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The farming of livestock has a critical role to play in global nutritional security and

poverty alleviation. To meet these goals through more efficient, environmentally

sustainable and animal welfare focused means, gene editing technologies could

be integrated into current breeding programs. A common issue with gene editing

in livestock zygotes is the high incidence of genetic mosaicism. Genetic

mosaicism, characterised by a single individual carrying distinct genotypes in

different cell lineages, can lead to inconsistent presentation of a desired trait

phenotypically, or the absence of the intended genotype in the animal’s

germline. This review explores the present status of genetic mosaicism

associated with CRISPR-Cas9 gene editing in cattle, sheep, and pigs, and

identifies four areas for refinement; (1) the type of CRISPR-Cas9 genome

editor used; (2) the CRISPR-Cas9 formats and timing of gene editing during

embryonic development; (3) the method used to deliver the genome editor and

(4) the genetic screening strategies applied. We also discuss alternatives to direct

zygote gene editing, including surrogate sire technology and blastomere

separation, which circumvent the production of mosaic offspring. By exploring

these avenues for reducing mosaicism, gene editing protocols in livestock could

become more efficient and effective, which will ultimately pave the way for traits

to be introduced that improve animal welfare standards and help address gaps in

the security of global nutrition access.
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1 Mosaicism in gene edited livestock

Since early agriculturalists first domesticated livestock from wild species, the genetic

composition of these animals has been altered through the selection of specific animals with

desirable traits for breeding (Wiener andWilkinson, 2011; Frantz et al., 2020). Gene editing

has the potential to be a molecular tool in modern breeding systems for introducing

desirable traits or removing deleterious traits from livestock, through the precise alteration

of an animal’s genome (Bishop and Van Eenennaam, 2020). However, the relatively high

frequency of mosaicism observed in gene edited founders has limited the efficient
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fanim.2024.1368155/full
https://www.frontiersin.org/articles/10.3389/fanim.2024.1368155/full
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fanim.2024.1368155&domain=pdf&date_stamp=2024-06-03
mailto:gus.mcfarlane@dpi.nsw.gov.au
https://doi.org/10.3389/fanim.2024.1368155
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/animal-science#editorial-board
https://www.frontiersin.org/journals/animal-science#editorial-board
https://doi.org/10.3389/fanim.2024.1368155
https://www.frontiersin.org/journals/animal-science


Salvesen et al. 10.3389/fanim.2024.1368155
application of the technology (Hennig et al., 2020; Lee et al., 2020;

Lin and Van Eenennaam, 2021). This review focuses on CRISPR-

Cas9 from Streptococcus pyogenes (Box 1), the most commonly used

CRISPR genome editor in livestock, and its association with

mosaicism when generating gene edited livestock. To fully realise

the benefits of gene editing in livestock, it is vital that breeders have

access to gene editing technologies that result in low frequencies of

mosaic offspring and can be practically integrated into on-farm

livestock embryo transfer programs.

Mosaicism is defined by the presence of two or more cell

lineages carrying different genotypes in an individual. It can arise

naturally during the early stages of embryonic development through

errors introduced during DNA replication (Biesecker and Spinner,

2013). The prevalence of mosaicism at CRISPR-Cas9 target alleles

can be increased through the introduction of genome editors to an

embryo (Hennig et al., 2020). If editing of DNA takes place after the

initial embryonic division following fertilisation, variable editing

across cells of the multicellular embryo leads to the production of

genetically mosaic offspring, as depicted in Figure 1A. The potential

for founding animals to have heterozygous germlines for the desired

edits, or not carry the genetic alteration in their germline at all is

problematic in livestock breeding due to their relatively long

generation intervals (Lin and Van Eenennaam, 2021). Mosaicism

is therefore a key technical impediment to the efficient and

widespread application of gene editing in zygotes to improve

livestock genetics.

For mosaicism to not be present in progeny, gene editing must

either occur during the single-cell zygote stage, when a single

genome is present, or symmetrically throughout a multicellular
Frontiers in Animal Science 02
embryo. Currently, when performing direct zygotic gene editing in

livestock using conventional CRISPR-Cas9 reagents, mosaicism is

the expected outcome rather than the exception (Crispo et al., 2015;

Wang et al., 2015; Petersen et al., 2016; Tao et al., 2016; Vilarino

et al., 2017; Zhang et al., 2017; Daigneault et al., 2018; Lamas-

Toranzo et al., 2019; Namula et al., 2019). An alternative to

performing genome editing in zygotes that does not generate

mosaic progeny involves somatic cell nuclear transfer (SCNT),

also known as cloning. With SCNT, cultured cells are edited and

screened in vitro. The nucleus of a correctly gene edited cell is then

transferred into an enucleated oocyte (Bondioli, 2018). Since the

resulting animal develops from a single genome, the offspring will

not be mosaic. However, SCNT is technically demanding, costly,

and relatively inefficient, making it impractical for widespread

commercial application as a breeding technology in livestock

(Vajta, 2007; Walton, 2018). In contrast, the simplicity of direct

zygotic gene editing procedures, using microinjection,

electroporation or viral and non-viral strategies, makes the

prospect of these methods being integrated into current livestock

breeding systems more appealing.

