates to stabilize small 
variances, or limma (Smyth, 2004), an empir-
ical Bayesian method used to obtain per-gene es-
timates of  variances that borrow information 
across all genes to stabilize estimates.

Once the statistical model has been fitted to 
the data and per-gene test statistics calculated, a 
statistical test is performed to assess DE. Under 
the hypothesis that a gene i is non-DE (i.e. the 
null hypothesis), the p-value for that gene repre-
sents the probability of  observing a test statistic 
at least as extreme as the observed value t

i
. Be-

cause tests are performed individually for a large 
number of  genes, a large number of  false posi-
tives will be identified using the raw per-gene 
p-values. For this reason, an adjustment for 
 multiple testing is necessary to justify statistical 
significance. This multiple testing correction 
controls the global risk of  having a false positive 
among the full set of  genes. One commonly used 
approach to this end is that of  Benjamini and 

Hochberg (1995), which is used to control the 
false discovery rate (i.e. the proportion of  false 
positives expected among all genes identified as 
DE). After applying this correction, differentially 
expressed genes are subsequently identified us-
ing these adjusted p-values.

In addition to differential analyses, a var-
iety of  additional analyses may be useful to aid 
in the biological interpretation of  microarray 
data. In particular, it may be useful to consider 
the functional enrichment among the set of  DE 
genes (also referred to as a gene category enrich-
ment analysis), co-expression analyses of  genes 
or samples, inference of  gene regulatory net-
works, and integration with other sources of  
data (e.g. epigenomic, metabolomic, proteomic). 
For most of  these analyses, including differential 
analyses, open-source software packages are 
available within the Bioconductor project 
(http://www.bioconductor.org, accessed 18 Jan-
uary 2021; Gentleman et al., 2004).

14.2.2 RNA sequencing application  
in rabbits

Next-Generation Sequencing (NGS) refers to 
emerging high-throughput DNA sequencing 
methods that are available over the last decade, 
after earlier capillary sequencing methods that 
relied upon ‘Sanger sequencing’ (Soon et  al., 
2013). Commonly, NGS techniques are often 
named as second- and third-generation sequen-
cing. NGS was selected as the method of  the year 
in 2007 (Schuster, 2008) and it is opening fas-
cinating opportunities in life sciences (Ansorge, 
2009). The second-generation and main com-
mercially available high-throughput sequencing 
NGS platforms that emerged were the 454 Gen-
ome Sequencer FLX Instrument (Roche Ap-
plied), the Ilumina/HiSeq Genome Analyzer 
(Solexa) and the ABI SOLID system (Applied Bio-
systems). However, the pace of  change in this 
area is rapid and three major new sequencing 
platforms have been released in 2011: Ion Tor-
rent’s PGM, Pacific Biosciences’ S and the Illumina 
MiSeq (Quail et al., 2012). Third-generation se-
quencing, characterized by the single-molecule 
sequencing, includes platforms such as the Heli-
cos™ Genetic Analysis System (SeqLL, LLC), the 
single-molecule real-time sequencing  approach 
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(SMRT, Pacific Biosciences), Nanopore sequen-
cing (Oxford Nanopore’s), Complete Genomics 
(Beijing Genomics Institute) and GnuBIO (Bio-
Rad), among others (Levy and Myers, 2016). 
Comprehensive principles description, as well as 
a comparison of  their applications, advantages 
and limitations, may be found in Ansorge 
(2009), Marguerat and Bähler (2010), Metzker 
(2010), Liu et al. (2012), Quail et al. (2012) and 
Levy and Myers (2016).

NGS is not restricted to the analysis of  DNA 
sequences and is now routinely used to analyse 
other biological components such as RNA and 
protein libraries, as well as how they interact in 
complex networks (Soon et  al., 2013). RNA- 
sequencing (RNA-seq) detects all the transcripts 
present in an experimental sample by direct 
sequencing. This allows transcriptome analysis 
at a maximal resolution and dynamic range, in-
dependently of  the transcript size and above the 
knowledge of  the genome they are derived from 
(Marguerat and Bähler, 2010). The short- 
sequenced fragments that are usually produced 
(reads) are countable and the digital data requires, 
afterwards, huge computing resources for de 
novo assembling and quantifying the number of  
reads. If  a reference genome is available, reads 
are mapped back to reference genome being the 
number of  mapped reads a measure of  expression 
level for that gene (Malone and Oliver, 2011).

RNA-sequencing has largely surpassed hy-
bridization-based approaches by overcoming 
some limitation associated with probe micro-
array hybridization by overcoming hybridization 
background or probe cross-hybridization issues 
and, importantly, the restriction on transcript 
detection imposed by the array design (Costa 
et al., 2010). As RNA-Seq is quantitative, it can 
be used to determine RNA expression levels 
more accurately than microarrays (Wang et al., 
2009), allowing the detection of  low abundant 
or novel transcripts (Roberts et  al., 2011) or 
small RNA molecules (small RNAs) without 
requiring a prior knowledge of  the genome 
sequence of  the target organism (Mortazavi 
et al., 2008). Additionally, RNA–Seq is also well 
suited for detecting new RNA editing events or 
sites (Picardi and Pesole, 2013), novel tran-
scripts (Sánchez-Pla et al., 2012), splice variants 
(Bryant et al., 2012) or allelic specific differences 
in gene expression resulting from Genome Wide 
Association Studies (Quinn et al., 2013).

Whole-transcriptome characterization or 
differential gene expression studies using RNA-
seq have become a cost-effective option for many 
experimental approaches providing valuable 
and complete insights underlying the complex-
ity of  many biological processes (Wilhelm and 
Landry, 2009). The main goal of  transcriptome 
analysis is to identify, characterize, catalogue 
and quantify all the transcripts expressed within 
a specific cell or tissue at a specific time point. An 
enormous number of  bibliographic reports is 
available, describing the use such type of  approach 
in studies targeting a broad range of  mammals, 
including human (Sultan et al., 2008) or model 
animals like mouse (Mortazavi et  al., 2008) or 
farm animals like sheep (Jäger et al., 2011). An 
exponential amount of  sequence data resulting 
from multiple studies using NGS technologies is 
available and can be mined in public sequence 
data repository, such as the NCBI Sequence Read 
Archive (Wheeler et al., 2008). With the publi-
cation of  the first and then updated version of  
the rabbit reference genome (Lindblad-Toh et al., 
2011; Carneiro et al., 2014), numerous studies 
on rabbit transcriptome successfully using RNA-
seq technology have been published.

The discovery of  small non-coding RNA 
(sRNA) genes, which produce functional RNA 
molecules rather than encoding proteins, has 
undoubtedly changed the way to address gene 
expression regulation in living organisms (Eddy, 
2001). MicroRNAs (miRNAs) are small non- 
coding RNAs about 22 nucleotides long that 
modulate the expression of  complementary 
messenger RNAs; thus the precise amounts of  
proteins expressed in a cell (Libri et  al., 2013). 
Hundreds of  miRNA genes have been found in 
diverse animals, and many of  these are 
phylogenetically conserved (Ambros, 2004). 
The identification of  the pathways by which ani-
mal miRNAs are produced, matured and turned 
over has revealed many aspects of  their biogen-
esis that are subject to regulation (for review see 
Libri et al., 2013). MicroRNA actions have been 
shown to modulate several developmental and 
physiological processes in animals including 
stem cell differentiation, haematopoiesis, cardiac 
and skeletal muscle development, neurogenesis, 
insulin secretion, cholesterol metabolism and 
the immune response (for review, see Williams, 
2008). Importantly, miRNA aberrant expression 
has been implicated in a number of  diseases 
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 including cancer (O’Day and Lal, 2010), neuro-
degenerative (Shioya et al., 2010) and heart dis-
ease (Cheng et al., 2007). The understanding of  
miRNA function is still unclear relying on the ex-
istence mRNA, miRNA sequence and expression 
data to be integrated with other comparative 
genomic data (Rajewsky, 2006). Consequently, 
it can be anticipated that the application of  RNA-
seq for miRNA identification and profiling 
may provide valuable insights into the function 
and evolution of  this layer of  post-transcription-
al control of  gene expression in the future as 
 recently achieved by Zhang et al. (2018).

A total of  579 mature miRNAs (306 pre-
cursors) have been annotated on the  Oryctola-
gus cuniculus genome (oryCun2.0) and included 
in the miRNA repertoire existing in miRBase 
(Kozomara and Griffiths-Jones, 2011). This high-
lights the amount of  research, done as well as the 
wide range of  biomedical research applications. 
Li et al. (2011) adopted the SOLID platform for 
rabbit miRNA expression profiling and identifica-
tion from 11 different tissues and organs. In this 
study, the authors have confidently identified 
886 rabbit mature miRNAs and 464 pre-miRNA 
harpins mining NGS datasets in their own miR-
NA discovery pipeline. Despite the limitations 
imposed by the incomplete rabbit genome anno-
tation at the time, this study was one of  the most 
comprehensive rabbit miRNA resources avail-
able with advantages in both biomedical research 
and insight into mammals’ miRNA gene evolu-
tion. More recently, Zhao et  al. (2019) investi-
gated the role of  non-coding RNAs (ncRNAs) in 
the regulation of  the hair follicle development in 
Angora rabbits. Beside the already mentioned 
miRNAs, the authors searched for long non- 
coding RNAs (lncRNAs, with more than 200 
base pairs) and circular RNAs (circRNAs, con-
tinuous loop structures more stable than linear 
mRNAs). These classes of  ncRNAs play regula-
tory roles in translation by interacting with 
mRNAs, miRNAs or mRNA-binding proteins 
(Chekulaeva and Rajewsky, 2019). A multiple 
high-throughput sequencing approach (Illumi-
na HiSeq) was used to investigate changes in the 
abundance of  coding and non-coding mRNA 
species during three hair-cycle stages. A total of  111 
lncRNAs, 247 circRNAs, 97 miRNAs, and 1168 
mRNAs were found differentially expressed during 
the hair-cycle stages. To integrate the data, lncR-
NA-miRNA-mRNA and circRNA-miRNA-mRNA 

ceRNA networks were built to extract under-
lying relationships between ncRNAs and mRNAs 
they might be regulating. As one example, 
LNC_002919 and novel_circ_0026326 were 
found to act as competing endogenous RNAs 
(ceRNAs) for miR-320-3p, which targets HIV-1 
TAT interactive protein 2 (HTATIP2) transcripts, 
implicated in hair follicle development. The 
 authors suggested that these two ncRNAs par-
ticipate in the regulation of  the HF cycle as miR-
320-3p sponges. Also, this study highlights the 
complexity of  the mechanisms implicated in the 
regulation of  gene expression underlying the 
hair follicle cycle. Kuang et al. (2019) performed 
a comprehensive analysis of  lncRNA and circR-
NA profiles in rabbit embryos at different stages 
by whole-transcriptome sequencing and identi-
fied several candidate lncRNAs and circRNAs 
that may be indispensable for the morphogenesis 
and development of  rabbit embryos.

Rabbits and their wild relative counter-
parts (e.g. O. cuniculus algirus) have been exten-
sively used as models to study questions related 
to domestication (Carneiro et al., 2011, 2012, 
2014; Albert et al., 2012; Campos et al., 2012). 
Domesticated animals differ from their wild 
 relatives in appearance, physiology and behav-
iour and it is widely accepted that these differ-
ences are mostly genetically encoded (Carneiro 
et al., 2011; Albert et al., 2012). However, des-
pite the work of  Carneiro et  al. (2014), it is  
still unclear which genes contribute to these 
domestication traits and how changes in ex-
pression levels of  a set of  genes might lead to 
phenotypic changes observed during the do-
mestication process. RNA-seq has been used to 
perform a differential expression study where 
in frontal cortex brain gene expression was 
compared in four pairs of  domesticated and 
wild animals, including rabbits (Albert et  al., 
2012). The overall results pointed out that gene 
expression differences observed that could cor-
relate with behavioural differences when do-
mestic are compared to wild animals within 
each species and unique to each domestication 
event, suggesting that domestication has pro-
ceeded through different genetic routes in dif-
ferent species. Moreover, this study raised an 
interesting open question aiming to under-
stand if  the genetic variants that cause similar 
traits in different domestication events are, 
similarly, species-specific.
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Induced pluripotent stem cells (iPSCs) and 
embryonic stem cells (ESCs) are two types of  
pluripotent stem cells that have the capacity to 
divide indefinitely and to differentiate into all 
somatic cells and tissue lines (Saha and Jaenisch, 
2009). Pluripotent stem cells hold promises for 
biomedical research and medical applications in-
cluding stem cell biology, regenerative medicine 
and therapeutics (Saha and Jaenisch, 2009; Bai 
et al., 2013). Several putative rabbit ESCs and iP-
SCs have been established which constitute a 
promise for translational biomedical research, 
due to phylogenetic proximity to primates (Tan-
cos et al., 2012; Osteil et al., 2016). Rabbit iPSC 
technology offers a unique tool for deriving spe-
cific stem cells to study disease, developing pos-
sible treatments for degenerative disorders, drug 
screening, toxicology testing, and for generating 
knockout or transgenic animal models for some 
human diseases (Tancos et  al., 2012). RNA-seq 
approaches still encloses myriad unexploited op-
portunities to support the above-mentioned as-
pects but also to go deeper into the molecular and 
functional features of  iPSC in rabbits (Osteil et al., 
2013; Tapponier et  al., 2018). One challenging 
way might be related to the post-transcriptional 
regulation cell reprogramming by miRNA medi-
ated modulation.

This section aimed to provide one overview 
about new opportunities opened by NGS, espe-
cially the application of  RNA-Seq to take advan-
tage of  rabbit genomic and genetic resources. Some 
applications and putative challenges in transla-
tional biomedical research were emphasized. 
Microarray have dominated rabbit transcriptome 
profiling and differential gene expression-based 
studies till the last years. Nevertheless, the in-
creasing public information available in the 
NCBI Sequence Read Archive database for Oryc-
tolagus cuniculus allow us to anticipate that NGS 
based studies addressing topics like rabbit em-
bryogenesis and other fundamental biological 
aspects in this species will be the matter of  in-
tense analyses and exploitation.

14.3 Proteomics

Every biological study will have one or more of  the 
following objectives: (i) to characterize a biological 
system (or set of  systems); (ii) to understand 

how the biological system works; (iii) to under-
stand how it is controlled; and (iv) to manipulate 
it for a variety of  purposes. To achieve these ob-
jectives, it is vital to understand that from DNA 
strands and genes to actual protein synthesis 
and phenotypes, numerous levels of  biological 
information may be present: from DNA to RNA 
to proteins to metabolisms to tissues, organs, in-
dividuals and populations. If  we consider a 
mammalian organism as having a total of  3 × 
104 genes, we realize that the number of  tran-
scripts and proteins it generates is much higher 
(1-2 × 105 mRNAs and proteins). The number is 
further increased if  we consider the number of  
post-translational modifications (PTMs) such 
proteins may present: 2 × 106. As such, it is quite 
clear that, in order to understand the mechan-
isms behind a biological phenomenon, it is vital 
to understand the proteins that are involved in 
it. The proteome may be defined as the proteins 
present in a given cell, fluid, tissue, organ, or-
ganism or population. Therefore, the study of  
the proteome can be defined as the description 
and explanation of  quantitative and qualitative 
changes that occur in it as a consequence of  a 
certain stimulus. The science that studies the 
proteome is termed proteomics. In this section 
we will present the major features of  proteomics 
methodologies and techniques, in an introduc-
tory fashion. We will subsequently focus on the 
application of  proteomics to a specific topic: skel-
etal muscle research.

14.3.1 Principles and methodologies in 
proteomics: a brief introduction

Two major trends are considered in proteomics: 
gel-based proteomics (GBP) and gel-free prote-
omics. A broader view on these trends is pre-
sented in Brewis and Brennan (2010). GBP is 
the oldest and most widely used method. It is 
based on the separation of  protein extracts 
(e.g. from a certain tissue or fluid) in an acryl-
amide gel. Generally speaking, three major types 
of  gels may be used in proteomics experiments: 
(i) one-dimensional electrophoresis (1DE); 
(ii)  two-dimensional electrophoresis (2DE); and 
(iii) Blue-Native (BN) poly-acrylamide gel- 
electrophoresis (PAGE). In 1DE, denatured pro-
tein extracts are separated according to their 
molecular mass on an acrylamide gel, whereas 
in 2DE, denatured proteins are first separated 
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according to their isoelectric point in a process 
termed isoelectric focusing and, secondly, separ-
ated according to their molecular weight in a 
process very similar to 1DE. In the third type, 
BN-PAGE, proteins are first extracted in their na-
tive form (no denaturing) and the complexes they 
form are then separated according to their molecu-
lar mass. This lane may then be cut and stripped 
from the gel. After a 90º rotation, it may fit in a 
standard SDS-PAGE gel where the separation of  
the proteins that make up a complex occurs.

On the initial stages of  proteomic studies, 
1DE was the method of  choice for protein separ-
ation. This resulted from the easy access to this 
technique by researchers that were familiar with 
it, particularly through the use of  Western Blot. 
Nevertheless, and given the large amount of  
proteins present in one proteome and that could 
overlap in the same gel band, 1DE was soon con-
sidered to be insufficient and was replaced by 
2DE. Two-dimensional electrophoresis is cur-
rently the most widely used gel-based method for 
protein separation and has become very stand-
ardized over the last 20 years as equipment and 
consumables to conduct the first-dimension 
electrophoresis have become available from sev-
eral commercial companies. Initially, 2DE gels 
were single-stained with silver nitrate (SS). This 
compound has severe problems of  compatibility 
with mass spectrometry and also a low dynamic 
range that renders spot quantification extremely 
difficult. For these reasons, SS was quickly re-
placed by Coomassie blue staining, in particular 
by the so-called Colloidal Coomassie that avoided 
the above-mentioned problems. Presently, there 
are numerous commercial single-staining pro-
cedures available for 2DE that may include the 
detection of  phosphorylated proteins as well as 
other PTMs. Nevertheless, single-stained 2DE 
has one important drawback as the electrophor-
esis patterns change considerably from one elec-
trophoretic run to the other, among numerous 
other factors (Miller, 2012). To circumvent this 
problem, researchers have turned to Differential 
In Gel Electrophoresis or DIGE (Timms and 
Cramer, 2008). In DIGE, two samples can be 
loaded in one 2DE gel, each of  them stained with 
a different dye that can only be read at a particu-
lar wavelength. A third dye, read at a third differ-
ent wavelength, is then used to stain a pool of  all 
the samples available in that study. The gel 
pattern obtained for the first two dyes is then 

compared with the latter. Albeit the fact that DIGE 
has the advantage of  bringing an extraordinary 
robustness and reproducibility to 2DE that is not 
possible with single staining, it has one major 
drawback: it is very expensive in consumables 
and apparatus needs and is not frequently avail-
able in most animal research institutes.

After protein separation, gels are then ana-
lysed using specific software that compares the 
gel patterns of  the different experimental 
groups. For further information on gel analysis 
software and their comparison, readers should 
refer for instance to the reviews by Marengo et al. 
(2008). These software tools typically align the 
gels with each other, so that protein spots in the 
different gels may have the same coordinates of  
spatial distribution. Software will then attribute 
a reference number to each spot and will calcu-
late the relative intensity (volume of  the spot div-
ided by the sum of  volumes of  all spots) for each 
spot. Most contemporary software includes stat-
istical packages that allow users to compare, for 
each spot, the average relative intensity for each 
spot in the experimental groups of  the analysis. 
The previously described process is generally 
used for single-staining gels, whereas in DIGE, as 
referred, the relative intensities of  each spot are 
compared to the pool pattern. In general, vendor 
companies have a different version of  the soft-
ware, according to the use of  DIGE or single 
stain. After gel analysis, researchers will have a 
list of  spots over-expressed or under-expressed 
that can be of  interest to the studied biological 
condition.

Proteins are then excised from the gel, 
digested with a protease, usually trypsin, and 
identified using Mass Spectrometry (MS), in 
which Matrix Assisted Lased Desorption Ioniza-
tion-Time Of  Flight/Time Of  Flight (MAL-
DI-TOF/TOF) is frequently the method of  choice. 
In MALDI-TOF, the peptide mixtures resulting 
from trypsin digestion are co-crystallized with a 
matrix (e.g. α-Cyano-4-hydroxycinnamic acid) 
in a MALDI target or plate. A laser beam then 
ionizes the mixture. Resulting ions are then 
transported across the time of  flight (TOF) tube 
until they reach a detector. The time ions take to 
travel through the TOF tube is dependent on 
their mass. When ions reach the detector, a mass 
spectrum is created that is composed of  several 
peaks with a relation of  the masses of  the 
peptides obtained through the tryptic digestion. 
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The obtained spectrum creates a list of  masses, 
each characteristic of  a certain peptide, which 
may then be compared to mass lists available in 
databases and resulting from the theoretical di-
gestion of  proteins with known sequences avail-
able in public databases, creating a putative 
identification. This analysis method is termed 
Peptide Mass Fingerprinting or PMF (Thiede et al., 
2005). Over the last 10 years, advances in mass 
spectrometry have also allowed researchers to 
sequence some of  the peptides, hence determin-
ing their amino acid sequencing, bringing 
higher confidence levels to the identification. 
Search programs finally provide, in the form of  a 
score and sequence coverage, a measure of  the 
reliability of  the identification.

Gel-based proteomics and, in particular, 
2DE, is considered to be the workhorse of  prote-
omics studies in farm animals, representing the 
vast majority of  proteomics research in farm- 
animal subjects. In fact, their relatively cheap 
prices and general availability of  electrophoresis 
equipment (with the exception of  the mass spec-
trometer, that tends to be only present in special-
ized platforms), makes this set of  techniques 
highly preferred by animal researchers. 2DE has 
therefore been considered to still have an im-
portant role to play in proteomics (Rogowska- 
Wrzesinska et al., 2013). Nevertheless, gel-based 
proteomics still has one major limitation, related 
to the fact that it is very difficult to locate in a gel 
low abundant, and membrane proteins. To get 
around this problem, Gel-free proteomics (also 
known as bottom-up proteomics or shotgun 
proteomics) has been gaining wide recognition 
during the last decade. In shotgun proteomics, 
the whole proteome is first digested with a prote-
ase such a trypsin that is subsequently separ-
ated, using Liquid Chromatography for instance. 
Finally, each peptide is quantified and identified 
using mass spectrometry. Shotgun proteomics 
relies chiefly on the identification of  unique 
peptides that are characteristic of  a particular 
protein. It is therefore heavily dependent on the 
accuracy and the annotation level of  the data-
base where searches are conducted. Shotgun 
proteomics has therefore a limited use in studies 
involving farm animals, rabbit included, as only 
cattle (Bos taurus), pig (Sus scrofa) and chicken 
(Gallus gallus) are considered to be sequenced or-
ganisms with rather complete annotated protein 
databases (Soares et al., 2012). Nevertheless, the 

research using this tool is increasing and will 
likely gain importance and become quite com-
mon in the years to come. In the following sec-
tion, we will present a specific case study where 
proteomics has been successfully applied: the 
rabbit skeletal muscle research.

14.3.2 Proteomics in rabbit skeletal 
muscle research

Similar to other species such as the pig (Almeida 
and Bendixen, 2012) that is a widely used 
animal in biological research as well as for meat 
production, the rabbit is one of  the most com-
monly studied species using proteomics. In fact, 
examples of  the application of  proteomics to rab-
bit research include, for instance, topics related 
to the respiratory system, eye research, body 
fluids and disease detection. Interestingly, it is in 
the context of  muscle research (skeletal and 
cardiac) that proteomics has known its higher 
development level in research using rabbits. For a 
complete detailed review on the uses of  prote-
omics in the rabbit species, readers are advised to 
refer to Miller et al. (2014). In this section, we will 
focus on the use of  proteomics in skeletal muscle 
research using the rabbit as a model.

To know the distribution of  protein spots 
within a two-dimensional electrophoresis gel is 
of  key importance, as it enables fellow researchers 
to assess and compare extraction protocols, as 
well as differences established as a consequence 
of  experimental procedures. This is generally re-
ferred to as mapping a proteome. Likewise, the 
characterization of  full proteomes using novel 
gel-free, high-throughput mass spectrometry 
equipment or de novo sequencing allows re-
searchers to obtain a full grasp of  the proteome 
of  a particular tissue or fluid. The bovine 
muscle proteome, for instance, has been exten-
sively studied (Bouley et al., 2004; Chaze et al., 
2006). Nevertheless, for the rabbit, little infor-
mation was available. The first reported 2DE 
mapping of  the rabbit skeletal (gastrocnemius) 
muscle proteome was conducted by Almeida 
et al. (2009). Authors identified a total of  45 dif-
ferent proteins and were further classified into 
major functional classes: contractile apparatus, 
cell structure, cell defence and metabolic. Struc-
tural proteins such as myosin heavy and light 
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chains or actin, and different isoforms repre-
sented the majority of  the mapped proteins. 
None the less, other relevant metabolic proteins, 
particularly those of  the glycolytic pathway 
(Almeida et  al., 2009), were equally mapped. 
Then, the sarcoplasmic reticulum of  rabbit skel-
etal muscle was also characterized (Staunton 
and Ohlendieck, 2012) using one-dimensional 
gradient gels and on-membrane digestion. Au-
thors identified over 30 different protein species, 
not frequently found in 2DE-based studies, such 
as key calcium-handling proteins like ryanodine 
receptor, Ca2+-ATPase, calsequestrin and sar-
calumenin. As already described by Almeida 
et al. (2009), aldolase and phosphofructokinase 
were present in the purified sarcoplasmic reticu-
lum, supporting the hypothesis of  a close phys-
ical coupling between the glycolytic pathway 
and the energy-dependent metabolism (Staun-
ton and Ohlendieck, 2012). More recently, Liu 
et al. (2013) used shotgun proteomics to charac-
terize the proteins from the sarcoplasmic reticu-
lum membrane fractions of  New Zealand white 
rabbit skeletal muscle. The authors identified 
nearly 500 proteins in this characterization ef-
fort, which was considered a major breakthrough 
(Almeida, 2013) in skeletal muscle proteome 
characterization and muscle contractibility, high-
lighting the promise of  shotgun proteomics by 
comparison to standard 2DE-based techniques.

The rabbit has also been used to determine 
breed differences and nutritional status based on 
protein expression in the gastrocnemius muscle. 
In a study on the effect of  weight loss on the 
proteomics profiles of  the gastrocnemius muscles 
(Almeida et  al., 2010), a 20% weight reduction 
was induced in New Zealand White, a selected 
meat producer (Oryctolagus cuniculus cuniculus), 
and in the Iberian wild rabbit (Oryctolagus cunicu-
lus algirus). Using 2DE/MS, differential protein 
expression between control (ad libitum) and 
 restricted diet experimental rabbit groups was 
related to spots belonging to several energy metab-
olism enzymes, as well as structural proteins. The 
authors determined several putative candidates of  
tolerance to weight loss markers and proposed 
their use as a selection tool in rabbit, as well as for 
other species breeding. Additionally, a spot identi-
fied as mitochondrial import stimulation factor 
seems of  capital interest as a marker of  undernu-
trition and a possible object of  further studies aim-
ing to better understand its physiological role.

Proteomics was also used in the functional 
characterization of  specific states, such as the 
study of  muscle contractility as inhibited by oxi-
dation using hydrogen peroxide on purified my-
osin from the psoas muscle fibres (Prochniewicz 
et al., 2008). These authors established that 5 mM 
hydrogen peroxide decreases fibre contractility 
without changing the enzymatic activity of  
myofibrils and myosin, while a 50 mM concen-
tration had deep and irreversible inhibitory ef-
fects on fibre contractility. Mass spectrometric 
analysis established that the oxidative modifica-
tions had an effect on multiple methionine res-
idues in the myosin light and heavy chains, sug-
gesting an unknown role for methionines in 
muscle contractility (Prochiniewicz et al., 2008). 
Muscle contractility is affected by specific condi-
tions and particularly neuromuscular activity, 
disorders or ageing. Donoghue et al. (2007) used 
DIGE to study the effects of  chronic low-frequency 
stimulation of  the rabbit tibialis anterior muscle, 
a model for the study of  the response of  fast 
fibres to enhanced neuromuscular activity 
under conditions of  maximum activation. The 
authors compared un-stimulated control speci-
mens to 14- and 60-day conditioned muscles. 
Different expression was recorded for a total of  
41 proteins. Differential expression was particu-
larly noteworthy on contractile, ion homeosta-
sis, excitation-contraction coupling, metabolism 
and stress-response proteins. Results established 
two markers of  muscle stimulation: cofilin-2 
and transgelin (Donoghue et al., 2007). More re-
cently, the same research group used rabbit 
muscle proteomics to study dystrophinopathy, a 
form of  muscle dystrophy (Lewis and Ohlendiek, 
2010). In this study, proteins under-represented 
in classic two-dimensional electrophoresis due 
to their low molecular weight and membrane as-
sociation and a 427 kDa cytoskeletal dystrophin, 
a protein associated to a glycoprotein complex 
and known to be affected by muscular dystrophy 
was highlighted. Using on-membrane digestion 
of  one-dimensional blots of  the sarcolemma en-
riched fraction, dystrophin isoform Dp427 and 
associated glycoproteins as well as sarcolemmal 
dysferlin were successfully identified, demon-
strating the potential of  this technique to study 
membrane associated proteins (Lewis and 
Ohlendiek, 2010).

