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Abstract

Rabbits” genetic improvement has evolved from traditional phenotypic selection and crossbreeding
to a more sophisticated genomic and gene-editing technologies. The comparative efficacy and
effectiveness of the current genomic methodologies is crucial for sustainable animal agriculture. As
global demand for animal protein continues to widen, efficient genetic improvement strategies have
become increasingly necessary to meet consumption needs. This review evaluates traditional and
modern approaches to rabbit genetic improvement, comparing their efficacy, implementation
challenges, and future prospects in sustainable rabbit production systems. The findings show that
traditional breeding, while foundational, is often constrained by the low heritability of key traits, long
generation intervals, and environmental influences. The advent of molecular genetics has introduced
more precise tools, such as microsatellites markers, SNPs markers and Whole genome sequencing
techniques, which promise to accelerate genetic gain for economically important traits like growth
rate, feed efficiency, litter size, disease resistance among others. The review also found that gene
editing technologies including Zinc-Finger Nucleases, Transcription Activator-Like Endonucleases
and Clustered Regularly Interspaced Short Palindromic Repeats-Cas9 play vital role in the
improvement of rabbit genetics. However, implementation success depends heavily on population
structure, economic resources, and the availability of technical infrastructures especially in
developing countries. Integrating the strengths of all the technologies synergistically offers the
greatest potential for sustainable rabbit genetic improvement.

Keywords: gene editing; quantitative trait; marker-assisted selection; microsatellite markers;
CRISPR-Cas9; gene flow

1. Introduction

Rabbits (Oryctolagus cuniculus) production represents rapidly expanding sector of global
livestock agriculture. According to [1] there is the need to increase food production in order to achieve
food sufficiency while maintaining environmental sustainability including checking climate change,
avoiding deforestation, conserving biodiversity as well as ensuring animal health and welfare [3-6].
Rabbit production serves as alternative source of protein that has the potential to support food
supply. The advantages of rabbits as micro-livestock include; short generation intervals, high
prolificacy, efficient feed conversion ratios, and high-quality protein which position it as an idea
species for sustainable meat production. This has necessitated the need to improve the genetics of
wild and domesticated rabbits especially those in developing countries to meet the food supply of
the growing population. Traditional methods of rabbit genetic improvements have successfully been
implemented and enhanced production traits through systematic phenotypic selection and breeding
programs. However, these traditional methods faced multiple limitations in solving complex
polygenic traits, maintaining genetic diversity, and responding to rapidly changing environmental
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challenges. Further improvement in traditional approaches of rabbit breeding involved the use of
pedigree analysis. This is where ancestry family lineage was used to predict breeding values and
select better potential species as parent of the next generation. The main challenge is that evaluating
rabbits based on phenotypes and pedigree information of progeny is too expensive and time
consuming. This is because some traits of interest are only recorded late in life (longevity), sex limited,
required animals to be sacrificed (meat quality), or required animals to be exposed to conditions that
would hamper the ability to market or export their germplasm (disease resistance). The discovery of
the structure of DNA coupled with the development of molecular markers has gained popularity in
rabbit genetic improvement. DNA based markers are now used in rabbit genetic improvement such
as RAPD, AFLD, SSR among others. However, these markers also have some limitations; they are
only able to detect monogenic traits and most importantly could not cover a larger proportion of the
genome. The genomic era has introduced biotechnological tools that has overcome these traditional
breeding limitations. Thus, high-throughput sequencing technologies by the use of single nucleotide
polymorphism (SNP) arrays, and Whole genome sequencing have enabled precise identification of
genetic variants affecting polygenic economically important traits. These developments have
catalysed the transition from phenotype-based to genotype-based selection strategies, fundamentally
transforming approaches to genetic improvement in rabbit populations worldwide. The use of
molecular genetics technologies potentially offers a way to select breeding animals at an early age
(embryos); to select for a wide range of traits and to enhance reliability in predicting the mature
phenotype of the individual. Therefore, this review was to narrate the development of rabbit genetic
improvement from traditional approaches to recent genomic methods assessing their technical
feasibility, cost-effectiveness, and practical implementation.

2. Traditional Methods of Rabbit Genetic Improvement

Traditional methods of rabbit genetic improvement, developed through many years of empirical
observation and practice, form the foundation upon which modern rabbit breeding programs are
built [7]. These systems have enabled animal breeders and geneticist to enhance desirable traits
leading to increased productivity, improved adaptation to local environments, and enhanced
economic returns [8-11]. The method relies primarily on phenotypic selection, pedigree analysis, and
progeny testing to identify superior breeding stock [15-18]. Mass selection is the simplest form of
phenotypic selection which involves choosing breeding animals based on their individual
performance or observable traits such as growth rate, reproductive performance, and meat quality.
This system of rabbit genetic improvement has been effective for traits that are highly heritable such
as growth rate. The primary advantage of traditional methods lies in their simplicity and the
relatively low cost associated with implementation. However, traditional methods struggle with long
generation interval and may not accurately reflect the underlying genetic potential of the rabbits.
Additionally, traditional methods often do not account for the complex interactions between multiple
traits, which can lead to unintended consequences, such as the exacerbation of undesirable traits.
Furthermore, traditional breeding practices are increasingly challenged by the need for rapid genetic
improvement in response to changing market demands and environmental conditions. Selection for
traits with low heritability (fertility, disease resistance) or those expressed late in life remains
particularly challenging. Historically, the selection of breeding stock has focused on specific traits
deemed desirable in a given socio-economic context. For example, in some regions, reproductive
traits such as litter size and maternal ability have been prioritized, while in others, growth rate and
feed conversion efficiency have been emphasized. This trait-specific selection has led to notable
improvements in production traits, although it has also raised concerns regarding inbreeding and the
potential loss of genetic diversity. These limitations of phenotypic selection have prompted geneticist
to explore more advanced methodologies that leverage genetic information to enhance breeding
outcomes.
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Figure 1. Overview of the evolution of livestock genetic improvement from traditional to modern deep learning
methods [19].

