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Abstract: Due to recent innovations in gene editing technology, great progress has been made in
livestock breeding, with researchers rearing gene-edited pigs, cattle, sheep, and other livestock.
Gene-editing technology involves knocking in, knocking out, deleting, inhibiting, activating, or
replacing specific bases of DNA or RNA sequences at the genome level for accurate modification,
and such processes can edit genes at a fixed point without needing DNA templates. In recent years,
although clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system-mediated
gene-editing technology has been widely used in research into the genetic breeding of animals, the
system’s efficiency at inserting foreign genes is not high enough, and there are certain off-target effects;
thus, it is not appropriate for use in the genome editing of large livestock such as cashmere goats. In
this study, the development status, associated challenges, application prospects, and future prospects
of CRISPR/Cas9-mediated precision gene-editing technology for use in livestock breeding were
reviewed to provide a theoretical reference for livestock gene function analysis, genetic improvement,
and livestock breeding that account for characteristics of local economies.

Keywords: precision gene editing; CRISPR—Cas9; livestock genetic breeding; cashmere goat; editing
efficiency; fixed point integration

1. Introduction

In the 1990s, genome-editing technology experienced significant development, and
thanks to the rapid innovation and refinement of this technology, gene-editing methods that
accurately targeted modification genomes emerged [1,2], such as transcription activator-like
effector nuclease (TALEN) and zinc-finger endonuclease (ZFN), while clustered regularly
interspaced short palindromic repeats (CRISPR) appeared after 2000 [3]. Due to the advan-
tages of CRISPR, such as its low cost, simple operation, accurate editing, high efficiency,
fast development rate, stable structure of the Cas9 nuclease, easy design, system maturity,
and ability to simultaneously target multiple gene sites [4—6], CRISPR is the most effective
of all such technologies. It is widely used in livestock and poultry gene function analysis,
molecular breeding, genetic improvement, disease resistance breeding, molecular biology
and molecular cytology, and other genome editing fields [7-9]. CRISPR—Cas9, a genetic
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tool, is a vital 21st-century innovation [10-13]. Table 1 summarizes the advantages and
disadvantages of the three gene-editing techniques [13,14]. In addition, epigenetic traits
that affect livestock genetics and breeding are regulated by genes. To breed better livestock
varieties and improve animal husbandry’s productivity, it is necessary to accurately edit the
genome with specificity and by using multiple loci simultaneously. In this study, CRISPR-
Cas9 technology and its applications in livestock and poultry breeding were studied to
provide a reference for the use of CRISPR-Cas9 technology to study new breeding methods,
such as genome transcriptional regulation and epigenetics in large livestock.

Table 1. Comparison between advantages and disadvantages of CRISPR—Cas9, TALEN, and ZFN
gene-editing technologies.

Characteristic CRISPR-Cas9 TALEN ZFN

Price Low High Low
Precision Pinpoint Moderate Low
Combination mode RNA-DNA Protein—-DNA Protein-DNA
Design and construction Easy Difficulty Moderate
Target fragment size 20-50 bp 30-40 bp 18-36 bp
Application Wide Small Small
Off-target effect High Low Low

2. CRISPR-Cas9 Gene-Editing Technology
2.1. Overview and Principles of CRISPR-Cas9

CRISPR is an adaptive immune system present in bacteria and archaea. It is composed
of the Cas9 protein, functional genes, short regularly clustered repeat sequences, and
similarly long spacer DNA sequences arranged from 5’ to 3’ [15,16], effectively defending
against the invasion of exogenous viral DNA [17] and protecting genetic information from
destruction [18]. The proteins encoded using CRISPR are called Cas (CRISPR-associated
proteins), which is a nucleic acid endonuclease composed of a nuclease domain (RuvC-
like) and nuclease functional regions (McrA-like HNH), and it mainly encodes functional
proteins binding to nucleic acids [19]. According to Cas proteins’ different mechanisms
of action, the CRISPR-Cas9 system is divided into two classes and six types [20]. Class
1 includes types [, III, and IV, and class 2 includes types II, V, and VI. Among them, the
CRISPR—Cas9 system of type II is the most advanced gene-editing technology used to
improve the genetic breeding, reproductive performance, and nutrient intake levels of
livestock due to its simple structure, strongest specificity, and highest efficiency [21]. The
type I CRISPR-Cas9 system’s mechanism of action is based on the principle of base
complementary pairing, where the Cas9 protein is guided by a single-guide RNA (sgRNA)
to recognize the PAM sequence and targeted cleavage is performed on the target DNA to
cause double-strand break (DSB), stimulating the repair mechanism of DNA to repair the
DSB site through the non-homologous end junction (NHE]) or homologous directed repair
(HDR) [22].

The Cas9 protein undergoes cleavage through the combined action of specific CRISPR
RNAs (crRNAs) and trans-activating CRISPR RNAs (tracrRNAs) via base-pair binding [23].
Replacing crRNA and tracrRNA with sgRNA [24] simplifies the CRISPR-Cas9 system’s
operation. sgRNAs are adjacent to the protospacer adjacent motif (PAM) [25], ensuring
that the Cas9 protein accurately recognizes exogenous DNA without destroying its own
genetic material. However, not all sequences are efficient and specific for induction cutting.
Currently, different PAM (5-NGG-3’, N as A/T/C/G) forms of CRISPR-Cas9 systems
are used depending on the editing sites’ sequence characteristics [26]. The CRISPR/Cas
system immunoregulates invading elements in three stages: acquisition, transcription, and
interference [27]. The system is also divided into two different subsystems: the highly
conserved “information processing” subsystem (acquisition) and the “implementation”
subsystem (transcription and interference). The first stage involves obtaining recognition
and inserting the ingested PAM into the dominant or adjacent area [6]. In the second stage,
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the CRISPR sequence is transcribed together with PAM to form a long transcript called
pre-CRISPR RNA, and mature small crRNAs are processed using a unique Cas protein
and combined with tracrRNAs to form complementary chains [28]. In the third stage, the
crRNA-tracrRNA complex accurately induces the Cas9 protein-targeted cleavage of the
exogenous DNA.

CRISPR—Cas9 generally repairs genetic material via non-homologous end joining
(NHE]) and homologous recombination (HR). NHE] repair often leads to the random
insertion or deletion of small fragments, as well as chromosomal rearrangement. HDR
repair is achieved by artificially synthesizing sgRNAs instead of the crRNA-tracrRNA
complex so that Cas9 proteins can function at the target site [29]. This operation treats Cas9
and sgRNA as two separate systems subject to insertion, deletion, or replacement at their
respective targets. It also changes the Cas9 cleavage site by modifying sgRNAs, making
CRISPR-Cas9 technology more widely applicable. In addition, Wang et al. [30] developed a
genome-editing strategy using Cas9/sgRNA-mediated allele exchange to treat compound
heterozygous mutant diseases detected in recessive inherited diseases. This method is
flexible in design and compatible with different mutations, and it is safer and does not
require external DNA repair templates to prevent unwanted changes. NHE] is mainly
used to study gene knockout processes such as the insertion, deletion, or chromosomal
rearrangement of small fragments, making it the first method used with the CRISPR-
Cas system that can prevent the functioning of endogenous genes in domestic animals
such as goats [31], sheep [32], cattle [33], and pigs [34]. When using the homologous
template of heterologous mutated DNA as the repair template of DSB, HDR can insert
exogenous DNA fragments into specific locations of the genome to accurately edit the target
sites [35]. Following NHE], HDR achieved gene knockout in large animals for the first time.
Although HDR can be accurately repaired, it has certain drawbacks. Randomly introduced
insertions or deletions may cause gene knockout, new functions may be generated, and
even activating DNA damage regulatory mechanisms may induce cell apoptosis [36].

Following recent research into the powerful Cas9 protein [37], ever-more CRISPR-
Cas9 tools [38] have emerged, such as Streptococcus pyogenes Cs9 (SpCas9), the main tool
used for studying animal gene editing [39]; the “BE”, which causes the C and T to replace
each other [40,41]; and the “PrimeEditor” tool [42], which can accurately perform targeted
editing without using the template of the donor genetic material. Not only do these new
tools have a low probability of missing their target, but no new functional changes will
occur [43].

2.2. Comparison between CRISPR-Cas9 and Other Gene-Editing Techniques

At present, the mainstream gene-editing technology is the CRISPR-Cas9 system, medi-
ated by a shorter RNA. In the past, research into gene-editing techniques using zinc-finger
nucleases (ZFN) and transcript activator-like effector nucleases (TALEN) was more com-
mon. ZFN and TALEN both use the Fok I family-restrictive endonuclease that forms dimers
to specifically recognize and non-specifically cut the targeted DNA [44]. However, ZFN
recognizes three nucleotide sequences, while TALEN only recognizes mononucleotides
with variable double residues formed via multiple tandem repeat sequences. Due to this
feature, TALEN is not affected by external factors during the design stage, and TALEN can
target longer sequences [45], meaning that it has the advantages of a short preparation cycle
and low experimental costs, making it more favorable than ZFN. Notably, the length and
flexibility of the DNA binding domains in TALENs are more easily customized than those
of ZFNs. Like CRISPR—Cas9, they repair genetic material through the HR and NHE] mech-
anisms. Compared with traditional gene-editing techniques, ZFN and TALEN regulate
gene expression through targeted insertion, base deletion and replacement, transcriptional
inhibition or activation, etc., and improve gene targeting efficiency [46]. However, the
development of these technologies has been limited thus far due to their complex operation
and high cost.
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However, compared with the above two technologies, CRISPR-Cas9 has incomparable
advantages for livestock genetics and breeding. Table 1 summarizes the key differences
between the three genome-editing technologies. Firstly, ZFN is composed of zinc-finger
protein (ZFP) and the I1S-type restriction endonuclease Fok I, which form a specific do-
main for binding to DNA targets. TALEN specifically binds to DNA targets through
transcription-activating effector-like factors (TALE), both of which induce Fok I protein
dimers to cleave DNA targets. Constructing the CRISPR-Cas9 system is extremely simple,
requiring no significant human or material resources to design, process, and screen proteins
that recognize DNA. The design and synthesis of a gRNA that complements DNA are
required to guide the Cas9 protein to perform DNA double-stranded cleavage [47], which
is why this technology is widely used across this scientific research field. Secondly, the
CRISPR-Cas9 system simultaneously edits multiple independent target gene sites based on
multiple gRNAs at different sites without needing multiple domain connections [48]; thus,
it is highly efficient. ZFN reduces mismatch rates and off-target effects by creating a cutting
enzyme to produce DNA DSB from nucleases, which is then repaired via HDR; purified
zinc-finger nuclease protein can also be directly introduced into cells to reduce off-target
effects. TALEN can also replace nucleases with other functional enzymes to reduce the
cytotoxicity stemming from off-target effects. Although CRISPR-Cas9 is highly efficient
and specific, due to its large genome, sgRNA can also produce non-specific mutations that
match non-target sites, causing off-target effects. Therefore, past researchers calculated
and designed suitable editing sites to improve the specificity of sgRNA [46], controlled
the number of sgRNAs [49], and continuously created new Cas9 protein mutants, such
as EvoCas9 [50], Sniper Cas9 [51], xCas9 [52], and AsCpf [53]. These gene-editing tools,
due to their simpler structures and higher editing efficiency [44], can be flexibly used in
any nucleic acid sequence. Further innovation and refinement will ensure continuous
improvement of CRISPR—Cas9’s editing ability.

Overall, although other gene-editing technologies have some advantages, the CRISPR-
Cas9 system has revolutionized its fields of application due to its simple design and
operation, low cost, ability to edit multiple genes simultaneously, and high mutation
efficiency [8,54].

