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Abstract

:

The rabbit (Oryctolagus cuniculus) is a unique multipurpose domestic species that has relevant economic impacts in several contexts. This review is focused on rabbit genetic resources that have been mainly bred for the fixation of differentiating features (e.g., exterior traits) that have been already genetically characterized. Several naturally occurring rabbit mutants could be useful as animal models for the investigation of the biological mechanisms determining their characterizing aspects, with translational potentials. A historical overview of the origin of the domesticated rabbit populations and of their genetic differentiation into many breeds is summarized. Then, a detailed analysis of the genetic features that characterize the different breeds is reported, starting from coat color and coat structure affecting genes (MC1R, ASIP, TYR, MLPH, TYRP1, KIT, LIPH, and FGF5), determining major loci described by classical genetic studies. Mutations in these genes have implications in pigmentation features, hair growth, and related defects. Other gene mutations affecting body size or shapes (HMGA2) and other physiological disfunctions (RORB and BCO2) are also described Additional studies are needed to complete the genetic characterization of some of these loci and to investigate the large genetic variability available in fancy breeds and commercial meat and fur lines.
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1. Introduction


The European rabbit (Oryctolagus cuniculus), known simply as rabbit, is a unique multipurpose domestic species, that has relevant economic impacts in several contexts and that, with the wild or feral counterpart, plays important roles in ecological niches [1]. The rabbit is a livestock raised for meat and fur productions. These uses can be considered the original human-oriented purposes of this species. Many commercial rabbit lines and populations have been selected for these purposes, and selection and breeding programs are currently under way in different countries to strengthen and improve production performances. The rabbit is also an important animal model for biomedical investigations and applications [2,3,4]. For these purposes, it is used to explore basic aspects of biological questions, and several advancements in immunology, neural, muscle, and eye physiology and anatomy as well as in many other branches of biology have been achieved by investigating this species. The rabbit is also a biotech tool used for the production of pharmacological active and biotechnological relevant molecules. For example, most of the commercially available polyclonal antibodies are produced in this animal [5]. The rabbit is a wild animal resource in its native region, i.e., the Iberian peninsula and part of the South of France, and in many other regions in the world in which it has been subsequently introduced starting from wild or domesticated (feral) stocks [6]. Consequently, the rabbit is also considered a pest as, in many non-native regions, its impressive population growth cannot be controlled by predators or other natural enemies, creating many ecological disruptions and damages. Last but not least, the rabbit is also a fancy species with a broad phenotypic diversity that defines many different lines or breeds, which are genetically differentiated by selective breeding processes that, in most cases, have fixed naturally and randomly occurring mutations. In addition, a large number of lines or strains has been developed for other aims, starting from natural mutations.



This review is focused on rabbit genetic resources that have been mainly bred for the fixation of differentiating features (e.g., exterior traits) that have been already genetically characterized (at least in part), and that could be useful as animal models for the exploitation of the biological mechanisms determining their characterizing aspects with translational potentials. First, a historical overview of the origin of the domesticated rabbit populations and of their genetic differentiation into many breeds is summarized here. Then, a detailed analysis of the genetic features that characterize the different breeds is reported starting from coat color and coat structure affecting genes, which have implications in pigmentation features, hair growth, and related defects. The review also includes an analysis of other gene mutations affecting body size or shapes and other physiological disfunctions.




2. The Domestication Process of the Rabbit and the Origin of the Genetic Diversity in this Species


Using morphometric analyses and molecular markers (starting from biochemical markers and then by analyzing mitochondrial DNA and nuclear genome differences), two subspecies of wild European rabbits have been described: O. c. algirus (originally spread in the southwest of the Iberian Peninsula) and O. c. cuniculus (originally distributed in the northeastern regions of the Iberian Peninsula and South of France [7,8,9,10,11,12,13]). At the molecular level, these two subspecies were first reported to carry two separated mitochondrial DNA (mtDNA) lineages (clades A and B) that have about 4.5% nucleotide differences [8,9,12,13]. Differences between these two subspecies were subsequently also clearly evidenced at the nuclear DNA level (e.g., [10,14,15]. The phylogeographical pattern of these wild European rabbit populations suggests that the two groups remained isolated for a certain time and evolved independently. Climatic-generated barriers were probably determined by the glacial dynamics in the Iberian Peninsula that occurred during the Quaternary ice-ages. When glacial barriers later disappeared the two groups expanded their previously confined distribution areal, creating a sort of transversal line of diluted overlapping and gradual separation that goes from the North-East to the South-West of this peninsula [14]. As a consequence of the related population genetic histories, the subspecies of the mtDNA clade A maintained more genetic diversity than the subspecies of the other clade [12,13]. A reduced level of genetic diversity observed in the South of France populations is the result of bottlenecks due to the origin of these populations from the contiguous Iberian O. c. cuniculus populations [9,12,13,15,16]. In historical time, wild populations of European rabbit expanded in the North of France and North of Europe by means of human translocation activities that mainly started during the Middle Age and continued over the subsequent centuries [17,18]. The domestication process relied on the genetic stock constituted by the subspecies O. c. cuniculus that first colonized France and then other regions of the North of Europe. Animal domestication can be usually described with a gradual morphological, biological, and behavioral modification of the animals in one or more populations, and a few domestication pathways have been proposed [19]. The domestication pathway that could better describe what probably occurred in the rabbit is the directed pathway that, in the case of this species, cannot be simply derived by few events. This model does not involve any preliminary steps of habituation to the humans or preliminary management of the animals and directly begins with the capture of wild forms with the aim to control their reproduction and manage their breeding [20,21,22]. It is however not completely clear if preliminary habituation to anthropogenic environments and human derived management conditions of the wild genetic pool could have, at least in part, contributed to shape and lead the domestication process of the rabbit.



Domestic rabbits carry a subset of the B mitotypes (B1 is the most frequent) also identified in the wild rabbit populations of the North-East Iberia and South-West of France, demonstrating that the domestication of this species was based on the wild populations that were present in France [9,23,24]. The domestication processes produced another reduction of genetic diversity that, however, was stronger than that observed during the transition from the Iberian to the French wild rabbits [15,16,25]. This reduction is in agreement with a small effective population size of the early domesticated genetic pool, that is consistent with the fact that the relevant domestication events that involved wild rabbits occurred mainly in a short time window and in a limited geographic area (Middle Age and close to French castles and monasteries [18,26]) and that subsequent crossbreeding with wild rabbits was not frequent [16].



