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Abstract

Gene editing technologies, particularly CRISPR/Cas9, have revolutionized livestock ge-
netics. They enable precise, efficient, and inheritable genome modifications. This review
summarizes recent advances in the application of gene editing in livestock. We focus on
six key areas: enhancement of disease resistance, improvement of growth performance and
meat production traits, modification of milk composition, regulation of reproductive traits,
adaptation to environmental stress, and promotion of animal welfare. For example, they
have played an important role in improving mastitis resistance in cows, enhancing meat
production performance in pigs, increasing milk yield in goats, and producing polled cows.
Despite rapid progress, practical implementation in animal breeding still faces challenges.
These include off-target effects, low embryo editing efficiency, delivery limitations, and
ethical as well as regulatory constraints. Future directions emphasize the development of
advanced editing tools, multiplex trait integration, and harmonized public policy. With
continued innovation and responsible oversight, gene editing holds great promise for
sustainable animal agriculture and global food security.

Keywords: livestock; gene editing; ZFN; TALEN; CRISPR/Cas9

1. Introduction
In the past decade, with the continuous growth of the global population, increased

income, and the change of consumption concept, there has been a significant rise in the
demand for livestock products, such as meat, dairy, and eggs [1]. From 2020 to 2050,
the global demand for red meat (beef, sheep, goat, and pork), poultry, milk, and eggs is
projected to increase by 8%, and per capita protein requirement will rise by 38% [2]. In the
context of population growth and environmental challenges, accelerating the development
of improved animal phenotypes has become essential for more efficient agricultural pro-
duction [3]. Traditional breeding strategies, however, are constrained by long generation
intervals and may inadvertently introduce unfavorable traits when selecting for beneficial
ones [4]. Furthermore, sustained genetic improvement through conventional selection
is heavily dependent on the availability of natural genetic variation; in its absence, the
potential for trait enhancement is significantly limited [5]. Gene editing technologies of-
fer a transformative solution by enabling the rapid creation of traits that are difficult or
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impossible to achieve through natural mutations. These technologies provide a precise,
efficient, and rapid platform for genetic improvement, offering a promising pathway for
the sustainable advancement of animal breeding [6].

Gene editing has already demonstrated its value in livestock across various domains,
including disease resistance, trait enhancement, animal welfare, and productivity improve-
ment [7]. Despite these promising applications, the widespread adoption of gene editing in
livestock production remains limited, primarily due to challenges related to technological
maturity, regulatory and ethical considerations, cost-effectiveness, and consumer accep-
tance. Nevertheless, numerous gene-edited animals have been successfully utilized as
biomedical research models, such as cystic fibrosis sheep, Huntington’s disease pigs, and
Prion disease cattle model [8,9].

With ongoing technological progress and evolving societal perspectives, gene editing
is expected to play an increasingly vital role in both livestock improvement and human
health. This review focuses on the current applications of gene editing technologies in
livestock, and further discusses the associated technical challenges, ethical issues, and
prospective future directions.

2. Summary of Gene Editing Technology
2.1. Mechanism of Gene Editing

Gene editing is a powerful genetic engineering technique that enables the precise
modification of specific gene sequences, enabling gene knockout or knockin. At the core of
gene editing technology is the use of engineered nucleases that introduce double-strand
breaks (DSBs) at designated genomic loci [10]. These DSBs activate two primary DNA
repair pathways in the cell: homology-directed repair (HDR) and non-homologous end
joining (NHEJ) [11]. Homology-directed repair is a template-dependent repair mechanism
that primarily occurs during the mitotic phase of the cell cycle, using exogenous DNA
templates with homologous arms to accurately repair or replace the damaged region [12].
This enables precise gene insertion or point mutation correction. In contrast, NHEJ is
a template-independent mechanism that repairs without a template, often introducing
indels, which can disrupt gene function and thus achieve gene knockout [13]. Classical
gene editing platforms such as zinc-finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs), and the CRISPR/Cas9 system rely on the induction of DSBs
to facilitate gene modification. However, the generation of DSBs can lead to unintended
genomic alterations and cellular toxicity. To overcome these limitations, novel systems
such as base editors (BEs) and prime editors (PEs) have been developed based on the
CRISPR/Cas9 platform (Figure 1). These technologies utilize single-strand breaks instead of
DSBs, significantly reducing cytotoxicity and off-target effects [14,15], thereby representing
a safer and more promising direction for the future development of gene editing.

 

Figure 1. Timeline of the Development of Gene Editing Technologies. ZFNs: zinc-finger nucleases;
TALENs: transcription activator-like effector nucleases.
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2.2. ZFNs Gene Editing Technology

Zinc-finger proteins (ZFPs) fused to the Fok I endonuclease [16]. Zinc-finger nucleases
(ZFNs) represent the earliest form of gene editing [17]. They consist of zinc-finger pro-
teins, built from Cys-Cys-His-His zinc-finger domains originally identified in eukaryotic
transcription factors [18], can be rationally designed to recognize specific trinucleotide
sequences [19]. Fok I cleaves DNA without sequence specificity but gains target specificity
when coupled to ZFPs [20]. The first successful artificial fusion of ZFPs and Fok I was
reported in 1996, laying the foundation for targeted gene editing [21]. Importantly, Fok I
functions as an obligate dimer, necessitating the use of paired ZFP-Fok I constructs that
bind to opposite strands of the target DNA in close proximity to enable nuclease activ-
ity [22]. Zinc-finger nucleases technology has been widely applied in livestock, for example,
to enhance mastitis resistance in dairy cattle and to improve meat production traits in
goats [23,24].

Although ZFN technology pioneered the gene editing field and offers advantages
such as high targeting specificity and broad applicability, it has notable limitations. These
include the complexity of zinc finger protein design and optimization, relatively low editing
efficiency, and constraints related to intellectual property rights. Consequently, many
researchers have shifted toward more user-friendly and efficient gene editing platforms [25].

2.3. TALENs Gene Editing Technology

Transcription activator-like effector nucleases utilize represent a gene editing technol-
ogy developed after ZFNs, with a similar working principle and core components (Figure 2).
Like ZFNs, TALENs consist of a DNA-binding domain and a Fok I endonuclease. The
DNA-binding domain is composed of transcription activator-like effector (TALE) proteins,
originally derived from Xanthomonas bacteria, which can be engineered to recognize
specific DNA sequences [26]. TALEs are composed of tandem repeats of 33–35 amino
acids, known as repeat-variable di-residues (RVDs), which determine DNA-binding speci-
ficity [27]. Within each RVD, the 12th and 13th amino acids are highly variable and play
a key role in base recognition. For example, NI binds to adenine (A), NG to thymine (T),
HD to cytosine (C), and NN to guanine (G) [28,29]. Each RVD specifically recognizes one
nucleotide, and by assembling appropriate RVDs in a defined order, virtually any DNA
sequence can be targeted. Once a pair of TALE arrays is designed to bind opposite strands
flanking the target site, they are fused to Fok I nucleases. As Fok I requires dimerization for
nuclease activity, the two TALE-Fok I constructs must bind in close proximity to induce a
site-specific double-strand break, thereby enabling precise genome modification [30].