2.1. Quantitative Trait Loci Mapping and Its Application in Rabbits

Quantitative trait loci (QTL) mapping is a key genomic approach for identifying chromosomal
regions associated with complex traits that exhibit continuous phenotypic variation and are
controlled by multiple genes and environmental factors. In rabbits, QTL mapping has gained
renewed importance over the past decade due to advances in genomic resources, including the
availability of the rabbit reference genome and high-density SNP markers [20,21]. These
developments have strengthened the use of rabbits both as a livestock species and as a model
organism for studying the genetic basis of economically and biologically important traits. Most traits
of interest in rabbit production systems such as growth rate, body weight, feed efficiency, carcass
composition, reproductive performance, and disease resistance are quantitative in nature. Traditional
selection methods based on phenotypic and pedigree information have contributed to genetic
improvement in rabbits; however, their effectiveness is limited for quantitative traits [22-24]. QTL
mapping provides a powerful complementary approach by linking phenotypic variation to
molecular markers distributed across the genome, thereby improving understanding of trait
architecture and enhancing selection efficiency.

Modern QTL mapping in rabbits is typically conducted using dense SNP data generated from
SNP arrays or next-generation sequencing technologies. Compared with earlier microsatellite-based
studies, SNP-based QTL mapping offers higher genomic resolution and greater statistical power to
detect loci with small to moderate effects [25,26]. These studies often employ experimental crosses or
well-characterized breeding populations and apply mixed linear models or genome-wide association
study (GWAS) frameworks to identify genomic regions associated with target traits [27]. Recent
studies have identified multiple QTL associated with body weight at different growth stages, daily
gain, and feed efficiency, indicating that the genetic control of growth is dynamic and stage-specific
[27,28]. Many of these QTL regions harbor genes involved in muscle development, energy
metabolism, and endocrine regulation, reflecting the complex biological processes underlying
growth performance. The identification of such regions provides valuable targets for genetic
improvement and contributes to a better understanding of growth biology in rabbits.

Carcass and meat quality traits have also been investigated using QTL mapping and GWAS
approaches. Traits such as carcass yield, muscle mass, fat deposition, and meat quality characteristics
are critical for market value and consumer acceptance. Recent genomic studies in rabbits have
reported QTL associated with carcass composition and fatness traits, often overlapping with genes
involved in myogenesis and lipid metabolism [29,30]. These findings support the potential use of
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genomic information to improve meat quality while maintaining or enhancing growth performance.
Reproductive traits represent another important application of QTL mapping in rabbits, although
their genetic analysis is particularly challenging due to low heritability and strong environmental
influence. Recent studies have identified genomic regions associated with litter size, fertility, and
reproductive longevity, confirming the polygenic nature of these traits [9,22]. While individual QTL
generally explain a small proportion of phenotypic variance, their combined effects can be exploited
through genomic selection to improve reproductive efficiency in rabbit populations. QTL mapping
has also contributed to research on health, robustness, and immune-related traits in rabbits. Disease
susceptibility remains a major constraint in intensive rabbit production systems, and improving
genetic resistance is a key objective for sustainable breeding programs. Recent genomic studies have
reported associations between specific genomic regions and immune response traits, highlighting the
role of host genetics in disease resistance [9]. Incorporating such information into breeding strategies
may reduce reliance on antibiotics and improve animal welfare.

Beyond its direct application in breeding, QTL mapping serves as a foundation for functional
genomics and candidate gene identification. Advances in genome annotation and comparative
genomics have facilitated the identification of positional candidate genes within QTL regions,
allowing biological interpretation of marker—trait associations (Carneiro et al., 2014; Zhang et al.,
2019). This integrative approach strengthens the link between statistical associations and biological
mechanisms and reinforces the value of rabbits as a model species for complex trait analysis. Despite
recent progress, QTL mapping in rabbits still faces several challenges. Limited population sizes,
population-specific effects, and genotype-by-environment interactions can reduce the reproducibility
of detected QTL across studies and production systems [23] These limitations highlight the need for
larger datasets, multi-population analyses, and the integration of QTL mapping with genomic
selection and machine learning approaches. In recent years, genomic selection has become the
dominant strategy in rabbit breeding, using genome-wide marker information to predict breeding
values with higher accuracy than traditional methods. Nevertheless, QTL mapping remains highly
relevant, as it provides critical insight into the genetic architecture of traits and supports the
identification of biologically meaningful genomic regions that can be prioritized in selection
programs [32]. The combined use of QTL mapping and genomic selection is particularly promising
for traits influenced by loci with moderate effects.