Carneiro et al. [15], using whole genome resequencing data from wild rabbits of the two subspecies and from domestic rabbits of different breeds, have reported that very few loci have gone to complete fixation in domestic populations in comparison with the variability present in the wild ancestral populations. Moreover, the directional selection determined by the domestication process slightly modified allele frequencies at many loci in the domesticated populations, suggesting that the domestication acted softly on standing genetic variation in many regulatory regions of the rabbit genome [15]. An over-representation of the shifted alleles in regulatory regions of genes affecting brain and neuronal development indicates that the behavior of the domesticated animals changed allowing the animals to tolerate the human environment and to adapt to the production system in which they were used [15,27]. As consequence of the domestication, brain architecture was probably modified: amygdala volume decreased, with a possible reduction of fear, and the medial prefrontal cortex volume increased, which might give an increased response to negative effects [28].



The domestication process was followed or was, in some way, part of the process that led to the constitution of the breeds, with an additional reduction of genetic diversity [16]. Bottleneck and founder effects, that usually occur in breed formation, might have generated this reduction that culminates in a small effective population size of the resulted breeds, which can be defined as phenotypically homogeneous populations. The current rabbit breeds exhibit a clear and detectable genetic differentiation mainly derived by differences in allele frequencies and fixation of unique genetically determined exterior features [1,16]. Most modern rabbit breeds and recently constituted lines or strains have been derived by cross-breeding between pre-existing morphs or varieties. Moreover, historical and genetic evidences indicate that introgression has been frequently used to introduce desirable coat color variants into other varieties [1,16,29].



The most important exterior traits that differentiate many rabbit breeds are determined by several coat colors and color patterns that have been selected by fancy breeders and then fixed in the breed populations. The molecular characterization of the most relevant coat color loci can provide useful information to understand some mechanisms of the biology of pigmentation in mammals. Other phenotypic differences are related to the type of fur, the body size, and length and shape of the ears and face and some biochemical features. For a few of these traits, the mutated genes have been identified and the causative variants have been reported.




3. Molecular Characterization of Coat Color Affecting Genes in Rabbits


Rabbits with different color morphs were depicted in old books or paintings. For example, a few illustrations in the Livre de Chasse of Gaston Phoebus (Gaston III, Count of Foix; written between 1387 and 1389) and the paintings of Ridolfo Ghirlandaio (Portrait of a Lady with a Rabbit, ca. 1508) and Titian (Madonna with Rabbit, c. 1530) indicated that several color varieties could be quite common in the rabbits at that time. It is however not clear if these morphs could be the same that are observed nowadays or if more recent occurring variants should be considered the mutants that have shaped the current color diversity available in this species. Most coat color morphs and varieties in rabbits however emerged and were selected over the last couple of centuries and constituted the basic elements for the formation of distinctive populations that are identified as breeds [29]. Many modern breeds are named with words that directly indicate a coat color or color pattern. Coat color loci in rabbits were first described using classical genetic approaches, and comparative analyses across species established homologous loci [30,31]. In a few cases, homology of loci identified in rabbits with those established in other species was not confirmed with molecular investigations. Table 1 reports the list of the coat color loci that have been analyzed at molecular level and for which causative mutations or associated DNA markers have been identified. Some of them can be considered interesting examples of the effects of mutations (and their interactions) in determining phenotypic traits and could be used to better understand the fine molecular mechanisms involved. A few also have pleotropic effects on other biological aspects, apart from pigmentation, and for this reason they have been investigated with the aim to establish new biomedical models. Table 2 summarizes the genetic information available for coat color gene mutations in the most common breeds. Other coat color loci (Dutch, Viennese white, Silver, Red eye, Wide band) have been described by classical genetic studies [30,31] but have not been characterized at the molecular level yet and are not discussed in this review.



3.1. Mutations in the Melanocortin 1 Receptor (MC1R) Gene and the Extension Locus


In many species, mutations in the single-exon melanocortin 1 receptor (MC1R) gene determine the multi-allelic series at the Extension (E) locus (e.g., [32,33,34,35,36]). MC1R encodes for a seven transmembrane G-protein coupled receptor that is localized within the membrane of the melanocytes. The melanocytes are specialized cells that produce melanin of different types that are the final molecular products of the biological pathway that lead to the pigmentation. This locus is epistatic over the Agouti locus. Therefore, the types of produced melanin are directly related to the allelic structure at the Extension and Agouti loci.



Classical genetic studies carried out in rabbits have suggested that the Extension series in this species is determined by five alleles [30,31,37,38,39,40]. Allele ED determines the dominant black coat color and is caused by one in-frame deletion of 6 bp (c.280_285del6 or D6 allele), which eliminates two amino acids in the second transmembrane domain [41]. The black color of the spots of the Checkered Giant breed is due to this allele. Allele ES (steel) is considered a weaker version of ED, even if it could be probably determined by the same mutation causing ED, as another MC1R variant associated to this allele has not been described so far [41]. The steel coat color effect associated to this allele could be due to the involvement of modifier genes or heterozygous combinations at the Extension locus. Allele E or E+ is the wild type allele that determines the normal grey or the normal extension of black. Two wild type haplotypes have been described at the Extension locus that can determine the same phenotypic effect [41]. Another in-frame deletion of 6 bp flanked by a G > A transition in 5’ (c.[124G > A;125_130del6]) is the causative composite mutation of the eJ allele, which produces the Japanese brindling coat color phenotype [42]. This allele determines a mosaic distribution of black and yellow pigmentation and could be an interesting model of alternative fixation of the production of eumelanin and pheomelanin in specifically devoted melanocytes. Epigenetic regulations might be involved in determining this unique coat color phenotype [42]. Two breeds have the characteristic coat color determined by the homozygous state of the eJ allele: Japanese and Rhinelander (knows also as Tricolor) breeds. Allele eJ is recessive over all other alleles described above but is dominant or partially dominant over allele e, which determines the non-extension of black and the yellow/red (with white belly) coat color [39,42]. Allele e is caused by a 30 nucleotides in-frame deletion (c.304_333del30; ∆30 allele), which eliminates 10 amino acids of the first extracellular loop of the transmembrane MC1R protein [41]. The modified protein is not functional; thus, the melanocytes of the homozygous e/e rabbits can only produce pheomelanin. Allele e is fixed in all rabbit breeds that have a yellow/red characterizing coat color (e.g., Burgundy Fawn, Gold Saxony, New Zealand Red, and Thuringian [41]).