This review examines four key areas regarding mosaicism

in gene edited livestock: (1) the type of CRISPR-Cas9 genome

editor used; (2) the delivered CRISPR-Cas9 format and timing

of gene editing during embryonic development; (3) the

method used to deliver the genome editor; and (4) the

genetic screening strategies applied (Figures 1B-E). Finally,

we will consider alternative breeding technologies that could

contribute to reducing the presence of mosaicism in gene

edited livestock.
BOX 1 CRISPR-Cas9 from Streptococcus pyogenes.

CRISPR-Cas9 is a genome editing tool developed by repurposing a bacterial antiviral defence system. It consists of two components: a CRISPR-associated protein 9 (Cas9)
enzyme with endonuclease activity via HNH and RuvC domains, and a guide RNA (gRNA) that guides Cas9 to the target site in the genome through Watson-Crick base
pairing with the target sequence. The gRNA is made up of a user-defined CRISPR RNA (crRNA) that base pairs with the target sequence and a trans-activating crRNA
(tracrRNA) that facilitates interaction between the Cas9 enzyme and crRNA (Doudna & Charpentier, 2014; Wang et al., 2016). Optimization of the CRISPR-Cas9 system
has led to the development of variants such as the single guide RNA (sgRNA) system, which combines the crRNA and tracrRNA into a single RNAmolecule, nickase Cas9
(nCas9), which has single-strand DNA nicking capacity, and catalytically dead Cas9 (dCas9), which does not cut DNA but can be fused to other enzymes to deliver them to
target DNA sequences of interest (Qi et al., 2013; Shen et al., 2014; Doench et al., 2016). Adapted from CRISPR/Cas9, by BioRender.com.
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2 CRISPR-Cas9 genome editors
and enhancers

Since the adaptation of CRISPR-Cas9 into a genome editing

tool in 2012, the system has been modified to expand its capabilities

beyond its native function of generating double-strand DNA breaks

(DSBs) (Haifeng Wang et al., 2016). The three genome-editing Cas9

variants with predominant use presently are: (1) conventional Cas9

(Cas9) when used for cut and repair editing, (2) catalytically

inactive, dead Cas9 (dCas9), fused with secondary proteins to

confer specific enzymatic activity at the target site, and (3)

nickase Cas9 (nCas9), which introduce single-strand breaks and

are utilised in prime editing and base editing (Figure 1B) (Qi et al.,

2013; Shen et al., 2014; Doench et al., 2016).

Conventional Cas9 gene editing exploits host DNA repair

pathways to introduce changes in the nucleotide sequence. This

can be an insertion or deletion (indel) of non-specific nucleotides at

the DSB site through the non-homologous end-joining (NHEJ)

pathway, or precise alterations through either the microhomology-

mediated end-joining (MMEJ) pathway or through homology-

directed repair (HDR) when a nucleotide template is provided

with homologous arms around the DSB site (Liu et al., 2019;

Sansbury et al., 2019). The preferential instigation of host DNA

repair pathways is dynamic across developmental stages and cell

lineages, although generally, HDR occurs at a lower efficiency than

NHEJ in mammalian embryos (Miyaoka et al., 2016; Yang et al.,

2020; Meyenberg et al., 2021; Zhang et al., 2022). Once an NHEJ

event has occurred that disrupts the gRNA recognition sequence

through the introduction of an indel, the potential for the editing by
Frontiers in Animal Science 03
Cas9-mediated HDR is lost (Paquet et al., 2016). Therefore,

methods to improve the efficiency of HDR repair and reduce the

prevalence of NHEJ could decrease the frequency of

mosaic progeny.

However, it should be noted that reductions in NHEJ will not

intrinsically decrease mosaicism rates unless alternative precise

repair pathways, such as HDR, are successful in the zygote. If

NHEJ is inhibited but alternative precise editing pathways aren’t

initiated until later stages of development, where CRISPR-Cas9

reagents are unevenly distributed, asymmetrically active or have

different rates of editing success across the cells of a multicellular

embryo, there may be no beneficial decrease in mosaicism.
2.1 Small molecule enhancers

Understanding the recruitment of native proteins that instigate

particular DNA repair pathways and how they interact through the

progression of the cell cycle has led to the identification of

molecular regulators for promoting HDR or reducing NHEJ. The

potential use of small molecules to enhance HDR in zygotes and

reduce the occurrence of mosaicism in gene edited animals is an

area of active research (Yang et al., 2020). For example, introducing

key molecules such as RS-1, which stimulates Rad51—a protein

essential for HDR—has been shown to increase Cas9-mediated

HDR efficiency, resulting in an 8.5-fold increase in rabbit embryos

and a 1.6-fold increase in zebrafish embryos (Song et al., 2016;

Zhang et al., 2018). Alternatively, inhibiting gene expression of

proteins associated with NHEJ, such as KU70 or KU80 with small
A B

D E
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FIGURE 1

Factors influencing the frequency of mosaicism resulting from CRISPR-Cas9 gene editing in livestock zygotes. (A) Mosaicism arises when CRISPR-
Cas9 introduces edits asymmetrically in a multicellular embryo, resulting in multiple genotypes. A single genotype occurs when editing takes place at
the single-cell stage or symmetrically at a multicellular stage. Four key factors that can impact the frequency of mosaicism are: (B) the type of
CRISPR-Cas9 reagents used; (C) the CRISPR-Cas9 format used and timing of gene editing activity during embryonic development; (D) the delivery
method of the genome editor; and (E) the genetic screening strategies applied. dsDNA, double-stranded DNA; mRNA, messenger RNA; RNP, Cas9
ribonucleoprotein; NGS, next generation sequencing. Created with BioRender.com.
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interfering RNA (siRNA), has been found to increase the