The above-mentioned case study clearly 
shows the importance and potential of  proteomics 
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techniques to understand the biochemical 
mechanisms behind any biological system func-
tion. It also reveals that, concerning the rabbit 
species, the use of  proteomics tools is still very 
incipient. Two keys point in addressing this issue 
seems to be, on the one hand, the finalization of  
the rabbit genome sequencing and, on the other 
hand – for rabbit researchers, both from the pro-
ductive or the biomedical perspective – to have 
access to proteomics and mass spectrometry 
platforms, services and means that will enable 
and increase the amount of  knowledge gener-
ated from this species.

14.4 Metabolomics

The term metabolomics is widely used in the lit-
erature to describe the study of  the low molecu-
lar weight compounds (MW < 1.500 Da) in a 
biological system (German et al., 2005; Bernini 
et al., 2011). It started appearing in literature in 
the late 1990s (Oliver et  al., 1998; Hunter, 
2009), along with transcriptomics and prote-
omics; however, studies of  metabolites and me-
tabolism were being reported from the 1960s 
(Hunter, 2009). The number of  metabolom-
ics-based studies continues to increase, either as 
methodology development or in other specific 
applications, rendering it a useful approach to 
study the metabolome of  several organisms 
(Nagana Gowda and Raftery, 2015). The metab-
olome, defined as the total set of  metabolites pre-
sent in a given cell or tissue of  an organism, is a 
complex mixture whose composition is directly 
related to both intrinsic and extrinsic factors. 
Metabolome directly reflects not only the under-
lying biochemical processes at the transcriptome, 
proteome and genome levels, but also environ-
mental factors (Nicholson and Wilson, 2003). 
The metabolite profile present in a biological 
sample provides a snapshot of  its physiological 
state at the sampling (or sample quenching) 
moment (Nagana Gowda and Raftery, 2015; 
Markley et al., 2017).

The most widely used techniques in metab-
olomics are Nuclear Magnetic Resonance (NMR) 
and Mass Spectrometry (MS) coupled to Gas 
Chromatography (GC) or Liquid Chromatog-
raphy (LC) (Griffin, 2004). Methodology selection 
depends on the purpose and the requirements of  

the intended studies, which can demand either 
quantitative or qualitative information. Given 
the complexity and the large amount of  compounds 
in some samples, the use of  both methods is re-
quired (Griffin, 2004). The concentration and 
chemical properties of  the metabolites of  inter-
est can also determine the technique selection.

Regardless of  the chosen technique, sample 
preparation and handling is a key step in the 
entire process. The metabolome of  diverse sam-
ples of  an organism, either a tissue or biofluid, 
require specific procedures for collection, hand-
ling and preparation. It is known that different 
protocols for sample collection, preparation 
(such as filtration, tissue extraction and centri-
fugation) and storage (freezing) can significantly 
affect the sample composition and lead to differ-
ent results, affecting the reproducibility, reso-
lution and further correlation with proteomics 
and transcriptomics data (Macomber, 1998; 
Martinez et al., 2005; Bernini et al., 2011). Thus, 
strict reproducible and robust protocols should 
be established. Furthermore, the subsequent 
statistical analysis requires that all spectra are 
obtained and processed by identical protocols 
(Moestue et al., 2011).

MS determines the mass/charge ratio of  
ions in a sample and plots it as a mass spectrum. 
The output expresses the intensity as a function 
of  the mass/charge ratio. MS is more sensitive 
than NMR, although its reproducibility is in 
some way lower. It detects the molecular mass of  
compounds often with isotopic resolution that 
can reveal their elemental composition. How-
ever, it is not ideally suited for the direct analysis 
of  mixtures and thus it is commonly coupled 
with chromatographic techniques, such as LC 
and GC for the pre-separation of  analytes. These 
chromatographic techniques are, in general, 
only suitable for specific classes of  compounds 
and thus cannot always provide a complete de-
scription of  the mixture under analysis. In add-
ition, MS analysis requires sample preparation 
and thus could be time-consuming and often 
has issues in direct quantification of  compounds 
(Griffin, 2004). MS is also sample-destructive, 
preventing further analyses by other methods.

NMR technique exploits the magnetic prop-
erties of  specific atom nuclei to determine the 
physical and chemical attributes of  atoms or 
molecules. NMR is less sensitive than MS but is 
more versatile, and due to its high spectral 
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resolution it allows, simultaneously, to identify 
and quantify several small molecules in a mix-
ture. Its low sensitivity has been countered at the 
instrumental level with the development of  
spectrometers with higher magnetic fields and 
cryoprobes, which can enhance the NMR dy-
namic range, increasing the detection limits to 
the nanomolar range. NMR has the advantages 
of  requiring little sample preparation and spec-
tra acquisition can be fully automated with a 
high degree of  reproducibility (Griffin, 2004).

NMR can be applied for tissues extracts 
(Serkova et al., 2007; Mannina et al., 2008; Qwele 
et  al., 2013), either liquid, solid (Macomber, 
1998) or viscous samples (Jiménez et al., 2013), 
intact tissues (Tilgner et  al., 2019) or to the 
whole living organism (Blaise, 2009). Liquid 
samples, including urine, plasma (Bernini et al., 
2011), cerebrospinal fluid (Wevers et al., 1995) 
and saliva (Santone et  al., 2014) are the most 
common types of  samples since they require 
little processing and are commonly collected for 
medical/analytical purposes. Intact tissues, such 
as muscle (Nestor et al., 2010), fat (Millis et al., 
1997), skin (Lucas et  al., 2005) and other or-
gans (Barba et al., 2007; Merrifield et al., 2011) 
can be analysed without any pre-treatment 
resorting to High Resolution-Magic Angle 
Spinning (HR-MAS) NMR (Moestue et al., 2011). 
Biopsy samples can be analysed within a few 
minutes after collection and contribute to quick-
er and reliable diagnoses, and to adequate med-
ical treatments assignment (Ben Sellem et  al., 
2011; Kumar et  al., 2015; Rezig et  al., 2018). 
Besides this advantage, when compared with 
other NMR tools that require previous tissue 
extractions (Cheng et al., 1998; Griffin, 2004), 
HR-MAS also allows the identification of  mol-
ecules with different physical properties and 
changes in cytosolic composition, whereas the 
extraction procedures imply a separation of  
the sample constituents (Griffin, 2004). These 
methodologies, that detect simultaneously a 
large number of  metabolites, are useful to estab-
lish molecular biomarkers for specific physio-
logical conditions, such as diseases (Zhang et al., 
2013; Cui et al., 2017; Yilmaz et al., 2017; Serk-
ova et  al., 2019). In particular, metabolomic 
studies have been shown to be more effective in 
distinguishing different samples than the gen-
omic and proteomic studies (Griffin, 2004; Serk-
ova et  al., 2007). This is explained by the fact 

that metabolic fluxes in given pathways are the 
result of  multiple steps of  upstream regulation 
both at the proteomic and the transcriptomic level 
and the resulting metabolite composition is char-
acteristic of  the integral biological system at a given 
condition (Griffin, 2004; Moesture et al., 2011).

Metabolomics studies have some con-
straints to study the inherent dynamic nature of  
the systems that leads to constant variability. 
These fluctuations can derive from fluxes in re-
sponse to stimuli, variations of  environmental 
factors including diet and drug administration, 
and in the case of  multicellular systems, cells’ 
specific composition, among others. Such infor-
mation can be accessed by more specific meth-
odologies, albeit with reduced sensitivity, than 
the methods that directly probe metabolite con-
centrations (Griffin, 2004). Metabolic fluxes can 
be studied by deuterium (2H) NMR and carbon 
(13C) NMR techniques that allow following la-
belled compound and assess changes in specific 
metabolic pathways (de Graaf  et  al., 2003; Pi-
chumani et al., 2016; Silva et al., 2019).

Nevertheless, it should be noted that the 
complete assignment of  a metabolome is virtu-
ally impossible, especially for less abundant com-
pounds and unstable or transient metabolites 
(reaction intermediates). In such cases, specially 
designed experiments have to be devised for their 
detection (Serkova et al., 2007; Mannina et al., 
2008; Bernini et al., 2011; Qwele et al., 2013). 
Ultimately it is the sensitivity and the resolving 
capacity of  the combined methods that define the 
number of  observable molecules (Griffin, 2004).

Regardless of  the selected technique, me-
tabolomic studies provide information on the 
concentration and structure of  multiple metab-
olites that require additional processing and 
interpretation (Nicholson and Wilson, 2003; 
Beckonert et  al., 2007). Acquired spectra need 
processing to extract the workable information 
to be further interpreted. Data analysis can be 
performed following two main approaches that 
can be applied alone or in a complementary way.

The Untargeted or Chemometric Analysis 
bypasses the need for the previous identification 
of  the metabolites and instead attempts to ana-
lyse differences in a spectra set. The spectra are 
divided into a number of  sections called ‘bins’ or 
‘buckets’ and the area under the spectrum line is 
determined in each bin, for all the spectra under 
analysis. The area of  each bin is then compared 
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with the corresponding ones from all the spectra 
set. The sample clustering can then be assessed 
by Multivariate Statistical Analysis, from which 
the most common models are Principal Compo-
nent Analysis (PCA), Partial Least-Squares Dis-
criminant Analysis (PLS-DA), and Orthogonal 
Projections to Latent Structures (OPLS). PCA is 
an unsupervised analysis and gives information 
about the general sample clustering and helps 
identification of  outliers. PLS and OPLS are 
supervised analyses and could be used to identify 
the features (variables important in projection) 
responsible for the groups’ separation (Moestue 
et al., 2011).

The Targeted or Profiling Approach resorts 
to the identification and quantification of  the 
metabolites present in a sample. Metabolite iden-
tification is based on a series of  NMR experiments 
traditionally used for compound structure identi-
fication in organic chemistry (Beckonert et  al., 
2007). The most common metabolites are 
already extensively listed in literature and 
databases such as the the Human Metabolome 
Database (HMDB) that can be queried to assist 
compound identification. Metabolite identifica-
tion can also be semi-automatically addressed 
using specific commercial software or open- 
access online platforms. The list of  identified 
compounds with their respective concentration 
can then be analysed using Univariate Analysis 
and/or Multivariate Analysis.

NMR-Metabolomics constitutes a powerful 
approach to identify the small molecules present 
in most of  the biological system and organisms. 
Few studies on rabbit metabolomics have been 
developed, and in all of  them rabbit is used as a 
model organism for specific pathologies (Tessem 
et al., 2005, 2006; van Vliet et al., 2013; Ibarra 
et  al., 2014; Andreadou et  al., 2015; Shi et  al., 
2015; Zelentsova et al., 2016; Locci et al., 2019). 
These studies highlighted the importance of  
the rabbit as a model, especially for studies on 
human diseases (Mapara et al., 2012). However, 
these investigations pointed out the potential of  
this approach to investigate rabbit metabolome 
per se. Rabbits had also been frequently used as 
a model in Magnetic Resonance Imaging (MRI) 
studies (Li et  al., 2012; Illa et  al., 2013; Wei 
et  al., 2013; Yan et  al., 2013; Zhang et  al., 
2013) and Magnetic Resonance Angiography 
(MRA) (Damianou et al., 2014), which are not 
covered in this chapter.

Metabolomics offers a very powerful tool for 
the study of  various species, and when com-
bined with proteomics and transcriptomics, it 
has the potential to answer many fundamental 
questions on animal physiology (Griffin and 
Shockcor, 2004).

14.5 Conclusion

The so-called post-genomic tools (i.e. transcrip-
tomics, proteomics and metabolomics) are be-
coming increasingly popular and disseminated 
across various areas of  research. They are gener-
ating knowledge on a growing number of  genes, 
proteins and metabolites that are relevant to 
understanding pathways of  considerable import-
ance to the development of  sciences such as nu-
trition, reproduction, embryology, physiology, 
vaccine development, as well as animal produc-
tion and food security. The integration of  data 
from these three different omics with previous 
knowledge, integrating the information at the 
whole organism level, will necessarily have strong 
implications on health, disease and production, 
affecting all domestic animal species. The rabbit, 
being a species with a multi-importance, e.g. for 
production and as experimental model, will ne-
cessarily be in the forefront of  the development of  
these sciences, with ultimate benefits to the soci-
ety itself. To achieve such an objective, it will be 
necessary for rabbit researchers to reinforce or 
gain access to state-of-the-art, high-throughput 
omics platforms and means, which are seldom 
available. With this chapter we have transmitted 
the basics of  the principles behind these tech-
niques, as well as their advantages and draw-
backs when specifically applied to this species. We 
hope therefore that it will become an incentive for 
animal scientists to become increasingly aware of  
the advantages and possibilities of  omics in the 
context of  rabbit research to complement genet-
ics in this species.
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Institute, Gödöllő, Hungary; 2Department of Biochemistry and Biotechnology, Faculty of 
Biotechnology and Food Sciences, Slovak University of Agriculture in Nitra, Slovak 
Republic; 3NPPC—Research Institute for Animal Production Nitra, Lužianky, Slovak 
Republic; 4Department of Internal Medicine I, Innsbruck Medical University, Austria

15.1 Introduction

A transgenic/gene-targeted rabbit is one animal 
whose genome has been altered artificially (i) to 
introduce a mutation in a given gene, (ii) to alter 
one or more gene’s expression pattern, or (iii) to 
modify the abundance of  the target gene. The ul-
timate aim of  these genetic modifications is to pro-
duce a desired phenotype, which does not exist in 
the naturally occurring breeds or populations. 
Prior to the current revolution in applied molecu-
lar genetics, the only practical method for study-
ing the regulation and function of  mammalian 
genes was to use spontaneous mutants. To reveal 
the genetic basis of  the mutation, the animals had 
to transmit an observable trait to offspring. 
Successful attempts were made to isolate genetic 
defects on a different genomic background by per-
forming congenic breeding experiments. The 
major problem with this method of  genetic evalu-
ation is that, along with the gene(s) of  interest, a 
large amount of  DNA flanking the mutant genetic 
locus is invariably transferred from animal to ani-
mal during meiotic recombination.

The first and, for a long time, the only avail-
able method to introduce exogenous recombinant 
DNA in rabbits was the pronuclear microinjection 
into the one-cell embryo. The efficiency of  the 

 pronucleus microinjection was and stayed very 
low. However, our ability to produce transgenic 
rabbits with increased efficiency has been im-
proved dramatically during the last five years, 
through transfer of  emerging new technologies es-
tablished in laboratory mice. However, transfer to 
rabbit in some cases was not without difficulties. 
Numerous milestones have been achieved in the 
development of  methods capable of  producing 
transgenic rabbits (Table 15.1). Here we describe in 
detail the different approaches that have been used 
to produce transgenic and gene-targeted rabbits 
and analyse their potential for future applications.

15.2 Pronucleus Microinjection

Artificial gene transfer is a form of  genetic engin-
eering. Genetic engineering, recombinant DNA 
technology, genetic modification/manipulation 
(GM) and gene splicing are terms that are applied 
to the manipulation of  genes, generally implying 
that the process is outside the organism’s natural 
reproductive process. It involves the isolation, 
manipulation and reintroduction of  DNA into 
cells or model organisms, usually to express, as 
well as to enhance or inhibit, expression of  a 
protein. Gene transfer involves two distinctly 
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separate processes. The first step in the process 
must provide a mechanism by which genetic 
 information can be transported from extracellu-
lar space, across biological membranes, and into 
the nucleus so that the incoming genetic infor-
mation comingles with the genome of  the target 
organism. The second step in the process affords 
a means for the new genetic information to be-
come part of  the target genome.

The mutual contributions of  developmen-
tal biology and genetic engineering permitted 
the developments of  techniques for the creation 
of  transgenic animals. DNA microinjection was 
the first successful technique in laboratory 
mouse (Gordon and Ruddle, 1981) and then to 
various other species such as rats, rabbits, sheep, 
pigs, birds and fish. Since 1981, when the term 
transgenic was introduced, there have been 
rapid developments in the use of  genetically en-
gineered animals derived by the increasing num-
ber of  applications of  this technology.

Gene transfer can be realized through:

(a) the fertilized eggs and embryos;
(b) the germ cells (sperms and oocytes);
(c) the gonads (ovary and testis); and
(d) the somatic cells.

This method involves the direct microinjec-
tion of  a chosen gene construct (plasmid-based 
or artificial chromosome-type transgene) from 
another member of  the same species or from a 
different species, into the pronucleus of  a fertil-
ized ovum. It is one of  the first methods that 
proved to be effective in mammals. Microinjec-
tion in mice and rabbit one-cell embryos is rela-
tively simple, thanks to the visible pronucleus 

(Fig.  15.1A). The total volume of  the micro-
injected DNA is about 1–2 pL, which at a con-
centration of  1–2 ng/μL represents around 
200–400 copies of  DNA, depending on the type 
of  gene construct. The fertilized oocytes are fixed 
on one side with the help of  a holder pipette and 
are microinjected from the other end with the 
help of  the microinjection capillary filled with 
the transgene solution using automatic or man-
ual microinjector (Fig. 15.1B). The microinjec-
tion of  the transgene solution results in a visible 
increase in the volume of  the injected pro-
nucleus (Fig.  15.1C). After microinjection and 
in vitro embryo culture, the viable embryos are 
transferred to the oviduct of  recipient  females, 

Table 15.1. A timeline of the significant achievements leading to the ability to produce transgenic and 
gene-targeted rabbits.

Milestones References

Transgenic rabbit via pronuclear microinjection Hammer et al. (1985)
Cloned rabbit from embryonic cells Stice and Robl (1988)
Live rabbit from intracytoplasmic injection Deng and Yang (2001)
Cloned rabbit from adult cumulus/fibroblast cells Chesne et al. (2002); Li et al. (2006)
Artificial chromosome-type transgenesis in rabbit Brem et al. (1996)
Transgenic rabbit with lentiviral transduction Hiripi et al. (2010)
Gene-deleted rabbit with ZFN nuclease Flisikowska et al. (2011)
Transposon-mediated transgenesis in rabbit Katter et al. (2013)
Targeted gene deletion and knock-in with TALEN nuclease in rabbit Song et al. (2013); Song et al. (2016)
Gene deletion and targeted mutations in rabbits by CRISPR/Cas9 Yang et al. (2014); Song et al. (2018)

A

D

B C

Fig. 15.1. Pronucleus microinjection and endoscopic 
embryo transfer: A–C: phases of pronucleus 
microinjection; D: embryo transfer with endoscopic 
method.
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which were made pseudo-pregnant with hormo-
nal treatment or by mating with vasectomized 
males. The integration of  DNA is, however, a 
random process: the transgene copies integrate 
in tandem and neither the transgene copy num-
ber nor the integration site could be planned. 
Therefore, the plasmid-based transgenes with 
some probability became either silenced or show 
ectopic, unwanted expression patterns.

The first transgenic rabbit line was estab-
lished in 1985 (Hammer et al., 1985). In this pion-
eering experiment a well-characterized transgene 
(the human growth hormone gene under the 
mouse metallothionein I promoter) was micro-
injected into rabbit zygotes. Successful integra-
tion and expression were reported in rabbits, 
sheep and pigs. The pronucleus microinjection 
technology in rabbits is very similar to that in 
mouse with slight modifications. Rabbit zygotes 
are different in size so holder capillaries should 
also be different. Rabbit embryos produce a spe-
cial mucoprotein coat on the zona pellucida 
(Fig. 15.1A–C). This layer is very important for 
implantation of  rabbit embryos in the uterus. 
Although successful transfer of  in vitro cultured 
blastocyst stage embryos was reported (Jin et al., 
2000), only a short culturing period is recom-
mended for transgenic rabbit programmes. Most 
laboratories use a surgical method (Yang and 
Foote, 1990), but the endoscopic system is also 
an effective fast way for rabbit embryo transfer 
(Fig. 15.1D) (Besenfelder and Brem, 1993). The 
microinjection method has been improved and 
refined, but its efficiency is still about 1–3 (up to 
10)%. It means that 100 microinjected zygotes 
result in average 1–3 founder rabbits. It is pos-
sible to double the efficiency by microinjection 
into both nuclei (Chrenek et al., 2005), but this 
technique requires very well trained professional 
micromanipulators.

The specific feature of  rabbit transgenesis is 
the high proportion of  mosaic founders. Mosai-
cism is common in transgenic animals when for-
eign DNA is integrated into the chromosomal 
environment after the first division of  the zygote. 
Rabbit embryos undergo a rapid series of  cell div-
ision between two-cell stage and morula stage 
(Sultana et  al., 2009), when integration oc-
curred in later stages, it resulted 30% mosaic 
founders (Castro et al., 1999). Fortunately, this 
phenomenon did not cause any problem in 
germline transmission of  the transgene.

Rabbit was also used for different sperm- 
mediated gene transfer trials in the past. The first 
live young from intracytoplasmic sperm injec-
tions were born in 2001 (Deng and Yang, 2001). 
In another study, rabbit sperm cells were treated 
by freezing without cryoprotectants, and their 
ability for DNA uptake was determined, resulting 
in genetically modified rabbit blastocysts; how-
ever, transgenic rabbits and the inheritance of  
transgene expression has not been reported (Li 
et  al., 2010). Beyond that, the intracytoplasmic 
sperm injection requires a highly sophisticated 
microinjection system, which restricts its wide-
spread application.

Transgenic rabbits produced by pronuclear 
microinjection are valuable animal models for 
human diseases (see Chapter 18).

Monoclonal antibodies from rabbits could not 
be generated, because a plasmacytoma cell line as  
a fusion partner was not available. To obtain this 
rabbit cell line, transgenic rabbits were generated 
carrying two transgenes, c-myc and v-abl (Spieker- 
Polet et  al., 1995). Since then, producing rabbit 
monoclonal antibodies became a successful business.

Transgenic animals can be used to produce 
pharmaceuticals in large amounts. Mostly mam-
mary gland serves as bioreactor. Transgenic rabbit 
is a good alternative to larger livestock animals to 
produce protein in their milk. Detailed description 
of  transgenic rabbits as bioreactors was published 
in 2013 (Wang et al., 2013). The most successful 
story on this field is Ruconest® (Europe), Rhucin® 
(USA), which is a human recombinant protein 
produced by the Pharming Group. This recombin-
ant human C1 inhibitor is on the market in Europe 
and in the USA. It is the second milk-derived recom-
binant protein, which reached the market. This 
product is manufactured in a transgenic rabbit 
platform for treatment of  hereditary angioedema 
(www.pharming.com, accessed 6 March 2021). 
The most recent transgenic technologies like 
transposon-mediated transgenesis and DNA nu-
clease technologies are also based on pronuclear 
microinjection, so the renaissance of  the first suc-
cessful transgenic method has come through.

15.3 Artificial Chromosome-type 
Transgenesis

Traditional pronuclear microinjection is mostly 
used for the analysis of  dominant gain-of-function 
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mutations. Usually a transgene expression 
cassette harbours the gene of  interest (in most 
cases cDNA) under the control of  an artificial or 
tissue-specific promoter. To ensure the desired 
expression level, other regulatory regions are 
commonly used (homologous or heterologous in-
trons, insulator sequences etc.). There are limita-
tions in this traditional transgenic strategy. 
Plasmid vector has about 20 kb capacity for DNA 
cargo. For important gene regulatory elements 
such as enhancers, suppressors cannot be al-
ways fitted into the transgenic cassettes perfectly. 
Due to positional effects of  transgene integra-
tions and the lack of  some regulatory elements, 
transgene expression may not be accurately 
simulated in a spatial and temporal manner of  
the endogenous gene. On the other hand, alter-
native splicing events are not appearing with 
traditional cDNA transgenic methods.

To prevent the limitations of  the transgene cas-
sette method, artificial chromosome-mediated 
transgenesis was developed and applied in trans-
genic animals. The most commonly used vectors 
are BAC- (bacterial artificial chromosome) or YAC-
based (yeast artificial chromosome) but artificial 
mammalian minichromosomes are also possible 
to deliver (Co et al., 2000). The first YAC transgenic 
mice were produced in 1992 (Schedl et al., 1992). 
BAC transgenic mouse lines were established in 
1997 (Yang et al., 1997). Compared to the trad-
itional method, BACs have up to 400 kb capacity 
while YACs can carry up to 1 Mb inserts. This cap-
acity is usually enough for most mammalian genes 
to contain the most important 5’ and 3’ regulatory 
elements which can warrant the precise transgene 
expression levels in a copy number-dependent way. 
Latest results show that gene expression levels are 
also regulated by very far elements (ENCODE Pro-
ject Consortium, 2004) but usually these elements 
play important roles in fine tuning of  gene expres-
sion. Expression from an artificial chromo-
some-type transgene recapitulates the endogenous 
gene, including tissue specificity, alternative spli-
cing, cell cycle and mRNA regulation by miRNAs. 
Unfortunately, on average, 100–300 kb genomic 
regions may contain other genes, which could 
interfere with the planned experiment.

BAC and YAC libraries are opened and 
offered widely. A BAC library from the rabbit is 
publicly available for the academic scientific 
community on a cost-recovery basis from the 
BACPAC Resources Center at the Children’s 
 Hospital of  Oakland Research Institute (http://

bacpac.chori.org/rabbit, accessed 19 January 
2021). BAC recombineering kits are also avail-
able to make any modifications (insertions, dele-
tions) easily and rapidly. Commercially available 
kits are based on λ-mediated Red/ET recombin-
ation (http://www.genebridges.com/, accessed 
19 January 2021). The first artificial chromo-
some-based transgenic rabbit was produced in 
1996 (Brem et  al., 1996). A YAC clone was 
microinjected and resulted in transgenic rabbits 
with a 250 kb long mouse tyrosinase gene to res-
cue the albino phenotype. It was the first demon-
stration of  a large DNA insertion in farm 
animals, where the expression level of  the trans-
gene was as expected.

Transgenic rabbits expressing a high level 
of  apolipoprotein (a) and apolipoprotein B were 
also produced with a YAC vector (Rouy et  al., 
1998). These authors used a 270-kb YAC clone 
with the human apo (a) gene and a 90-kb P1 
phagemid clone containing the apolipoprotein B 
gene to express either one or both transgenes in 
rabbits as a model of  atherosclerosis and resten-
osis. Expression of  both transgenes was tis-
sue-specific in the liver.

A rabbit model of  progressive retinal degen-
eration, a disease affecting more than one mil-
lion people worldwide, was developed by Kondo 
et al. (2009). As a rabbit has large eyes and its 
eye anatomy and physiology is close to that of  
humans, it is an ideal animal model for studying 
eye diseases. Autosomal dominant mutations of  
rhodopsin gene are responsible for ~25–40% of  
progressive retinal degeneration cases. A BAC 
clone harbouring the rabbit rhodopsin gene was 
engineered to exchange Pro347 to Leu by Red/
ET recombination (a C-to-T transition in exon 5). 
The mutated BAC clone was microinjected and 
resulted in the first rabbit model of  progressive 
retinal degeneration. Those models are import-
ant in preclinical trials of  treatments including 
surgical procedures such as intraocular devices, 
subretinal injection of  genes for gene therapy, 
and implantation of  retinal prostheses.

BAC transgenic rabbits were created with 
augmented humoral immune response (Catun-
da Lemos et al., 2012). A transgenic rabbit with 
a 110 kb rabbit BAC clone was generated to 
overexpress the neonatal Fc receptor, which is 
the receptor for IgG molecules. The complex 
phenotype with the desired temporal and spatial 
expression levels could be achieved only by the 
use of  the artificial type transgenesis.
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Interestingly, in contrast to the conven-
tional speculations, which assume that trans-
genes are integrating as intact molecules into 
chromosomes, two recent experiments se-
quenced the genome of  transgenic mice and 
sheep with traditional transgenes (Chiang et al., 
2012) and a BAC transgenic mouse (Dubose 
et al., 2013). These studies showed that DNA in-
tegration can be a very complex phenomenon 
with complex rearrangements in the chromo-
somes of  the transgenic animals even using arti-
ficial chromosomes as transgenes. Therefore, it 
should be emphasized that microinjection of  
transgenes maintained in artificial chromo-
somes is technically demanding due to their 
large size and fragility. Deletions at both ends of  
the injected DNA or fragmentation might occur; 
therefore every individual transgene integration 
should be analysed rigorously.

15.4 Lentiviral Transgenesis

At the beginning of  the 21st century, the ultim-
ate transgenic technique was the lentiviral 
transgenesis. Lentiviral vectors have a capability 
to infect dividing and non-dividing cells with 
stable integration into the host genome. The 
most commonly used lentivirus vectors are de-
rived from human immunodeficiency virus 
(HIV). Besides HIV, other lentiviral vectors can 
be used to produce transgenic animals. Equine 
infectious anaemia virus derived vector (Whitel-
aw et al., 2004) was used to produce transgenic 
swine, while transgenic rhesus monkeys and ro-
dents (Whitelaw et  al., 2004; Niu et  al., 2010; 
Bender et  al., 2013) were created with Simian 
Immunodeficiency Virus (SIV). The HIV genome 
contains 9 open reading frames encoding 15 
proteins and further cis-acting elements required 
for the viral life cycle. For biosafety reasons, 
third-generation lentiviral vectors harbour only 
genes and cis-acting sequences which are re-
quired for particle production infection and inte-
gration. Generally, the lentiviral system consists 
of  three or four vectors. A transfer vector with 
the gene of  interest driven by a promoter of  
choice in a lentiviral backbone is required for gen-
omic RNA production and packaging. This vec-
tor contains a woodchuck hepatitis virus 
posttranslational regulatory element (WPRE)  to 
enhance transgene expression and a central 

polypurine tract which is important for nuclear 
transfer. The packaging vector system provides 
trans-acting factors like Gag-pol, Rev (integrase, 
reverse transcriptase) and envelope protein usu-
ally originated from Vesicular Stomatitis Virus 
(VSV-G). To further increase the safety, a deleted 
3’ long terminal repeat (LTR) is used resulting in 
replication defective particles. The vector system 
mentioned before is being transfected into 293T 
human kidney cell line, which produces lentivi-
ral particles. For successful transgenesis at least 
108 infectious units per mL should be used. Len-
tiviral vectors are usually delivered into the 
perivitelline space of  zygotes or oocytes (Pfeifer, 
2006).

