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Abstract This study investigates the genetic basis of coat color variations in domestic rabbits (Oryctolagus cuniculus) by analyzing
several key genes associated with pigmentation, and sequences the melanocortin 1 receptor (MCIR) gene and identified four alleles,
including two in-frame deletions linked to specific coat colors such as red/fawn/yellow and black. Additionally, single-nucleotide
polymorphism (SNP) markers were used to explore fur color traits across different rabbit breeds, identifying genes like ASIP, MITF,
and KIT that are associated with pigmentation. A frameshift mutation in the melanophilin (MLPH) gene was found to cause the dilute
coat color phenotype, providing a model for human Griscelli syndrome type. Furthermore, a composite in-frame deletion in the
MCIR gene was associated with the Japanese brindling coat color, suggesting complex regulatory mechanisms. A premature stop
codon in the TYRPI gene was linked to the brown coat color, highlighting its role in eumelanin production. These findings enhance
our understanding of the genetic mechanisms underlying coat color variations in domestic rabbits and provide valuable insights for
breeding programs.
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1 Introduction

Coat color in domestic rabbits (Oryctolagus cuniculus) is a highly variable trait influenced by both genetic and
environmental factors. This phenotypic diversity is not only of aesthetic and economic importance but also
provides a valuable model for studying genetic mechanisms of pigmentation. Historical studies have shown that
coat color can evolve rapidly in response to environmental pressures, as evidenced by significant changes in rabbit
populations over relatively short periods (Stodart, 1965). The genetic basis of these variations is complex,
involving multiple genes and their interactions. Key pigmentation genes such as MCIR, MITF, TYR, TYRPI1, and
MLPH have been identified as major contributors to coat color diversity in rabbits (Jia et al., 2021).

Understanding the genetic underpinnings of coat color in rabbits is crucial for several reasons. It has direct
implications for the rabbit breeding industry, where specific coat colors are often preferred for commercial
purposes, such as in the Rex rabbit industry (Zhang et al., 2023). Studying these genetic variations can provide
insights into the broader mechanisms of pigmentation, which are relevant to other species, including humans.
Additionally, identifying genetic markers associated with coat color can aid in the conservation and management
of rabbit breeds, ensuring the preservation of genetic diversity (Jia et al., 2021; Zhang et al., 2023).

This study conducts a comprehensive genetic analysis of coat color variation in domestic rabbits, identifying and
characterizing genetic variations associated with different coat colors across various breeds; using genome-wide
association studies (GWAS) and sequencing technologies, it identifies specific single nucleotide polymorphisms
(SNPs) and genomic regions that contribute to coat color diversity, ultimately aiming to deepen our understanding
of the genetic architecture of rabbit coat color and provide valuable molecular markers for breeding programs.

2 Genetic Basis of Coat Color
2.1 Overview of pigmentation genes in mammals
Pigmentation in mammals is primarily controlled by a set of key genes that regulate the production, distribution,
and type of melanin produced in the skin and hair follicles. The two main types of melanin are eumelanin, which
is black or brown, and pheomelanin, which is red or yellow. The balance and distribution of these pigments result
in the wide variety of coat colors observed in mammals.
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Several genes are crucial in the pigmentation process, including the melanocortin 1 receptor (MCIR),
microphthalmia-associated transcription factor (MITF), tyrosinase (TYR), tyrosinase-related protein 1 (TYRPI),
and melanophilin (MLPH). These genes interact in complex pathways to regulate melanin synthesis and
distribution. For instance, MCIR is a critical receptor that influences the type of melanin produced by melanocytes.
When activated, MCIR promotes the production of eumelanin over pheomelanin, leading to darker pigmentation
(Fontanesi et al., 2006; Jia et al., 2021).

MITF is a transcription factor that regulates the expression of several melanogenic enzymes, including 7YR and
TYRPI. TYR is the enzyme responsible for the first step in melanin synthesis, converting tyrosine to dopaquinone,
which then undergoes further reactions to form either eumelanin or pheomelanin. TYRPI assists in the
stabilization and function of TYR, and mutations in these genes can lead to various pigmentation disorders (Utzeri
etal., 2021; Jia et al., 2021).

MLPH is involved in the transport of melanosomes, the organelles that store melanin, to the tips of melanocyte
dendrites, where they are transferred to keratinocytes. Mutations in MLPH can result in diluted coat colors due to
the improper distribution of melanosomes (Fontanesi et al., 2014; Demars et al., 2018).

2.2 Key genes involved in rabbit coat color variations
In domestic rabbits (Oryctolagus cuniculus), several genes have been identified as key players in determining coat
color variations. These include MCIR, MITF, TYR, TYRPI, MLPH, and the agouti signaling protein (4SP) gene.

The MCIR gene has been extensively studied in rabbits, with several alleles identified that correlate with different
coat colors. For example, a 30-nucleotide in-frame deletion in MCIR is associated with red/fawn/yellow coat
colors, while a 6-nucleotide in-frame deletion is linked to black coat colors (Fontanesi et al., 2006). These
mutations affect the receptor's ability to bind to its ligand, leading to variations in melanin production.