2.2. Marker Assisted Selection (MAS) in Rabbit Breeding

Modern approaches such as MAS have gained traction due to their potential to accelerate genetic
gains and improve the accuracy of selection. The purpose of rabbit breeding programs is to predict
the genetic merit and thus allow targeted combinations of desired alleles to improve the performance
of the next generation. Apparently, phenotypic traits does not show all the inherited traits according
to Mendelian inheritance [33]. Therefore, genetic markers allow for tracing detailed information on
the inherited genes of the genome other than such observed by the phenotype [34]. These markers,
typically DNA sequences or genes linked to specific traits, allowed for identifying rabbits carrying
favourable genetic variants without the need for costly and time-consuming phenotypic evaluations.
MAS also involves the use of genetic markers to locate chromosomal regions that have proved to
have a large influence on economic traits. This occurs by identifying genetic markers associated with
candidate genes and analysing individual genetic makeup by genotyping to find the presence or
absence of the markers [9,11]. The advance use of molecular genetic technologies prospectively
presents the way to select the breeding animals at an early stage (embryo); also, to select for a superior
variety of traits. Molecular markers are not considered normal genes because they usually serve no
biological purpose [33,34]. They are recognizable DNA sequences inherited according to the normal
rules of inheritance and can be discovered at particular sites across the genome. The types of
molecular markers are hybridization-based DNA markers (RFLPS, Oligonucleotide fingerprinting),
Polymerase Chain reaction-based DNA marker (RAPDs, microsatellite/SSRs, AFLPs) and DNA Chip
and Sequencing-based DNA markers (SNPs,). Also, there are three generations of molecular marker
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tools which are; first generation (RAPD, AFLP, SSCP, SSR), second-generation (mtDNA, DNA
microarray or DNA biochip, low and high-density of SNP chips, Whole Genome Sequencing WGS),
and third-generation (single-molecule real-time-SMRT). The putting into practice of marker-based
information for genetic improvement depends on the choice of an appropriate marker system for a
given application. Selection of markers for different applications are influenced by certain factors; (1)
the degree of polymorphism (PIC), (2) the automation of the analysis, (3) radioisotopes used, (4)
reproducibility of the technique, and (4) the cost involved. Recently, microsatellites, SNPs and WGS
are the most commonly used in rabbit genomic characterization studies. The advantage of using MAS
is that the effect of genes on production is directly measured on the genetic makeup of the animal
and not estimated from the phenotype. When MAS is used in a population, the frequency of the
favourable QTL allele is quickly increased during the first generations compared to traditional
selection based on BLUP. However, MAS is challenged with large number of Offspring required from
each half-sib family in order to estimate unbiased effects. MAS is more profitable than traditional
selection for sex-limited traits (milk yield, egg production), low heritability traits or traits that are a
poor predictor of breeding value (litter size, fertility). Hence, MAS are used as a tool to reduce
generation interval through early selection, even before maturity and to select those traits which are
observed in only one sex. Increased cost involved in sample collection for genotyping and complete
genotype information in MAS is a major limitation in a breeding scheme. MAS represents an
intermediate step between traditional phenotypic selection and full genomic selection, offering
practical advantages in situations where whole-genome prediction is not yet fully implemented or
cost-effective. The effectiveness of MAS depends largely on the identification of reliable markers that
are tightly linked to genes or QTL controlling target traits. Recently, most MAS-related studies in
rabbits have relied on SNP markers identified through QTL mapping and genome-wide association
studies (GWAS), supported by the availability of the rabbit reference genome [35]. SNP markers offer
high genomic coverage, stability, and ease of automation, making them suitable for routine
application in breeding programs. Mar

Growth and production traits are among the primary targets of MAS in rabbit breeding due to
their direct economic importance. Studies conducted over the past decade have identified SNP
markers and genomic regions associated with body weight at different ages, average daily gain, and
feed efficiency [27]. Incorporating such markers into selection schemes enables breeders to identify
superior animals early in life, reduce generation intervals, and increase selection intensity. This is
particularly valuable in rabbit breeding, where rapid turnover and short generation intervals already
provide a strong foundation for genetic improvement. =~ MAS has also been explored for improving
carcass composition and meat quality traits in rabbits. Traits such as muscle yield, fat deposition, and
carcass quality are difficult or impossible to measure on selection candidates without slaughter.
Marker information linked to these traits allows indirect selection while preserving breeding stock
[36]. The use of MAS for carcass traits is therefore especially relevant in nucleus breeding programs,
where accurate selection decisions have long-term impacts on commercial production.

Reproductive performance is another area where MAS offers significant potential benefits. Traits
such as litter size, fertility, and reproductive longevity generally have low heritability and are
strongly influenced by environmental factors, making genetic progress through conventional
selection slow [37]. Marker-assisted approaches can improve selection accuracy by capturing genetic
variation that is not easily detected through phenotypic records alone. Although individual markers
typically explain a small proportion of phenotypic variance, their combined use can enhance
reproductive performance when integrated into selection indices. MAS has also been investigated for
improving health, robustness, and immune-related traits in rabbits. Disease susceptibility remains a
major constraint in intensive rabbit production systems, particularly under tropical and suboptimal
management conditions. Recent studies have identified genetic markers associated with immune
response traits and disease resistance, suggesting that MAS could be used to improve robustness and
reduce reliance on antibiotics [38]. This application aligns with global efforts to promote sustainable
livestock production and antimicrobial stewardship.
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One major challenge is that most economically important traits are controlled by many loci with
small effects, reducing the impact of selection based on a limited number of markers [3]. Additionally,
marker-trait associations may be population-specific, limiting their transferability across breeds,
lines, or production environments. Genotype-by-environment interactions can further reduce the
consistency of marker effects, particularly in diverse production systems [22]. These challenges
underscore the importance of validating markers in the target breeding population before routine
application.

In recent years, genomic selection has emerged as a more comprehensive alternative to MAS,
using genome-wide marker information to predict breeding values. Nevertheless, MAS remains
relevant in rabbit breeding, particularly in small or resource-limited programs where high-density
genotyping of all selection candidates may not be feasible [40]. MAS can also complement genomic
selection by prioritizing major-effect loci, improving biological understanding of traits, and
supporting selection decisions for specific breeding objectives.

Furthermore, MAS plays an important role in the transition from QTL discovery to applied
breeding. By integrating markers associated with well-characterized QTL into selection schemes,
MAS provides a practical pathway for translating genomic research into measurable genetic gain [22—
24]. This is especially relevant in rabbit breeding programs focused on niche markets, local
adaptation, or conservation of genetic resources.