probability of the desired HDR genome edit occurring by 1.6- to

3-fold in pig foetal fibroblasts (Li et al., 2018). The use of small

molecule cell cycle regulators, such as nocodazole and ABT, to

extend the time cells spend in cell cycle phases in which HDR is

most active (S and G2 phases) has been demonstrated to bias host

DNA repair pathways and achieved 3.4 and 6.8-fold increase in

HDR in human pluripotent stem cells, respectively (Yang et al.,

2016). The application of these molecules when gene editing

livestock zygotes could improve HDR efficiency, and thereby

reduce the frequency of mosaicism by minimising the incident

rate of indel introduction.
2.2 Cas9 fused to geminin

Engineered variants of Cas nucleases have also been developed

which assist in further reducing mosaicism through cell cycle

manipulation. These modified variants restrict endonuclease

activity of Cas9 to specific phases of the cell cycle. One such

example is a fusion of Cas9 to the N-terminal region of human

geminin (hGeminin), which resulted in a cell-cycle-tailored activity

with low levels in G1 but high expression in S/G2/M. The presence

of hGeminin targets this fusion for ubiquitin-mediated degradation

in the M and G1 phases of the cell cycle (Richardson et al., 2023).

The enhanced activity of Cas9-hGeminin in cell cycle phases

characterised by elevated rates of HDR has been demonstrated to

augment the HDR rate by as much as 87% in HEK cells (Gutschner

et al., 2016). The use of Cas9-hGeminin to reduce the incidence of

mosaicism warrants testing in livestock zygotes.
2.3 Cas9 tethering of DNA repair template

Alternative Cas9 fusion proteins, such as PCV-Cas9 and Cas9-

mSA, can covalently tether to a oligonucleotide repair template,

thereby increasing HDR efficiency through proximity.

Enhancements of HDR efficiency, compared to conventional Cas9

with a non-tethered oligonucleotide template, were demonstrated

by Aird et al. (2018), who achieved up to a 30-fold increase in HDR

efficiency using PCV-Cas9 in HEK cells, and Gu et al. (2020)

achieved up to a 95% increase when editing two-cell mouse

embryos with a Cas9-mSA based approach. These increases are

attributed to the spatial and temporal co-localisation of the DSB and

the oligonucleotide template. Although the efficacy of this method

in livestock zygotes is yet to be determined, the notable

improvements in HDR efficiency indicates its potential as a

promising avenue for further research.
2.4 Prime editing

Another engineered Cas9 variant which could enhance the

precision of gene editing in livestock while reducing the rate of

unintended alterations is prime editing (PE). In the PE system, one

of the endonuclease domains of Cas9 is catalytically inactivated,
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resulting in a Cas9 with only single-strand nicking capability

(nCas9). In the PE system, nCas9 is fused with an engineered

reverse transcriptase enzyme and complexed with a prime-editing

guide RNA (pegRNA). The pegRNA is a ssRNA encoding the guide

RNA, a repair template, and a primer sequence to promote

initiation of reverse transcriptase activity. PE can mediate

insertions, deletions, and base-to-base conversions. It offers

advantages over conventional Cas9 based HDR strategies for

specific alterations because the single-strand nicking approach

prevents the initiation of the NHEJ pathway, reducing the

potential for unwanted indels (Anzalone et al., 2019; Scholefield

and Harrison, 2021).

In a study by Gao et al. (2021) aimed at producing gene edited

mice, separate cohorts of mouse zygotes were microinjected with

either PE or Cas9/HDR reagents. Targeted sequencing analysis of

genomic DNA from the mice was performed to assess the accuracy

of on-target editing. The results showed an average of 56% correct

on-target editing in the HDR founder mice, in contrast to 21% in PE

founder mice. However, all HDR founders had undesired indels,

whereas none of the PE founders had any indels. In vitro data using

porcine embryonic fibroblasts from Qi et al. (2023) identified that

using standard PE protocols has limited efficiency in pigs. To

improve efficiency in the agriculturally important species of pigs,

they optimised the reverse transcriptase process to improve PE

efficiency up to 29-fold (4-fold average across 12 target gene edits)

which offers promise of further optimisation in efficiency for the

accurate PE system. The lack of DSB and the unique ‘copy-and-

paste’ mechanism of PE suggest it has potential in reducing

mosaicism when generating gene edited livestock zygotes.
2.5 Base editing

Similar to PE, another Cas9-based gene editing strategy that

circumvents DSBs while enabling single base changes is base editing

(BE). The first-generation BE, termed BE1, utilises dCas9

complexed with a deaminase enzyme (Komor et al., 2016). This

ensemble mediates the transformation of C-G to T-A editing

through an intermediary U-G base pair, that is subsequently read

as T-A during DNA replication. The most commonly used cytosine

base editors (CBE), BE3 and BE4, consist of a Cas9 nickase fused to

APOBEC1, a cytidine deaminase, and one or two uracil glycosylase

inhibitors (UGI). Directed by a gRNA, nCas9 exposes the target

DNA strand through homologous pairing, allowing APOBEC1 to

deaminate cytosine specifically within the window of base pair

interaction. UGI inhibits repair of the resulting mismatch, and a

subsequent nick in the target strand leads to the incorporation of

adenine opposite the uracil, culminating in a T-A pairing post-

replication (Rees and Liu, 2018; Caso and Davies, 2022).