3. Application of the CRISPR—Cas9 System in Livestock and Poultry
3.1. Application of CRISPR-Cas9 Technology in Pig Genetic Breeding

As pigs are an important livestock for meat production, pig farming is a gradually
expanding industry, and intensive breeding has seen different novel diseases emerge. It is
vital that researchers cultivate genetically modified pigs with disease resistance. Pigs were
the first large farmed animals edited via CRISPR-Cas9 [55], and CRISPR-Cas9 gene-editing
technology provides new ideas for enabling genetic improvement and instilling disease
resistance via breeding. Xiang et al. [56] used CRISPR—Cas9 to knock the non-coding region
of insulin-like growth factor 2 (IGF2) into Bama pigs. Through slaughter experiments and
the calculation of daily weight gain and feed-to-weight ratios, they found that without
changing the health of Bama pigs, meat production can be improved, with excellent meat
quality as a result. Mitochondrial uncoupling protein 1 (UCP1) is an important molecular
marker of brown adipose tissue in animals. The non-chestnut thermogenesis and cold
resistance of brown adipose tissue actually rely on UCP1 protein-mediated uncoupling res-
piratory thermogenesis. Therefore, UCP1 can regulate and maintain the body temperature
of piglets in cold environments, reducing newborn piglets’ body fat production rate as well
as improving their lean meat and birth rates [57]. The process of using CRISPR-Cas9 to
knock UCP1 into their chromosomes to breed healthy lean pigs with cold resistance and
low fat will reduce economic losses in both agriculture and animal husbandry [58].

Classical swine fever virus (CSFV) and porcine reproductive and respiratory syn-
drome virus (PRRSV) are both envelope single-stranded sense RNA viruses [59], and their
replication does not produce intermediate products. Transgenic, CSFV-resistant pigs were
bred using CRISPR-Cas9, and researchers found that the growing pigs, pregnant sows,
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and their fetuses were all resistant to PRRSV infection [60]. CD163 knockout pigs were also
bred, and the researchers found that the replication of CSFV was restricted while disease
resistance was stably transmitted to offspring. The African swine fever virus (ASFV) has a
higher mortality rate than ordinary swine fever, reaching 100% in some cases. Hubner et al.
utilized CRISPR-Cas9 to target ASFV phosphoprotein p30 to reduce the number of African
swine fever viruses [61]. Xu et al. [62] constructed CD163 and porcine aminopeptidase
(pAPN) double-gene knockout (DKO) pigs, inactivating the virus receptor CD163 and
PAPN proteins. This method not only prevented PRRSV and TGEV virus infections but
also preserved reproductive performance and meat quality [63]. Breeding disease-resistant,
gene-edited pigs can reduce economic losses caused by diseases and promote the healthier
and more rapid development of the pig industry.

3.2. Application of CRISPR—Cas9 Technology in Chicken Genetic Breeding

Due to the unique structure of fertilized chicken eggs, the application of CRISPR-Cas9
in poultry breeding has been less successful thus far than for mammals [64]. Therefore,
the application of CRISPR-Cas9 needs to be accelerated in some areas, such as poultry
reproductive development and disease resistance breeding [65].

Primordial germ cells (PGCs) in chickens carry genetic information to offspring, but
both donor and recipient PGC develop simultaneously in the recipient testes, leading to the
rejection of the donor PGC and a reduced sperm count. Researchers have previously used
gene-editing technology to construct sterile hosts to eliminate the role of the endogenous
receptor PGC. Ballantyne et al. [66] bred DAZL gene-edited chickens using CRISPR-Cas9;
in the experiment, the Caspase9 gene was inserted into the chicken PGC at a fixed point,
drugs were added to inhibit the growth of PGC in the gonads, and the effectiveness of
the infertile hosts was verified via exogenous PGC with regard to feather color. Later,
researchers used CRISPR-Cas9 to knockout DMRT1, a gene that determines gonadal differ-
entiation and gender development in male chicken PGC [67]. The edited chicken PGC was
injected into the aforementioned sterile host chicken, and the obtained embryos and chicks’
gonads developed into ovaries, proving the DMRT1 gene’s important role in testicular
development [68]. Zhang et al. [69] used CRISPR-Cas9 to knock out the important gene
Stra8 (stimulated via recurrent acid gene8) affecting reproductive development in chicken
embryonic stem cells, finding that ECS cannot be transformed into male germ cells. MSTN
(myostatin) negatively regulates the proliferation and differentiation of skeletal muscle
cells [70]. Xu et al. [71] injected the MSTN-knockout sgRNAs" adenovirus vectors into
chicks’ leg muscles, and MSTN expression was significantly downregulated, though gene-
edited offspring were not bred. Therefore, we can conclude that studying the combination
of PGC with CRISPR-Cas9 for poultry gene editing has more potential to lead to a scientific
breakthrough.

Poultry is highly susceptible to viruses, such as MDV (Mark’s disease virus), the highly
pathogenic ALV-] (Avian leukosis virus J) [72], and AIV (avian influenza virus) [73], which
all have fast transmission speeds and high mortality rates. Koslova et al. successfully
bred chNHE1-KO homozygous mutant chickens resistant to ALV infection using CRISPR-
Cas9 [74]. Another study used CRISPR-Cas9 to modify the residues of the chANP32A gene
to reduce AIV replication [75]. Hellrich et al. [76] used the CRISPR—Cas9 system to knock
out Trp38 encoded by chNHE1 (Chicken Na+/H+ exchange type 1) of the ALV-J receptor
in chicken PGC, breeding anti-ALV-]J chickens as a result. Liu et al. [73] successfully
developed a CRISPR—Cas9 vector that blocked the expression of ALV-]J in vivo using
coinfected MDYV, the first time that this had been achieved. In summary, CRISPR-Cas9 gene-
editing technology has significantly innovated poultry disease prevention and breeding.

3.3. Application of CRISPR-Cas9 Technology in Cattle Genetic Breeding

Cattle are the primary species from which meat, milk, and derivative leather are
produced. At present, research into gene editing in cattle mainly covers disease resistance
breeding, increasing meat production, and eliminating allergens. By using Cas9 to precisely
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insert beneficial genes into animals, researchers can promote the industry’s healthy and
efficient development, reduce economic losses, and ensure high food safety standards.

Bovine tuberculosis is a zoonosis induced by a Mycobacterium bovis (Mbv) infection.
Gao et al. [77], for the first time, used Cas9 nickase (Cas9 n) to prepare naturally resistant
associated macrophage protein-1 (NRAMP1) gene-edited cows, enhancing their resistance
to Mycobacterium infection and reducing the risk of human infection through contact with
diseased cows or their by-products. Subsequently, Yuan et al. [78] used CRISPR-Cas9 to
integrate the NRAMP1 gene into the FSCN1-ACTB (F-A) and bovine homologous mouse
Rosa26 sites, enhancing cows’ resistance to tuberculosis. Szillat et al. [79] developed a CD46
gene knockout cell line dependent on bovine viral diarrhea virus (BVDV) invasion using
CRISPR—-Cas9, allowing researchers to determine the mechanism behind CD46s role in
plague viruses’ replication cycles.

The prevention and treatment of mastitis is a major problem in the dairy industry.
Bovine paratuberculosis, caused by Mycobacterium bovis paratuberculosis (MAP), greatly
impacts the dairy industry. Using CRISPR-Cas9 to knock out the Interleukin-10 Receptor
Alpha (IL-10RA) in bovine mammary epithelial cells that immunoregulate MAP can either
inhibit or promote the expression of certain pro-inflammatory cytokines, creating a cellular
model that provides a basis for further research into the anti-inflammatory mechanisms of
IL-10RA [80].

When horns are present, cattle are prone to accidental injury during play and struggle,
which can cause miscarriages in severe cases and even endanger human safety. Therefore,
using gene-editing technology to cultivate hornless cattle is a useful approach. Gu Mingjuan
etal. [81] used CRISPR-Cas9 to insert the 202 bp repetitive Pc (polling of cellular origin) site
of chromosome 1, a gene that controls hornless traits, into the genomes of fibroblasts derived
from horned Mongolian cattle, providing basic material for breeding hornless cattle.

The OCT4 gene plays an important role in maintaining the pluripotency of mammals’
early embryonic stem cells. Simmet et al. [82] used CRISPR—Cas9 to knockout OCT4 in
bovine embryos, finding that its blastocyst development process was similar to that of
human blastocysts lacking OCT4. Daigneault et al. [83] targeted the injection of OCT4 into
fertilized bovine eggs and found that on day 5, embryonic development stagnated and
blastocyst formation was impossible. Based on this, Camargo et al. [84] utilized optimized
electroporation technology to transfect CRISPR—Cas9 targeting the sgRNA-Cas9 protein
complex of OCT4 into fertilized bovine eggs, reducing operational difficulties and making
breeding transgenic animals easier. Their results not only provide an animal model for
treating early human embryonic developmental defects but also enable further research
into promoting cattle reproduction.

4. Application of CRISPR-Cas9 Technology in Goat and Sheep Genetic Breeding

Due to the superior quality of cashmere wool, meat, milk, and other by-products,
sheep and goats are also vital livestock in agricultural production and play an important
role in animal husbandry. For goats and sheep, gene editing is used to improve growth
status, increase cashmere yield and fertility, and breed individuals with multiple excellent
traits. Scientists use gene-editing technology to modify different species’ traits according to
their specific needs to accelerate the process of breeding sheep and goats.

4.1. Promotion of Hair Follicle Growth and Development

Cashmere goats are the main local economic primary livestock reared in Inner Mon-
golia, and cashmere is an important natural raw material for the textile industry. Due to
the high economic value of cashmere goats, they are also an important source of income
for farmers and herdsmen. Using CRISPR-Cas9 to study hair follicle development-related
functions in genes is of great significance for improving the production performance of
cashmere-producing goat species.

Studies have shown that using CRISPR—Cas9 to inhibit FGF5 expression can improve
cashmere growth in sheep [85,86] and goats [87], increasing hair follicle density and length
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and improving quality. Fibroblast growth factor 5 (FGF5) is the main inhibitor that controls
fiber length and growth. Wang et al. [87] targeted the knockout of the FGF5 gene in
Shaanbei white cashmere goats using CRISPR—Cas9, finding that the number and density
of secondary hair follicles in gene-edited cashmere goats significantly increased, as did
cashmere length. They also performed HE staining of the skin tissues of aborted and normal
goats, showing that the number of secondary hair follicles in the skin of FGF5 mutant
goats was higher than that of wild-type goats, the diameters of the primary and secondary
hair follicles were longer than those of wild-type goats, and the SHF/PHF ratio was
significantly higher than that of the normal goats. Zhang et al. [88] also confirmed that the
knockout of FGF5 significantly increased the fiber length and growth rate. Li et al. [89] used
CRISPR-Cas9 to insert nonsense codons into the FGF5 gene, which improved the cashmere
yield. Hao et al. [90] inhibited hair follicle growth and development in goats by producing
SCNT-mediated extracellular receptor abnormalities (EDAR) knockouts using CRISPR-
Cas9. In addition, Li [91] added exogenous thymosin 3 4 (T34) targeted integration into
cashmere goats, discovering that T34 can induce hair follicle development, accelerate the
differentiation of hair follicle stem cells, and improve hair production. Hao [90] combined
CRISPR-Cas9 and somatic cell nuclear transfer technology to breed EDAR gene-targeted
cashmere goats, which exhibited baldness. Hu [86] utilized CRISPR—Cas9 to target vascular
endothelial growth factor (VEGF) in Inner Mongolia-bred white cashmere goats with FGF5
and CCR5 genes, which simultaneously knocked in hair follicle development-promoting
genes and hair follicle development-inhibiting genes. Wool color is also a key production
trait for cashmere. To change the color of cashmere, Zhang et al. [92] applied CRISPR-Cas9
to target and knockout the ASIP gene. Compared with wild-type individuals with white
hair, the ASIP-edited sheep wool color produced diversity, indicating that ASIP affects fur
color formation and serves as a marker gene. CRISPR-Cas9 is currently able to disrupt
genes that inhibit hair follicle development into an ideal phenotype, providing a scientific
basis for the further breeding of high-quality and high-yield cashmere goat breeds, as well
as providing insights into the treatment of androgenic alopecia.

4.2. Improvement of Muscle Growth and Development

Researchers [93-95] used Cas9/gRNA to block genes that inhibit muscle production in
meat-producing sheep [96], improving meat production and quality, thus meeting consumer
demand for mutton. Myostatin (MSTN) can regulate skeletal muscle growth and promote
muscle proliferation. Therefore, inhibiting MSTN expression can induce “dual muscle”
traits in developed muscle areas, such as the buttocks, shoulders, and legs, providing
application value for improving meat quality and increasing the lean meat percentage in
livestock. Albertio and Wolf [97] propose using DNA nucleases to apply this phenotype to
cattle, sheep, and pigs, promoting meat production performance in livestock and poultry.