2.3. Genomic Selection in Rabbit Genetic Improvement

Genomic selection (GS) is an advanced breeding approach that uses genome-wide marker
information to predict the genetic merit of individuals and accelerate genetic improvement for
complex traits. Since its conceptual development and subsequent application in livestock, GS has
gained increasing relevance in rabbit breeding due to the availability of high-density SNP data,
improved statistical models, and expanding genomic resources for the rabbit genome [40]. Unlike
MAS, which relies on a limited number of markers linked to major QTL, captures the combined
effects of thousands of loci across the genome, making it particularly suitable for traits controlled by
many genes with small effects.

Rabbit production and fitness traits, including growth rate, body weight, feed efficiency, carcass
composition, reproductive performance, and disease resistance, are typically polygenic and
influenced by environmental factors. Conventional selection based on phenotypic and pedigree
information has contributed to genetic progress in rabbits; however, its efficiency is often constrained
by low heritability, delayed trait expression, and the need for slaughter or sex-specific measurements
[41]. GS overcomes many of these limitations by enabling early and more accurate prediction of
breeding values using genomic estimated breeding values (GEBVs), thereby reducing generation
intervals and increasing selection intensity. The implementation of GS in rabbits relies on the
establishment of a reference population with both high-quality phenotypic records and dense
genome-wide genotypic information. Statistical models such as genomic best linear unbiased
prediction (GBLUP), single-step GBLUP (ssGBLUP), and Bayesian methods are commonly used to
estimate GEBVs [7].

Growth and production traits have been among the first to benefit from GS in rabbits. Studies
conducted using commercial and experimental rabbit lines have reported improved prediction
accuracy for body weight, average daily gain, and feed efficiency when genomic information is
included in the evaluation models [8,9].

GS has also shown strong potential for improving carcass and meat quality traits in rabbits.
These traits are difficult or costly to measure on selection candidates, as they typically require
slaughter. By using genomic data from relatives or reference populations, GS enables indirect
selection for carcass yield, fatness, and meat quality characteristics without compromising breeding
stock [2,5,9]. This approach enhances selection efficiency and supports balanced improvement of
growth and carcass traits.
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Reproductive traits represent one of the most challenging targets for genetic improvement in
rabbits due to their low heritability and strong environmental influence. Recent studies have
demonstrated that GS can increase prediction accuracy for traits such as litter size, fertility, and
reproductive longevity compared to traditional models [41]. By capturing genome-wide genetic
variation, GS improves the ability to select breeding animals with superior reproductive
performance, contributing to enhanced productivity and sustainability of rabbit breeding systems.
Health, robustness, and disease resistance traits have also become important targets of GS in rabbits,
particularly in response to increasing concerns about animal welfare and antimicrobial use. Genomic
approaches have been applied to immune-related traits and indicators of robustness, showing that
GS can contribute to improved resilience under intensive and variable production conditions [6,7].
This aligns with global strategies aimed at promoting sustainable livestock production and reducing
dependence on antibiotics.

Despite its advantages, the implementation of GS in rabbit breeding faces several challenges.
The cost of genotyping, the need for large and well-phenotyped reference populations, and the
management of genomic data can limit widespread adoption, particularly in small-scale or resource-
limited breeding programs [20]. Additionally, prediction accuracy may decline when genomic
models are applied across genetically distant populations or different production environments due
to genotype-by-environment interactions. Continuous updating of reference populations and
validation of models are therefore essential to maintain the effectiveness of GS. In recent years, GS
has increasingly been integrated with other genomic tools, including QTL mapping, marker-assisted
selection, and functional genomics. This integrative approach enhances biological understanding of
complex traits and supports the identification of genomic regions with major effects that can be
prioritized in selection programs [24,25]. Advances in statistical learning and machine learning
methods are also being explored to further improve prediction accuracy and model robustness in
rabbit GS.

The high marker density provided by SNP arrays enabled the implementation of GS in rabbit
breeding programs. This is a paradigm shift from traditional pedigree-based and marker-assisted
selection to a more sophisticated approach of genotyping. GS utilizes genome-wide SNP information
to calculate genomic estimated breeding values (GEBVs), capturing the collective effects of numerous
small-effect loci distributed across the genome [27]. Simulation and empirical studies have
demonstrated the potential of GS in rabbits. [33] reported genomic prediction accuracies ranging
from 0.30 to 0.55 for litter size traits using ~150,000 SNPs in a commercial rabbit line, representing
substantial improvements over pedigree-based BLUP predictions. For growth and carcass traits,
prediction accuracies reached 0.45-0.68, with the highest accuracies observed for traits with moderate
to high heritability and adequate reference population sizes (>1,000 individuals) [1,2]. The
implementation of GS offers several strategic advantages: reduced generation intervals through early
selection before phenotypic evaluation, increased accuracy for low-heritability traits and sex-limited
traits, enhanced genetic gain through improved selection intensity, and the ability to select for traits
that are expensive or difficult to measure [2-4]. Thus, GS is a form of MAS in which genetic markers
covering the whole genome are used so that all QTL are in linkage disequilibrium with at least one
marker. In GS, SNP effects are estimated using genotype individuals that are phenotype for the
characteristics of interest and the genomic estimated breeding values (GEBVs) can be predicted for
any genotyped individuals by using only its SNP genotypes and estimated SNP effect [1]. GS has
gained more popularity than traditional MAS because there was no need to unearth the QTL related
to target traits and also no need of phenotyping the offspring. GS involves two types of populations
which are training population (TP) that comprises both genotypic and phenotypic data and also
breeding population (BP) which consist of candidate breeding lines with only genotypic data. Data
from TP are used to train a statistical model to estimate the effect of each assayed marker and then
calculate the estimated breeding values for each genotyped individual in BP to rank the lines without
phenotyping. These reserved individuals can serve as parental lines that may be intimate with each
other to pyramid favourable alleles for the next cycle of selection. In a chronological sequence,
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genomics became the cutting-edge technology today due to its evolution from genome sequencing,
including approaches such as GWAS, whole-genome prediction (WGP), and genome-wide selection
of complex traits. GS provides more accurate estimates for breeding value earlier in the life of
breeding animals, giving more selection accuracy and allowing lower generation intervals. Reference
populations for GS need to be large, with thousands of animals measured for phenotype and
genotype. The smaller the effective size of the breeding population, the larger the DNA segments
they potentially share and the more accurate genomic prediction will be. The relative contribution of
information from relatives in the reference population will be larger if the baseline accuracy is low,
but such information is limited to closely related individuals and does not last over generations.