The allele series at this locus in rabbit is probably unique if compared to those of all other domestic animals. In rabbit, all mutant alleles (dominant and recessive, if related to the wild type forms) are caused by in-frame deletions that eliminate a few amino acids in the translated protein (Figure 1). In dog, cattle, sheep, goat, pig, horse, donkey, chicken, and in several other species that have been investigated at the MC1R gene, variants affecting the function of this gene are due to missense mutations, frameshift mutations, non-sense mutations, or structural mutations that alter the function of the protein or completely disrupt it (e.g., [32,33,34,35,36,43,44,45,46,47,48]). Thus far, only in cats, in-frame deletions determining pheomelanic recessive alleles have been reported [49,50] but in this species, no dominant in-frame deletion has been described. The peculiarity of the natural occurring alleles in rabbits can give the opportunity to study the function and effect of micro-eliminations of residues from MC1R primary structure, particularly for the dominant allele, that could be also useful to understand the role of the domains and amino acid residues in this protein.




3.2. Mutations in the Agouti Signaling Protein (ASIP) Gene and the Agouti Locus


The agouti signaling protein (ASIP) gene, structurally constituted by three coding exons, encodes for a small protein that regulates the eumelanin to pheomelanin synthesis switch in the melanocytes [51]. The wild type agouti coat color that is characterized by banded-hairs is obtained by the alternative and mutually exclusive binding of MC1R by the α-melanocyte-stimulating hormone or by ASIP [52,53]. Mutations in the ASIP gene or in the regulatory motifs controlling ASIP expression that disrupt the protein structure or reduce the expression level and protein synthesis are usually recessive and impair the ASIP regulation activity on MC1R. This altered interaction between the two proteins, in turn, determines the production of eumelanin and the absence of pheomelanin, resulting in a non-agouti black coat color (e.g., [51,54,55,56,57,58]).



Classical genetic studies have described three alleles at the rabbit Agouti locus [30,31]. The wild type allele (A or Aw, as it resembles the murine Aw light-bellied agouti allele [59]) produces a greyish-brown or grey dorsal fur with a lighter (almost white) underside with a particular distribution of pheomelanin and eumelanin in the different types of rabbit hairs [30,31]. The wild type allele is dominant over the other two alleles described in rabbits at this locus: at (black and tan pattern) and a (non-agouti or self).



The rabbit at allele is characterized by a unique haplotype in the coding region determined by three missense mutations (p.L55M, pK77R and p.L89P), one of which (p.L55M; located in a conserved position of the basic amino-terminal domain of the protein) was reported only in Tan rabbits that are homozygous for the at allele [60]. The at haplotype extends for a large chromosome region spanning the ASIP gene and includes the putative causative mutation determined by a 11 kb deletion encompassing the hair cycle-specific ASIP promoter [61]. Rabbits homozygous for the at allele have non-agouti (not banded) hairs on the dorsal surface of the body, whereas the belly and other regions of the body (i.e., eye-circles, line of jowl, inside the ears, undertail, and feet pads) have whitish color [30,31]. The at allele is dominant over the a allele.



Homozygous rabbits for the a allele are self-colored (i.e., they are completely black). The a allele is determined by a frameshift mutation (c.5_6insA) caused by one nucleotide insertion in the coding region of exon 2 [60]. The resulting shift of the reading frame determines the production of a truncated and non-functional protein of only 21 amino acids. The homozygous c.5_6insA mutated genotype has been observed in all rabbit breeds with black coat color or variation of black (e.g., blue or silver) that also carried a wild type MC1R allele [41,60]: Alaska, Blanc de Hotot, Champagne d’Argent, English Spot, Havana, Mini Silver, Russian, Silver, and Vienna Blue. Other breeds (Californian, Checkered Giant, Checkered Small, and Dutch) that have black coat color patterns but that also carry the dominant allele at the Extension locus [41] are fixed for or have high frequency of the ASIP c.5_6insA mutated allele. The non-agouti allele has been also identified in other breeds (New Zealand White, Thuringian, and White Vienna) for which mutations in other loci that have epistatic effects over the Agouti locus (Albino, Extension, and Viennese White, respectively) determine their coat color [30,31,62,63]. The non-agouti allele has been also identified in Giant Grey rabbits but in heterozygous condition with the wild type allele [60]. Genotyping data at this gene available for a large number of breeds is reported in Table 2.




3.3. Mutations in the Tyrosinase (TYR) Gene and the Albino Locus


Tyrosinase (TYR) is the rate-limiting enzyme needed for the synthesis of melanin in the melanosomes. Mutations in this gene that alter or impair the function of the encoded enzyme determine a few forms of albinism in many species [64,65]. Six alleles have been reported at the rabbit Albino locus by classical genetic studies [30,31,66,67,68,69]. These classical works indicated that a wild type allele (allele C) is needed for the production of both eumelanin and pheomelanin. Subsequent analyses of the rabbit TYR gene indicated the presence of more than one wild type allelic form that might encode isoforms with biochemically similar activities [70]. All other mutated alleles that are recessive to C lead to a progressive decline in quantity of pigments produced. Three alleles that can give three variants of chinchilla coat color have been reported by classical genetic studies [30,31]: the dark chinchilla allele (cchd), dominant over the other alleles below it, causes a reduction of phaeomelanin, whereas eumelanin remains unaffected; the medium chinchilla allele (cchm), leads to a slight reduction of the production of eumelanin and a complete reduction of the production of pheomelanin; the light chinchilla allele (cchl) has an effect similar to the medium chinchilla allele but with a more pronounced reduction in eumelanin production. However, molecular characterization of the rabbit TYR gene has identified only one mutated haplotype associated to the chinchilla phenotype and determined by two missense mutations (p.E294G and p.T358I [63,70]). The Himalayan allele (ch), which has a temperature-dependent action and can lead to the production of eumelanin at the extremities of the body where the temperature is lower than in the rest of the body [30,31], is determined by only the p.E294G missense mutation [63,70]. Californian rabbits are homozygous for this mutation. The last allele of this series (the albino allele or c), which is recessive to all other alleles when it is in homozygous condition, determines the complete absence of all eumelanin and pheomelanin pigments. This allele is caused by a missense mutation that determines the p.T373K amino acid substitution in a conserved position of the CuB binding site of the TYR enzyme [63,70]. A list of breeds carrying the described alleles is reported in Table 2.




