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Abstract: This review investigates the genetic influences on key reproductive traits in Malaysian goats,
which are crucial for improving meat production and economic value. Traits such as litter size, kidding interval, age
at first service, and gestation length show varying heritability, indicating limited potential for selection improvement
in some cases. Significant major genetic markers, including DNAH1, GDF9, BMP15, and BMPR1B, have been linked
to reproductive performance, particularly litter size and fertility. The high levels of inbreeding observed in Malaysian
goats could negatively impact these reproductive traits, further complicating traditional selection methods. Seasonal
breeding patterns and environmental factors, such as melatonin secretion, significantly impact reproductive outcomes,
highlighting the importance of effective herd management. Variability in reproductive traits among breeds like
Shaanbei white cashmere goats, Chinese native breeds, and Alpine versus Saanen bucks is noted, with generally low
heritability estimates for traits like litter size and age at first kidding. Advanced reproductive technologies, including
marker-assisted selection, multiple ovulations, and genomic selection, offer the potential for accelerating genetic gain,
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particularly in addressing the challenges posed by inbreeding. Integrating genetic and environmental factors into
breeding programs can enhance reproductive efficiency and overall productivity. This study provides a framework
for targeted breeding strategies to improve the reproductive performance of goats in Malaysia.

Keywords: Genetic marker, goat, heritability, litter size, reproductive trait.
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1. Introduction

Goats (Capra hircus) are one of the earliest
domesticated livestock species, with a significant
economic role in milk, meat, and fiber production, and
they exhibit remarkable adaptability to diverse
environmental conditions across all continents [1], [2].
Goats play a multifaceted role in the livestock industry,
significantly contributing to the economic and
nutritional aspects. They are particularly valued for their
adaptability to harsh environmental conditions, making
them ideal for landless and marginal farmers. Goats are
a major source of milk and meat, with their milk being
especially noted for its high calcium, magnesium, and
phosphorus content and bioactive compounds that offer
various health benefits, including cardiovascular,
metabolic, and immunomodulatory  properties.
Furthermore, goats contribute significantly to the rural
economy and well-being by providing a reliable source
of high-quality proteins and other essential nutrients,
which are particularly beneficial for children, older
adults, and individuals recovering from illness [3].

There are approximately one billion goats globally,
with the population having more than doubled in the past
40 years. The Food and Agriculture Organization states
that over 90% of goats are located in developing
countries, with Asia hosting the largest share of the

world’s goat population, followed by Africa [4]. The
contribution of goats to global milk production is
significant and growing. Goats are versatile livestock,
well-adapted to diverse environmental conditions, and
are particularly valuable in regions where other dairy
animals may not thrive. According to [5], dairy products
from sheep and goats make up approximately 20.8% of
the world’s dairy production. Specifically, goats alone
contribute roughly 1.9% of the total milk production
globally. Many people, including infants, have allergic
reactions to cow’s milk but tolerate goat and sheep milk
and their dairy products well. Consequently, goat and
sheep milk offer significant medical benefits for those
with cow’s milk allergies [5].

Goats play an important role in Malaysia’s
agricultural and economic landscape, serving as a source
of income and contributing to the livestock sector. The
importance of goats in Malaysia can be understood
through several dimensions, including economic, health,
and environmental aspects. Economically, goats are a
vital part of Malaysia’s livestock sector, which is
experiencing increasing demand due to population and
economic growth. The sector is dominated by poultry,
swine, non-dairy cattle, and goats, with goats
contributing to the diversity of livestock products
available in the market [6].
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2. Literature Review
2.1 Reproductive Traits and Challenges of Goat
Production

Reproductive traits in the goat production sector play
a vital role in the meat production industry, with genetic
analysis being crucial for enhancing their potential.
Studies have shown that reproductive traits like age at
first service, age at first kidding, gestation length, and
litter weight exhibit varying heritability estimates,
indicating a limited scope for selection for further
improvement and successful genetic gain [7]. In
addition, research has explored the association between
specific gene polymorphisms and reproductive traits in
goats, suggesting potential candidate markers for
genetic selection [8].