Lentiviral transgenesis has some practical 
disadvantages. Its maximal cargo capacity is 
about 10 kb, which is not necessarily enough 
when special expression profiles are required or 
when only genomic constructs are planned to be 
used. Of  note, the lentiviral transgenesis, espe-
cially if  the concentration of  the injected viral 
stock is high, might result in multiple integra-
tion events (Ritchie et al., 2009). Since lentiviral 
transduction results are of  one transgene copy 
integrated in each integration site, in case of  
more than one integrated transgene copy, they 
are inherited independently from each other on 
the different chromosomes. This phenomenon is 
aggravating to establish well-characterized 
transgenic lines and probably can cause un-
wanted effects like oncogene activation or inser-
tional mutagenesis. An additional problem is 
gene silencing of  the transgene which is caused 
by DNA methylation due to the presence of  se-
quences with viral origin (Hofmann et al., 2006). 
High frequency of  mosaicism in founder ani-
mals was also reported.

Contrary to the successful application of  
lentiviral transgenesis in different livestock spe-
cies (Hofmann et  al., 2004; Whitelaw et  al., 
2004; Cornetta et al., 2013), this method turned 
out to be inefficient in rabbit. Only one published 
paper described the production of  transgenic 
rabbits using the Simian Immunodeficiency 
Virus (Hiripi et al., 2010). Green fluorescent pro-
tein as a reporter gene under the CAG promoter 
was delivered by perivitelline space microinjec-
tion into one-cell-stage rabbit zygotes (lentivirus 
integrates into the genome through its existing 
receptor on the zygote membrane; therefore it is 
enough to introduce the transgene solution 
under the zona pellucida, which is less harmful 
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to embryos than pronucleus microinjection). 
Among the 87 offspring in the F0 generation, 28 
were found to be transgenic by PCR and 18 ex-
pressed the transgene. Transgene expression 
was revealed in tissues derived from all three pri-
mary germ layers in all founders tested. This 
data seemed very promising; however, all foun-
ders showed mosaic expression of  the transgene. 
Astonishingly, germ-line transmission of  the 
transgene was very limited. Less than 1% of  F1 
generation expressed the transgene. Single-copy 
integration of  the transgene was most likely due 
to the low titer of  the SIV vector.

Similarities between human and rabbit em-
bryonal development and placentation made 
rabbit a popular model in pregnancy-related 
toxicological studies (Pentsuk and van der Laan, 
2009; Bourdon et al., 2018) and in revealing the 
effect of  maternal Diabetes mellitus on early em-
bryogenesis (Ramin et  al., 2010). Another study 
showed that the GFP reporter gene expression in 
an HIV-derived lentiviral construct was found in 
the placenta and yolk sac but foetuses never ex-
pressed the transgene (Skoda et al., 2017).

In conclusion, lentiviral transgenesis was 
demonstrated in rabbit and the direction of  its 
future application might be an HIV vector-based 
extraembryonic specific gene expression to cre-
ate human placentation defective models for 
translational studies.

15.5 Transposon-mediated 
 Transgenesis

In the last few years a promising alternative 
transgenic method has been developed based on 
DNA transposons. DNA transposons are mobile 
genetic elements which can integrate into the 
genome of  the host cell by a simple ‘cut-and-
paste’ mechanism. That is why DNA transposons 
became an alternative non-infectious gene- 
delivery machine. The newly developed trans-
poson vectors cut out the transgene of  interest 
flanked by inverted terminal repeats from the 
plasmid and integrate it into the host genome 
(Fig. 15.2). The excisions from the plasmid vector 
and the integration to genomic region at special 
target sequences are catalysed by a transposase. 
The transposase can be provided on a plasmid 
DNA or even better as an in vitro synthetized 
transcript. Using transposase mRNA form ensures 

a shorter half-life, which helps to avoid side 
 effects. To date, different transposon-based sys-
tems have been used to produce transgenic 
mammals. The Sleeping Beauty was applied in ro-
dents ( Dupuy et al., 2002; Carlson et al., 2011), 
pigs (Garrels et  al., 2011) and rabbits (Katter 
et al., 2013) and PiggyBac (Ding et al., 2005) and 
Tol2 (Sumiyama et al., 2010) in mice.

Sleeping Beauty belongs to the TC1/mariner 
family of  DNA transposons and was reconstructed 
by molecular methods from a fish (Izsvak et  al., 
2000). The hyperactive variant (SB 100X) was 
later developed to increase its efficacy in biotech-
nological processes (Mates et  al., 2009). The 
SB100X vector system can be used in non- dividing 
cells also with low silencing activity in mamma-
lian cells (Grabundzija et al., 2010). The Sleeping 
Beauty transposon directs integration into the 
genome quasi randomly (its target sequence is AT) 
avoiding coding region of  genes (‘gene-free zones’ 
or introns). Contrary to this, the PiggyBac trans-
poson targets transcriptionally active regions 
(Wilson et al., 2007; Ammar et al., 2012).

The first transposon-mediated transgenesis 
in rabbit was reported by Katter et al. (2013) using 
0.4 ng/μl circular pT2/Venus plasmid (Venus is a 
reporter gene driven by CAG promoter) and 5 ng/μl 
SleepingBeauty 100X transposase mRNA. This 
cocktail was microinjected into the pronucleus of  
early rabbit zygotes. A total of  46 newborns from 
10 successful embryo transfers were born. The re-
ported transgenic rate was 15% of  live founder 
rabbits. All F1 and later-generation transgenic 
rabbits expressed the Venus reporter gene ubiqui-
tously. Interestingly, transgenic silencing was not 
registered in rabbits; however it was detected in 
some cases in transgenic mice. Based on the avail-
able information, the transposon-based method 
seems to be far more efficient than any other way 
of  additive transgenesis in rabbit. The complete 
transposon-mediated transgenesis protocol in 
rabbit was published (Ivics et al., 2014).

This method has only one limiting factor; 
over 7 kb transgene integration efficiency is re-
duced in the SB system (Izsvak et al., 2000), but 
in PiggyBac transposase-mediated transgenesis, 
the BAC-sized transgenes were integrated at 
high frequency via pronuclear microinjection 
(Rostovskaya et al., 2013). In summary, transpo-
son-mediated transgenesis could advance not 
just rabbit but also farm-animal transgenesis in 
general through providing an efficient alternative 
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and cost-effective method for agricultural, 
pharmaceutical and biomedical applications.

15.6 The Role of Somatic Nuclear 
Transfer in Rabbit Transgenesis

During the last decade, somatic cell nuclear 
transfer (SCNT) became an efficient and rou-
tinely used method to create genetically modi-
fied swine and ruminant models (for review: 
Kues and Niemann, 2011). Somatic cells, which 
were pre-selected in vitro for a targeted gene 
modification can be introduced into enucleated 
oocytes by SCNT to produce live transgenic 
 animals. However, contrary to mice, pigs and ru-
minants, the efficiency of  SCNT in rabbits, re-
gardless of  the type of  nuclear donor cells, 
using standard methods, is very low and only 
a negligible percentage of  offspring remain 

healthy and reach sexual maturity (Chesne 
et al., 2002; Zakhartchenko et al., 2011). The ex-
perimental strategy of  rabbit nuclear transfer is 
similar to the methods used in other species: the 
main steps are enucleation of  oocyte, selection 
of  donor cells, activation of  the reconstructed 
embryo and embryo transfer (Fig.  15.3). The 
first liveborn rabbits from nuclear transfer were 
produced 30 years ago, from eight cell-stage rab-
bit blastomeres (Stice and Robl, 1988). SCNT 
using adult rabbit cells as donors were not pub-
lished until 2002, when a French research 
group used cumulus cells as nucleus donors and 
reported that healthy and fertile rabbits were 
born from the transfer of  the reconstructed em-
bryos (Chesne et al., 2002). Among the difficul-
ties of  increasing the efficiency of  rabbit somatic 
cloning are the rapid kinetics of  the cell cycle of  
early rabbit embryonal development (Sultana 
et al., 2009) and the narrow window of  time for 
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Fig. 15.2. The bicomponent vector system and mode of action in transposon-mediated transgenesis 
(Izsvak et al., 2000).
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their implantation following embryo transfer. 
Recently, two independent methods were pub-
lished to enhance the effectiveness of  SCNT in 
rabbits. Optimization of  parthenogenetic activa-
tion of  rabbit oocytes and the use of  oocytes se-
lected by brilliant cresyl- blue staining both 
enhance cloned rabbit embryo development 
(Jia et al., 2019; Zhang et al., 2019). From the 
point of  transgenesis, the somatic cell cloning 
would be attractive if  gene-targeted embryonal 
stem (or induced pluripotent) cell lines would be 
available, which were not reported so far (Made-
ja et al., 2019). Therefore this method has limited 
practical use in rabbit transgenesis; however, 
gene-targeted rabbits by cloning were produced 

using recombinant adeno-associated virus-me-
diated homologous recombination in fibroblast 
cells following SCNT that has as targeted locus 
the hypoxanthine phosphoribosyltransferase 
gene (Yin et al., 2015).

15.7 Adenoviral Transduction into 
Rabbit Somatic Cells for Local In Vivo 

Gene Transfer

Recombinant adenoviral vectors provide an effi-
cient, feasible, clinically applicable technique 
for arterial gene transfer to various cell types 

oocyte

a.

b.

c.

d.

e.

f.

g. h
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j.

somatic cell

+DNA

Fig. 15.3. Steps of rabbit somatic cell nuclear transfer: (a) matured oocyte; (b) enucleation; (c) in vitro 
transfection of cultured donor cells; (d) selection of transgenic cells; (e) in vitro culture of transgenic cells; 
(f) insertion of donor cell into enucleated oocyte; (g) fusion and activation; (h) developing reconstructed 
embryo; (i) embryo transfer into recipient foster does; (j) phenotypic analysis of transgenic offspring.
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including liver, endothelial and smooth muscle 
cells. Durable, high-level expression of  recom-
binant genes, using in vivo gene transfer is a po-
tential powerful tool for understanding biological 
processes and for preventing or treating human 
diseases such as atherosclerosis and thrombosis 
by gene therapy. The first experiments in rabbits 
were performed by Steg et al. (1994) and since 
then, efforts to optimize the expression cassettes 
continued to ensure high expression levels and 
tissue specificity, as well as to avoid toxicity and 
prevent immune responses (Dronadula et  al., 
2011). Fig. 15.4A shows the maps of  adeno-
virus genome serotype 5 and different gener-
ations of  recombinant adenoviral vectors. 
First-generation adenoviral vectors contain the 
entire genome of  wild-type virus except for early 
genes E1 and E3. As E1 is essential for virus rep-
lication, these recombinant vectors infect target 
cells but are not replicated. However, these vec-
tors can be easily produced by simple infection of  
packaging cell lines stably expressing the E1 
gene (Fig. 15.4B). For use in animal systems, re-
combinant viral particles have to be purified 
from cell lysates of  infected packaging cells. This 
can be done via density gradient ultracentrifu-
gation. However, higher yields and ratios of  in-
fective particles can be achieved using anion 
exchange chromatography. Accordingly, 2× 
1013 adenoviral particles of  high purity can be 
isolated from 60 mL crude lysate of  infected 
packaging cells (Tancevski et  al., 2006). Sec-
ond-generation vectors contain less viral se-
quences leading to decreased immunotoxicity. 
To further improve in this direction, vector de-
velopment finally led to the generation of  gutless 
or helper-dependent recombinant adenoviral 
vectors in which viral sequences are restricted to 
inverted terminal repeats and the packaging sig-
nal (Fig. 15.4A). However, production of  this 
vector requires transfection of  packaging cell 
lines with corresponding helper plasmids or 
helper viruses in addition to the recombinant 
viral vector (Alba et  al., 2005). Fig. 15.4B de-
scribes the main steps of  adenoviral vector pro-
duction. Adenoviral vectors have been 
successfully employed to study the function of  
certain genes in rabbit systems. Liver cells can be 
transfected simply by intravenous  injection of  
recombinant adenoviral particles. Accordingly, 
intravenous injection of  1×1012 particles has 
been shown to result in enhanced expression of  

scavenger receptor BI in liver cells leading to 
major changes of  plasma lipoprotein profiles in 
treated New Zealand White rabbits (Tancevski 
et  al., 2005). Additionally, in situ injection of  
adenoviral particles was used to express various 
transgenes in cardiomyocytes and skeletal 
muscle cells (Flores-Munoz et  al., 2012). In an 
atherosclerotic rabbit model, expression of  
ATP-binding cassette transporter G1 via vessel 
wall-directed local adenoviral gene transfer at-
tenuated arteriosclerosis and endothelial dys-
function in New Zealand White rabbits (Munch 
et  al., 2012), which further demonstrated the 
practical applicability of  this method.

15.8 Genome Editor/Designer Nucle-
ases

The development of  targeted nuclease technolo-
gies like Zinc-Finger Nucleases (ZFN), Transcrip-
tional Activator-Like Effector Nucleases (TALEN) 
and RNA-Guided Nucleases (CRISPR/Cas9) has 
completely changed the potential of  transgenic 
technology by opening new perspectives in live-
stock genetic modifications in the last years. 
 Targeted gene deletions or modifications have ex-
panded to new research fields in new species. All 
these technologies are based on programmable, 
sequence-specific DNA-binding followed by a 
double-stranded DNA break at the targeted site. 
The activity of  these nucleases recruits non- 
homologous end-joining or using donor plasmids 
inducing homology-directed repair at the locus 
of  interest. These technologies promise all types 
of  targeted genetic modifications: knock-out, 
knock-in, allele exchange, introduction of  point 
mutations, large insertions and deletions, down- 
and upregulation of  genes. The resulting genetic 
modifications are not specific to any species as 
the systems work in all animals tested to the pre-
sent. Genetic modification using ‘designer nucle-
ases’ can be carried out without leaving any trace 
of  the modification. Only the desired mutation 
will occur. For an overview of  genome engineer-
ing see Gaj et al. (2013). These fresh technologies 
have already hit rabbit biotechnology as de-
scribed in Duranthon et al. (2012).

In rabbit, the first application was a Zinc 
Finger Nuclease targeting event. ZFNs were 
introduced into fertilized rabbit oocytes, where 
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Fig. 15.4. A – map of adenovirus genome serotype 5 and different generations of adenoviral vectors. 
Positions and direction of early transcripts (E1-E4) and late transcripts (L1-L5) are indicated by arrows. 
First-generation vectors are containing the whole adenoviral genome with the exception of the E1 and E3 
regions, which are replaced by transgene sequences. However, expression of viral genes is causing an 
immune response towards infected cells leading to the loss of transgene expression. Second-generation 
vectors were developed lacking different early transcript regions. This enhances cloning capacity but is not 
able to completely avoid associated immunogenicity due to residual expression of viral genes. Third- 
generation vectors, called gutless or helper-dependent vectors, are devoid of all viral coding sequences. 
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the immunoglobulin M (IgM) locus was dis-
rupted. The functional knock-out phenotype 
was established with high efficiency in a herit-
able way (Flisikowska et al., 2011). This should 
be the first step to create a transgenic rabbit plat-
form for the production of  therapeutic human 
polyclonal antibodies.

Another publication announced the first 
TALEN knock-out rabbits (Song et al., 2013). In 
this study, RAG-1- and RAG-2-deficient rabbits 
without mature T and B cells were created. The 
efficiency of  genetic modification was extremely 
high. These rabbits could be used as valuable 
animal models for drug discovery. TALEN effi-
ciency to produce targeted events (knock-in 
events also) was enhanced in rabbit embryos in 
vitro and in vivo using homology-directed repair 
enhancer RS-1 (Song et  al., 2016). The first 
transgenic rabbits produced by RNA-Guided Nu-
cleases (CRISPR/Cas9) were reported by Yang 
et al. (2014) who successfully knocked out nine 
rabbit genes in in vitro cultured rabbit embryos. 
Four gene-specific RNA mixtures were used to 
create founders and eventually establish novel 
knocked-out rabbit lines (CD36, LDLR, RyR2, 
and APOE). Some founder rabbits carried a bial-
lelic mutation for the targeted gene. That means 
that it was possible to create a one-step homozy-
gous knocked-out  rabbit. Off-target effects, at 
least in the potential exons, were not identified. 
Honda et al. (2014) effectively disrupted the rab-
bit tyrosinase gene (TYR) and confirmed 
germline transmission by pronuclear injection 
of  circular plasmid expressing humanized Cas9 
and the single-guide RNA. Those pilot sin-
gle-gene editing studies were followed with mul-
ti-gene knocked-out rabbit models in which three 
or five genes were simultaneously targeted in a 
single embryo, with high efficiency (Yan et  al., 
2014). Myostatin knocked-out rabbits with 

CRISPR/Cas9 were produced by Lv et al. (2016). 
The rabbits showed the characteristic dou-
ble-muscle phenotype and had no reproduction 
problems (Lv et  al., 2016). The same research 
group published two congenital cataract rabbit 
models, both of  them created with CRISPR/Cas9 
method targeting two different genes (Yuan 
et al., 2016; Yuan et al., 2017). Gene-mutation 
efficiency in the GJA8 locus reached 98.7% in 
embryos and 100% in pups. Mutations in all 19 
F0-generation pups (100%) with indel muta-
tions in the αA-crystallin gene, ranging from 3 
bp to 52 bp, were reported. Off-target assay for 
the αA-crystallin gene revealed that none of  the 
potential off-target sites exhibited mutations, 
demonstrating that off- target mutagenesis was 
not induced by cytoplasmic microinjection of  in 
vitro-transcribed Cas9 mRNA. Recently, two 
muscular dystrophy model gene- targeted rabbits 
were published, underlining the efficiency of  the 
CRISPR/Cas9 approach. The rabbit model of  
Duchenne muscular dystrophy (DMD) was cre-
ated with a dual sgRNA-directed CRISPR/Cas9 
(Sui et  al., 2018a). In the original publica-
tion the authors targeted the exon number 51 of  
dystrophin gene to create a duchenne muscular 
dystrophy model. Mutation in the top ten off-tar-
get sites was not detected in the DMD-knocked-
out rabbits.

Limb-girdle muscular dystrophy type 2L 
(LGMD2L) and Miyoshi myopathy type 3 (MMD3) 
are autosomal recessive muscular dystrophy 
caused by mutations in the gene encoding anoc-
tamin-5 (ANO5), The rabbit model was created 
with a pair of  sgRNA targeting exon 12 and 
exon 13 of  rabbit anoctamin-5 gene. Fifty per 
cent of  newborn pups carried a mutation in the 
target gene (Sui et al., 2018b).The top 12 poten-
tial off-target sites in those ANO5-KO rabbits 
were analysed but no mutations were detected. 

Fig. 15.4. Continued 
 and contain only inverted terminal repeat (ITR) and packaging signal (ψ) regions. Packaging efficiency is 
dependent on a vector genome size close to that of the wild-type virus (36 kb). Therefore, stuffer DNA 
has to be included to ensure an efficient packaging of the vector genome. B – production of recombinant 
adenoviral particles. First- and second-generation adenoviral particles lack the E1 gene, which is needed 
for replication of the viral genome. Production of these particles is therefore enabled by the use of a 
transgenic packaging cell line expressing the adenoviral E1 gene. To produce gutless vectors, proteins 
needed for replication, packaging and capsid formation have to be supplied in trans. This can be achieved 
by co-transfection of the recombinant vector with a helper adenovirus. To avoid production of helper 
viruses the packaging efficiency of the helper virus has to be reduced by altering helper virus genome 
size, by mutating its packaging signal or by using strategies to eliminate the packaging signal of the 
helper virus during viral production.
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282 Z. Bősze et al. 

Another rabbit model generated using the CRIS-
PR/Cas9 system was produced to study severe 
combined immunodeficiency (X-SCID) (Hashi-
kawa et al., 2020).

CRISPR/Cas9 system was used to target not 
only autosomes or chromosome X but also the 
sex chromosome Y in rabbit (SSCY). SRY is a sex 
determination gene on chromosome Y. Interest-
ingly, genome-edited but chimeric F0 rabbits 
were diagnosed with hermaphroditism, charac-
terized by possessing ovotestis, testis, ovary and 
uterus simultaneously. This rabbit model would 
be optimal for understanding the pathogenesis 
of  hermaphroditism (Song et al., 2018).

Targeted knock-in rabbits have also been 
developed in the last few years. As an example, 
the VP6 gene of  the rotavirus was site-specifical-
ly integrated into the rabbit β-casein locus by 
CRISPR/Cas9. The aim was to design rotavirus 
vaccine suitable for both mammary-gland-based 
production and milk-based administration 
(Li et al., 2019).

Recently, an inactive Cas9 variant (dead 
Cas9, dCas9) has been fused to diverse functional 
domains for targeting genetic and epigenetic 
modifications, including base editing. Base- editing 
systems can produce the desired point mutations 
in the genome. Base editing was successfully 
tested and applied in rabbits. xCas9- derived base 
editors, exBE4 and exABE, can dramatically im-
prove the base-editing efficiencies in rabbits (Liu 
et al., 2018; Liu et al., 2019a). Further optimiza-
tion of  base editors enabled efficient conversion of  
the C·G base pair to T·A in GC rich region of  the 
genome in rabbits (Liu et al., 2019b).

All these techniques seem promising al-
though ZFN technology is less comfortable and 
flexible, while for the highly efficiency of  CRIS-
PR (50–100% mutant founder rabbits) more 
in vivo data will be needed to analyse the poten-
tial off-target effect compared to the competitor 
 technologies.

15.9 The Influence of Transgene 
Expression on Productivity Traits

The need for a systematic study of  biological 
properties in transgenic livestock animals is a 
consequence of  their potential commercial util-
ization in various spheres of  human activity. Pos-
sible interactions of  the integrated transgenes 

with the given genotype of  the livestock animal 
are one of  the intensively discussed problems, 
which prevented the authorization of  any kind 
of  transgenic animals in the food chain. Another 
risk factor is the emigration of  integrated foreign 
genes from the experimental population into pro-
duction herds. Therefore, a detailed knowledge 
on the relations between performance indexes 
and the expression of  the integrated gene is a 
prerequisite for the objective evaluation of  the 
potential benefits in transgenesis of  rabbit as a 
production animal.

15.9.1 Effect of transgene expression  
on milk quality and lactation

Milk is the sole source of  nourishment of  the 
newborns and remains so until the offspring be-
come three weeks old. Rabbit milk yield may be 
affected by the breed of  doe (Lukefahr et  al., 
1983a), number of  kits suckling and their age  
at weaning (Lukefahr et  al., 1983b; Taranto, 
2003), a consecutive pregnancy while still lac-
tating (Lukefahr et  al., 1983c). High-level re-
combinant human protein production by the 
mammary gland of  a transgenic rabbit might 
influence the lactation curve and/or the milk 
composition.

Six generations of  transgenic rabbits with 
stable integration and production of  biologic-
ally active IGF-1 without any negative effect on 
their physiological or reproductive perform-
ance were reported (Zinovieva et  al., 1998). 
Since then the majority of  transgenic rabbit 
lines producing recombinant proteins in their 
milk avoided any side effect. For an overview of  
recombinant milk production see Bosze and 
Houdebine (2006). However, side effects result-
ing from premature mammary gland involution 
were published in a few cases: e.g. in a trans-
genic rabbit line, which expressed very high level 
of  enzymatically active alkaline phosphatase in 
its milk. It is important to note that lactating 
does belonging to another transgenic line, but 
expressing the same transgene at one magni-
tude lower of  quantity, were totally healthy and 
fertile (Bodrogi et al., 2006). Later on, transgenic 
rabbits were created, which expressed a glycosyl-
transferase, FucT1 in their milk, which inter-
fered with the lactation and resulted in 
mammary gland involution in less than six days 
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after parturition (Prieto, 2012). It is important 
to emphasize the need to examine, case by case, 
each transgenic line for unwanted side effects, 
influencing the welfare of  the experimental ani-
mals and always to be in compliance with the 
Guide for the Care and Use of  Laboratory Animals 
(USA NIH publication NO 85-23, revised 1996) 
and to conform to the Directive 2010/63/EU of  
the European Parliament.

15.9.2 Meat quality of transgenic rabbits

In the current practice, specialized rabbit lines are 
used for meat production that maximizes heter-
osis and complementary effects in the generation 
of  commercial hybrids. Lines are created on the 
basis of  multi-breed crossing and various types of  
selection. The outcomes are populations of  ani-
mals with fixed genes for the complex of  maternal 
properties (e.g. numerical productivity, homogen-
eity of  pups, longevity of  females and milk pro-
duction) and for intensive growth and fattening 
capacity of  the male lines (weight, meat yield, food 
conversion ratio, resistance to digestive disease). 
For more detailed information see Chapters 10 
and 13. Since differences in meat-quality param-
eters are constant among genotypes, Chrenek 
et al. (2012) examined if  a transgene with expres-
sion restricted to the mammary gland, but present 
in all cells of  the organism as genomic  information, 

could influence meat quality. After careful ana-
lysis, they concluded that the altered genome of  
the transgenic rabbits did not influence meat qual-
ity (Chrenek et al., 2012). It is an important obser-
vation, if  we foresee transgenic livestock animals 
in the food chain, in which transgene expression is 
 restricted to non-consumed  tissues.

15.10 Conclusion

Methods to modify specific genome sequences 
and, based on them, the opportunities to improve 
biomedicine using rabbit as model or producer of  
pharmaceutically important recombinant pro-
teins became unlimited recently. The potential of  
precise directed genetic modifications paved the 
way to evaluate the effect of  naturally occurring 
allelic variants on economically important traits, 
using in vivo models on the most appropriate gen-
etic background, thereby contributing to an 
 improved production animal.
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16.1 Introduction

Pluripotency defines the capacity of  a single cell 
to differentiate into all cell types in a developing 
foetus, including germ cells. In mice, pluripoten-
cy can be captured and propagated in vitro from 
the early epiblasts of  the blastocyst in the form 
of  embryonic stem cells (ESCs) (Evans and Kauf-
man, 1981; Martin, 1981). Pluripotency can also 
be achieved in vitro by reprogramming somatic 
cells using a cocktail of  transcription factors to 
produce induced pluripotent stem cells (iPSCs) 
(Takahashi and Yamanaka, 2006; Okita et  al., 
2007). Both ESCs and iPSCs have the capacity to 
colonize the blastocyst and after embryo transfer 
into surrogate mothers, contribute to the devel-
opment of  all tissue types, including germ cells. 
This has led to the generation of  mutant mice 
harbouring inactivated genes and, therefore, to 
numerous breakthroughs in the elucidation of  
the genetic pathways that regulate embryonic 
and foetal development in rodents (Saito et  al., 
2004). The development of  similar technologies 
in rabbits offers a potentially broad scope of  ap-
plications, including modelling of  human early 
development, human diseases, and the gener-
ation of  bioreactors. This chapter will survey the 
values of  genome modification in rabbits and 

will review the current state of  research on ESCs 
and iPSCs in the prospect of  generating germline 
chimaeras.

16.2 Genome Modifications  
in Rabbits

16.2.1 Modelling human diseases  
in rabbits

The rabbit is a relevant animal model for the study 
of  a wide range of  human physiopathologies such 
as cardiovascular diseases, hypertension, athero-
sclerosis and metabolic syndrome (Marian et  al., 
1999; Palinski et al., 2001; Brunner et al., 2008; 
Fan et  al., 2018; Lozano et  al., 2019; Odening 
et  al., 2019). It is also used to study infectious 
diseases including bacterial, fungal and viral 
pathogens (reviewed in Fox, 1984). The rabbit is 
invaluable in investigations on the mechanisms 
of  progression or regression of  papillomavirus- 
induced tumours (Kreider and Bartlett, 1981; 
Cladel et al., 2019), the analysis of  tuberculosis 
latency and reactivation (Kesavan et al., 2009), 
and the study of  electric signal transmission in 
ocular degeneration diseases (Kominami et  al., 
2019). Rabbits are of  interest in cancer  research, 
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for instance, to study renal tumours induced by 
ethylnitrosourea, which resemble Wilm’s tumour 
in  humans (Sharpe and Franco, 1995). Trans-
genic rabbits expressing oncogenes have been de-
veloped as models for oncology studies and for 
comparisons of  the therapeutic efficacy of  various 
anti- tumour treatments (Knight et  al., 1988). 
These examples stress the biomedical benefits of  
producing genetically modified rabbit models. In 
this context, pluripotent stem cells are invaluable 
in studies involving targeting mutations in specific 
loci and in producing germline chimaeras that 
harbour various genotypes of  research interest.