2.4. Genome or Gene Editing (Gned) in Rabbit Genetic Improvement

The traditional transfer of genetic material or DNA in a controlled and deliberate manner
between animals was through induced mutagenesis and transgenesis. Transgenesis is a novel
approach where a transgene or exogenous DNA is injected into an early-stage embryo of the host
genome. The so-called transgenic animals were first produced by pronuclear zygote microinjection
of foreign DNA, a random phenomenon that often resulted in unexpected, variable and inefficient
transgene expression patterns leading to low efficiency and associated birth defects. Mutagenesis is
also the intentional induction of genetic mutations in order to introduce desirable trait [37,38]. This
occurs by exposure of the animals to chemicals, and radiation to induce genetic changes in the
genome. Recently, biotechnological tools have been used precisely to change the DNA with the aim
to induce traits of economic importance in order to maximise production efficiency, improve health
and welfare. This involves using a site-directed nuclease (SDN) to target a specific DNA sequence to
introduce a double-stranded break (DSBs) in the DNA at a targeted location in the genome [19]. When
cells attempt to repair DSBs, the process can result in gene disruption or knockout. Alternatively, if a
donor repair template is provided, the outcome can be the insertion or knock-in of an allele or gene
from the same or different species. One method that cells use to repair DSBs is non-homologous end
joining (NHE]), where the two broken ends are brought back together and the phosphodiester bonds
are reformed. This method is error-prone and often results in small insertions or deletions (indels) at
the cleavage site due to mistakes in the repair process. These alter the SDNs target site and prevent
further cleavage events. An alternative repair mechanism is homology-directed repair (HDR) using
homologous DNA as a repair template. A DNA repair template can be added with desired
modifications between regions of homology to either side of the DSB. This can be used to introduce
a range of genome edits, from point mutations to whole-gene insertions. The path to repair largely
depends on the stage in the cell cycle and the proteins that associate with the broken DNA ends.
These applications include the use of SDNs such as mega nucleases (MNs), zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENS) and clustered regularly interspaced
short palindromic repeats/Cas9 system (CRISPR/Cas9). SDNs possess long recognition sites and are
capable of breaking or cutting DNA double helix strands at a target site and then achieve various
types of genetic modification through (NHE]) and (HDR). These DNA nucleases mediate targeted
genetic alterations by enhancing the DNA mutation rate via induction of DSB at a predetermined
genomic site. In contrast to all other DNA nucleases that rely on protein--DNA binding, CRISPR/Cas9
uses RNA to establish a specific binding of its DNA nuclease. ZFNs and TALENSs are artificial DNA
cutting enzymes (nucleases) with a DNA--protein binding domain that directs the nucleases to a
target sequence in the genome. However, CRISPR/Cas9 adopts the microinjection of the site-directed
nucleases (in the form of plasmids, mRNAs, or proteins) into one-cell-stage animal embryos (zygotes)
which can effectively generate genome-edited offspring. One setback of these endonucleases is that
inappropriately designed could lead to off-target mutations that may result in a silent mutation or
loss of specific function. However, GnEd offers several promising opportunities including; (1) used
in functional genomics to elucidate gene function and identify causal variants underlying monogenic
traits (2) used to precisely introduce useful genetic variation into structured rabbit breeding programs
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(3) used to accelerate the rate of genetic progress by enabling the change of the germ cell lineage of
commercial breeding rabbits with cells derived from genetically elite lines [24,25].

Zinc-Finger Nucleases (ZFNs)

ZFNs are composed of two independent regions; a recognition domain of zinc-fingers and a non-
specific nuclease called fokl which create the DSB. The DNA-binding domain of ZFNs consists of an
assembly of zinc finger domains, each of which recognizes three DNA base pairs. At the C-terminus
end of the DNA binding domain is a Fokl cleavage domain, which dimerizes to form a non-specific
nuclease. When two ZFNs bind to adjacent target sites on opposite DNA strands, the nuclease
subunits combine to form a functional nuclease and create a targeted DSB. The capability to add the
nuclease to the N’ end allows both ZFNs to bind the DNA in the same direction, increasing the
possibility of finding a suitable ZFN-binding site on the target sequence. ZFNs are also small in size
and are more susceptible to off-target effects and have proven to have detrimental effects on cell
proliferation.

Transcription Activator-Like Effector Nucleases (TALENSs)

TALENS are also made of two independent parts. The first part originates from the TALEs. The
TALEs are naturally produced by a genus of Proteobacteria and a plant pathogen such as
Xanthomonas, a gram-negative bacterium, that can infect a wide variety of plant species. TALEs bind
to specific DNA sequences of the bacteria host, act as transcription factors and activate the expression
of plant genes that aid bacterial infection. After binding, artificial TALEs are now designed to target
desired DNA sequences. The TALEs are then fused with a FokI nuclease domain which again creates
the DSB. TALENS contain a DNA-binding region consisting of a series of 33- to 35-aa-long units that
each recognize a specific base pair as determined by two variable residues near the middle of each
unit [9]. TALENSs have increased specificity due to its straightforward design and longer recognition
sites. A slight disadvantage is the increased size which makes delivery to cells more challenging
compared to ZFNs [10].