Following the health problem, reproductive
performance is another critical aspect of goat farming in
Malaysia. Studies have shown that controlled internal
drug release (CIDR) devices can enhance reproductive
outcomes, such as estrus synchronization and increased
twin rates, particularly in Boer goats. This improvement
in reproductive performance can lead to higher
productivity and better herd management [9].

Seasonal breeding patterns in goats, influenced by
factors like melatonin secretion and environmental
conditions, impact the availability of goat products in
the market, emphasizing the need for -effective
reproductive herd management strategies [10].
Furthermore, non-genetic factors such as production
systems and breed significantly affect reproductive and
litter traits in goats, highlighting the importance of
considering both genetic and environmental factors for
successful ~ breeding  programs [11].  Lastly,
environmental factors like aridity and management
practices have been shown to influence the reproductive
performance of local goat populations, indicating the
potential for implementing selection programs to
improve fertility traits in these breeds [12].
Reproductive traits in small ruminants play a vital role
in determining the genetic potential and economic value
of goats.

Key reproductive traits in goats include litter size,
kidding interval, age at first kidding, gestation length,
age at first service, and prolificacy. Studies on various
goat populations such as Dazu Black Goats [13], Alpine
x Beetal goats [7], Tunisian local goat population [12],
and general goat farming practices [14] emphasize the
significance of these traits for genetic improvement and
efficient production. Factors influencing reproductive
traits include genetic components, environmental
conditions, nutritional status, and management
practices. Heritability estimates for traits like litter size
and kidding interval vary across populations, indicating
the need for extensive data for accurate selection and
genetic improvement. Understanding and enhancing
these key reproductive traits are crucial for maximizing

productivity and profitability in goat farming [15].

2.2 Variation in Reproductive Traits among
Different Goat Breeds

Reproductive traits in goats exhibit variability among
different breeds. Studies have shown that genetic factors
play a significant role in determining reproductive
performance. A recent study showed that the DNAHI1
gene variation was associated with litter size in Shaanbei
white cashmere goats, with specific genotypes being
associated with larger litters [16]. In a genome-wide
association study conducted on native Chinese goat
breeds, significant SNPs were linked to litter size and
various morphological traits, which support the finding
that genetics contributes to reproductive characteristics
[17], [18].

Additionally, RNA sequencing analysis of the goat
hypothalamus revealed differentially expressed genes
and microRNAs influencing fertility, shedding light on
the molecular mechanisms underlying litter size
variations in different goat populations [19].
Furthermore, research on semen quality indicated breed-
specific differences, with Alpine bucks generally
exhibiting higher sperm quality compared to Saanen
bucks, emphasizing the impact of breed on reproductive
traits [20].

2.3 Role of Reproductive Traits in Goat Breeding
Programs

Reproductive traits are crucial in goat breeding
programs as they directly impact the efficiency and
economic viability of dairy and meat production. Key
reproductive traits include age at first kidding, out-of-
season kidding ability, pseudopregnancy, and litter size.
Age at first kidding is significant as a reduced and can
accelerate genetic improvement and reduce the
resources needed to raise animals to produce age [21].
Out-of-season kidding ability is essential for achieving
consistent year-round dairy production, which is
challenging due to the seasonal breeding nature of goats
[22]. Pseudopregnancy can delay the breeding and
lactation cycles, affecting the overall productivity [23].

Litter size, influenced by genetic factors, is another
critical trait, with specific SNPs identified that affect this
trait in various goat breeds [17]. The fertility of goats,
influenced by semen quality and female characteristics,
is also a vital aspect, with studies showing that younger,
primiparous goats have higher fertility rates [24].
Reproductive disorders can significantly reduce milk
yield, especially in primiparous goats carrying multiple
fetuses [25]. Hormonal profiles, such as the LH peak,
are also important because they can affect the success of
artificial insemination programs [26]. Photo-stimulation
of bucks to induce sexual activity can enhance
reproductive performance in does, particularly during
the anestrous period, thereby improving productivity
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and lifetime reproductive performance [27], [28].