16.2.2 Modelling human early 
 development in rabbits

Mouse ESCs (mESCs) have been extensively used 
in studies on early embryonic development and in 
the analysis of  the determination and regulation 
of  stem cell fate (Niwa et al., 2005; Ralston and 
Rossant, 2005). However, the development of  the 
mouse preimplantation embryo shows unique 
characteristics regarding the timing of  embry-
onic genome activation (Hamatani et al., 2004), 
the inactivation of  the X chromosome (Gendrel 
and Heard, 2011), the nuclear organization of  
heterochromatin (Andrey et al., 2010), the shape 
of  the gastrulating embryo (Tam and Behringer, 
1997), and the molecular regulation of  early 
lineage differentiation (Berg et al., 2011). Similar 
to humans, the embryonic genome activation in 
the rabbit spans over several cell cycles from the 
one-cell stage, and the embryonic genome is fully 
 active from the 8- to 16-cell stage onwards (Chris-
tians et al., 1994). Concomitant with zygote gen-
ome activation, rabbit embryos show a reorgan-
ization of  pericentromeric heterochromatin 
(Yang et al., 2013) and a specific pattern of  DNA 
demethylation in trophectoderm cells similar to 
most mammalian species (Reis Silva et al., 2011). 
Human and rabbit embryos utilize a similar 
mechanism in the regulation of  X chromosome 
inactivation, which involves the activation of  
both X chromosomes in the inner cell mass (ICM) 
cells and the absence of  Xist gene imprinting 
(Okamoto et  al., 2011). Rabbits also possess a 
hemochorial placental structure that is more 
similar to that in humans than to the placenta of  
rodents. This feature offers certain advantages 
to study the placental nutrient transport and 

 foeto-maternal exchanges (Kevorkova et al., 2007). 
In contrast to the 3D egg-cylinder shape of  gas-
trulating rodent embryos, all other mammalian 
embryos are organized as a flattened disk at the 
surface of  the conceptus at the time of  gastrulation, 
showing consequently different cellular inter-
actions. Based on this spatial organization and 
the partial time overlaps between gastrulation 
and implantation, the rabbit embryo is thus a 
powerful model for studying early gastrulation 
events (Duranthon et al., 2012). Therefore, rabbit 
ESCs harbouring knock-in or mutated genes 
involved in the determination and regulation of  
stem cell fate could be useful tools in investigating 
early mammalian development.

16.2.3 Rabbits as bioreactors

Transgenic rabbits offer particularly attractive 
possibilities in the preparation of  recombinant 
pharmaceutical proteins in milk. The advan-
tages include low-cost production and high 
quality of  the proteins. Among other theoretic-
ally possible fluids such as blood, egg white, sem-
inal plasma, or urine, milk is presently the most 
mature system to produce high levels of  stable 
recombinant proteins, without altering the health 
of  the animals (Wang et al., 2013). Although sev-
eral mammalian species, including pig, sheep, 
goat and cow, can be used as animal bioreactors, 
rabbits present a number of  advantages such as 
easier generation of  transgenic founders and 
offspring, high fertility, relatively high milk pro-
duction, insensitivity to prion diseases, and 
no  transmission of  severe diseases to humans 
(Houdebine, 2009). Rabbit milk naturally con-
tains 2.5 times more protein than goat’s milk 
and 4.8 times more than cow’s milk. A lactating 
female rabbit can produce 170–220 g of  milk 
per day or a yield of  up to 10 kg of  milk per year 
under semi-automatic hygienic milking condi-
tions. Expression levels of  transgenic protein can 
be as high as 20 g/L. For small and medium-sized 
facilities, the rabbit system can ideally produce 
up to 50 kg of  protein per year (Wang et al., 2013). 
For these reasons, the generation of  germline 
chimaeras harbouring genetic modifications to 
produce recombinant proteins in milk would be 
invaluable. Several recombinant human proteins 
are currently produced through conventional 
methods of  genome modification, and transgenesis 
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vectors are still under improvement for exocrine 
secretion of  pharmaceutical molecules (Kerekes 
et al., 2017; Lu et al. 2019). Some of  these pro-
teins are being tested in preclinical trials, includ-
ing acid alpha-glucosidase for the treatment of  
Pompe disease (Van den Hout et al., 2001), co-
agulation factor VIIa for haemophilic patients 
(Chevreux et al., 2013, 2017), tissue non-specific 
alkaline phosphatase as a therapeutic agent in 
Gram-negative bacterial lipolysacchraride- 
mediated acute and chronic diseases (Bodrogi 
et al., 2006), and VP2/VP6 proteins of  rotaviruses 
for the development of  vaccines (Soler et  al., 
2005). Ruconest®, a human C1 inhibitor pro-
duced in transgenic rabbits, has been approved 
and commercialized for the treatment of  patients 
with hereditary angioedema (Koles et al., 2004).

16.2.4 Transgenesis in rabbits

Despite the success in the use of  rabbits as bio-
reactors, transgenesis in rabbits is still limited by 
various technical problems. Gene transfer re-
mains poorly efficient, and transgene expression 
and interference with the host genome are not 
fully controlled (see Chapter 15 for more details). 
A commonly used method consists of  injecting 
linear DNA into one of  the two pronuclei of  the 
fertilized oocyte. However, the yield of  trans-
genic rabbits is low (1–3%) and foreign DNA is 
often randomly integrated into the host genome. 
Moreover, linear DNA is usually integrated as 
head-to-tail and tandem concatemers, showing 
DNA rearrangements and resulting in poor 
transgene expression (Houdebine, 2005). The 
use of  lentiviral vectors has resulted in a 50-fold 
increase in the efficiency of  transgenesis in farm 
animals compared to DNA microinjection (Lillico 
et al., 2011). However, the only transgenic rab-
bits created with a lentiviral vector expressing 
the enhanced green fluorescent protein (GFP) 
under the transcriptional control of  the ubiqui-
tous CAG promoter showed very low frequency 
of  germline transmission (1.3%) (Hiripi et  al., 
2010). Transposon systems are efficient and re-
liable tools for generating transgenic animals, 
but their efficiency decreases with the size of  
transgenes (Ivics et  al., 2009). The Sleeping 
Beauty transposon was recently used to generate 
transgenic rabbits expressing the Venus re-
porter gene, driven by the CAG promoter with 

high efficiency (Bosze et al., 2012; Kerekes et al., 
2017). This result is promising for the transgen-
esis in rabbits, particularly in the case of  small 
transgenes, and for short hairpin RNA-mediated 
gene silencing. Accessibility of  a rabbit bacterial 
artificial chromosome (BAC) library at the 
BACPAC Resources Center at the Children’s 
 Hospital of  Oakland Research Institute (http://
bacpac.chori.org/rabbit, accessed 20 January 
2021) makes BAC transgenesis attractive 
( Duranthon et  al., 2012). BAC technology was 
used to create transgenic rabbit lines. A rabbit 
model of  retinal degeneration was generated by 
recombination with a mutated rabbit rhodopsin 
BAC clone (Kondo et al., 2009). A rabbit with in-
creased humoral immune response as a result of  
FcRn BAC clone overexpression was generated 
(Catunda Lemos et  al., 2012). Recently, new 
genome-editing methods using specific DNA en-
donucleases, i.e. Zing Finger Nucleases (ZFNs) and 
Transcription Activator-Like Effector Nucleases 
(TALEN) or RNA-dependent DNA endonucleases 
(CRISPR/Cas9 system), have shown remarkably 
high efficiency in producing transgenic  animals 
(Garrels et  al., 2012; Gasiunas and Siksnys, 
2013; Song et al., 2013; Yang et al. 2013; Bosze 
et al., 2016; Honda and Ogura, 2017). However, 
the generation of  healthy offspring needs to be 
confirmed as ZFNs, similar to other DNA endonu-
cleases, may produce off-target effects (Perez 
et al., 2008; Li et al., 2013). Moreover, the CRIS-
PR/Cas 9 system is effective to create gene 
knock-out models in rabbits (Yang et  al. 2014; 
Honda et al., 2015; Yuan et al., 2016; Sui et al., 
2018; Wan et al., 2019), but is still inefficient 
for gene knock-in models with the exception of  
the ROSA26 locus (Yang et  al., 2016). In this 
context, the generation of  rabbit ESCs and iPSCs 
suitable for gene targeting by homologous 
 recombination and the subsequent production 
of  transgenic animals would represent a major 
breakthrough. ESCs and iPSCs could be used in 
the production of  germline chimaeras. ESC-like 
cells have been used in generating somatic chi-
maeras albeit at a very low rate (Giles et al., 1993; 
Schoonjans et  al., 1996; Bodo et  al., 2004; 
Chrenek et al., 2008; Zakhartchenko et al., 2011; 
Tapponnier et al., 2017). The transfer of  ESC and 
iPSC nuclei into enucleated oocytes is another 
option in generating transgenic rabbits (Chesne 
et  al., 2002; Matsuda et  al., 2002; Quan et  al., 
2014; Yin et al., 2015).
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16.2.5 Rabbit iPSCs and the 
 preservation of genetic resources

Mouse iPSCs (miPSCs) are generated by repro-
gramming somatic cells using a cocktail of  genes 
involved in the control of  pluripotency. miPSCs 
have the same capacity as mESCs in producing 
somatic and germline chimaeras after injection 
into preimplantation embryos (Okita et al., 2007; 
Boland et al., 2009). Although previous studies 
have identified differences between ESCs and iP-
SCs in terms of  chromatin structure (Guenther 
et al., 2010), epigenetic marks (Kim et al., 2010), 
genes expression, and potential of  differentiation 
(Miura et al., 2009), iPSCs serve as alternatives 
to ESCs in species where ESCs have not yet been 
generated (Ezashi et al., 2012). During the past 
30 years, extensive breeding has focused on 
more economically competitive breeds, resulting 
in the erosion of  genetic diversity (Blackburn, 
2012). The creation of  biological resources 
centres (BRCs) responds to this critical necessity 
of  genetic resource conservation by cryobanking 
reproductive cells, embryos and genomic mater-
ials of  domestic animals and endangered species 
(Blackburn, 2004). Cryobanking of  iPSCs and 
somatic cells can facilitate the propagation of  
samples for BRCs (Afanassieff  et al., 2019).

16.3 Rabbit Embryonic Stem Cells 
(Rabbit ESCs)

16.3.1 Derivation of rabbit ESCs

Since the publication of  mESCs in 1981 (Evans 
and Kaufman, 1981; Martin, 1981), several at-
tempts have been made to derive rabbit ESCs us-
ing the same culture conditions as their rodent 
counterparts, but none has been successful in es-
tablishing long-term stable lines (Giles et  al., 
1993; Graves and Moreadith, 1993; Schoonjans 
et  al., 1996). The first rabbit ESC lines were de-
rived from ICMs of  fertilized and parthenogenetic 
blastocysts using fibroblast growth factor (FGF)-
2 and feeder layers of  irradiated mouse embry-
onic fibroblasts (MEFs) (Fang et al., 2006; Wang 
et al., 2007). Although these lines were capable 
of  differentiating into derivatives of  all three em-
bryonic germ layers in vitro through the forma-
tion of  embryoid bodies and in vivo formation of  

teratomas, these showed heterogeneity in cell 
morphology, cell growth and cell-surface marker 
expression. A more robust method was then de-
veloped, in which the feeder cell density was ex-
quisitely controlled to generate stable ESC lines 
(Honda et al., 2008). In brief, two- to four-cell em-
bryos are collected from expanded oviducts ap-
proximately 30 hours after mating and cultured 
in vitro until the blastocyst stage. Blastocysts are 
physically pushed out from the zona pellucida us-
ing a piezo micromanipulator to prevent the ex-
posure of  the embryos to the enzymes. These 
were cultured on mitomycin C-treated Mouse 
Embryonic Fibroblasts (MEFs) at a concentration 
of  36 × 103 cells/cm2, in DMEM/F12 medium 
supplemented with 20% Knockout Serum Re-
placement (KOSR), 8 ng/mL of  Fibroblast Growth 
Factor 2 (FGF2) and 103 U/mL of  Leukemia In-
hibitory Factor (LIF). Six to eight days after the 
initial plating, the ICM cells generally form col-
onies of  very compact cells, and these outgrowths 
are dissected mechanically and transferred to 
fresh feeder cells. Rabbit ESC lines are established 
after five to eight passages performed every three 
to four days by disaggregating cells with trypsin 
and plating single cells at a density of  3 × 103 
cells/cm2 on fresh feeder cells and medium.

16.3.2 Characterization of rabbit ESCs

Rabbit ESCs form flattened colonies of  compact 
cells resembling those of  primate ESCs (Fig. 16.1). 
These are positive for alkaline phosphatase 
 activity, show a low expression level for Stage- 
Specific Embryonic Antigen-1 (SSEA1), a hetero-
geneous expression for SSEA4 and Tra-1-60 
cell-surface markers, and a strong expression for 
Oct4 and Nanog pluripotency genes. They have a 
stable karyotype (44,XX or 44,XY). They are 
pluripotent because they are able to produce 
teratomas and embryoid bodies containing de-
rivatives of  the three germ layers, namely ecto-
derm, mesoderm and endoderm (Wang et  al., 
2007; Honda et  al., 2008; Osteil et  al., 2013). 
One characteristic feature of  ESCs in rodents and 
primates is their unusual cell- cycle distribution, 
which is characterized by a short G1 phase and a 
proportionally high number of  cells in the S 
phase. Moreover, unlike somatic cells they do not 
undergo cell-cycle arrest in G1 in response to 
DNA damage (Aladjem et  al., 1998; Fluckiger 
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et al., 2006). Thus, rodent and primate ESCs lack 
a G1 checkpoint. Surprisingly, the cell-cycle char-
acteristics of  rabbit ESCs resemble those of  som-
atic cells. Rabbit ESCs exhibit a longer G1 phase, 
and similar to somatic cells, undergo growth ar-
rest in the G1 phase after DNA damage (Osteil 
et al., 2013). All attempts to generate chimaeras 
with rabbit ESCs have been unsuccessful (Wang 
et  al., 2007; Honda et  al., 2008; Osteil et  al., 
2013). Only one live-born ESC-derived  rabbit chi-
maera has been reported after injection of  albino 
Zika rabbit ESCs into eight-cell-stage  embryos of  
the Black Alaska rabbit breed (Zakhartchenko 
et  al., 2011). However, the single live-born off-
spring, which showed evidence of  low-level coat 
colour chimerism, died after two months, thus 
preventing investigations on its germline inherit-
ance. Similarly, only one Caesarean newborn 
could be obtained after nuclear transfer of  gray 
Chinchilla rabbit ESCs into enucleated oocytes of  
the white New Zealand rabbit breed (Fang et al., 
2006). These results show the low capacity of  
rabbit ESCs to colonize and reprogramme the 
host embryo through nuclear transfer.

16.3.3 Signalling pathways  
in rabbit ESCs

Rabbit ESCs are strictly dependent on FGF2 for 
self-renewal, as revealed by their altered morph-
ology, decrease in cell growth, loss of  alkaline 
phosphatase activity, and downregulation of  
pluripotency gene expression after FGF2 with-
drawal (Honda et al., 2009; Osteil et al., 2013). 
In human ESCs, FGF2 activates two pathways, 
the phosphoinositide-3-kinase (PI3K)/AKT and 
the extracellular signal-regulated kinase (ERK)  
pathways (Thisse and Thisse, 2005; Okita and 
Yamanaka, 2006). The inhibition of  either 

pathway by small molecules promotes differen-
tiation. The situation in rabbit ESCs seems mark-
edly different in that the pharmacological inhib-
ition of  PI3K activity does not induce growth 
retardation or differentiation (Honda et  al., 
2009). FGF2 also induces activin secretion in 
MEF feeder cells, which results in the paracrine 
activation of  the activin/Smad2/3 pathway in 
human ESCs to sustain self-renewal (Greber 
et  al., 2007; Greber et  al., 2010). Rabbit ESCs 
readily differentiate in the absence of  feeder cells, 
and the inhibition of  TGFβ receptor activity with 
SB431542 reduces rabbit ESC proliferation, Oct4 
expression, and Smad2/3 phosphorylation 
(Wang et al., 2008; Honda et al., 2009), suggest-
ing that the same paracrine mechanism operates 
in rabbit ESCs. FGF2 has also been identified as 
an inhibitor of  the BMP4/Smad1/5/8 pathway. 
BMP4 induces the differentiation of  human ESCs, 
a process that can be  prevented through the add-
ition of  the BMP  antagonist, Noggin (Greber et al., 
2007). In rabbit ESCs, inhibition of  FGF receptor 
1 provokes Smad1 phosphorylation and differen-
tiation, whereas the addition of  Noggin to the 
cell-culture medium sustains self-renewal (Wang 
et al., 2008). This finding suggests that a BMP4- 
dependent regulatory pathway similar to that 
 described in human ESCs operates in rabbit ESCs.

The LIF/Stat3 signalling pathway is essential 
to self-renewal in mouse ESCs (Niwa et al., 1998). 
In contrast, it fails to maintain the undifferenti-
ated status of  human ESCs (Daheron et al., 2004). 
The role of  LIF/Stat3 signalling in rabbit ESC der-
ivation and culture is still a matter of  debate. On 
the one hand, the addition of  LIF to blastocyst 
outgrowths cultured on MEF feeders has been re-
ported to increase the derivation efficiency of  rab-
bit ESCs (Catunda et  al., 2008; Intawicha et  al., 
2009; Xue et al., 2012). Preliminary evidence has 
indicated that LIF and FGF2 could co-operatively 

mouse ESCs rabbit iPSCs human ESCs rabbit ESCs

Fig. 16.1. Morphology of mouse, human and rabbit ESCs and iPSCs.
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sustain self-renewal of  rabbit ESCs derived from 
parthenogenetically activated embryos (Hsieh 
et al., 2011). On the other hand, the withdrawal 
of  LIF from rabbit ESC cultures does not alter Oct4 
expression and does not induce differentiation. 
LIF signalling is therefore dispensable for the 
maintenance of  rabbit ESC self-renewal (Honda 
et al., 2009). It is possible to derive rabbit ESC lines 
on feeder cells without LIF and FGF2, suggesting 
that feeder cells are essential to rabbit ESC 
self-renewal, acting probably through the activin/
Smad2/3 pathway (Osteil et al., 2016).

16.4 Rabbit Induced Pluripotent 
Stem Cells (Rabbit iPSCs)

16.4.1 Reprogramming of somatic cells 
into rabbit iPSCs

In 2006, Shinya Yamanaka proved that the 
introduction of  a small set of  transcription fac-
tors into a differentiated cell was sufficient to re-
vert the cell to a pluripotent state (Takahashi 
and Yamanaka, 2006). This technology was ap-
plied to rabbits to generate rabbit iPSCs using the 
human genes, Oct4, Sox2, Klf4 and c-Myc. The 
first report made use of  HIV-based lentiviral vec-
tors expressing the reprogramming factors and 
GFP under the transcriptional control of  an EF1 
eukaryote promoter to infect adult stomach and 
liver cells (Honda et al., 2010). Two days after in-
fection, GFP-positive cells were replated onto 
MEF feeders layers with DMEM/F12 medium 
supplemented with 20% KOSR, 4 ng/mL of  
FGF2, and 103 U/mL of  LIF. Eight to 11 days 
after infection, ES-like colonies were harvested, 
and further propagated, later generating 11 in-
dependent rabbit iPSC lines. The second report 
made use of  Moloney murine leukemia virus 
(MoMuLV)-based retroviral vectors that express 
the reprogramming factors under the transcrip-
tional control of  the retroviral 5’ long terminal 
repeat (LTR) to infect adult ear skin fibroblasts 
(Osteil et  al., 2013). Three days after infection, 
infected fibroblasts were replated on MEF feeder 
layers with DMEM/F12 medium supplemented 
with 20% KOSR, and either 10 ng/mL of  human 
FGF2 or 104 U/mL of  human LIF. Two to four 
weeks after infection, 111 ES-like colonies were 
selected in the presence of  FGF2, resulting in 

three stable rabbit iPSC lines. In parallel, 96 clones 
were selected from the infected fibroblasts cul-
tured with LIF, although none of  these was able 
to yield rabbit iPSC lines (unpublished data). The 
third report made use of  a self-silencing lentiviral 
polycistronic vector expressing the four repro-
gramming factors driven by the spleen focus- 
forming virus (SFFV) retroviral promoter to in-
fect embryonic fibroblasts (Tancos et al., 2017). 
Two days after infection, infected fibroblasts 
were plated on feeder cells in DMEM/F12 me-
dium supplemented with 20% KOSR, 4 ng/mL 
of  human FGF2 and 103 U/mL of  mouse LIF. 
After four weeks, colonies were manually picked 
and produced an iPSC line.

16.4.2 Characterization of rabbit iPSCs

Rabbit iPSCs form flattened colonies of  compact 
cells that are similar to rabbit ESCs (Fig. 16.1). 
They show complete silencing of  the four trans-
genes after 17–25 passages, indicating that they 
are fully reprogrammed. Most of  the rabbit iPSC 
lines karyotyped using the G-banding technique 
exhibit normal chromosome complements. 
Rabbit iPSCs are positive for alkaline phosphat-
ase activity, show heterogeneous expression of  
SSEA1, SSEA4 and Tra-1-60 cell-surface markers, 
and express Oct4 and Nanog pluripotency genes. 
They are pluripotent because they are capable 
of  forming teratomas and embryoid bodies 
that consist of  three germ layers (Honda et  al., 
2010; Osteil et  al., 2013; Tancos et  al., 2017). 
Rabbit iPSCs show a rapid and indefinite prolif-
eration potential, with a doubling time of  ap-
proximately 13 hours, and a high telomerase 
activity (Honda et al., 2010). Contrary to rabbit 
ESCs, the rabbit iPSCs show the characteristic 
features of  the pluripotent cell cycle such as a 
short G1 phase, a high proportion of  cells in the 
S phase, and the lack of  DNA damage checkpoint 
in G1 phase (Osteil et al., 2013). Lastly, rabbit iP-
SCs are capable of  colonizing the ICM after injec-
tion into blastocysts or aggregation with mor-
ula, albeit with low efficiency (Osteil et al., 2013).

Rabbit iPSCs, similar to its embryonic coun-
terpart, rely strictly on FGF2 and activin signalling 
pathways for its maintenance in the undifferen-
tiated state. Withdrawal of  FGF2 or treatment 
with a TGFβ receptor inhibitor induces dramatic 
morphological changes within 48 hours and a 
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significant reduction in alkaline phosphatase 
 activity, indicative of  differentiation (Honda et al., 
2010; Osteil et al., 2013). By contrast, LIF fails 
to sustain self-renewal in rabbit iPSCs (unpub-
lished data).

16.5 Transcription Factors and 
 miRNAs Involved in Rabbit 

 Pluripotency

16.5.1 Naïve versus primed states  
of pluripotency

In mice, pluripotent stem cells exist in three 
forms: the ESCs derived from the early epiblast of  
the preimplantation embryo, the epiblast stem 
cells (EpiSCs) derived from the late epiblast of  the 
post-implantation embryo, and the iPSCs gener-
ated by reprogramming adult cells with defined 
factors. Both mESCs and miPSCs exploit the LIF/
STAT3 signalling pathway to fuel a complex net-
work of  transcription factors, known as the core 
pluripotency network, which is considered as 
the global activity that is essential for maintain-
ing a robust cycle of  self-renewal. In contrast, 
self-renewal of  EpiSCs depends on FGF2 and ac-
tivin/Smad signalling pathways, which activate 
a much less sophisticated network of  transcrip-
tion factors, leading to genetic instability and a 
high propensity to spontaneous differentiation. 
Moreover, only the mESCs and iPSCs, following 
embryo transfer into surrogate mothers, can col-
onize the ICM of  the blastocyst and contribute to 
the development of  all tissue types, including the 
germ cells. In contrast, EpiSCs fail to colonize the 
epiblast of  the blastocyst and consequently are 
not suitable for the generation of  knock-out 
mice. It is believed that these differences are 
largely due to differences in their developmental 
maturity. mESCs and miPSCs represent a pris-
tine state known as the naïve or ground state of  
pluripotency, which characterizes the early epi-
blasts of  the preimplantation embryo. EpiSCs 
represent an impaired state, known as the 
primed state of  pluripotency, which is observed 
in the late epiblast of  the post-implantation em-
bryo (Nichols and Smith, 2009). As previously 
discussed, rabbit ESCs and iPSCs both rely on 
FGF2 and activin for self-renewal, which sug-
gests that rabbit pluripotent stem cells have the 

characteristic features of  primed pluripotency as 
defined in rodents. However, as discussed in the 
next section, rabbit ESCs and iPSCs also exhibit 
meaningful differences in their transcriptome.

16.5.2 Transcriptome of rabbit ESCs  
and rabbit iPSCs

A study on gene expression profiles using Agi-
lent microarrays revealed that rabbit ESC and 
iPSC lines split into two separate groups, wherein 
the rabbit ESCs are grouped together and the 
rabbit iPSCs are clustered together in the other. 
Thus, despite the heterogeneity observed within 
and between cell lines, the variability is mainly 
associated with cell origin (rabbit ESC vs. iPSC; 
Osteil et al., 2013). A detailed analysis of  the ex-
pression of  22 genes (Blimp1, Cdx2, Cdh1, Cdh2, 
Cldn6, Dax1, Dazl, Essrb, Fbxo15, Fgf4, Gbx2, 
Klf4, Lefty2, Nanog, Oct4, Otx2, Pecam1, Pitx2, 
Piwil2, Rex1, Tbx3, and Tcfcp2l1), in which the 
mRNA levels were examined to determine stem-
ness and to discriminate the naïve and primed 
pluripotent states in rodent cells, has confirmed 
and extended the microarray data. The expres-
sion of  the rabbit homologs of  these 22 genes 
was sufficient to distinguish rabbit ESCs and rab-
bit iPSCs. Moreover, compared to rabbit ESCs, 
rabbit iPSCs express naïve pluripotency markers 
at a higher level and primed pluripotency mark-
ers at a lower level. In particular, Essrb, Klf4, Pi-
wil2, Cdh1, Dazl, and Pecam1 were expressed at 
high levels in rabbit iPSCs, similar to that ob-
served in mESCs. The expression levels of  the 22 
genes were measured in the ICM cells of  3.5-day 
rabbit blastocysts and were compared to the 
levels measured in ESCs and iPSCs. The levels of  
SSEA1 expression in rabbit iPSCs were the closest 
to that observed in the rabbit ICM, whereas rab-
bit ESC lines were the farthest (Osteil et al., 2013). 
These findings indicate that rabbit iPSCs possess 
some features of  mouse naïve pluripotency.

16.5.3 miRNAsome of rabbit ESCs  
and iPSCs

There is an increasing number of  experimental 
evidence that suggests the important regula-
tory role of  microRNAs (miRNAs) during early 
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embryonic development (Yang et  al., 2005; 
Tang et  al., 2007) and in embryonic stem cell 
biology (Cao et al., 2008; Gu et al., 2008; Mar-
son et al., 2008). Notably, pluripotent stem cells 
display a distinct expression profile in relation 
to their state of  pluripotency, in which naïve 
mouse ESCs mainly express the miR-290 clus-
ter, whereas primed human ESCs and EpiSCs 
show a predominant expression level of  the 
miR-302 cluster (Jouneau et  al., 2012). More-
over, apart from the function of  miRNAs in ESC 
maintenance, recent reports describe the pos-
sible role of  miRNAs in somatic cell reprogram-
ming (Judson et al., 2009; Anokye-Danso et al., 
2011; Miyoshi et al., 2011). The expression pro-
file of  pluripotency-associated miRNAs in rabbit 
embryos and ESC cells has been analysed using 
SOLiD deep sequencing (Maraghechi et  al., 
2013). A total of  1693 rabbit expressed miR-
NAs have been identified based on a comparison 
of  sequence reads of  human, mouse, and bo-
vine miRNA databases. The rabbit-specific ocu-
miR-302 and ocu-miR-290 clusters and three 
homologs of  the human C19MC cluster (ocu-
miR-512, ocu-miR-520e, and ocu-miR-498) 
are expressed in rabbit preimplantation em-
bryos and ESC cells. The ocu-miR-302 cluster is 
highly similar to its human homolog, whereas 
the ocu-miR-290 cluster showed a low level of  
evolutionary conservation with its mouse 
homolog. The expression of  the members of  the 
ocu-miR-302 cluster begins at the 3.5-day 
blastocyst stage and remains high in rabbit ESC 
cells. In contrast, a high expression level of  the 
members of  the ocu-miR-290 cluster has been 
detected during preimplantation embryonic de-
velopment, whereas a low level of  expression 
was observed in rabbit ESC cells. These results 
show that the expression of  the ocu-miR-302 
cluster is characteristic of  rabbit ESC cells, 
whereas the ocu-miR-290 cluster possibly plays 
a crucial role during early embryonic develop-
ment (Maraghechi et al., 2013).

16.6 In Vitro Differentiation of Rabbit 
ESCs and iPSCs

Rabbit ESCs spontaneously differentiate in vitro 
in the absence of  growth factors to preferentially 
give rise to neural-type cells and beating cardiac 

cells (Wang et  al., 2007; Honda et  al., 2008). 
After culturing for three weeks, the presence of  
progesterone, estrogen and chorionic gonado-
tropin in harvested conditioned medium also in-
dicates trophoblast differentiation of  rabbit ESCs 
(Wang et al., 2007). When cultured in handing 
drops, rabbit ESCs and iPSCs form 3D structures 
called embryoid bodies (EBs), which are com-
posed of  derivatives of  the three germ layers 
(Fang et  al., 2006; Honda et  al., 2008, 2010; 
Hsieh et al., 2011; Osteil et al., 2013). A protocol 
for the analysis of  the differentiation potential 
into neural lineage cells has been published 
(Honda et  al., 2013); EBs are formed after five 
days in suspension culture with rabbit ESC me-
dium supplemented with 4 μM of  retinoic acid 
(RA) and 10 μM of  SB431542 (TGFβ receptor 
inhibitor), then incubated for 10 days in an ad-
herent culture with neural differentiation 
 medium supplemented with both RA and 
SB431542. This protocol induces rabbit ESC dif-
ferentiation into nestin-positive neural stem 
cells (10%), TUJ1-positive neurons (20%), and 
GFAP-positive glial astrocytes (30%). To obtain 
O1- and CNPase-positive oligodendrocytes, RA 
and SB431542 are withdrawn from the culture 
medium after five days, and replaced by Noggin 
(100 ng/mL) for 20 days. Another study showed 
that stomach endoderm-derived rabbit iPSCs 
had a higher capacity to differentiate along the 
neural lineage compared to liver-derived rabbit 
iPSCs (Honda et al., 2013). Thus, as previously 
observed in mouse and human iPSCs, the differ-
entiation ability of  rabbit iPSCs is influenced by 
the origin of  the somatic tissues.