3.4. Mutations in the Melanophilin (MLPH) Gene and the Dilute Locus


An altered distribution of eumelanin and pheomelanin in the hairs is determined by the Dilute locus that produces a coat color dilution. The murine Dilute locus is caused by mutations in the in the myosin Va (Myo5a) gene, which encodes for an actin-binding protein that is involved in the process of melanosome transport [71]. Considering the potential homology between the mouse and rabbit Dilute loci, the rabbit MYO5A gene was first investigated to evaluate if its mutations could be responsible for the coat color dilution observed in a few rabbit breeds, such as Vienna Blue. Fontanesi et al. [72] excluded that the rabbit MYO5A gene was involved in determining the Dilute locus in this lagomorph species. Then, the rabbit melanophilin (MLPH) gene that in mice is responsible for a similar coat color phenotype determined by the Leaden locus [73] was investigated. A family-based segregation analysis that followed the transmission of the mutated allele d revealed that the rabbit MLPH gene determines the Dilute locus in Oryctolagus cuniculus [74]. Sequence and gene expression analyses identified two candidate mutations for the d allele [74,75]: the c.111-5C > A mutation, located within intron 2 in an acceptor site for splicing, leading to the skipping of exons 3 and 4 from the normal rabbit MLPH transcript; and a 1-bp deletion in exon 6 (c.585delG, indicated also g.549853delG, if referred to its position on the scaffold GL018840 of the oryCun2.0 genome version) that leads to a frameshift and an altered amino acid sequence, with a premature stop codon in a downstream exon. Subsequent segregation and gene expression investigations strongly supported the causative role of the frameshift mutation (c.585delG) and tended to exclude the intron 2 mutation as being the responsible variant of the d allele in most coat color diluted breeds [76]. All self blue breeds and lines (Vienna Blue, Castor Rex, and Chinchilla diluted) and spotted blue rabbits of different breeds (Californian, Checkered Giant, and English Spotted rabbits) and light grey or cream rabbits (Fairy Marburg and Fairy Pearly rabbits) were homozygous for the c.585delG frameshift mutation [74,76]. This recessive allele was also identified in a few other breeds in which it was masked by the wild type D allele [74]. A complete list of breeds in which the c.585delG mutation was identified is reported in Table 2.



These results, which confirmed that the rabbit MLPH gene is involved in this coat color phenotype, make it possible to consider the rabbit as a natural animal model for the human Griscelli syndrome type 3 where mutations in the same gene produce coat color defects in humans since infancy, with unusually hypopigmented skin and light silvery-gray hair [77,78].




3.5. A Mutation in the Tyrosinase-Related Protein 1 (TYRP1) Gene and the Brown Locus


The Brown locus in rabbits has been first described by family based studies in the last century that suggested the presence of a wild type B allele that can produce dense eumelanin throughout the coat and a recessive b allele that is unable to produce black pigmentation, with the result that only brown pigments are obtained [30,31,62]. Using a candidate gene approach derived by the fact that in mice mutations in the tyrosinase-related protein 1 (Tyrp1) gene are responsible for the same locus [79], the rabbit TYRP1 gene was sequenced in brown rabbits as well as in rabbits with several other coat colors not affected by the Brown locus [80]. A non-sense mutation in exon 2 (g.41360196G > A), leading to a premature stop codon at position 190 of the deduced protein sequence (p.W190ter), was identified only in Havana rabbits that have a characteristic brown coat color. Therefore, this disrupting mutation was considered the only candidate mutation determining the recessive b allele at this locus in rabbit [80].




3.6. The KIT Gene is Responsible for the English Spotting Locus and the Megacolon Defect in the Checkered Giant Breed


A dominant allele (En) is considered the determining genetic factor for the spotted phenotype, very variable in extent, attributed to the English spotting locus. The recessive wild-type allele (en) determines a self-colored phenotype [81]. Rabbits with the heterozygous genotype En/en have far larger patches of colored fur than rabbits with the homozygous En/En genotype [30]. Heterozygous En/en rabbits have the characteristic spotted patterns described in the English spot (or spotted), Butterfly, and Checkered Giant breeds [67]. This is a unique allelic combination that is needed to produce breed standards desired by fancy breeders. The patches of the spotted phenotypes can be of different colors according to the allelic combination at other loci. Other genes are probably involved in determining the degree of extension of the colored patterns versus the white areas [82]. Dominant homozygous En/En rabbits are affected by an underlying megacolon defect and are usually subvital compared to the animals with the other two genotypes, i.e., En/en and en/en [30,82,83,84,85,86,87]. The defect has incomplete penetrance, it is influenced by environmental factors (age, diet, stressors) and is recessive, as En/en rabbits are not affected [87]. Etiopathogenetic analyses of rabbits having this megacolon pointed out that abnormalities of the enteric nervous system throughout the colon might be involved in this defect [85,86,88].