The TYR gene, responsible for the initial step in melanin synthesis, has also been linked to coat color variations in
rabbits. Mutations in 7YR can lead to albinism or other pigmentation phenotypes. For instance, specific missense
mutations in TYR are associated with the albino, Himalayan, and chinchilla phenotypes in rabbits (Utzeri et al.,
2021).

MLPH mutations are known to cause the dilute coat color phenotype in rabbits. A frameshift mutation in the
MLPH gene has been identified as the cause of the dilute (d) allele, which results in a lighter coat color due to the
improper distribution of melanosomes (Fontanesi et al., 2014; Demars et al., 2018).

The ASIP gene plays a role in the distribution of eumelanin and pheomelanin, with different alleles leading to
various coat color patterns. For example, the wild-type allele (A) results in a light-bellied agouti phenotype, while
other alleles can lead to black non-agouti or black and tan phenotypes (Yang et al., 2015; Zhang et al., 2023).

2.3 Molecular mechanisms of color expression

The molecular mechanisms underlying coat color expression in rabbits involve complex interactions between
various genes and their regulatory elements. These mechanisms include gene mutations, epigenetic modifications,
and gene expression regulation.

Mutations in key pigmentation genes can lead to changes in the structure and function of the proteins they encode,
resulting in altered melanin production and distribution. For example, the frameshift mutation in the MLPH gene
causes a loss of function, leading to the dilute coat color phenotype due to the improper transport of melanosomes
(Fontanesi et al., 2014; Demars et al., 2018). Similarly, mutations in the MCIR gene can affect the receptor's
ability to promote eumelanin production, leading to variations in coat color (Fontanesi et al., 2006).

Epigenetic modifications, such as DNA methylation, also play a significant role in coat color expression. A study
on Rex rabbits revealed that DNA methylation patterns in hair follicles are associated with inherited color dilution.
Differentially methylated regions (DMRs) were identified between rabbits with different coat colors, suggesting
that epigenetic regulation can influence pigmentation by altering gene expression (Chen et al., 2020).
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Gene expression regulation is another critical aspect of coat color determination. Transcriptome analysis of rabbit
skin tissues has shown that the expression levels of key pigmentation genes, such as TYR and TYRPI, vary
between different coat color phenotypes. This differential expression can result in the production of different
amounts and types of melanin, leading to the observed coat color variations (Qin et al., 2016).

3 Common Coat Color Variants in Domestic Rabbits

3.1 Description of major coat colors

Domestic rabbits exhibit a variety of coat colors, with some of the most common being albino, agouti, and black.
The albino variant is characterized by a complete lack of pigmentation, resulting in white fur and red eyes due to
the visibility of blood vessels in the absence of melanin. This phenotype is often associated with mutations in the
tyrosinase (7YR) gene, which is crucial for melanin production (Utzeri et al., 2021). The agouti coat color, on the
other hand, features a banded pattern of pigmentation, where each hair has multiple colors, typically with a dark
base, a lighter middle band, and a dark tip. This pattern is regulated by the agouti signaling protein (4SIP) gene,
which influences the distribution of eumelanin and pheomelanin along the hair shaft (Zhang et al., 2023). The
black coat color is a result of high eumelanin production, giving the fur a uniform dark appearance. This
phenotype is often linked to the melanocortin 1 receptor (MCIR) gene, which plays a significant role in the
regulation of melanin synthesis (Fontanesi et al., 2006).

3.2 Genetic mutations responsible for each variant

The genetic basis for these coat color variants involves specific mutations in key pigmentation genes. For the
albino phenotype, mutations in the 7YR gene are critical. Disruptive mutations in TYR, such as missense
mutations p.T373 K and p.E294 G, impair the enzyme's function, leading to a lack of melanin production and
resulting in albinism (Utzeri et al., 2021). The agouti coat color is primarily influenced by the ASIP gene.
Variations in this gene, particularly those affecting its expression or function, result in the characteristic banded
hair pattern seen in agouti rabbits (Zhang et al., 2023). The black coat color is associated with mutations in the
MCIR gene. Specific alleles, such as the ¢.280 285del6 deletion, have been identified in black-coated rabbits,
which enhance the receptor's activity, leading to increased eumelanin production (Fontanesi et al., 2006).
Additionally, the melanophilin (MLPH) gene has been implicated in coat color dilution, where mutations such as
the ¢.585delG frameshift mutation result in a diluted pigmentation phenotype, affecting both eumelanin and
pheomelanin?7 8.