Compared to ZFNs, TALENs offer higher targeting specificity and are easier to design
due to the straightforward one-to-one correspondence between RVDs and DNA bases.
However, the construction of TALE arrays remains labor-intensive and costly, and their
large size limits delivery efficiency, thereby restricting their broad application in certain
settings [31]. In high-throughput or large-scale applications, the CRISPR/Cas9 system is
often favored due to its simplicity, scalability, and efficiency.
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Figure 2. Schematic Diagram of the Principles of ZFN, TALEN, and CRISPR/Cas9. ZFN consists of
zinc finger proteins (ZFPs) that recognize specific DNA triplets and guide Fok I nuclease to induce
double-strand breaks (DSBs) via dimerization. Transcription activator-like effector nucleases utilize
transcription activator-like effector (TALE) proteins composed of repeat-variable di-residues (RVDs),
each recognizing a single nucleotide, to direct Fok I-mediated DSBs. The CRISPR/Cas9 system
employs a single-guide RNA (sgRNA) to target specific DNA sequences. Cas9 recognizes the PAM
sequence and cleaves 3–4 base pairs upstream, generating a DSB. Subsequent gene modifications
occur via non-homologous end joining (NHEJ) or homology-directed repair (HDR).

2.4. CRISPR/Cas9 Gene Editing Technology

CRISPR/Cas9 is currently the most widely used and versatile gene editing technology,
valued for its simplicity, efficiency, and broad applicability. The CRISPR system originated
as an adaptive immune mechanism in bacteria and archaea, enabling them to defend
against foreign genetic elements such as bacteriophages and plasmids [32]. CRISPR sys-
tems are classified into two main classes: Class 1 and Class 2, comprising six types and
19 subtypes [33,34]. The primary distinction between the two classes lies in their effector
module composition: Class 1 systems utilize multi-protein effector complexes, while Class
2 systems employ a single, multidomain effector protein. Class 1 includes Types I, III, and
IV, whereas Class 2 includes Types II, V, and VI [35,36].

The CRISPR/Cas9 system widely used in genome editing is derived from the Type
II CRISPR system of Streptococcus pyogenes (spCas9) (Figure 2) [37]. Upon invasion by
foreign DNA, the Cas1–Cas2 protein complex integrates short fragments of the invader’s
DNA, known as spacers, into the CRISPR array in the host genome [38]. This spacer
acquisition process depends on the presence of a protospacer adjacent motif (PAM) near
the target DNA sequence. Different Cas proteins recognize different PAM sequences; for
example, Cas9 typically recognizes 5′-NGG, while Cas12a (Cpf1) recognizes 5′-TTTV (where
V represents A, C, or G) [39,40]. The CRISPR array is transcribed into a precursor CRISPR
RNA (pre-crRNA), which pairs with a trans-activating crRNA (tracrRNA) to form a duplex
that binds to Cas9. RNase III processes this complex into mature crRNA:tracrRNA units,
which direct Cas9 to specific DNA sequences [36,39]. For genome editing applications,
these two RNA components have been engineered into a single-guide RNA (sgRNA),
which simplifies the system without compromising its targeting ability [39]. Guided by



Agriculture 2025, 15, 2155 5 of 27

base pairing between the sgRNA and the target DNA, Cas9 introduces a DSB 3–4 base
pairs downstream of the PAM site through the coordinated activity of its two nuclease
domains—HNH and RuvC [41].

Due to its efficiency, programmability, and ease of use, CRISPR/Cas9 has become the
preferred method for gene knockout, knockin, and high-throughput genome screening in
diverse organisms. However, spCas9 has several limitations. First, its reliance on an NGG
PAM sequence limits its application in AT-rich genomic regions [37]. Second, the large size
of spCas9 (approximately 1368 amino acids) hinders its delivery using size-constrained
vectors such as adeno-associated viruses (AAV) [42]. Third, spCas9 is prone to off-target
activity, which may cause unintended DSBs and genomic instability.

To address these challenges, several strategies have been developed. To expand PAM
compatibility, engineered Cas9 variants such as VQR, EQR, and VRER have been designed
to recognize alternative PAM sequences [43]. To reduce size constraints, Cas9 orthologs
from other species, such as Staphylococcus aureus Cas9 (saCas9), which is smaller and
recognizes a different PAM, have been adopted [44]. To minimize off-target effects, high-
fidelity Cas9 variants (e.g., Cas9HF) and Cas9 nickases (nCas9) have been developed.
nCas9 carries a point mutation in either the HNH or RuvC domain, rendering it capable
of inducing single-strand breaks (SSBs) instead of DSBs. When two nCas9 molecules are
guided to adjacent sequences on opposite DNA strands by paired sgRNAs, a staggered
DSB is generated with higher precision and lower off-target potential [45,46].

2.5. Extended Applications of CRISPR/Cas9

Beyond its genome-editing capabilities, the CRISPR/Cas9 system has been extensively
adapted for regulating endogenous gene expression and labeling specific genomic loci
in living cells or organisms. By introducing mutations into the two nuclease domains
of the Cas9 protein, researchers have developed a catalytically inactive variant known
as dead Cas9 (dCas9), which retains its ability to bind target DNA sequences without
inducing DSBs [47]. This property enables dCas9 to serve as a programmable DNA-
binding platform when fused to transcriptional regulators. For instance, fusion of dCas9
with transcriptional activation domains such as VP64 can upregulate gene expression,
while fusion with repression domains such as KRAB can suppress transcription. These
systems are referred to as CRISPR activation (CRISPRa) and CRISPR interference (CRISPRi),
respectively, and offer precise, sequence-specific control of gene expression in mammalian
cells and model organisms [48].

In addition, dCas9 can be employed for epigenetic modifications. When fused with
epigenetic effector proteins and directed to specific genomic loci via sgRNAs, dCas9 can
modulate chromatin structure and gene activity. By fusing nuclease-deficient Cas9 (dCas9)
with methyltransferases such as DNMT3A/3L, targeted DNA methylation can be induced
at specific genomic loci, leading to stable and heritable gene silencing without altering
the underlying DNA sequence [49]. Conversely, fusion with histone acetyltransferase
p300 can increase histone acetylation, leading to chromatin relaxation and transcriptional
activation [50]. Furthermore, dCas9 can be fused with fluorescent reporter proteins, such as
enhanced green fluorescent protein (EGFP), allowing real-time visualization of specific chro-
mosomal loci within living cells. This CRISPR-based live-cell imaging technique provides
a powerful tool for studying chromatin dynamics and spatial genome organization [51,52].
And coupling dCas9 with the demethylase TET1 enables site-specific DNA demethylation
and gene activation. These approaches provide powerful tools to dissect the causal role of
epigenetic modifications in livestock traits and offer new opportunities for reversible and
precise regulation of complex quantitative traits in breeding programs [53,54].
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2.6. BE and PE Gene Editing Technology

The first-generation CRISPR gene editing technology, represented by Cas9 nuclease,
induces double-strand breaks (DSBs) at specific genomic loci to enable insertions or dele-
tions of gene segments. However, DSBs can trigger unwanted DNA damage responses
and introduce imprecise mutations, particularly when homology-directed repair (HDR) is
inefficient. To overcome these limitations, advanced editing tools such as base editors (BEs)
and prime editors (PEs), often referred to as fourth-generation gene editing technologies,
have been developed. These systems operate independently of DSBs and donor templates,
offering enhanced precision and reduced off-target effects, thereby improving safety and
expanding the scope of genome editing [55]. Base editing and PE technologies have been
successfully applied in livestock. For instance, Wang et al. achieved efficient BE-mediated
modification of the MSTN gene in Hu sheep, while Qi et al. demonstrated the feasibility of
PE in pigs [56–64].