He et al. [98] injected targeted MSTN into the cytoplasm of prokaryotic embryos to
breed gene-edited goats with dual muscle traits. Wang et al. [93] demonstrated that the
muscle development of MSTN-edited sheep was significantly faster than that of wild-type
sheep. Niu et al. [99] found that sheep modified with BCO2 biallelic genes had yellow
fat, indicating that the BCO2 gene may determine fat color formation. Wan et al. [100]
used CRISPR—Cas9 to knock out the conserved site of the goat CLPG1 gene to study
the “beautiful buttocks” of sheep. In addition, Zhang et al. [94] demonstrated that the
loss of MSTN function in sheep skeletal muscle satellite cells (sSMSCs) promotes the
differentiation and growth of sSMSCs. Zhou et al. [101] introduced single-nucleotide
point mutations in the Recombinant Suppressors Of Cytokine Signaling 2 (SOCS2) using
CRISPR-Cas9, resulting in an increase in sheep weight and milk production; in 2022,
they knocked out the MSTN bialleles with a high proportion of mutations, with meat
quality being almost unaffected [102]. For MSTN mutant sheep, not only were changes
in transcriptome gene expression analyzed in MSTN knockout goats [103], but we also
confirmed how knockout alleles are inherited by offspring [93]. Mei bred one double-allele
and one single-allele MSTN gene-mutated goat through the microinjection of fertilized
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eggs. Both edited sheep fetuses had “double muscle” and significantly increased weight
and length. Further sectioning revealed significant increases in the muscle cross-section
and muscle fiber density [104]. CRISPR—Cas9 significantly highlights the functions of
genes related to muscle growth and development in sheep, and it has potential roles in the
breeding of new breeds of meat sheep.

4.3. Improvement of Reproductive Capacity

Improving reproductive performance is a key goal of breeding. The Fec family of
genes is associated with the fecundity of sheep. Zhou et al. [105] used CRISPR-Cas9 to
inject single-strand FecB DNA oligonucleotides into the zygote of sheep, breeding FecB
homozygous mutant sheep, proving that FecB homozygous ewes have not only higher
lambing rates but also improved reproductive rates. CRISPR-Cas9 simultaneously edits
the HYAL? and PrP genes to improve the lambing rate [8]. Niu et al. [28] introduced point
mutations in goat growth differentiation factor 9 (GDF9) and found that they also affect
ovulation rate and litter size. Zhang et al. [106] used CRISPR-Cas9 to induce functional
deletion mutations in the bone morphogenetic protein receptor type IB (BMPR-IB) gene
in sheep, increasing the ovulation rate and litter size. Based on ssODNs, Zhou et al. [105]
further introduced point mutations to breed BMPR-1B gene-edited sheep. Tian et al. [107]
microinjected the AANAT gene into frozen and unfrozen sheep embryos, and the results
showed that there was no significant difference in the reproductive abilities of transgenic
offspring between the two environments, but AANAT transgenic individuals had good
reproductive abilities. Thus, CRISPR-Cas9 is an effective editing tool for developing ideal
traits in farm animals, promoting the development of animal husbandry.

4.4. Improvement of Milk Composition

At present, researchers have enriched the composition of sheep milk by genetically
modifying essential nutrients and knocking out non-essential proteins. Goat milk is rich in
fat and protein, and its composition is similar to that of human milk, but 3-Lactoglobulin
(BLG) is prone to sensitization. Zhou et al. [108] found that using CRISPR-Cas9 knockout
of B-lactoglobulin in goats reduces the protein concentration in BLG, laying the foundation
for improving the composition of goat milk. Wei et al. [109] constructed BLG gene knockout
cows from fertilized eggs to broaden the market for milk and its by-products. Another
study used CRISPR—Cas9 to knock out factors that affect milk traits, such as Stearoyl CoA
Desaturase 1 (SCD1) [110] and Acetyl CoA acyltransferase 2 (ACAA2) [111]. In breast cells,
Ma et al. [112] used CRISPR-Cas9 to inject Arylkylamine N-acetyltransferase (AANAT) and
Acetylserotonin O-methyltransferase (ASMT), which mediate melatonin expression, into
the cytoplasm of fertilized sheep eggs and developed an AANAT/ASMT breast bioreactor,
resulting in edited sheep with high yields of melatonin milk. CRISPR—Cas?9 is vital to the
development of non-artificial, low-fat, or specific functional dairy products, promoting the
development of dairy products rich in specific nutrients or pharmaceutical ingredients.

4.5. Establishment of Animal Disease Resistance Breeding and Human Disease Models

The economic losses caused by livestock and poultry diseases not only limit the
development of animal husbandry but also pose a threat to human safety in the event of
a zoonotic disease outbreak. CRISPR—Cas9 has been used in disease resistance breeding
for several diseases, providing a good therapeutic model for studying pathogenesis and
improving animal health. In addition, the body size and anatomical structure of sheep
are similar to those of humans, and CRISPR-Cas9 has been used in sheep to provide an
effective model for studying human diseases.

Fan et al. [113] targeted knockout PRP in goat fibroblast donor cells to produce SCNT-
mediated anti-PRP goats, and using CRISPR-Cas9 to generate NUP155 gene knockout
donor cells in goat fibroblasts, a NUP155 gene knockout goat model for studying heart
disease was developed through the SCNT program. Menchaca et al. [114] knocked out
hyaluronidase 2 (HYAL?2) in lambs, leading to lung adenocarcinoma syndrome, and con-
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firmed the possibility of using CRISPR-Cas9 for producing antiviral animals; they also
discovered, for the first time, that deleting the sheep otoferlin (OOF) gene is an effective
model for treating deafness [115]. Li [116] inserted the T34 gene into the CCRS site in goats,
allowing for the establishment of a goat knock-in model. Fan et al. [117] used CRISPR-
Cas9 combined with SCNT technology to breed IFNA gene knockout sheep, providing a
large-scale animal model for fetal resistance to Zika virus (ZIKV) infection. Subsequently,
they pioneered the human cystic fibrosis (CF) sheep model with CRISPR-Cas9-mediated
cystic fibrosis transmembrane transmission regulator (CFTR) deficiency using the same
technology [60]. The liver and gallbladder disease phenotypes of newborn CFTR—/—
sheep were consistent with those of humans. Williams et al. [118] applied CRISPR-Cas9 to
point-mutate the non-specific alkaline phosphatase (TNSALP) gene alkaline phosphatase
(ALPL), resulting in edited lambs exhibiting human hypophosphatasia (HPP), providing
an effective animal model for studying this rare metabolic bone disease. Vilarino et al. [119]
constructed pancreas/duodenum homeobox protein 1 (PDX1) fetuses, allowing for gene-
edited sheep to be used as host organs for xenotransplantation. In addition, interspecies
blastocyst complementary technology combining embryonic gene editing and pluripotent
stem cells (PSCs) achieved xenotransplantation of human organs by using large animals
as hosts. The production of these disease-related gene knockout sheep demonstrates the
possibility and effectiveness of CRISPR—Cas9 for breeding antiviral livestock, as well as its
enormous potential for the treatment of human diseases.

4.6. Current Problems with Gene Editing Sheep

Although CRISPR-Cas9 has broad prospects in the development of animal husbandry,
the low targeting efficiency, poor chimerism, and off-target effects of CRISPR-Cas9 [120]
seriously restrict the sheep breeding process. Scientists are constantly optimizing CRISPR-
Cas9 to be more efficient, accurate, and safe. CRISPR-Cas9 has developmental defects and
low survival rates when editing cells in vitro to obtain gene-edited homozygotes. Direct
injection into the fertilized egg results in the formation of chimeras by simultaneously
editing multiple cells due to division. Due to the long pre-attachment period of sheep, the
blastocyst during implantation develops a filamentous structure. This evolutionary differ-
ence at this stage is considered key to achieving interspecies chimerism. The exploration of
interspecies chimerism and blastocyst complementarity methods allows for the production
of transplantable, specific organs in large animal hosts, such as sheep. Chimera may occur
between different species, but it has not yet been confirmed. In addition, the International
Society for Stem Cell Research (ISSCR) and some regulatory agencies have stated that
research into interspecies chimeras poses certain ethical questions [121]. Therefore, the elec-
troporation of Cas9 protein and sgRNA into embryos to breed gene-edited sheep not only
obtained homozygous positive individuals but also improved editing efficiency. Improving
the targeting efficiency of gene-edited sheep is related to various factors, such as increasing
the embryo injection concentration of CRISPR-Cas9 or improving the conception rate [122].
For example, the first MSTN mutant sheep bred through embryo microinjection had a
gene-editing efficiency of only 5.7%. Later, after several years of research, increasing the
embryo injection concentration of the CRISPR-Cas9 system greatly improved the mutation
efficiency, and the editing efficiency almost reached 100% [7].

Off-target effects cause unpredictable consequences such as base mutations, deletions,
rearrangements, and immune responses [123]. Therefore, reducing the off-target rate is
vital for improving CRISPR-Cas9. At present, strategies such as optimizing sgRNA length,
modifying Cas9 nuclease specificity, and using other Cas variants are mainly used to reduce
off-target effects [124]. Wienert et al. [125] developed a method called DISCOVER-Seq for
identifying the off-target effects of Cas. Due to its ability to recruit DNA repair factors
in cells and individuals, this method is applicable to various sgRNAs and Cas proteins.
Donohue et al. [126] proposed a technique called CRISPR hybrid RNA DNA (chRDNA)
to reduce off-target rates while maintaining targeted editing ability and improving Cas9
specificity. Although the efficiency of using viral vectors to deliver CRISPR systems is
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high [127], the Cas9 protein is relatively large and must be packaged separately before
co-injection. Mout et al. [128] developed engineered DNA-free virus-like particles (eVLPs)
that could be efficiently edited in various cells and organs, minimizing the off-target rates
and risk of DNA integration. Perez et al. [129] developed an algorithm called the CRISPR
Specific Correction (CSC) system for correcting specific gRNAs targeting mismatches in
non-coding and repetitive regions. The SpCas9 mutant and other gene-editing techniques
have overcome the drawbacks of off-target efficiency in CRISPR-Cas9 [130], but they have
also partially changed the species gene pool and ecosystem. Therefore, it is necessary to
upgrade and improve more accurate and easily controllable CRISPR-Cas9 systems [131].

In addition to optimizing sgRNA length and improving the Cas9 protein variants
mentioned above, scientists are also developing some more creative new technologies. For
example, the “GG20” technique of ggX20 sgRNAs containing two guanines makes sgRNAs
more specific and can significantly reduce off-target effects [132] by using the CRISPR nickel
enzyme to modify a nuclease domain of one of the DNA strands to reduce DNA damage
and reduce off-target efficiency [133]. The mechanism of prime editing involves binding
the primer-binding site (PBS) of the target to the 5 region of the primer-editing guided
RNA (PegRNA), exposing non-complementary strands. Cas9 nickase (nCas9) cleaves
the single-stranded DNA complementary to the template RNA, producing primers for
reverse-transcription (RT) enzymes connected to nCas9. At this time, the PegRNA serving
as the guided RNA recognizes the target DNA to achieve base-to-base editing [134,135]. At
present, the application of prime editor has not caused off-target mutations, but the editor’s
development is still in its early stages and needs further exploration. Anti-CRISPR (Acr) is
a natural inhibitor of the CRISPR—Cas system, and the most direct way to inhibit the action
of CRISPR is through binding Acr to the CRISPR-Cas complex, reducing its concentration
and, thus, inhibiting its binding to DNA, improving targeting specificity [136]. However,
Acr is just a new discovery in the vast CRISPR tool, and there are more new components
that scientists need to explore and develop for their application in the field of genetics.
Bravo et al. [33] recently created a 7D mutant tool named SuperFi-Cas9, with an editing
efficiency (6.3 times) for targeted DNA that is approximately five times higher than that of
SpCas9 (1.55 times). It effectively distinguishes on- and off-target substrates, reducing the
likelihood of target cleavage by 4000 times [137]. Gene-editing technology currently under
development has enormous potential in various fields in the future. It is hoped that the
development of SuperFi-Cas9 and other technologies can comprehensively and accurately
overcome off-target problems in the near future.