16.7 Current Bottlenecks

One key issue in the generation of  transgenic 
rabbits is the availability of  naïve ESCs and iPSCs 
that are capable of  colonizing the preimplanta-
tion embryo to generate germline chimaeras. As 
discussed earlier, rabbit ESCs show all features of  
primed pluripotency, whereas rabbit iPSCs seem 
to self-renew in an intermediate state, which is 
closer to the naïve state of  pluripotency as de-
fined in rodents (Osteil et  al., 2013). Neverthe-
less, both types of  cells fail to colonize efficiently 
the rabbit preimplantation embryo to produce 
chimaeras, which precludes the generation of  
somatic chimaeras. To resolve this issue, one 
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needs to reprogramme rabbit ESCs and iPSCs to 
bona fide naïve pluripotency.

In mice, EpiSCs can spontaneously revert to 
LIF-dependent naïve ESCs, although the efficiency 
of  this conversion is extremely low (Bao et  al., 
2009). It can be dramatically increased by transi-
ently overexpressing naïve state-specific tran-
scription factors such as Klf2, Klf4 and Nr0b1, in 
combination with LIF and pharmacological in-
hibitors of  ERK and GSK3β signalling pathways 
(Guo et  al., 2009; Hall et  al., 2009). These re-
verted EpiSCs acquire the capacity to colonize the 
blastocyst and to generate germline chimaeras. 
Similarly, conversion of  FGF2-dependent into LIF- 
dependent human ESCs and iPSCs was achieved 
by overexpressing Klf2, Klf4, and Nanog, in com-
bination with ERK and GSK3β inhibitors. The re-
sulting cells exhibited the genetic and epigenetic 
characteristics of  naïve pluripotency (Hanna 
et al., 2010). Recently, novel conditions in produ-
cing human ESCs and iPSCs were established, re-
sulting in cells with molecular characteristics and 
functional properties that are highly similar to 
human preimplantation epiblast stem cells or 
naïve mESCs (Chan et al., 2013; Gafni et al., 2013;  
Takashima et al., 2014; Theunissen et al., 2014; 
Chen et al., 2015; Guo et al., 2017). These naïve 
human iPSCs are competent to generate cross- 
species chimaeric embryos after microinjection 
into mouse morula (Gafni et al., 2013; Mascetti 
and Pedersen, 2016). Preliminary results sug-
gest that a similar conversion could be achieved 
in rabbits. Partial reprogramming of  rabbit 
 iPSCs to a naïve-like state of  pluripotency was 

achieved by overexpressing the human Oct4 
gene (Honda et  al., 2013) or both human Klf2 
and Klf4 genes (Tapponnier et al., 2017). After 
injection into the preimplantation embryo, these 
new cells were capable of  colonizing the epiblast 
of  the blastocyst and participating in epiblast 
 expansion at E6.0 pre-gastrula stage. Recently, 
rabbit ESCs were derived using small molecule 
inhibitors, namely GSK3βi (CHIR99021, 3 μM), 
MEKi (PD0325901, 1 μM, and PKCi (Gö6983,  
5 μM), in the presence of  FGF2 (10 ng/mL), LIF 
(103 U/mL) and feeder cells, and showed typical 
dome-shaped colonies like naïve mESC (Liu et al., 
2019). However, those rabbit naïve-like cells re-
mained dependent on FGF2 and feeders to self- 
renew, supporting the essential role of  the activin/
TGFβ/Smad2/3 signalling pathway for the main-
tenance of  rabbit pluripotent stem cells in vitro.

16.8 Conclusion

Based on their capacity to produce chimaeras, 
mESCs and miPSCs are powerful tools for creat-
ing transgenic mice with complex genetic modi-
fications. However, the use of  rabbit pluripotent 
stem cells in generating transgenic rabbits is 
currently limited by the lack of  bona fide ESCs and 
iPSCs that self-renew in the naïve state of  pluri-
potency. Thus, future research aims to unravel 
the molecular mechanisms underlying pluripo-
tency in the rabbit preimplantation embryo, as 
well as design culture conditions to capture the 
original state of  pluripotency in a culture dish.
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17.1 Introduction

To understand the biological functions of  pro-
teins and all the regulatory elements involved in 
protein expression, modification, degradation 
and transport, and their possible roles in the 
human diseases, it is important to develop many 
animal models that could help in dissecting all 
these issues and features (Houldebine and Fan, 
2009). Rodents (i.e. mice and rats) offer many ex-
amples and possibilities, including the availabil-
ity of  genetically modified models, that are useful 
to understand the basic functional elements 
needed in this context but do not cover all pos-
sible needs for many reasons. Therefore, other 
non-rodent models are essential to complete the 
biological vision of  the foundational mechan-
isms underlying human diseases. Rabbits have a 
more diverse genetic background than inbred 
and outbred mouse and rat strains (Bősze and 
Houdebine, 2006). This can be useful when com-
plex disease models (e.g. for atherosclerosis) are 
investigated or when it is needed to test and de-
velop therapeutic strategies, since this situation 
mimics human genetic diversity more accurately 
(Bősze and Houdebine, 2006). For these reasons 
and considering that the rabbit is genetically and 

physiologically closer to humans for several 
 aspects, including, for example, the cardiovascu-
lar system and metabolic characteristics like lipid 
metabolism, this species has been widely used in 
many biomedical studies. Moreover, another ad-
vantage of  the rabbit derives from the larger size 
compared to that of  the rodent models, which 
makes all manipulations and surgical interven-
tions needed to study in more detail organ func-
tion and physiology easier. On the other hand, 
the rabbit has several advantages over other large 
laboratory animal species: it has a short gesta-
tion period that gives a short generation interval; 
it is a polytocous species; does produce large 
numbers of  embryos with the production of  a 
large litter and are multiparous.

Genetically modified rabbits can be pro-
duced using several approaches including 
microinjection (Chrenek et al., 2005) and other 
methods such as lentiviral and transposon vec-
tors and, more recently, by using gene-editing 
methodologies (see Chapter 15). For biotechnol-
ogy applications, the rabbit is used to produce 
proteins of  pharmaceutical relevance and many 
polyclonal antibodies that are essential in many 
research and clinical activities (Houdebine and 
Fan, 2009; Zhao et al., 2010).
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As briefly mentioned above, relevant bio-
logical and practical aspects for which the rabbit 
can be considered a useful model open the possi-
bilities for several biotechnological applications 
(Chrenek and Makarevich, 2008):

● the litter size and the number of  litters that 
can be produced per year per doe can easily 
produce large families and populations;

● the does have an induced ovulation with a 
superovulation outcome, i.e. about 25 em-
bryos are produced per ovulation;

● embryos can provide a very good visualiza-
tion of  pronuclei;

● the short duration of  the pregnancy (about 
30 days) and the relatively fast maturation 
and favourable growth rate of  the newborn 
rabbits reduce the generation interval;

● the general low cost of  the animals and of  the 
management of  this species creates the eco-
nomic conditions to use the rabbit to generate 
a large number of  transgenic founders;

● the mammary gland is easily accessible for 
the collection of  milk; it is a natural bioreac-
tor for post-translation modification (e.g. gly-
cosylation, sulfation and acylation) of  re-
combinant proteins;

● the quite large amount of  milk produced per day 
in the lactation period (150–250 mL, depending 
on peak of  lactation) makes it possible to con-
sider this biofluid for the production and then the 
collection of  recombinant proteins;

● for some aspects, the rabbit, being genetically 
more similar to humans than dairy animals, 
is preferred for the production of  the milk of  
human therapeutic proteins; and

● although the rabbit is no longer classified 
as  resistant to Transmissible Spongiform 
 Encephalopathies (TSEs), it is unlikely that it 
could transmit prionic diseases (Chianini 
et al., 2012).

With the improvement of  the genetic modifi-
cation techniques that can be applicable to the 
rabbit (gene knock-down, gene knock-out, 
gene knock-in or gene replacement) a few spe-
cialized biotech companies (Transgenic Rabbit 
Models, TRM; PolyGene, www.polygene.ch, 
accessed 7 March 2021; ImmunoGenes, im-
munogenes.com) have started to offer genetic-
ally modified rabbits for several purposes, 
mainly as research tools. Therefore, it is ex-
pected that genetically modified rabbits could 

become more widely used animal models for 
several  aspects that cannot be investigated us-
ing rodent models. The use of  transgenic rab-
bit models in biomedical research promises to 
accelerate the development of  new human 
diagnostic and therapeutic treatments (Fan 
and Watanabe, 2003; Duranthon et al., 2012; 
Baczkó et al., 2016; see Chapter 18).

17.2 Transgenic Rabbits for 
 Biotechnology Applications

Transgenic rabbits have been used for several 
purposes and applications as described below. 
For example, for medical research activities, 
transgenic rabbits are used to identify the func-
tions of  specific factors in complex homeostatic 
systems through over- or under-expression of  a 
modified gene (the inserted transgene) (Chrenek, 
2012). Transgenic rabbits are used in toxicology 
to detect toxicants as responsive test animals. 
Transgenic animals are produced to analyse 
the genetic factors affecting mammalian de-
velopment and the effect of  disruption of  gene 
regulations at the whole animal level. The 
pharmaceutical industry uses transgenic 
rabbits for the production of  pharmaceutical 
proteins and drugs and for testing the thera-
peutic efficacy of  drugs. Several uses have been 
developed and many more are forecast, particu-
larly in a few areas.

17.2.1 Targeted production  
of pharmaceutical proteins

One of  the most relevant uses of  transgenic rab-
bits is for pharmaceutical applications in which 
the animals are considered bioreactors for the 
production of  valuable human proteins, hor-
mones, enzymes and growth factors (Table 17.1; 
Chrenek, 2012). These products may be recom-
binant or modified. The production of  the func-
tional protein from the animals is obtained by 
using tissue-specific regulatory DNA sequences 
to specifically address the expression in a defined 
target tissue.

The biotechnology industry usually uses 
large-scale cell cultures to produce recombin-
ant proteins. Genetically modified eukaryotic 
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cells or bacteria that can express the target 
protein are cultured in nutrient medium 
which is continually replaced and from which 
the bioengineered product is then isolated 
(Chrenek, 2012). The growing medium 
should be pathogen-free, is buffered, and 
growth is temperature-regulated. The use of  
transgenic rabbits, as bioreactors (‘pharma-
ceutical pharming’) can be a cost- effective 
 alternative to cell-culture methods for some 
specific products that could not be obtained 
in  alternative systems, especially when post- 
translational modifications are needed (Wang 
et al., 2013). By directing (or targeting) the 
expression of  the pharmaceutically relevant 
product in the secretory cells of  the liver, lac-
tating mammary gland or kidney, their collec-
tion can be simplified as the products are 
available as body fluids, like milks, or in other 
tissues. The mammary gland is the most 
promising target tissue because it produces 
large amounts of  proteins in a temperature- 
regulated fluid that may be collected daily in 
a non-invasive fashion (Houdebine, 2000; 
Chrenek, 2012).

17.2.2 The purification steps  
of  recombinant proteins from milk  

and other tissues

The purification of  the recombinant proteins 
from milk raises generally no particular prob-
lems (Houdebine, 2009). Milk contains a low 
concentration of  proteases, which means that 
recombinant proteins are not degraded or des-
troyed. Recombinant proteins can be isolated 
from milk quite easily by non-destructive or ex-
pensive procedures. Chromatography may lead, 
on a case-by-case basis, to a high purity of  the pro-
teins (Houdebine, 2009). However, as milk is a 
relatively complex biological fluid, in some cases 
it could be quite complicated to eliminate all 
potential milk-derived contaminants from the 
targeted protein isolate, particularly when 
the recombinant protein is similar in weight, 
structure and properties to abundant milk- 
constitutive proteins (Houdebine, 2009). For 
example, the human serum albumin cannot be 
easily separated from the constitutive albumin 
protein normally derived by the animal used as 
bioreactor (Van Cott et al., 1996).

Table 17.1. Production of recombinant proteins by transgenic rabbits.

Recombinant protein1 Use Reference

h alpha1-antitrypsin Emhysema Massoud et al. (1990)
h IL-2 Viral diseases Bühler et al. (1990)
h tPA Thrombosis Reigo et al. (1993)
h erythropoietin Anemia Rodriguez et al. (1995)
h IGF-1 GH deficiency Brem et al. (1994)
h ESDM Ischaemia Strömqvist et al. (1997)
h plasminogen activator Acute myocardial infarction Song et al. (2016); He et al. (2018); 

Lu et al. (2019)
h GH GH deficiency Hammer et al. (1985)
h alpha-glucuronidase Glycogen storage disease Bijvoet et al. (1999)
Salmon calcitonin Osteoporosis McKee et al. (1998)
eCG Hormonal treatments Galet (2001)
h NGF-beta Neuropathy Coulibaly et al. (1999)
h PC hPC defficiency Chrenek et al. (2002)
h FVIIa (eptacog beta) Haemophilia Chevreux et al. (2013, 2017); 

Biron-Andreani and Schved 
(2019)

h FVIII Haemophilia Chrenek et al. (2007)
h FVIII Haemophilia Hiripi et al. (2003)
Bochymosin Cheese production Brem et al. (1995)
Low Phe kappa casein Cheese production Baranyi et al. (2007)
h tissue non-specific alkaline 

phosphatase
Gram-negative acterial sepsis Bodrogi et al. (2006)

1 h indicates ‘human’.
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17.2.3 Animal systems and tissues  
used to produce recombinant proteins

milk Milk is currently considered the best 
available biofluid for the production and col-
lection of  recombinant proteins (Houdebine, 
2009). A large number of  studies have shown 
that this biofluid can be the source of  complex 
recombinant proteins. However, not all attempts 
were successful, and failures occurred for various 
reasons (Chrenek et al., 2010). Some of  these 
failures were due to problems in the production of  
transgenic animals whereas others were related 
to the effective production and maturation of  the 
final recombinant protein (Houdebine, 2009).

blood Serum, which collects secretion from 
many tissues, may be the source of  recombinant 
proteins (Houdebine, 2009). However, many 
proteins are not very stable in serum and their 
presence in this circulating biofluid could alter 
the physiology of  the animal and, in turn, ham-
per its health, preventing the possibility to use 
this system for large-scale production of  recom-
binant proteins. In addition, serum would need 
repeated bleeding of  the animals and this prac-
tice may raise welfare concerns.

urine Urine is another abundant biofluid that 
has been already used to prepare proteins such as 
gonadotropins for pharmaceutical use (Houd-
ebine, 2000). The use of  urine as a source of  re-
combinant proteins means that these products 
are expressed and matured in the urothelium. 
This system can be preferred to the production 
in milk only if  the maturation is more specific in 
the urothelium or if  there are less negative per-
turbations of  the animal physiology, and if  the 
recombinant protein is reserved in the urine in-
stead of  in the milk. The collection of  urine is also 
usually more complicated than the collection of  
milk in all species, including the rabbit.

seminal plasma Seminal plasma is a relatively 
abundant biological fluid in some species and it 
can be easily collected (Houdebine, 2000). How-
ever, in rabbits, this system has some limitations 
due to the ejaculate volume that is limited com-
pared to that of  other livestock species. It is not 
known how complex proteins are matured and 
secreted in this biofluid and this is also true for 
the rabbit (Houdebine, 2000).

17.3 Rabbit Antibodies

The rabbit has been used in immunology and to 
develop immunologically derived techniques 
and approaches for more than a century. There-
fore, many standard methodologies and proto-
cols on these aspects have been first applied 
and standardized in this species, including im-
munization methods and antibody purification 
systems for an efficient and cost-effective pro-
duction of  antibodies. Thus, nowadays rabbits 
constitute one of  the most relevant sources for a 
wide spectrum of  monoclonal and polyclonal 
antibodies with broad applications in the bio-
medical and biotechnological sectors (Weber 
et al., 2017). The global market share of  antibodies 
used in biomedical research is represented 
by about 40–45% of  rabbit antibodies (Marker 
Analysis Report, 2020). Polyclonal antibodies 
are defined as a set of  different non-epitope- 
specific antibodies produced by the organism 
in response to a specific antigen or pathogen. 
Monoclonal antibodies have a specifically de-
fined antigen-binding site that typically binds 
with high specificity and affinity to only one epi-
tope. Rabbit monoclonal antibodies have been 
produced by applying and adapting hybridoma 
technology, the phage display technology and 
other alternative methods (Weber et al., 2017). 
Rabbit polyclonal antibodies are commonly used 
in biomedical research as analytical or diag-
nostic tools in many immunologically based 
techniques (e.g. western blottings, immuno-
chemistry). Many biotech companies sell rabbit 
polyclonal and monoclonal antibodies for these 
purposes.

Some rabbit monoclonal and polyclonal 
antibodies are used in clinical applications and 
in food-safety monitoring protocols (Thomas 
et al., 1984; Campbell et al., 2007). For example, 
the rabbit anti-thymocyte globulin known as 
Thymoglobulin, produced by Sanofi Genzyme 
Inc. (Cambridge, Massachusetts) was approved 
by the US Food and Drug Administration (FDA) 
in 1998 as an immunosuppressive drug and 
another rabbit polyclonal antibody has been 
approved in a diagnostic assay to evidence 
gastrointestinal stromal tumours (Weber et al., 
2017). Other rabbit monoclonal antibodies 
have been approved by the same agency for 
in  vitro diagnostic methods to detect the 
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 expression of   several tumour-associated anti-
gens and the infection of  Helicobacter pylori 
(Weber et al., 2017).

The attactiveness of  the rabbit for the pro-
duction of  antibodies derives from several fea-
tures of  this lagomorph species. Rabbit antibodies 
complement the rodent antibody recognition po-
tential against human antigens as they can rec-
ognize epitopes that are not recognized by the 
rodent system. In addition, rabbit antibody re-
activity against rodent antigens can be valuable 
to further characterize the rodent models in 
many biological investigations. A strong im-
mune response is elicited in rabbits against small 
molecules and haptens that usually do not turn 
on similar responses in rodents (Weber et al., 
2017). The lower level of  inbreeding that is usu-
ally observed in rabbit populations compared to 
that present in mice or rat populations facilitates 
the production of  stronger antibody responses in 
rabbits that, in turn, result in higher sensitivity 
of  rabbit antibodies than rodent antibodies 
(Weber et al., 2017). Rabbits are better than ro-
dents for the production of  monoclonal anti-
bodies that are based on the recovery of  B cells 
from spleen, bone marrow or blood due to the 
larger size of  the rabbits that can provide many 
more B cells. Another advantage derived from 
the rabbit is that this species uses different mech-
anisms to genetically generate and diversify 
their primary and secondary antibody reper-
toires compared to humans and mice, effectively 
creating a complementary set of  binders for many 
different applications that complete what can be 
available from the rodents (Weber et al., 2017).

17.4 Biotechnology Applications: 
Cryopreservation of Rabbit Lines

The cryopreservation of  rabbit gametes is rele-
vant for the conservation of  genetic resources 
that can be useful for agricultural, medical and 
veterinary applications. The cryopreservation of  
ovarian and testicular tissues can allow the sim-
ultaneous preservation of  thousands of  follicles 
located in the ovarian stock, up to the primary 
stage, or sperm production cells. Because no 
stimulation is necessary, it could be used as an 
emergency preservation method. Immature 
 follicles are better suited to cryopreservation 

 because of  their small size and the absence of  
zona pellucida and because they are metabolically 
quiescent and undifferentiated (Neto et al., 
2008). By these properties, frozen ovarian tissue 
takes advantage over cryopreservation of  ma-
ture oocytes.

Moreover, the cryopreservation of  ovarian 
tissue could be applied to the preservation of  
animal genetic resources: endangered wild spe-
cies, domestic breeds, transgenic animals or bio-
medical models. Doe rabbits may constitute a 
model for the human and the animal applica-
tions of  the ovarian tissue cryopreservation, be-
cause of  their biological and breeding character-
istics (Neto et al., 2008). Because its prolificacy is 
high and its generation interval is reduced (5–6 
months), the rabbit would allow rapid assess-
ment of  the long-term deleterious effects of  the 
cryopreservation process over successive gener-
ations. The rabbit is also the most used species 
among the non-rodent species for regulatory 
teratology studies.

Gene banks have been established to collect 
and store the genetic material of  such animals. 
This method could represent a new tool for gen-
etic resource storage by the female pathway. 
After cryopreservation, mature oocytes could be 
obtained from the ovarian tissue by grafting or in 
vitro folliculogenesis (Neto et al., 2008). Live off-
spring have been born from cryopreserved ovar-
ian tissue autografted or allografted in mice, rab-
bits, ewes and women. Large antral follicles 
developed after xenograft of  frozen ovarian tis-
sue from different animal species into immuno-
deficient mice and also in humans. Although 
offspring were obtained from cryopreserved 
ovarian tissue, it is necessary to determine the 
critical steps of  the freezing protocol by in vitro 
evaluation before grafting.

17.5 Concluding Remarks

The rabbit has numerous biotechnological appli-
cations. For some of  them transgenic rabbits are 
more suitable and, in the medium to long term, 
the rabbit is expected to be used more widely as 
genetic-modification technologies are also ma-
turing in this species. One of  the emerging and 
promising fields of  application is the production 
of  recombinant proteins for pharmacological use 
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in the rabbit milk even if  some limitations of  this 
approach should still be solved. The production of  
antibodies is one of  the most relevant biotechnology 

applications in this species that generates a large 
economic value and is still contributing to advance 
related biomedical studies.
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18.1 Introduction

Rabbits are one of  the most used experimental 
animals for biomedical research, particularly as 
a widely used bioreactor for the production of  
polyclonal and monoclonal antibodies. However, 
many unique features of  the rabbit have also 
made it an excellent species for investigating a 
number of  aspects of  human diseases. Rabbits 
are phylogenetically closer to humans than ro-
dents, in addition to their relatively proper size, 
tame disposition and ease of  use and mainten-
ance in the laboratory facility. Because of  their 
short lifespan, short gestation period, high 
number of  progeny, low cost and availability of  
genomic and proteomic tools and information, 
rabbits usually serve to bridge the gap between 
smaller rodents (mice and rats) and larger ani-
mals (dogs and monkeys) and play an important 
role in many translational research activities 
such as preclinical testing of  drugs and diagnos-
tic methods for patients. The principle of  using 
rabbits (rather than other animals) as experi-
mental models is very simple. Rabbits should be 
used for certain research to solve particular 
problems (e.g. translational research) that are 
hardly accomplished by other species. In this 
chapter, we will provide a brief  introduction and 
some guidelines for using the rabbits as models 

for studying human diseases such as cardiovas-
cular disease, respiratory disease, immune-related 
diseases, osteoarthritis, ocular research and 
Alzheimer’s disease, along with reproductive 
physiology. The chapter will not be comprehen-
sive but rather concise; therefore, readers are 
also encouraged to read other chapters of  this 
book and other references for further details.

18.2 Rabbit Models for 
 Atherosclerosis

Atherosclerosis is the major factor for mortality 
globally. Disclosing the pathologic mechanisms 
of  atherosclerosis and developing effective 
therapy for treating atherosclerosis is an import-
ant and continuous task. Rabbits have been 
widely used as experimental models for study-
ing human atherosclerosis, with the first stud-
ies being carried out more than a century ago 
(Ignatowski, 1908). As herbivores, rabbits do not 
develop atherosclerosis spontaneously on a nor-
mal diet; however, they do develop atheroscler-
otic lesions when they are fed with a diet con-
taining cholesterol or are bred to be genetically 
abnormal and to have known human risk fac-
tors (Fan and Watanabe, 2000; Fan et al., 2015). 
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The rationale for using rabbits for studying human 
lipid metabolism and atherosclerosis is that:

1. The lipid metabolism features of  rabbits are 
more similar to those of  humans than those of  ro-
dents as summarized in Table 18.1. One of  these 
examples is that the major plasma lipoproteins, 
low-density lipoproteins are present in rabbits as 
in humans, and rabbits also have abundant cho-
lesteryl ester transfer protein in the plasma, an 
important regulator of  lipoprotein metabolism, 
which is actually absent in mice and rats.
2. Rabbits are sensitive to a diet containing chol-
esterol and they develop into hypercholesterol-
aemia and atherosclerosis rapidly.
3. Pathological features of  aortic and coronary 
atherosclerosis in rabbits resemble human ath-
erosclerosis (Fig. 18.1).

There are three kinds of  rabbit models, which 
are commonly used for the investigation of  
human atherosclerosis and hyperlipidaemia, 
depending on the research purpose: (i) cho-
lesterol-fed rabbits; (ii) Watanabe heritable 
hyperlipidaemic (WHHL) rabbits; and (iii) 
transgenic (including knockout and knock-
in) rabbits.

Cholesterol-fed rabbit models are the most 
well-known models for the study of  human 
atherosclerosis. For such experiments, rabbits 
are usually fed with a diet containing 0.3–
0.8% cholesterol along with 3% vegetable oil 
for more than three months (Taylor and Fan, 
1997; Fan and Watanabe, 2000). Feeding rab-
bits with a diet containing more than 1% chol-
esterol, especially without oil for a long time is 
usually toxic and can cause massive accumu-
lation of  foam cells in many parts of  the body 
in addition to extremely ‘high’ hypercholesterol-
aemia. These phenomena are often criticized as 

‘un-physiological in humans’, so are not re-
commended.

WHHL rabbits are genetically deficient in LDL 
receptors and spontaneously develop hypercho-
laesterolaemia and atherosclerosis (Watanabe, 
1980). WHHL rabbits are the best model for 
human familial hypercholaesterolaemia and have 
made a great contribution to discovery of  many 
lipid-lowering drugs including statins (Shiomi and 
Ito, 2009). WHHL rabbits can also develop coron-
ary atherosclerosis and myocardial infarction 
(Shiomi et al., 2003; Shiomi and Fan, 2008).

Transgenic rabbits are other powerful 
models for investigating many gene functions 
and their relationships with lipoprotein metab-
olism and development of  atherosclerosis (Fan 
and Watanabe, 2003). During the past years, a 
large number of  transgenes involved in the lipid 
metabolism and/or atherosclerosis have been 
introduced into transgenic rabbits including 
apolipoproteins [AI, AII, (a), B-100, CI, CIII, 
E2, and E3] (Fan et  al., 1995, 1998, 1999; 
Duverger et al., 1996; Huang et al., 1997; Ding 
et  al., 2011; Wang et  al., 2013; Gautier et  al., 
2019), lipid metabolism-related enzymes 
(hepatic lipase, lipoprotein lipase, lecithin:cho-
lesterol acyltransferase, apoB mRNA editing 
protein, phospholipid transfer protein) (Fan et al., 
1994, 2001; Yamanaka et  al., 1995; Hoeg 
et al., 1996; Masson et al., 2011), and lesional 
macrophage-secreting factors (15-lipoxygen-
ase and matrix metalloproteinase-12) (Shen 
et al., 1996; Liang et al., 2006) or other factors 
such as C-reactive protein (Koike et  al., 2009) 
and vascular endothelial cell growth factor 
(Kitajima et  al., 2005). Recently, apoCIII and 
apoE knock-out (KO) rabbits have been made 
using ZFN or TALEN technologies (Yang et al., 
2013, 2014; Niimi et al., 2016), and, hopefully, 

Table 18.1. Comparison of human, rabbit and mouse lipoprotein metabolism and susceptibility to 
atherosclerosis.

Features/traits Humans Rabbits Mice

Major plasma lipoproteins Low density 
lipoproteins

Low density 
lipoproteins

High density 
lipoproteins

Cholesteryl ester transfer protein Abundant Abundant None
Response to a cholesterol diet Sensitive Sensitive Resistant
Aortic atherosclerosis Abdominal aorta Aortic arch and 

thoracic aorta
Aortic root

Coronary atherosclerosis yes yes no
Cerebral atherosclerosis yes yes no
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these KO rabbits will provide a novel valuable 
model for the study of  human atherosclerosis 
in the future.