CRISPR/Cas9 System

Clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 is a system of adaptive
immunity found in many bacterial and archaeal species, where it functions to protect against
invading viruses [11,12]. This system uses small noncoding RNAs to target a Cas nuclease to specific
DNA sequences. The most widely used system at present is CRISPR/Cas9, which is based on the
system of Streptococcus pyogenes and uses a short guide RNA (sgRNA) complexed with Cas9
nuclease. CRISPR/Cas9 has been found to be the most commonly used livestock genetic editing tool
which uses short guide RNA (sgRNA) based in the system of streptococcus. There has been enormous
application of CRISPR/Cas9 in livestock production which include the breeding of Angus cattle that
carry heat-tolerant gene called ‘Slick’ [30-32] which help them to survive in a global heating
condition. [40] has also produced polled cattle by removing horn buds through gene editing and
could potentially replace the routine dehorning procedures. The Commonwealth Scientific and
Industrial Research Organization (CSIRO) is currently undertaking proof-of-concept research to
show that CRISPR-Cas9 could be used to produce chickens that express a fluorescent marker on the
sex chromosomes. When the eggs are illuminated with a fluorescent light, the male embryos
fluoresce, and are not put in an incubator. The design of CRISPR/Cas9 is straightforward and can be
accomplished quickly as the only part that needs redesign is the guide RNA. The CRISPR/Cas9
system also allows multiplexing to generate organisms with multiple mutations or large
chromosomal deletions [1,2]. In livestock breeding initiatives, the primary objective is achieving
heritable genetic modifications that transfer through reproductive lineages to accomplish breed
enhancement. This can be accomplished through two main approaches in mammalian farm animals:
modifying body cells followed by reproductive cloning through somatic cell nuclear transfer (SCNT),
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or directly altering fertilized embryos. Gene deletions, and to a more limited extent gene additions,
in farm mammals are commonly accomplished by working with cultured cells before applying SCNT
techniques [20-22]. Conducting modifications within cell cultures enables more effective detection of
genetic alterations, and allows examination of multiple cell populations from the same line,
increasing the likelihood of identifying cells containing all desired changes. Direct embryo
modification offers the benefit of creating genetically diverse breeding stock, since each embryo
develops into a genetically unique individual, contrasting with animals produced from identical cell
lines. However, using SCNT to generate embryos from modified cells significantly diminishes the
procedure’s effectiveness due to poor survival rates of healthy offspring, especially pronounced in
bovine species. Genetic modification tools can be introduced into recipient cells through mechanical
techniques or carrier systems (either viral or non-viral vectors). Genetically modified farm mammals
have primarily been created using mechanical approaches, which encompass electrical stimulation
of body cells (commonly embryonic connective tissue cells) and direct injection, or alternatively
electrical stimulation, of fertilized eggs. Genetic editing tools may be introduced as fully formed
proteins (or RNA-protein combinations for CRISPR/Cas systems), or as genetic instructions
contained within RNA or DNA molecules. Utilizing proteins (and somewhat less frequently RNA)
provides enhanced precision over editor function, which proves crucial for minimizing unintended
DNA cutting incidents. The necessity for a template sequence during homology-directed repair
introduces an additional component (DNA) to the delivery combination, complicating the process.
Individual repair templates need matching sequences that surround the intended modification site,
typically requiring 50-1000 base pairs for each of the two surrounding regions. Unincorporated linear
DNA molecules can harm fertilized eggs, necessitating careful limitation of administered amounts.
Electroporation employs high-intensity electrical pulses to create temporary openings in cellular
membranes. These openings permit genetic modification tools to move from the surrounding
medium into the cell\’s interior. Nuclear-directing sequences can facilitate the movement of genome
editing proteins through the nuclear envelope into the cell\’s control centre. When introduced into
the cell interior, genetic instructions from circular DNA molecules are processed after the nuclear
boundary breaks down during cell division or after passage through membrane channels.
Nucleofection represents a specialized electroporation technique that simultaneously creates
openings in both cellular and nuclear membranes, enabling faster introduction of genetic editing
tools or DNA constructs directly into the nucleus. While electroporation has conventionally been
applied to modify laboratory-grown cell populations, recent studies demonstrate its effectiveness on
fertilized embryos [41]. Direct cytoplasmic microinjection (CPI) has traditionally served as the
primary method for introducing genome modification tools into fertilized eggs of livestock species.
More recently, electroporation has emerged as a promising alternative approach, demonstrating
success in generating insertion-deletion mutations (via non-homologous end joining) in pig and cattle
embryos. In contrast to CPI, which requires individual needle-based delivery of editing components
to each zygote, electroporation enables simultaneous treatment of multiple embryos, thereby
reducing both time investment and technical skill requirements. Direct zygotic delivery of genome
editing tools circumvents the limitations associated with somatic cell nuclear transfer (SCNT), though
it introduces the challenge of genetic mosaicism when editing occurs after the single-cell stage during
early embryonic development, along with uncertain modification efficiency. Screening can be
performed through genetic analysis of blastocyst-stage biopsies before implantation into surrogate
mothers, this approach may compromise the survival potential of transferred embryos. When mosaic
offspring are produced, breeding to subsequent generations becomes necessary to obtain uniform,
homozygous animals lacking mosaicism. Direct introduction of genome editing components into
fertilized eggs has proven effective for creating targeted gene knockouts in developing embryos,
though mosaicism may impair the transmission of modifications to offspring. However, achieving
precise targeted gene insertions remains challenging. The HDR mechanism functions predominantly
in proliferating cells during the S and G2 phases of the cell cycle, reaching peak activity only near the
completion of the initial DNA replication round in single-cell zygotes. Somatic cell electroporation is
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the standard method when HDR is necessary, though only limited cases have documented successful
HDR through cytoplasmic injection of double-stranded DNA into livestock embryos [6,7]. In contrast,
single-stranded oligodeoxynucleotides (ssODN) have been effectively employed by multiple
research teams to generate precise nucleotide changes or small sequence insertions/deletions via
HDR mechanisms [17-19]. An alternative strategy for incorporating complete genes into embryos
was demonstrated in sheep engineered to produce two melatonin biosynthesis proteins in their milk
using -casein regulatory sequences [7]. Non-homologous linear double-stranded DNA was directly
injected into embryonic cytoplasm alongside Cas9 nuclease and a guide RNA directed against the
myostatin gene. These DNA constructs integrated through homology-independent repair
mechanisms at the target location in approximately 35% of surviving offspring, with roughly 26%
carrying both transgenes. Genetic modification in birds presents unique challenges due to the
difficulty of accessing avian embryos. Consequently, most chicken genome editing research focuses
on primordial germ cells (PGCs). These cells travel through the embryonic circulation between 48-60
hours of development while migrating toward the developing reproductive organs. Chicken PGCs
can be easily maintained in laboratory culture where genetic modification tools can be introduced,
commonly as DNA constructs delivered through lipofection techniques. Lipofection represents a
non-viral delivery method that utilizes electrostatic interactions between lipids and genetic material
to create lipid-DNA complexes (lipoplexes) that cells can internalize. Modified primordial germ cells
(PGCs) can be evaluated and introduced into the circulatory system of chicken embryos that have
undergone chemical or genetic germline depletion through an opening created in the eggshell. As an
alternative approach, direct intravenous administration can target circulating PGCs using
transfection compounds. The resulting avian specimens can subsequently reproduce to generate
genetically modified progeny. It is crucial to acknowledge that numerous procedures involved in
livestock genome modification are labour-intensive and currently demonstrate poor efficiency rates.
Multiple sequential steps and unpredictable biological factors exist, including reproductive cell
harvesting and development, delivery of modification components, embryo cloning and
implantation into hormonally synchronized recipient females, each presenting distinct challenges
and limitations. Embryonic microinjection to create chimeric animals, followed by selective breeding
to obtain heterozygous edited descendants, represents a lengthy and costly process in large
agricultural species. Numerous genome modification applications necessitate homozygous
alterations to guarantee single-copy transmission in first-generation offspring, or to accommodate
alleles exhibiting recessive inheritance patterns. The intricate nature and poor success rates associated
with these methodologies render livestock genome editing far from standardized practice under
current conditions. Recent gene-editing technologies, particularly CRISPR-Cas systems, represent the
frontier of precision breeding approaches. While fewer commercial applications exist compared to
GS, proof-of-concept studies demonstrate powerful potential. [8] successfully edited the myostatin
gene in pigs to increase muscle development, while [9] produced hornless dairy cattle through precise
genetic alterations mirroring natural polled mutations. Unlike earlier transgenic approaches that
inserted foreign DNA, modern gene editing can create genetic changes indistinguishable from those
occurring naturally, potentially addressing some regulatory and consumer acceptance concerns
[16,17]. However, [20] highlighted persistent ethical questions regarding animal welfare,
agrobiodiversity, and socioeconomic implications of such technologies.
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Figure 2. Modern gene editing technologies used in livestock genetic improvement.