Base editing enables the direct, irreversible conversion of one DNA base to another
without DSBs or HDR. It comprises two main types: cytosine base editing (CBE) and
adenine base editing (ABE) (Figure 3). CBE is achieved by fusing a cytidine deaminase
(e.g., rat APOBEC1) to a Cas9 nickase (nCas9) and an uracil DNA glycosylase inhibitor
(UGI). Guided by sgRNA, the complex targets a specific DNA region, where cytosine is
deaminated to uracil. UGI inhibits uracil DNA glycosylase (UDG) from excising uracil,
allowing it to be interpreted as thymine during DNA replication or repair, resulting in a C to
T substitution [65,66]. ABE follows a similar principle, using an engineered adenine deami-
nase fused to nCas9. At the target site, the adenine deaminase converts T to inosine (I), I is
recognized as G, and through DNA repair, I is ultimately converted to G [67–69]. While
BEs are well-suited for precise point mutation editing, they are limited in their ability to
mediate insertions or deletions, motivating the development of prime editing technology.

The PE system comprises a fusion protein (PE2) consisting of nCas9 and reverse tran-
scriptase, along with a prime editing guide RNA (pegRNA). The pegRNA is an extended
sgRNA containing a primer binding site (PBS) and a reverse transcription template (RTT)
at its 3′ end. Upon recognition of the target site by pegRNA, nCas9 induces a nick in the
non-target DNA strand, which then hybridizes with the PBS region of the pegRNA. Reverse
transcriptase uses the RTT sequence to synthesize a DNA strand encoding the desired edit.
This forms a 3′ DNA flap, which replaces the original sequence through flap resolution and
DNA repair. The edited strand is then used as a template to correct the opposite strand,
achieving precise, bidirectional editing without inducing DSBs [15,70,71].

Compared to BEs, PE supports a broader range of editing outcomes, including all
12 types of point mutations as well as short insertions or deletions of up to approximately
44 base pairs [70,72]. The high specificity of PE is attributed to its multi-step hybridization
mechanism, which includes target DNA pairing with the pegRNA spacer, primer binding
via the PBS region, and precise integration of the reverse transcription product. These
coordinated steps enhance editing fidelity and reduce off-target activity (Figure 4). While
PE provides a powerful tool for gene correction and short-fragment insertion, it currently
exhibits low efficiency in large-fragment integration. Therefore, developing advanced
systems capable of efficient long-fragment insertion remains a key focus for future gene
editing innovations.
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Figure 3. Mechanisms of the Base Editing (BE) systems. In the Cytosine Base Editor (CBE) system,
nCas9 is fused to a cytidine deaminase and a uracil DNA glycosylase inhibitor (UGI), and guided
to the target site by sgRNA. The deaminase converts cytosine (C) to uracil (U), which is recognized
as thymine (T) during DNA replication or repair, resulting in a C to T substitution. In the Adenine
Base Editor (ABE) system, nCas9 is fused to an engineered adenine deaminase. The enzyme converts
adenine (A) to inosine (I), which is interpreted as guanine (G), leading to an A to G substitution.

 

Figure 4. Schematic Diagram of the Prime Editing (PE) Mechanism. The effector protein PE2,
consisting of nCas9 fused to reverse transcriptase, is guided to the target site by a prime editing
guide RNA (pegRNA). nCas9 nicks the non-target DNA strand, which pairs with the primer binding
site (PBS) on the pegRNA. Reverse transcription is initiated using the reverse transcription template
(RTT), generating a new DNA strand containing the desired edit. The 5′ flap is removed, and the
3′ flap is incorporated into the genome. DNA repair mechanisms then use the edited strand as a
template to convert the opposite strand, resulting in precise, double-strand editing.
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2.7. Delivery Methods for Gene-Editing Systems

Efficient delivery of gene-editing components is essential for achieving reliable mod-
ifications in animal cells and embryos. Microinjection remains the gold standard for
introducing CRISPR/Cas9 plasmids or ribonucleoproteins into zygotes, providing high
efficiency but low throughput and requiring technical expertise. Electroporation offers a
higher-throughput alternative by transiently permeabilizing cell membranes with electrical
pulses, though its efficiency is generally lower. Lipid-mediated transfection is simple and
has low cytotoxicity, but its performance in large mammalian fibroblasts and embryos is
poor, limiting its applicability in livestock. In contrast, somatic cell nuclear transfer (SCNT)
is widely used in pigs, cattle, and sheep: gene editing is performed in donor somatic
cells, which are then reprogrammed into embryos to generate cloned offspring carrying
stable modifications. Each delivery strategy has specific strengths and weaknesses, and the
optimal choice depends on species, cell type, and experimental goals [56–64].

3. Applications of Gene Editing Technology in Livestock
Gene editing has emerged as a powerful tool in livestock enabling precise and effi-

cient modification of target genes to enhance traits such as disease resistance, productivity,
product quality, and animal welfare (Table 1). With the development of advanced tools like
CRISPR/Cas9, BE, and PE, gene editing offers faster and more targeted alternatives to tradi-
tional breeding, accelerating genetic improvement across various livestock species [73–79].

Table 1. The application of gene editing technology in animals.