3.3 Inheritance patterns of coat colors

The inheritance patterns of these coat color variants follow Mendelian principles, with some traits being dominant
and others recessive. The albino phenotype, caused by mutations in the 7YR gene, is typically inherited in an
autosomal recessive manner. This means that two copies of the mutant allele are required for the albino phenotype
to be expressed (Table 1) (Utzeri et al., 2021). The agouti coat color, influenced by the ASIP gene, follows a more
complex inheritance pattern due to its interaction with other pigmentation genes. However, it is generally
considered a dominant trait, where a single copy of the agouti allele can produce the banded hair pattern (Zhang et
al., 2023). The black coat color, associated with the MCIR gene, can be inherited as a dominant trait when the
¢.280 285del6 allele is present. This allele is dominant over other MCI1R alleles, such as the ¢.304 333del30
allele, which is associated with red/fawn/yellow coat colors (Fontanesi et al., 2006). The dilution of coat color,
linked to the MLPH gene, is inherited in an autosomal recessive manner, requiring two copies of the mutant allele
for the diluted phenotype to manifest (Fontanesi et al., 2014; Demars et al., 2018).

4 Recent Advances in Genetic Research

4.1 Genome-wide association studies (GWAS) on coat color

Genome-wide association studies (GWAS) have significantly advanced our understanding of the genetic basis of
coat color variations in domestic rabbits. These studies involve scanning the entire genome to identify genetic
variants associated with specific traits, such as coat color. One notable study focused on Chinese Rex rabbits,
where researchers collected blood samples from 250 rabbits with six different coat colors and performed genome
sequencing using a restriction site-associated DNA sequencing approach. They identified 91 546 single nucleotide
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polymorphisms (SNPs) distributed among 21 autosomes. The GWAS revealed 24 significant SNPs located within
a genomic region on chromosome 4 (OCU4), with the agouti signaling protein (4S/P) gene identified as a putative
causal gene affecting coat color variation (Zhang et al., 2023).

Table 1 Polymorphisms identified in the rabbit TYR gene (Adopted from Utzeri et al., 2021)

SNP position in Gene region SNP position in the SNPb Effect (SIFT)c  No. of rabbits of different

OryCun2.0a cDNA population (genotype)d

1:127667147 exon 1 c.91 G>A p.V3IM 2 BH (AA), 2 BF (AA), 2
0.27) CDA (GA), 1 GG (AA), ITHA

(AA),2 LV (AA), | NZW
(GA), 1 SI(AA),2 WV
(GA), 3 WR (AA), 4 WR
(GA)

1127666866 exon 1 c.372 C>T synonymous 1 BH (TT), 1 GG (TT), 1HA
(TT), 1 WV (CT), 2 WR
(TT), 1 WR (CT)

Ju—

1:127666862 exon 1 c.376 C>T synonymous 1 WR (TT)
1:127666833 exon 1 c.405 T>C synonymous 1 BH (TC), 1 GG (CC), 2
WR (CC), 2 WR (TC)
1:127666807 exon 1 c.431 C>G p-T144S 1 BF (CG)
(0.25)
1:127666785 exon 1 c.453 C>T synonymous 1 WR (TT)
1:127666662 exon 1 c.576 C>T synonymous 2 BH (TT), 1 GG (TT), 1HA

(TT), 1 LV (CT), 2 WV (CT),
3 WR (TT), 3 WR (CT)

1:127666567 exon 1 c.671 A>C p.K224T 3 WR (CC), 3 WR (AC)
(0.13)
1:127650986 exon 2 c.855 A>T synonymous 1 CDA (AT), 1 SI(TT), 1
WR (TT)
1:127650981 exon 2 c.860 G>C p.S287T 1 BH (CC), 2 BF (CC), 2
(1.00) CDA (GC), 1 LV (CC), 1 LV
(GC), 1 SI(CC), 3 WR (CC)
1:127650965 exon 2 c.876 >C synonymous 1 CDA (TC)
1:127650960 exon 2 c.881 A>G p.E294G 3 CA (GG), 2 GC (GG),
(0.30)
1: 127650776 intron 2 - indelT - 2 LV (indelT)
1: 127637088 intron 2 - T>C - 1 BH (CC), 1 BH (TC), 1

CDA (CC), 1 CDA (TC), 1
GG (CC), 1HA (CC), 2 SI
(CC), 2 WV (TC), 3 WR
(CC), 5 WR (TC)

1:127637042 exon 3 c.1073 C>T p.T3581(0.11) 2 GC (TT)
1:127636997 exon 3 c.1118 C>A p.T373K 4NZW (AA)
(0.00)

1: 127574535 intron 3 - C>T - 1LV (CT)

1: 127574526 intron 3 - A>G - 1 GC (GG), 2 NZW (AG), 1
WV (AG)

1: 127574315 intron 4 - A>G - 1 BF (AG), 2 NZW (AG), 1
WV (AG)

1: 127563254 intron 4 - A>G - 1 BH (GG)

1:127562872 3-UTR - A>G - 1 BF (GG), 2 WR (GG), 2
WR (AG)
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Another study investigated the genetic polymorphisms in pigmentation genes such as MCIR, MITF, TYR, TYRPI,
and MLPH in four Chinese native rabbit breeds with different coat colors. The researchers discovered 14 genetic
variants with low-to-moderate polymorphism and significant differences in gene frequency among the rabbit
populations. These findings suggest that these genetic variations play a crucial role in regulating coat color in
rabbits (Jia et al., 2021).