5. Conclusions and Prospect

Since the emergence of CRISPR-Cas9, it has greatly advanced modern breeding in
agriculture and animal husbandry due to its precision, efficiency, simplicity, and economical
nature. As a popular method for studying target genes, the development of CRISPR
has solved some new challenges in genetic breeding, production performance, animal
health, environmental protection, and human health in modern animal husbandry. Due
to technological development, molecular and gene-editing breeding that achieve gene
recombination through targeted gene transfer have replaced traditional breeding methods
such as artificial selection and multi-generation hybridization. CRISPR-Cas9 can accurately
integrate, delete, and replace genes across species; insert excellent trait genes according to
needs; break reproductive isolation; and achieve mutual acquisition of disease resistance
genes from different species [138], thus reducing the time and cost of long-term breeding,
accelerating the breeding process, providing new research ideas for breeding high-quality
and high-yield disease-resistant livestock varieties, and creating new production models
for gene-edited animals. In addition, developing multiple sgRNA vectors while editing
multiple genes with the same individual genome is currently the main research direction for
resistance breeding [62]. Despite the many benefits of gene editing breeding, some questions
remain: how can we ensure the safety of gene-edited species and their by-products? How
can we find effective genes that affect the disease resistance of livestock? Have national
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regulators introduced policies for the use and promotion of genetically modified animals?
Will humans accept the need to consume genetically modified agricultural products? Once
these issues have been resolved, CRISPR gene-editing technology will be even more fruitful
in animal husbandry breeding.

The primary problem is that it will cause unavoidable environmental damage. The
breeding of gene-edited animals changes the genetic material of species, which may lead to
biodiversity imbalance and a reduction in species diversity. For example, when applying
gene-editing technology, using certain toxic drugs and reagents, as well as large-scale
application by large companies, can cause soil, water, and air pollution and environmental
damage, indirectly affecting the survival of other species and directly disturbing the balance
of ecosystems.

Secondly, and more importantly, ethical issues must be addressed, as editing animals
should be conducted while also meeting their health and natural behavioral needs. Al-
though using gene-editing technology to castrate animals, increase disease resistance, and
improve their health and welfare is beneficial, while breeding hornless animals avoids them
experiencing harm during fighting, serious off-target effects may lead to animal deformities.
Due to our limited understanding of some polygenic diseases, new diseases may emerge
or death may occur in animals. Moreover, current studies are not aimed at improving
animal welfare but at promoting human health, economic benefits, and convenience of life.
These studies are all conducted using gene-editing methods that both improve and harm
animal welfare.

At present, the conditions for the gene-editing of farm animals in various countries
around the world are not mature. Besides a few industrialized countries such as the United
States and Japan, regulatory standards for gene-edited animals in most countries are not
clear. Although regulatory agencies attempt to restrict the production of genome-edited
livestock and poultry, scientists believe that as long as standardized biosafety testing is
passed, it can be applied commercially. Governments have established policies such as the
monitoring of breeding and consumption mechanisms for gene-edited agricultural and live-
stock products, gradually allowing genetically modified animals to enter the market [139].
The European Union monitors the manipulation process and personnel involved in the
breeding, supply, testing, and determination of the final destination of genetically edited
animals, establishing an animal welfare committee to supervise and manage each link. The
personnel involved are assessed and evaluated, and public supervision is publicly accepted.
It advocates for bold and innovative research into genetically edited animals based on
animal health and prosperity considerations, ensuring safety, careful promotion, and strict
legal supervision based on the long-term development and needs of the country, practical
applications, and genetically modified research. With the continuous improvement in
supervision mechanisms and scientific technology, the public’s recognition of genetically
modified livestock and poultry products will also further increase. CRISPR-Cas9 whole
genome scanning technology will not only save time and cost but also avoid the risk of
disease transmission, making it an effective tool for accurately screening resistance genes.
However, for disease-resistant traits unsuitable for cell death and virus replication screen-
ing, it is currently insufficient to explore the function of their target genes [62]. Although
existing CRISPR-Cas9 technology simultaneously edits multiple genes, it cannot do so
for over twenty or even hundreds of genes. Thus, in the future, continuous exploration
and innovation are needed to optimize the CRISPR screening library and conditions and
develop more solid and efficient multi-gene editing technology to achieve the simultaneous
regulation of multiple important economic traits of livestock and poultry micro-effect
genes [140], thereby breeding the most ideally genetically improved species.

In summary, CRISPR-Cas9 technology has greatly innovated the genetic breeding
and improvement of livestock, promoting the sustainable development of animal hus-
bandry. With recent improvements in gene-editing technology and the exploration of
the structure and function of Cas9, which further enhances the safety and superiority of
gene editing, CRISPR technology’s impact has undoubtedly been strengthened. To enable
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further innovation and improved protection, we will promote further study into gene-
editing technology. We believe that gene-edited animal products will eventually become
market-oriented and that the development of human society will allow us to reach a more
inclusive and sustainable future. Technological innovation is vital, but it should be used
properly, strictly adhering to ethical norms, and researchers and regulators must strengthen
public awareness and safety regulations to protect the environment, animal welfare, and
human health.

Author Contributions: Methodology, Z.L. (Zeyu Lu); validation, Z.L. (Zeyu Lu), L.Z., Q.M. and
J.L,; formal analysis, Z.L. (Zeyu Lu); investigation, Z.L. (Zeyu Lu), Y.C. and H.W.,; writing—original
draft preparation, Z.L. (Zeyu Lu); writing—review and editing, Z.L. (Zeyu Lu); supervision, Y.Z.
(Yanhong Zhao), J.L., Y.L, Y.Z. (Yanjun Zhang), R.S., RW., ZW., Q.L. and Z.L. (Zhihong Liu); project
administration, Y.Z. (Yanhong Zhao); funding acquisition, Y.Z. (Yanhong Zhao). All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science and Technology Major Project of Inner Mongo-
lia (2021ZD0012), the National Natural Science Foundation of China (32160772), the Science and
Technology Project of Inner Mongolia Autonomous Region (2023YFHHO0076), and the Program for
Innovative Research Team in Universities of Inner Mongolia Autonomous Region (NMGIRT2322).

Institutional Review Board Statement: This study does not involve humans or animals.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The funders had no role in the design of this study.

References

1.  Mirza, Z.; Karim, S. Advancements in CRISPR/Cas9 technology—Focusing on cancer therapeutics and beyond. Semin. Cell Dev.
Biol. 2019, 96, 13-21. [CrossRef]

2. Mehravar, M.; Shirazi, A.; Nazari, M.; Banan, M. Mosaicism in CRISPR/Cas9-mediated genome editing. Dev. Biol. 2019, 445,
156-162. [CrossRef]

3. Abdelrahman, M.; Al-Sadi, A.M.; Pour-Aboughadareh, A.; Burritt, D.].; Tran, L.-5.P. Genome editing using CRISPR/Cas9-targeted
mutagenesis: An opportunity for yield improvements of crop plants grown under environmental stresses. Plant Physiol. Biochem.
2018, 131, 31-36. [CrossRef]

4. Tyagi, S.; Kumar, R.; Das, A.; Won, S.Y.; Shukla, P. CRISPR-Cas9 system: A genome-editing tool with endless possibilities.
J. Biotechnol. 2020, 319, 36-53. [CrossRef]

5. Gupta, D.; Bhattacharjee, O.; Mandal, D.; Sen, M.K; Dey, D.; Dasgupta, A.; Kazi, T.A.; Gupta, R.; Sinharoy, S.; Acharya, K,; et al.
CRISPR-Cas9 system: A new-fangled dawn in gene editing. Life Sci. 2019, 232, 116636. [CrossRef] [PubMed]

6. Zhang, ].S,; Tan, T. Development, advantages and disadvantages of CRISPR-Cas9 system editing DNA induced gene knockout.
Chin. . Immunol. 2019, 35, 767-770. (In Chinese)

7. Song,S.Z.;Lu,R.; Zhang, T.; He, Z.Y.; Wu, ZM.Q.; Cheng, Y.; Zhou, M.M. Research progress on the application of CRISPR/Cas9
gene editing technology in goats and sheep. Biotechnol. Bull. 2020, 36, 62-68. (In Chinese) [CrossRef]

8. Kalds, P; Zhou, S.; Cai, B; Liu, J.; Wang, Y.; Petersen, B.; Sonstegard, T.; Wang, X.; Chen, Y. Sheep and Goat Genome Engineering:
From Random Transgenesis to the CRISPR Era. Front. Genet. 2019, 10, 750. [CrossRef] [PubMed]

9. Xu,J.W,; He, H,; Shen, XM.; Liu, K.P; Lei, C.C.; Chen, H.; Huang, Y.Z. Research progress of gene editing technology in livestock
breeding. Genom. Appl. Biol. 2018, 37, 1423-1430. (In Chinese) [CrossRef]

10. Baliou, S.; Adamaki, M.; Kyriakopoulos, A.; Spandidos, D.; Panagiotidis, M.; Christodoulou, I.; Zoumpourlis, V. CRISPR
therapeutic tools for complex genetic disorders and cancer (Review). Int. J. Oncol. 2018, 53, 443—468. [CrossRef]

11.  Martinez-Lage, M.; Puig-Serra, P.; Menendez, P; Torres-Ruiz, R.; Rodriguez-Perales, S. CRISPR/Cas9 for Cancer Therapy: Hopes
and Challenges. Biomedicines 2018, 6, 105. [CrossRef]

12.  Kruminis-Kaszkiel, E.; Juranek, J.; Maksymowicz, W.; Wojtkiewicz, ]. CRISPR/Cas9 Technology as an Emerging Tool for Targeting
Amyotrophic Lateral Sclerosis (ALS). Int. ]. Mol. Sci. 2018, 19, 906. [CrossRef]

13.  Wang, H.; Zou, H.Y.; Zhu, H.B.; Zhao, S.J. Research progress of CRISPR/Cas9 gene editing technology in the creation of new
materials for livestock breeding. Acta Vet. Zootech. Sin. 2021, 52, 851-861. (In Chinese)

14. Lamas-Toranzo, I.; Guerrero-Sanchez, J.; Miralles-Bover, H.; Alegre-Cid, G.; Pericuesta, E.; Bermejo-AlvareZ, P. CRISPR is
knocking on barn door. Reprod. Domest. Anim. Zuchthyg. 2017, 52 (Suppl. S4), 39-47. [CrossRef] [PubMed]

15. Horvath, P; Barrangou, R. CRISPR/Cas, the Inmune System of Bacteria and Archaea. Science 2010, 327, 167-170. [CrossRef]

16. Han, X,; Liu, Z.; Jo, M.C,; Zhang, K,; Li, Y,; Zeng, Z.; Li, N.; Zu, Y.; Qin, L. CRISPR-Cas9 delivery to hard-to-transfect cells via

membrane deformation. Sci. Adv. 2015, 1, €1500454. [CrossRef] [PubMed]


https://doi.org/10.1016/j.semcdb.2019.05.026
https://doi.org/10.1016/j.ydbio.2018.10.008
https://doi.org/10.1016/j.plaphy.2018.03.012
https://doi.org/10.1016/j.jbiotec.2020.05.008
https://doi.org/10.1016/j.lfs.2019.116636
https://www.ncbi.nlm.nih.gov/pubmed/31295471
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2020-0068
https://doi.org/10.3389/fgene.2019.00750
https://www.ncbi.nlm.nih.gov/pubmed/31552084
https://doi.org/10.13417/j.gab.037.001423
https://doi.org/10.3892/ijo.2018.4434
https://doi.org/10.3390/biomedicines6040105
https://doi.org/10.3390/ijms19030906
https://doi.org/10.1111/rda.13047
https://www.ncbi.nlm.nih.gov/pubmed/29052327
https://doi.org/10.1126/science.1179555
https://doi.org/10.1126/sciadv.1500454
https://www.ncbi.nlm.nih.gov/pubmed/26601238

Agriculture 2024, 14, 487 13 of 17

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Huang, Y. Research on Optimizing the CRISPR/Cas9 Gene Editing System in Goats. Master’s Thesis, Northwest Agriculture &
Forestry University, Xianyang, China, 2018. (In Chinese)