Nutritional management, which is closely linked to
reproductive health, is another critical factor, as high-
yielding goats require nutrient-dense diets to support
their reproductive and overall health [22].
Understanding the genetic and endocrine factors
influencing puberty and reproductive traits can further
enhance breeding programs by selecting traits that
improve  fertility and  productivity.  Overall,
incorporating these reproductive traits into breeding
programs can lead to more efficient and sustainable goat
production systems.

2.4 Optimizing Reproductive Traits in Goat
Breeding Programs

The reproductive traits in goat breeding programs
can be optimized through various strategies. genetic
correlations between reproductive traits and production
traits play an important role in selection for successful
selection response and genetic gain [21]. The use of
female reproductive technologies such as multiple
ovulation and embryo transfer and marker-assisted
genomic selection (GS) in reproductive systems can lead
to accelerated genetic gains through selection
intensification and a decrease in the generation intervals
for ovulation [29]. Including genomic information in
breeding programs can significantly enhance genetic
gain, especially in dairy sheep and goat breeding
programs, leading to a substantial increase in annual
genetic gain when compared to traditional selection
methods [30].

Additionally, exposure of does to photostimulated
bucks during anestrus can improve reproductive
performance, fertility, and productivity, contributing to
increased lifetime reproductive performance in goats
[25]. Fixing-time artificial insemination programs in
goat breeds like the Payoya can also be enhanced with
an understanding of periovulatory hormone release
patterns and optimizing treatments based on hormone
profiles [24].

2.5 Genetic Factors Influencing Reproductive Traits

The genetic factors influencing reproductive traits in
goats have been extensively studied. Research has
identified significant single nucleotide polymorphisms
(SNPs) and genes associated with reproduction traits
like litter size, wattle, coat color, black dorsal line, beard
length, and hind leg hair in Chinese native goat breeds
[16]. Additionally, DNAH1 mutations and copy number
variations have been linked to litter size in Shaanbei
white cashmere goats, with specific genotypes showing
higher litter sizes [8]. Studies on age at puberty have
revealed differential gene expression in pubertal goats,
indicating the involvement of genes like PRLR and
THBS1 in follicular development and lateralization
[28].

Furthermore, genetic correlations have been found
between reproductive traits like age at first kidding,
pseudopregnancy, and milk production traits in UK
dairy goats, suggesting the feasibility of selecting for
reproductive traits without compromising milk yield
[21]. Selective sweep analyses in Laoshan dairy goats
have highlighted genes like CCNB2, AR, and ADCY1
associated with high fecundity, providing insights into
the genetic variations influencing fecundity traits in
dairy goats [31].

2.6 Genetic Markers and Their Roles in Goat Litter
Size

The identification of genetic markers associated with
goat litter size has been a focal point of recent research,
revealing several key genes and their polymorphisms.
Notably, the growth differentiation factor 9 (GDF9),
bone morphogenetic protein 15 (BMP15), and bone
morphogenetic protein receptor type IB (BMPRI1B)
genes have been identified as significant markers
influencing litter size in Indonesian goats, with single
nucleotide polymorphisms (SNPs) in these genes aiding
in the selection of favorable genotypes [32]. In Markhoz
goats, a genome-wide association study (GWAS)
identified SNPs on chromosomes 2, 20, and 21, with
genes such as GABRAS and AKAP13 playing roles in
reproductive processes [33].

The Dynein Axonemal Heavy Chain 1 (DNAHI)
gene, with its SNPs, insertion/deletion (InDel)
mutations, and copy number variations (CNVs), has also
been linked to higher litter sizes in Shaanbei white
cashmere goats [16]. Additionally, polymorphisms in
the PPP2R5C and SLC39A5 genes were found to be
significantly associated with litter size in Yunshang
black goats, with higher gene expression correlated with
increased litter size [34]. The SNX29 gene, which is
involved in lipid metabolism, showed significant
associations with litter size through its InDel and CNV
polymorphisms in Shaanbei white cashmere goats [34].
The IGF2BP2 gene, which is crucial for germ cell
development, also demonstrated significant associations
with litter size through specific InDel mutations [35].