4.2 CRISPR and other genetic editing techniques

The advent of CRISPR/Cas9 and other genetic editing techniques has opened new avenues for manipulating coat
color in domestic rabbits. A groundbreaking study utilized the CRISPR/Cas9 system to induce mutations in the
melanocortin 1 receptor (MCIR) gene, resulting in a novel pale-yellow coat color in rabbits. The researchers
designed two single-guide RNAs (sgRNAs) for the MCIR gene and confirmed the editing efficiency by injecting
rabbit zygotes. The edited rabbits exhibited a loss of eumelanin synthesis, leading to the pale-yellow coat color.
This study demonstrated the potential of gene editing technology to create novel phenotypes in rabbit breeding
(Figure 1) (Xiao et al., 2019).

In another study, researchers sequenced the MCIR gene in several domestic rabbits and identified four alleles,
including two wild-type alleles and two alleles with in-frame deletions. These deletions were associated with
different coat colors, such as dominant black and recessive red. The study highlighted the role of MCIR gene
mutations in determining coat color and provided a foundation for further genetic editing experiments (Fontanesi
et al., 2006).

4.3 Epigenetic factors influencing coat color

Epigenetic modifications, such as DNA methylation, have been shown to influence coat color in domestic rabbits.
A study on Rex rabbits compared genome-wide DNA methylation profiles in hair follicles between a Chinchilla
group and a diluted Chinchilla group using whole-genome bisulfite sequencing (WGBS). The researchers
identified 126 ,405 differentially methylated regions (DMRs) corresponding to 11,459 DMR-associated genes.
These genes were primarily involved in developmental pigmentation and Wnt signaling pathways. The study
provided evidence that inherited color dilution is associated with DNA methylation alterations in hair follicles,
contributing to our understanding of the epigenetic regulation of rabbit pigmentation (Chen et al., 2020).

Another study focused on the melanophilin (MLPH) gene, which is associated with coat color dilution in rabbits.
The researchers identified two variants in the MLPH gene: an acceptor splice site variant (c.111-5C>A) and a
frameshift mutation (c.585delG). They analyzed the allelic segregation and functional effects of these variants on
MLPH transcript stability. The study revealed that the c¢.585delG variant showed perfect association with the
dilution phenotype and led to a significant decrease in MLPH transcript levels in rabbits with diluted coat color.
These findings provided new insights into the molecular mechanisms underlying coat color dilution.

5 Case Study: Genetic Analysis of a Specific Rabbit Population

5.1 Background and selection of the case study population

The genetic basis of coat color variations in domestic rabbits (Oryctolagus cuniculus) has been a subject of
extensive research due to its economic and breed characteristic importance. This case study focuses on the genetic
analysis of coat color variations in a specific population of Chinese Rex rabbits. The Rex rabbit breed is known
for its unique fur structure and a variety of coat colors, making it an ideal candidate for genetic studies on
pigmentation.

The selection of the Chinese Rex rabbit population for this case study is based on several factors. The breed
exhibits a wide range of coat colors, including castor, red, blue, chinchilla, otter, and black, which provides a
diverse genetic pool for analysis (Yang et al., 2015). Previous studies have identified several candidate genes
associated with coat color variations in rabbits, such as MCIR, MITF, TYR, TYRP1, MLPH and ASIP, making it
feasible to investigate these genes in the selected population (Utzeri et al., 2001; Fontanesi et al., 2006; Xiao et al.,
2019; Chen et al., 2020, Jia et al., 2021; Zhang et al, 2023). Lastly, the economic significance of coat color in the
Rex rabbit industry further justifies the selection of this population for genetic analysis (Zhang et al, 2023).
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C SgRNA1 SgRNA2
MCIR  GCTGGTGAGCGTGAGCAGCGTGCTGGCCGTCCTGCTGCTGCTGGAGGCEE (253bp) CCTGCTCTGCCTCATCATCCTCTTCTTGGCCATGCTGGCCC (WT)
El GCTGGTGAGCGTGAGCAGCGTGCTGGCCCTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCATCCTCTTCTTGGCCATGCTGGCCC (WT)

—  GCTGGTGAGCGTGAGCAGC———TGGCCGTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCATCCTCTTCTTGGCCATGCTGGCCC (—4bp)

- GCTGGTGAGCGTGAGCAGC (185bp) CCTGCTCTGCCTCATCATCCTCTTCTTGGCCATGCTGGCCC (~98bp)

- GCTGGTGAGCGTGAGC CC (-326bp)

E2 GCTGGTGAGCGTGAGCAGCGTGCTGECCGTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCAT————CTTGGCCATGCTGGCCC (~6bp)