Addressing the limitations of CBEs in correcting A-to-G or T-

to-C mutations, led to the development of adenine base editors

(ABEs). These editors, evolved from an Escherichia coli tRNA

adenosine deaminase (TadA), include a mutated TadA variant for

enhanced efficiency, paired with a natural TadA for structural

support, and a Cas9 nickase. Like the CBE systems, the ABE

systems function by exposing the non-target DNA strand through
frontiersin.org
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homologous pairing for the mutated TadA-mediated adenine

deamination to occur at base pairs within a defined window. This

editing results in an inosine-cytosine pairing, which is converted to

a C-G pair during DNA replication (Gaudelli et al., 2017; Caso and

Davies, 2022).

Luo et al. (2022) used a BE3 to knockout the SOX2 gene in

bovine embryos. Genotyping showed that a premature stop codon

was successfully introduced in SOX2 in 87.1% (101 out of 116)

bovine blastocysts and only 9 (out of 116) embryos display

mosaicism. In contrast, Zhou et al. (2020) used a ABE to

introduce a point mutation in the sheep BMPR1B by

microinjection in sheep zygotes. Six out of 8 lambs born were

heterozygous carriers for the desired substitution in the BMPR1B

gene, but all edited lambs were mosaic. For single base changes and

gene knockouts, base editors, particular CBEs, warrant further

investigation in livestock embryos as a potential tool to decrease

the rates of mosaicism.

A further strength of base editors in relation to zygotic gene

editing is that that they are not reliant on being active during a cycle

cell phase in which the HDR repair pathway is active, and therefore

activity can occur directly after fertilisation. The strategic avoidance

of DSBs across these engineered gene editing platforms

demonstrates the desire to avoid the NHEJ pathway from being

activated. Due to its inability to direct specific base pair

modifications, NHEJ is a key contributor to the production of

mosaic offspring from genome edited zygotes, and progress in

avoiding mosaicism in gene edited livestock will likely emerge

from these strategies.
3 Timing of gene editing activity and
formats of CRISPR-Cas9

The timing of gene editing in embryos is crucial for reducing the

frequency of mosaicism. The level of mosaicism can be affected by

two aspects of gene editing timing: the developmental stage at which

gene editing reagents are introduced, and the timing of CRISPR

activity as influenced by reagent format and accessibility to the

genome target. Considering when the CRISPR reagents are

introduced, with each embryonic cell division, the number of

alleles to edit doubles, meaning the potential for distinct edits to

occur in different cells of blastomeres increases. Non-mosaic

genotypes can therefore be achieved with the least likelihood of

multiple allelic variants arising when gene editing occurs in a single

cell zygote, prior to DNA replication, with only two target

alleles present.

One study reported that electroporation of Cas9 protein and

sgRNA into mouse pre-mitotic zygotes (5 hours (h) post

fertilisation) using both NHEJ (n=10) and HDR (n=4; with DNA

repair template) strategies, no mosaicism for gene edited alleles was

detected. In mice, genome replication begins 5.5 h post fertilisation,

which suggests that introduction of genome editing reagents before

then reduces the incidence of mosaicism (Hashimoto et al., 2016);

(Yamauchi et al., 2009). In pigs, sheep, and cattle zygotes, the first

round of DNA replication occurs 12-15, 10-12, and 18 h after

fertilisation, respectively (Lin and Van Eenennaam, 2021). This
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provides a greater window for the delivery of genome editing

components in single cell livestock zygotes compared to mice. It

must be acknowledged that while early introduction of gene-editing

reagents into a zygote is likely to assist in reducing mosaicism,

nuclear import, catalytic activation and genome accessibility are

further factors that will influence genome editing success.

Refining in vitro fertilisation (IVF) protocols in mammalian

livestock species to allow for CRISPR-Cas9 introduction into

zygotes can provide opportunities to reduce gene editing

associated mosaicism. Conventional cattle and sheep IVF

protocols typically incubate oocytes with sperm overnight (Ferré

et al., 2020), even though most of the oocytes are penetrated by

sperm within 6 h (Ward et al., 2002; Berland et al., 2011; Anzalone

et al., 2021). Therefore, introducing the CRISPR-Cas9 components

after the usual IVF incubation period could result in gene editing

occurring around the time of DNA replication during the cell cycle

S-phase of the zygote (Coticchio et al., 2023). Lamas-Toranzo et al.

(2019) found that in cattle, reducing the gamete co-incubation time

from 20 to 10 h did not affect blastocyst development rates and

reduced Cas9-mediated mosaicism in progeny from 70% in the 20 h

control group to 10-30% in the 10 h group.

An alternative to gene editing at the zygotic stage involves the

delivery of CRISPR-Cas9 prior to fertilisation. Introducing

CRISPR-Cas9 ribonucleoprotein (RNP) complexes into mature

second metaphase (MII) bovine oocytes can significantly decrease

mosaicism rates. Specifically, Lamas-Toranzo et al. (2019) observed

a reduction in mosaicism from 100% in embryos where Cas9 RNP

was microinjected 20 h after gamete co-incubation, to 30% in those

injected at the MII oocyte stage. However, the advantages of oocyte

delivery were less marked in sheep. Marcela Vilarino et al. (2017)

reported that while microinjecting MII sheep oocytes or zygotes

with Cas9 mRNA resulted in similar mutation rates (~59%), there

was no significant difference in mosaicism rates between groups

(37.5% (3/8) versus 66.7% (4/6) for MII-injected and zygote-

injected, respectively). This less pronounced difference might be

attributable to the use of Cas9 mRNA in the sheep study, which

exhibits extended activity compared to the Cas9 RNP which was

used the bovine study.