Furthermore, the Booroola fecundity (FecB) gene,
known for its role in sheep fertility, has been linked to
litter size and morphometric traits in goats, suggesting
its utility in breeding programs [36]. The GDF9 gene,
with its various SNPs, has been consistently associated
with litter size across multiple goat breeds, highlighting
its importance as a high-fertility candidate gene [37].
Studies in sheep have also identified genes such as
BMPR1B, GDF9, and BMP15 as significant markers for
litter size, which may provide insights applicable to
goats [38], [39]. These findings collectively underscore
the potential of using these genetic markers in marker-
assisted selection to enhance the reproductive traits of
goats.
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2.7 Heritability Estimates of the Reproductive Traits
Heritability estimates for reproductive traits in goats
vary across different studies and breeds, reflecting the
complexity and genetic diversity of these traits. For
instance, in UK dairy goats, heritability estimates for
reproductive traits such as out-of-season kidding ability,
age at first kidding, and pseudopregnancy were found to
be low, ranging from 0.08 to 0.11 [21]. Similarly, in
Creole goats, heritability estimates for fertility and litter
size were also low, at 0.11 and 0.11, respectively [40].

In the Murciano-Granadina breed, heritability for
traits like peak yield and persistency were estimated to
be 0.13 and 0.08, respectively, indicating a low to
moderate genetic influence [41]. For the Damascus
breed, heritability estimates for litter size and litter
weight were around zero, whereas those for milk
production traits were higher, suggesting a stronger
genetic component for milk yield than for reproductive
traits [42]. In Zaraibi goats, heritability for litter size was
very low, at 0.04-0.05, but the genetic correlation
between milk yield and litter size was positive,
indicating that selection for milk yield could indirectly
improve reproductive performance [43].

Additionally, studies on Jamunapari goats showed
that maternal heritability for body weight declined from
0.19 at birth to near zero at weaning, highlighting the
diminishing maternal genetic influence as the goats’ age
[44]. Overall, these findings suggest that while
heritability estimates for reproductive traits in goats are
generally low, there is still potential for genetic
improvement through selective breeding, particularly
when considering the genetic correlations with other
traits such as milk yield and body weight.

2.8 Heritability differences among various goat
breeds

Heritability estimates for various traits in goats show
differences among different breeds. Studies have
indicated that the heritability of linear body
measurements in Jamunapari goats ranged from 0.14 to
0.20, suggesting significant genetic variability for
selection [40]. In contrast, a study on Alpine and Saanen
dairy goats reported low heritabilities for fecal egg
counts (FEC) at 0.07 and moderate heritabilities for
FAMACHAO® eye score and packed cell volume (PCV)
at 0.22 each, with unfavorable genetic correlations
between FEC and milk yield [45]. Therefore, these
differences could play a significant role in affecting the
reproductive performance of these goats accordingly.

Likewise, genetic diversity assessments among
Brazilian and U.S. goat breeds using microsatellite
markers showed expected heterozygosity ranging from
0.55 to 0.72, indicating ample genetic diversity among
the evaluated breeds [46]. These findings collectively
highlight the variability in heritability estimates across
different goat breeds for various traits.

2.9 Influence of Specific Genes on Fertility, Litter
Size, and Reproductive Health

The influence of specific genes on fertility, litter size,
and reproductive health is multifaceted, involving
numerous genetic factors across various species. In
humans, genetic studies have identified mutations in
genes that regulate reproductive lifespan and fertility,
with genome-wide association studies (GWAS)
revealing shared biological pathways linking puberty
timing, fertility, and reproductive aging [47]. In swine,
genes such as P2RX3, NR2F2, OAS1, and PTPN11 have
been associated with age at puberty and reproductive
longevity, with specific SNPs showing significant
correlations with these traits [48]. Similarly, in sheep,
genes like ACTL7A, ACTL7B, and ELP1 are linked to
litter size, while others like HECW1 and HTRI1E are
related to the total number of lambs born [39].