--  GCTGGTGAGCGTGAGC (217bp) CCTGCTCTGCCTCATCATCCTCTTCTTGGCCATGCTGGCCC (~70bp)

--  GCTGGTGAGCGTGAGC (217bp) CCTGCTCTGCCTCATCATCC——TCTTGGCCATGCTGGCCC (~70bp, —3bp)
- GCTGGTGAGCGTGAGC (217bp) CCTGCTCTGCCTCATCATC———TCTTGGCCATGCTGGCCC (~70bp, —4bp)
--  GCTGGTGAGCGTGAGC (217bp) CCTGCT———————————————CTTGGCCATGCTGGCCC (~70bp, —18bp)
— GCTGGTGAGCGTGAGCAGCGT: CTTGGCCATGCTGGCCC (-306bp)

E3 GCTGGTGAGCGTGAGCAGC—————CGTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCATCCTCTT——GGCCATGCTGGCCC (-8bp, —3bp)
—  GCTGGTGAGCGTGAGCAGCGTGCTGGCCGTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCATCCT—————————CTGGCCC  (—13bp)

- GCTGGTGAGCGTGAGCAGC (217bp) CCTGCTCTGCCTCATCATCCTCTT——GGCCATGCTGGCCC (~67bp, —3bp)
—  GCTGGTGAGCGTGAGCAGC (217bp) CCTGCTCTGCCTCATCATCCT—————CTGGCCC (—67bp, —13bp)
--  GCTGGTGAGCGTGAGCAGC (217bp) CCTGCTCTGCCTCATCA———————————TGCTGGCCC  (—67bp, —15bp)
—  GCTGGTGAGCGTGAGCAGC (217bp) CCTGCTCTGCCTCATCAT (-67bp, —114bp)
B4 GCTGGTGAGCGTG GCCC (-327bp)

E5 GCTGGTGAGCGTGAGCAGCGTGCTGGCCGTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCATCCTCTTCTTGGCCATGCTGGCCC (WT)

B6 GCTGGTGAGCGTGAGCAGC TTGGCCATGCTGGCCC (-309bp)

E7 GCTGGTGAGCGTGAGCAGC——TGGCCGTCCTGCTGCTGCTGGAGGCGG (253bp) CCTGCTCTGCCTCATCATCCTCTTtCTTGGCCATGCTGGCCC (—4bp, +1bp)

GCTGGTGAGCGTGAGCAGC——TGGCCGTCCTGCTGCTGCTGGAGGCGE (253bp) CCTGCTCTGCCTCATCATCCTCTT——GGCCATGCTGGCCC (—4bp, —3bp)
- GCTGGTGAGCGTGAGCAGC TTCTTGGCCATGCTGGCCC (~306bp)

Figure 1 Dual single-guide RNA (sgRNA)-directed deletion of MCIR in zygotes (Adopted from Xiao et al., 2019)

Image caption: (A) Schematic diagram of sgRNA targeting the rabbit MCIR gene loci. The yellow rectangle represents the
transmembrane domain of MCIR. Two sgRNA sequences, sgRNA1 (Sgl#) and sgRNA2 (Sg2#), are highlighted in green.
Protospacer adjacent motif (PAM) sequences are presented in red with underline. Primers F and R are used for mutation detection in

embryos; (B) Cytoplasmic injection of zygotes using the CRISPR/Cas9 system; Seven blastocysts are collected. Mutation detection
in blastocyst by PCR. M, marker; numbers 1-7 represent different blastocysts used in this study.; The number in red represents the
positive embryos. Scale bar, 100 um; (C) T-cloning and Sanger sequencing of the modified MCIR alleles in blastocysts. Wild-type
sequence is shown at the top of the targeting sequence. Sequences of sgRNAs are marked in green, the PAM sequences are in red,

insertions are highlighted in lowercase red letters, and deletions are designated by dashes. E: embryos; WT: ED allele; deletion:
insertion: “+” (Adopted from Xiao et al., 2019)
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5.2 Results and Interpretation

The genetic analysis of the Chinese Rex rabbit population involved genome-wide association studies (GWAS) and
sequencing of candidate genes known to influence coat color. Blood samples were collected from 250 Chinese
Rex rabbits with six different coat colors, and genome sequencing was performed using a restriction
site-associated DNA sequencing approach. A total of 91 546 single nucleotide polymorphisms (SNPs) were
identified, distributed across 21 autosomes (Zhang et al., 2023).

The GWAS identified 24 significant SNPs located within a genomic region on chromosome 4 (OCU4), with the
most significant SNP being OCU4:13 434 448 (p=1.31e-12). This region was found to be significantly associated
with coat color in Chinese Rex rabbits, and the well-studied agouti signaling protein (ASIP) gene was located
within this region (Figure 2) (Zhang et al., 2023). The ASIP gene is known to play a crucial role in determining
coat color by regulating the distribution of eumelanin and pheomelanin pigments.