18.3 Rabbit Models for Heart  
Disease

Because of  its intermediate size, the rabbit also 
offers several potential advantages over other 
species in terms of  heart disease studies (Pog-
wizd and Bers, 2008). The rabbit heart is large 
enough to perform surgical and catheter-based 
interventions at a much lower cost (5–15 times 
less expensive than dogs). Surgical interventions 
are still easier than microsurgical approaches 
in rodents. More importantly, rabbit cardiac 
physiology is more similar to human cardiac 
physiology than with mice or rats. First, cellular 
electrophysiology and Ca2+ transport in rabbits 
are much more like those in humans than is the 
case for either rats or mice. This is particularly 
relevant for the study of  heart failure (HF) and 
arrhythmia, because alterations in ion channel 
and Ca2+ transporter function or expression are 
thought to contribute directly to depressed 
contractile performance and arrhythmogenesis 
(Pogwizd and Bers, 2004). Second, the rabbit 
can be considered an excellent model for ven-
tricle myocardial hypertrophy because the rabbit 
myocardium is similar to the adult human myo-
cardium as it expresses almost entirely β-myosin 
heavy chain, whereas ventricles from adult mice 
and rats normally express mainly the fast α-myosin 
isoform (Gupta, 2007) (which allows faster 

cross-bridge cycling and muscle shortening 
than β-myosin), but during hypertrophy and HF 
there is isoform switching to β-myosin (Gupta, 
2007). These various differences are not argu-
ments against other large animal models but 
are crucial when extrapolating results from 
mouse and rat hearts in the context of  human 
disease. Thirdly, rabbit coronary arteries can be 
used for investigating ischemic heart disease 
such as myocardial infarction (Fan et al., 2015). 
The coronary ischaemia can be induced by liga-
tion or occlusion methods and coronary athero-
sclerosis (which is almost impossible to produce 
in hypercholesterolaemic rodents) can occur in 
both cholesterol-fed rabbits (Liang et al., 2006) 
and WHHL rabbits (Shiomi et al., 2003). Due to 
these unique cardiac characteristics in the rab-
bit, transgenic rabbits were also created to study 
long QT syndrome (Brunner et al., 2008; Lang 
et al., 2016; Odening et al., 2019), hypertrophic 
cardiomyopathy (Marian et  al., 1999; Sanbe 
et al., 2005; Lowey et al., 2018), the G protein 
G

sa (Nishizawa et  al., 2006) and phospholam-
ban (Pattison et al., 2008).

18.4 Rabbit Models for Alzheimer’s 
Disease

Hypercholesterolaemic rabbits are not only use-
ful for the study of  atherosclerosis, as described 
above, but have also emerged as new models 
for the study of  human Alzheimer’s disease (AD) 
(Sparks, 2008). It has been reported that 

HE EVG

SMCMφ

Fig. 18.1. Cholesterol diet-induced aortic atherosclerosis in rabbits. The left figure shows aortic gross 
atherosclerosis visualized by Sudan IV staining. The right figure (4 panels) shows microscopic features of 
the lesions stained by hematoxylin and eosin (HE), elastica van Gieson (EVG), and immunohistochemically 
stained with antibodies against rabbit macrophages (Mϕ) and smooth muscle cells (SMC).
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hypercholesterolaemic rabbits exhibit 16 neuro-
pathologic features observed in human AD. For 
example, brains from hypercholesterolaemic 
rabbits show increased levels of  cholesterol 
along with amyloid β (Aβ) and decreased levels 
of  acetylcholine, tau, and apoE immunoreactiv-
ity, Aβ plaques in the extracellular space, a 
breakdown in the blood-brain barrier, and an in-
crease in microglial and decrease in neuronal 
cell population (Woodruff-Pak, 2008). More im-
portantly, rabbits with hypercholesterolaemia- 
induced AD show age-dependent deficits in 
learning and memory which are often observed 
in human AD patients. Homologous similarity 
between human and rabbit Aβ protein se-
quences are 97%, so rabbit AD models may be 
superior to other AD animal models. Anatomic-
ally, rabbit brains are large enough for patho-
logical study and also cognitive observations. 
For generating AD pathology, rabbits are usually 
fed a diet with 2% cholesterol alone or with a 
trace of  copper in the drinking water for 8–10 
weeks (Sparks et al., 1994). It seems that there is 
a sex-dependent difference in terms of  neuro-
pathological severity in cholesterol-fed rabbits.

18.5 Rabbit Models for  
Ophthalmological Research

Big eyeballs of  rabbits relative to their body size 
have made them a valuable experimental 
model for ophthalmological research, includ-
ing surgical interventions and drug-delivery 
experiments. Rabbit eyes have also been used 
for the study of  cataracts, herpes simplex virus, 
keratitis, glaucoma, uveitis, proliferative vitre-
oretinopathy, retinoblastoma and retinitis pig-
mentosa. However, the histology of  rabbit eyes 
is not completely similar to that of  humans. 
For example, the cornea of  rabbits is thinner 
than that for humans, and the rabbit’s lens is 
larger. As a result, the effects of  drugs on the 
retina of  a rabbit are not easily translated to 
humans, and rabbits are infrequently used to 
study the pathogenesis of  ocular diseases (Bur-
kholder et  al., 2012). In spite of  this, trans-
genic rabbits expressing rhodopsin P347L 
have been generated as models of  retinitis pig-
mentosa (Kondo et al., 2009; Kominami et al., 
2017, 2019).

18.6 Rabbit Models for  
Osteoarthritis

The rabbit knee is grossly similar to that of  hu-
mans so rabbits are an excellent model for the 
study of  human osteoarthritis (OA). In humans, 
OA develops idiopathically and progresses slowly 
with age. Rabbit OA models have many advan-
tages over other animal models. The rabbit knee 
is large enough to harvest adequate amounts of  
tissue for pathological analysis, a major limita-
tion of  smaller animals. In adult humans, the 
growth plates in the long bones no longer retain 
the capacity for growth. This is also the case in 
skeletally mature rabbits. By contrast, mouse 
and rat growth plates do not normally close 
completely and longitudinal bone growth can be 
reinitiated in mature animals. This is a compli-
cating issue for data interpretation and limits 
the translation of  research performed using 
mice and rats. OA in rabbits can be induced us-
ing surgical intervention (such as meniscec-
tomy, or anterior cruciate ligament transection, 
mechanical manipulation or chemical injection 
of  inflammatory stimuli (IL-1β, collagenase and 
carrageenan) (e.g. Gregory et al., 2012; Liu et al., 
2016).

18.7 Rabbit Models for Infectious 
and Autoimmune Disease

The rabbit is sensitive to infections and has been 
used as an animal model for many infectious 
diseases such as tuberculosis (see below), syph-
ilis (Fitzgerald, 1985), anthrax (Zaucha et  al., 
1998), tularemia, pox-virus diseases, hepatitis 
E and several other infectious diseases (e.g. 
Cheng et al., 2012; Lu et al., 2019; Tran et al., 
2020). It is hard or impossible to perform these 
experiments in other species. When it is uneth-
ical to conduct clinical trials of  therapeutic 
strategy against infectious diseases such as 
 anthrax or pneumonic plague because of  the 
severity of  the disease, the US Food and Drug 
Administration's (FDA) animal efficacy rule re-
quires testing in two different species of  animals 
as a part of  the approval process. The first ther-
apy to be approved under this ‘Animal Rule’ was 
a fully human monoclonal antibody for protec-
tion against or treatment of  inhalation anthrax. 
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Raxibacumab was tested in three studies using 
rabbits while one study was with monkeys.

In addition, rabbits are used for investiga-
tions of  autoimmune diseases such as systemic 
lupus erythematosus (SLE) (Rai et  al., 2010). 
Most animal studies of  SLE are conducted in 
mice; however, more and more evidences show 
that the differences in gene expression between 
mice and humans are huge and lots of  results 
obtained in mouse models were followed by fail-
ure of  drug clinical trials in humans. Therefore, 
alternative human-close models such as rabbits 
are required. In this regard, the rabbit SLE 
models are now being applied to studies of  
human SLE patients (Mage and Rai, 2012). An-
other example of  these is human immunodefi-
ciency virus (HIV) infection. HIV can infect 
humans through CD4 lymphocytes and when 
the human CD4 transgene was introduced into 
transgenic rabbits, but not transgenic mice, 
CD4 transgenic rabbits can be successfully in-
fected by HIV as a possible AIDS model (Yama-
mura et al., 1991; Speck et al., 1998).

18.8 Rabbit Models for Studying 
Reproductive Physiology

In the last decades, male infertility has become 
a very important concern (Kajihara et  al., 
2006). The main causes of  male infertility are 
thought to be secondary to environmental ex-
posure to chemical compounds and/or infec-
tions/inflammation of  the male reproductive 
system. Mice are widely used as models for 
physiological and toxicological studies because 
of  the massive amount of  information on their 
development and functions. However, the rabbit 
is the smallest species in which almost all the re-
productive and toxicological endpoints of  hu-
mans can be measured. The rabbit semen can be 
easily collected by the use of  an artificial vagina 
and the fertility of  sperm tested (Foote and Car-
ney, 2000). Furthermore, the rabbit permits 
longitudinal studies on ejaculated sperm in-
stead of  the investigation of  testicular sperms in 
rats or mice. Accordingly, rabbits are excellent 
models for research on reproductive traits and 
they are particularly attractive for studying 
sperm alterations because the collection of  
semen does not require killing the animal and 

the sperm can be used for toxicological studies. 
The mature sperm is a cell that eliminates al-
most all the normal biological functions and re-
tains only those dedicated to provide motility 
and lead to fertilization. Therefore, any damage 
to one of  these basic functions caused by an en-
vironmental or toxic chemical is easily detect-
able as ejaculated sperm is unable to activate a 
repairing process.

Following these considerations, it is sound 
to use the sperm as a good target for metabolic 
and toxicological studies (D’Cruz et  al., 2000; 
Castellini et al., 2019). This approach also lowers 
the use of  laboratory animals that is very advan-
tageous for ethical and economic reasons. Some 
researchers (Young et al., 1992) have suggested 
that rabbit spermatozoa are a good model for in 
vitro assessment of  cytotoxicity and have pro-
posed motion-based indices as endpoints. How-
ever, it is quite evident that there is a need to de-
velop a robust, standardized in vitro sperm model 
to reduce variability factors (Seed et  al., 1996) 
and to increase the discriminating power of  the 
model. Rabbit spermatozoa have been used as a 
model of  spermiotoxicity for some metal ions 
(Castellini et  al., 2009) with the kinetic traits 
and the integrity of  acrosome, which is very sen-
sitive for detecting metal ion damage and tox-
icity (Fig. 18.2).

Rabbit sperms have also been used to assess 
the toxicity of  nanomaterials (1–100 nm in size). 
Indeed, professional and environmental expos-
ure to nanomaterials has greatly increased be-
cause of  the great expansion of  nanotechnology. 
As a consequence of  this widespread use, nano-
particles are likely to be ubiquitous in the envir-
onment and can enter the human body by differ-
ent ways (inhalation, ingestion, skin adsorption 
and biomedical applications). Nanoparticles dif-
fer from bulk materials in their chemical and 
physical properties and generally have different 
toxic profiles (Bernardini et al., 2011).

Many studies have shown that particles 
that are not toxic in the micrometer range may 
become toxic in the nanometer range (Warheit 
et al., 2007). Moreover, some nanoparticles can 
diffuse across biological barriers such as the 
blood-testis barrier, reducing the sperm viability. 
A preliminary research showed that sperm is 
very sensitive to some nano-components of  
environmental pollution (Moretti et  al., 2009; 
Castellini et al., 2014), and to other nanometals 
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that are often used in biomedical applications 
(Moretti et al., 2013).

As previously stated, infection and inflam-
mation of  the genitourinary tract is one of  the 
most important causes of  male infertility in hu-
mans and in domestic animals (Kauffold et  al., 
2007). However, the exact mechanisms by 
which such conditions impair the male repro-
ductive system are not fully understood. Lipo-
polysaccharide (LPS)-induced animal models 
are widely used to highlight the mechanism of  
inflammation and provide useful information on 
the whole process of  sperm production to better 
comprehend this complex process.

Buck rabbits treated with a low LPS dose 
(50 mg/kg body weight E. coli) could be a useful 

model for studying the short- and long-term 
effect of  an induced systemic inflammation on 
spermatogenesis (Brecchia et  al., 2010). 
Sperm-membrane integrity and the number 
of  necrotic sperm are affected for a long period 
after the LPS challenge, reaching a maximum 
at the end of  the spermatogenic cycle. These 
models confirm that a sub-acute inflamma-
tion may cause infertility by compromising 
the testicle cell structure cells and sperm 
membrane integrity (Collodel et  al., 2012) 
shedding new light on the effect of  systemic 
inflammation on spermatogenesis. Gene-ex-
pression analyses in rabbits could be import-
ant to better understand all these mechanisms 
leading to male infertility.

A
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Fig. 18.2. Transmission Electron Microscope (TEM) and Scanning Electron Microscope (SEM) views of 
ejaculated rabbit sperm. (A) TEM (10,000×) and (B) SEM views (10,400×) of control sperm heads; (C) 
SEM (8400×) and (D) TEM (6800×) views of sperm heads after 4 hours of incubation with Pt and Hg 
compounds; (E) TEM (14,200×) and (F) SEM views (10,000×) of a sperm head after 4 hours of incubation 
with Ch compound; (G) TEM (10,000×) and (H) SEM views (31,500×) of a sperm after 4 hours of 
incubation with Vn compound. (Modified from Castellini et al., 2009.)
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18.9 Respiratory System

The rabbit has been used to increase our under-
standing of  biological processes in the respira-
tory tract, including nerve reflexes involved in 
normal physiology and in pathological situ-
ations such as cough, anaphylaxis and pulmon-
ary embolism (Karczewski and Widdicombe, 
1969; Mills et al., 1969). Additionally, there has 
been a considerable body of  work using the rab-
bit to understand various biological processes 
involved in a range of  respiratory diseases such 
as asthma, chronic obstructive pulmonary 
disease (COPD) (Keir and Page, 2008), cough 
(Adcock et al., 2003) and tuberculosis (Dharma-
dhikari and Nardell, 2008). Furthermore, recent 
work exploiting the rabbit genome is leading to 
the development of  transgenic rabbits, which 
will be increasingly invaluable in understanding 
various biological mechanisms and could also 
aid in the development of  new medicines.

18.9.1 Asthma and COPD

A comparison of  the anatomical features of  the 
pulmonary system between humans, rabbits 
and mice demonstrates a number of  differences, 
although in some respect the rabbit is a better 
model to study airway respiratory physiology 
(Table 18.2). The mouse is used in greater fre-
quency to study respiratory disease because of  
the availability of  knock-out and transgenic 
strains and the immunology is also well charac-
terized in this species compared with others. 
However, the rabbit offers a number of  notable 
advantages over the mouse. For example, the 
large intrapulmonary airways in the rabbit are 
supplied by the bronchial circulation (like in hu-
mans) whilst in the mouse, blood supply to the 
intrapulmonary airways is supplied by the pul-
monary circulation. The type of  mucus-secret-
ing cells also differs and there are fewer airway 
branches in the mouse compared with rabbits 
and humans in order to afford the high respira-
tory rate in this species (Table 18.2). The sensory 
innervation also differs, and whilst the mamma-
lian lung is innervated by both un-myelinated 
C-fibres and myelinated Aβ fibres, the density of  
substance P containing sensory nerves is absent 
in man, sparse in rabbit (Laitinen et  al., 1983; 

Canning and Spina, 2009) and promotes bron-
chodilation in the mouse (Table 18.2). This 
is  consistent with the paucity of  contractile 
 response of  human and rabbit airways to capsa-
icin, an agent which stimulates sensory neuro-
peptide release via activation of  the transient 
receptor potential vanilloid receptor (TRPV1) 
(Spina et al., 1998). In the mouse, activation of  
TRPV1 promotes a prostaglandin E

2-dependent 
relaxation (Manzini, 1992). The mouse air-
ways are responsive to a small range of  bron-
choconstrictor stimuli, and lack the ability to 
cough, unlike humans. Rabbits, on the other 
hand, can be induced to cough to a tussive agent 
following exposure to pollutants like ozone 
(Table 18.2).

The other major difference lies in the ability 
to undertake precise measures of  changes in re-
spiratory lung mechanics over time in order to 
understand the temporal aspects of  inflammatory 
disease on airway physiology. Various techniques 
have been developed to monitor pulmonary lung 
mechanics in the mouse using various invasive 
and non-invasive techniques. The latter involve 
the measurement of  penH, a dimensionless par-
ameter which reflects changes in the pattern of  
breathing but which has been highly criticized 
for its lack of  correlation with total lung resist-
ance (Irvin and Bates, 2003). Hence, more inva-
sive techniques are therefore required but suffer 
from the disadvantage that this can only be 
undertaken once in an animal. The main advan-
tage of  using the rabbit is that its large size per-
mits the repeated non-invasive measurement of  
pulmonary lung mechanics in anaesthetized 
animals (Minshall et al., 1993; Keir et al., 2011).

Like the mouse, the rabbit has been useful 
for the study of  allergic pulmonary inflamma-
tion and offers several advantages over other 
species. It was recognized in the 1970s that rab-
bits immunized at birth to allergens developed 
an IgE allergic phenotype that was maintained 
into the adult animal (Meng et al., 1973; Pinck-
ard et  al., 1977), characterized by anaphylaxis 
to allergen, and early- and late-phase pulmon-
ary responses to inhaled antigen (Shampain 
et  al., 1982). In contrast, animals immunized 
seven days after birth produced both IgE and IgG 
but had blunted physiological responses to anti-
gen, highlighting the importance of  neonatal 
immunization for the development of  long-lived 
IgE responses (Meng et al., 1973; Pinckard et al., 
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Table 18.2. Comparative respiratory physiology and pharmacology between humans, rabbits and mice.

Features of interest Humans Rabbits Mice References

Anatomy
• Airway generations
• Branching pattern
• Respiratory rate
• Respiratory bronchioles
• Mucus-producing cells
• Bronchial circulation
• Sensory innervation

• C- and A-delta fibres
• Neuropeptide containing C-fibres

23
Symmetrical
12 breaths/min
Present
Submucosal and goblet cells
extra- and intrapulmonary

present
absent

32
Less symmetrical
100–200 breaths/min
Absent
Goblet cells
large intrapulmonary

present
sparse

13–17
Less symmetrical
250–300 breaths/min
Absent
Clara cells
extrapulmonary airways

present
sparse (dilator)

Irvin and Bates (2003); Shapiro 
(2007); Kamaruzaman et al. 
(2013) 

Verloop (1949)

Mills et al. (1969); Laitinen et al. 
(1983); Manzini (1992); 
Matsumoto et al. (1997); 
Adcock et al. (2003); Canning 
and Spina (2009)

Physiology
Bronchoconstrictors
• Muscarinic agonists
• Leukotrienes
• Histamine
• Neurokinins
• Serotonin
Bronchodilators
• Beta-agonists
• Prostaglandin E2

Yes
Yes
Yes
Yes
No

Yes (β2-adrenoceptor)
YES

Yes
Not determined
Yes
No
No

(Yes β1-receptor)
YES

Yes
No
No
No
Yes

(Yes β1-receptor)
YES

Canning (2003)

Allergic inflammation
• Early-phase response
• Late phase
• Eosinophilia
• Bronchial hyper-responsiveness

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Canning (2003)

Cough (to citric acid) Yes Yes (after ozone) No Canning and Spina (2009)
Cigarette smoke-induced inflammation
• Emphysema
• Neutrophil recruitment

Yes
Yes

Yes
Yes

Yes
Yes

Canning (2003)

Tuberculosis
• Caseating cavitation
• Susceptibility to Mtb

Yes
Yes

Yes
Yes (Bovis and NTG 

strain)

No
Low

Dharmadhikari and Nardell 
(2008)
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1977; Shampain et  al., 1982). The pulmonary 
recruitment of  eosinophils (Coyle et  al., 1990; 
Minshall et al., 1993) and heightened airway re-
sponsiveness to adenosine and histamine (Coyle 
et al., 1990; Minshall et al., 1993; el-Hashim et al., 
1996), features observed in human asthma 
(Martinez and Vercelli, 2013), are reproduced in 
the rabbit. Furthermore, the pharmacology of  
anti-inflammatory drugs can also be investi-
gated in the rabbit. Glucocorticosteroids sup-
pressed pulmonary eosinophilia and bronchial 
hyperresponsiveness in the allergic rabbit (Goz-
zard et  al., 1996) and phosphodiesterase 4 in-
hibitors, including CDP840, which was the first 
PDE4 inhibitor to be shown to be effective at in-
hibiting the late-onset response in patients with 
allergic asthma (Harbinson et  al., 1997), was 
previously shown to suppress the airway inflam-
matory response in allergic rabbits (Gozzard 
et al., 1996). This effect was later confirmed with 
the more active PDE4 inhibitor Roflumilast in al-
lergic asthmatics (Gauvreau et al., 2011) that is 
currently licenced for the treatment of  COPD.

The role of  the immune system in regulat-
ing the allergic inflammatory response is ac-
tively being pursued in attempts to discover 
novel therapeutic targets, and the mouse has 
been used widely for this purpose because of  
the wide availability of  transgenic, knock-out 
and monoclonal antibodies directed at numer-
ous immunological targets (Lloyd and Hessel, 
2010). Therefore, it is encouraging that the 
genome sequence of  the rabbit Th2 region is 
available and identification of  transcription 
factor binding sites similar to those described in 
man and the mouse highlight the potential of  
manipulating the rabbit genome to study im-
munological responses in this species (Gertz 
et al., 2011).

COPD represents a major global health 
issue, principally caused by exposure to cigarette 
smoke or smoke from burning wood for cooking. 
This chronic smoke exposure is thought to trig-
ger airway inflammation, small airway fibrosis 
and emphysema (Decramer et al., 2012). Some 
features of  COPD can be investigated using 
guinea pigs and mice where inflammation and 
emphysematous changes to the lung can be 
measured and genes of  interest manipulated, 
particularly in mice, to ascribe function to geno-
type (Shapiro, 2008; Barnes, 2013). However, 
the physiological changes accompanying such 

changes in these models are difficult to measure 
in mice. In contrast, the rabbit is large enough to 
permit the recording of  lung function repeatedly 
in the same animal and our laboratory has meas-
ured lung function in the same animals over a 
one-year period (Minshall et  al., 1993), and re-
peatedly following exposure, for example, to por-
cine pancreatic elastase, as a model of  neutrophil 
elastase, to induce emphysematous changes and 
compromised lung function (Nishi et  al., 2003; 
Baila et al., 2012). Reports are emerging of  the 
nature of  the signalling pathways that are acti-
vated following chronic cigarette smoke in rab-
bits, and in one study there was a significant pro-
tein expression of  Toll-like receptor (TLR)4 and 
matrix metalloproteinase (MMP)-1 in the lungs 
of  rabbits exposed to cigarette smoke with the 
implication that cigarette smoke stimulates TLR4 
via activation of  oxidant-signalling pathways, 
which leads to the elevation of  MMP-1 (Geraghty 
et al., 2011). This shows the potential for studying 
molecular events in the rabbit and, if  coupled to 
measures of  lung function, offer a powerful model 
to study the temporal effects of  cigarette smoke 
exposure on lung inflammation, tissue damage 
and lung function.

18.9.2 Cough

Chronic cough is a symptom of  various inflam-
matory diseases including asthma, COPD, gastro-
esophageal reflex, idiopathic pulmonary fibrosis 
and other unidentified causes, and is a debilitat-
ing condition for which there are currently only 
limited pharmacological options. Chronic cough 
remains a significant unmet clinical need in re-
spiratory medicine (Spina and Page, 2013). 
Mammals, including guinea pigs and rabbits, 
but not rodents such as mice or rats, possess the 
physiological reflex of  cough and have for a long 
time been used to study the basic physiology of  
cough (Table 18.2). Sub-populations of  mye-
linated Aβ fibres with terminations within and 
beneath airway epithelium of  extrapulmonary 
and large intrapulmonary airways are respon-
sible for initiating cough caused by various insults 
including low pH and mechanical stimuli (e.g. 
mucus). In contrast, un-myelinated slow- 
conduction C-fibres with terminals found within 
and beneath the airway epithelium throughout 
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the respiratory tract can be activated by a var-
iety of  chemical stimuli thought to participate in 
the sensitization of  the cough reflex (Canning 
and Spina, 2009). Of  particular interest is that 
neuropeptide containing C-fibres are sparse in 
the rabbit and mediate a weak contractile re-
sponse to capsaicin similar to that observed in 
human airways (Spina et al., 1998). In contrast, 
the airways of  the guinea pig, a species that is 
also used to study the cough reflex, contracts ro-
bustly to capsaicin reflecting the dense network 
of  neuropeptide containing afferent nerves in 
the airways (Watanabe et al., 2006). Hence, the 
sensory innervation pattern in the rabbit more 
closely reflects that seen in man compared with 
other species and therefore is a useful model to 
study the cough reflex. Rabbits have also been 
used to study the mechanisms leading to hyper-
tussive responses. For example, following expos-
ure to an environmental pollutant, like ozone, 
the cough sensitivity to citric acid is significantly 
enhanced in the rabbit and this has been used as 
a model to study both the physiology and pharma-
cology of  this heightened cough response 
(Adcock et  al., 2003). This heightened tussive 
response is thought to better mimic chronic 
cough syndromes seen in human disease (Can-
ning and Spina, 2009). It is of  further interest 
that this heightened cough response can be sup-
pressed by drugs that are known to be effective 
anti-tussive in the clinic such as codeine and 
local anaesthetics (Adcock et al., 2003). The size 
of  these animals also permits the administration 
and study of  the pharmacological action of  sub-
stances injected into specific regions of  the cen-
tral nervous system known to regulate cough 
and breathing. For example, angiotensin con-
verting enzyme (ACE) inhibitors like linosopril 
cause dry cough and are thought to be due to 
the peripheral sensitizing actions of  bradykinin 
on the cough reflex in humans. When injected 
into the nucleus tractus solitarii (NTS) of  anaes-
thetized rabbits, linosopril enhanced cough 
number in response to stimulation of  lung affer-
ents either mechanically (rubbing the surface of  
the trachea) or pharmacologically (citric acid). 
Hence, formation of  bradykinin within the NTS 
can augment the cough reflex thereby uncovering 
a novel mechanism to explain dry cough in pa-
tients taking ACE inhibitors (Cinelli et al., 2015). 
In other examples of  the utility of  this model to 
study central mechanisms regulating the cough 

reflex, the same group has reported that activa-
tion of  alpha2-adrenoceptors and galanin re-
ceptors within the NTS can suppress cough 
(Cinelli et al., 2013; Mutolo et al., 2014). The po-
tential use of  genetically modified rabbits to 
study the cough reflex would be invaluable in 
the discovery of  novel drug targets.

18.9.3 Tuberculosis

Tuberculosis (TB) is a global disease which re-
sulted in 1.5 million deaths and 10 million new 
cases in 2018, with global incidence rates begin-
ning to fall since 2001 with the rate of  decline in 
world incidence of  tuberculosis of  between 1% 
and 8.5% per annum, yet there remains the 
issue concerning the susceptibility of  HIV pa-
tients to TB and multi-drug resistance (Glaziou 
et al., 2013). Hence, murine, rabbit, guinea pig 
and non-human primates have been used to 
study the underlying mechanism of  this disease 
and to evaluate novel treatments (Dharma-
dhikari and Nardell, 2008; Myllymaki et  al., 
2015). The rabbit offers several advantages as a 
disease model which exhibits similar histopatho-
logical features to those observed in human 
infection, particularly the observation of  a ca-
seating granuloma cavitation, which is also 
observed in non-human primates, but not in mice 
(Table 18.2). Outbred strains of  New Zealand 
White rabbit are relatively resistant to Mycobac-
terium tuberculosis but are susceptible to M. bovis 
infection and have therefore been used to model 
the human disease (Dharmadhikari and Nardell, 
2008). However, an inbred strain of  New Zea-
land White rabbit (the ‘Thorbecke strain’), 
which is no longer available, was susceptible to 
M. tuberculosis infection. These rabbits demon-
strated a diminished impairment in macrophage 
function compared with outbred rabbits and 
developed histological lesions consistent with 
M. tuberculosis infection compared with the out-
bred counterparts (Dorman et al., 2004; Mendez 
et  al., 2008). The reason for this susceptibility 
might be explained by differences in the genome 
sequence of  Th2 cytokines between the inbred 
and outbred strains of  New Zealand White rabbit 
(Gertz et al., 2011). Further refinements in this 
animal model appear to have been made with 
the reporting of  susceptibility of  outbred New 
Zealand White rabbit to M. tuberculosis HN878 
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(Beijing strain) resulting in granulomatous pul-
monary disease (Subbian et  al. 2011a, 2011b, 
2013). These studies also described the molecu-
lar determinants of  this infectious disease and 
have investigated gene expression in the diseased 
lung using microarray and/or quantitative PCR 
to study the expression of  specific genes involved 
in macrophage activation over the course of  this 
disease (Subbian et  al., 2011b, 2013). These 
studies documented the potential for studying 
gene expression, gene pathways and the temporal 
aspects of  the evolution of  the disease in a rabbit 
model with a human relevant infectious agent.

New methods to monitor the progression of  
infection in rabbits using positive emission tomog-
raphy-computed tomography (PET-CT) imaging 
have been described that permit the study of  tem-
poral aspects of  the infection and the monitor-
ing of  the efficacy of  antimicrobial agents in a 
non-invasive manner (Via et al., 2012; Luna et al., 
2015). Finally, the pharmacokinetic modelling of  
antimicrobial agents in non-involved and involved 
regions of  the rabbit lung can enhance the under-
standing of  the distribution of  these drugs in the 
pulmonary system aiding understanding of  drug 
disposition in humans (Kjellsson et al., 2012).

References

Adcock, J.J., Douglas, G.J., Garabette, M., Gascoigne, M., Beatch, G. et al. (2003) RSD931, a novel an-
ti-tussive agent acting on airway sensory nerves. British Journal of Pharmacology 138, 407–416.

Baila, B., Ohno, Y., Nagamoto, H., Kotosai, K., Yabuuchi, Y. et al. (2012) Tetomilast attenuates elastase- 
induced pulmonary emphysema through inhibition of oxidative stress in rabbits. Biological and 
Pharmaceutical Bulletin 35, 494–502.