In mice, selection for increased litter size has led to
the differential expression of genes associated with
steroid metabolism and female fecundity, such as GDF9,
indicating a genetic basis for reproductive performance
[49]. In pigs, regions of the genome affected by selection
for litter size traits include the candidate gene P2X3R,
which plays a role in implantation and hormone release
[50]. In addition, a nonsense mutation in BMP15 has
been linked to atypical external genitalia and fertility
issues in German Landrace gilts, demonstrating the
impact of deleterious mutations on reproductive health
[S1].

In sheep from Xinjiang, genes like FSHR,
GUCY1A1l, and COIL have been identified as
significantly associated with litter size, providing
potential molecular markers for breeding programs [52].
In rabbits, genomic regions on chromosome 17,
including genes like BMP4 and PTGER2, have been
associated with litter size traits, highlighting the
importance of specific genomic regions in reproductive
success [53]. Lastly, the OVGP1 gene in rabbits has been
linked to improved fertilization and early embryo
development, with specific haplotypes positively
affecting litter size and embryo survival [54]. These
findings collectively underscore the critical role of
specific genes in influencing fertility, litter size, and
overall reproductive health across different species.

2.10 Molecular and Genomic Approaches in Goat
Reproductive Genetics

Molecular and genomic approaches have
significantly advanced our understanding of goat
reproductive genetics, revealing key genetic markers
and mechanisms. Genome-wide association studies
(GWAS) have identified significant single nucleotide
polymorphisms (SNPs) and candidate genes associated
with reproductive traits such as litter size and
morphological traits in various goat breeds [17]. For
instance, the DNAHI gene, with its SNPs,
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insertion/deletion mutations, and copy number
variations, has been linked to higher litter sizes in
Shaanbei white cashmere goats [16]. Comparative
genomics has also highlighted genes related to
adaptation and milk production, such as HSPB6 and
ABCG2, which are crucial for breeding programs aimed
at enhancing productivity and environmental
adaptability [55].

In Boer goats, selection signatures have pinpointed
genes like BMPR1B and KIT, which are involved in
reproduction and growth, underscoring the impact of
artificial selection on genetic diversity [56]. In addition,
the role of circular RNAs (circRNAs) in the oviduct
during different estrus phases has been explored,
identifying key regulatory networks that influence
prolificacy traits [57]. The development of high-quality
reference genomes, such as Saanen vl, has improved
the accuracy of genetic mapping and the identification
of SNPs, facilitating more precise breeding strategies
[58].

Long non-coding RNAs (IncRNAs) have also been
implicated in ovarian function, with specific IncRNAs
associated with progesterone synthesis and oocyte
maturation during different estrus phases [59]. Genomic
selection methods, including GBLUP and Bayesian
approaches, have been optimized for traits like live body
weight and fiber diameter, enhancing the accuracy of
genomic estimated breeding values (GEBVs) [60].
Furthermore, structural variants on chromosome 1 have
been linked to the polled phenotype and polled intersex
syndrome (PIS) in goats, providing diagnostic tools for
the early prediction of horn status [61]. Finally, studies
on local goat populations, such as the Mascaruna in Italy,
emphasize the importance of genetic diversity and
population structure analyses for conservation and
breeding programs [62]. These molecular and genomic
approaches collectively contribute to a deeper
understanding and improved management of goat
reproductive genetics.

3. Techniques for Studying Goat Genetics

Various techniques are employed to study goat
genetics related to litter size. Genome-wide association
Studies (GWAS) are utilized to identify genetic regions
associated with litter size, as seen in the research on
Markhoz goats [32]. Moreover, Marker-Assisted
Selection (MAS) is applied to utilize genetic markers
like GATA4 gene polymorphisms to improve litter size
in goats, as demonstrated in Shaanbei white cashmere
goats (Wang et al. 2023). Additionally, studies on genes
like GDF9 and BMP15 have shown the significance of
Single Nucleotide Polymorphisms (SNPs) in enhancing
fertility traits and litter size in goats, emphasizing the
importance of genetic markers in selection processes
[33], [63], [64]. These techniques collectively contribute
to advancing goat genetics research to improve litter size

through targeted breeding strategies.