In experimental trials in human embryos, Ma et al. (2017)

demonstrated that microinjecting CRISPR-Cas9 RNP into M-phase

oocytes eliminated mosaicism. Furthermore, they observed no

reduction in HDR editing efficiency, even when CRISPR-Cas9

was introduced into MII oocytes at the time of intracytoplasmic

sperm injection (ICSI). However, as noted by Lin and Van

Eenennaam (2021) in their review, the early timing of CRISPR-

Cas9 delivery into oocytes can reduce fertilisation rates, particularly

when oocytes are co-incubated with cumulus cells and spermatozoa

for a reduced duration (Ward et al., 2002). Collectively, these

findings suggest that the introduction of CRISPR-Cas9 RNP into

oocytes may offer a viable alternative to zygotic gene editing,

potentially lowering mosaicism rates. These examples of

delivering CRISPR-Cas9 both before and after fertilisation

demonstrate the impact that developmental timing of gene editor

delivery has on mosaicism rates. Optimisation of IVF protocols for

the reduction of mosaicism will be a critical element for tackling

mosaicism in gene edited livestock.
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In addition to the timing of CRISPR-Cas9 reagent introduction,

it is also important when the reagents are enzymatically active and

the subsequent persistence of their activity. Ideally, CRISPR-Cas9

reagents will have immediate activity in the zygote, successfully edit

the target alleles in the desired manner, and then be rapidly

degraded or inactivated (Wang et al., 2020).The molecular format

of Cas9 and gRNA is a determinant of when genome editing activity

is initiated. CRISPR-Cas9 reagents are most commonly delivered as

double-stranded DNA, mRNA, or as a pre-complexed RNP

(Menchaca et al., 2020).

The flow of molecular information from DNA to RNA to

protein is a key consideration in the timing of Cas9’s activity and

persistence. DNA based vectors require transcription and

translation, complexing of Cas9 with the sgRNA and transport

into the nucleus before gene editing can occur, whilst mRNA does

not require transcription (Liu et al., 2017). Transcription and

translation are under regulation from zygotic factors, with any

delays further postponing the activation of Cas9-mediated editing

(Mehravar et al., 2019). Direct introduction of pre-complexed RNP

allows the Cas9 enzyme and its associated gRNA to exhibit

immediate catalytic activity, provided they are efficiently

transported into the nucleus (Hennig et al., 2020). This efficiency

hinges on the presence of appropriate nuclear localisation signals

(NLS) on the Cas9 enzyme. NLS sequences may vary between

species, influencing the efficiency with which Cas9 is transported

into the nucleus (Lu et al., 2021).

The initial approach to CRISPR-based gene editing in livestock

involved the delivery of Cas9 and gRNA as double-stranded DNA

plasmid (Han et al., 2014; Ni et al., 2014; Whitworth et al., 2014).

This method was predominantly chosen for its feasibility of reagent

development and modification in conventional molecular biology

laboratories. However, as discussed above, this approach has

associated delays in gene editing activity. For example, Cas9

delivered by plasmid electroporation into human K562 cells was

not readily expressed until 12 h and expression persisted at high

levels until at least 72 h when the time course concluded (Kim et al.,

2014). The delayed onset of the intended activity and the persistence

of expression from dsDNA plasmids is highly conducive to the

generation of mosaic animals. An additional concern with this

approach is that dsDNA has the potential to integrate into the host

genome, as highlighted when in the process of creating hornless

cattle using TALENs genome editing, progeny were identified to be

carrying a partial plasmid integration by regulators (Norris et al.,

2020). Furthermore, Lillico et al. (2016) identified two piglets from

their porcine zygote ZFN genome editing pipeline which carried

integrations of the HDR plasmid. As off-target edits should be

identified when commercial products are being produced, using

dsDNA requires screening for plasmid integration and presents an

additional regulatory hurdle if identified.

To mitigate these issues, Cas9 and gRNA can also be encoded

and delivered as RNA molecules. In this instance the reagents will

not randomly integrate into the host genome and can be directly

translated and translocated to the nucleus for more immediate

endonuclease activity (Yip, 2020). However, for most zygotic

applications, the positives of mRNA use are superseded by those

of Cas9 RNP complexes, which are now the preferred method and
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have been associated with reducing the incidence of mosaicism, due

to their capacity to be delivered in a precise molecular quantity,

immediate activity and rapid degradation (Hashimoto et al., 2016;