Gene Species Phenotype Editing Methods References

Disease resistance

hLYZ Cattle Mastitis ZFN [23]
sp110 Cattle Tuberculosis TALEN [80]

NRAMP1 Cattle Tuberculosis CRISPR/nCas9 [81]
CD18 Cattle Pneumonia ZFN [82]
CD163 Pig PRRS CRISPR/Cas9 [83]
pAPN Pig Resistant to TGEV and PEDV CRISPR/Cas9 [84]
PRNP Goat TSEs CRISPR/Cas9 [85]

ChNHE1, Tva Poultry Resistant to ALV CRISPR/Cas9 [86,87]

Growth and meat production traits

MSTN Pig, Sheep, Cattle Increase muscle mass CRISPR/Cas9 [88–90]
IGF2 Pig Increase carcass weight CRISPR/Cas9 [91,92]

fat-1 Pig, Sheep Increase the content of
n-3PUFAs CRISPR/Cas9 [93,94]

UCP1 Pig Reduce fat content CRISPR/Cas9 [95]

Milk production traits

BLG Goat, Cattle Reduce immunogenicity ZFN [96,97]
BLG Water buffalo Reduce immunogenicity CRISPR/Cas9 [98]

Reproductive performance

BMPR-IB Sheep Increased litter size CRISPR/Cas9 [99]
GDF9 Sheep Increased litter size CRISPR/Cas9 [100]
SRY Cattle Control the sex of offspring TALEN [101]

TOP1 Mice Control the sex of offspring CRISPR/Cas9 [102]

Environmental adaptation

UCP1 Pig Cold tolerance CRISPR/Cas9 [95]
HSF1 Cattle Resistance to heat stress CRISPR/Cas9 [103]
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Table 1. Cont.

Gene Species Phenotype Editing Methods References

PRLR Cattle Resistance to heat stress CRISPR/Cas9 [104]

mtmCB1, mtmCB2 Methanogenic
archaea Reduce CH4 emissions CRISPR/Cas9 [105]

Animal welfare

POLLED Cattle Dehorning TALEN [106]
KISS1 Pig Surgical castration CRISPR/Cas9 [107]

PPRS, porcine reproductive and respiratory syndrome; TGEV, transmissible gastroenteritis virus; PEDV, porcine
epidemic diarrhea virus; TSE, transmissible spongiform encephalopathies; ALV, avian leukosis virus; n-3 PUFAs,
n-3 polyunsaturated fatty acids.

3.1. Improvement of Disease Resistance

Animal diseases pose significant threats to livestock productivity, economic efficiency,
and animal health and welfare. They also increase the risk of zoonotic disease transmission.
Therefore, breeding healthy, disease-resistant animals is essential for ensuring the safety
of meat and dairy products [108]. Through gene editing technologies combined with
molecular breeding, researchers have successfully developed livestock with enhanced
disease resistance by targeting specific disease-related genes.

In cattle, mastitis is one of the most prevalent diseases, causing billions of dollars
in annual losses. In 2013, Liu et al. employed ZFN technology to insert the human
lysozyme (hLYZ) gene into the bovine β-casein locus, enabling expression of hLYZ in the
mammary gland and generating cows resistant to mastitis [23]. Tuberculosis, caused by
Mycobacterium bovis, is another major concern in cattle, leading to production losses and
posing zoonotic risks [109]. In 2015, Wu, H., et al. used TALEN technology to insert the
murine sp110 gene into the intergenic region between surfactant protein A1 (SFTPA1) and
methionine adenosyltransferase I alpha (MAT1A) on chromosome 28, resulting in cattle
with enhanced resistance to tuberculosis [80]. Mannheimia haemolytica, a major pathogen
of bovine pneumonia, exerts its pathogenicity via leukotoxins that bind to the CD18 signal
peptide. In 2016, Shanthalingam et al. disrupted the CD18 signal peptide using ZFNs,
producing cattle resistant to leukocyte lysis and pneumonia [82]. Additionally, in 2017, Gao
et al. inserted the NRAMP1 gene into a non-coding genomic region using CRISPR/nCas9,
enhancing tuberculosis resistance while minimizing off-target effects [81].

In pigs, Porcine Reproductive and Respiratory Syndrome (PRRS), caused by PRRS
virus (PRRSV), leads to serious reproductive and respiratory issues. Since its emergence in
the late 1980s, it has spread globally, causing extensive economic losses. In 2014, Whitworth
et al. used CRISPR/Cas9 to knock out the CD163 gene, a key receptor for PRRSV, generating
pigs completely resistant to the virus [83,110]. Given the multiple biological roles of CD163,
targeted editing strategies were later developed to retain its essential functions. These
included deleting exon 7, which encodes the SRCR5 domain, or replacing it with the
human CD163L1 exon to achieve both resistance and functional preservation [111–113].
For coronaviruses such as transmissible gastroenteritis virus (TGEV) and porcine epidemic
diarrhea virus (PEDV), porcine aminopeptidase N (pAPN) serves as a receptor for TGEV
entry. In 2020, Xu et al. generated double-knockout pigs lacking CD163 and pAPN
using CRISPR/Cas9, which conferred resistance to both PRRSV and TGEV, and reduced
susceptibility to PDCoV, without affecting production traits [84]. This study demonstrated
that multiplex gene editing in the pig genome using CRISPR/Cas9 is feasible and revealed
that editing cell surface receptors can produce individuals with multiple desirable traits.

In goats, transmissible spongiform encephalopathies (TSEs) are fatal neurodegenera-
tive diseases caused by misfolded prion proteins (PrPSc) [114,115]. Using CRISPR/Cas9,
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researchers successfully knocked out the PRNP gene in goat fibroblast cells, which were
then used in somatic cell nuclear transfer (SCNT) to generate TSE-resistant goats [85,115].
Similar strategies have also been applied in cattle [116,117].

In poultry, avian leukosis virus (ALV) causes leukemia and other tumors, seriously
affecting the poultry industry. Among the seven known ALV subgroups (A to E, J, and K),
ALV-A and ALV-K utilize the Tva receptor, while ALV-J uses the chNHE1 receptor [86,118].
In 2020, Hellmich et al. precisely deleted the non-conserved tryptophan residue at position
38 (W38) in chNHE1, producing chickens resistant to ALV-J [86]. Separately, in 2021,
Koslová et al. generated Tva-knockout chickens using CRISPR/Cas9, conferring resistance
to ALV-A and ALV-K [87].

Beyond editing host genomes, CRISPR/Cas9 can be applied to directly inhibit viral
replication, aligning with its prokaryotic immune origin [119]. For instance, Pseudorabies
virus (PRV) remains a major threat to swine, with limited therapeutic options [120]. In 2017,
Tang et al. used multiple sgRNAs targeting PRV DNA to completely suppress its replication
in vitro [121]. Similarly, African swine fever virus (ASFV), a lethal DNA virus with no
available vaccines, was targeted in 2018 by Hübner et al. using CRISPR/Cas9 against
the CP204L gene encoding p30, effectively reducing viral replication in cell culture [122].
Though still in early stages, these approaches demonstrate the feasibility of CRISPR-based
antiviral strategies. By designing specific sgRNAs, CRISPR systems can guide Cas9 or
Cas13 proteins to degrade viral DNA or RNA, providing broad-spectrum antiviral potential.
These components can be delivered as therapeutic agents or integrated into the genome of
transgenic animals to generate virus-resistant livestock.