After testing all SNP effects with a mixed linear model (top panel), the most significant SNP (OCU4:13,434,448,
p=1.31e-12) was fitted as a covariate for re-testing of SNP effects (middle panel). Both significant SNPs
(OCU4:13 434 448, p=1.31e-12 and OCU4:11 344 946, p=7.03e-07) were simultaneously fitted as covariates for
re-testing of SNP effects (bottom panel). The dashed line represents the genome-wide significance threshold
(Adopted from Zhang et al., 2023)

In addition to the ASIP gene, variations in other pigmentation genes such as MCIR, MITF, TYR, TYRPI, and
MLPH were also analyzed. For instance, the MCIR gene was found to have multiple alleles associated with
different coat colors, including a 30-nucleotide in-frame deletion (c.304 333del30) associated with
red/fawn/yellow coat colors and a 6-nucleotide in-frame deletion (c.280 285del6) associated with black coat
colors (Fontanesi et al., 2006; Fontanesi et al., 2010; Xiao et al., 2019). Similarly, the TYR gene, which is
responsible for albinism, exhibited several missense mutations associated with different coat color phenotypes,
such as the albino, Himalayan, and chinchilla alleles (Utzeri et al., 2021).

Furthermore, the MLPH gene, which affects coat color dilution, was found to have two variants associated with
the dilution phenotype: the c¢.111-5C>A variant and the c¢.585delG variant. The ¢.585delG variant showed a
perfect association with the dilution phenotype, and a significant decrease in MLPH transcript levels was observed
in rabbits with diluted coat colors.

5.3 Implications for Breeding Programs

The findings from this genetic analysis have significant implications for breeding programs aimed at improving
coat color traits in domestic rabbits. The identification of specific genetic variants associated with coat color
provides valuable molecular markers that can be used in selective breeding programs to achieve desired coat
colors.

For instance, the identification of the 4SIP gene as a major determinant of coat color variation in Chinese Rex
rabbits allows breeders to select for specific alleles to produce rabbits with preferred coat colors. Similarly, the
variations in the MC1R and TYR genes can be used to predict and select for specific coat color phenotypes, such
as red/fawn/yellow or albino rabbits (Fontanesi et al., 2006; Fontanesi et al., 2010; Yang et al., 2015; Xiao et al.,
2019; Utzeri et al., 2021). Moreover, the association of the MLPH gene with coat color dilution provides a genetic
basis for selecting rabbits with diluted coat colors, which are often preferred in the rabbit fur industry. By
selecting for the ¢.585delG variant, breeders can produce rabbits with consistent and desirable coat color dilution.

6 Applications of Coat Color Genetics in Rabbit Breeding

6.1 Selection for desirable traits in breeding

The genetic analysis of coat color variations in domestic rabbits has significant implications for the selection of
desirable traits in breeding programs. Coat color is not only an aesthetic trait but also an economic one,
influencing the market value of rabbits. The identification of specific genes and their polymorphisms associated
with coat color can provide breeders with molecular markers to select for preferred traits more efficiently.
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For instance, the study on the polymorphism of MCIR, MITF, TYR, TYRPI, and MLPH genes in four Chinese
native rabbit breeds revealed 14 genetic variants that play a crucial role in determining coat color (Jia et al., 2021).
These genetic markers can be used to predict and select for specific coat colors in breeding programs, ensuring the
propagation of desirable traits. Similarly, the use of single-nucleotide polymorphism (SNP) markers from
genotyping-by-sequencing data has identified genes such as ASIP, MITF, and KIT that are associated with fur
color (Li et al., 2022). These markers can be integrated into breeding strategies to enhance the selection process,
making it more precise and efficient.

In addition to improving coat color traits, the genetic information obtained from this study can also be used to
maintain genetic diversity within rabbit populations. By understanding the genetic basis of coat color variations,
breeders can avoid inbreeding and ensure the long-term sustainability of rabbit breeds. The genetic analysis of
coat color variations in the Chinese Rex rabbit population provides a comprehensive understanding of the genetic
mechanisms underlying coat color traits. This knowledge can be effectively applied in breeding programs to
enhance the economic and aesthetic value of domestic rabbits.

{—> OCUA4:13,434,448
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Figure 2 Genome-wide association with coat colors of Chinese Rex rabbits (Adopted from Zhang et al., 2023)

Moreover, the identification of these genetic markers allows for the development of breeding programs that can
maintain or enhance the genetic diversity of rabbit populations. By understanding the genetic basis of coat color,
breeders can avoid inbreeding and ensure the health and vitality of rabbit populations. This approach not only
improves the aesthetic and economic value of rabbits but also contributes to the overall sustainability of rabbit
breeding practices.

6.2 Ethical considerations in coat color manipulation

While the manipulation of coat color through genetic selection offers numerous benefits, it also raises several
ethical considerations. The primary concern is the welfare of the animals involved in breeding programs. Selective
breeding for specific traits, such as coat color, can sometimes lead to unintended consequences, including health
issues and reduced genetic diversity.

