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1. Summary

Objectives:

This report is of an exploratory nature, to inform scientific researchers within the RUMIGEN project
consortium of the status quo on gene editing research in ruminants. Within this project genome
editing is one of the key tools employed for research, yet it is realized that beyond its academic
value, this technology also holds potential to facilitate animal breeding practices.

The aim is to provide an in-depth description of the recent technical progress in this area and the
potential benefits genome editing offers for both the breeder, farmer, livestock animal, and
consumer, as well as other stakeholders. This includes its potential applications in animal
production, health, and welfare. Besides this, the report is also to highlight the safety features of
these new technologies and the regulatory environment within which they operate, as well as a
shapshot of public response and ethical concerns. This will also then feed into the parallel activities
within this project that engages with citizens and other stakeholders to define the “‘room of
acceptabiity”

Rationale:

Scientific literature bibliographic databases were scrutinized for references using search strings that
were benchmarked against a set of indispensible references (key works), which must be retrieved
at all times, if available within the database at least. Following optimization of the search string, the
collected references were retrieved and subjected to progressively intense screening for relevance
to our research (with irrelevant items discarded). The full text of those that had ultimately been kept
were then gone through and data summarized in the review report, if pertinent. In addition, additional
grey literature resources were scoured.

The results thus showed that there is recent activity surging in the field of genome editing research
in ruminants. Various common features are shared by many of these references, such as a general
lack of off-target mutations, good editing efficiencies, and the use of methods circumventing somatic
cell nuclear transfer-mediated cloning, in particular by direct microinjection of gene editors into
zygotes (fertilized egg cells). Mosaicism remains a problem to be solved with these new methods,
amongst others. Hence far, only one gene edited ruminant has been approved for marketing outside
the EU, whilst internationally harmonized principles have been established for the regulatory safety
assessment of such animals. Genome editing is viewed by the public in the same way as other
genetic engineering technologies. However, higher public acceptance and less ethical debate is
expected when the aim of genome editing in farm animals is to improve animal welfare and health,
instead of solely increasing productivity. Acceptance could be further increased by building trust,
whilst ethical discussions should involve inputs from both the public and the animal breeding sector.

Teams involved:

Authors: G.A. Kleter, M. Sturme (WFSR, Wageningen)

2. Introduction

History of bovine breeding

The holding and breeding of what would later become “humpless taurine” cattle started at about
10,500 years ago, in the Middle East, as can be inferred from archaeological finds and analysis of
DNA from excavated taurine specimens. Although the now extinct “auroch” wild ox was pervasive
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throughout Asia and Europe then, its females must have been rather difficult to handle and
recalcitrant to domestication. This may also account for the fact that domestication took place with
a limited number of founder animals over a prolonged period (1,500 years) within a rather confined
region. This included the introduction of docile traits, amongst others. Since then, domesticated
cattle gradually spread across the globe, reaching Central Europe, for example, 8,000 years ago
(Bollongino et al., 2012). The humped zebu cattle probably originated from independent
domestication events in Northern India, also during the Neolithic period (Chen et al., 2010).
Apparently, interbreeding between the zebu and humpless taurine also took place in the Near East
4,000 years later. Introgression from auroch wild populations must also have occurred into different
domesticated communities continuously over time as well (Verdugo et al., 2019). Currently, there
are also efforts towards “de-extinction” of the auroch, which is considered by some to fall under the
heading of “synthetic biology”. The Tauros program, for example, uses existing cattle breeds to
“back-breed” towards a new breed with attributes very similar to those of the auroch, within 20 years,
for release into the wild (Rewilding Europe, 2019).

Selective livestock breeding started at around 1,700 AD, when so-called “herd books” were created
by Bakewell, initially for sheep. Bakewell also started breeding longhorn cattle for improved meat
quality. In the herd books, records were systematically kept of animals’ performance and of their
progeny, enabling the selection of the best sire (father) for future offspring. The first herd books for
cattle appeared in 1822, for Shorthorn cattle (Oldenbroek and Van der Waaij, 2014).

Several breeds of dairy cattle actually pre-date this period, including the oldest, Swiss Brown cattle
from the alpine region at around 500 years BC, as well as the Friesian Holstein from the Northern
Netherlands. More recently established breeds, particularly from the British and Channel Islands,
include the Ayrshire, Guernsey, Jersey, and Milking Shorthorn, amongst others (Campbell and
Marshall, 2016).

For beef and multi-purpose breeds, also many common humpless cattle breeds have their origins in
the British Isles, such as the Black and Red Angus, Devon, Longhorn, Shorthorn, and Hereford.
Common as well are continental French breeds, such as Blonde d'Aquitaine, Charolais and
Limousin, and the Belgian Bleu, the Dutch Friesian and Meuse-Rhine-ljssel (MRI), the Swiss
Simmental and many others. Amongst the heat-tolerant zebu, which is considered a different
species, forty breeds can be discerned, such as the Brahma, Gyr, Guzerat, and Nellore. Crossbreds
between humpless and zebu bovines were developed in the USA, for example, to combine the
environmental durability of the zebu with the meat quality and productivity traits of the humpless
breeds. Examples include Brangus (Brahma x Angus), Braford (Brahma x Hereford), and Simbra
(Simmental x Brahma). Also many other crossbreeds between other breeds have been developed,
particularly in New World countries (Brazil, Australia, USA) (Ritchie, 2009).

Miglior et al. (2017) list various criteria that historically traits were required to fulfil, such as economic
ones (product value, cost reduction), agrobiodiversity (variability, heritability), and distinctness
(distinguishable, measurable). Associations of dairy cattle breeders initially focused on productive
trait amelioration in the late 19th and early 20th century, which was facilitated by record keeping and
analytical standardized tests, such as for the fat content of milk (Miglior et al., 2017).

The 1930s saw the establishment of classification programs by breeding associations, each of which
is usually focussed on a particular breed such as Holstein-Friesian. These programs have become
institutionalized and still exist as of today. In addition to breeding associations, also others such as
those for artificial insemination (Al) and milk production records from dairy herd improvement
initiatives collect relevant data. This classification entails visits to cattle herds by professional
classifiers, who record traits (“type”) of the individual animals (Miglior et al., 2017). Whereas the first
scorecards for, e.g., the Guernsey breed was already established in 1828, the first unified scorecard

D5.1 — Position paper on GE 4



Aumigen

for use across breeds was published in 1943. These traits are physiological, also referred to as
“conformation”, including parameters related to body build, such as (Campbell and Marshall, 2016):

. udder (e.g. depth relative to the hind legs with enough space to reach, wide & high at the
rear),

. feet and legs (movement and build),

. skeleton (“frame” including those of the top line and head, stature and overall
appearance), and

. dairy strength, i.e. characteristics that indicate sustained productivity and longevity, such

as a deep chest with a wide floor, ribs wide apart, a long lean neck etcetera (Campbell
and Marshall, 2016).

The scores are then amalgamated into a classification outcome, for which the class will help predict
productivity. These conformation data supplement data on production traits, such as milk yield and
fat. Information on the conformation of the animal has been much on the forefront given the ease of
measurement for breeders, although not necessarily a better predictor of milk yield than others, such
as milk production by ancestors. Multiple categories of animal data, such as health, fertility, genetics,
and conformation can be used to calculate “selection indices”, which breeders started to use for the
selection of animals in the 1940s (Miglior et al., 2017). These indices are obtained by combining the
underlying data and assigning “breeding values” to each of them to arrive at a weighted, overall
index value.

Later on, around the 1950s, also non-fat components and in particular protein, became important
breeding targets in line with the pricing structure for milk. Besides the level of milk protein, also the
particular variants of, for example, lactoglobulin and casein received interest based on their role in
cheese making. Moreover, milk protein became a common parameter measured in milk recording
programs in the 1970s so that this information could be used to establish linkage with genetics.
Moreover, data on calving traits, fertility and health were introduced in the same period, with other
gradually following, such as somatic cell count as udder health parameter in the 1980s, and
workability and longevity in the 1990s. Genetic evaluations also became available in the 1970s
(Miglior et al., 2017) and have evolved since then. These evaluations combine data on, e.g.,
production, health, and fertility with those on the genetics of individual animals, including pedigree,
parents’ performances and past activity of the sires, for example. These evaluations provide an
indicator for a sire’s genetic potential for a particular trait of interest (Van Doormaal, 2007).

Similar to dairy cattle, performance records are kept by beef cattle farmers on a voluntary basis, in
which data are entered on a regular basis, for individual animals within a herd. Given that beef cattle
operations are different from dairy ones, such as free-ranging animals with the lack of automatic
milking operations collecting systematically data for each animal on a daily basis, beef cattle
recording systems may not be as refined and uniform as those for their dairy counterparts.
Parameters collected relate to, e.g., pedigree (parents), gestational length, calving ease, birth
weight, scrotum circumference, weight gain, carcass and meat characteristics (carcass weight, rump
fat, muscle eye area, etc.). Official record keeping systems are in place in many developed
countries, hosted by governments or breeders’ associations (Haires, 2011; Mason and
Buvanendran, 1982). A selection tool that is currently emerging for production and health traits, is
the “estimated breeding value” (EBV), based on the information from the pedigree, individual animal
itself, and its progeny. In EBVSs, genetic factors have been disentangled from environmental and
other confounding factors. Similar to selection indices described for dairy cattle above, EBVs are
combined to arrive at a composite value (Haires, 2011).

Other historical developments that have advanced cattle breeding include the introduction of various
“assisted reproduction” technologies, most notably artificial insemination (Al), embryo transfer (ET),
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and in-vitro fertilization (IVF). Al was initially applied in farm animals in Russia by the end of the 19th
century. Basically, sperm was collected from a bull and then transferred on a later, separate
occasion with human intervention into a female recipient animal. Over time, the techniques were
improved. In the 1930s for example, Russian, Danish and Italian researchers brought various
innovations to the field, for example allowing for more efficient sperm collection from bulls, such as
the use of artificial vaginas or electro-ejaculators, and for the more targeted introduction of sperm
into the female through rectovaginal fixation. In that period, also the first dairy cattle Al cooperative
was established, in Denmark in 1936, after which the technology spread to the USA and other
Western countries (Moore and Hasler, 2017).

Important for the success of an Al event to result in progeny (pregnancy and calving) is also to be
able to determine whether the recipient cow is in oestrus, i.e. “standing heat”. This can be done by
monitoring cows for the natural occurrence of oestrus using observations and an array of tests.
Currently, also hormonal treatments are commonly used to induce follicular waves (and thereby
oestrus), allowing for timing and synchronization of multiple animals, as well as for shortened
anoestrus in post-partum cows. The practice of “superovulation” helps to ensure the production of
high numbers of embryos for “embryo transfer”. This also requires synchronization of reproductive
cycles in the embryo donor and recipient animals. Superovulation in cattle involves the use of
different hormonal treatments at 1-2 weeks after oestrus, such as follicle-stimulating hormone (FSH)
or equine chorionic gonadotropin (eCG). This may be followed by additional, auxiliary doses of
prostaglandins, gonadotrophin-releasing hormone (GnRH) or luteinizing hormone (LH). After this,
the animals should be monitored for oestrus. When the donor animal reaches this oestrus stage
(“heat”), it should be inseminated, either through service by a bull or through Al, within 12-24 hours.
After approximately one week of pregnancy, embryos will be rinsed out of the donor’s uterus.
Quialitatively good embryos will be selected using light microscopy, for subsequent transfer to the
recipient dam or for cryopreservation. Similar to Al, a “transfer gun” can be used for intra-uterine
embryo delivery (Mikkola, 2017; Moore and Hasler, 2017; Seidel and Moore Siedel, 1991).

Another important factor that has historically received attention is the quality of the sperm and sperm
cells, for which the procedures largely involve light microscopy. This includes checks for ejaculate
volume, as well as sperm cell density, hypo-osmotic swelling, gel penetration, and DNA integrity.
Freezing of straws with aliquots of sperm in liquid nitrogen allowed for prolonged storage and long-
distance transport but because the cycle of freezing and thawing also damages the sperm cells.
Greater numbers of cells therefore have to be used for each donation event as compared to fresh
sperm, typically 10-20 million cells per straw versus 2.5 million cells. The introduction of “semen
extenders” has also greatly protracted the storability of fresh sperm at ambient and refrigeration
temperatures, for days instead of hours. Such extenders include carbonation (CO2), flushing out
the oxygen gas with nitrogen, or the addition of antioxidants, egg yolk, milk, or citric acid (Moore and
Hasler, 2017).