3.2. Improve Growth Performance and Meat Production Traits

Enhancing lean meat yield and growth performance has long been a primary goal in
livestock breeding programs [123]. Among key regulatory genes, myostatin (MSTN) is a
well-known negative regulator of muscle development and a member of the TGF-β super-
family. It inhibits myogenesis through multiple signaling pathways, thereby controlling
muscle mass and metabolism [124–128]. Naturally occurring MSTN mutations have been
identified in cattle, sheep, pigs, poultry, and dogs, resulting in a double-muscled phenotype
with significantly increased muscle mass [127,129–133]. In 2015, Wang et al. designed
two sgRNAs targeting exon 3 of the porcine MSTN gene, based on known mutations in
Belgian Blue and Piedmontese cattle, and used CRISPR/Cas9 to produce biallelic MSTN-
knockout pigs [88]. In 2016, Yu et al. applied TALENs to edit the MSTN gene in goats,
generating MSTN-mutant individuals [24]. In another study Zhao et al. used TALENs
to disrupt MSTN in sheep fibroblasts [134]. In 2022, Zhou, S., et al., used CRISPR/Cas9
technology to knock out the MSTN gene in sheep, obtaining MSTN double allele knock-
out sheep [89]. Similarly, Zhao et al. generated MSTN-edited Chinese Luxi Yellow cattle
by targeting exon 1 with three CRISPR/Cas9-designed sgRNAs, producing individuals
with improved growth and muscle mass [90]. These MSTN mutant individuals showed
significantly improved growth rate and muscle mass.

Insulin-like growth factor 2 (IGF2) is another crucial gene regulating cell proliferation,
differentiation, apoptosis, and metabolism. It is highly expressed during fetal development
and markedly downregulated in adulthood [135]. A known mutation at nucleotide 3072
in intron 3 of IGF2 disrupts the ZBED6 transcriptional repressor binding site, resulting
in increased IGF2 expression and enhanced muscle growth [136]. In 2018, Xiang et al.
and Liu et al. independently used CRISPR/Cas9 to introduce this mutation in IGF2 intron
3 of Bama and Liang Guang Small Spotted pigs, respectively. The edited pigs showed
significantly higher carcass weights than wild-type counterparts [91,92]. In 2022, Zou
et al. targeted exon 3 of bovine IGF2 using CRISPR/Cas9 and generated IGF2-mutant
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embryos. Although live calves were not obtained due to SCNT failure, enhanced IGF2
promoter activity and muscle cell proliferation were observed in vitro, validating the gene’s
functional role in bovine myogenesis [137].

The Myogenic differentiation 1 (MyoD1) gene plays a central role in muscle differen-
tiation and fibrosis regulation. Although its function has been studied in pigs, mice, and
chickens [138–140], its role in bovine muscle development remains unclear. To address this,
Zhou et al. constructed a MyoD1-knockout bovine kidney cell line using CRISPR/Cas9
and found that CCND2 may serve as a downstream effector in bovine muscle development,
providing new insight into MyoD1-regulated myogenic pathways [141].

The fat-1 gene, originally derived from Caenorhabditis elegans, encodes an omega-3
fatty acid desaturase that converts n-6 polyunsaturated fatty acids (PUFAs) into n-3 PUFAs,
thus improving fatty acid balance in animals [142]. In 2018, Li et al. inserted the fat-1 gene
into the Rosa26 locus of pigs using CRISPR/Cas9, significantly reducing the n-6/n-3 PUFA
ratio in pork, from 9.36% to 2.12%, and enhancing its nutritional value [93]. That same year,
Zhang et al. simultaneously inserted fat-1 into the MSTN locus of sheep, achieving dual-
gene editing that yielded animals with both enriched n-3 PUFA content and hypertrophied
muscle fibers [94]. In 2021, You et al. further advanced this approach by co-integrating fat-1
and IGF1 into the Rosa26 locus of pigs, generating dual-transgenic pigs with improved
nutritional and growth-related traits [143]. This breakthrough lays the foundation for
developing novel transgenic pig breeds with multiple advantageous phenotypes.

Uncoupling protein 1 (UCP1) is primarily expressed in brown adipose tissue and plays
a pivotal role in non-shivering thermogenesis by dissipating the mitochondrial proton
gradient to generate heat instead of ATP [144]. Modern pigs lack functional UCP1, making
them sensitive to cold stress and prone to fat accumulation [145]. In 2017, Zheng et al. used
CRISPR/Cas9 to insert the murine UCP1 gene into the porcine UCP1 locus, generating
transgenic pigs with increased thermogenic capacity, reduced fat deposition, and higher
lean meat yield [95].

3.3. Improve Milk Production Traits

Cow and goat milk are important sources of high-quality nutrition, yet they contain
allergenic proteins such as α-lactalbumin, β-lactoglobulin (BLG), caseins, and immunoglob-
ulins [146]. Among these, BLG, which is absent in human milk, is considered the primary
allergen responsible for milk-induced hypersensitivity reactions [147]. Therefore, reducing
or eliminating BLG content through gene editing is a promising strategy to enhance milk
quality and reduce allergenicity. In 2013, Xiong et al. used ZFN technology to target the
BLG gene in goats, successfully generating fibroblasts with BLG knockout [96]. In 2015,
Cui et al. employed TALENs to insert the human lactoferrin (hLF) gene into the BLG
locus in goats, resulting in transgenic animals that highly expressed hLF while showing
low or undetectable levels of BLG. Kaiser et al. conducted a similar operation, but they
accomplished it in cattle using conventional transgenic technology [148,149]. In 2018,
Sun et al. applied ZFNs to disrupt BLG in cattle, producing double-allele BLG-knockout
cows [97]. More recently, in 2024, Tara et al. used CRISPR/Cas9 to edit the BLG gene in
water buffalo, creating BLG-knockout embryos intended to develop into animals capable
of producing hypoallergenic milk [98]. These studies demonstrate that targeted disruption
or replacement of the BLG gene effectively reduces milk immunogenicity and holds great
potential for advancing the dairy industry.

3.4. Improve Reproductive Performance

Enhancing reproductive efficiency is a major goal in livestock breeding, encompassing
traits such as increased litter size and sex-specific offspring production [150,151]. These
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traits are difficult to manipulate through conventional selection, but gene editing technolo-
gies offer a more direct and precise approach [152].

The Bone Morphogenetic Protein Receptor Type IB (BMPR-IB) gene in sheep plays
an important role in skeletal and embryonic development and has been associated with
increased ovulation rates and larger litter sizes when mutated [153,154]. In 2018, Zhou
et al. used CRISPR/Cas9 to introduce a targeted point mutation into the BMPR-IB gene
via HDR, successfully generating five sheep carrying the desired variant [99]. Similarly,
growth Differentiation Factor 9 (GDF9), which is predominantly expressed in oocytes and
granulosa cells, regulates follicular development and ovulation [155–157]. In the same
year, Niu et al. introduced a point mutation into the GDF9 gene using CRISPR/Cas9,
resulting in five mutant individuals. Although phenotypic effects on litter size were not
immediately confirmed, the study validated the feasibility of precise genome editing for
complex reproductive traits in livestock [100].