Several genes that are implicated both in coat color spotted patterns and in similar disfunctions of the digestive tract have been described in rodents and other mammals. Two of these genes were also investigated in association studies with the coat color and megacolon phenotypes in rabbits. The endothelin receptor B (EDNRB) gene was first excluded to be involved in these traits in Checkered Giant rabbits [89]. Subsequently, the analysis of KIT gene markers in Checkered Giant families indicated that a synonymous polymorphism in exon 5 of this gene is associated with both traits [87]. The KIT gene encodes the mast/stem cell growth factor receptor that is mainly involved in the differentiation of melanoblasts and in regulating their migration from the neural crest along the dorsolateral pathway to reach the final destinations in the skin [90,91]. KIT gene expression in the gut musculature is prominent only in interstitial cells of Cajal (ICC) that are essential in gut motility [92]. KIT gene expression in cecum and colon specimens of En/En rabbits resulted very low compared to the expression in the same tissues observed in en/en rabbits. Reduced and altered c-kit immunolabelled ICC, together with neuronal and ICC abnormalities in cecum and colon tissues, were identified in En/En rabbits [87]. Therefore, in addition to the effect of the English spotting locus on a coat color spotted phenotype evidenced in Checkered Giant rabbits, the neuro-ICC changes in rabbits with En/En genotype are reminiscent of the human non-aganglionic megacolon [87]. Therefore, En/En rabbits might be considered as new animal models for this type of defect in humans [87]. The complete sequence characterization of the rabbit KIT gene and of the upstream and downstream regions is needed to identify the causative mutation(s) of the coat color pattern and of the megacolon defect described in this model. Other coat color patterns might have additional variants affecting the KIT gene.





4. Molecular Characterization of Genes Affecting Hair and Coat Structure as Models for Hair Growth and Development


The fur of the rabbit includes three types of hairs. The guard hairs are the longest and thickest hairs (about 3–4 cm of length, with a diameter of 50–60 µm), which together with the awn hairs (about 3–3.5 cm of length, with a diameter of about 25–30 µm) constitute the outer coat and mainly play the function of physical barrier and protection. The down hairs are the shortest and thinnest hairs (2.5–3 cm; 15 µm) that are usually the most abundant types of hairs of a rabbit fur (90–95% of all hairs). Down hairs constitute the inner coat that represents the main external thermal barrier of the rabbits. The hair cycle is divided into three phases [93]: (i) anagen, which is the growth phase when follicles produce an entire hair shaft from tip to root; (ii) catagen, which constitutes the regression or involution phase when hairs cease to elongate; and (iii) telogen, which is the quiescence phase when follicles lie dormant in a resting phase. The hair cycle is a model to study the regulation of stem cell activation and quiescence, cell differentiation, and apoptosis [93].



A few loci described in rabbit affect hair growth and structure. Among these loci, Rex and Angora (Table 1) are exploited industrially for the production of fibers and furs and have been characterized or partially analyzed at the molecular level. Other loci (Satin, Waved or Curly, Wuzzy and Furless or Naked) have been described by classical genetic studies, but they have not been investigated at the molecular level yet [30].



4.1. A Mutation in the Lipase Member H (LIPH) Gene Causes the Rex Locus R1


Rex rabbits show an interesting breed-specific phenotype mainly determined by the absence (or almost complete absence) of guard and awn hairs that gives a fur constituted by short and soft hair coat. Early classical genetic studies analyzed the segregation of three independent natural Rex mutants that occurred in three independent rabbit populations and established a similar genetic determinism, each due to an autosomal recessive allele [30]. Due to uncertainty in establishing homology across populations, the presence of three independent Rex loci (R1, R2, and R3, having the recessive alleles indicated as r1, r2, and r3, respectively) was suggested [94,95,96,97]. The mutation that occurred in the French rabbit strain (r1) was first assigned to rabbit chromosome 14 in an experimental design based on microsatellite analysis of rabbit families established to follow the segregation of the derived Rex phenotypic variant [98]. A refined analysis, using the same approach and applying a comparative mapping, identified that a single nucleotide deletion in exon 9 of the lipase member H (LIPH) gene was the causative mutation of this Rex locus [98]. This frameshift mutation (indicated with c.1362delA) introduces a downstream premature stop codon that alters the C-terminal region of the protein. LIPH encodes a membrane-bound member of the mammalian triglyceride lipase family that catalyzes the production of 2-acyl lysophosphatidic acid (LPA). This molecule is a lipid mediator with several biological properties on smooth muscle contraction, platelet aggregation, and stimulation of cell proliferation and motility. Some mutations affecting the structure and function of this gene in mice and humans have been shown to affect hair structure and growth among other defects (e.g., [99,100,101,102,103]). Transcriptional analysis of this gene in Rex and normal rabbit skins in both fetal and adult stages indicated that the mutated phenotype is associated to a three-time reduced expression level of LIPH in rabbits homozygous for the c.1362delA mutation [104].




4.2. A Marker in the Fibroblast Growth Factor 5 (FGF5) Gene is Associated to the Angora Locus


The Angora locus is due to an autosomal recessive allele (indicated with “l”) that determines an abnormal long hair growth with no other modifications on fiber structure or coat composition [105,106,107,108]. Hair growth lasts about 13 weeks in Angora rabbits, whereas it lasts only six weeks in the rabbits that are not homozygous for the mutated l allele. In mice, mutations disrupting the fibroblast growth factor 5 (Fgf5) gene produce an angora-like phenotype [109]. Using a candidate gene approach based on the evidences reported in mice, Mulsant et al. [110] investigated the rabbit FGF5 gene and identified a missense mutation in exon 3 that was in strong (even if not complete) linkage disequilibrium with the Angora allele. This gene, assigned to rabbit chromosome 15, was included in the chromosome region in which the Angora locus was located based on segregation analysis followed by microsatellite markers in rabbit families, further supporting the candidacy of FGF5 in this phenotype [111]. Transcriptome analyses based on RNA-seq of skin of long-hair Angora and short-hair Rex rabbits have shown that FGF5 gene expression was upregulated in long-haired rabbits [112,113]. This high FGF5 expression level in Angora rabbits is quite surprising considering that FGF5 has a role in inhibiting hair growth and inducing catagen through a regression of hair follicles [114]. This inhibiting role has been also demonstrated in rabbits when CRISPR/Cas9 mediated disruption of the FGF5 gene produced a long hair phenotype by prolonging anagen [115]. It could be possible that alternatively spliced FGF5 transcripts or other regulatory events might be involved in suppressing FGF5 activities in Angora rabbit skin [113,116]. Other gene expression studies in the skin of Angora rabbits have been carried out to clarify the regulating mechanisms determining anagen length in this model and the changes in gene expression over the hair cycle [117,118,119], but the causative mutation(s) of the Angora phenotype in rabbits has (have) not been identified yet.