Vink, ].N.A.; Baijens, ].H.L.; Brouns, S.].J. PAM-repeat associations and spacer selection preferences in single and co-occurring
CRISPR-Cas systems. Genome Biol. 2021, 22, 281. [CrossRef] [PubMed]

Perisse, 1.V.; Fan, Z.; Singina, G.N.; White, K.L.; Polejaeva, I.A. Improvements in Gene Editing Technology Boost Its Applications
in Livestock. Front. Genet. 2021, 11, 614688. [CrossRef] [PubMed]

Li, L. Identification of Essential Genes for Proliferation of Cashmere Dermal Papilla Cells Using CRISPR Library. Master’s Thesis,
Northwest Agriculture & Forestry University, Xianyang, China, 2021. (In Chinese)

Khadempar, S.; Familghadakchi, S.; Motlagh, R.A.; Farahani, N.; Dashtiahangar, M.; Rezaei, H.; Gheibi Hayat, S.M. CRISPR—Cas9
in genome editing: Its function and medical applications. J. Cell. Physiol. 2019, 234, 5751-5761. [CrossRef] [PubMed]

Pelletier, S.; Gingras, S.; Green, D.R. Mouse Genome Engineering via CRISPR-Cas9 for Study of Immune Function. Immunity
2015, 42, 18-27. [CrossRef]

Cong, L.; Zhang, F. Genome engineering using CRISPR-Cas9 system. Methods Mol. Biol. 2015, 1239, 197-217. [CrossRef]

Xiao, A.; Cheng, Z.; Kong, L.; Zhu, Z.; Lin, S.; Gao, G.; Zhang, B. CasOT: A genome-wide Cas9/gRNA off-target searching tool.
Bioinformatics 2014, 30, 1180-1182. [CrossRef]

Song, M.; Koo, T. Recent advances in CRISPR technologies for genome editing. Arch. Pharmacal Res. 2021, 44, 537-552. [CrossRef]
Xue, C.; Sashital, D.G. Mechanisms of Type I-E and I-F CRISPR-Cas Systems in Enterobacteriaceae. EcoSal Plus 2019, 8. [CrossRef]
Faure, G.; Shmakov, S.A.; Makarova, K.S.; Wolf, Y.I.; Crawley, A.B.; Barrangou, R.; Koonin, E.V. Comparative genomics and
evolution of trans-activating RNAs in Class 2 CRISPR-Cas systems. RNA Biol. 2019, 16, 435-448. [CrossRef] [PubMed]

Niu, Y.; Zhao, X.; Zhou, J.; Li, Y.; Huang, Y.; Cai, B,; Liu, Y.; Ding, Q.; Zhou, S.; Zhao, J.; et al. Efficient generation of goats with
defined point mutation (I397V) in GDF9 through CRISPR/Cas9. Reprod. Fertil. Dev. 2018, 30, 307. [CrossRef] [PubMed]

Eaton, S.L.; Proudfoot, C,; Lillico, S.G.; Skehel, P; Kline, R.A.; Hamer, K.; Rzechorzek, N.M.; Clutton, E.; Gregson, R.; King, T.;
et al. CRISPR/Cas9 mediated generation of an ovine model for infantile neuronal ceroid lipofuscinosis (CLN1 disease). Sci. Rep.
2019, 9, 9891. [CrossRef]

Wang, D.; Li, J.; Song, C.Q.; Tran, K.; Mou, H.; Wu, PH.; Tai, PW.L.; Mendonca, C.A.; Ren, L.; Wang, B.Y,; et al. Cas9-mediated
allelic exchange repairs compound heterozygous recessive mutations in mice. Nat. Biotechnol. 2018, 36, 839-842. [CrossRef]
Perota, A.; Lagutina, I.; Duchi, R.; Zanfrini, E.; Lazzari, G.; Judor, J.P.; Conchon, S.; Bach, ].M.; Bottio, T.; Gerosa, G.; et al.
Generation of cattle knockout for galactose-x1,3-galactose and N-glycolylneuraminic acid antigens. Xenotransplantation 2019,
26, €12524. [CrossRef]

Wang, K; Tang, X,; Liu, Y,; Xie, Z.; Zou, X,; Li, M.; Yuan, H.; Ouyang, H.; Jiao, H.; Pang, D. Efficient Generation of Orthologous
Point Mutations in Pigs via CRISPR-assisted ssODN-mediated Homology-directed Repair. Mol. Ther. Nucleic Acids 2016, 5, e396.
[CrossRef]

Bravo, ].PK,; Liu, M.-S,; Hibshman, G.N.; Dangerfield, T.L.; Jung, K.; McCool, R.S.; Johnson, K.A.; Taylor, D.W. Structural basis
for mismatch surveillance by CRISPR-Cas9. Nature 2022, 603, 343-347. [CrossRef] [PubMed]

Wang, T.; Yu, H.; Hughes, N.W,; Liu, B.; Kendirli, A.; Klein, K.; Chen, WW.,; Lander, E.S.; Sabatini, D.M. Gene Essentiality Profiling
Reveals Gene Networks and Synthetic Lethal Interactions with Oncogenic Ras. Cell 2017, 168, 890-903.e15. [CrossRef] [PubMed]
Collias, D.; Beisel, C.L. CRISPR technologies and the search for the PAM-free nuclease. Nat. Commun. 2021, 12, 555. [CrossRef]
[PubMed]

Feng, S.; Wang, C.W.; Song, X.H. Research progress on improving the efficiency of CRISPR/Cas9 mediated homologous
recombination in animal genome editing. China Biotechnol. 2022, 42, 83-92. (In Chinese) [CrossRef]

Fu, Y.-W,; Dai, X.-Y.; Wang, W.-T,; Yang, Z.-X; Zhao, ].-J.; Zhang, J.-P.; Wen, W.; Zhang, F.; Oberg, K.C.; Zhang, L.; et al. Dynamics
and competition of CRISPR-Cas9 ribonucleoproteins and AAV donor-mediated NHE], MME] and HDR editing. Nucleic Acids
Res. 2021, 49, 969-985. [CrossRef]

Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, ]J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420—424. [CrossRef]

Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I; Liu, D.R. Programmable base editing of AeT to
GeC in genomic DNA without DNA cleavage. Nature 2017, 551, 464—471. [CrossRef]

Chen, PJ.; Hussmann, J.A; Yan, J.; Knipping, F; Ravisankar, P; Chen, P.E; Chen, C.; Nelson, ] W.; Newby, G.A.; Sahin, M.; et al.
Enhanced prime editing systems by manipulating cellular determinants of editing outcomes. Cell 2021, 184, 5635-5652.e29.
[CrossRef]

Anzalone, A.V.; Randolph, P.B.; Davis, ].R.; Sousa, A.A.; Koblan, L.W.; Levy, ]. M.; Chen, PJ.; Wilson, C.; Newby, G.A.; Raguram,
A.; et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149-157. [CrossRef]
Hu, X. Preparation of FGF5 Site-Specific Integration of VEGF Gene in Cashmere Goats Using CRISPR/Cas9 Technology. Master’s
Thesis, Inner Mongolia University, Hohhot, China, 2018. (In Chinese)

Hao, F. Study on the Preparation of EDAR Gene Targeted Cashmere Goats Using CRISPR-Cas9 System and Somatic Cell Nucleus
Transfer Technology. Ph.D. Thesis, Inner Mongolia University, Hohhot, China, 2018. (In Chinese)

Li, S,; Shi, G.; Feng, S.H.; Zhang, Z.M.; Zhou, Y.T.; Lu, C.L.; Cao, H.Z. Research progress of CRISPR/Cas9 system in pig gene
editing. Chin. J. Anim. Husb. 2019, 55, 27-32. (In Chinese) [CrossRef]


https://doi.org/10.1186/s13059-021-02495-9
https://www.ncbi.nlm.nih.gov/pubmed/34593010
https://doi.org/10.3389/fgene.2020.614688
https://www.ncbi.nlm.nih.gov/pubmed/33603767
https://doi.org/10.1002/jcp.27476
https://www.ncbi.nlm.nih.gov/pubmed/30362544
https://doi.org/10.1016/j.immuni.2015.01.004
https://doi.org/10.1007/978-1-4939-1862-1_10
https://doi.org/10.1093/bioinformatics/btt764
https://doi.org/10.1007/s12272-021-01336-4
https://doi.org/10.1128/ecosalplus.esp-0008-2018
https://doi.org/10.1080/15476286.2018.1493331
https://www.ncbi.nlm.nih.gov/pubmed/30103650
https://doi.org/10.1071/RD17068
https://www.ncbi.nlm.nih.gov/pubmed/28692815
https://doi.org/10.1038/s41598-019-45859-9
https://doi.org/10.1038/nbt.4219
https://doi.org/10.1111/xen.12524
https://doi.org/10.1038/mtna.2016.101
https://doi.org/10.1038/s41586-022-04470-1
https://www.ncbi.nlm.nih.gov/pubmed/35236982
https://doi.org/10.1016/j.cell.2017.01.013
https://www.ncbi.nlm.nih.gov/pubmed/28162770
https://doi.org/10.1038/s41467-020-20633-y
https://www.ncbi.nlm.nih.gov/pubmed/33483498
https://doi.org/10.13523/j.cb.2204015
https://doi.org/10.1093/nar/gkaa1251
https://doi.org/10.1038/nature17946
https://doi.org/10.1038/nature24644
https://doi.org/10.1016/j.cell.2021.09.018
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.19556/j.0258-7033.20190329-06

Agriculture 2024, 14, 487 14 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Li, C.; Brant, E.; Budak, H.; Zhang, B. CRISPR/Cas: A Nobel Prize award-winning precise genome editing technology for gene
therapy and crop improvement. J. Zhejiang Univ. Sci. B 2021, 22, 253-284. [CrossRef]

Ng, L.S.; Keskin, B.B.; Tan, S.I. A Critical Review of Genome Editing and Synthetic Biology Applications in Metabolic Engineering
of Microalgae and Cyanobacteria. Biotechnol. J. 2020, 15, 1900228. [CrossRef] [PubMed]

Pickar-Oliver, A.; Gersbach, C.A. The next generation of CRISPR—Cas technologies and applications. Nat. Rev. Mol. Cell Biol. 2019,
20, 490-507. [CrossRef] [PubMed]

Komor, A.C.; Badran, A.H.; Liu, D.R. CRISPR-Based Technologies for the Manipulation of Eukaryotic Genomes. Cell 2017, 168,
20-36. [CrossRef]

Guo, QJ; Han, Q.J.; Zhang, J. Off target effects and optimization strategies of CRISPR/Cas9 technology. Prog. Biochem. Biophys.
2018, 45, 798-807. (In Chinese) [CrossRef]

Casini, A.; Olivieri, M.; Petris, G.; Montagna, C.; Reginato, G.; Maule, G.; Lorenzin, F.; Prandi, D.; Romanel, A.; Demichelis, F;
et al. A highly specific SpCas9 variant is identified by in vivo screening in yeast. Nat. Biotechnol. 2018, 36, 265-271. [CrossRef]
[PubMed]

Lee, ].K,; Jeong, E.; Lee, ].; Jung, M.; Shin, E.; Kim, Y.-h.; Lee, K; Jung, I; Kim, D.; Kim, S; et al. Directed evolution of CRISPR-Cas9
to increase its specificity. Nat. Commun. 2018, 9, 3048. [CrossRef] [PubMed]

Hu, ].H,; Miller, S.M.; Geurts, M.H.; Tang, W.; Chen, L.; Sun, N.; Zeina, C.M.; Gao, X.; Rees, H.A_; Lin, Z.; et al. Evolved Cas9
variants with broad PAM compatibility and high DNA specificity. Nature 2018, 556, 57-63. [CrossRef]

Bin Moon, S.; Lee, ].M.; Kang, ].G.; Lee, N.-E.; Ha, D.-I.; Kim, D.Y.; Kim, S.H.; Yoo, K.; Kim, D.; Ko, J.-H.; et al. Highly efficient
genome editing by CRISPR-Cpf1 using CRISPR RNA with a uridinylate-rich 3’'-overhang. Nat. Commun. 2018, 9, 3651. [CrossRef]
Liu, J. Production Performance and Molecular Biology Evaluation of MSTN Gene Knockout Cashmere Goats. Master’s Thesis,
Northwest Agriculture & Forestry University, Xianyang, China, 2020. (In Chinese)