Multi-Omics in Rabbit Genetic Improvement

The integration of multi-omics technologies has emerged as a transformative approach in animal
breeding, enabling a comprehensive understanding of the biological mechanisms underlying
complex traits. Since 2015, advances in high-throughput sequencing, mass spectrometry, and
bioinformatics have facilitated the generation and integration of diverse omics datasets, including
genomics, transcriptomics, proteomics, metabolomics, and epigenomics. In rabbit genetic
improvement, multi-omics approaches are increasingly recognized for their potential to complement
traditional quantitative genetics and GS by linking genetic variation to molecular function and
phenotypic expression [10-12].

Genomics forms the foundation of multi-omics applications in rabbits, providing genome-wide
information on genetic variation through SNP arrays and whole-genome sequencing. While GS
captures the additive effects of genome-wide markers, it does not directly explain the biological
pathways through which genetic variants influence traits. Integrating genomic data with other omics
layers enhances the interpretation of marker-trait associations and improves understanding of trait
architecture [ 39, 40, 41]. In rabbits, genomic resources developed over the past decade have created
opportunities to expand beyond single-layer analyses toward integrative multi-omics frameworks.

Transcriptomics is a key component of multi-omics studies, providing insights into gene
expression patterns across tissues, developmental stages, and environmental conditions. RNA
sequencing (RNA-seq) has been used in rabbits to identify differentially expressed genes associated
with growth, muscle development, reproduction, and immune response. Integrating transcriptomic
data with genomic information allows the identification of expression quantitative trait loci (eQTL),
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which link genetic variants to gene expression levels and help prioritize candidate genes within QTL
regions [29,30]. This approach improves biological interpretation and supports more informed
selection decisions.

Proteomics and metabolomics further extend the functional resolution of multi-omics by
characterizing downstream molecular phenotypes that are more closely related to observable traits.
Proteomic analyses provide information on protein abundance and post-translational modifications,
while metabolomics captures metabolic profiles reflecting physiological status and environmental
interactions. Although applications in rabbits are still emerging, studies in livestock species
demonstrate that integrating proteomic and metabolomic data with genomic information can reveal
biomarkers for growth efficiency, meat quality, fertility, and health traits [20-22]. These approaches
hold strong potential for improving selection accuracy in rabbit breeding programs.