In addition to improving fertility, gene editing also holds promise for controlling
offspring sex to meet production demands. For example, female calves are preferred in the
dairy industry, while male calves are often favored in beef production. Sex selection via
traditional methods is inefficient and leads to unnecessary culling and economic losses. The
SRY gene, located on the Y chromosome, is essential for male sex determination [158,159]. In
2021, Wang et al. used TALENs to knock out the SRY gene in bovine fibroblasts, producing
sex-reversed animals with single ovaries and infertility via SCNT [101]. This work not only
provides a model for studying sex determination in mammals but also opens new avenues
for sex-specific breeding. That same year, Douglas et al. reported a CRISPR-based method
for producing sex-specific offspring in mice [102]. They inserted a sgRNA targeting the
Topoisomerase 1 (TOP1) gene into the Hipp11 (H11) locus of mice, generating homozygous
H11TOP1 females. The Cas9 gene was then integrated into either the X chromosome
(XCas9Y) or the Y chromosome (XYCas9). Mating XCas9Y males with H11TOP1 females
resulted in exclusively male offspring while mating XYCas9 males with H11TOP1 females
produced only female offspring. Although not yet applied in livestock, this system is
theoretically extendable to all species with heterogametic sex chromosomes, offering a
novel tool for both genetic research and practical sex-specific breeding.

3.5. Enhancement of Environmental Adaptation

Environmental fluctuations, especially extreme temperatures, have a significant impact
on livestock productivity, feed efficiency, reproductive performance, and immune function.
Gene editing provides novel opportunities to enhance environmental resilience in livestock
by improving thermotolerance and cryotolerance. For example, UCP1-knockin pigs not
only exhibit reduced fat deposition but also demonstrate improved cold tolerance through
enhanced non-shivering thermogenesis [95]. Members of the heat shock protein (HSP)
family, such as HSP70 and HSF1, are key regulators of cellular response to heat stress in
cattle [160,161]. In 2023, Shandilya et al. generated ATP1A1- and HSF1-knockout bovine
fibroblast lines using CRISPR/Cas9 and demonstrated that both genes are crucial for heat
shock resilience at the cellular level [103]. Moreover, editing the PRLR gene, naturally
associated with slick coats and thermotolerance in certain cattle breeds, has shown promise
for improving heat tolerance in non-slick breeds such as Angus and Jersey. Animals with
biallelic PRLR edits exhibited improved body temperature regulation and growth under
heat stress without adverse effects on fertility, offering a valuable genetic strategy for
heat-resilient cattle breeding [104].

In addition to thermal stress adaptation, livestock contribute substantially to green-
house gas emissions, especially methane (CH4), a potent contributor to global warming.
Methane is primarily produced by methanogenic archaea in the rumen, which account
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for approximately 4% of the microbial population [162,163]. Recent advances have ap-
plied CRISPR/Cas9-based genome editing to methanogens as a strategy to reduce enteric
methane emissions. For example, Methanosarcina acetivorans has been successfully edited
using Streptococcus pyogenes Cas9 to introduce targeted insertions and deletions via ho-
mologous recombination without off-target effects [164]. Targeted disruption of essential
methanogenesis genes such as mcr and hdrED significantly suppressed methane produc-
tion. More sustainable strategies focus on non-essential genes like mtmCB1 and mtmCB2,
which encode methylamine-specific methyltransferases involved in the methylotrophic
pathway. Knockout of these genes reduced methane output while preserving microbial
viability, offering a practical route to engineer low-emission rumen microbiota [105].

3.6. Enhancement of Animal Welfare

Improving animal welfare is an increasingly important consideration in modern
livestock production. Gene editing technologies offer novel, non-invasive alternatives to
traditional management practices such as dehorning and surgical castration, which often
cause pain and stress.

Dehorning is commonly practiced in dairy and beef cattle systems to reduce injury,
facilitate handling, and improve production safety [165]. While the polled (hornless)
phenotype is naturally common in beef breeds, it is found in only about 6% of Holstein
cattle [106]. The genetic basis for the polled trait is located in the centromeric region of
bovine chromosome 1 and includes at least two well-characterized variants: the Celtic
polled and Friesian polled alleles [166,167]. In 2016, Carlson et al. introduced the Celtic
polled mutation into Holstein fibroblasts using TALENs, and subsequent SCNT yielded
two gene-edited bulls with the congenital polled phenotype [106]. This landmark study
established a precise genome editing strategy for breeding polled Holstein cattle without
introducing exogenous DNA or requiring lengthy crossbreeding programs.

Castration of male livestock is widely used to reduce aggression, manage reproductive
behavior, and prevent undesirable traits such as boar taint in pork [107,168,169]. However,
surgical castration causes pain, violates animal welfare principles, and is increasingly
restricted by ethical regulations. To address this, researchers have proposed “genetic
castration” as a humane alternative. Kisspeptin-1 (KISS1), a key neuropeptide that activates
the hypothalamic-pituitary-gonadal (HPG) axis through its receptor GPR54, plays a central
role in regulating sexual maturation and reproductive hormone synthesis [170,171]. In 2022,
Flórez et al. used CRISPR/Cas9 to disrupt the KISS1 gene in porcine zygotes, producing
four KISS1-knockout pigs with hypoplastic gonads, low levels of sex hormones, and a
complete failure to reach sexual maturity [107]. This study highlights the potential of
genome editing to precisely target neuroendocrine regulators of reproduction, laying the
foundation for developing non-surgical and welfare-friendly alternatives to castration.
Table 2 compares the editing efficiency of different gene-editing technologies across animal
species. Efficiency varies widely not only between systems but also within the same species
and system. In general, knockouts are more efficient than knock-ins, and single-gene
edits outperform multi-gene edits. Optimization, such as using improved nucleases and
sgRNA design tools, is essential. Delivery method is another key factor: microinjection
offers high efficiency but low throughput, electroporation allows higher throughput with
lower efficiency, and liposome transfection has low toxicity but performs poorly in large
mammals. Currently, SCNT remains the most commonly used and recommended approach
in pigs, cattle, and sheep [56–64,73–79].
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Table 2. Editing Efficiencies of Different Gene Editing Platforms in Various Species.

Editing
Platform

Livestock
Species

Reported
Editing

Efficiency

Delivery Success
(Methods) Main Challenges Reference

ZFN
Cattle 1.5–7.8% Electroporation

Lipid nanoparticles
transfection SCNT

Labor-intensive design, high
cost, relatively high

off-target risk

[23,82,97]
Sheep 2.9–35% [63]

Pig 5–23% [73,74]

TALEN

Cattle 5.4–6.3% Electroporation
Lipid nanoparticles

transfection
SCNT

Large protein size hampers
delivery; moderate

mosaicism; limited HDR

[80,106]
Sheep 11–12% [134]
Goat 6.1–85% [24]
Pig 2.8–35% [75,76]

CRISPR/Cas9

Cattle 4.5–31% Electroporation
Lipid nanoparticles

transfection
SCNT Microinjection

Mosaicism, off-target effects,
low HDR efficiency, embryo

developmental arrest

[81,90]
Sheep 10–25% [89,99]
Goat 10–70% [100]
Pig 2–72% [83,88,91,92,95]

BE

Cattle 23–80% Electroporation
SCNT

Microinjection

Mosaicism, off-target effects,
low HDR efficiency, embryo

developmental arrest

[58,62]
Sheep 23–75% [57,79]
Goat 9–39% [78,108]
Pig 17–76% [60,61]

PE

Goat 6.8–14.5%

Microinjection

Low efficiency, pegRNA
design complexity, delivery

barriers, early stage in
livestock applications

[172]

Pig 1–27% [56]

Editing efficiencies presented in the table indicate in vitro efficiencies observed in cultured cells.