5. Molecular Characterization of Other Loci Determining Breed and Strain Specific or Un-Specific Phenotypes


Other phenotypic traits that characterize different rabbit breeds or strains and that have been investigated at the molecular level are related to the body size and type of locomotion. Two of them specifically identify pet rabbits (dwarfism) or a unique strain with a peculiar locomotion behavior (Table 1). On the other hand, among the altered phenotypes, a few have (or had in the past) a quite broad diffusion in different breeds. This is the case of the yellow fat trait caused by the Yellow fat locus that has been characterized at the molecular level (Table 1). A more detailed description of the mutants and related causative variants or associated DNA markers is reported below.



Several putative loci affecting morphological traits (e.g., ear length, vertebral number) or causing gross abnormalities of the eyes, nervous system, and skeleton as well as of several other tissues and systems have been described in some other lines or strains [30] but have not been analyzed at the molecular level yet.



5.1. A Structural Mutation in the High-Mobility Group AT-hook 2 (HMGA2) Gene Determines a Dwarf Locus


Several dwarf breeds and strains, mainly used as pets, have been developed in rabbits. A few loci determining dwarfism have been described in this species in the pre-genomic era [30]. It is however not completely clear if they can be considered distinctive loci, or if they are determined by different alleles at the same locus and if modifying genes could be involved in further reducing body size.



The first form of dwarfism was described in a progeny of a Polish buck raised in US [120,121]. The condition was attributed to an incompletely recessive allele that was designated as dw. Homozygous dw/dw rabbits, called peanuts, are usually born inviable with about one third of the weight of the normal litter mates, with swollen head and other malformations. The heterozygous Dw/dw rabbits are viable and in adulthood can reach about two thirds of the size of homozygous Dw/Dw. Heterozygous Dw/dw rabbits also have a short snout determined by a modified craniofacial development, small ears, and a large disproportionate head in comparison to the compact and rounded body [30]. Carneiro et al. [122] sequenced the whole genome of rabbits with the three genotypes and identified the causal mutation of the dw allele that is determined by a 12.1 kb deletion affecting the high mobility AT-hook 2 (HMGA2) gene. HMGA2 encodes for an architectural factor that is a component of the enhancesome, which plays regulator roles during embryo development. This large deletion eliminates the promoter and the first three exons of this gene, resulting in its inactivation by suppressing the transcriptional regulation [122]. As a cascade effect, insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) expression is inhibited together with altered expression of several other genes that might help to disentangle the altered processes and related pathways leading to reduced size of the animals [122]. Based on these results, HMGA2 has been proposed as a major regulator of body size in mammals [122].




5.2. A Mutation in the RAR Related Orphan Receptor B (RORB) Gene and the Acrobat Locus


A peculiar behavior affecting the gait of the rabbits has been described by Létard [123,124]. The rabbits of the strain that was then developed (indicated with the name of sauteur d’Alfort or Alfort jumping rabbits) carry a recessive allele with symbol ak or Sam [97,123,124,125,126]. The homozygous ak/ak rabbits usually show an altered locomotion behavior based on a bipedal gait that makes use of the front legs [123,124,125,126]. This atypical gait is derived by a neurological alteration caused by a splice-site mutation in an evolutionary conserved nucleotide position of the RAR related orphan receptor B (RORB) gene, which produces aberrant transcripts [127]. This natural rabbit mutant has been important to illuminate the key role of RORB in neuronal differentiation of the rabbit spinal cord and the derived role in determining the normal locomotion behavior [127].




5.3. Molecular Characterization of a Biochemical Defect: The Yellow Fat Locus


A Mendelian recessive allele at the Yellow fat locus determines the excessive accumulation of xanthophylls in the fat, because these molecules cannot be degraded due to the absence of a key enzyme of this process. This biochemical defect has been reported in many rabbit breeds [128,129], but its occurrence is becoming rarer nowadays due to the negative selection against meat rabbits that have yellow fat driven by a reduced acceptance of this carcass appearance by the consumers in most countries.



To identify the causative mutation in rabbits, a candidate gene approach was used, considering that similar defects have been already characterized in other species. For example, mutations in the beta-carotene oxygenase 2 (BCO2) gene have been already associated with yellow fat in cattle, sheep, and chicken [130,131,132,133]. Then, Strychalski et al. [134] investigated the BCO2 gene in normal rabbits and in rabbits with the Yellow fat phenotype. An in-frame deletion of three nucleotides in the coding sequence of this gene gene was reported to be the causative mutation of the Yellow fat recessive allele [134]. Homozygous rabbits for this mutation have an increased accumulation of xanthophylls and beta-carotene in the liver, muscle, adipose tissue, and milk without any negative effects on growth and maternal performances compared to heterozygous or homozygous rabbits for the wild type allele [135,136,137].
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Table 1. Rabbit loci that have been characterized or partially described at the molecular level, corresponding mutations, and potential biomedical models of the related mutants.
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	Locus
	Gene Name
	Gene Symbol
	Alleles 1
	Sequences/Mutations 2
	Defects/Models 5
	References 6





	Extension
	Melanocortin 1 receptor
	MC1R
	E+
	Several wild type alleles 3
	-
	[41]



	
	
	
	ED (dominant black)
	6 bp-in-frame deletion: c.280_285del6
	-
	[41]



	
	
	
	ES (steel)
	Probably due to the same mutation of ED
	-
	[41]



	
	
	
	eJ (Japanese brindling)
	6 bp-in frame deletion flanked by a G > A transition in 5’: c.[124G > A;125_130del6]
	Potential model for gene expression regulation
	[42]



	
	
	
	e (red, non-extension of black)
	30 bp-in frame deletion: c.304_333del30
	-
	[41]



	Agouti
	Agouti signaling protein
	ASIP
	A (light-bellied agouti; wild type)
	Several wild type alleles 3,4
	-
	[60]