Tu et al., 2017). When introduced into cells, Cas9-induced indels

are measurable very shortly after electroporation, with robust

editing observed within 3 h (Bloomer et al., 2022). In an in vitro

context of cultured cells, Cas9 RNP complexes are degraded to the

extent that they are barely detectable after 24 h and not detectable at

48 h - the shorter time frame of activity limits the potential for off-

target gene editing activity (Kim et al., 2014). Furthermore, Han

et al. (2017) found that Cas9 RNP delivery induced off-target

mutations at a lower frequency (0.8%) than plasmid transfection

(4.7%) with on-target mutations being of similar frequency. Taken

together, with Cas9 RNP now being widely commercially available,

it is generally regarded as the preferred format for reducing

mosaicism in gene edited livestock zygotes.
4 Delivery methods

The choice of delivery method for CRISPR-Cas9 reagent

introduction into zygotes influences editing efficiency, embryo

viability, and the level of mosaicism. Currently, the most prevalent

methods for introducing CRISPR-Cas9 reagents into zygotes are

microinjection, electroporation or viral or non-viral strategies

(Figure 1D). Each method requires the fine-tuning of parameters

and concentrations tailored to achieve optimal editing conditions in

each species. For instance, Tanihara et al. (2019) demonstrated that

increasing the concentration of Cas9 RNP delivered through

microinjection from 20 to 100 ng/ml increased the percentage of

biallelic gene edited embryos from 0 to 16.7%. Notably, the increase

in Cas9 RNP concentration did not adversely affect blastocyst

development rates or the degree of mosaicism. Selection of the

delivery method depends on factors such as the developmental

stage of the embryos, the molecular format’s compatibility with the

delivery method (for example, viral vectors are restricted to nucleic

acids, while other methods provide greater flexibility), the technical

expertise required and equipment availability.

Initially, microinjection was the predominant technique for

introducing CRISPR-Cas9 reagents into zygotes. However, as

microinjection requires specialised equipment and considerable

expertise, its application beyond research environments with low

throughput is limited. Utilised in various livestock including cattle,

sheep, and pigs, microinjection can show inconsistency in the

delivery site of reagents (nucleus, cytoplasm, or both) and high

variability in the rates of mosaic offspring (Hai et al., 2014;

Bevacqua et al., 2016; Zhang et al., 2017). Moreover, the

mechanical process of injecting zygotes involves the physical

piercing of the plasma membrane, with or without the use of a

Piezo drill, which can result in a proportion of the zygotes lysing. To

minimise losses due to lysis, zygotes are commonly treated with

reagents, such as cytochalasin B, that increase the fluidity of the

lipid bilayer during the procedure (Scott and Hu, 2019). Another

difficulty with microinjection in livestock zygotes is their high lipid

content (Sturmey et al., 2009), which makes the visualisation of

pronuclei impossible without performing an additional
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manipulation to polarise the cytoplasmic lipid droplets. In a

comparison of microinjection and electroporation delivery

methods, subsequent development to the blastocyst stage was

superior following electroporation (Le et al., 2020). Unless there

are considerable advancements in robotic microinjection

technology, its widespread adoption in agricultural settings

remains improbable.

In recent years there has been a rise in the use of electroporation

and viral vectors due to their higher throughput, improved embryo

survival rates, and reduced dependency on technical expertise and

specialised equipment. Among these, electroporation is emerging as

a preferred CRISPR-Cas9 delivery method in livestock zygotes (Lin

and Van Eenennaam, 2021; Mahdi et al., 2022; Gim et al., 2023).

This technique involves applying electrical pulses to zygotes in a

medium containing CRISPR-Cas9 reagents. High voltage pulses

create temporary pores in the zona pellucida and plasma

membrane, and low voltage pulses then draw polarised molecules

through the medium and into the zygote’s cytoplasm. operators.

However, with benefits such as the minimal equipment required,

including a stereomicroscope, an electroporator, an electroporation

cuvette or slide, and standard molecular biological tools, its ease of

setup and portability enhance its appeal for working with large

animals (Takemoto, 2020). Compared to microinjection,

electroporation inflicts less physical damage on the zygotes, once

the optimal parameters have been established, it significantly

improves throughput, allowing simultaneous treatment of about

100 zygotes (Alghadban et al., 2020; Lin and Van Eenennaam,

2021). Regarding mosaicism, variations observed between the

microinjection and electroporation methods are likely due to the

timing of delivery and the format of the CRISPR-Cas9 reagents

used, rather than the delivery method itself.

Recombinant adeno-associated viruses (rAAVs) have effectively

been used to deliver Cas9 and a repair template into mammalian

embryos (Wang et al., 2019). As small episomal viruses capable of

transducing zygotes, rAAVs rarely integrate into the host genome

but necessitate transcription and translation after transduction.

Therefore, gene editing activity is delayed until after the embryo

initiates cellular transcription and translation, which has the

potential to lead to increased rates of mosaicism. A study by Lin

and Van Eenennaam (2021) involving the transduction of cattle and

sheep embryos with rAAV and subsequent mosaicism analysis of

the blastocysts revealed that genetic mosaicism is a frequent

outcome in embryos gene edited with Cas9-expressing rAAV. In

cattle, 50% of the blastocysts showed more than two distinct alleles,

while in sheep, all blastocysts presented mosaic patterns

Furthermore, introducing rAAV gene editing agents later than 6-

8 h post-insemination was linked to higher mosaicism rates, with

100% of embryos treated 20 h post-insemination being mosaic (Lin

and Van Eenennaam, 2021). While rAAVs offer practical

advantages in gene editing, such as requiring less equipment for

the delivery of reagents, they are unlikely to play a significant role in

reducing mosaicism in gene edited livestock.

Non-viral delivery strategies, particularly those involving

transfection agents like cationic liposome-based reagents (for

example, jetCRISPR by Polyplus-transfection and CRISPRMAX by

Invitrogen), have proven effective for the delivery of DNA, RNA, and
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proteins into mammalian oocytes and zygotes (Lin et al., 2021; Hirata

et al., 2021a, 2021b). Hirata et al. (2021b) successfully employed

lipofection (using jetCRISPR) to introduce Cas9-RNP into porcine

zygotes devoid of zona pellucida (ZP), 10 hours post-insemination.