Fang, Y.J.; Zhang, X.A.; Wei, WK; Liu, C.P. The principle of CRISPR-Cas9 technology and new progress in its application research
in pigs. Mod. Anim. Husb. Vet. Med. 2021, 11, 92-96. (In Chinese)

Xiang, G.; Ren, J.; Hai, T,; Fu, R.; Yu, D.; Wang, J.; Li, W.; Wang, H.; Zhou, Q. Editing porcine IGF2 regulatory element improved
meat production in Chinese Bama pigs. Cell. Mol. Life Sci. 2018, 75, 4619-4628. [CrossRef]

Xu, J.; Yang, G.; Jiang, M.Q.; Ding, X.B.; Guo, YW.; Hu, D.B.; Li, X.; Guo, H.; Zhang, L.L. Research progress of CRISPR/Cas9
technology in livestock and poultry breeding. Chin. Anim. Husb. Vet. Med. 2022, 49, 1374-1383. (In Chinese) [CrossRef]

Jabbar, A.; Zulfiqar, F; Mahnoor, M.; Mushtaq, N.; Zaman, M.H.; Din, A.S.U.; Khan, M.A.; Ahmad, H.I. Advances and Perspectives
in the Application of CRISPR-Cas9 in Livestock. Mol. Biotechnol. 2021, 63, 757-767. [CrossRef] [PubMed]

Fang, M.X. Research progress on the replication and influencing factors of porcine reproductive and respiratory syndrome virus.
Chin. |. Prev. Vet. Med. 2021, 43, 679-685. (In Chinese)

Fan, Z.; Perisse, 1.V.; Cotton, C.U.; Regouski, M.; Meng, Q.; Domb, C.; Van Wettere, A.].; Wang, Z.; Harris, A.; White, KL.; etal. A
sheep model of cystic fibrosis generated by CRISPR/Cas9 disruption of the CFTR gene. JCI Insight 2018, 3, €123529. [CrossRef]
[PubMed]

Hiibner, A.; Petersen, B.; Keil, G.M.; Niemann, H.; Mettenleiter, T.C.; Fuchs, W. Efficient inhibition of African swine fever virus
replication by CRISPR/Cas9 targeting of the viral p30 gene (CP204L). Sci. Rep. 2018, 8, 1449. [CrossRef] [PubMed]

Xu, K.; Zhou, Y.; Mu, Y;; Liu, Z.; Hou, S.; Xiong, Y.; Fang, L.; Ge, C.; Wei, Y.; Zhang, X.; et al. CD163 and pAPN double-knockout
pigs are resistant to PRRSV and TGEV and exhibit decreased susceptibility to PDCoV while maintaining normal production
performance. eLife 2020, 9, e57132. [CrossRef] [PubMed]

Li, X.J.; He, YH.; Zhu, X.Y.; Zou, X.; Luo, C.L. Research progress on the application of CRISPR/Cas9 technology in pigs and
chickens. Chin. Anim. Husb. Vet. Med. 2022, 49, 4665-4673. (In Chinese) [CrossRef]

Tatiana, L.; Anna, K.; Grigory, P.; Yuri, S.; Olga, B. Development of optimal technological approaches for obtaining PGCs in
Pushkin breed chickens for further transformation by the CRISPR/Cas9 system. FASEB J. 2021, 35. [CrossRef]

Lee, J.; Kim, D.-H.; Lee, K. Current Approaches and Applications in Avian Genome Editing. Int. J. Mol. Sci. 2020, 21, 3937.
[CrossRef]

Ballantyne, M.; Woodcock, M.; Doddamani, D.; Hu, T.; Taylor, L.; Hawken, R.J.; McGrew, M.]. Direct allele introgression into pure
chicken breeds using Sire Dam Surrogate (SDS) mating. Nat. Commun. 2021, 12, 659. [CrossRef]

Lin, X,; Li, S.; Jin, Z.D.; Geng, T.Y.; Gong, D.Q.; Liu, L. Progress in functional research of DMRT1 and FOXL2 genes in animal sex
determination. Chin. Poult. 2021, 43, 98-105. (In Chinese) [CrossRef]

Ioannidis, J.; Taylor, G.; Zhao, D.; Liu, L.; Idoko-Akoh, A.; Gong, D.; Lovell-Badge, R.; Guioli, S.; McGrew, M.].; Clinton, M.
Primary sex determination in birds depends on DMRT1 dosage, but gonadal sex does not determine adult secondary sex
characteristics. Proc. Natl. Acad. Sci. USA 2021, 118, €2020909118. [CrossRef]

Zhang, Y.; Wang, Y.; Zuo, Q.; Li, D.; Zhang, W.; Wang, F; Ji, Y,; Jin, ].; Lu, Z.; Wang, M.; et al. CRISPR/Cas9 mediated chicken
Stra8 gene knockout and inhibition of male germ cell differentiation. PLoS ONE 2017, 12, e0172207. [CrossRef]

Chen, C.W.; Li, J.; Zhao, R.P; Li, Z.X. Research progress of CRISPR/Cas9 technology in chicken genetic breeding. Chin. Poult.
2023, 45, 96-103. (In Chinese) [CrossRef]

Xu, K;; Han, C.X.; Zhou, H.; Ding, ].M.; Xu, Z,; Yang, L.Y.; He, C.; Akinyemi, E; Zheng, YM.; Qin, C; et al. Effective MSTN Gene
Knockout by AdV-Delivered CRISPR/Cas9 in Postnatal Chick Leg Muscle. Int. J. Mol. Sci. 2020, 21, 2584. [CrossRef]


https://doi.org/10.1631/jzus.B2100009
https://doi.org/10.1002/biot.201900228
https://www.ncbi.nlm.nih.gov/pubmed/32080963
https://doi.org/10.1038/s41580-019-0131-5
https://www.ncbi.nlm.nih.gov/pubmed/31147612
https://doi.org/10.1016/j.cell.2016.10.044
https://doi.org/10.16476/j.pibb.2018.0013
https://doi.org/10.1038/nbt.4066
https://www.ncbi.nlm.nih.gov/pubmed/29431739
https://doi.org/10.1038/s41467-018-05477-x
https://www.ncbi.nlm.nih.gov/pubmed/30082838
https://doi.org/10.1038/nature26155
https://doi.org/10.1038/s41467-018-06129-w
https://doi.org/10.1007/s00018-018-2917-6
https://doi.org/10.16431/j.cnki.1671-7236.2022.04.019
https://doi.org/10.1007/s12033-021-00347-2
https://www.ncbi.nlm.nih.gov/pubmed/34041717
https://doi.org/10.1172/jci.insight.123529
https://www.ncbi.nlm.nih.gov/pubmed/30282831
https://doi.org/10.1038/s41598-018-19626-1
https://www.ncbi.nlm.nih.gov/pubmed/29362418
https://doi.org/10.7554/eLife.57132
https://www.ncbi.nlm.nih.gov/pubmed/32876563
https://doi.org/10.16431/j.cnki.1671-7236.2022.12.016
https://doi.org/10.1096/fasebj.2021.35.S1.05031
https://doi.org/10.3390/ijms21113937
https://doi.org/10.1038/s41467-020-20812-x
https://doi.org/10.16372/j.issn.1004-6364.2021.09.017
https://doi.org/10.1073/pnas.2020909118
https://doi.org/10.1371/journal.pone.0172207
https://doi.org/10.16372/j.issn.1004-6364.2023.06.014
https://doi.org/10.3390/ijms21072584

Agriculture 2024, 14, 487 15 0f 17

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Wang, ].P,; Lu, H.Z.; Zhang, T.; Wang, L. Research progress on the application of CRISPR/Cas9 technology in chicken anti viral
infection. Heilongjiang Anim. Sci. Vet. Med. 2022, 28-34+41. (In Chinese) [CrossRef]

Liu, Y,; Xu, Z.; Zhang, Y.;; Yu, M.; Wang, S.; Gao, Y.; Liu, C.; Zhang, Y.; Gao, L.; Qi, X.; et al. Marek’s disease virus as a CRISPR/Cas9
delivery system to defend against avian leukosis virus infection in chickens. Vet. Microbiol. 2020, 242, 108589. [CrossRef] [PubMed]
Koslova, A,; Trefil, P; Mucksova, J.; ReiniSova, M.; Plachy, J.; Kalina, J.; Ku¢erova, D.; Geryk, J.; Krchlikova, V.; Lejckova, B.; et al.
Precise CRISPR/Cas9 editing of the NHE1 gene renders chickens resistant to the ] subgroup of avian leukosis virus. Proc. Natl.
Acad. Sci. USA 2020, 117,2108-2112. [CrossRef] [PubMed]

Park, Y.H.; Woo, S.J.; Chungu, K.; Lee, S.B.; Shim, ].H.; Lee, H.].; Kim, L; Rengaraj, D.; Song, C.S.; Suh, ].Y.; et al. Asp149 and
Asp152 in chicken and human ANP32A play an essential role in the interaction with influenza viral polymerase. FASEB J. 2021,
35, €21630. [CrossRef] [PubMed]

Hellmich, R.; Sid, H.; Lengyel, K.; Flisikowski, K.; Schlickenrieder, A.; Bartsch, D.; Thoma, T.; Bertzbach, L.D.; Kaufer, B.B,;
Nair, V.; et al. Acquiring Resistance Against a Retroviral Infection via CRISPR/Cas9 Targeted Genome Editing in a Commercial
Chicken Line. Front. Genome Ed. 2020, 2, 3. [CrossRef] [PubMed]

Gao, Y.; Wu, H,; Wang, Y.; Liu, X.; Chen, L.; Li, Q.; Cui, C.; Liu, X.; Zhang, J.; Zhang, Y. Single Cas9 nickase induced generation of
NRAMP1 knockin cattle with reduced off-target effects. Genome Biol. 2017, 18, 13. [CrossRef]

Yuan, M.; Zhang, J.; Gao, Y.; Yuan, Z.; Zhu, Z.; Wei, Y.; Wu, T.; Han, J.; Zhang, Y. HME]-based safe-harbor genome editing enables
efficient generation of cattle with increased resistance to tuberculosis. J. Biol. Chem. 2021, 296, 100497. [CrossRef] [PubMed]
Szillat, K.P,; Koethe, S.; Wernike, K.; Hoper, D.; Beer, M. A CRISPR/Cas9 Generated Bovine CD46-knockout Cell Line-A Tool to
Elucidate the Adaptability of Bovine Viral Diarrhea Viruses (BVDV). Viruses 2020, 12, 859. [CrossRef]

Wang, T.; Gao, Y.P,; Han, J.; Zhang, ].C.; Li, X.H.; He, T.Y.; Cao, G.F. Research progress on the application of CRISPR/Cas9 gene
editing technology in livestock. Prog. Vet. Med. 2021, 42, 78-84. (In Chinese) [CrossRef]

Gu, M.J,; Gao, L.; Zhou, X.Y.; Wu, D.; Wei, Z.Y,; Li, G.P,; Bai, C.L. Fixed-point editing of POLLED sites in Mongolian cattle without
horns. J. Agric. Biotechnol. 2020, 28, 242-250. (In Chinese)

Simmet, K.; Zakhartchenko, V.; Philippou-Massier, J.; Blum, H.; Klymiuk, N.; Wolf, E. OCT4/POUb5F1 is required for NANOG
expression in bovine blastocysts. Proc. Natl. Acad. Sci. USA 2018, 115, 2770-2775. [CrossRef]

Daigneault, B.W.; Rajput, S.; Smith, G.W.; Ross, P.J. Embryonic POU5F1 is Required for Expanded Bovine Blastocyst Formation.
Sci. Rep. 2018, 8, 7753. [CrossRef]

Camargo, L.S.A.; Owen, ].R,; Van Eenennaam, A.L.; Ross, PJ. Efficient One-Step Knockout by Electroporation of Ribonucleopro-
teins Into Zona-Intact Bovine Embryos. Front. Genet. 2020, 11, 570069. [CrossRef] [PubMed]