In-vitro fertilization (IVF) involves the culture of oocytes obtained from a selected donor cow through
ultrasound-assisted aspiration of follicles. These oocytes are grown in petri dishes in-vitro to
“mature” them before fertilization through addition of “capacitated” sperm from a donor bull. Although
experimentally achieved already in 1987, IVF has become increasingly applied in recent years. ltis
expected to further grow in importance as modern genomics programs allow for early selection,
creating the need for obtaining embryos out of heifers and calves that are too young for
superovulation and embryo transfer (Moore and Hasler, 2017).

For a cattle breeder, it is important to know, at an early stage, if a foetus is to become a female or
male animal. The practice of “sexing sperm” was introduced at the start of the 1990s, based on a
patent filed by the USDA, employing a DNA-binding dye and a laser-based fluorescence-assisted
flow cytometer device, and became commonplace in cattle breeding a decade later. Based on the
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differentially binding of the fluorophore to X and Y chromosomes, sperm cells containing one or the
other can be separated from each other, giving rise to female and male progeny, respectively.
However, the use of sexed semen in hormone-stimulated donor females has reportedly led to lower
overall performance of the impregnation procedures (Tavares et al., 2015). Other procedures of
sexing focus on the embryo, including PCR testing of pre-implantation embryos before embryo
transfer, ultrasound foetal scans at an early stage of pregnancy (e.g., after two months), and PCR
testing for foetal DNA in the blood or serum from pregnant cows (Tavares et al., 2015).

A more recent development is the inclusion of genomics data into breeding programs, supplementing
the already successful conventional genetic approaches. They are said to have revolutionized the
sector. Advantages include, amongst others, time savings as progeny testing would conventionally
require 7 or more years, and a greater number of genetic markers beyond individual ones (such as
for milk casein) previously used. Genotyping service structures have been established with
investment from Al companies. Impacts of genomics include, for example, the fact that there are
currently a great proportion of “genomically proven young bulls” for dairy cattle (Mrode et al., 2019).

Genome editing

Through genetic engineering, researchers and product developers have been introducing or deleting
genetic material in a host organism through non-natural means such as recombinant DNA since the
1970s, initially in microorganisms (bacteria, yeast, etc.) and then in plants and animals. “Genome
editing” is a more recent rendition of genetic engineering which has arisen since the 1990s. It is
distinct from the random nature of older forms of genetic engineering in that it is characterized by
the very specific, precise, and targeted way in which genetic modifications are made to the host’s
genome.

Many but not all of the current genome editing methods rely on the creation of a double-stranded
DNA break with a nuclease enzyme at the target site in the host's genome. These are collectively
referred to as “site-directed nucleases” (SDNs). Four types of SDN enzyme which are used for
genome editing are commonly described in literature, including meganucleases (MNs), zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), and Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) CRISPR-associated systems (Cas). Whilst the
recognition of target sequences and binding relies on protein-DNA interactions for MNs, ZFNs, and
TALENS, that for CRISPR Cas proceeds via the interaction between a guide RNA (also complexing
to the Cas enzyme) and the target DNA. This means that for each new target sequence, only the
guide RNA for CRISPR Cas9 needs to be re-designed and modified, whereas for MNs, ZFNs, and
TALENS, this requires protein sequence engineering. CRISPR Cas technology, which emerged in
2012, is therefore low-key as compared to the others whilst also allowing for the performance of edits
in multiple sites (different genes) in parallel at once (Li et al., 2020, Raza et al., 2022).

Different types of modification can be achieved with SDNs, which are referred to as SDN-1, SDN-2,
and SDN-3 (Figure 1). In the case of SDN-1, the formation of double-stranded DNA breaks with
these enzymes is followed by their repair by the host cell’s DNA repair system through a process
called “non-homologous end-joining” (NHEJ). This repair process can lead to errors yielding small
insertions or deletions (indels) of several DNA bases, which, in turn, giving rise to gene inactivation
or mutant protein expression, for example. For SDN-2, an additional DNA template molecule
introduced at the repair site avoids the formation of random indels by guiding the repair system into
bringing about specific mutations instead, a process called “homology-directed repair’ (HDR).
Although the addition of templates by itself could also bring about the desired changes through the
process of “homologous recombination”, the nuclease-induced double-strand break at the target
site increases the efficiency by orders of magnitude, hence making HDR the preferred method for
introducing targeted mutations. Finally, in the case of SDN-3, not a short template but a longer
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segment of novel DNA flanked by “arms” of homologous DNA is used to achieve the insertion of that
particular novel DNA sequence at the breakage site. This quite similar to the introduction of “foreign
genes” through transgenesis albeit with greater precision than observed with older methods of
genetic engineering (EFSA, 2012a).

DNA double
strand
TARGET DNA
SITE-DIRECTED NUCLEASES G
DNA bases
{building blocks)

DNA BREAKAGE G

SDN-1: SMALL INSERTIONS & DELETIONS (AFTER NON-HOMOLOGOUS END JOINING)

i SDN-2: TEMPLATE-GUIDED SUBSTITUTIONS

| : ) RASYVARREAVES
; Ih“llll“ll“!“

i SDN-3: LARGER DNA SEQUENCE INSERTION (HOMOLOGY-DIRECTED)

Figure 1: Site-directed nuclease-induced genome edits

Within the RUMIGEN project, we undertook a literature research in order to gauge the progress of
genome editing applied to experimental ruminants with traits targeting agri-food production (e.g.,
dairy, meat, wool), as well as the regulatory and societal context of these developments. The
results of this search are elaborated in the next section.

3. Results

Genome editing for traits of commercial interest in ruminants

Traits of commercial interest for ruminant farm animals that might be targeted by genome editing are
mainly focused on improving production parameters or resilience to diseases or environmental
conditions, as indicated in Table XXX. Important production traits are e.g. increased meat production
(muscle mass) for all ruminants and wool or cashmere yields in sheep and goats (Perisse et al.,
2020, Tait-Burkard et al., 2018). Resilience is an important factor to improve animal health and
welfare, and could be achieved through increased resistance to infectious (respiratory) diseases
such as bovine tuberculosis (Zhao et al., 2019, Tait-Burkard et al., 2018) or by targeting physiological
traits such as heat tolerance (Hansen, 2020, Van Eenennaam, 2019). Increasing the reproduction
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capacity is of interest for improving breeding programs (Perisse et al., 2020, Zhou et al., 2020, Zhou
et al., 2018).

The traits which have been studied in-depth in the selected scientific literature studies on genome
editing in ruminants can be categorized as those focusing on:

. Productivity, including muscle mass and wool fibre length

. Nutrition, such as the increase of beta-carotene content (provitamin A) in the fat
component of animal products

. Welfare, such as the polled (dehorned) phenotype, which obviates the need for
mechanical dehorning by man

. Reduced allergenicity and immunogenicity for patients suffering from milk and meat
allergies, for example

. Coat color, which can be a valued trait for product output (wool) and for heat resistance

Below we discuss the various studies retrieved into more detail, with emphasis on possible off-target
effects identified besides the targeted one.

Productivity

Guo et al. (2016) used CRISPR Cas9 to generate myostatin knock-out goats. Myostatin belongs to
the growth differentiation factor 8 family and its expression suppresses muscle fiber formation.
Certain null-mutations in the myostatin genes in conventional livestock are associated with the
“double muscling” phenotype. Myostatin gene exon 1 was targeted by the sgRNA. Previously, they
had done pre-screening for off-targets using bioinformatics during sgRNA design with CasOffinder,
and with T7 endonuclease 1 (T7E1) mismatch detection assay in rabbits with sgRNA. Large tongue
was a problematic syndrome observed in rabbits edited this way. The authors indicate that this is
actually a common phenomenon with myostatin mutations. These authors also used the single-cell
embryo injection technique hence obviating the use of somatic cells followed by SCNT.

Four goats were eventually obtained with myostatin (MSTN) mutations. Their genomic target sites
were deep-sequenced and showed that the indels included mostly deletions that were in-frame (3N)
leading to amino acid substitutions. Also frameshift (mostly 3N+1) mutations were frequent, probably
leading to premature transcription termination. The authors postulate that because the C-terminus
of myostatin is important for its function, these mutations would lead to loss of function. Higher body
weights of the KO animals than the controls are also ascribed to different nutritional regimes, namely
a single mother for each edited goat whereas control goats are fed in a group by a single mother.
Notably, the discussion of the results also refers to toxicity and stillbirths etc. for unpublished and
previous experiments, for instance using different methods (e.g. TALENS) in combination with SCNT
(Guo et al., 2016).

In sheep, microinjection of sgRNA and Cas9 mRNA with a pair of oligos targeting exon 1 of the
myostatin gene (as template for homology-directed repair) directly into zygotes before transfer to
surrogate dams was also explored by Crispo et al. (2015). Amongst the 10 mutant animals out of
20 embryos developing into animals, two were heterozyogous of which one was not a knock-out
phenotype as one allele was in-frame plus the other still being a wild-type. The other eight showed
biallelic mutations with both alleles mutated, including frameshift mutations introducing premature
stop codons, on-target deletions, and small insertions of just 1 bp. No mosaicism occurred as both
skin and muscle cells from these animals showed the same mutations. Neither was there any impact
on in-utero measurements. There was a lack of expression of myostatin protein in homozygous
knock-out animals (Western blot). Higher body weights occurred in homozygous mutants but not in
heterozygous knock-outs, up to 60 days of age, with 20-30% faster growth. Also morphometric
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changes were observed, with greater height and width at withers and width of chestin homozygous
knock-out, as well as greater muscle mass at the loin. Muscle fibres had a smaller diameter in
homozygous knock-out animals (Crispo et al., 2015).

Many other authors targeted the myostatin genes, particularly also in proof-of-principle studies to
show the applicability of certain protocols without in-depth research into the resulting animal yet. For
example, edited sheep with large deletions in their myostatin genes had larger muscles and body
weight as compared to wild-type, whilst this was less pronounced in the edited animals overall (Ding
et al., 2020).

Direct injection of gene editors into zygotes bears the risk of mosaicism in the resulting animal, for
example because the editing enzymes remain active beyond the first cell divisions. Zhengxing et al.
(2014) microinjected Cas9 mRNA and sgRNA targeting myostatin exon 3 into sheep zygotes.
Transfer to 55 surrogate dams resulted in 31 pregnancies, delivering 35 lambs. Cleavage patterns
were found in two animals (one male, one female), each with five different alleles, indicative of
mosaicism.

In bovine that had both MSTN (myostatin) mutation (g+6354) and PPAR-gamma knock-in (3'UTR
arm of MSTN), proliferative and myogenic capacity of mutant myoblasts was improved over wildtype,
as was their capacity to transdifferentiate into adipocytes (Ge et al., 2021).

In goats, Huang et al. (2019) showed that the editing efficiency of CRISPR Cas9 with eight different
sgRNAs targeting myostatin and fibroblast growth factor 5 (involved in wool production) can be
optimized by testing different concentrations of Cas9 mRNA and sgRNA. The best efficiency was
achieved at the highest doses tested of Cas9 mRNA and sgRNA).

Also in bovine, Su et al. (2018) tested different concentrations of Cas9 and sgRNA delivered through
microinjection into zygotes. The prevalence of mutants amongst embryos was markedly increased,
36% vs. 14% , when a higher proportion of sgRNA was used. In addition, such positive results were
obtained with the use of RNA coding for Cas9 and sgRNA microinjected into IVF swamp buffaloes
but not with DNA plasmids. This was probably due to methylation of the DNA. The authors note,
however, that raising the amounts of RNA/DNA into the zygote has its bounds as higher
concentrations also have an impact on these zygotes and may impact on their viability.

The impact of shortening the length of the sgRNA molecule from 20 bp down to 15 bp on off-target
activity in three identified off-target sites was studied in bovine cells Besides sgRNA, also CRISPR
Cas9 plasmid was also introduced. It thus showed that the 17-bp sgRNA clearly had the least off-
target activity (Zhou et al., 2019b).

Proudfoot et al. (2015) employed TALEN to edit myostatin in both cattle and sheep. For cattle, they
used Nellore bovine because of the ease of calving as less dystocia occurs, which is favourable
when delivering double-muscled calves. One of the cattle showed mosaicism, having a frameshift
mutation on top of the 844dell mutation.