Barnes, P.J. (2013) Development of new drugs for COPD. Current Medicinal Chemistry 20, 1531–1540.
Bernardini, G., Cattaneo, A.G., Sabbioni, E., Di Gioacchino, M., Chiriva-Internati, M. and Gornati, R. (2011) 

Toxicology of engineered metal nanoparticles. In: Sahu, S.C. and Casciano, D. (eds) Handbook of 
System Toxicology. Wiley & Sons Ltd, Chichester, UK, pp. 729–742.

Brecchia, G., Cardinali, R., Mourvaki, E., Collodel, G., Moretti, E. et al. (2010) Short- and long-term effects 
of lipopolysaccharide-induced inflammation on rabbit sperm quality. Animal Reproduction Science 118, 
310–316.

Brunner, M., Peng, X., Liu, G.X., Ren, X.Q., Ziv, O. et al. (2008) Mechanisms of cardiac arrhythmias and 
sudden death in transgenic rabbits with long QT syndrome. Journal of Clinical Investigation 118, 
2246–2259.

Burkholder, T.H., Linton, G., Hoyt, J.R.F. and Young, R. (2012) The rabbit as an experimental model. In: 
Suckow, M.A., Steven, K.A. and Wilson, R.P. (eds) The Laboratory Rabbit, Guinea Pig, Hamster, and 
Other Rodents. Elsevier, pp. 529–560.

Canning, B.J. (2003) Modeling asthma and COPD in animals: a pointless exercise? Current Opinion in 
Pharmacology 3, 244–250.

Canning, B.J. and Spina, D. (2009) Sensory nerves and airway irritability. Handbook of Experimental 
Pharmacology (194), 139–183.

Cinelli, E., Bongianni, F., Pantaleo, T. and Mutolo, D. (2013) Suppression of the cough reflex by alpha 2-adrenergic 
receptor agonists in the rabbit. Physiological Reports 1, e00122.

Cinelli, E., Bongianni, F., Pantaleo, T. and Mutolo, D. (2015) The cough reflex is upregulated by lisinopril 
microinjected into the caudal nucleus tractus solitarii of the rabbit. Respiratory Physiology and Neurobiology 
219, 9–17.

Castellini, C., Mourvaki, E., Sartini, B., Cardinali, R., Moretti, E. et al. (2009) In vitro toxic effects of metal 
compounds on kinetic traits and ultrastructure of rabbit spermatozoa. Reproductive Toxicology 27, 
46–54.

Castellini, C., Ruggeri, S., Mattioli, S., Bernardini, G., Macchioni, L. et al. (2014) Long-term effects of silver 
nanoparticles on reproductive activity of rabbit buck. Systems Biology in Reproductive Medicine 60, 
143–150.

Castellini, C., Mattioli, S., Dal Bosco, A., Collodel, G., Pistilli, A. et al. (2019) In vitro effect of nerve growth 
factor on the main traits of rabbit sperm. Reproductive Biology and Endocrinology 17, 1–11.

Cheng, X., Wang, S., Dai, X., Shi, C., Wen, Y. et al. (2012) Rabbit as a novel animal model for hepatitis 
E virus infection and vaccine evaluation. PLOS ONE 7, e51616.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



 The Rabbit as a Biomedical Model 321

Collodel, G., Castellini, C., del Vecchio, M.T., Cardinali, R., Geminiani, M. et al. (2012) Effect of a bacterial 
lipopolysaccharide treatment on rabbit testis and ejaculated sperm. Reproduction in Domestic Ani-
mals 47, 372–378.

Coyle, A.J., Spina, D. and Page, C.P. (1990) PAF-induced bronchial hyperresponsiveness in the rabbit: 
contribution of platelets and airway smooth muscle. British Journal of Pharmacology 101, 31–38.

D’Cruz, O.J., Vassilev, A. and Uckun, F.M. (2000) Evaluation of boar sperm as a model system to study 
the mechanism of spermicidal activity of vanadocenes. Biochemical and Biophysical Research Com-
munications 270, 826–830.

Decramer, M., Janssens, W. and Miravitlles, M. (2012) Chronic obstructive pulmonary disease. Lancet 
379, 1341–1351.

Dharmadhikari, A.S. and Nardell, E.A. (2008) What animal models teach humans about tuberculosis. 
American Journal of Respiratory Cell and Molecular Biology 39, 503–508.

Ding, Y., Wang, Y., Zhu, H., Fan, J., Yu, L. et al. (2011) Hypertriglyceridemia and delayed clearance of fat 
load in transgenic rabbits expressing human apolipoprotein CIII. Transgenic Research 20, 867–875.

Dorman, S.E., Hatem, C.L., Tyagi, S., Aird, K., Lopez-Molina, J. et al. (2004) Susceptibility to tuberculosis: 
clues from studies with inbred and outbred New Zealand white rabbits. Infection and Immunity 72, 
1700–1705.

Duverger, N., Kruth, H., Emmanuel, F., Caillaud, J.M., Viglietta, C. et al. (1996) Inhibition of athero-
sclerosis development in cholesterol-fed human apolipoprotein A-I-transgenic rabbits. Circulation 
94, 713–717.

el-Hashim, A., D’Agostino, B., Matera, M.G. and Page, C. (1996) Characterization of adenosine receptors 
involved in adenosine-induced bronchoconstriction in allergic rabbits. British Journal of Pharmacol-
ogy 119, 1262–1268.

Fan, J. and Watanabe, T. (2000) Cholesterol-fed and transgenic rabbits for the study of atherosclerosis. 
Journal of Atherosclerosis and Thrombosis 7, 26–32.

Fan, J. and Watanabe, T. (2003) Transgenic rabbits as therapeutic protein bioreactors and human disease 
models. Pharmacology and Therapeutics 99, 261–282.

Fan, J., Wang, J., Bensadoun, A., Lauer, S.J., Dang, Q. et al. (1994) Overexpression of hepatic lipase in trans-
genic rabbits leads to a marked reduction of plasma high density lipoproteins and intermediate dens-
ity lipoproteins. Proceedings of the National Academy of Sciences of the USA 91, 8724–8728.

Fan, J., McCormick, S.P., Krauss, R.M., Taylor, S., Quan, R. et al. (1995) Overexpression of human apo-
lipoprotein B-100 in transgenic rabbits results in increased levels of LDL and decreased levels of 
HDL. Arteriosclerosis Thrombosis and Vascular Biology 15, 1889–1899.

Fan, J., Ji, Z.S., Huang, Y., de Silva, H., Sanan, D. et al. (1998) Increased expression of apolipoprotein E 
in transgenic rabbits results in reduced levels of very low density lipoproteins and an accumulation 
of low density lipoproteins in plasma. Journal of Clinical Investigation 101, 2151–2164.

Fan, J., Araki, M., Wu, L., Challah, M., Shimoyamada, H. et al. (1999) Assembly of lipoprotein (a) in 
transgenic rabbits expressing human apolipoprotein (a). Biochemical and Biophysical Research 
Communication 255, 639–644.

Fan, J., Unoki, H., Kojima, N., Sun, H., Shimoyamada, H. et al. (2001) Overexpression of lipoprotein lipase 
in transgenic rabbits inhibits diet-induced hypercholesterolemia and atherosclerosis. Journal of 
Biological Chemistry 276, 40071–40079.

Fan, J., Kitajima, S., Watanabe, T., Xu, J., Zhang, J. et al. (2015) Rabbit models for the study of human 
atherosclerosis: from pathophysiological mechanisms to translational medicine. Pharmacology and 
Therapeutics 146C, 104–119.

Fitzgerald, T.J. (1985) Experimental congenital syphilis in rabbits. Canadian Journal of Microbiology 31, 
757–762.

Foote, R.H. and Carney, E.W. (2000) The rabbit as a model for reproductive and developmental toxicity 
studies. Reproductive Toxicology 14, 477–493.

Gautier, T., Deckert, V., Aires, V., Le Guern, N., Patoli, D. et al. (2019) Human apolipoprotein C1 trans-
genesis to inhibit Cetp and to attenuate atherosclerosis in hypercholesterolemic rabbits. Athero-
sclerosis 287, e81.

Gaureau, G.M., Boulet, L.P., Schmid-Wirlitsch, C., Côté, J., Duong, M. et al. (2011) Roflumilast attenuates 
allergen-induced inflammation in mild asthmatic subjects. Respiratory Research 12, 140.

Geraghty, P., Dabo, A.J. and D’Armiento, J. (2011) TLR4 protein contributes to cigarette smoke-induced 
matrix metalloproteinase-1 (MMP-1) expression in chronic obstructive pulmonary disease. Journal of 
Biological Chemistry 286, 30211–30218.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



322 J. Fan et al. 

Gertz, E.M., Agarwala, R., Mage, R.G. and Schaffer, A.A. (2011) Comparative analysis of genome 
sequences of the Th2 cytokine region of rabbit (Oryctolagus cuniculus) with those of nine different 
species. Immunol Immunogenet Insights 3, 59–82.

Glaziou, P., Falzon, D., Floyd, K. and Raviglione, M. (2013) Global epidemiology of tuberculosis. Seminars 
in Respiratory and Critical Care Medicine 34, 3–16.

Gozzard, N., el-Hashim, A., Herd, C.M., Blake, S.M., Holbrook, M. et al. (1996) Effect of the glucocorticos-
teroid budesonide and a novel phosphodiesterase type 4 inhibitor CDP840 on antigen-induced airway 
responses in neonatally immunised rabbits. British Journal of Pharmacology 118, 1201–1208.

Gregory, M.H., Capito, N., Kuroki, K., Stoker, A.M., Cook, J.L. and Sherman, S.L. (2012) A review of translational 
animal models for knee osteoarthritis. Arthritis 2012,764621.

Gupta, M.P. (2007) Factors controlling cardiac myosin-isoform shift during hypertrophy and heart failure. 
Journal of Molecular and Cellular Cardiology 43, 388–403.

Harbinson, P.L., MacLeod, D., Hawksworth, R., O’Toole, S., Sullivan, P.J. et al. (1997) The effect of a novel 
orally active selective PDE4 isoenzyme inhibitor (CDP840) on allergen-induced responses in asthmatic 
subjects. The European Respiratory Journal 10, 1008–1014.

Hoeg, J.M., Vaisman, B.L., Demosky, S.J. Jr., Meyn, S.M., Talley, G.D. et al. (1996) Lecithin:cholesterol 
acyltransferase overexpression generates hyperalpha-lipoproteinemia and a nonatherogenic lipoprotein 
pattern in transgenic rabbits. Journal of Biological Chemistry 271, 4396–4402.

Huang, Y., Schwendner, S.W., Rall, S.C.J., Sanan, D.A. and Mahley, R.W. (1997) Apolipoprotein E2 
transgenic rabbits. Journal of Biological Chemistry 272, 22685–22694.

Ignatowski, A.C. (1908) Influence of animal food on the organism of rabbits. S Peterb Izviest Imp Voy-
enno-Med Akad 16, 154–173.

Irvin, C.G. and Bates, J.H. (2003) Measuring the lung function in the mouse: the challenge of size. Respira-
tory Research 4, 4.

Kajihara, T., Okagaki, R. and Ishihara, O. (2006) LPS-induced transient testicular dysfunction accompan-
ied by apoptosis of testicular germ cells in mice. Medical Molecular Morphology 39, 203–208.

Kamaruzaman, N.A., Kardia, E., Kamaldin, N., Latahir, A.Z. and Yahaya, B.H. (2013) The rabbit as a 
model for studying lung disease and stem cell therapy. Biomedical Research International 2013, 
691830.

Karczewski, W. and Widdicombe, J.G. (1969) The role of the vagus nerves in the respiratory and circula-
tory reactions to anaphylaxis in rabbits. Journal of Physiology 201, 293–304.

Kauffold, J., Henning, K., Bachmanna, R., Hotzel, H. and Melzer, F. (2007) The prevalence of chlamydiae 
of bulls from six bull studs in Germany. Animal Reproduction Science 102, 111–121.

Keir, S. and Page, C. (2008) The rabbit as a model to study asthma and other lung diseases. Pulmonary 
Pharmacology and Therapeutics 21, 721–730.

Keir, S.D., Spina, D., Douglas, G., Herd, C. and Page, C.P. (2011) Airway responsiveness in an allergic 
rabbit model. Journal of Pharmacological and Toxicological Methods 64, 187–195.

Kitajima, S., Liu, E., Morimoto, M., Koike, T., Yu, Y. et al. (2005) Transgenic rabbits with increased VEGF 
expression develop hemangiomas in the liver: a new model for Kasabach-Merritt syndrome. Labora-
tory Investigation 85, 1517–1527.

Kjellsson, M.C., Via L.E., Goh, A., Weiner, D., Low, K.M. et al. 2012. Pharmacokinetic evaluation of the 
penetration of antituberculosis agents in rabbit pulmonary lesions. Antimicrobial Agents and Chemo-
therapy 56(1), 446–457.

Koike, T., Kitajima, S., Yu, Y., Nishijima, K., Zhang, J. et al. (2009) Human C-reactive protein does not 
promote atherosclerosis in transgenic rabbits. Circulation 120, 2088–2094.

Kominami, T., Ueno, S., Okado, S., Nakanishi, A., Kondo, M. and Terasaki, H. (2017) Contributions of 
second- and third-order retinal neurons to cone electroretinograms after loss of rod function in rhodopsin 
P347L transgenic rabbits. Investigative Ophthalmology and Visual Science 58, 1417–1424.

Kominami, T., Ueno, S., Nishida, K., Inooka, D., Kominami, A. et al. (2019) Electrically evoked 
potentials are reduced compared to axon numbers in rhodopsin P347L transgenic rabbits 
with severe photoreceptor degeneration. Investigative Ophthalmology and Visual Science 
60, 2543–2550.

Kondo, M., Sakai, T., Komeima, K., Kurimoto, Y., Ueno, S. et al. (2009) Generation of a transgenic rabbit 
model of retinal degeneration. Investigative Ophthalmology and Visual Science 50, 1371–1377.

Laitinen, L.A., Laitinen, A., Panula, P.A., Partanen, M., Tervo, K. and Tervo, T. (1983) Immunohistochem-
ical demonstration of substance P in the lower respiratory tract of the rabbit and not of man. Thorax 
38, 531–536.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



 The Rabbit as a Biomedical Model 323

Lang, C.N., Koren, G. and Odening, K.E. (2016) Transgenic rabbit models to investigate the cardiac 
ion channel disease long QT syndrome. Progress in Biophysics and Molecular Biology 121, 
142–156.

Liang, J., Liu, E., Yu, Y., Kitajima, S., Koike, T. et al. (2006) Macrophage metalloelastase accelerates the 
progression of atherosclerosis in transgenic rabbits. Circulation 113, 1993–2001.

Liu, Z., Hu, X., Man, Z., Zhang, J., Jiang, Y. and Ao, Y. (2016) A novel rabbit model of early osteoarthritis 
exhibits gradual cartilage degeneration after medial collateral ligament transection outside the joint 
capsule. Scientific Reports 6, 34423.

Lloyd, C.M. and Hessel, E.M. (2010) Functions of T cells in asthma: more than just T(H)2 cells. Nature 
Review Immunology 10, 838–848.

Lowey, S., Bretton, V., Joel, P.B., Trybus, K.M., Gulick, J. et al. (2018) Hypertrophic cardiomyopathy R403Q 
mutation in rabbit β-myosin reduces contractile function at the molecular and myofibrillar levels. 
Proceedings of the National Academy of Sciences of the USA 115, 11238–11243.

Lu, G., Wang, C., Wu, C., Yan, L. and Tang, J. (2019) Identification of early biomarkers in a rabbit model of 
primary Candida pneumonia. BMC Infectious Diseases 19, 698.

Luna, B., Kubler, A., Larsson, C., Foster, B., Bagci, U. et al. (2015) In vivo prediction of tuberculosis-asso-
ciated cavity formation in rabbits. Journal of Infectious Diseases 211, 481–485.

Mage, R.G. and Rai, G. (2012) A Rabbit Model of Systemic Lupus Erythematosus, Useful for Studies of 
Neuropsychiatric SLE. InTech-Open Access Publisher, Croatia.

Manzini, S. (1992) Bronchodilatation by tachykinins and capsaicin in the mouse main bronchus. British 
Journal of Pharmacology 105, 968–972.

Marian, A.J., Wu, Y., Lim, D.S., McCluggage, M., Youker, K. et al. (1999) A transgenic rabbit model for 
human hypertrophic cardiomyopathy. Journal of Clinical Investigation 104, 1683–1692.

Martinez, F.D. and Vercelli, D. (2013) Asthma. The Lancet 382, 1360–1372.
Masson, D., Deckert, V., Gautier, T., Klein, A., Desrumaux, C. et al. (2011) Worsening of diet-induced 

atherosclerosis in a new model of transgenic rabbit expressing the human plasma phospholipid trans-
fer protein. Arteriosclerosis Thrombosis and Vascular Biology 31, 766–774.

Matsumoto, S., Takeda, M., Saiki, C., Takahashi, T. and Ojima, K. (1997) Effects of tachykinins on rapidly 
adapting pulmonary stretch receptors and total lung resistance in anesthetized, artificially ventilated 
rabbits. Journal of Pharmacology and Experimental Therapeutics 283, 1026–1031.

Mendez, S., Hatem, C.L., Kesavan, A.K., Lopez-Molina, J., Pitt, M.L. et al. (2008) Susceptibility to tubercu-
losis: composition of tuberculous granulomas in Thorbecke and outbred New Zealand White rabbits. 
Veterinary Immunology and Immunopathology 122, 167–174.

Meng, A.L., Pinckard, R.N. and Halonen, M. (1973) Ontogeny of the release and reactivity to the mediators 
of IgE-induced acute allergic reactions in the rabbit: the homologous PCA reaction. Journal of Immun-
ology 110, 1554–1561.

Mills, J., Sellick, H. and Widdicombe, J.G. (1969) The role of lung irritant receptors in respiratory responses 
to multiple pulmonary embolism, anaphylaxis and histamine-induced bronchoconstriction. Journal of 
Physiology 200, 79P–80P.

Minshall, E.M., Riccio, M.M., Herd, C.M., Douglas, G.J., Seeds, E.A. et al. (1993) A novel animal model for 
investigating persistent airway hyperresponsiveness. Journal of Pharmacological and Toxicological 
Methods 30, 177–188.

Moretti, E., Dal Bosco, A., Mourvaki, E., Cardinali, R., Collodel, G. et al. (2009) In vitro effects of tyre debris 
organic extract on the kinetic and morphologic traits of rabbit spermatozoa. World Rabbit Science 17, 
213–220.

Moretti, E., Terzuoli, G., Renieri, T., Iacoponi, F., Castellini, C. et al. (2013) In vitro effect of gold and silver 
nanoparticles on human spermatozoa. Andrologia 45, 392–396.

Mutolo, D., Cinelli, E., Bongianni, F. and Pantaleo, T. (2014) Inhibitory control of the cough reflex by galanin 
receptors in the caudal nucleus tractus solitarii of the rabbit. American Journal of Physiology-Regulatory, 
Integrative and Comparative Physiology 307, R1358–R1367.

Myllymaki, H., Niskanen, M., Oksanen, K.E. and Ramet, M. (2015) Animal models in tuberculosis research – 
where is the beef? Expert Opinion on Drug Discovery 10, 871–883.

Niimi, M., Yang, D., Kitajima, S., Ning, B., Wang, C. et al. (2016) ApoE knockout rabbits: a novel model for 
the study of human hyperlipidemia. Atherosclerosis 245, 187–193.

Nishi, Y., Boswell, V., Ansari, T., Piprawala, F., Satchi, S. and Page, C.P. (2003) Elastase-induced changes 
in lung function: relationship to morphometry and effect of drugs. Pulmonary Pharmacology and 
Therapeutics 16, 221–229.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



324 J. Fan et al. 

Nishizawa, T., Vatner, S.F., Hong, C., Shen, Y.T., Hardt, S.E. et al. (2006) Overexpressed cardiac Gsalpha 
in rabbits. Journal of Molecular and Cellular Cardiology 41, 44–50.

Odening, K.E., Bodi, I., Franke, G., Rieke, R., Ryan de Medeiros, A. et al. (2019) Transgenic short-QT 
syndrome 1 rabbits mimic the human disease phenotype with QT/action potential duration shortening 
in the atria and ventricles and increased ventricular tachycardia/ventricular fibrillation inducibility. 
European Heart Journal 40, 842–853.

Pattison, J.S., Waggoner, J.R., James, J., Martin, L., Gulick, J. et al. (2008) Phospholamban overexpres-
sion in transgenic rabbits. Transgenic Research 17, 157–170.

Pinckard, R.N., Halonen, M., Palmer, J.D., Butler, C., Shaw, J.O. and Henson, P.M. (1977) Intravascular 
aggregation and pulmonary sequestration of platelets during IgE-induced systemic anaphylaxis in 
the rabbit: abrogation of lethal anaphylactic shock by platelet depletion. Journal of Immunology 
119, 2185–2193.

Pogwizd, S.M. and Bers, D.M. (2004) Cellular basis of triggered arrhythmias in heart failure. Trends in Car-
diovascular Medicine 14(2), 61–66.

Pogwizd, S.M. and Bers, D.M. (2008) Rabbit models of heart disease. Drug Discovery Today, Disease 
Models 5, 185–193.

Rai, G., Ray, S., Milton, J., Yang, J., Ren, P. et al. (2010) Gene expression profiles in a rabbit 
model of systemic lupus erythematosus autoantibody production. Journal of Immunology 185, 
4446–4456.

Sanbe, A., James, J., Tuzcu, V., Nas, S., Martin, L. et al. (2005) Transgenic rabbit model for human tropo-
nin I-based hypertrophic cardiomyopathy. Circulation 111, 2330–2338.

Seed, J., Chapin, R.E., Clegg, E.D., Dostal, L.A., Foote, R.H. et al. (1996) Methods for assessing 
sperm motility, morphology, and counts in the rat, rabbit, and dog: a consensus report. ILSI Risk 
Science Institute Expert Working Group on Sperm Evaluation. Reproductive Toxicology 10, 
237–244.

Shampain, M.P., Behrens, B.L., Larsen, G.L. and Henson, P.M. (1982) An animal model of late pulmonary 
responses to Alternaria challenge. American Review of Respiratory Disease 126, 493–498.

Shapiro, S.D. (2007) Transgenic and gene-targeted mice as models for chronic obstructive pulmonary 
disease. The European Respiratory Journal 29, 375–378.

Shapiro, S.D. (2008) The use of transgenic mice for modeling airways disease. Pulmonary Pharmacology 
and Therapeutics 21, 699–701.

Shen, J., Herderick, E., Cornhill, J.F., Zsigmond, E., Kim, H.S. et al. (1996) Macrophage-mediated 15-lipox-
ygenase expression protects against atherosclerosis development. Journal of Clinical Investigation 
98, 2201–2208.

Shiomi, M. and Fan, J. (2008) Unstable coronary plaques and cardiac events in myocardial infarction-prone 
Watanabe heritable hyperlipidemic rabbits: questions and quandaries. Current Opinion in Lipidology 
19, 631–636.

Shiomi, M. and Ito, T. (2009) The Watanabe heritable hyperlipidemic (WHHL) rabbit, its characteristics and 
history of development: a tribute to the late Dr. Yoshio Watanabe. Atherosclerosis 207, 1–7.

Shiomi, M., Ito, T., Yamada, S., Kawashima, S. and Fan, J. (2003) Development of an animal model for 
spontaneous myocardial infarction (WHHLMI rabbits). Arteriosclerosis Thrombosis and Vascular 
Biology 23, 1239–1244.

Sparks, D.L. (2008) The early and ongoing experience with the cholesterol-fed rabbit as a model of 
Alzheimer's disease: the old, the new and the pilot. Journal of Alzheimer’s Disease 15, 641–656.

Sparks, D.L., Scheff, S.W., Hunsaker, J.C. III, Liu, H., Landers, T. and Gross, D.R. (1994) Induction of 
Alzheimer-like beta-amyloid immunoreactivity in the brains of rabbits with dietary cholesterol. Experi-
mental Neurology 126, 88–94.

Speck, R.F., Penn, M.L., Wimmer, J., Esser, U., Hague, B.F. et al. (1998) Rabbit cells expressing human 
CD4 and human CCR5 are highly permissive for human immunodeficiency virus type 1 infection. 
Journal of Virology 72, 5728–5734.

Spina, D. and Page, C.P. (2013) Regulating cough through modulation of sensory nerve function in the 
airways. Pulmonary Pharmacology and Therapeutics 26, 486–490.

Spina, D., Matera, G.M., Riccio, M.M. and Page, C.P. (1998) A comparison of sensory nerve function in 
human, guinea-pig, rabbit and marmoset airways. Life Sciences 63, 1629–1642.

Subbian, S., Tsenova, L., O’Brien, P., Yang, G., Koo, M.S. et al. (2011a) Phosphodiesterase-4 inhibition 
alters gene expression and improves isoniazid-mediated clearance of Mycobacterium tuberculosis in 
rabbit lungs. PLOS Pathogens 7, e1002262.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



 The Rabbit as a Biomedical Model 325

Subbian, S., Tsenova, L., Yang, G., O’Brien, P., Parsons, S. et al. (2011b) Chronic pulmonary cavitary 
tuberculosis in rabbits: a failed host immune response. Open Biology 1, 110016.

Subbian, S., Bandyopadhyay, N., Tsenova, L., O’Brien, P., Khetani, V. et al. (2013) Early innate immunity 
determines outcome of Mycobacterium tuberculosis pulmonary infection in rabbits. Cell Communation 
and Signaling 11, 60–76.

Taylor, M.J. and Fan, J. (1997) Transgenic rabbit models for the study of atherosclerosis. Frontiers in 
Bioscience 2, 298–308.

Tran, V.G., Venkatasubramaniam, A., Adhikari, R.P., Krishnan, S., Wang, X. et al. (2020) Efficacy of active 
immunization with attenuated α-hemolysin and Panton-Valentine Leukocidin in a rabbit model of 
Staphylococcus aureus necrotizing pneumonia. Journal of Infectious Diseases 221, 267–275.

Verloop, M.C. (1949) On the arteriae bronchiales and their anastomosing with the arteria pulmonalis in 
some rodents; a micro-anatomical study. Acta Anatomica (Basel) 7, 1–32.

Via, L.E., Schimel, D., Weiner, D.M., Dartois, V., Dayao, E. et al. (2012) Infection dynamics and response to 
chemotherapy in a rabbit model of tuberculosis using [18F]2-fluoro-deoxy-D-glucose positron emission 
tomography and computed tomography. Antimicrobial Agents and Chemotherapy 56, 4391–4402.

Wang, Y., Niimi, M., Nishijima, K., Waqar, A.B., Yu, Y. et al. (2013) Human apolipoprotein AII protects 
against diet-induced atherosclerosis in transgenic rabbits. Arteriosclerosis Thrombosis and Vascular 
Biology 33, 224–231.

Warheit, D.B., Borm, P.J.A., Hennes, C. and Lademann, J. (2007) Testing strategies to establish the safety 
of nanomaterials: conclusions of an ECETOC workshop. Inhalation Toxicology 19, 631–643.

Watanabe, N., Horie, S., Michael, G.J., Keir, S., Spina, D. et al. (2006) Immunohistochemical co-localiza-
tion of transient receptor potential vanilloid (TRPV)1 and sensory neuropeptides in the guinea-pig 
respiratory system. Neuroscience 141, 1533–1543.

Watanabe, Y. (1980) Serial inbreeding of rabbits with hereditary hyperlipidemia (WHHL-rabbit). Atheroscler-
osis 36, 261–268.

Woodruff-Pak, D.S. (2008) Animal models of Alzheimer's disease: therapeutic implications. Journal of 
Alzheimer’s Disease 15, 507–521.

Yamamura, Y., Kotani, M., Chowdhury, M.I., Yamamoto, N., Yamaguchi, K. et al. (1991) Infection of 
human CD4+ rabbit cells with HIV: the possibility of the rabbit as model for HIV-1 infection. Inter-
national Immunology 3, 1183–1187.

Yamanaka, S., Balestra, M.E., Ferrell, L.D., Fan, J., Arnold, K.S. et al. (1995) Apolipoprotein B mRNA-ed-
iting protein induces hepatocellular carcinoma and dysplasia in transgenic animals. Proceedings of 
the National Academy of Science of the USA 92, 8483–8487.

Yang, D., Zhang, J., Xu, J., Zhu, T., Fan, J. and Chen, Y. (2013) Production of Apolipoprotein C-III knockout 
rabbits using Zinc Finger Nucleases. Journal of Visualized Experiments 81, e50957.

Yang, D., Xu, J., Zhu, T., Fan, J., Lai, L. et al. (2014) Effective gene targeting in rabbits using RNA-guided 
Cas9 nucleases. Journal of Molecular Cell Biology 6, 97–99.

Young, R.J., Bodt, B.A., Iturralde, T.G. and Starke, W.C. (1992) Automated-analysis of rabbit sperm motility 
and the effect of chemicals on sperm motion parameters. Molecular Reproduction and Development 
33, 347–356.

Zaucha, G.M., Pitt, L.M., Estep, J., Ivins, B.E. and Friedlander, A.M. (1998) The pathology of experimental 
anthrax in rabbits exposed by inhalation and subcutaneous inoculation. Archives of Pathology and 
Laboratory Medicine 122, 982–992.