4. Results
4.1 Impact of Genomic Tools on Goat Litter Size

Genomic tools have significantly impacted goat
breeding for litter size by identifying key genetic
markers associated with reproductive traits. Studies
have revealed the importance of various genes such as
KITLG, KISS1, SNX29, DNAHI, and BMPI5 in
influencing litter size in different goat breeds [16], [34],
[64], [65], [66]. These genes exhibit polymorphisms,
insertions/deletions, and copy number variations that are
linked to variations in litter size. For instance, SNX29
and DNAHI gene wvariations were significantly
associated with litter size, indicating their potential as
molecular markers for selecting goats with improved
reproductive traits. Along with this, the meta-analysis on
the BMP15 gene highlighted the impact of specific
polymorphisms on litter size, emphasizing the role of
genetic markers in enhancing goat breeding programs
focused on improving litter size through marker-assisted
selection (MAS).

The Indigenous Katjang goat, the only domestic
breed in Malaysia, faces the threat of extinction due to
low genetic diversity, high inbreeding coefficients, and
deviations  from  Hardy-Weinberg  equilibrium,
indicating a  historical population bottleneck,
highlighting the imperative to enhance its genetic pool
to safeguard and rejuvenate this breed [67]. Therefore,
identifying key genetic markers such as GDF9, BMP15,
and Kissl, which are linked to litter size, is crucial.
Harnessing these markers can significantly improve the
reproductive performance and breeding gains, ensuring
the sustainability and genetic vitality of the Katjang goat
and its crossbreeds in Malaysia.

In Malaysia, studies have shown that the goat farm
system did not show a significant effect on reproductive
performance [68]. On the other hand, the reproduction
improvement measure (controlled internal drug release-
CIDR) showed a significant effect on reproductive
performance, accelerated estrus cycle, and increased
twinning rate; therefore, Boer and its strain might help
to improve herd production efficiency and overcome the
gaps in the self-sufficiency ratio of Mutton demand in
the country [9].

The genetic characterization of Malaysian goat
breeds, particularly the indigenous Katjang goat, has
been extensively studied using microsatellite markers.
These studies reveal significant insights into the genetic
diversity and structure of these breeds, which are crucial
for conservation and breeding strategies. The findings
highlight both the genetic markers identified and the
challenges these breeds face regarding genetic diversity
and inbreeding.
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4.2 Genetic Markers and Diversity in Malaysia

Several studies have used microsatellite markers to
assess the genetic diversity of Malaysian goat breeds. In
the Katjang goat, 25 polymorphic microsatellite markers
were identified, indicating low genetic diversity with an
observed heterozygosity of 0.29 and an expected
heterozygosity of 0.72 [67]. Similarly, 30 microsatellite
markers were used to study the Katjang, Jamnapari,
Boer, and Savanna breeds, revealing low allelic
variation and observed heterozygosity values lower than
expected across all breeds [69], [70], [71].

4.2.1 Inbreeding and Genetic Differentiation

The inbreeding coefficient (FIS) was notably high in
the Katjang goat at 0.46, indicating significant
inbreeding [67]. Across all breeds, the FIS was 0.43,
suggesting that inbreeding is a common issue. The FST
value of 0.06 indicated a lack of genetic differentiation
among the breeds, with genetic identities ranging from
80% to 87% [69].

4.2.2 Conservation and Breeding Implications
*Conservation Needs: The Katjang goat, which is at
risk of extinction, requires urgent conservation efforts.
The low genetic diversity and high inbreeding levels
necessitate strategies to maintain genetic variability and
prevent further loss of genetic resources [67], [70].

*Breeding Strategies: For effective breeding
programs, understanding the genetic background of
these breeds is essential. The use of microsatellite
markers provides a foundation for selecting individuals
that can enhance genetic diversity and improve breed
characteristics [69], [70].

While the focus has been on microsatellite markers,
there is a need to explore other genetic markers such as
SNPs for a more comprehensive understanding of
genetic diversity. In addition, genome mapping using
advanced genotyping platforms could offer better
insights and solutions for the conservation and
improvement of Malaysian goat breeds [69].