Zhang et al. (2019) compared CRISPR Cas and TALEN as tools to modify the myostatin gene in
goats. They also noted a number of practical things. For example, electrotransfection was more
effective than lipofection for introducing the editing machinery into fibroblasts. In a following step of
monoclonal cell preparation; efficiency was highly increased by the use of a handmade pipetting
machine. The SCNT used to create embryos was done by fusing enucleated oocytes with gene
edited fibroblasts. With gene editing, higher cleavage rates were observed and TALEN afforded a
higher cleavage rate and number of 8-cell embryos than CRISPR CAS.

Gim et al. (2021)injected different levels of MRNA encoding Cas9 en sgRNA targeting the propeptide
of myostatin into bovine zygotes. The mutation was in-frame so that protease cleavage sites of
MSTN were retained and the dimer could still form, which should normally suppress muscle growth.
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Nonetheless, muscle accumulation particularly at the hip and shoulder was observed whilst
myostatin mMRNA was suppressed, with the authors wondering about the possible explanation for
this phenomenon whilst in line with previous observations in, e.g. mice.

Wang et al. (2015) created gene-edited goats with mutated MSTN and FGF5 genes. They did so
by injecting mRNA (Cas9) and sgRNA targeting FGF5 (exon 1) and MSTN (exon 2) into one-cell
stage embryos of the Shannbei cashmere breed, which can be used for both wool and meat
production (after successful tests with expression of these Cas9 and sgRNAs in isolated fibroblasts).
Two-cell-stage embryos (862) were transferred to 137 recipient dams resulting in 64 pregnancies
and 93 lambs born live, of which 14 died shortly after birth. Five additional animals were reported to
have been aborted and were used for genetic analysis. Thirteen potential off-target sites identified
using bioinformatics, two of which (OT5 and OT7) truly showed off-target edits in several animals
(indels and point mutations. Twenty-six lambs showed disruption of either or both targeted genes
(FGF5, MSTN). Figure 5 shows that within the MSTN gene (two sgRNAs used), the indels showed
deletions of -1-bp - -24-bp size and an insertion of +2-bp size, whilst these were -1-bp - -220-bp and
+1-bp - +30-bp for FGF5, respectively, as well as up to 5 point mutations in FGF5. Mutations
consistently occurred in a range of seven tested somatic and gametic tissues (Wang et al., 2015).

Wang et al. (2018) extended on their previous study in 2015, in which they used mRNA (Cas9) and
sgRNA targeting FGF5 (exon 1) and MSTN (exon 2) which they injected into one-cell stage embryos
of Shannbei cashmere goats. In this follow-up study, 10 MSTN-disrupted animals were tested plus
WT animals. Biopsies from muscle were tested for histochemistry, transmission electron
microscopy, RNA (RT-PCR), and protein (Western blotting). Blood samples were taken as well to
test blood chemistry. Body weights in mutants were higher than WT until the end of the experiment
(360 days), as well as for average daily gain, body height, body length, chest circumference, chest
depth, and chest width. DNA from muscle of two animals was analysed with PCR, T7E1 cleavage
assay on MSTN of mutants and Sanger sequencing. In the outcomes, deletions of 2-4 bp observed.
MSTN mRNA and protein levels were reduced in MSTN mutants. The diameter of myofibers is
greater in the mutant founders, which appears to be correlated to the larger body weight of the
animals. Same mutations were also found in germ cells indicating that germline transmission occurs
(Wang et al., 2018).

Xin et al. (2020) used proteomics to study the impact of MSTN edits on muscle carbohydrate and fat
metabolism in Mongolia black beef cattle. Bovine fibroblasts were edited with zinc-finger nucleases
(ZFNs), followed by selection of cells for SCNT, and transfer of blastocysts to surrogate mothers.
From the animals, muscle (gluteus) was sampled, followed by in-vitro exposure to pepsin & trypsin
treatment and TMT6 mass labelling. The outcome of the proteomics indicate that besides 1666
proteins, 72 were differentially expressed in the MSTN -/- mutant. These are by and large involved
in lipid metabolism and oxidative phosphorylation/mitochondrial activity, besides muscle-related and
translation proteins. Phosphoprotein proteomics with nano LC-MSMS of mass-tagged peptides
combined with TiO2 enrichment showed that there were 50 differently expressed phosphoproteins,
which were mainly involved with the myosin complex. KEGG analysis also showed that the
differentially expressed proteins were involved in starch biosynthesis and glycolysis. ATP and AMP
was additionally measured in muscles and found to be increased in MSTN -/- mutants. These were
further indications that the AMPK signalling pathway was activated, suggesting crosstalk between
glucose and lipid metabolism (Xin et al., 2020).

Biallelic knock-out sheep were created by Li et al. (2016) through TALEN-mediated gene-editing of
the MSTN gene followed by somatic cell nuclear transfer (SCNT). Fibroblasts were edited with
TALEN via transfection, followed by SCNT of one particular clone. Whole genome sequencing was
done to identify single-nucleotide variants and indels. Off-target sites (100) were predicted using
TALENoffer. Resequencing showed that mutations occurred in 33 of these 100 off-target sites yet
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these were all nhon-functional, occurring in intergenic regions and introns, bearing SNPs and/or
indels. gPCR (mRNA) and Western blotting (protein) showed reduced expression of MSTN in KO
animals. Various MSTN-signalling pathway-related factors' mRNA was also measured in a range of
tissues: Several downstream signalling factors and cell cycle regulator were downregulated in
multiple tissues, for example, whilst myogenic regulatory factors and follistatin were upregulated.
Bodyweights of KO lambs increased markedly faster than in WT (measured after 7 months). KO
lambs showed muscle cell hypertrophy (gluteus and longissimus dorsi) and larger muscle fibre
diameter (gluteus) and surface (longissimus) than WT animals, whilst the percentage of smaller fibre
cells was smaller (Li et al., 2016).

In sheep with a knocked-out MSTN gene , the impact thereof on sheep skeletal muscle satellite cell
(sSMSC) differentiation was studied by Zhang et al. (2018). Initial tests had checked cleavage
activity of CRISPR/Cas9, which reached 29%. The impact of mutations on sSMSCs in-vitro was
subsequently tested before the Cas9/gRNA4 plasmid was introduced into sheep epithelial fibroblasts
(by lipofection) and positive cells used as donor for SCNT. Twenty embryos were transplanted, four
of which developed into pregnancies and produced normal offspring (three confirmed mutants). In
in-vitro cultured sheep skeletal muscle satellite cells (sSMSCs), myotube formation efficiency and
myotome length were higher in KO animals (Zhang et al., 2018).

Li et al. (2017) edited the FGF5 gene in sheep using CRISPR Cas9 with gRNA targeting exon 1 of
FGF5. Cas9 mRNA and FGF5-sgRNA were injected into cytoplasm of one-cell embryos, and
cultured until they divided into two-to four cells. Embryos were subject to microinjection 14-15 hours
post-fertilization. Embryos were then transferred to synchronized recipient ewes, which eventually
resulted in 20 offspring from 20 surrogate dams. Three potential off-target sites had been identified
but no off-target mutations were truly observed in these sites. The T7E1 cleavage assay and PCR
amplification of FGF5, showed that a 28-bp deletion was the predominant mutation found whilst 13-
and 17-bp deletions were also being prominent. Thirteen frameshift mutations were identified,
leading to truncated products and abrogation of FGF5 function based in its predicted protein
structure. Also three in-frame mutations were observed. Wool staple length (10.73 vs. 9.23 cm) and
greasy fleece weight (3.74 vs. 2.96 kg) were increased in gene-edited vs. wildtype sheep (Li et al.,
2017).

Wang et al. (2016) employed multiplex gene editing via CRISPR/Cas9 to introduce mutations
favouring muscle development, nutrition (fat layer color), and a different coat color pattern in sheep
of the Tan breed. For gene editing, they used sgRNAs and Cas9 mRNAs injected as previously
described into one-cell embryos. Two sgRNAs targeted MSTN (exons 2 and 3), one concatenated
double sgRNA targeted ASIP (agouti signaling protein, exon 1), and 2 sgRNAs targeting BCO2
(beta-carotene oxidase, exon 2). After transfer and pregnancies, this resulted in 7 stillbirths, 5
abortions, 6 dead newborns, and 36 live newborns, from 30 out of 82 recipients. Possible off-target
effects were studied in preliminary tests with fibroblasts. 17 potential off-target sites had been
predicted for the various sgRNAs used (4 MSTN, 12 ASIP, 1 BCO2). No off-target effects were
observed. Higher body weight in MSTN-disrupted animals (male weighing 1.29 times the WT
after 240 days), as well as a higher average daily gain; appears to correlate with a higher myofiber
diameter. The same mutation was measured in muscles of 150-day old animals as in the 3 genes
indicating their integration into different tissues; early occurrence of the sgRNA1 mutation in MSTN
was confirmed in a study of mosaicism in ovary and skin, indicating that the mutation orginated at
that locus from the early embryogenesis. Indels and point mutations were recorded for MSTN (0-
21-bp deletions, 1-2-bp point mutations), ASIP (5-11-bp deletions, 1-bp point mutation), and BCO2
(0-62-bp deletions, +1-bp insertions, and 1-bp point mutations). Analysis of germ cells with T7E1
assay indicate that the mutations tested (MSTN, ASIP) are indeed passed from the founders on to
next generations (Wang et al., 2016).

D5.1 — Position paper on GE 12



Aumigen

The FGF5 gene in Shannbei cashmere goats was disrupted by Zhang et al. (2016) using
CRISPR/Cas9. mRNA encoding Cas9 and sgRNA targeting FGF5 (exon 1) and MSTN (exon 2)
were injected into 1-cell stage embryos after successful tests with expression of these Cas9 and
sgRNAs in isolated fibroblasts. This actually extended a previous study with additional data on
animals, such as wool characteristics including staple length, cashmere length, and cashmere yield.
All of these were statistically significantly increased, but not fibre diameter, consistent with the
morphological study. FGF5 expression (mMRNA, protein) was not displaced in histology using
immunofluorescence but reduced. The stability and consistency of mutations was shown in gametes
isolated from testes. Because animals had not yet reached the age of 12 months, the F2 generation
could not yet be tested (Zhang et al., 2016).

Li et al. (2018) also investigated the offspring of genetically edited goats in which the FGF5 gene
had been edited with the purposes of comparing mutation rates with conventional animals and
finding potential off-target mutations. By checking for consistency of such potential off-target
mutations by checking trio-siblings using Deep Sequencing. For editing, a multiplex of sSgRNAs (4)
and Cas9 targeting FGF5 (hair fibre length) and MSTN (muscle fibre diameter) was injected into
one-cell-stage embryos of the Shaanbei Cashmere goat breed and kids were born to surrogate
mothers. Mutation rates in both control and edited goats were comparable to each other and what
has previously been observed in humans, cattle and sheep. p53 toxicity, which could possibly lead
to tumour formation of CRISPR Cas9 was checked for by immunofluorescence of muscle tissue and
Western blotting but no effects were found. Whole genome sequencing (short-read, Illumina) was
also carried out. Prediction of off-target sites was done using bioinformatics (CasOT, CasOFFinder)
with 5 mismatches max.), selecting those single-nucleotide variants (SNVs) which 1) occurred in all
three animals from a sibling progeny trio, 2) overlapped between two independent mapping tools
(GATK, Samtools), 3) remained after further filtering, such as by comparison with a goat SNP
database, occurrence in F1 animals, and other quality scores, and manual inspection for possible
misalignment and miscalls. Sanger sequencing was performed to validate the SNVs and indels
identified through WGS. Four types of mutations were predominant (C->T, G->A, A->G, T->C)
without differences between trios and between parental and F1 animals. De novo SNVs did occur
dispersed across the genome and did not cluster or coincide with the predicted off-target sites; SNVs
had been confirmed to occur with PCR. The identified de-novo SNVs were likely derived from
spontaneous mutagenesis rather than from the gene editing with CRISPR Cas9. Disruption of the
MSTN gene did not alter its expression but that of 43 other genes, some of which are known to be
involved with muscle development. Likewise, FGF5 disruption led to 140 differentially expressed
genes, including key regulators of hair follicle development and immune response (Li et al., 2018).