 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 8:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



 327

Index

ABI SOLID system (Applied Biosystems) 255–257
Abomey-Calavi University (Benin) 33
L’Acclimatation journal 34
ACE (angiotensin I converting enzyme) 46

inhibitors 319
acetylcholine 313
aCGH (array comparative genome hybridisation) 

technique 41
acrosome membrane functionality 217
acrosome reaction (AR) 198–199
ACTH (adrenocorticotropic hormone) 201
Activation Induced Deaminase (AID) 67
activin 294
ACY (aminoacylase) 45
adenoviral transduction 278–279, 280–281
ADG (average daily weight gain) 180–182, 

185–187, 214, 235–238, 241–242
adrenal glands 253
Affymetrix (Thermo Fisher Scientific) 41
Agouti locus 93–95
AHSG (alpha-2-HS-glycoprotein) 46
AI (artificial insemination) 179–180, 199, 

202–205, 212–216, 225, 239
Alaska breed 93, 292
albumin 304
aldolase 261
Alexandria University (Egypt) 31
Algeria 31, 235
Alilepus 5
alkaline phosphatase 291–293
alleles 9, 77–78, 85–99, 170, 189

dominance relationships, and coat colour  
90–91, 94

En and English spotting 24, 47
frequency shifts 9–10
maternal and paternal 47
mutations 91
non-agouti 93–95, 99
re (red-eye) 99
recessive 95–96, 120
segregation 47, 85
tan 93
wild-type 93–98

allergy 78, 316–318
allotypes 68–69, 72

extinct inbred ACEP/J strain 71
genetic variants detectable 70–72
locations 71–72, 71

ALOX (arachidonate 1 5-lipoxygenase) 46
alpha glucosidase 290
α-tocopherol 149
alpha-2-HS-glycoprotein (AHSG) 46
Alzheimer’s Disease (AD), biomedical models  

312–313
Amami Island rabbit (Pentalagus furnessi) 4
American Rabbit Breeders’ Association 27
aminoacylase (ACY) 45
Amrum Island 13
amyloid β (Aβ) 313
anatomically modern humans 10

diet 10–15
androstenedione 201
angioedema 273, 290
Angora breeds 25, 34, 98

French/German, fibre and fur production 104–115
fur structure 27

Note: Page numbers in bold type refer to figures
Page numbers in italic type refer to tables
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Animal Production Research Institute (APRI) 31
animal proportional hazard model 225
anion exchange chromatography 279
Annamite striped rabbit (Nesolagus timminsi) 4
anoctamin-5 gene 281
anthrax 313–314
antibiotics 237
antibodies 305–306

monoclonal 305–306, 318
polyclonal 305

antigens 172
HBGAs (histo-blood group) 172
SLA (swine leucocyte) complex 76
SSE1/4 (stage specific embryonic) 291–294

antiinflammatory drugs 316–318
aortic arch patterns 148
apoE immunoreactivity 313
apoptosis 200
appendix 72–74, 253
AR (acrosome reaction) 198–199
ARC Institute of  Animal Physiology (Cambridge) 205
Argenté de Champagne breed 24, 29, 33–34, 93, 

98–99, 239
Asia 4
ASIP (agouti signalling protein), gene mutations  

93–95, 99
asthma 78
astrocytes, GFAP-positive glial 295
atherosclerosis 59–62, 148, 207, 279, 288

biomedical models 310–312, 311, 312
ATP (adenosine triphosphate) binding cassette 

transporter (G1) 279
and calcium ions (Ca2+ ATPases) 261

Australia 14–16, 164, 169–170, 236
economic and environmental damage 15–16

autoimmune disease 313–314
autosomes 43

B-cells
development 66, 70–74, 172, 281

early repertoire 72–73
and Igs sequence diversification 66–67, 

70–74, 281
rearranged heavy and light chain gene  

sequence somatic hypermutation  
67, 73–74

receptors 66–67, 72–74
BAC contig 76, 290
Baladi breeds, Black/Red 31–33
basophils 68
Bayesian Inference 241
BCO2 (beta-carotene oxygenase 2) gene 149
behaviours

breed 26–30
burrowing 10–12
heritability 121, 149

Belgian Hare breed 94
Benha University (Egypt) 31
β-carotene 149
β-estradiol 200–201
β2-microglobulin (B2M) gene 77
biochemical markers 49, 62
bioconductor packages 253–255
bioinformatics 250
biomedical models 310–320

Alzheimer’s Disease 312–313
atherosclerosis 310–312, 311, 312
infectious and autoimmune diseases 313–314
ophthalmological and osteoarthritis research 313
reproductive physiology studies 314–315, 315
respiratory system 316–320, 317

bioreactors 288–290, 304, 310
biostimulations 202
biotechnology applications 302–307

antibodies 305–307
cryopreservation 306
specialised companies 303
and transgenic rabbits 303–305

birth weight 212
Blanc de Hotot breed 93
blastocyst stage 204–205, 273, 288, 291–296
blastomeres 277
BLUP (best linear unbiased prediction) 239–242
body weight (BW) 181–182, 185–187, 215, 235–239

loss markers 261
Bouscat White breed 25, 29, 34
bradykinin 319
Brazil 33, 235
BRCs (biological resources centres) 291
breeding see cross-breeding
breeds 23–34

associations and conservation 26, 30
CECURI 33
characteristics and behaviour 26–30
definition and classification 23–24, 27, 28–29
domestication and warrens 13–15, 24, 29
evolution and selection 29–30
French decree (1969) 23–25
hunting and commercialisation 10–15, 24
international level, local/transboundary 26–27
isolated population recognition 25–26
lines (V/maternal/paternal) and genetic  

improvement programmes 25–26, 
29–34

national standards compendiums 25–26
origins and creation 24–25, 33–34
purposes 27
synthetic 30–34, 32
see also individual breed names

British Rabbit Council (BRC) 27
Bronze Age 12
Brun Marron de Lorraine breed 26
Burgundy Fawn breed 239
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burrowing behaviours 10–12
Bursa of  Fabricius (bursa) 72–73
Butterfly breeds 96

C8A (complement component c8 alpha chain) gene 149
caecotrophy 1
Californian breeds 29, 91, 94, 218, 236–240
CALR (calreticulin) 46
calsequestrin 261
cancer 257

research 288–289
Capri 12
Caprolagus hispidus (Hispid hare) 4–5
Carboxylesterase loci 91
CASA (casein alpha) 45
CASA (computer-assisted sperm analysis)  

systems 216
CASB (casein beta) 45
CCR2/CCR5 (chemokine receptors 2/5) 171

and ligands (CCL) 171
CDRs (complementary determining regions) 74
cells see B-cells; T-cells
cellular electrophysiology 312
Chaplins 96
character state model 213
Checkered Giant breed 91, 94–98
Checkered Small breed 91, 94
chimaeras 290–291, 295
China 9, 27, 109, 113
Chinchilla rabbits 27, 239, 292
cholesterol 198–200, 207

CYP11A1 149
fed rabbits 311–312
metabolism 256

chromatin 80, 291
chromosomes 6–8, 43–63, 67, 78, 274–275

banded 43, 68, 293
and coat colour 85
differentiated regions 7–8
germline 70
OCU1/4/9/16 linkage mapping 49, 85, 93, 96
OCU5 (LGV1) 62
OCU15 107
OCU17 and litter sizes 221
OCU21 46
recombination rate 62
sex 282
somatic 70
as vectors 274
see also gene mapping

CKBB (creatinine kinase B) 45
CKMM (creatinine kinase M) 45
CL (corpus luteum) 201
clades 1, 6
Classic Antiquity period 10
clones 274, 278

fosmid 69
phagemid 274

Close Rolls (1235) 13
CNVs (copy number variations) 41

CNVRs (regions) 41
coagulation factor VII (F7) 46
coat (hair)

colour 10, 15, 84–99, 86–88
Agouti locus, agouti signalling protein 

(ASIP) gene mutations 93–95, 99
Albino locus, tyrosinase (TYR) gene  

characterisation 84–89, 90
allele dominance relationships 90–91, 94
Brown locus, tyrosinase-related protein 1 

(TYRP1) gene mutation 96
Dilute locus, melanophilin (MLPH) gene 

polymorphisms 95–96
Dutch series 98
English Spotting locus, KIT gene marker 

association 92, 96–98, 97
Extension locus, melanocortin 1 receptor 

(MC1R) gene deletions 90–95, 92
Red Eye locus 99
silvering 98–99
Viennese White locus 98
Wide Band locus 93, 99

growth phases, anagen/catagen/telogen 106, 
109, 116

structure and composition 105–109, 114–116
coccidia parasitic agents 165–166
commercialisation 10–15, 24
Complete Genomics (Beijing Institute) 256
Conejeria de Toledo (Rabbitries of  Toledo) 13
consanguinity 30
Convention on Biological Diversity (CBD) 26
conversion index 237, 241–243
Coomassie blue staining 259
COPD (chronic obstructive pulmonary disease) 316–318
Corsica 12
cosinophils 318
Cottontail rabbits 168
cough 316–319
craniosynostosis 149
Croatia 15
cross-breeding 10, 15, 25, 30–33, 46–49, 85

Crusader programme 236
fertility and reproduction selection 212–218, 

224–226
and genetic improvement in meat rabbit 234–245
and inbreeding 306
populations 59
see also gene mapping

Crusader programme 236
cryopreservation 202–204, 221, 241–242, 306
CT (computer tomography) 180, 183, 188, 241

positive emission (PET-CT) 320
CTP (cyanine 3) 254
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cunicularium (breeding warrens) 13–15
CYB5 (cytochrome b-5) 46
CYP2C4 (cytochrome P450 subfamily HC  

polypeptide 4) 46
cytokine genes 66–67, 78–80, 79
cytokines 66–67, 78–80, 79, 171–172
cytotoxicity 173
Czech Republic 15

DAD-IS (Domestic Animal Diversity Information 
System) 26

De Re Coquinaria (Apicius) 13
De Re Rustica (Varro) 12
defleecing 107–109
degenerative disorders 258

myelopathy (DM) genes 77
Deipnosophistae (Athenaeus) 12
deoxyribonuclease 1 (DNASE1) 46
dermatitis 66
DH (diversity genes) 67
DHI (dihydroxyindole) 96
DHICA (dihyroxyindole-2-carboxylic acid) 96
diabetes 206

mellitus 276
diet, FD 166
dietary recommendations 200

see also feeding systems
differentially expressed (DE) genes 254–257, 261
digestive disorders 163–167

candidate genes and marker identification 167
and coccidia parasitic agents 165–166
and Escherichia coli experimental infection  

166–167
resistance genetic variability 165–166
selection 166

dihydroxyphenylalanine (DOPA) 84
quinone and chrome 84

diluent solutions 203
dimorphism, sexual 207
disease

Alzheimer’s 312–313
ERE (Epizootic Rabbit Enterocolitis) 163–168, 243
infectious and autoimmune 313–314
ophthalmological see ophthalmological disease 

research biomedical models
pneumonic plague 313
Pompe 290
Rabbit Haemorrhagic Disease Virus (RHDV) 16, 

163, 171–173
resistance 163–173, 223, 236, 239–241, 

256–263
bacterial and experimental infection  

selection 164–167
challenged environment 168
ERE and digestive disorders 163–168
feeding systems 167–168

genetic variability 165–166
and heritability (mortality/morbidity)  

165–168
indicator traits and marker identification  

163–164, 167
infectious syndromes 168
and modelling 288–290, 310–320
myxomatosis 163, 168–171, 170
pasteurellosis 163–165
pox-virus and hepatitis E 313
RHDV 163, 171–173

see also heart disease; multiple disease syndromes;  
MYXV (myxomatosis)

diversity genes (DH) 67
DNA sequencing 38–41, 290, 295

complementary (cDNA) 252–254, 274
demethylation 289
exogenous recombinant 271–272
LTR (long terminal repeat) 275
methylation 275
NGS and Sanger 255–258
pre-era studies 120–121
restriction-site-associated (RAD-seq) 40
single-stranded 252
species specific 39–40, 68
see also mtDNA (mitochondrial DNA) lineages 

(A and B)
DNASE1 (deoxyribonuclease 1) 46
Domestic Animal Diversity Information System 

(DAD-IS) 26
domestication

breed 13–15, 24, 29
European rabbit (Oryctolagus cuniculus) 8–15

DOPA (dihydroxyphenylalanine) 84
dopamine 201
drug screening 258
Duplicidentata 1
Dutch breeds 29, 91, 94
Dwarf  locus 93
dystrophinopathy 261

Early Holocene period 6
EBVs (estimated breeding values) 166
EDGE (Evolutionary Distinct and Globally  

Endangered) species 2
EDTA solution 205
Egypt 9, 31, 235
electrophoresis (1DE/2DE) 258–261

and Blue-Native (BN) poly-acrylamide (PAGE)  
258–259

DIGE (Differential In Gel) 259–261
embryos 253, 289, 291

collection and implantation 204–206, 
220–222, 236

cryopreservation and conservation 202–204, 
221, 241–242, 291, 306
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development and losses 204–205
EBs (bodies) 295
genesis 213
morphogenesis 257
and SCNT 277–278, 278
transfer and pronucleus microinjection  

271–273, 272
ENCODE project 67, 78, 274
Encyclopédie des Sciences (1765) 24
endoplasmic reticulum 85
English spotting breed 92–93

and KIT marker gene 96–98, 97
enhanced pause (penH) measurement 316
Ensembl database 38–41, 47, 253
enteropathy 165–166
environmental variabilities 15–16, 222, 226, 237, 

240, 314, 319
and genetics interactions (GXE) 120

enzymes 47
glycosyltransferase 172, 282
isoforms 47
lipid metabolism-related 311
restriction mapping of  DNA 72

epigenetics 38, 253
Epipalaeolithic period 11
equine infectious anaemia virus 275
ERE (Epizootic Rabbit Enterocolitis) 163–168, 243

disease description 165
Escherichia coli experimental infection 166–167
Esterase loci 91
estimated breeding values (EBVs) 166
estrogen 201, 295
ethylnitrosourea 289
Euarchontoglires 1
eumelanins 84, 90–96
European Parliament (EP) 283
European rabbit (Oryctolagus cuniculus) 4–16, 169–171

behavioural changes 9–10
colonisation process 6
Committee for Standardised Karyotype 43
distribution sources, archaeological/historical  

10–15
domestication pathways and process 8–15
donor 68–69
evolutionary history 2, 5–8
exploitation, hunting/breeding/commercialisation  

10–15
fossil records 2, 5–6
molecular data and processes 2, 6–10
original distribution and Medieval dispersal 7
world distribution and genetic perspectives  

15–16
Eurymilydae 1
Evolutionary Distinct and Globally Endangered 

(EDGE) species 2
exocytosis process 85
exons 77, 85, 93–95, 98, 107–108, 149, 281

family segregation 147
farms, SPF 226
FAs (fatty acids)

MUFA (monounsaturated) 184, 188–189
PUFA (polyunsaturated) 1, 184, 187–188
SFA (saturated) 184, 187–189

Fauve de Bourgogne 29, 34
breeders association (AELFB) 34

FD (fibre-deficient) diet 166
feeding systems 167–168

ad libitum 168, 181, 185, 237–238
adult weight 186
carcass quality 186–187
conversion ratio (FCR) changes 179, 181–182, 

185–188, 237, 241–243
efficiency and consequences 186–190, 237
intake (FI) and residual feed intake (RFI) 182, 

185–188, 238
meat quality changes 187–188
restricted 168, 181, 185–186, 237, 261

fertility 212–215, 239
and reproduction selection, for 

cross-breeding 212–218, 224–226
fibre and fur production 104–116

Angora, French/German 104–115
body weight and harvest number 110, 115
coat (hair) structure and composition 105–109, 

114–116
furless (or naked) trait 106–109
genetic improvements

fibre/fleece weights and grades 106, 
109–113

fur maturity/composition/density 109, 
113–115

hair growth phases, anagen/catagen/telogen  
106, 109, 116

heritability 111–112, 111, 115–116, 115, 
121, 148

important traits 109–110, 113–114
moulting periods 106, 114–116
non-genetic factors (fibre) 110
plucking, shearing and defleecing 107–109
Rex 106–108, 113–116
satin 106–108
seasonal effects and doe reproductive status  

110–113
selection response 112–115
single genes 106–109
waved trait 108
wuzzy (sticky/matted) 108

fibre-deficient (FD) diet 166
fibroblasts 201, 278

FGF2 (growth factor 2) 291–294
FGF5 (growth factor 5) 107
FGFBP1 (growth factor-binding protein 1) 149
MEFs (irradiated mouse embryonic) 291–292

fibrosis 78
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FISH (fluorescent in situ hybridisation) 43–46, 68
Flemish Giant breed 25, 29, 34, 147, 181, 236
follicular development 200–201, 257, 306
Food and Agriculture Organisation (FAO) 23, 26
Food and Drug Administration (FDA) 305

animal efficacy rule 313
France 6–14, 24, 27, 104, 107–114, 164, 168–172

and meat production 181, 185, 235, 238–239, 
243–244

Rabbit Breeding Association (FFC) 30
Revolution 14
warrens and rabbit hunting 13–15

French Papillon breed 29
fucosyltransferase 172, 282
fur production see fibre and fur production
furnishing 107

G6PD (glucose-6-phosphate dehydrogenase) 45
Gabali breed 31
GADPH (glyceraldehyde-3-phosphate dehydrogenase) 45
GALT (galactose-1-phosphate uridyltransferase) 45
gas chromatography (GC) 262
gastrulation 205–206, 289
gene mapping 43–63

chromosomal recombination rate (cM/Mb) 59, 62
by FISH 43–46
and inheritance patterns 47
linkage 47–59
microsatellite associated data 46–49, 50–58, 62
physical 43–46, 61
QTL studies 59–62
synteny 46–47, 48, 68
using somatic cell hybrids 45

gene transfer 271–283
methods 272
see also transgenesis methods

genes
V 74
cytokine 66–67, 78–80, 79
DE 254–257, 261

genetic modification (GM) 271, 302–307
genetics and environment interaction (GXE) 120
Genome Sequencer FLX Instrument (Roche) 255
genome wide association studies (GWAS) 189, 256
genomics 38–41, 250

Bos taurus and cattle 39
modelling

human diseases 288–289
human early development 289

modifications 288–291
rabbit numbers 38–39, 39
repeat features proportions 40, 40
sequencing technologies 39–40
tools and applications 41
Xist imprinting 289

geographic cline analysis 8

Geography (Strabo) 11
Germany 15, 27, 107–112
Giant breeds 24–25

Bouscat White 25, 29, 34
Checkered 91, 94–98
Dutch 29
Flemish 25, 29, 34, 147, 181, 236
French Papillon 29
Grey 49, 59, 94
White (albino) 91

GIPAC (Tunisian Poultry and Rabbit Association) 33
GLA (galactosidase alpha) 45
glial astrocytes, GFAP-positive 295
Global Mammal Assessment 1
globin gene cluster (HBAC) 45
glucocorticosteroids 318
glucose-6-phosphate dehydrogenase (G6PD) 45
glutathione peroxidase (GPX) 45
glutathione reductase (GSR) 45
glyceraldehyde-3-phosphate dehydrogenase  

(GADPH) 45
glycosyltransferase enzymes 172, 282
GM (genetic modification) 271, 302–307
GnuBIO system (BioRad) 256
gonadotrophins 205, 305

human chorionic (hCG) treatment 200–201, 
204–205, 295

LH/FSH 200–201, 205, 305
releasing hormone (GnRH) 200–201

GPX (glutathione peroxidase) 45
grafting 306
Grey Giant breed 49, 59, 94
Gris du Bourbonnais breed 29
Griscelli syndrome 95–96
GSR (glutathione reductase) 45
Guide for the Care and Use of  Laboratory Animals  

(NIH, USA) 283
Guildford Royal Palace 14
GUK (guanylate kinase) 45
gut-associated lymphoid tissues (GALT) 68, 72–74
GWAS (genome wide association studies) 189, 256
GXE (genetics and environment interaction) 120
Gymnesian islands (Mallorca/Menorca) 11

haematopoiesis 256
haemophilia coagulation factor VII 290
hair see coat (hair)
Harvey-ras 1 protooncogene (HRAS1) 45
Havana breed 93, 96, 108
HBAC (globin gene cluster) 45
HBBC (beta-like globin gene cluster) 45
heart disease 257, 288

biomedical models 312, 316
granulomatous pulmonary 320

Helicos Genetic Analysis System 255
Heliobacter pylori infection 306
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hepatitis E 313
hepatocytes 172
heritability 120, 237–239

behaviour 121, 149
body weight and growth 110, 115, 121, 147, 

181–184, 235, 240
and disease resistance 165–168
ear length 147
F2 and backcrossed 147
fibre and fur production 111–112, 111, 

115–116, 115, 121, 148
genetic variability sources 121
inbreeding 121
information sources 121
morphological and physiological traits and  

disorders 120–149, 122–146
neuromuscular 121, 149
QTL studies 121–148
and repeatability in reproduction 214–222, 

214, 219, 225–226
reproduction factors and frozen-thawed 

semen 199
single-locus or oligogenic determined traits and 

defects 148–149
skull shape and dental issues 147–149
teat numbers 147
vascular-related and aortic arch patterns  

147–148
vertebrae number and family segregation 147

hermaphroditism 282
heterochromatin 289
heterosis 29–30, 213–215, 235, 283
heterozygosity 80
hexokinase 1 (HK1) 46
Hirschsprung disease 97
Hispid hare (Caprolagus hispidus) 4–5
histamine 318
Histories (Polybius) 12
HIV (human immunodeficiency virus) 275,  

314, 319
HMDB (Human Metabolome Database) 264
HMGA2 (high-mobility group AT-hook 2) gene 149
Holocene period 11
homology-director repair enhancer (RS-1) 281
horror autotoxicus (Ehrlich) 66
HPRT (hypoxanthine-guanine  

phosphoribosyltransferase gene) 45
HPRT1 (hypoxanthine phosphoribosyltransferase 

gene) 278
HRAS1 (Harvey-ras 1 proto-oncogene) 45
HTATIP2 (HIV-1 TAT interactive protein 2) 257
Human Metabolome Database (HMDB) 264
Humboldt-Universität Berlin 49
Hungary 15, 235, 238, 244
hunting 10–15, 24

France 13–15
strategies 11

hybridisation process 252–256
hybridoma technology 305
hydrogen see pH (power/potential of  hydrogen)
hypercholesterolemia 59–62, 148, 311–313
hyperlipidemia 311
hypermutation, somatic 67, 73–74
hyperplasia 149
hyperprolactinemia 206
hypertension 288
Hypharm (rabbit breeder) 166, 238–242
hysterectomy 236

Iberian hares (Lepus granatensis) 171, 172
Iberian Peninsula 4–7, 11, 169, 172
ICC (interstitial cells of  Cajal) 97–98
ICDH (isocitrate dehydrogenase) 184
ICM (inner cell mass) 289–294
IGF1/IGF2 see insulin-like growth factor 1 (IGF1) 

and 2 (IGF2)
Igs see immunoglobulins (Igs)
Illumina MiSeq system 255
Ilumina/HiSeq Genome Analyser (Solexa) 255
immune responses 256
Immuno Polymorphism Database 78
immunogenetics 66–80, 316–318

B- and T-cell receptors 66–67, 72–74
cytokine genes 66–67, 78–80, 79
RLA (Rabbit Leukocyte Antigen) complex  

66–67, 75–78, 76, 78
see also immunoglobulins (Igs)

immunoglobulins (Igs) 66–74, 206, 274, 281
antigen structures 70, 74–77
B-cell development and sequence diversification  

66–67, 70–74, 281
cytokine genes 66–67, 78–80, 79
gene diversification 73–74
genes encoding and definitions 67–68, 68
genomic organisation 69–70, 69
and haplotypes 72, 73, 77–78
IGH (heavy-chain genes) 45, 68, 73–76
Kappa/Lambda/IGKC/IGLC (light-chain genes)  

45, 67–74
protein structure and allotype variants  

70–72, 71
RLA Complex and MHC class genes 66–67, 

74–78, 76, 78
serums (IgG/IgM/IgE) 68, 316
T-cell receptors 66–67, 72–75, 281

immunoreactivity, apoE 313
immunosuppressive drugs 305
immunotoxicity 279
imputation 190
inbreeding 306
infection

Escherichia coli experimental 166–167
Heliobacter pylori 306
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infectious and autoimmune disease biomedical 
models 313–314

inheritance patterns 47
inner cell mass (ICM) 289–294
inoculations 165–167, 305, 316

Escherichia coli strains 166–167
TEC3 (INRA) 166

inosine triphosphatase (ITP) 45
Institut National de la Recherche Agronomique 

(INRA) 30–33, 49, 59, 165, 235
TEC3 inoculum 166

Institut Technique de l’Elevage (ITELV) 31, 235
Institute of  Agrifood Research and Technology (IRTA)  

235, 238
insulin secretion 256
insulin-like growth factor 1 (IGF1) and 2 (IGF2) 46, 

206, 282
and IGF4 200
stimulated progesterone 201

International ImMunoGeneTics Information System 
(IMGT) 67

International Union for Conservation of  Nature and 
Natural Resources (IUCN) 1

interstitial cells of  Cajal (ICC) 97–98
intra-uterine growth retardation (IUGR) 206–207
intramuscular fat (IMF) 183–190, 241
Ion Torrent Personal Genome Machine 40
ionomycin (LPS/PMA) 253
isocitrate dehydrogenase (ICDH) 184
Italy 15, 181, 235

Rabbit Breeders Association 241
Silver breed 239–240, 244

ITGA3 (integrin alpha-3) gene 149
ITP (inosine triphosphatase) 45
IUGR (intra-uterine growth retardation) 206–207

Jackson Laboratory 71
Japan 4
joining genes (JH) 67–68

K1FC1 (kinesin family member C1) 75
Kaposvár University (Hungary) 238, 244
karyotypes 43–45

European rabbit standardisation 43, 44
R-banded 46

KDa (kilodaltons) 76
Kenya 9
keratinocytes 84–85
KIT gene 97–98, 97
knocked out (KO) rabbits 281, 311–312, 316
KRAS2 (Kirsten rat sarcoma viral oncogene homolog) 45

lactation 212
Laghmere breed 49

lagomorphs 1–5, 12
features 1
LSG (Specialist Group) 1
schematic representation 2
species listing 3–4

Lagovirus europaeus GI.1 genotype 171
λ-mediated Red/ET recombination 274
laparoscopy 205, 219–221
laparotomy 220
Last Glacial Maximum 10
laurices (delicate food from young rabbits) 12–13
LDHA/LDHB (lactate dehydrogenase A/B) 45
LDL (low density lipoprotein) receptor 148, 207
leptin 201
Lepus granatensis (Iberian hares) 171, 172
lesional macrophage-secreting factors 311
LIF (leukemia inhibitory factor) 291–293
lines development 236–241

AGP39 and 59 and carcass yield 239
AGP77 (Hypharm) 240–242
and conversion index 237
criteria 236–241
foundation H (UPV Spain) 236
improvement dissemination and perspectives  

243–245
line A (UPV Spain) 239
responses, within line/crossbred 241–243
selection methods

maternal 239–241
paternal 237–239

Linkage Groups 90, 93, 96
linkage maps

genetic 47–59
Albino and Brown pigmentation loci 47
autosomal groups 49
Dutch (du), English spotting (En) and Angora 

loci 47
history 47–49
microsatellite associated data 50–58
OCU1 assigned 49, 60
physical versus genetic 59, 61
population comparisons 49–59
yellow fat (y) and c loci 47

linosopril 319
LIPC (hepatic lipase) 46
LIPH (lipase member H) 108
liquid chromatography 260–262
liquid nitrogen 204
Lithuania 15
litter size 234, 239–243

at weaning 235, 240–243
see also prolificacy

live weight (LW) 182, 185
liver 253

necrosis 171
Livre de Chase (Gaston III) 14
long QT syndrome 312
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Lop-eared breed 24
LPL (lipoprotein lipase) 225–226, 279, 311

LDL (low density) receptors 311
VLDL (very low density) 148

LPS (lipopolysaccharides) 190, 253, 290, 315
LTL (Longissimus and thoracic lumborum) muscle 183, 

187–188
LTR (long terminal repeat) 293
luteolysis 201
Luxembourg 27
lymph nodes 74
lymphocytes 77

cytotoxic CD8 and CD4T helper 77
lymphokines 201

Madonna of  the Rabbit (Titian) 14
magnetic resonance angiography (MRA) 264
major histocompatibility complex (MHC) see MHC
MALDI-TOF/TOF (Matrix Assisted Lased Desorption 

Ionisation-Time Of  Flight/Time Of  Flight) 259
Mammalian Genome Project 43–45
mammary gland development 253, 282, 304
market weight 241
mass spectrometry (MS) 250, 259–262
matrix metalloproteinase (MMP1) 318
MDA5 (melanoma differentiation associated factor 5) 

protein 171
MDH2 (malate dehydrogenases 2) 45
meat

Pale Soft Exudative (PSE) 180
quality, and feeding systems 187–188

meat production
breeding 25, 27–33, 30, 41, 59, 113–116, 147, 260

between-breed variability 180–184
carcass traits 179–183, 189–190, 

238–239
dressing out percentage 183, 188, 241
feed efficiency 185–188
genetic programmes economic importance  

179–180, 180
genomics 189–190
growth traits 179–182, 185–190, 

235–238, 241–242
improvement schemes and line development  

234–245
intramuscular fat (IMF) content  

183–190, 241
mixed-model predictions 186
muscle volume 183, 187–188, 238
parameters 181–184
pH and colour 183–184, 187–189
quality 179, 183–184, 190
selection 185–189
water holding capacity (WHC) 184, 

187–188, 241
France 181, 185, 235, 238–239, 243–244

Medieval period 13
Mediterranean 6, 11–12
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