4. Challenges and Future Directions
4.1. Technical Challenges

Although genome editing technologies offer promising tools for genetic improve-
ment in livestock, their widespread application is currently constrained by several
technical challenges.

One of the most pressing issues is the risk of off-target effects and biosafety concerns.
Off-target mutations may lead to unintended protein alterations or transcriptional dys-
regulation, potentially impairing animal health, reproductive performance, and growth
efficiency [5,42]. Several strategies have been proposed to mitigate these risks. For instance,
high-fidelity Cas9 variants such as eSpCas9 and HypaCas9 have been developed to en-
hance editing specificity and minimize off-target activity [173]. Modifying the single-guide
RNA (sgRNA) structure, such as by truncating 2–3 nucleotides at the 5′ end or adding
two guanines at the 5′ terminus, can also improve targeting accuracy [174,175]. Addition-
ally, using double-strand break (DSB)-independent systems like base editors (BEs) or prime
editors (PEs) significantly reduces the risk of unpredictable genome damage. Optimizing
delivery systems is equally crucial for safe and efficient genome editing. Compared to
plasmid-based delivery, mRNA-based delivery via electroporation or lipid nanoparticles
(LNPs) ensures transient Cas9 expression, thereby reducing the risk of genomic integration
and enhancing editing precision [176].

A second major challenge lies in the low efficiency of embryo editing in livestock
species, particularly in cattle and sheep [177]. Two main approaches are currently employed
to generate gene-edited embryos: pronuclear microinjection and SCNT (Figure 5) [178,179].
Despite their widespread use, both techniques suffer from technical complexity and low
success rates. The efficiency of the former in livestock ranges from 1% to 10%, while
that of the latter is 5% to 20%, SCNT remains the method of choice for producing large
animals [177,178]. Moreover, gene-edited animals produced via SCNT often exhibit devel-
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opmental abnormalities, including mosaicism, obesity, immunodeficiency, and respiratory
dysfunctions [180].

 

Figure 5. Schematic Diagram of Generating Genetically Edited Animals. The gene editing system
can be delivered in the form of plasmids, mRNA, or proteins. Two main approaches are used to
obtain gene-edited embryos: zygote micromanipulation and somatic cell nuclear transfer (SCNT).
In zygote micromanipulation, the gene editing system is introduced directly into fertilized eggs
via microinjection or electroporation. In SCNT, the system is first delivered into fibroblasts using
lentiviral vectors or lipid nanoparticles. Successfully edited cells are selected, and their nuclei are
transferred into enucleated oocytes. The resulting embryos are implanted into recipient animals to
produce genetically edited offspring.

To overcome these limitations, alternative strategies have been explored. Sperm-
mediated gene transfer (SMGT) allows edited spermatozoa to fertilize oocytes, thereby
delivering genetic modifications into the embryo. Testis-mediated gene transfer (TMGT)
introduces exogenous DNA or gene-editing components directly into the testis using viral
or non-viral vectors for in vivo genome editing. Additionally, spermatogonial stem cells
can be isolated, genetically modified ex vivo, and then transplanted back into the testis to
produce gene-edited spermatozoa [181,182]. Moradbeigi, P et al. transfected mouse sperm
with a CRISPR/Cas9 system targeting the Gdf8 gene, and after in vitro fertilization and
embryo transfer, they finally obtained a chimeric mouse [183]. Konoval, O et al. transfected
duck sperm with the CRISPR/Cas9 system and a GFP gene sequence, and after artificial
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insemination, obtained 19 F1 offspring carrying the GFP gene [184]. Similarly, Cooper, C.A
et al. used this method to generate chickens with a DFP gene knockout [185]. The cost
and operational complexity of these two techniques are lower than those of the earlier
methods. These emerging techniques offer the potential for more efficient and less invasive
generation of gene-edited livestock.

4.2. Ethical and Regulatory Controversies

Despite the potential of Genome editing to improve animal health, productivity, and
sustainability, their widespread application remains controversial due to ongoing ethical
debates and regulatory disparities across regions [186].

Public perception of Genome editing animals, including genetically modified organ-
isms (GMOs), varies significantly worldwide. In countries such as China and those within
the European Union (EU), the general public tends to express skepticism or negative
attitudes toward genetically modified foods, often driven by concerns over food safety
and ecological impact. In contrast, consumers in the United States and Canada generally
exhibit a higher level of acceptance, viewing GMOs more favorably as products of scientific
progress [187]. Importantly, consumer acceptance is influenced not only by geographic
and cultural contexts but also by specific factors such as trust in government oversight,
perceived risks to human health and the environment, and the potential benefits of the
technology; however, unfamiliarity with the technology and limited public engagement
remain major barriers to broader acceptance. Studies have shown that individuals with
higher levels of education are more likely to accept GMOs. At the same time, compared
with genetically modified organisms used for food production, people are more inclined to
accept those used for disease treatment. This is because most people regard Genome editing
animals as genetically modified animals (GMAs) [188]. Furthermore, gene knockouts are
generally perceived as more acceptable than gene knockin [189].

Regulatory frameworks also differ considerably among countries. In the United States,
the Food and Drug Administration (FDA) and the Department of Agriculture (USDA)
jointly oversee the regulation of GMOs and gene-edited animals, while the Environmental
Protection Agency (EPA) addresses associated environmental risks. This framework adopts
a relatively permissive stance, treating certified GMOs as safe and emphasizing innovation
and the practical benefits of biotechnology. In contrast, the EU enforces stringent regulations
under the guidance of the European Food Safety Authority (EFSA), grounded in the
precautionary principle, and mandates comprehensive risk assessments for all activities
involving genetic modification. It also prioritizes transparency and public awareness
regarding potential health and environmental risks. China exercises strict oversight of
GMO research and development. The Ministry of Agriculture and Rural Affairs (MARA),
together with national food safety authorities, requires rigorous risk assessments and safety
evaluations under the Administrative Measures for the Safety of Genetically Modified
Food. Furthermore, such evaluations must be conducted in a scientifically sound, fair, and
transparent manner to ensure public confidence and regulatory credibility [190].