Wang et al. (2017) analyzed the transcriptome of goats in which myostatin gene was knocked out.
In orser to edit the animals, mRNA (Cas9) and sgRNA targeting FGF5 (exon 1) and MSTN (exon 2)
had been injected into 1-cell stage embryos. The animals resulting herefromhad their longissimus
dorsi muscle used for mRNA extraction. Samples had been taken from 3 FGF5+/-, 3 FGF5+/- &
MSTN +/-, and 3 WT goats of the Shaanbei cashmere breed. The animals’ protein synthesis was
increased, as was fatty acid metabolism in MSTN mutants. The outputs of the genome-wide
transcriptome analysis (RNAseq) was matched with goat genome data, whilst the three groups were
compared with each other so that differentially expressed genes (DEGSs) could be identified. These
were compared with the gene ontology and Kyoto Encyclopedia of Genes and Genomes databases
(GO, KEGG) to understand the function of these genes and the metabolic pathways affected. Inthe
comparison between FGF5+/- and FM+/-, the additional myostatin knockout resulted in decreased
expression of genes involved in fatty acid synthesis, such as those encoding stearoyl CoA
desaturase, ELOVL fatty acid elongase 6, and 3-hydroxyacyl-CoA-desaturase 2. Also down-
regulated were genes involved in the PPAR, mTOR, Notch and MAPK signaling pathways, and
unsaturated fatty acid biosynthesis pathways were also downregulated. KEGG enrichment showed
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that oxidative phosphorylation-related genes and jak-STAT signaling were upregulated in MSTN
knockouta. Various pathways related to immune response to disease were upregulated in the
FGF5+/- group . DEGs were verified by RT-gPCR. It is concluded that the FGF5 mutations do not
interfere with those in the myostatin gene (Wang et al., 2017).

FGF5 knockout sheep of the Dorper breed were created by Hu et al. (2017) using the CRISPR/Cas9
system for increased wool productivity. Fertilized 1-cell embryos were injected with Cas9 + sgRNA.
Potential off-targets were screened by using bioinformatics during sgRNA design. Following the
recipients’ pregnancies, 18 lambs were born, including five twins. Mutations were found to occur in
all germ layers. Beta-12 motif is destroyed in FGF5 caused by the mutations (deletions of 5, 13 and
33 bp), probably impacting on its interaction with receptors. Expression of FGF5 mRNA was
downregulated in heterozygous KO individuals. Wool length was longer in mutants than in WT (fig.
2E). The method of one-cell embryo injection was considered efficient (Hu et al., 2017).

Zhang et al. (2020) used the gene-edited Dorper sheep created by Hu et al. (2017) with mutated
FGF5 genes following injection of Cas9 + sgRNA into fertilized embryos. Their focus was on the
cross-talk between a hormonal (androgen) and antioxidant receptor (Wnt/beta catenin) pathways.
Coarser wool tended to be greater in various parts of wildtype animals (side, anterior shoulder) whilst
finer wool and total active hair follicles were higher in knock-out (KO) animals in all three parts
(anterior, body, hindquarter). The level of dehydrotestosterone was significantly reduced in the KO
group as was expression (mMRNA, protein) of related genes SRD5A1, AR, and DKK1. Conversely,
beta-catenin protein was upregulated, suggesting a cross-talk between the two pathways (androgen
and Whnt/beta-catenin), as also evident from the Wnt/beta-catenin downstream genes of KRT27 and
KRT28, yet other genes from the Wnt pathway were comparable between KO and control groups.
Sonic hedgehog (Shh), which has a role in hair follicle development, was reduced in KO animals and
possibly activated Gli2 and c-Myc. Studies with the addition of DHT and finasteride to dermal papilla
cells (DPCs) showed that Androgen Receptor (AR) and DKK were up- and down-regulated,
respectively, the latter being very similar to KO mutant animals, also confirmed by Western analysis
(Zhang et al., 2020).

Instead of using CRISPR Cas9 gene editors causing double strand breaks, Zhou et al. (2019a)
employed a variant called base editor 3 (BE3), comprising the rAPOBEC1 editor converting cytosine
into thymine DNA bases, nCas9 (A840H), and uracil DNA glycosylase inhibitor (UGI). mRNA
encoding the BE3 complex with sgRNA was microinjected into 1-cell-stage zygotes, targeting R96C
mutation in the SOCS2 gene involved in e.g. regulating growth hormone pathway. Off-target
mutations were identified following an elaborate scheme. Deep sequencing of amplified predicted
off-target sites revealed a low frequency of off-target mutations. In addition, a whole-genome
strategy identified 37,000 SNPs remaining after removal of known SNPs. After excluding certain
base transition types, and selecting those SNPs within predicted off-target sites, no SNPS remained
that could be considered off-target mutations induced by BE3. Also de novo mutations and indels
(putative) were identified using a similar identification scheme, e.g. SNP identification using two
prediction tools, and by removing SNPs found in databases and in both parents. Fifty SNPS were
thus identified (in 3 animals), of which 46 were sequenced and 44 confirmed as true variants. Also
20 de novo indels were identified.

Coat colour

The impact of the ASIP gene on sheep coat colour pattern was studied by disruption of this gene by
Zhang et al. (2017) using CRISPR Cas9. One-day zygotes were injected with Cas9 mRNA and
sgRNA and after culture transferred to surrogate dams. The pregnancy rate was low (6/60), which
was hypothesised to be related to a yet unknown function of ASIP (Zhang et al., 2017). Analysis of
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mutations in the resulting animals was compounded by two types of natural mutations. The animals
were all heterozygote for at least one of them. In addition, there was the multiplicity of the ASIP
gene, for which the solution was T-A sequencing). Different mutations led to different colour
phenotypes, varying between black/brown/&black-white doted coat colours, black body with white
head and neck, black body with white blade on top head, dark brown coat with white blaze on the
head & black lower legs & white colour on hinder tail and neck bottom. Conversely, similar mutations
could still lead to different colours, possibly due to the additional spontaneous mutations.

Potential off-target events and de novo mutagenesis were investigated in Holstein bovines that had
been edited so as to acquire a lighter coat colour (Jivanji et al., 2021). The coat colour can also help
alleviate the stressful impact of high temperature on cows’ performance, hence stress resistance
(e.g., SLICK = heat resistance). The pre-melanosome is targeted for a lighter coat colour with a
Homology-Directed Repair (HDR) template, which was introduced together with an editing plasmid
into bovine epithelial fibroblasts, ultimately yielding clone CC14. Two animals from edited cells
(SCNT), and three animals from non-edited cells (SCNT) were further tested. Whole genome
sequencing (Minlon Nanopore long-reads) of both cells and clones was performed. The criteria for
identifying off-target effects included: these effects 1) should be present in both cells and clones, 2)
have sufficient quality scores and an allele dosage of at least 0.5, and 3) bear no indications of
misalignment/miscall. In addition, potential off-target sites (with a maximum of 5 mismatches to the
gRNA) were also predicted. Variants were further filtered by comparing these with the data from the
two clones from CC14 and the three WT clones. An additional PCR also checked for the presence
of the editing plasmid. The greater number of mutations observed in the CC14 group is, however,
accounted for by the greater number of population doubling events that these cells underwent,
corresponding to what is needed to derive a confluent culture from a single mitotic doublet. Whereas
no integration of the plasmid could be confirmed (which is also rare for circular, supercoiled
plasmids), some results of sequencing showed that several reads of CC14 mapped to the PMEL
plasmid (if added to the reference genome) although not confirmed by subsequent PCR. This can
be accounted for by residual contamination. Three types of de novo mutations were considered:
mutations introduced after plasmid transfection present in CC14 and cloned calves; mutations from
cell clone expansion (mosaic mutations in the cell clone CC14 and those heterozygous mutations
present in any calf but not in CC14/BEF); and de novo mutations introduced during development of
the calves: Random dispersion of all types of mutations without clustering in a group-dependent
manner. C->A mutations were more frequent in post-transfection cells and during clonal expansion,
for example; T->G mutations more frequent in calves than in the two other groups (see fig. 4). A
comparison with what has been repeated previously for Al and IVF appears to corroborate the finding
that in general, de novo mutations increase with cell handling and intervention (Jivanji et al., 2021).

Nutrition and food composition

Huang et al. (2020) studied the impact of miRNA-145 on lipid synthesis using CRISPR Cas gene
editing. Three sgRNAs were tested in goat mammary epithelial cells, introduced via lipofection on
plasmids with Cas9 construct as well. sgRNA #1 had the highest mutation efficiency (5%) and was
therefore used in further experiments. Eleven potential non-target sites were checked with T7EN1
assay and PCR in a single clone. No indels in these off-target sites were thus observed. The
MiRNA-145 knock out reduced cellular contents of triacylglycerides and cholesterol, as well as
changed the fatty acid profile with, e.g., increases in C17:0 & C18:2, and reductions in C16:0 &
C18:1, as well as the activity of genes involved in the synthesis of TAGs, lipid droplet formation, fatty
acid transport, fatty acid desaturase, fatty acid elongation, de novo fatty acid synthesis, and fatty
acid oxidation. The discussion mentions that small changes in the nucleotide sequence of the
MiRNA-145 transcript will disrupt its Drosha-mediated processing to pri-miRNA. Downregulation of
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TAG formation related to DAGT1 and AGPAT6 genes, while that of cholesterol relates to the
downregulation of SREBP1c. Fatty acid profile changes can also be accounted for by the observed
changes in expression of fatty acid synthesis-related genes. All of this appears to relate to an
incomplete decrease of the INSIG1 gene product under control of miRNA-145 (Huang et al., 2020).

Lipid droplets and their phospholipid composition were altered in epithelial cells of the bovine
mammary in a study by Han et al.(2020). They did so by knocking out butyrophilin subfamily 1
member Al (BTN1A1) in order to study the gene function of butyrophilin, in particular its role in milk
fat globule organization. Lentiviral transfection of cells was done with plasmids encoding sgRNA
targeting BTN1Al and Cas9. The effectiveness was tested with e.g., the T7E1 assay. One clone
with a particular 10-bp deletion in both alleles (BTN1A1l -/-) was selected for further study. Bovine
mammary epithelial cells were triggered to produce milk in culture (e.g., by addition of prolactin).
Pre-screening was done for off-target sites using bioinformatics when designing sgRNA. The nature
of lipids was verified with LC-MSMS. It showed that edited cells produce fat droplets with a smaller
diameter and with a lower phosphatidyl choline : phosphatidyl ethanolamine (PC:PE) ratio. BTN1Al
co-localizes with fat droplets in microscopic images. The abundance of mRNA from lipogenic genes
PPARgamma and FASN was reduced; although the article acknowledges that it cannot explain the
underlying mechanisms, it appears that lipid droplet size in bovine mammary epithelial cells is
determined by a complex regulatory network (Han et al., 2020).

Beta-carotene is the precursor of vitamin A and its distinctive colour is known to account for the
yellow hue of sheep fat. Niu et al. (2017) knocked out an enzyme metabolizing beta-carotene,
namely beta-carotene oxygenase 2 (BCO?2) in order to increase its content. They employed gene
editing with Cas9 and 2 sgRNAs targeting BCO2. Ten sheep of the Tan breed with disrupted BCO2
(mono- and bi-allelic) were obtained. Three potential off-target sites were identified but no off-target
mutations were observed in these sites using PCR and T7E1 cleavage assay. Deletions were
identified in all animals, ranging from 5 up to 79 bp; insertions of 1 bp, plus point mutations. Only
biallelic animals showing differently coloured fat tissue, with lower intensity of targeted allele mMRNA
of BCO2 and absence of the BCO2 protein in Western blots (Niu et al., 2017).

Allergenicity and immunogenicity

Perota et al. (2019) generated cattle that lacked certain carbohydrate allergens (associated with
glycoproteins), namely galactose-alphal,3-galactose and N-glycolylneuraminic acid antigens. Male
Holstein fibroblasts were edited with plasmids encoding Cas9 and sgRNAs (2 targeting exon 9 of
GGTAL, 1 sgRNA for exon 2 of CMAH), while female Holstein clones were edited with
ribonucleoproteins (1 sgRNA targeting exon 4 of GGTAL; 1 sgRNA for exon 2 of CMAH, more
efficient than for male clone). These targets were genes involved in galactose-alpha-1,3-galactose
and N-glycolylneuraminic acid carbohydrate epitope immunogens and allergens in cattle (absent in
humans), specifically the GGTAL1 and CMAH genes. Double KO cells had been used as donors for
SCNT. After transfer of the nuclei to embryos, and subsequently to 33 recipient Holstein heifers, 3
pregnancies yielded 3 deliveries. The absence of Neu5Gc and alphaGal was confirmed in 2 of the
calves (Perota et al., 2019).