Zhang, R.; Li, Y,; Jia, K;; Xu, X,; Li, Y;; Zhao, Y,; Zhang, X.; Zhang, ].; Liu, G.; Deng, S.; et al. Crosstalk between androgen and
Wnt/ 3-catenin leads to changes of wool density in FGF5-knockout sheep. Cell Death Dis. 2020, 11, 407. [CrossRef] [PubMed]
Hu, R;; Fan, Z.Y;; Wang, B.Y,; Deng, S.L.; Zhang, X.S.; Zhang, ].L.; Han, H.B.; Lian, Z.X. RAPID COMMUNICATION: Generation
of FGF5 knockout sheep via the CRISPR/Cas9 system12. . Anim. Sci. 2017, 95, 2019-2024. [CrossRef]

Wang, X.; Cai, B.; Zhou, J.; Zhu, H,; Niu, Y;; Ma, B.; Yu, H.; Lei, A.; Yan, H.; Shen, Q.; et al. Disruption of FGF5 in Cashmere Goats
Using CRISPR/Cas9 Results in More Secondary Hair Follicles and Longer Fibers. PLoS ONE 2016, 11, e0164640. [CrossRef]
Zhang, R.; Wu, H,; Lian, Z. Bioinformatics analysis of evolutionary characteristics and biochemical structure of FGF5 Gene in
sheep. Gene 2019, 702, 123-132. [CrossRef] [PubMed]

Li, G.; Zhou, S,; Li, C.; Cai, B.; Yu, H.; Ma, B.; Huang, Y.; Ding, Y,; Liu, Y,; Ding, Q.; et al. Base pair editing of goat embryos:
Nonsense codon introgression into FGF5 to improve cashmere yield. bioRxiv 2018. [CrossRef]

Hao, F; Yan, W,; Li, X.; Wang, H.; Wang, Y.; Hu, X; Liu, X,; Liang, H.; Liu, D. Generation of Cashmere Goats Carrying an EDAR
Gene Mutant Using CRISPR-Cas9-Mediated Genome Editing. Int. ]. Biol. Sci. 2018, 14, 427-436. [CrossRef] [PubMed]

Li, X.C. CRISPR/Cas9 Mediated T34 Gene Targeted Knocking in Cashmere Goats. Master’s Thesis, Inner Mongolia University,
Hohhot, China, 2017. (In Chinese)

Zhang, X.; Li, W,; Liu, C.; Peng, X,; Lin, J.; He, S.; Li, X;; Han, B.; Zhang, N.; Wu, Y,; et al. Alteration of sheep coat color pattern by
disruption of ASIP gene via CRISPR Cas9. Sci. Rep. 2017, 7, 8149. [CrossRef] [PubMed]

Wang, X.; Niu, Y.; Zhou, J.; Zhu, H.; Ma, B.; Yu, H.; Yan, H.; Hua, J.; Huang, X.; Qu, L.; et al. CRISPR/Cas9-mediated MSTN
disruption and heritable mutagenesis in goats causes increased body mass. Anim. Genet. 2018, 49, 43-51. [CrossRef] [PubMed]
Zhang, Y.; Wang, Y.; Yulin, B.; Tang, B.; Wang, M.; Zhang, C.; Zhang, W.; Jin, J.; Li, T.; Zhao, R.; et al. CRISPR/Cas9-mediated
sheep MSTN gene knockout and promote sSMSCs differentiation. J. Cell. Biochem. 2019, 120, 1794-1806. [CrossRef] [PubMed]
Zhang, J.; Cui, M.L.; Nie, YW,; Dai, B.; Li, ER,; Liu, D.J.; Liang, H.; Cang, M. CRISPR/Cas9-mediated specific integration of fat-1
at the goat MSTN locus. FEBS J. 2018, 285, 2828-2839. [CrossRef]

Wang, H.T; Li, T.T.; Huang, X.; Ma, R.L.; Liu, Q.Y. Application of genetic modification technologies in molecular design breeding
of sheep. Yi Chuan Hered. 2021, 43, 580-600. [CrossRef]

Alberio, R.; Wolf, E. 25th Anniversary of cloning by somatic-cell nuclear transfer: Nuclear transfer and the development of
genetically modified / gene edited livestock. Reproduction 2021, 162, F59-F68. [CrossRef]

He, Z.; Zhang, T.; Jiang, L.; Zhou, M.; Wu, D.; Mei, J.; Cheng, Y. Use of CRISPR/Cas9 technology efficiently targetted goat
myostatin through zygotes microinjection resulting in double-muscled phenotype in goats. Biosci. Rep. 2018, 38, BSR20180742.
[CrossRef]


https://doi.org/10.13881/j.cnki.hljxmsy.2021.05.0187
https://doi.org/10.1016/j.vetmic.2020.108589
https://www.ncbi.nlm.nih.gov/pubmed/32122593
https://doi.org/10.1073/pnas.1913827117
https://www.ncbi.nlm.nih.gov/pubmed/31964810
https://doi.org/10.1096/fj.202002006RR
https://www.ncbi.nlm.nih.gov/pubmed/33982347
https://doi.org/10.3389/fgeed.2020.00003
https://www.ncbi.nlm.nih.gov/pubmed/34713212
https://doi.org/10.1186/s13059-016-1144-4
https://doi.org/10.1016/j.jbc.2021.100497
https://www.ncbi.nlm.nih.gov/pubmed/33675752
https://doi.org/10.3390/v12080859
https://doi.org/10.16437/j.cnki.1007-5038.2021.11.015
https://doi.org/10.1073/pnas.1718833115
https://doi.org/10.1038/s41598-018-25964-x
https://doi.org/10.3389/fgene.2020.570069
https://www.ncbi.nlm.nih.gov/pubmed/33133156
https://doi.org/10.1038/s41419-020-2622-x
https://www.ncbi.nlm.nih.gov/pubmed/32472005
https://doi.org/10.2527/jas.2017.1503
https://doi.org/10.1371/journal.pone.0164640
https://doi.org/10.1016/j.gene.2019.03.040
https://www.ncbi.nlm.nih.gov/pubmed/30926307
https://doi.org/10.1101/348441
https://doi.org/10.7150/ijbs.23890
https://www.ncbi.nlm.nih.gov/pubmed/29725264
https://doi.org/10.1038/s41598-017-08636-0
https://www.ncbi.nlm.nih.gov/pubmed/28811591
https://doi.org/10.1111/age.12626
https://www.ncbi.nlm.nih.gov/pubmed/29446146
https://doi.org/10.1002/jcb.27474
https://www.ncbi.nlm.nih.gov/pubmed/30242885
https://doi.org/10.1111/febs.14520
https://doi.org/10.16288/j.yczz.21-087
https://doi.org/10.1530/rep-21-0078
https://doi.org/10.1042/BSR20180742

Agriculture 2024, 14, 487 16 of 17

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Niu, Y;; Jin, M.; Li, Y.; Li, P; Zhou, ].; Wang, X; Petersen, B.; Huang, X.; Kou, Q.; Chen, Y. Biallelic B-carotene oxygenase 2 knockout
results in yellow fat in sheep via CRISPR/Cas9. Anim. Genet. 2017, 48, 242-244. [CrossRef]

Wan, Y.; Guo, R;; Deng, M,; Liu, Z,; Pang, J.; Zhang, G.; Wang, Z.; Wang, F. Efficient generation of CLPG1-edited rabbits using the
CRISPR/Cas9 system. Reprod. Domest. Anim. 2019, 54, 538-544. [CrossRef] [PubMed]

Zhou, S.; Cai, B.; He, C.; Wang, Y.; Ding, Q.; Liu, J.; Liu, Y,; Ding, Y.; Zhao, X,; Li, G.; et al. Programmable Base Editing of the
Sheep Genome Revealed No Genome-Wide Off-Target Mutations. Front. Genet. 2019, 10, 215. [CrossRef] [PubMed]

Zhou, S.; Kalds, P; Luo, Q.; Sun, K.; Zhao, X.; Gao, Y.; Cai, B.; Huang, S.; Kou, Q.; Petersen, B.; et al. Optimized Cas9:sgRNA
delivery efficiently generates biallelic MSTN knockout sheep without affecting meat quality. BMC Genom. 2022, 23, 348. [CrossRef]
Wang, L.; Cai, B.; Zhou, S.; Zhu, H.; Qu, L.; Wang, X.; Chen, Y. RNA-seq reveals transcriptome changes in goats following
myostatin gene knockout. PLoS ONE 2017, 12, e0187966. [CrossRef] [PubMed]

Mei, J.Y. Targeted Knockout of MSTN Gene in Goats Using CRISPR/Cas9 Technology. Master’s Thesis, Yangzhou University,
Yangzhou, China, 2017. (In Chinese)

Zhou, S.; Yu, H.; Zhao, X,; Cai, B.; Ding, Q.; Huang, Y.; Li, Y.; Li, Y,; Niu, Y.; Lei, A ; et al. Generation of gene-edited sheep with
a defined Booroola fecundity gene (FecBB) mutation in bone morphogenetic protein receptor type 1B (BMPR1B) via clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) 9. Reprod. Fertil. Dev. 2018, 30, 1616. [CrossRef]
Zhang, X,; Li, W.; Wu, Y,; Peng, X.; Lou, B.; Wang, L.; Liu, M. Disruption of the sheep BMPR-IB gene by CRISPR/Cas9 in
in vitro-produced embryos. Theriogenology 2017, 91, 163-172.e2. [CrossRef]

Tian, X,; Lv, D.; Ma, T.; Deng, S.; Yang, M.; Song, Y.; Zhang, X.; Zhang, |.; Fu, J.; Lian, Z.; et al. AANAT transgenic sheep generated
via OPS vitrified-microinjected pronuclear embryos and reproduction efficiency of the transgenic offspring. Peer] 2018, 6, €5420.
[CrossRef]

Zhou, W.; Wan, Y.; Guo, R.; Deng, M.; Deng, K.; Wang, Z.; Zhang, Y.; Wang, F. Generation of beta-lactoglobulin knock-out goats
using CRISPR/Cas9. PLoS ONE 2017, 12, e0186056. [CrossRef]

Wei, J.; Wagner, S.; Maclean, P.; Brophy, B.; Cole, S.; Smolenski, G.; Carlson, D.E; Fahrenkrug, 5.C.; Wells, D.N.; Laible, G. Cattle
with a precise, zygote-mediated deletion safely eliminate the major milk allergen beta-lactoglobulin. Sci. Rep. 2018, 8, 7661.
[CrossRef]

Tian, H.; Luo, J.; Zhang, Z.; Wu, ].; Zhang, T.; Busato, S.; Huang, L.; Song, N.; Bionaz, M. CRISPR/Cas9-mediated Stearoyl-CoA
Desaturase 1 (SCD1) Deficiency Affects Fatty Acid Metabolism in Goat Mammary Epithelial Cells. J. Agric. Food Chem. 2018, 66,
10041-10052. [CrossRef]

Zhang, Y.; Wang, Y.; Wang, X.; Ji, Y.; Cheng, S.; Wang, M.; Zhang, C.; Yu, X.; Zhao, R.; Zhang, W.; et al. Acetyl-coenzyme A
acyltransferase 2 promote the differentiation of sheep precursor adipocytes into adipocytes. J. Cell. Biochem. 2019, 120, 8021-8031.
[CrossRef]

Ma, T; Tao, J.; Yang, M.; He, C.; Tian, X.; Zhang, X.; Zhang, J.; Deng, S.; Feng, ].; Zhang, Z.; et al. An AANAT/ASMT transgenic
animal model constructed with CRISPR/Cas9 system serving as the mammary gland bioreactor to produce melatonin-enriched
milk in sheep. J. Pineal Res. 2017, 63, €12406. [CrossRef] [PubMed]

Fan, Z.; Yang, M.; Regouski, M.; Polejaeva, I.A. Gene Knockouts in Goats Using CRISPR/Cas9 System and Somatic Cell Nuclear
Transfer. In Microinjection; Liu, C., Du, Y., Eds.; Springer: New York, NY, USA, 2019; Volume 1874, pp. 373-390.