	
	
	
	at (black and tan)
	p.L55M, p.K77R and p.L89P/11 kb deletion spanning the promoter and first exon
	Potential model for gene expression regulation
	[60,61]



	
	
	
	a (recessive black non-agouti)
	c.5_6insA
	-
	[60]



	Albino
	Tyrosinase
	TYR
	C (normal melanin production)
	Several wild type alleles 3,4
	-
	[63,70]



	
	
	
	cchd (dark chinchilla)
	p.E294G and p.T358I
	-
	[63,70]



	
	
	
	cchm (medium chinchilla)
	Not confirmed by molecular studies
	-
	-



	
	
	
	cchl (light chinchilla)
	Not confirmed by molecular studies
	-
	-



	
	
	
	ch (Himalayan)
	p.E294G (several haplotypes with this mutation)
	-
	[63,70]



	
	
	
	c (Albino, lack of pigments)
	p.T373K (several haplotypes with this mutation)
	Potential model for oculocutaneous albinism type IA (OCA1A)
	[63,70]



	Dilute
	Melanophilin
	MLPH
	D (wild type, intense black and red)
	Several wild type alleles 3,4
	-
	[74]



	
	
	
	d (dilution of black to blue and red to yellow)
	c.585delG (g.549853delG)—Two exon skipping mutation: c.111-5C > A
	Potential model for Griscelli syndrome type 3
	[74,75,76]



	Brown
	Tyrosinase-related protein 1
	TYRP1
	B (wild type, production of black and brown eumelanin)
	Several wild type alleles 3
	-
	[80]



	
	
	
	b (production of brown eumelanin)
	p.W190ter (g.41360196G > A)
	-
	[80]



	English spotting
	v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog
	KIT
	en (wild type, non-spotted coat colour, recessive)
	Several wild type alleles 3,4
	-
	[87]



	
	
	
	En (English spotted, spotted patterns, partially dominant, megacolon)
	g.93948587T > C (in complete linkage disequilibrium with the En allele)
	Potential model for non-aganglionic megacolon
	[87]



	Rex 1
	Lipase member H
	LIPH
	R1 (wild type, normal presence of guard and awn hairs)
	Several wild type alleles
	-
	[98]



	
	
	
	r1 (absence of guard and awn hairs, fur with down hairs
	c.1362delA
	Potential model for hypothricosis and related defects
	[98]



	Angora
	Fibroblast growth factor 5
	FGF5
	L (wild type, normal length of guard hairs)
	Several wild type alleles (haplotypes) 3,4
	-
	[110]



	
	
	
	l (long hairs)
	A missense mutation in exon 3 in linkage disequilibrium
	Potential mode for hair growth regulation
	[110]



	Dwarf
	High-mobility group AT-hook 2
	HMGA2
	Dw (normal size)
	-
	-
	[122]



	
	
	
	dw (proportionated dwarf-reduced size)
	12.1 kb deletion (including promoter and the first three exons)
	Potential model to study growth and body size
	[122]



	Acrobat
	RAR related orphan receptor B
	RORB
	Ak (normal locomotion)
	-
	-
	[127]



	
	
	
	ak or Sam (walks on forelegs)
	a splice-site mutation in an evolutionary conserved nucleotide position
	Potential model for neuronal differentiation and locomotion behavior
	[127]



	Yellow fat
	Beta-carotene oxygenase 2
	BCO2
	Y (wild type, normal color of fat)
	Wild type sequence
	-
	[134]



	
	
	
	y (yellow fat)
	AAT-deletion at codon 248
	Potential model for carotenoid catabolism
	[134]







1 Alleles described by classical genetic studies and the reported effect [30,31]. 2 Sequences and mutations that can describe the different alleles. Some alleles described by classical genetic studies have not been confirmed by molecular studies so far. 3 The sequences of the wild type forms of the gene reported synonymous mutations in the coding region and/or polymorphisms in the non-coding regions. 4 The sequences of the wild type forms of the gene reported missense mutations. 5 List of potential models for different biological functions. All loci affecting coat color and color patterns can be useful to explain some basic mechanisms of pigmentation and, for brevity, their role has not been reported in this column. 6 Only references that described the molecular characterization of the loci have been reported.
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Table 2. Genotypes reported at six coat color genes (described in Table 1) in different rabbit breeds. Genotyping information reported for the listed breeds and coat color morphs has been compiled from [41,42,60,63,70,74,76,80,87]. Alleles (and genotypes) have been named following the classical nomenclature for all genes except for the KIT gene, where molecular information derived by the g.93948587T > C SNP was reported [87].
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	Breeds 1
	Coat Colour of the Animals 2
	MC1R 3
	ASIP 4
	TYR 5
	MLPH 6
	TYRP1 7
	KIT 8





	Alaska
	self black
	wt/wt
	a/a
	wt/wt
	wt/wt
	wt/wt
	-



	Belgian Hare
	reddish laced with black
	wt/wt
	(wt/wt: haplotype p77R + p.89P)
	wt/wt
	wt/wt
	wt/wt
	-



	Blanc de Hotot
	white with black markings
	wt/wt
	a/a
	wt/wt
	wt/wt
	wt/wt
	-



	Burgundy Fawn
	fawn
	e/e
	wt/wt
	wt/wt
	wt/wt
	wt/wt
	-



	Californian
	white with black markings
	ED/ED
	wt/wt, wt/a, a/a
	ch/ch
	wt/wt, wt/d
	wt/wt
	T/T, T/C, C/C



	Californian
	white with blue markings[d/d]
	ED/ED
	wt/wt, wt/a, a/a
	ch/ch
	d/d
	wt/wt
	T/T, T/C, C/C



	Champagne d’Argent
	silver as surface colour and black as under-colour
	wt/wt
	a/a
	wt/wt
	wt/wt
	wt/w
	C/C



	Checkered Giant
	white with black spots
	ED/ED, ED/eJ
	wt/a, a/a
	wt/wt
	wt/wt, wt/d
	wt/wt
	T/C