Using CRISPR/Cas9, Zhou et al. (2017) generated beta-lactoglobulin (BLG) knock-out goats. BLG
is an allergenic protein, which is stable to digestion by stomach pepsin. For this, the authors used
Cas9 mRNA and three sgRNAs targeting exon 1 in the BLG locus. Electroporation showed to be
more effective than lipofection in fibroblasts and was therefore used in the subsequent experiments.
Twenty-six kids were delivered, including one stillborn and three others dying within a month. Total
RNA from hormone-induced mammary glands was isolated. The composition of milk obtained from
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hormone-treated 8-month-old goats and measured using a milk analyzer and isolation of whey
protein (analyzed by Western blot). BLG was lower in KO animals. Off-target mutations in DNA
were predicted using CasOffinder, and 9 sites identified. The T7E1 cleavage assay showed no
effect, though, for these sites. Despite BLG being an important protein component of milk, the total
protein content of KO milk dropped less than expected, probably caused by a compensation effect
from casein (Zhou et al., 2017).

Sun et al. (2018) produced hypoallergenic milk by creating a gene-edited cow in which the beta-
lactoglobulin (BLG) gene was knocked out with the use of zinc-finger nucleases mRNA. A bi-allelic
frameshift cell clone was identified and used for SCNT. Highly degenerate criteria were used for the
identification of potential off-target sites (e.g., long spacer length), yet of the 497 potential sites only
the target site still mapped (when testing potential indels identified in the Illumina reads in proximity
to degenerate off-target sites). The BLG protein was absent from milk from the biallelic cow whereas
lactoferrin and bovine serum albumin were higher (hence the overall protein content was not
affected), as compared to milk from a wild-type cow. In Balb/c mice dosed with different treatments,
the IgE reactivity and rectal temperature reduction was less with mutant cow milk than with control
milk but still different from the negative control. This indicated that the mutant products had reduced
allergenicity. Sera reactivity varied greatly depending on whether or not the individual patient's sera
would recognize BLG or not. Pepsin digestion indicated stability of BLG (18 kDa) in control milk but
it was absent from mutant milk (with other proteins being degraded fast) (Sun et al., 2018).

Animal health

Direct cytoplasmic injection opens up new avenues for large animal editing. Bevacqua et al. (2016)
tested this principle to create a model for introducing mutations that could affect prion resistance.
Bovine foetal fibroblasts and embryos (resulting from oocyte IVF) to cytoplasmic injection of
DNA/RNA encoding Cas9 plus 5 different sgRNAs targeting exon3 of the PrNP gene (BSE-related,
prion) and optionally a plasmid encoding fluorescent protein with arms homologous to PRNP gene
(for homologous recombination). Fibroblasts were tested with microinjection of RNA only; embryos
with both DNA and RNA at two different concentrations of DNA or RNA. Mosaicism was observed
in embryos, based on co-occurrence of PCR products. In embryos, the editing success ranged
between 20 and 75% (RNAx2). In the DNA2x and RNA1x groups, all positive edits involved large
deletions, whilst in the RNAx2 group, deletions and/or indels occurred (Bevacqua et al., 2016).

Through gene editing, certain hereditary diseases and genetic disorders that are prevalent amongst
certain breeds may be countered. For example, Japanese Black cattle is prone to a syndrome based
on faulty isoleucyl tRNA molecules. This involves a mutation in the IARS gene, which could be
repaired by replacement of the mutated codon so that the mutant leucine residue changes back to
valine in the expressed protein. The researchers introduced a construct which also contained a
sequence for the green fluorescent protein, which facilitated selection of transformed cells. This
sequence was removed in the second generation through Piggybac transposase activity (Ikeda et
al., 2018, Ikeda et al., 2017).

Reproduction

In sheep, two groups studied the gene editing of the bone morphogenetic protein receptor 1B (also
known as FecB) to introduce a specific mutation (Q249R) involved in prolificacy of animals (e.g.
larger litter sizes). In one case CRISPR Cas with homology-directed repair was employed, whilst in
the other case an adenine base editor replaced Cas9 (Zhou et al., 2020, Zhou et al., 2018).
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Animal welfare

Young et al (2020) provided genomic and phenotypic details on the genome-edited cattle with
impaired horn formation (“hornless”). They analysed six animals descending from a homozygous
genome-edited hornless bull, which had previously been edited with TALEN to introduce a duplicated
212-bp segment replacing 10 bp in the native Polled gene of the horned phenotype. Besides off-
target effects, these animals were also checked for plasmid and HDR template integration. Six dams
yielded six heterozygous kids, four of which still carried the additionally unintentionally inserted
plasmid and HDR template whilst two others did not (confirmed in short read data and in follow-up
PCR tests and long-read WGS data). SNP variant frequency data did not show differences as
compared to recessive horned variants of Holstein and Hereford (Young et al., 2020).

Norris et al. (2020) studied the details of the plasmid integration in the same lineage of hornless
cattle. They identified the plasmid and template integration at the target site from publicly available
data. Previously, this has been overlooked probably due to PCR conditions (i.e., amplification of Pc
sequence only: duplication of 212-bp fragment replacing 10 bp of native sequence in natural Celtic
mutant) plus that PCR fragment of inserted plasmid would have been too large) plus that there was
noise in the sequence data caused by background of a highly repetitive target locus. Methods are
recommended for detection of such insertions, such as long-read sequencing (Norris et al., 2020).

Schuster et al. (2020) used CRISPR/Casl12a to create a polled dairy cow. They did so by replacing
part of the Polled gene with a variant sequence from Celtic cattle displaying the polled phenotype.
This phenotype is considered to be beneficial for cattle welfare as there will be no need for manual
horn removal. Part of the native gene was replaced with a duplicated segment (202-bp indel
segment present in HDR template through knock-in, in fibroblasts from a Holstein Friesian bull, of
which nuclei were transferred to emptied oocytes and surrogate dams. Ultimately, there were nine
recipient animals for 12 clones, whilst six remaining clones were further cultured; six recipients
developed pregnancies. Four of them failed to complete these, one was sacrificed for the analysis
of the foetus (showing no development of thickened keratinocyte layers, yet without foetal hair
follicles, which could eventually develop into horns). One pregnancy delivered, yet the animal died
of cardiac arrest linked to organ malfunction. Three potential off-target sites were identified through
RGEN. T7E1 PCR and Sanger sequencing showed no effects at these sites. Potential plasmid
integration was measured via PCR of plasmid fragments: faint signal observed for antibiotic
resistance cassette, whilst the PCR of the HDR template indicates a possible additional integration
of the Pc variant (Schuster et al., 2020).
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Table 1. Traits of interest for genome editing-assisted breeding in ruminants

Trait Ruminant Genome editing target | Breeding References
species technology 2
Increased muscle mass, meat | Cattle Myostatin (GDF8) (Tait-Burkard et al.,
quality 2018)
Sheep Myostatin Ml or SCNT (Tait-Burkard et al.,
(MSTN/GDF8). ASIP, 2018, Perisse et al.,
BCO2 2020)
Goat Myostatin (MSTN) Ml or SCNT (Tait-Burkard et al.,
2018, Perisse et al.,
2020)
Wool growth or  cashmere | Sheep FGF5 MI (Perisse et al., 2020)
production
Goat FGF5, EDAR MI, SCNT (Perisse et al., 2020)
Coat color pattern Sheep ASIP MI (Perisse et al., 2020)
Hornlessness (Polled) Cattle HORNED to POLLED (Tait-Burkard et al.,
2018)
Bovine respiratory disease | Cattle CcD1s8 (Tait-Burkard et al.,
resilience Mannheimia 2018)
(Pasteurella) haemolytica
Bovine tuberculosis resilience Cattle NRAMP1, SP110 (Tait-Burkard et al.,
2018, Zhao et al.,
2019)
Surrogate  sires  for  genetic | Cattle NANOS2 MI (Perisse et al., 2020)
dissemination

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement N°101000226.
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Trait Ruminant Genome editing target | Breeding References
species technology 2
Goat NANOS2 SCNT (Perisse et al., 2020)
Milk quality Goat BLG Mi (Perisse et al., 2020)
Heat tolerance Cattle Prolactin receptor gene (Van  Eenennaam,
(PRLR), SLICK allele 2019, Hansen, 2020)
Fecundity Sheep FecB(B) MI (Zhou et al.,, 2018,
Zhou et al., 2020)
Mastitis Cattle, goat Insertion of (Van Eenennaam et
lysostaphin/lysozyme al., 2021, Van
gene Eenennaam, 2019)
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Table 2. Overview of results from genome editing studies in ruminants.
Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc
t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
Muscle mass Goat Zygote Myostatin CRISPR 20% Not Slightly higher | Guo et
microinjectio | (MSTN) Cas9 (1 gene- mentioned growth rate al., 2016
2
n edited infant for goats
goat out of 4
infant goats
born and 1
aborted
fetus)
Muscle mass and | Goat Zygote Myostatin CRISPR 26% in | Yes Not Wang et
hair (Shannb | microinjectio | (MSTN) and | Cas9 either or , mentioned/determin | al., 2015
[ FGF5 both FGF5 2 potential d
€l h n multiplex od MSTN off-target €
cashmer gene editing an sites  (OT5
€) (26/98 and  OT7)
lambs born | showed off-
-) target edits
MSTN 159 | (ndels and
point
FGF5 21% | mutations.
MSTN +
FGF5 10%
Indels and
point
mutations
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Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc
t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
Muscle mass Goat Zygote Myostatin CRISPR Not Not Higher: body weight, | Wang et
microinjectio | (MSTN) Cas9 applicable — | mentioned average daily gain, | al., 2018
(Shannb .
el n MSTN-KO body height, body
cashmer offspring Igngth, chest
from study circumference,
e)
by Wang et chest depth, and
al (2015) chest width
Germline
transmissio
n of
mutations
confirmed
Muscle mass Cattle SCNT Myostatin Zinc-finger Not Not Not mentioned Xin et al.,
(Inner (MSTN) nucleases mentioned mentioned 2020
Mongolia
black
beef)
Muscle mass Sheep SCNT Myostatin TALEN 70%7? Yes Faster bodyweight | Li et al,
(MSTN) (16  gene- | Edits in 33 of mcl:reaser; ;nusr?le 2016
edited predicted Ice ypelr ro}f_)b Y,
lambs out of | 100 off- ;rgert musce|3 tl re
23 lambs | target sites. |adme er (gu:zus)
born) Edits  non- e}n . suf acz
functional, in (ongfllssmus) an
introns _and | SMaller percentage
intergenic of smaller fibre cells
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Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc
t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
regions, in KO lambs than
(SNPs WT animals
and/or
indels.
Muscle mass Sheep SCNT Myostatin CRISPR 75% Not Muscle fibres of | Zhang et
(MSTN) Cas9 (3 confirmed mentioned MhSTN knockout | al., 2018
mutants out sheep were
of 4 lambs) significantly stronger
than controls
Wool weight and | Sheep Zygote FGF5 CRISPR 80% No Wool staple length | Li et al.,
guality microinjectio Cas9 (16 out of 20 anq h(:[:jreasy fleece | 2017
n lambs ~ with welg J were
modification m;_;egse V\I/r'll' gr:ene-
s: 13 biallelic edited vs. W1 sheep
and 3
monoallelic)
Muscle Sheep Zygote Myostatin CRISPR/Cas | 27-33% No Higher body weight | Wang et
development, microinjectio | (MSTN), 9 multiplex and higher average | al., 2016
trition (fat | (Tan ASIP diting | ;2% for daily gain in MSTN
nutrition (fat layer breed) n _ gene editing | & itaneou aily gain in \
color), and coat (agouti s targeting knockout animals;
color pattern signaling of all three appears to correlate
grggelzn), genes (2 out Wlthf'b ad. hlgher
. of 36 live myofiber diameter.
(beta- founders)
carotene
oxidase) Germline
transmissio
D5.1 — Position paper on GE 23




" Y

UM }geﬂ
Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc
t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
n of
mutations
confirmed
Hair and muscle | Goat Zygote FGF5 and | CRISPR % ? Increased wool | Zhang et
mass (Shannb microinjectio | myostatin Cas9 Stability and staple length, | al., 2016
ol n (MSTN) consistency cashmere Ier?gth,
cashmer of mutations and cashmere yield.
e) shown in
gametes
isolated
from testes,
but F2
generation
could not yet
be tested
Hair and muscle | Goat Zygote FGF5 and | CRISPR/Cas | Not No Increased hair fibre | Li et al.,
mass (Shannb | microinjectio | myostatin 9 multiplex | applicable — length and muscle | 2018
ei n (MSTN) gene editing | knockout fibre diameter (from
Cashmer offspring previous study)
e breed) from
previous
study
Hair and muscle | Goat Zygote FGF5 and | CRISPR/Cas | Not Yes - see Wang et
mass (Shannb microinjectio | myostatin 9 multiplex | applicable — | previous al., 2017
ol n (MSTN) gene knockout study
editing? offspring
from
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Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc

t species | technology | genes efficiency edits? gene-edited animal | e
(animal)