Abstracts from the UC Davis Transgenic Animal Research Conference XI: August 13-17, 2017. Transgenic Res. 2018, 27, 467-487.
[CrossRef] [PubMed]

Menchaca, A.; Dos Santos-Neto, P.C.; Souza-Neves, M.; Cuadro, F.; Mulet, A.P,; Tesson, L.; Chenouard, V.; Guiffes, A.; Heslan,
J.M.; Gantier, M.; et al. Otoferlin gene editing in sheep via CRISPR-assisted ssODN-mediated Homology Directed Repair. Sci. Rep.
2020, 10, 5995. [CrossRef] [PubMed]

Li, X.; Hao, F.; Hu, X.; Wang, H.; Dai, B.; Wang, X.; Liang, H.; Cang, M.; Liu, D. Generation of T34 knock-in Cashmere goat using
CRISPR/Cas9. Int. |. Biol. Sci. 2019, 15, 1743-1754. [CrossRef] [PubMed]

Program and Abstracts of the 14th Transgenic Technology Meeting (TT2017): Snowbird Resort, Salt Lake City, Utah, USA,
1-4 October 2017. Transgenic Res. 2017, 26, 1-45. [CrossRef] [PubMed]

Williams, D.K,; Pinzén, C.; Huggins, S.; Pryor, ].H.; Falck, A.; Herman, F; Oldeschulte, ].; Chavez, M.B.; Foster, B.L.; White, S.H.;
et al. Genetic engineering a large animal model of human hypophosphatasia in sheep. Sci. Rep. 2018, 8, 16945. [CrossRef]
Vilarino, M.; Suchy, FP; Rashid, S.T.; Lindsay, H.; Reyes, J.; McNabb, B.R.; Van Der Meulen, T.; Huising, M.O.; Nakauchi, H.; Ross,
P]J. Mosaicism diminishes the value of pre-implantation embryo biopsies for detecting CRISPR/Cas9 induced mutations in sheep.
Transgenic Res. 2018, 27, 525-537. [CrossRef] [PubMed]

De Los Angeles, A.; Pho, N.; Redmond, D.E., Jr. Generating Human Organs via Interspecies Chimera Formation: Advances and
Barriers. Yale J. Biol. Med. 2018, 91, 333-342. [PubMed]

Daley, G.Q.; Hyun, L.; Apperley, J.F; Barker, R.A.; Benvenisty, N.; Bredenoord, A.L.; Breuer, C.K.; Caulfield, T.; Cedars, M.L;
Frey-Vasconcells, J.; et al. Setting Global Standards for Stem Cell Research and Clinical Translation: The 2016 ISSCR Guidelines.
Stem Cell Rep. 2016, 6, 787-797. [CrossRef] [PubMed]

Han, H.A; Pang, ].K.S,; Soh, B.-S. Mitigating off-target effects in CRISPR/Cas9-mediated in vivo gene editing. J. Mol. Med. 2020,
98, 615-632. [CrossRef]

Chen, S.; Yao, Y.; Zhang, Y.; Fan, G. CRISPR system: Discovery, development and off-target detection. Cell. Signal. 2020, 70, 109577 .
[CrossRef] [PubMed]


https://doi.org/10.1111/age.12515
https://doi.org/10.1111/rda.13394
https://www.ncbi.nlm.nih.gov/pubmed/30570178
https://doi.org/10.3389/fgene.2019.00215
https://www.ncbi.nlm.nih.gov/pubmed/30930940
https://doi.org/10.1186/s12864-022-08594-6
https://doi.org/10.1371/journal.pone.0187966
https://www.ncbi.nlm.nih.gov/pubmed/29228005
https://doi.org/10.1071/RD18086
https://doi.org/10.1016/j.theriogenology.2016.10.025
https://doi.org/10.7717/peerj.5420
https://doi.org/10.1371/journal.pone.0186056
https://doi.org/10.1038/s41598-018-25654-8
https://doi.org/10.1021/acs.jafc.8b03545
https://doi.org/10.1002/jcb.28080
https://doi.org/10.1111/jpi.12406
https://www.ncbi.nlm.nih.gov/pubmed/28273380
https://doi.org/10.1007/s11248-018-0086-x
https://www.ncbi.nlm.nih.gov/pubmed/30128618
https://doi.org/10.1038/s41598-020-62879-y
https://www.ncbi.nlm.nih.gov/pubmed/32265471
https://doi.org/10.7150/ijbs.34820
https://www.ncbi.nlm.nih.gov/pubmed/31360116
https://doi.org/10.1007/s11248-017-0033-2
https://www.ncbi.nlm.nih.gov/pubmed/28864935
https://doi.org/10.1038/s41598-018-35079-y
https://doi.org/10.1007/s11248-018-0094-x
https://www.ncbi.nlm.nih.gov/pubmed/30284144
https://www.ncbi.nlm.nih.gov/pubmed/30258320
https://doi.org/10.1016/j.stemcr.2016.05.001
https://www.ncbi.nlm.nih.gov/pubmed/27185282
https://doi.org/10.1007/s00109-020-01893-z
https://doi.org/10.1016/j.cellsig.2020.109577
https://www.ncbi.nlm.nih.gov/pubmed/32097710

Agriculture 2024, 14, 487 17 of 17

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Yip, B. Recent Advances in CRISPR/Cas9 Delivery Strategies. Biomolecules 2020, 10, 839. [CrossRef]

Wienert, B.; Wyman, S.K,; Richardson, C.D.; Yeh, C.D.; Akcakaya, P,; Porritt, M.].; Morlock, M.; Vu, ].T.; Kazane, K.R.; Watry, H.L;
et al. Unbiased detection of CRISPR off-targets in vivo using DISCOVER-Seq. Science 2019, 364, 286-289. [CrossRef]

Donohoue, P.D.; Pacesa, M.; Lau, E.; Vidal, B.; Irby, M.].; Nyer, D.B.; Rotstein, T.; Banh, L.; Toh, M.S.; Gibson, ].; et al. Conforma-
tional control of Cas9 by CRISPR hybrid RNA-DNA guides mitigates off-target activity in T cells. Mol. Cell 2021, 81, 3637-3649.e5.
[CrossRef]

Ali, A.; Aslam, S.; Tabasum, S.; Aslam, R. Overview of Delivery of CRISPR/Cas Systems, Its Types and Role in Genome Editing
and Immunotherapy. J. RNA Genom. 2021, 17, 665-672.

Mout, R.; Ray, M.; Lee, Y.-W.; Scaletti, F; Rotello, V.M. In Vivo Delivery of CRISPR/Cas9 for Therapeutic Gene Editing: Progress
and Challenges. Bioconjug. Chem. 2017, 28, 880-884. [CrossRef]

Perez, AR; Sala, L.; Perez, RK.; Vidigal, J.A. CSC software corrects off-target mediated gRNA depletion in CRISPR-Cas9
essentiality screens. Nat. Commun. 2021, 12, 6461. [CrossRef]

Li, G.L.; Yang, S.X.; Wu, Z.F,; Zhang, X.W. Research progress on improving the precision insertion efficiency of animal genomes
mediated by CRISPR/Cas9. Heredity 2020, 42, 641-656. (In Chinese) [CrossRef]

Schaefer, K.A.; Wu, W.-H.; Colgan, D.F,; Tsang, S.H.; Bassuk, A.G.; Mahajan, V.B. Unexpected mutations after CRISPR—Cas9
editing in vivo. Nat. Methods 2017, 14, 547-548. [CrossRef]

Guo, C.; Ma, X.; Gao, E; Guo, Y. Off-target effects in CRISPR/Cas9 gene editing. Front. Bioeng. Biotechnol. 2023, 11, 1143157.
[CrossRef] [PubMed]

Rasul, M.E,; Hussen, B.M.; Salihi, A.; Ismael, B.S.; Jalal, PJ.; Zanichelli, A.; Jamali, E.; Baniahmad, A.; Ghafouri-Fard, S.; Basiri, A.;
et al. Strategies to overcome the main challenges of the use of CRISPR/Cas9 as a replacement for cancer therapy. Mol. Cancer
2022, 21, 64. [CrossRef]

Huang, Z.; Liu, G. Current advancement in the application of prime editing. Front. Bioeng. Biotechnol. 2023, 11, 1039315. [CrossRef]
[PubMed]

Lee, J.; Lim, K.; Kim, A.; Mok, Y.G.; Chung, E.; Cho, S.I; Lee, ] M.; Kim, ].S. Prime editing with genuine Cas9 nickases minimizes
unwanted indels. Nat. Commun. 2023, 14, 1786. [CrossRef]

Sun, W.; Zhao, X.; Wang, J.; Yang, X.; Cheng, Z.; Liu, S.; Wang, J.; Sheng, G.; Wang, Y. Anti-CRISPR AcrIIC5 is a dsSDNA mimic
that inhibits type II-C Cas9 effectors by blocking PAM recognition. Nucleic Acids Res. 2023, 51, 1984-1995. [CrossRef] [PubMed]
Huang, X,; Yang, D.; Zhang, J.; Xu, ].; Chen, Y.E. Recent Advances in Improving Gene-Editing Specificity through CRISPR-Cas9
Nuclease Engineering. Cells 2022, 11, 2186. [CrossRef]

Wang, S.; Qu, Z.; Huang, Q.; Zhang, J.; Lin, S.; Yang, Y.; Meng, F; Li, ].; Zhang, K. Application of Gene Editing Technology in
Resistance Breeding of Livestock. Life 2022, 12, 1070. [CrossRef]

Raza, S.H.A.; Hassanin, A.A.; Pant, S.D.; Bing, S.; Sitohy, M.Z.; Abdelnour, S.A.; Alotaibi, M.A.; Al-Hazani, T.M.; Abd El-Aziz,
A.H.; Cheng, G; et al. Potentials, prospects and applications of genome editing technologies in livestock production. Saudi J. Biol.
Sci. 2022, 29, 1928-1935. [CrossRef] [PubMed]

Xu, M.N,; Zhu, Y.Z; Lin, S.Y,; Chen, Y.S.; He, Z.Y. Research progress of CRISPR/Cas9 gene editing technology in pig breeding.
J. Guangdong Agric. Sci. 2022, 49, 87-96. (In Chinese) [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/biom10060839
https://doi.org/10.1126/science.aav9023
https://doi.org/10.1016/j.molcel.2021.07.035
https://doi.org/10.1021/acs.bioconjchem.7b00057
https://doi.org/10.1038/s41467-021-26722-w
https://doi.org/10.16288/j.yczz.20-056
https://doi.org/10.1038/nmeth.4293
https://doi.org/10.3389/fbioe.2023.1143157
https://www.ncbi.nlm.nih.gov/pubmed/36970624
https://doi.org/10.1186/s12943-021-01487-4
https://doi.org/10.3389/fbioe.2023.1039315
https://www.ncbi.nlm.nih.gov/pubmed/36873365
https://doi.org/10.1038/s41467-023-37507-8
https://doi.org/10.1093/nar/gkad052
https://www.ncbi.nlm.nih.gov/pubmed/36744495
https://doi.org/10.3390/cells11142186
https://doi.org/10.3390/life12071070
https://doi.org/10.1016/j.sjbs.2021.11.037
https://www.ncbi.nlm.nih.gov/pubmed/35531207
https://doi.org/10.16768/j.issn.1004-874X.2022.08.011

	Introduction 
	CRISPR–Cas9 Gene-Editing Technology 
	Overview and Principles of CRISPR–Cas9 
	Comparison between CRISPR–Cas9 and Other Gene-Editing Techniques 

	Application of the CRISPR–Cas9 System in Livestock and Poultry 
	Application of CRISPR–Cas9 Technology in Pig Genetic Breeding 
	Application of CRISPR–Cas9 Technology in Chicken Genetic Breeding 
	Application of CRISPR–Cas9 Technology in Cattle Genetic Breeding 

	Application of CRISPR–Cas9 Technology in Goat and Sheep Genetic Breeding 
	Promotion of Hair Follicle Growth and Development 
	Improvement of Muscle Growth and Development 
	Improvement of Reproductive Capacity 
	Improvement of Milk Composition 
	Establishment of Animal Disease Resistance Breeding and Human Disease Models 
	Current Problems with Gene Editing Sheep 

	Conclusions and Prospect 
	References