This approach yielded 7 of 9 piglets with the desired gene edit, though

NGS read frequency analysis suggested that at least 3 piglets were

likely mosaic. A significant limitation of transfection agents is their

reduced efficacy in the presence of the ZP, a formidable physical

barrier. Consequently, ZP-free oocytes and zygotes, which are more

challenging to manipulate and exhibit lower viability, are often used.

Addressing this, Piñeiro-Silva et al. (2023) sought to optimise

lipofection in ZP-intact oocytes. They generated gene edited

porcine embryos via lipofection of Cas9-RNP into ZP-intact

oocytes during IVF. This was achieved using CRISPRMAX reagent,

hypothesising that the smaller liposomes generated with this reagent

could penetrate the ZP. Their modified protocol resulted in a

relatively low on-target editing rate (8.7 to 20%) but notably, no

mosaicism in the 6 embryos evaluated. Further investigation is

needed to better understand whether dsDNA or ssDNA templates

could be introduced using this method for an HDR gene editing

approach. However, given that in vitro small liposomes have the

capacity to translocate ssODNs across a somatic cell membrane it is

likely to be a feasible strategy for small templates. Thus, the

application of non-viral transfection reagents during IVF presents a

promising strategy to mitigate mosaicism with minimal expertise and

equipment required.

An alternative approach that has similar practical benefits over

microinjection and electroporation are inorganic nanoparticles,

notably carbon nanotubes (CNTs). CNTs are emerging as a

promising strategy for CRISPR-Cas9 delivery, as their

pronounced aspect ratio and rigidity enables them to passively

traverse the cell membrane and be internalised. Munk et al (2016)

incubated bovine embryos in a medium containing CNTs

complexed with DNA encoding Green Fluorescent Protein (GFP).

and observed GFP expression by day three of embryo culture

(Munk et al., 2016). The recent advancements in using CNTs for

Cas9 RNP delivery to plant cells (Cunningham, 2022), together with

prior experiments in bovine embryos, indicate a potential for

similar applications in livestock zygotes. Further research into

using CNTs for Cas9 RNP delivery in livestock zygotes is called

for, particularly due to its straightforward application. Introducing

CNTs complexed with Cas9 RNP into the medium during IVF

could facilitate early delivery of Cas9 RNP into zygotes, which may

reduce the incidence of mosaicism.
5 Genetic screening

Preimplantation genetic screening (PGS) is a technique

commonly used in IVF but is not widely used when gene editing

livestock embryos (Weissman et al., 2017). PGS can help determine

if gene editing has occurred, whether the editing is heterozygous or

homozygous, and help identify mosaicism in embryos. PGS

involves extracting a biopsy from an embryo, isolating DNA from

the sample, and conducting analyses on the DNA. These analyses

typically include PCR amplification and DNA sequencing. Biopsies
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can be obtained through several methods, these include the blade

biopsy, where a portion of a morula or the polar trophectoderm

from a blastocyst is sliced off, or through needle biopsy, where

blastomere cells are aspirated from a morula-stage embryo

(Figure 1E) (Cenariu et al., 2012; Yang et al., 2022). Taking a

biopsy from a developing embryo requires balancing the need for

enough cells to enable accurate DNA screening with the need to

maintain the developmental competency of the embryo (Aoyama &

Kato, 2020). When screening for mosaicism, it is especially

important to take enough cells to increase the likelihood of

identifying mosaic embryos.

One challenge in applying PGS to livestock gene editing

programs is adapting human PGS protocols in on-farm laboratory

environments. Many human PGS protocols rely on cryopreserving

embryos while DNA sequencing is performed (Coates et al., 2017).

For livestock PGS, it is desirable to biopsy and screen embryos

without an interim period of cryopreservation to allow for high

throughput and better viability. Portable real-time DNA sequencers,

such as Oxford Nanopore, coupled with isothermal PCR reactions

can enable rapid sequencing of embryo biopsies with minimal

equipment in on-farm settings. However, there is a risk that the

relatively small number cells biopsied do not represent the entire

embryo and may not identify mosaic embryos (Vilarino et al., 2018).

After birth, founder gene edited livestock can be screened for

mosaicism by DNA sequencing of various tissues, such as ear, hair

follicles, and germ cells. It is important to never assess founder

animals based on phenotype alone, as their genetic value may be

hidden within their germ cells (Bunton-Stasyshyn et al., 2022). In

male progeny, it is relatively straightforward to sequence sperm or

testicular tissue to determine the germline genotype, but in females,

oocyte screening is less practical due to the challenges of accessing

these cells and their finite nature. For this reason, it is recommended

to use Y-chromosome bearing sperm to generate male founder

animals whenever possible to facilitate postnatal genetic screening.

If a founder animal is mosaic with the correct germline genotype,

the founder can be bred, and the phenotype and genotype should be

confirmed in the offspring. As the generation intervals are relatively

long in livestock species, obtaining single genotype founder animals

at a high frequency is required to realise widespread on-farm

application of gene editing as a breeding technology.
6 Emerging strategies

Direct zygote editing is currently the most practical application

of CRISPR-Cas9 gene editing in livestock, as it can be easily

integrated into existing IVF programs (McFarlane et al., 2019).

However, emerging technologies such as gene editing of

spermatogonial stem cells (SSCs) and blastomere separation may

offer solutions to the issue of mosaicism in gene edited founder

animals. Although these techniques may not be immediately

available at the farm level due to the technical expertise and

laboratory equipment required, their potential is significant and is

worth highlighting.