Cashmer previous

e breed) study by
Wang et al
(2015)

Wool productivity Sheep Zygote FGF5 CRISPR 16.7% Not Longer wool length | Hu et al.,
(Dorper microinjectio Cas9 3 gene- mentioned 2017
breed) | " edited

lambs out of
18 born)

Coat colour Sheep Zygote ASIP CRISPR 100% Not Different mutations | Zhang et
(Chinese microinjectio Cas9 (6 out of 6 mentioned Iec: toh cilfferent al. (2017)
merino) n lambs colour phenotypes

analysed) Low pregnancy rate
(6/60 dams), which
was hypothesised to
be related to a yet
unknown function of
ASIP

Coat colour/heat | Cattle SCNT PMEL CRISPR 100% No Colour dilution | Jivanji et

resistance (Holstein) (pre- Cas9 2 out of 2 effect:llnz':eal((j of 3 azl.c,)21

melanosom calves born - n(;r{na ?C ;sm ( )
e) from wtlte coat  colour
previous patiering, - gene-
study) edite calves

displayed a pattern
of grey and white
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Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc
t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
markings and
absence of any
black areas
(from previous
study)
Nutrition/compositi | Sheep Zygote BCO2 CRISPR 100% No Differently coloured | Niu et al.
pn h(bete]lc-iarotene (Tan microinjectio (beta- Cas9 (10  gene- La}tlltllssue (onlé/.t |3 (2017)
in sheep fat) breed) n carotene edited '? e'IC gene-edite
oxygenase lambs out of animais
2) 10 born)
Allergenicity Cattle SCNT GGTAl CRISPR 100% No expression of a- | Perota et
(Holstein) (galactose- | Cas9 3 gene- Gal and Neu5Gc in | al. (2019)
alpha-1,3- . double knockout
lact edited I
?qag;?se calves out of calves
) 3 born
carbohydrat )
e antigen
synthesis)
CMAH
(N-glycolyl-
neuraminic
acid
[Neu5Gc ]
antigen
synthesis)
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Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc

t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
Allergenicity Goat Zygote BLG CRISPR 15.4% No No beta- | Zhou et
microinjectio (beta- Cas9 4 gene- :cactoilobu‘rn ![n m|tlk al. (2017)
n lactoglobuli edited  kids rom Irl‘oc ou g‘ia_s
" ou of 25 o vl
born
) affected).
Allergenicity Cattle SCNT BLG Zinc-finger Unknown — | No No beta- | Sun et al.
nucleases only 1 live lactoglobulin, and | (2018)
(beta-
lactoglobull calf born, higher lactoferrin
n) which  was and bovine serum
gene-edited albumin in milk from
biallelic knockout
cows (overall
protein content was
not affected).

Horn formation Cattle SCNT Polled TALEN Not No off-target | Hornless Young et
applicable — | edits but al (2020)
offspring unwanted Norris et
from. effects in F2 al. (2020)
previous - of 6
study. heterozygou

s kids, 4 still
carried the
unintentional
ly inserted
plasmid and
HDR
template
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Trait Ruminan | Breeding Target GE method | Targeting Off-target Phenotype of | Referenc
t species | technology | genes efficiency edits? gene-edited animal | e
(animal)
whilst 2
others  did
not
Horn formation Cattle SCNT Polled CRISPR 100% No off-target | Hornless Schuster
(Holstein) Cas9 (1 gene- edlts_, but et al.
edited fetus possple (2020)
and 1 gene- !olasmld_
edited  live | Integration
calf)
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Opportunities, challenges and risks of genome editing in ruminant breeding

Genome editing is considered to have the potential for the efficient and faster creation of ruminant
breeds with improved traits for commercial application. As described earlier, many scientific studies
reached the stage of raising genome-edited offspring via in vitro technologies, but few actual genome
editing-assisted commercial breeding programs have started. In the USA in 2022 the first gene-
edited cattle breed was approved by the FDA for marketing as food. This cattle breed has shorter
hair (slick coat) for increased heat tolerance, which was created by introduction of the PRLR-SLICK
gene via CRISPR-Cas genome editing (Anonymous, 2022).

While commercialisation is still in its infancy, some studies have used simulations to predict the
outcome of such genome editing-assisted breeding in comparison to conventional breeding, which
could aid decision-making on the costs and benefits of further commercialisation of GE breeds.

Simulations of genome editing-assisted breeding

The use of genome editing technologies in livestock breeding might offer advantages over
conventional breeding approaches and accelerate breeding programs. Some studies have used
simulations to explore the possible outcomes of applying genome editing in breeding programs. For
example, in one simulation where the aim was to increase the allele frequency of a monogenic trait
in breeding populations under genomic selection for a polygenic trait, genome editing (at 100%
editing efficiency) strongly decreased the time for a desired allele to be fixed in a population and
strongly decreased the loss in long-term selection response, compared to genomic selection alone
Further, the number of animals showing an undesired phenotype before allele fixation was also
clearly reduced in simulations of genome editing-assisted breeding with moderate selection
(Bastiaansen et al., 2018). However, genome editing efficiencies in practice are much lower, and a
reduced editing efficiency can have a large impact by increasing the number of editing procedures
required and the loss in selection response, and thereby might negatively affect the costs of
breeding.

Simulations for introgression of the POLLED allele in two different dairy cattle breeds demonstrated
that a large decrease in frequency of the HORNED allele could be achieved faster using genome
editing when compared to conventional breeding. Genome editing in these simulations also resulted
in significantly less inbreeding and significantly higher lifetime net merit (NM$) compared with
conventional breeding (Mueller et al., 2019). On the other hand, genome editing breeding scenarios
required a significantly greater number of unique sires compared to conventional breeding. For
introgression of the POLLED allele into a tropically-adapted beef cattle population, the breeding
simulations indicated that the addition of genome editing to conventional breeding scenarios resulted
in significantly faster rates of genetic gain (Mueller et al., 2021).

These simulations indicate that the application of genome editing in breeding programs can have a
positive impact on the breeding time required for fixation of a specific desired trait, while reducing
unwanted effects such as inbreeding. However, high genome editing efficiencies will be key to
achieve these outcomes.

Public and ethical aspects

The use of assisted reproduction techniques (ART), such as in vitro fertilization and in vitro cultivation
of embryos, and genetic modification of embryos for livestock breeding have been a topic of debate
for many years, in particular with regard to ethical aspects such as animal welfare as well as public
perception and acceptance. The application of genome editing technologies for livestock breeding

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement N°101000226.
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might provide some advantages compared to conventional genetic modification technologies based
on recombinant DNA, as in most cases no (foreign) DNA is introduced and genome editing
modifications are considered to be more precise and small. Therefore, genome editing may result in
less unwanted genetic effects in animals and raise less concern for animal welfare and health, during
the experimental as well as commercial phase. It is therefore important that, as in any conventional
breeding program, both the beneficial and adverse effects of genome editing in ruminant breeds are
well monitored.

Public perception and acceptance

Public perception and acceptance of the use of genome editing in agriculture (crops and production
animals) has not been widely studied but is an important factor to consider. In one study, the attitudes
of Brazilian citizens were explored regarding the application of gene editing in cattle to generate
offspring that are more resistant to heat, are hornless or have increased muscle tissue (Yunes et al.,
2021). Overall, these consumers showed a low acceptability of gene editing and in cases where
support was given this depended highly on the type and purpose of the proposed application (similar
to what has been observed in the parallel CropBooster-P project; A. Fischer, personal
communication). Improving muscle tissue growth through gene editing was considered as less
acceptable compared to applying gene editing to reduce heat stress or to produce hornless cattle. It
might be inferred from this that traits that not only offer benefit to the farmer but also for animal
welfare are more acceptable. From the study, it was also clear that support declined when the
application was perceived to harm animal welfare, to be mainly motivated by profits or to reinforce
the status quo of intensive livestock systems. The acceptability of gene editing was reduced when
perceptions of risks and benefits were viewed as unevenly or unfairly distributed among consumers,
corporations, different types of farmers, and the animals. Importantly, gene editing was not
considered a “natural” process by the interviewees, citing reasons such as the high degree of human
interference and the acceleration of natural processes. These findings were in line with the idea that
a critical moral judgment of gene editing is not driven by the associations with genetically modified
organisms or the technology itself, but rather its application or intended uses.

Martin-Collado et al. (2022) studied the public attitudes and consumption predisposition of United
Kingdom citizens toward gene-edited meat products and their potential added benefits to livestock
farming (Martin-Collado et al., 2022). The outcomes distinguished four groups of respondents:
Opponents to gene-editing technology, which could be subdivided into those not making differences
between the animal and plant kingdoms and those who did; moderate (the largest group, 42%), and
proponents of genome editing (the smallest category). Their analysis indicates that the credence
attribute of genome editing would work as a consumer heuristics backing up a bigger story of how
the animal product has been produced with a range of inferences about its quality attributes.
Whereas price benefits generally had little impact, those related to animal welfare were more
appreciated than those to human and environmental health.

The issue of public and consumer acceptance of animal biotechnology in a broader sense was one
of the topics of a series of workshops in 2020, with almost 500 participants from over 51 countries
(Hallerman et al., 2022). In their introduction, Hallerman et al. refer to earlier work by (Cormick 2020),
which described five important lessons that can be taken from public attitudes to using genetic
modification in animals: (1) With time passing, attitudes regarding GM animals are becoming much
closer to those for GM foods generally, with a lessening of high concern, and with younger people
more accepting than older people. (2) Public attitudes fall into four segments ranging from highly
supportive to highly unsupportive; those in the latter segment will likely never accept GM animal
products. (3) The two middle segments defined as “Yes, but...” and “No, however...” are open to
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changing their minds and will determine what information should be shared to address public
concerns. Public attitudes are best understood by analyzing these two middle groups. (4) Emotional
attitudes are generally not driven by facts and logical arguments. (5) Trust is vital when information
is contested; only 10-20% of the population is well informed on biotechnology, and most people go
to social and mass media for information.

Hallerman et al. also note that experts rely on technical risk assessments and use scientific
argumentation to weigh risks against benefits, and generally take the socio-economic impacts less
into account. In contrast, members of the public tend to to base their judgements about risk on risk
perceptions, and they place trust in regulators. Hence, effective risk communication must address
their concerns as well as technical risk estimates. Importantly, emotional responses, as well as moral
and ethical assessments, color the public’s risk perception of animal biotechnology.

Further reference is made to a study by Frewer et al. (2013), in which a meta-analysis was performed
of consumer attitudes to GM foods. This showed that plant-related or biomedical applications were
more acceptable than food animal-related applications. Risk perceptions associated with both plants
and animals were greater in Europe than North America and several Asian countries, while benefit
perceptions were greater in North America than Europe. Moral concerns were higher in North
America and Asia than in Europe. The concerns expressed for both genetic modification and genome
editing were very similar. However, the motivation for applying these technologies was a key issue,
with financial gains not highly valued, and e.g. improving animal health or reducing negative
environmental impacts considered more positively. This could suggest that for example polled cattle
might be an acceptable application.

It is also mentioned that expert and regulatory communications about GMOs have to a large extend
ignored to take into account the values of those communicating to align with those of consumers
(Moore 2020), while it is known that shared values are 3-5 times more important to building trust
than sharing facts or demonstrating technical expertise. Shared values regarding agricultural
biotechnology would include: benefits to consumers and providing healthy, affordable food, not
farmer benefits or profit; benefits to animals by improving animal health, not increasing productivity;
and benefits to the environment, not increased efficiency. Expressing such shared values in their
messaging should be attempted when scientists, companies, and government officials are
communicating about GMO developments.

It is also important to have regulatory systems with clear and transparent processes in place to gain
public trust and promote innovation in animal biotechnology (Gallo 2020). The Brazilian regulatory
process is a good example of this, as it embodies transparency to build public trust. The key body in
Brazil is CTNBio, a multidisciplinary biotechnology oversight commission. It makes all agendas,
minutes, and activities for monthly CTNBio meetings available to the

Public, and meetings are also open for attendance by registered members of the public. Moreover,
the president and members of CTNBIo have appeared in a variety of media outlets to discuss GMOs
and genome editing, and CTNBio meets regularly with the scientific community to promote
transparency with researchers.