Ethical breeding practices must prioritize the well-being of the animals. This includes ensuring that the selection
for coat color does not compromise other important traits, such as health, behavior, and overall fitness. For
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example, the study on the genetic variations in pigmentation genes highlights the importance of considering the
broader genetic context when selecting for coat color (Jia et al., 2021). Breeders must be cautious not to
inadvertently select for deleterious alleles that could negatively impact the health of the rabbits.

Additionally, there is a need for transparency and informed consent in breeding practices. Breeders should provide
accurate information about the genetic modifications and their potential implications to stakeholders, including
consumers and regulatory bodies. This transparency helps build trust and ensures that ethical standards are upheld
in the breeding industry. The use of genetic technologies in breeding should be guided by ethical frameworks that
consider the long-term impacts on rabbit populations and ecosystems. This includes evaluating the potential risks
and benefits of genetic manipulation and ensuring that breeding practices align with principles of animal welfare
and environmental sustainability.

6.3 Future prospects in rabbit breeding

The future of rabbit breeding is poised to benefit significantly from advancements in genetic research and
technology. The identification of genetic markers associated with coat color and other traits opens up new
possibilities for precision breeding. This approach allows breeders to select for specific traits with greater accuracy,
reducing the time and resources required for traditional breeding methods.

One promising area of research is the use of genome-wide association studies (GWAS) to identify additional
genetic markers linked to desirable traits. The study on SNP markers from genotyping-by-sequencing data
provides a foundation for such research, highlighting the potential of GWAS to uncover new genetic variants
associated with coat color and other economically important traits (Li et al., 2022). These findings can be
integrated into breeding programs to enhance the selection process and improve the overall quality of rabbit breeds.

Another exciting prospect is the application of gene editing technologies, such as CRISPR-Cas9, in rabbit
breeding. These technologies offer the potential to directly modify specific genes associated with coat color,
allowing for precise control over the genetic makeup of rabbits. However, the use of gene editing must be
approached with caution, considering the ethical and regulatory implications.

In addition to genetic technologies, advancements in reproductive technologies, such as in vitro fertilization (IVF) and
embryo transfer, can further enhance rabbit breeding programs. These technologies enable the rapid propagation of
desirable traits and the preservation of genetic diversity. Combined with genetic markers, reproductive technologies can
accelerate the development of superior rabbit breeds with optimal coat color and other traits.

7 Challenges and Future Directions

7.1. Limitations of current genetic studies

Current genetic studies on coat color variations in domestic rabbits have provided significant insights but also face
several limitations. One major limitation is the focus on a limited number of genes. For instance, studies have
primarily concentrated on genes like MCIR, MITF, TYR, TYRPI, and MLPH, which are known to influence
pigmentation (Fontanesi et al., 2006; Jia et al., 2021; Utzeri et al., 2021). While these genes are crucial, the genetic
architecture of coat color is likely more complex, involving additional genes and regulatory elements that have not
yet been fully explored.

Another limitation is the sample size and diversity. Many studies have been conducted on specific breeds or
populations, which may not capture the full genetic diversity of domestic rabbits. For example, the study on
Chinese Rex rabbits involved 250 individuals but was limited to six coat color varieties (Li et al., 2022). Similarly,
research on the TYR gene included only 25 rabbits from 11 domestic breeds and a wild population from Sardinia
(Utzeri et al., 2021). These sample sizes, while informative, may not be sufficient to generalize findings across all
rabbit breeds.

Moreover, the methodologies used in these studies, such as genome-wide association studies (GWAS) and DNA
sequencing, have their own set of limitations. GWAS, for instance, can identify associations but not causations,
and the resolution of these studies is often limited by the density of the SNP markers used (Alves et al. , 2015; Li
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et al., 2022) Additionally, while DNA sequencing can identify genetic variants, it does not provide information on
the functional impact of these variants, which requires further experimental validation.

7.2 Emerging technologies and their potential impact

Emerging technologies hold great promise for overcoming some of the limitations of current genetic studies. One
such technology is whole-genome sequencing (WGS), which provides a comprehensive view of the genetic
makeup of an organism. WGS can identify both common and rare variants, offering a more complete picture of
the genetic factors influencing coat color (Chen et al., 2020). Additionally, advances in bioinformatics tools and
computational power allow for more sophisticated analyses of these large datasets, potentially uncovering new
genetic associations and interactions.

Another promising technology is CRISPR-Cas9, a powerful tool for genome editing. CRISPR-Cas9 can be used
to create targeted mutations in specific genes, allowing researchers to study their functional impact directly. This
technology could be particularly useful for validating the roles of candidate genes identified in GWAS and
sequencing studies (Fontanesi et al., 2013). For example, if a specific SNP in the MCI1R gene is associated with a
particular coat color, CRISPR-Cas9 could be used to introduce this SNP into a different genetic background to
observe its effect.