Notably, some countries have taken a more differentiated approach. In Argentina,
Australia, and Brazil, genome-edited animals that do not contain foreign DNA, such as
those generated by site-specific base edits or indels, are exempt from GMO-specific regula-
tions [191,192]. This distinction has prompted ongoing debates on whether genome editing
should be categorized separately from traditional genetic modification in international
regulatory contexts. Overall, ethical concerns, divergent consumer perceptions, and hetero-
geneous regulatory frameworks continue to shape the global debate on gene-edited animals,
underscoring the need for transparent governance and sustained public engagement.
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Currently, only a few gene-editing animals have been approved for commercial use.
In the United States, the GalSafe pig, PRRS-resistant pig, and gene-edited short-haired,
heat-tolerant beef cattle have received regulatory approval [193]. Meanwhile, Japan has
allowed the sale of gene-edited tiger pufferfish and red sea bream [194]. These animals
are theoretically expected to generate tremendous economic value; however, their actual
impact will still be subject to market dynamics. The extent of the value they create can
ultimately only be verified by the market and time.

4.3. Future Directions

Gene editing technologies have revolutionized the ability to precisely modify livestock
genomes, offering transformative potential for advancing sustainable animal agriculture.
As the field continues to evolve, several key directions are emerging that will shape its
future development and application.

Among currently available tools, the CRISPR/Cas9 system has become the most
widely adopted due to its flexibility, ease of use, and broad target applicability. However,
its reliance on DSBs introduces potential risks, including off-target effects and genomic
instability. In contrast, next-generation editing platforms such as BEs and PEs offer higher
editing precision and reduced genotoxicity by avoiding DSBs. For example, while the edit-
ing efficiency of CRISPR/Cas9 for introducing point mutations at the porcine MSTN locus
is approximately 10.3%, the optimized hA3A-BE3-NG base editor achieves an efficiency of
46.3% at the same site [88,195]. PE systems also hold great promise for versatile base con-
version and sequence insertion. As such, BE and PE technologies are expected to become
the dominant platforms for livestock genome editing, with PE showing particular potential
for complex edits and precise corrections that can be used to treat point mutation–induced
diseases such as Complex Vertebral Malformation and Porcine Stress Syndrome [70].

Another critical area for future advancement is the precise insertion of large DNA frag-
ments. DNA polymerase-based editors and novel PE variants have begun to demonstrate
feasibility in this regard, enabling the integration of entire functional gene cassettes. In par-
allel, the coordinated editing of multiple traits, such as combining disease resistance (e.g.,
NRAMP1) with growth-promoting genes (e.g., MSTN), is expected to become a standard
strategy for genetic improvement in livestock [172]. This multi-trait optimization aligns
with the goals of improving animal health, productivity, and welfare simultaneously.

Another important distinction lies between editing qualitative traits versus quanti-
tative traits. Qualitative traits, such as disease resistance (e.g., CD163-mediated PRRSV
resistance in pigs) or single-gene modifications affecting milk allergens (e.g., BLG knockout),
are often monogenic and therefore more straightforward targets for gene editing [96,110].
In contrast, quantitative traits—including milk yield, fertility, feed efficiency, and heat
tolerance—are regulated by complex polygenic networks and strongly influenced by en-
vironmental interactions [196–198]. Current editing tools are limited in their ability to
precisely modify such traits, as we often do not know which genes, or how many, must be
edited to produce the desired outcome. The recent debate surrounding the so-called “dire
wolf resurrection” highlights this challenge: while it may be theoretically possible to edit
isolated genes, recreating a polygenic phenotype is far beyond current capabilities [199]. In
the recent widely publicized case of dire wolf “resurrection,” researchers merely applied
CRISPR technology to edit 14 genes in gray wolves to match those of the dire wolf, and
the changes involved only qualitative traits [200]. In contrast, the more complex quan-
titative traits controlled by multiple genes were not edited. Therefore, how to precisely
and efficiently edit complex quantitative traits remains a major challenge for gene-editing
technologies in the future. Thus, future progress will require integration of genome-wide
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association studies, multi-omics data, and genomic selection to identify key contributors
before targeted editing of quantitative traits becomes feasible.

Despite these technical advances, public awareness and acceptance of gene-edited
animals remain limited. Misinformation, ethical concerns, and regulatory uncertainty have
hindered the adoption of gene-edited products. Therefore, it is crucial that governments,
scientific institutions, and regulatory bodies actively promote public education on gene
editing, establish transparent legislation, and ensure ethical oversight. Moreover, whether
Genome editing animals should be regulated separately from GMAs is also an issue that
governments need to address [188]. Such efforts will help build trust and support the
responsible development of the gene editing industry [201].

Finally, the integration of artificial intelligence (AI) is poised to accelerate progress in
this field. AI algorithms are increasingly applied to design sgRNAs and pegRNAs, optimize
Cas protein engineering, predict off-target sites, and simulate editing outcomes, thereby
improving both efficiency and precision [55]. The synergy between AI and gene editing
is expected to drive innovation across all stages of genome engineering, from design to
validation. Meanwhile, the future of animal breeding will rely on interdisciplinary integra-
tion, particularly the combination of genomics and reproductive technologies. Genomic
selection and multi-omics approaches can help identify candidate genes and regulatory
variants underlying economically important traits, while advanced reproductive techniques
such as in vitro fertilization, embryo transfer, and somatic cell nuclear transfer provide
practical means to introduce these edits into breeding populations. The real challenge—
and opportunity—lies in evaluating the feasibility of incorporating such genome-editing
pipelines into large-scale breeding programs, balancing technical efficiency with ethical,
regulatory, and societal considerations [188,202].

5. Conclusions
Gene editing technologies, including ZFNs, TALENs, and CRISPR-based systems, have

transformed the landscape of animal breeding by enabling precise and inheritable genetic
modifications. Beyond their technical advances, these tools present new opportunities to
promote sustainability and global food security. For example, gene editing can be used
to enhance feed efficiency, reduce methane emissions, and improve resistance to endemic
diseases, thereby supporting more resource-efficient livestock production systems and
contributing to climate change mitigation. In parallel, the ability to tailor traits such as milk
composition or animal welfare characteristics provides further avenues for meeting the
nutritional and ethical demands of a growing population.

Despite these opportunities, significant barriers remain before gene-edited animals can
be widely integrated into agricultural practice. Regulatory frameworks differ substantially
among countries, ranging from permissive to highly restrictive approaches, and such dis-
parities complicate global trade and adoption. In addition, consumer acceptance continues
to pose a challenge, with attitudes influenced by cultural context, perceived risks to food
safety and the environment, and trust in regulatory institutions. These persistent issues
highlight the need for harmonized policies and transparent communication strategies to
build societal trust.

Looking ahead, the future of gene editing in livestock will depend not only on technical
progress but also on the principles of responsible innovation. This includes ensuring
rigorous risk assessment, safeguarding animal welfare, and fostering dialogue among
scientists, policymakers, farmers, and consumers. By aligning innovation with ethical
considerations and public values, gene editing can move beyond laboratory success to
become a reliable tool for advancing sustainable agriculture and strengthening global
food security.
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