Epigenomics represents another important omics layer, focusing on heritable changes in gene
regulation that do not involve alterations in DNA sequence, such as DNA methylation and histone
modifications. Epigenetic mechanisms play a crucial role in regulating gene expression in response
to environmental factors, nutrition, and management practices. Since 2015, epigenomic studies in
livestock have highlighted the importance of epigenetic variation in growth, reproduction, and
immune function. In rabbits, integrating epigenomic data with genomic and transcriptomic
information can improve understanding of genotype-by-environment interactions and
developmental plasticity, which are particularly relevant under diverse production conditions
[33,34]. One of the major applications of multi-omics in rabbit genetic improvement is the
identification of biologically meaningful candidate genes and pathways underlying complex traits.
By integrating genomic, transcriptomic, proteomic, and metabolomic data, researchers can move
beyond statistical associations to establish causal links between genetic variation and phenotype. This
systems-level understanding enhances the reliability of marker discovery and supports the
development of more effective selection tools, including refined marker-assisted and GS strategies
[12-14]. Multi-omics approaches also offer significant potential for improving the prediction of
complex traits through integrative models. Combining omics datasets with advanced statistical and
machine learning methods can improve the accuracy of breeding value predictions by incorporating
functional information alongside genomic markers. Recent studies in livestock have shown that
integrating multi-omics data can enhance prediction accuracy, particularly for traits with low
heritability or strong environmental influence [1-3]. Such approaches are highly relevant for rabbit
breeding programs aiming to improve reproduction, robustness, and disease resistance. Despite their
promise, the application of multi-omics in rabbit genetic improvement faces several challenges. High
costs, limited sample sizes, data integration complexity, and the need for specialized bioinformatics
expertise can constrain widespread adoption. Additionally, most multi-omics studies have been
conducted in experimental or research populations, highlighting the need for validation in
commercial and diverse production systems. Addressing these challenges will require collaborative
efforts, standardized protocols, and the development of cost-effective omics platforms tailored to
rabbit breeding [20-22]. Table 1 show the comparative analysis o genetic improvement methods in
rabbits production from traditional approaches to modern machine learning algorithms.

Table 1. Comparative Analysis of Genetic Improvement Methods in Rabbits.
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Application of Machine Learning in Rabbit’s Genetic Improvement

Machine learning (ML) has emerged as a powerful analytical framework for extracting complex
patterns from large and high-dimensional datasets, offering new opportunities for genetic
improvement in livestock species. Since 2015, the increasing availability of genomic, phenotypic, and
environmental data, coupled with advances in computational power, has stimulated growing interest
in the application of ML methods to animal breeding. In rabbit genetic improvement, ML approaches
are increasingly being explored as complementary or alternative tools to traditional statistical models
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for predicting breeding values, identifying important genomic features, and improving selection
decisions [20,21,23].

Rabbit breeding programs generate diverse datasets, including pedigree information, growth
and reproduction records, carcass traits, health indicators, and genome-wide SNP data. Traditional
linear models, such as best linear unbiased prediction (BLUP) and genomic BLUP (GBLUP), assume
linear relationships between markers and phenotypes, which may not fully capture the complex, non-
linear, and interactive nature of genomic data. Machine learning methods, by contrast, are well suited
to modeling non-linear relationships, high-order interactions, and large numbers of predictors,
making them attractive for genomic prediction and decision support in rabbit breeding [11-13]. One
of the primary applications of ML in rabbit genetic improvement is genomic prediction of breeding
values. Algorithms such as random forests, support vector machines, gradient boosting, artificial
neural networks, and deep learning models have been applied to predict complex traits using
genome-wide marker data. Recent studies in livestock, including rabbits and related species, have
demonstrated that ML models can achieve prediction accuracies comparable to or, in some cases,
higher than conventional GS models, particularly for traits influenced by non-additive genetic effects
[40,41]. These approaches enable the estimation of genomic estimated breeding values without
relying strictly on parametric assumptions.

Growth and production traits are among the most promising targets for ML-based prediction in
rabbits due to the availability of large phenotypic datasets and their economic importance. Machine
learning models have been shown to effectively integrate SNP data with performance records to
predict body weight, growth rate, and feed efficiency. The ability of ML algorithms to capture
complex interactions among loci and between genetic and environmental factors enhances prediction
performance, especially in heterogeneous production systems [21,24]. This capability is particularly
relevant for rabbit production in variable environments, where genotype-by-environment
interactions play a significant role.

Reproductive traits, which are typically characterized by low heritability and strong
environmental influence, represent another area where ML approaches offer substantial advantages.
Traits such as litter size, fertility, and reproductive longevity are difficult to predict accurately using
traditional models alone. Machine learning methods can incorporate a wide range of predictors,
including genomic, physiological, and environmental variables, to improve prediction accuracy for
reproductive performance [30,31]. Improved prediction of these traits can enhance selection decisions
and contribute to greater reproductive efficiency in rabbit breeding programs. Machine learning has
also been applied to carcass quality, health, and robustness traits in rabbits. Carcass traits often
require slaughter for measurement, while health-related traits may be difficult to quantify precisely.
ML models can leverage indirect indicators, genomic information, and correlated traits to predict
these complex phenotypes. Recent livestock studies have shown that ML approaches are effective in
identifying genomic regions and markers associated with disease resistance and immune response,
supporting more resilient breeding strategies.
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Figure 3. A diagram showing the types of machine learning algorithms.

Conclusion

Rabbit breeders have a long history of changing the genetic composition to improve productivity
and fulfil expanding human needs for food and other animal products. This has only recently become
achievable through traditional breeding and selection, which is a laboriously slow process of
gradually collecting genetic advantages over an extended length of time. The introduction of
transgenic biotechnological approaches offered the ability for producing genetic modifications with
higher impact and within a single generation. But at first, the technology was constrained by
restrictions and technological issues that have since mostly been resolved by steady advancements.
The advent of genome or editing technologies, combined with homologous recombination, has added
anew level of efficiency and precision that holds much promise for rabbit genetic improvement based
on increasing knowledge of the phenotypic impact of genetic sequence variants. The transition to
genome-edited rabbit with precise sequence changes without the use of exogenous DNA could
accelerate up the path to market, provided that agricultural applications of this new technology
deliver compelling benefits for animals, consumers, and the environment in addition to incentives
for producers.
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