Epigenetic studies are also emerging as a crucial area of research. DNA methylation and histone modifications can
influence gene expression without altering the underlying DNA sequence. Recent studies have begun to explore
the role of epigenetics in coat color variations, revealing that DNA methylation patterns can differ significantly
between rabbits with different coat colors (Chen et al., 2020). These findings suggest that epigenetic modifications
could be an important regulatory mechanism in pigmentation, and further research in this area could provide new
insights into the genetic control of coat color.

7.3 Areas for further research

Several areas warrant further research to advance our understanding of coat color variations in domestic rabbits.
One important area is the identification and functional characterization of additional genes involved in
pigmentation. While genes like MCIR, MITF, and TYR have been well-studied, other genes and regulatory
elements likely play significant roles in determining coat color. High-throughput sequencing technologies and
functional genomics approaches, such as RNA sequencing and chromatin immunoprecipitation sequencing
(ChIP-seq), could be employed to identify these additional genetic factors (Fontanesi et al., 2006; Jia et al., 2021;
Zhang et al., 2023).

Another area for further research is the study of gene-environment interactions. Coat color can be influenced by
environmental factors such as temperature and light exposure, and understanding how these factors interact with
genetic determinants could provide a more comprehensive understanding of pigmentation. For example, a study
on wild rabbits in different climatic regions of Australia found significant changes in coat color over time,
suggesting that environmental selection pressures can shape coat color variations.

Additionally, more research is needed on the epigenetic regulation of coat color. Studies have shown that DNA
methylation patterns can differ between rabbits with different coat colors, but the specific mechanisms by which
these epigenetic modifications influence pigmentation are not yet fully understood (Zhang et al., 2023). Further
research in this area could involve genome-wide methylation studies and the use of epigenetic editing tools to
manipulate methylation patterns and observe their effects on coat color.

Finally, there is a need for more comprehensive and diverse studies that include a wider range of rabbit breeds and
populations. This would help to capture the full genetic diversity of domestic rabbits and provide more
generalizable findings. Collaborative efforts and the establishment of large, multi-breed cohorts could facilitate
such studies and lead to a deeper understanding of the genetic basis of coat color variations in domestic rabbits
(Alves et al. , 2015; Utzeri et al., 2021; Li et al., 2022).
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8 Concluding Remarks

The genetic analysis of coat color variations in domestic rabbits has revealed significant insights into the
underlying genetic mechanisms. Key findings include the identification of multiple genetic variants in
pigmentation genes such as MCIR, MITF, TYR, TYRPI, and MLPH, which play crucial roles in determining
rabbit coat color. Genome-wide association studies (GWAS) have pinpointed significant single nucleotide
polymorphisms (SNPs) associated with coat color, particularly highlighting the agouti signaling protein (ASIP)
gene as a major determinant in Chinese Rex rabbits. Additionally, specific mutations in the MC/R gene have been
linked to various coat color phenotypes, including dominant black, recessive red, and Japanese brindling. The TYR
gene has also been implicated in albinism and other color variations through several missense mutations.
Furthermore, the use of CRISPR/Cas9 technology has demonstrated the potential to create novel coat colors by
inducing targeted mutations in the MC1R gene. Epigenetic factors, such as DNA methylation, have been shown to
influence coat color dilution, adding another layer of complexity to the genetic regulation of pigmentation.

The findings from these studies have significant implications for future research and breeding strategies. The
identification of specific genetic variants and their associations with coat color phenotypes provides valuable
molecular markers that can be used in selective breeding programs to achieve desired coat colors in domestic
rabbits. The potential of gene editing technologies, such as CRISPR/Cas9, to create new coat color phenotypes
opens up exciting possibilities for the rabbit breeding industry, allowing for the development of novel and
economically valuable traits. Additionally, understanding the role of epigenetic modifications in coat color
variation suggests that future research should explore the interplay between genetic and epigenetic factors to fully
elucidate the mechanisms of pigmentation. This knowledge can be leveraged to enhance breeding strategies,
ensuring the production of rabbits with specific and consistent coat colors.

The role of genetics in coat color variation in domestic rabbits is both intricate and multifaceted. The studies
reviewed highlight the significant contributions of various genes and their polymorphisms to the diverse coat
color phenotypes observed in rabbit populations. The integration of genetic, epigenetic, and gene editing
approaches provides a comprehensive understanding of the mechanisms driving coat color variation. This
integrated approach not only advances our scientific knowledge but also offers practical applications in rabbit
breeding, enabling the development of rabbits with specific and desirable coat colors. As research continues to
uncover the complexities of genetic regulation, the potential for innovative breeding strategies and the creation of
novel phenotypes will undoubtedly expand, benefiting both the scientific community and the rabbit breeding
industry.

By leveraging the insights gained from these genetic studies, breeders can make informed decisions to enhance
the aesthetic and economic value of domestic rabbits, ultimately contributing to the advancement of the field of
animal genetics and breeding.
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