4.3 Interaction between Goat Genetics and
Environmental Factors that Affect Reproductive
Performance

A complex interplay between genetic and
environmental factors influences the reproductive
performance of goats. Genetic selection has
significantly improved production traits, but it has also
highlighted the need to enhance resilience to
environmental stressors to maintain high performance
across varying conditions [72]. Environmental factors
such as temperature, humidity, and photoperiod play
crucial roles in reproductive cycles, with heat stress
negatively impacting semen quality and fertility [73],
[74]. Additionally, environmental pollutants and climate

change can alter gamete environments, affecting
fertilization outcomes and offspring fitness [75].

The 2003 European heat wave exemplifies how
extreme weather can drastically reduce artificial
insemination success in dairy goats [76]. Furthermore,
reproductive toxicants and nutritional deficiencies can
disrupt the hypothalamic-pituitary-gonadal — axis,
affecting fetal development and adult reproductive
function [27], [77]. Genetic polymorphisms also
modulate susceptibility to environmental influences,
with certain gene-environment interactions affecting
prenatal development and reproductive health [78].

The presence of genotype-by-environment (G x E)
interactions necessitates careful consideration in
breeding programs to accurately estimate genetic
correlations and optimize reproductive performance
under different environmental conditions [79]. Long-
term studies have shown that reproductive costs, such as
reduced future reproduction and offspring survival, are
influenced by both intrinsic factors like age and parity
and extrinsic factors like population density and severe
winters [80]. Therefore, a comprehensive understanding
of these interactions is essential for developing
sustainable breeding techniques that stabilize production
and enhance reproductive success in goats across
diverse environments.

5. Discussion
5.1 Future Directions and Applications in Goat
Breeding
5.1.1 Prospects for Genetic Engineering and
Biotechnology for Livestock Breeding

The prospects for genetic engineering and
biotechnology in livestock breeding are highly
promising, driven by advancements in genome editing
technologies such as CRISPR-Cas9, which offer precise
and efficient modifications of animal genomes. These
technologies have enabled significant improvements in
economically important traits such as growth, disease
resistance, and product quality. For instance, gene
editing has been used to create pigs resistant to porcine
reproductive and respiratory syndrome (PRRS) and
cattle resistant to tuberculosis by targeting specific
genes like CD163 and NRAMP1, respectively [81].

Additionally, the CRISPR-Cas9 system has
facilitated the knockout of genes related to lipid
deposition and muscle growth in chickens, enhancing
their economic traits [82]. The integration of gene
editing with traditional breeding programs can
accelerate genetic progress by introducing beneficial
alleles and eliminating undesirable ones, thus improving
overall productivity and sustainability [83], [84].
Moreover, the combination of genome editing with
somatic cell nuclear transfer (SCNT) has revolutionized
livestock transgenesis, allowing for precise genetic
modifications and reducing the risk of genetic
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mosaicism [85]. Despite these advancements,
challenges remain, particularly in editing polygenic
traits and navigating regulatory landscapes, which vary
globally and can impact the deployment of these
technologies [86], [87]. Nonetheless, the potential for
gene-edited livestock to meet the increasing global
demand for food, adapt to climate change, and improve
animal welfare is substantial [88], [89].

The development of gene-edited ruminants and other
livestock species continues to progress, with
applications extending to both agricultural and
biomedical fields [90]. As regulatory frameworks evolve
and public acceptance grows, the commercialization and
global valorization of gene-edited livestock are likely to
expand, contributing to a more resilient and sustainable
agri-food system.

5.2. Ethical Considerations in Genetic Manipulation

Ethical considerations in genetic manipulation,
particularly human germline genome editing (HGGE),
encompass a broad spectrum of pragmatic,
sociopolitical, and categorical arguments. The advent of
precise tools like CRISPR/Cas9 has heightened the
urgency of these discussions due to their potential
societal impacts and applications in both somatic and
heritable genome editing [91].

The National Academies of Sciences and Medicine
advocate for research in preconception heritable human
genome editing (HHGE) to address monogenic
disorders, yet they emphasize the need to consider
alternative technologies like fetal gene therapy (FGT),
which is less ethically contentious and better researched
[92].