SSCs can be collected from the testes of male animals through

testicular biopsies and enzymatic digestion of testicular tissue.
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Mouse and rat SSCs have been successfully differentiated to

functional spermatids and there are several groups actively

developing SSC differentiation protocols for livestock species

(Sato et al., 2011; Matsumura et al., 2023). Once collected, SSCs

can be cultured in vitro, gene edited, and screened to confirm the

presence of desired alterations (Tang et al., 2018). The edited SSCs

could then be differentiated into spermatids and used for ICSI to

fertilize embryos (Figure 2A) or transplanted into the testes of male

animals that lack germ cells (Chapman et al., 2015). The

transplanted SSCs can colonise the testes and produce gene edited

sperm that carry the genotype of interest. Ciccarelli et al. (2020)

demonstrated the process of SSC transplantation into germline
A

B

FIGURE 2

Emerging gene editing strategies that prevent mosaicism in gene
edited offspring. Green, yellow and red cell colours indicate different
genotypes. (A) Spermatogonial stem cells (SSCs) can be gene edited
in vitro and clonal populations screened to confirm gene editing
outcomes. Confirmed SSCs can then be differentiated into
spermatozoa and undergo intracytoplasmic sperm injection (ICSI) to
fertilize embryos. (B) Blastomere separation involves mechanical or
chemical methods to split 2-, 4-, or 8-cell stage gene edited
embryos, and facilitates the production of single genotype embryos
from individual blastomeres. Created with BioRender.com.
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ablated adult pigs and goats, where donor stem cells led to sustained

donor-derived spermatogenesis. This technique could allow hardy

and virile breeds to carry sperm that are homozygous for a specific

desirable trait from other breeds, generating heterozygous offspring

in an extensive environment.

In the 1980s, microblade splitting of morula and blastocyst stage

embryos was developed as a strategy to increase the number of

offspring obtained from embryo transfer programs in cattle, sheep

and goats (Willadsen, 1980; Ozil et al., 1982; Willadsen and Godke,

1984; Udy, 1987; Seike et al., 1989; Velásquez et al., 2017). This

method involved the bisection of each collected in vivo-derived

embryo to form two equivalent demi-embryos, thereby doubling

the number of embryos transferred to recipient females. Studies in

which individual blastomeres of 2-, 4-, and 8-cell sheep embryos were

separated, had previously demonstrated that totipotency is

maintained for several cleavage divisions, such that each blastomere

can form a blastocyst and give rise to offspring (Willadsen, 1979,

1981) (Figure 2B). From 14 originating sheep embryos, SWilladsen

(1981) obtained 56 embryos after blastomere separation that resulted

in the birth of 18 lambs. Methods of blastomere separation include

mechanical separation using a micromanipulator and chemical

disaggregation after removing the ZP (Casser et al., 2019). Due to

the technical challenges involved, blastomere separation has been

restricted to research studies, and has not yet been integrated into

breeding programs.

The integration of blastomere separation with gene editing

remains largely unexplored, although the foundations of such an

approach have been employed in cynomolgus monkeys to evaluate

the editing efficacy of Cas9 reagents in individual blastomeres (Tu

et al., 2017). To integrate gene editing with blastomere separation, a

zygote would be gene edited using Cas9-based reagents, and

cultured up to the morula stage, which would then undergo

bisection into single blastomeres. Each blastomere could be

cultured further after being placed into an evacuated ZP, or by

using the well-of-the-well system (Tagawa et al., 2008). Each

resulting blastocyst could then be screened by biopsy to confirm

the desired genotype prior to transfer into a recipient female. This

strategy could eliminate the risk of Cas9-mediated mosaicism,

facilitating the creation of a gene edited animal from a single

blastomere, in a manner analogous to SCNT. In addition, serial

separation of blastomeres following subsequent cleavage divisions

may be a useful strategy to multiply embryos of a single genotype.

While gene editing using SSCs or blastomere separation can

avoid the production of mosaic animals, these techniques may not

meet the high throughput breeding requirements of livestock farming

systems in their current forms due to the technical expertise and

laboratory equipment required. Advanced robotics and microfluidics

may overcome some of these challenges in the future. Further

research is necessary to address these concerns and evaluate the

benefits and limitations of these techniques for livestock breeding.
7 Conclusion

Applications of gene editing have the potential to revolutionise

livestock breeding and contribute to addressing production, welfare,
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and environmental challenges whilst aiming to achieve global

nutritional security. Cas9 has supplanted previous genome editing

technologies, and CRISPR continues to be an innovative field in

which new discoveries will offer improved prospects for efficient

genome editing in livestock. However, to make Cas9-based zygote

gene editing a practical and cost-effective breeding technology that

can be reliably used on-farm, it is important to reduce the frequency

of mosaicism currently seen in gene edited founder animals. This

review has outlined potential tools and techniques that could reduce

mosaicism in mammalian livestock species in the hope of stimulating

further research in this space. Our goal was to highlight the many

opportunities available for improvements, and that a multifaceted

approach that combines genome editor selection, format and timing,

delivery, and genetic screening, is likely needed to see significant

reductions in mosaic founders. While further innovations are likely

necessary, we are optimistic that the combination of the techniques

presented will help reduce mosaicism to levels that enable the on-

farm application of livestock gene editing in the near future. The

potential benefits of gene editing in livestock are vast and this

technology will play an increasingly important role in meeting the

growing demand for safe, sustainable, and nutritious animal protein.
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