	Checkered Giant
	white with blue spots
	ED/ED
	wt/a, a/a
	wt/wt
	d/d
	wt/wt
	T/C



	Dutch
	with black markings
	wt/wt, wt/ED, ED/ED
	a/a
	wt/wt
	wt/wt
	wt/wt
	T/T, T/C, C/C



	Dutch
	tricolor
	eJ/eJ
	a/a
	wt/wt
	wt/wt
	-
	-



	English Lop
	shaded yellow/brown
	e/e
	-
	-
	-
	-
	-



	English Spot
	white with black markings
	wt/wt
	a/a
	wt/wt
	wt/wt
	wt/wt
	C/C



	English Spot
	white with blue markings
	wt/wt
	a/a
	wt/wt
	d/d
	wt/wt
	C/C



	Fairy Marburg
	grey-light blue
	wt/wt
	a/a
	-
	d/d
	-
	-



	Fairy Pearly
	pearling grey
	wt/wt
	wt/a, a/a
	-
	d/d
	-
	-



	Fox
	dark blue
	wt/wt
	-
	-
	d/d
	-
	-



	Giant Chinchilla
	chinchilla
	wt/wt
	wt/wt
	cch/cch
	wt/wt
	wt/wt
	T/C, C/C



	Giant Grey
	wild-grey
	wt/wt, wt/eJ
	wt/wt, wt/a
	wt/wt
	wt/wt
	wt/wt
	T/T, T/C-



	Giant White
	white albino
	ED/ED
	wt/wt
	c/c
	wt/wt
	wt/wt
	T/T



	Gold Saxony
	red
	e/e
	-
	-
	-
	wt/wt
	-



	Havana
	brown
	wt/wt
	a/a
	wt/wt
	wt/wt
	b/b
	-



	Japanese
	Japanese brindling
	eJ/eJ
	-
	-
	-
	wt/wt
	C/C



	Leprino di Viterbo
	wild-grey
	wt/wt
	-
	wt/wt
	-
	wt/wt
	-



	Lop
	wild-grey
	wt/wt
	wt/wt, wt/a, a/a
	wt/wt
	wt/wt
	wt/wt
	-



	New Zealand Red
	solid red
	e/e
	wt/wt
	wt/wt
	-
	wt/wt
	-



	New Zealand White
	white-albino
	ED/ED
	wt/wt, wt/a, a/a
	c/c
	wt/wt
	wt/wt
	C/C



	Rhinelander
	white with black and yellow markings
	eJ/eJ
	wt/wt, wt/a, a/a
	wt/wt
	wt/wt
	wt/wt
	T/C



	Russian
	white with black markings
	wt/wt
	a/a
	cch/cch
	wt/wt
	-
	-



	Silver
	black with silvering
	wt/wt
	a/a
	wt/wt
	wt/wt
	wt/wt
	-



	Tan
	black fire
	wt/wt
	at/at
	-
	wt/wt
	-
	-



	Thuringian
	shaded yellow/brown
	e/e
	a/a
	wt/wt
	wt/wt
	wt/wt
	-



	Vienna Blue
	dark blue
	wt/wt
	a/a
	wt/wt
	d/d
	wt/wt
	-



	Vienna White
	white-blue eyes
	wt/wt
	wt/a, a/a
	wt/wt
	wt/wt
	wt/wt
	-







1 Only breeds for which at least two loci have been genotyped are listed here. For a few breeds, more entries were included when the genotyped animals had different coat colors. Some breeds could have different names in different countries. For some breeds, genotyping information has been obtained on a limited number of animals. When no genotyping information was available, the symbol “-” was included. 2 Description of the coat color and color patterns of the genotyped animals. 3 Genotyping information at the melanocortin 1 receptor (MC1R) gene (Extension or E locus): wt = wild type allele(s); ED allele (and/or ES allele) = Δ6 or c.280_285del6; eJ allele = Δ6J or c.[124G>A;125_130del6]; e allele = Δ30 or c.304_333del30 [41,42]. 4 Genotyping information at the agouti signaling protein (ASIP) gene (Agouti or A locus): wt = wild type allele(s); the wild type allele identified in the Belgian Hare breed has been reported using the haplotype information of the two missense mutations (p.K77R and p.L89P); at (black and tan allele) characterized by a large haplotype that includes three missense mutations (p.L55M, p.K77R and p.L89P) and a 11 kb deletion spanning the promoter and first exon; a (non-agouti black allele) determined by the c.5_6insA insertion [60,61]. 5 Genotyping information at the tyrosinase (TYR) gene (Albino or C locus): wt = wild type allele(s); cch (chinchilla allele) = haplotype at the two missense mutations p.294G and p.358I (p.G294 + p.I358); ch (Himalayan allele) = allele p.G294 at the p.E294G missense mutation; c (albino allele) = allele p.K373 at the p.T373K missense mutation [63,70]. 6 Genotyping information at the melanophilin (MLPH) gene (Dilute or D locus): wt = wild type allele(s); d (dilute allele) = c.585delG (deletion of one G). 7 Genotyping information at the tyrosinase-related protein 1 (TYRP1) gene (Brown or B locus): wt = wild type allele(s); b (brown allele) = g.41360196A determining a premature stop codon [80]. 8 Genotyping information at the v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) gene for the g.93948587T > C single nucleotide polymorphism associated with the English spotted locus [87].













6. Conclusions


Rabbit genetic resources that have been developed by fancy breeders (mainly to support the request of pets) and by commercial breeders (for meat and fur production) through selection and, in many cases, fixation of monogenic or polygenic traits constitute an important reservoir of genetic variability that can be exploited for different purposes. Monogenic or oligogenic traits described in this review can provide interesting models to understand basic biological processes and physiological mechanisms that could have relevant roles to complement studies in rodents and humans. Genomic tools available in rabbits will provide additional information on genes affecting complex traits through genome-wide association studies. Gene editing approaches will find many applications in rabbit to confirm the effect of natural occurred mutations.
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Figure 1. A detail of the 2D structure of the rabbit MC1R protein with indicated the amino acids that are eliminated by the three in-frame deletions that cause the ED (and/or ES; see the text), eJ, and e alleles at the Extension locus (modified from [42]). 
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