From the perspective of consumer acceptance and control by authorities it might also be important
to assure that GE/GM animals and food products derived from GE/GM animals are labelled and can
be traced (Eriksson et al., 2018). In the USA the “bioengineered” label on food packaging serves this
purpose for GE- and GM-derived food, while in the EU under the current GMO regulations food
packaging would need to mention “contains GMO” after approval of GE/GM-derived animal products.
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Ethical aspects

Traditional genetic modification of production animals, e.g. by transgenesis, has been a controversial
topic of ethical debate for many years. The advent of novel genome editing techniques that do not
rely on transgenesis and are considered to cause more precise and smaller (epi)genome
modifications add new elements to this debate, that need further analysis and discussion.

The Nuffield Council on Bioethics performed an inquiry of the social and ethical implications of
genome editing in farmed animal breeding (Nuffield Council on Bioethics, 2021). Two important
application areas of interest for genome editing in farm animals that were analysed were the
introduction of inherent physical animal characteristics without surgical mutilations and increased
resistance to disease or adverse environmental conditions. Surgical mutilations such as de-horning,
castration and tail docking are common practices in animal farming, and are considered to have a
negative impact on animal welfare. These alterations might also be achieved through breeding
assisted by genome editing, and could thereby have a better chance of moral approval. It was
however noted that for each case it is important to separate whether the adaptation enables farm
animals to live a better life in good husbandry conditions or whether it is merely intended to avoid or
disguise the adverse effects of poor husbandry. Increasing inherent disease resistance or tolerance
to environmental conditions (e.g. heat) are genetic alterations that might benefit both farmers and
farmed animals. Breeding resistance or tolerance through genome editing can introduce potential
advantages to both large-scale intensive industrial farming as well as smaller scale extensive farming
systems. However, one needs to consider that these adaptations may perpetuate or even encourage
dense animal stocking in industrial farming systems. In each case it should therefore be evaluated
whether alternative strategies (e.g. vaccination) are available, more effective, economically
preferable or morally more acceptable. Genome editing can also be employed for improving
production traits such as faster growth and higher muscle yield, improved reproduction
characteristics or higher secondary production (e.g. milk). These traits are often governed by a
complex genetic basis and in many cases can be achieved by conventional selective breeding. The
report notes that, in some species, historical breeding has led to significant negative outcomes for
the animals, which should be rectified. Novel breeding practices, such as genome-editing assisted
breeding, should take this into account and aim to avoid potential negative outcomes. The report
further mentions that genome editing might become the dominant approach for achieving breeding
objectives in the future and shows great potential, but that applications presented as beneficial for
animal welfare might serve to establish regulatory frameworks for later applications that might lead
to reduced animal welfare. An example that is of concern could be applications to enhance
productivity traits, as regulations are more focussed on product safety and do not take animal welfare
sufficiently into account. For each application one should therefore carefully evaluate the new
breeding technology (such as genome editing) in relation to the objectives and circumstances, and
it is recommended to establish best practices for responsible breeding. This entails that farmed
animals should not be bred to enhance traits merely so that they may better endure conditions of
poor welfare, and farmed animals should not be bred in ways that diminish their inherent capacities
to enjoy experiences that constitute a good life. In addition, regulation of farmed animal breeding
should consider the wider effects on the organisation of food and farming systems and on society in
general, in particular, the need to control the potential of innovation to support damaging farming
practices.

A review by Eriksson and colleagues is in line with the conclusions and recommendations of the
Nuffield Council (Eriksson et al., 2018). They discuss that genome editing has a great potential to
benefit animals in the future and refraining from applications in farm animals could be considered
irresponsible. However, genome editing often is presented in the media as a fast and uncomplicated
way of solving complex problems in modern agriculture, while the present knowledge about the
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genetic background of animal (production) traits is still incomplete and large-scale applications could
be more difficult than anticipated. It is therefore important that clear and honest information about
different genetic modification methods and their potential use and consequences is provided by
researchers in the field. Ethical aspects should be discussed with stakeholders and awareness
increased with the aim to decrease the risk of miscommunication. The authors also mention the
importance of discussing questions regarding genome editing in a relevant case, which is within the
case of modern animal breeding and not as a separate issue. All steps of the breeding process
should be included in the ethical considerations when introducing new technologies for farm animals.
Further, the basis for “go/no go” decisions for the application of genetic modification should not be
based on what'’s technically possible but more on what is reasonable to do. The ethical discussion
on genetic modification and genome editing should not be left primarily to society (as is mostly the
case), but should involve input from the animal breeding sector, as it has more insight in the genetics
and animal breeding procedures. Setting up ethical advisory boards/committees in breeding
organizations could be a way to improve internal discussions and decision-making, instead of relying
mainly on (novel) regulations and external control. There are codes of conduct for responsible
breeding (such as Code-EFABAR - REF), that need revision when new technologies are
implemented. Ethical discussions involving a variety of stakeholders have been shown to be a
promising approach for the revision of these codes.

The European Group on Ethics (EGE) in Science and New Technologies published an opinion on
the ethics of genome editing in humans, animals and plants (European Commission et al., 2021). In
this opinion several recommendations were made for genome editing for different purposes,
including experimentation and applications for livestock breeding. The EGE mentions that genome
editing has a high potential and a wide range of possible applications, thereby introducing the risk
that it could lead to an increase in the overall use of animals for experimentation, even if in line with
‘the 3Rs rule’ (replacement, reduction, refinement) the number of animals is kept to a minimum for
each single experiment. They also raise the question if ethics committees for animal experimentation
are fully aware of the known and unknown risks and benefits of genome editing, and the effect this
new technology can have on the 3Rs. The EGE calls for strengthening the monitoring of genome
editing in animals for scientific experiments according to the 3Rs rule, and balancing between the 3
Rs. The EGE (1) recommends to reinforce reporting requirements with respect to scientific
experiments using genome edited animals, including documenting their purposes; (2) urges
research ethics committees and bodies in charge of project evaluations to carefully evaluate the
costs and benefits of genome editing experimentation taking into account the 3Rs framework; and
(3) recommends that researchers be required to ensure transparency, sharing of data and tissues,
and the publication of negative results in order to minimise uncoordinated duplication of experiments.
The EGE also suggests to consider a further R in relation with research funding, Recourse to
alternative strategies. The EGE further suggests to strengthen the ethical oversight of practices
involving the reduction of natural abilities of animals. Genome editing in animals could significantly
affect the natural abilities of animals (sometimes designated as ‘de-animalisation’), but considering
that animals with their natural characteristics have an intrinsic value (and not merely an instrumental
one), the EGE recommends that, even outside the research context, the purpose of such reduction
be explicit, transparent and balanced and subject to ethics oversight in line with the above
recommendations.

The Joint INRA-CIRAD-IFREMER Ethics Advisory Committee provided an opinion on the use of
targeted genome-editing technologies in animals (Joint INRA-CIRAD-IFREMER Ethics Advisory
Committee, 2021). In one recommendation the ethics committee states that genetic improvement of
farm animals should not focus solely on traits that influence productivity, but should also examine
traits that affect animal welfare because such research could enhance understanding of the
behaviour of farm animals, which are sentient beings. Regardless of the approach used, breeding
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must neither diminish animal welfare nor affect an animal's capacity to experience well-being". They
further indicate that preserving animal welfare should be a guideline for all work on genetic
improvements in farm animals. The committee also mentions that continued attention should be
directed towards alternative techniques that could address identified research needs and challenges
in animals without employing genetic modifications.

The Netherlands Commission on Genetic Modification (COGEM) presented a report on the use of
CRISPR-based genome editing in animals (Netherlands Commission on Genetic Modification
(COGEM), 2018). The report mentions that some applications of genome editing in production
animals can be used to deliver animal welfare benefits in existing farming systems, such as
introducing disease resistance. However, modifying traits such as increasing yields (e.g. muscle
mass) through genetic modification often increases the risk of adverse effects on animal health and
welfare, and could lead to physical complications. Moreover, questions may be raised whether
modifying these production traits could facilitate/perpetuate existing industrial livestock farming.
Nevertheless, genome editing can provide new opportunities for improving animal health and
welfare. The report states that the aims of genome editing applications in livestock are essentially
the same as in existing selective breeding practices, i.e. increasing yields, improving product quality
or conferring diseases resistance. The major difference is that genome editing targets one or just a
few genes and speeds up the breeding process, while traditional selective breeding in most cases
involves targeting the whole genome and selection for production-related genes distributed across
the whole genome. Modifications caused by genome editing are also very subtle and almost
impossible to distinguish from naturally occurring mutations, which presents challenges both to policy
making (enforcing regulations) and to society (free consumer choice).

Regulations, policies

EU

In the European Union, organisms resulting from gene editing are considered genetically modified
organisms and therefore have to comply with legal requirements for such organisms, under the
definitions laid out in Directive 2001/18/EC. This includes a mandatory regulatory approval before
these products can be marketed. Part of the approval procedure is a pre-market safety assessment
carried out by the GMO expert Panel of the European Food Safety Authority. Their opinion will serve
as basis for the European Commission’s draft proposal to approve the particular GM product for
marketing within the EU, which then has to be voted upon by a permanent committee of member
states representatives, and, pending the outcome of that, an appeal committee. The approvals for
commercial environmental release (under Directive 2001/18/EC) and food and feed uses (under
Regulation (EU) No. 1829/2003) have so far not included GM animals.

USA

The US Food and Drug Administration (FDA) has developed a policy towards the treatment of so-
called “intentional genomic alterations (IGAs)” made in livestock animals. These included targeted
or random changes to the animal’'s DNA using modern molecular technologies, such as genome
editing. Examples of such mutations are insertions, substitutions or deletions of nucleotides. They
may serve a range of purposes, such as for the production of pharmaceuticals and other human-
health applications; disease resistance and other animal health purposes, and improved food
production and quality (FDA, 2022). These modifications are considered “new animal drugs” and
applicants have to file new animal drug applications (NADAS) in order to gain approval, with the
FDA'’s Centre for Veterinary Medicine.
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Various transgenic GM animals which have been obtained with recombinant DNA have already
obtained approval, particularly for the production of pharmaceuticals but also for agri-food production
(salmon, pig). Animals approved include

Yet if the animals are to be used for non-food purposes, or if the IGA is considered to have a low
risk profile, the FDA will consider “enforcement discretion”. This means that the risk is deemed low
enough for it not to be a priority for FDA. This determination is based on the information from the
applicant, which will be published also in a summary form by the FDA for the sake of transparency.
Based on any new information that may appear in due course, the FDA could still revisit its previous
decision and still effectuate enforcement. The first food animal for which FDA recently applied this
enforcement discretion was for cattle with a mutation (“SLICK”) in the prolactin receptor gene,
rendering it more tolerant towards heat.

Regulatory safety assessment

Codex Alimentarius

In 2008, the Codex Alimentarius Commission published its guideline for the safety assessment of
foods derived from recombinant-DNA animals (Codex Alimentarius, 2008). Codex Alimentarius is a
joint collaboration between the Food and Agriculture Organization of the United Nations (FAO) and
the World Health Organization (WHO). Its standards and protocols for e.g., good practices will serve
as reference in case of disputes over the safety of internationally traded foodstuffs and have to be
implemented by its member states (which are most nations of the world).

The general principle is the comparative safety assessment, which explores the safety implications
of any new or altered hazards in a new animal line relative to a conventional counterpart with a
history of safe use. This falls within the framework for the risk assessment for foods derived from
modern biotechnology. The assessment focuses on both the intended and unintended effects of the
genetic modification, whilst recognizing that the latter are not inherent to modern biotechnology per
se and can be either predictable or unexpected. Whilst the general principles and the topics
addressed (e.g., compositional analysis, potential toxicity and allergenicity, nutrition) are the same
as for plants and microorganisms, there are a number of features specific for animals. The various
types of data that need to be provided for a food and feed safety assessment typically include a
molecular characterization of the modification, comparative analysis of compaositional, phenotypic,
and agronomic characteristics, potential toxicity and allergenicity, and nutritional impact. These are
elaborated in the following subsections (Codex Alimentarius, 2008).

Modification method and molecular characterization
The information to be provided in brief includes the following items (Codex Alimentarius, 2008):

. The gene donor organism, including the source material (for example, if the DNA has
been obtained from a cell culture), its origin, and more generally, its known use in the
food supply and other possible non-food routes via which humans are exposed to it

. The genetic material used to modify the recipient animal, including its sequence,
components (e.g. marker genes, regulatory elements besides the target sequences) and
their location and orientation, size and function. In addition, also the vectors used to
produce and introduce the genetic material should be described, including whether these
are zoonotic agents or viral vectors. In such cases, specific data should be provided on
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pathogenicity, mode of transmission, and potential for recombination with existing
pathogens.