Current laws often impose broad prohibitions on
germline modifications, which may inadvertently
restrict beneficial medical interventions, suggesting a
need for more nuanced regulatory frameworks [93].
Ethical debates have been intensified by the first clinical
applications of HGGE, which shocked the scientific
community and highlighted issues of just distribution,
national interest, societal consensus, and scientific
trustworthiness [94]. The potential benefits of
preventing genetic conditions must be weighed against
the risks, including the ethical implications of
intergenerational monitoring and the long-term effects
on future generations [95].

Community engagement and consent are crucial, as
the development and deployment of gene-drive
technologies must consider the perspectives of local
stakeholders to address concerns of marginalization and
inequity [96]. Historical controversies in genetic
research, such as those involving recombinant DNA and
human cloning, provide valuable lessons for current
debates on germline editing [97].

The tension between reactionary and precautionary
policies underscores the need for a balanced approach

that prioritizes basic and preclinical research while
cautiously advancing clinical applications [98]. Overall,
the ethical landscape of genetic manipulation is complex
and requires careful consideration of both the potential
benefits and the profound societal and moral
implications [99].

5.3 Potential for Sustainable and Productive Goat
Breeding Programs

Sustainable and productive goat breeding programs
hold significant potential, particularly when they are
community-based and tailored to local conditions.

Community-based breeding programs (CBBPs) have
shown promise in Malawi, Uganda, and Ethiopia by
focusing on indigenous breeds and involving farmers in
the decision-making process, which enhances genetic
improvement and sustainability [26], [100]. These
programs empower smallholders through capacity
building in pasture production and the conservation of
feed resources, leading to improved animal performance
and economic benefits [101]. In Senegal, similar
initiatives have improved goat-rearing systems by
integrating  local  agricultural  resources and
strengthening breeding techniques, which are crucial for
the sustainable development of family goat farming
[102].

The role of women in goat rearing is also vital, as
seen in rural areas where they promote economic
autonomy and food security, although there is a need for
better breed characterization and market linkages [103].
Technological advancements, such as precision
livestock farming and genomic tools, can further
enhance productivity and sustainability by addressing
issues like nutrition, health, and environmental
adaptation [104]. For instance, genomic studies have
identified genes related to climate adaptation and milk
production, which can be leveraged in breeding
programs to select more efficient breeds [55].

Moreover, the success of livestock transfer programs
in Haiti highlights the importance of targeting
beneficiaries based on specific criteria to ensure
sustainable herd growth and health [105]. In Brazil, the
focus should be on characterizing genetic resources and
organizing data collection to support breeding programs
[106]. Finally, comparative studies of different goat
breeds under semi-intensive management have shown
that breeds like Kiko and Spanish goats perform better
under limited-input conditions, suggesting their
suitability for sustainable meat production [107].

Overall, a combination of community involvement,
technological innovation, and strategic policy support is
essential for the success of sustainable goat breeding
programs.

6. Conclusion
The research findings underscore the potential for
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targeted genetic selection, focusing on major genetic
markers such as BMP15 and GDF9, to enhance the
reproductive  performance of Malaysian goats.
Comparatively, this aligns with international studies on
the successful integration of marker-assisted selection in
other breeds, such as the Alpine and Saanen goats. Such
strategies can enhance the economic viability of
Malaysian goat breeds and improve their genetic
diversity by reducing inbreeding effects. This review
provides evidence that identifying and selecting genetic
markers linked to favorable reproductive traits can
improve both genetic health and productivity in
Malaysian goats. Addressing inbreeding through
crossbreeding or targeted genomic selection could be a
sustainable approach for the genetic improvement of
local breeds. Future research should focus on evaluating
the long-term impacts of marker-assisted selection on
reproductive traits under various environmental
conditions. It is also essential to conduct polymorphism
studies across different breeds to develop a
comprehensive  genetic management framework.
Additionally, exploring advanced technologies like
CRISPR gene editing could offer insights into further
enhancing reproductive traits. Finally, developing
policies to monitor and manage inbreeding in goat
populations is recommended to sustain the genetic
diversity and resilience of Malaysian goat breeds.
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