. Method to generate the recombinant DNA animal, such as the initial introduction of the
recombinant DNA, such as by transforming gametes, injecting it through micro-injection
techniques into egg cells/embryos, or transfer of a nucleus from a transgenic cell to a
enucleated egg cell. Also the further steps in generating the founder animals and further
pedigree need to be provided, such as the use of surrogate dams and breeding partners,
their phenotype and genotype. More generally, this also includes the typical breeding,
rearing, and food production processes applied to these animals and the ones ultimately
destined for food production.

. Characteristics of the genetic modification in the animals ultimately used for the
production of foodstuffs. This includes
. A description of the genetic material inserted, including the number of insertion

sites, sequence copy numbers, and sequence data. This should also include also

an analysis of the potential for mobilization or recombination of sequences within

the construct, as well as the new open reading frames formed by the insertion

which could give rise to the production of fusion proteins.

= Any rearrangements in the sequence originally used for modification should
be provided. Moreover, any implications of changes in the primary amino acid
sequence and/or post-translational modifications of newly expressed proteins
should be provided

= Stability of inheritance of the introduced genetic material and linked traits

. The expression products (RNA transcripts, newly expressed proteins), their

functions, the phenotype linked to the new trait, expression levels and tissues

where these are expressed. In case the purpose of the modification is to

suppress an endogenous gene, then the levels of the expression product of the

target gene should be included as well.

= |t should be evaluated if the traits are indeed expressed in the appropriate
tissues at levels expected and needed for expressing the desired trait

Health status of the recombinant DNA animal

The health of a food-producing animal is considered a good indicator of potential food safety issues
with the animal food products derived from it. This is also because contrary to food plants, animals
used for food production typically do not contain toxins (Codex Alimentarius, 2008).

Compositional analysis

The Codex Alimentarius guidelines recommend the analysis of key components of the modified
animal and its conventional counterpart. Key components are those food substances that have a
substantial impact in the overall diet, which encompasses not only macronutrients such as fat,
protein, and carbohydrates, but also micronutrients such as vitamins and minerals. The test and
control animals should be bred and raised under the same conditions, and matched with each other
on parity of items such as gender, lactation cycle, breed, and husbandry practices. In some cases
though, depending on the animal species and the characteristics of the modification, comparisons
under multiple conditions may be advisable (Codex Alimentarius, 2008).
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Potential toxicity and/or bioactivity of expressed non-nucleic acid substances

This is important for the health of both the modified animal and the consumer of its edible products.
Usually this will pertain to newly expressed proteins and possible also other substances. New
substances introduced through modifications may still be common components of foods such as
proteins, fat, carbohydrates and vitamins. New metabolites may be a a results of the activity of a
new enzyme introduced through genetic modification. It also instructs to avoid the unwanted
introduction of any genes coding for toxins or antinutrients occurring within the donor organisms,
particularly because processing methods typically used for foods derived from the recombinant DNA
animal may not remove these new components.

For new components, there may already be sufficient reassurance of their safety or that of closely
related compounds if these have a history of safe consumption as part of common foods. In the
absence of such data, it has to be assessed if and which further testing should be undertaken, for
which a range of toxicity tests can be applied in a tiered approach, guided by the types of toxicity
observed and the doses at which this occurs, taking into account the expected dietary exposure.

For chemical substances other than proteins, studies may focus on toxicokinetics, subchronic and
chronic toxicity, carcinogenicity, developmental and reproductive toxicity (based on a hypothesis of
toxicity).

For newly expressed bioactive substances, the impact of this activity on the overall animal health as
well as their possible activity in humans, taking into account the potential exposure of consumers to
them (Codex Alimentarius, 2008).

Potential toxicity of newly expressed proteins

Tests that are commonly performed with newly expressed proteins under this heading include a
range of bioinformatics-supported and in-vitro studies, as follows:

. Information regarding the toxicity of the donor organism and potential toxicity linked to the
functionality of the protein within the animal

. In-silico: Comparison of the amino acid sequence of a newly expressed protein with the
sequences of known toxic proteins and peptides

. Stability of the newly expressed proteins against degradation by protein-degrading

enzymes from the gastrointestinal tract, and against heat (such as applied during food
processing). A commonly used assay in this regard is the use of “simulated gastric fluid”,
i.e. an acidic solution of the protease pepsin, which occurs in mammalian stomachs.
During incubation of the protein with pepsin, samples are taken and tested for its integrity.
Stability may indicate that the protein would be to sustain digestion in-vivo and reach
gastrointestinal tissues and may be available for uptake.

In-vivo (animal) toxicity testing according to established guidelines (e.g., OECD Technical
Guidelines) with the newly expressed protein may be considered if the protein is different from those
that have previously been consumed safely as part of foods (Codex Alimentarius, 2008).

Potential allergenicity of newly expressed proteins

Allergenicity is the capacity to elicit allergic reactions in patients from allergy, i.e. an immune
hyperreaction. Humans can be allergic to substances that they are exposed to via inhalation, dermal
contact and food. As regard food allergies, all food components known to elicit allergies (food
allergens) are proteins, yet they constitute only a minor fraction of all proteins consumed. For all
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newly introduced proteins, this raises the question if they could act as allergens. As there is no
single conclusive test that can completely predict the potential allergenicity of a protein, a “weight of
evidence” approach is followed, combining the outcomes of various tests to arrive at an overall
conclusion on the likelihood of the protein to become an allergen. These are to a great extent similar
to those for toxicity testing, yet the guidelines may be more specific on certain details regarding, such
as bioinformatics. In the Codex Alimentarius guideline, the annex provides details on the
background, rationale and specifics of the various tests to be performed. These include (Codex
Alimentarius, 2008):

. Information on the source of the protein, i.e. if the donor organism is linked to allergies.
In the latter case, data could already be available on its prevalence, severity of reactions,
and the availability of sera from allergy patients.

. Sequence homology of the newly expressed proteins to known allergenic proteins. In
these cases, the primary amino acid sequences are compared with each other using
algorithms that align these sequences. The algorithms also consider the probability of
the alignment occurring by chance: The lower the chance, the more relevant the
alignment is and the more similar the proteins are. Besides such a general alignment, an
additional type of alignment specifically required by Codex Alimentarius is to have 35%
identical amino acids in “sliding windows” (protein segments) with a size of 80 amino
acids. For the comparison, various online protein sequence repositories feature lists of
sequences of allergenic proteins that could be used for this purpose. If sufficient
homology is found for the newly expressed proteins with a given allergen, then the next
step would be to verify if it is recognized (bound) by antibodies of the immunoglobulin E
(IgE) class which are associated with allergies, from sera of patients allergic to that
specific allergen

. In-vitro “pepsin resistance” tests on the susceptibility of the newly expressed protein to
degradation by pepsin, actually the same what is done for potential toxicity testing. The
underlying idea is that such resistance has been observed in a number of food allergens.
The Codex Alimentarius guidelines caution, though, that an absence of resistance should
not be equated to lack of relevant allergenicity.

. IgE serum-binding assays (specific serum screening) in case the newly expressed protein
is from an allergenic source or displays relevant sequence similarity to known allergens:
The availability of a sufficient number and quantity of patients’ sera of acceptable quality
and that of standardized binding assays, is crucial for this kind of testing.

Potential nutritional impact

An additional nutritional assessment is recommended by the Codex Alimentarius guidelines in case
the nutritional quality or functionality of the animal has intentionally been altered. This may entail
both changes in the nutritional composition of the protein and modifications that alter the
bioavailability of nutrients which have not been altered themselves. In case the composition is
significantly different from that of the conventional counterpart, additional foods with a compositional
profile closer to that of the modified animal can be included in the comparison to assess overall
impact.

Important in this regard are also the consumption patterns amongst consumers, also taking into
account the differences that may exist amongst different subgroups, such as those from different
age categories or geographical backgrounds, as well as physiological or metabolic properties and
requirements, such as for children, the elderly, chronically diseased, immunologically impaired, and
lactating females (Codex Alimentarius, 2008).
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Horizontal gene transfer

Whereas the transfer of DNA from animals to microorganisms is considered to be very rare event as
best, the possibility of such an event cannot be completely dismissed and therefore the Codex
Alimentarius guidelines recommend that a number of factors are considered. This is particularly
relevant in case antimicrobial resistance genes have been introduced into the recombinant DNA
animals. The guidelines actually discourage the use of such genes in animal genetic transformation.
In such cases, the veterinary and clinical importance of the particular antibiotic should be considered,
such as whether it might be the only means to treat certain pathological conditions. In addition, the
possibility that the presence in food of the gene or the actual protein (enzyme) it encodes could
impair the effectiveness of antibiotic therapies. As for other gene products, its safety should also be
assessed (Codex Alimentarius, 2008).

Other considerations

The Codex Alimentarius guidelines also briefly mention the potential scenarios for altered
accumulation of xenobiotics such as veterinary drug residues or the altered colonization of human
pathogens or toxin-producing symbionts. These should be given consideration in the safety
assessment. In case such alterations indeed might occur, the evaluation should focus on their
potential impact on human health (Codex Alimentarius, 2008).

EFSA

In 2012, two expert Panels of EFSA, including the ones on genetically modified organisms (GMO
Panel) and on animal health and welfare (AHAW Panel), published a joint guidance document on
the food and feed assessment of genetically modified animals, as well as the assessment of the
impact on animal health and welfare (EFSA, 2012b). This actually followed a mandate they had
received from the European Commission for guidance on food and feed safety assessment and also
the environmental safety assessment. The latter was to become a separate document besides that
on the food and feed safety, and will not be further discussed here. The guidance document
acknowledged that animal constitute a very divers range of organisms and that therefore only
guidance of a generic nature could be developed, whilst additional specific requirements may be
developed on a case-by-case basis. The species that the guidance was confined to include
husbandry species, fish, crustaceans, molluscs, and honeybees. Besides food and feed safety, it
also addressed animal health and welfare, in line with EU policies to promote animal health by
preventing and reducing the disease pressure and by protecting the welfare of a range of farm animal
species (EFSA, 2012b).

The guidance document is by and large very similar to that by Codex Alimentarius, albeit that the
EFSA document is more extensive, providing more detailed guidance on some topics, for example,
whilst its scope is also wider, encompassing animal feed and welfare, items not covered by Codex
Alimentarius. Items covered in more detail or otherwise differently from those in the Codex document
are elaborated in the following subsections (EFSA, 2012b).

2.4.2.1 Molecular characterization

Additional requirements include the sequencing of the flanks at the 5’and 3’ ends of the inserted
DNA in order to check for any disruption of endogenous genes or regulatory sequences. Expression
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data should include, on a case-by-case basis, also the expression of genes in the vicinity of the insert
(EFSA, 2012b).

Comparative assessment (phenotype, composition)

Similar to what is required for plants, a combination of different and equivalence testing is
recommended for animals, each with a different null-hypothesis. It is recognized, though, that for
certain animal species, the number of conventionally bred animals that can be used as references
for safety testing in the same experiment may be limited. In such cases, data from previous
experiments, historical data, or data from scientific literature could be used, provided their use can
be fully justified. For the design of the experiment, blocking should be considered. In addition, the
numbers and design should be chosen to ensure that there is sufficient statistical power for the main
effect for the difference test

The phenotype, i.e., the health and physiology of the animal, is considered an important component
of the comparative approach. Any changes may be indicative of the changes underlying them, which
may be caused by intended or unintended effects of the genetic modification. Such parameters
might actually provide information about the potential toxicity and bioactivity of the genetic
modifications. Survival of the animal during the perinatal period already provides proof of normal
physiological development, for which reason the animals should already be monitored in the prenatal
phase and around birth (e.g., birth weights). Also reproductive functionality is considered an
important parameter indicative of the proper functioning of the complex machinery needed for foetal
development and delivery after pregnancy. Clinical chemistry and haematology may provide
indications of normal functioning, too.

The compositional analysis should include relevant macro- and micronutrients, and, if applicable,
anti-nutrients and toxins. The EFSA document also explicitly refers to key allergens as part of the
compositional analysis.

The outcomes of the comparative assessment should then form the basis for decisions on what
further tests are needed to ensure the safety of the GM animal (EFSA, 2012b).

Toxicity of the newly expressed protein

Besides the various bioinformatic and in-vitro (digestibilit) studies that are also recommended by
Codex Alimentarius, the EFSA document specifically mentions the 28-day repeated-oral-dose rat
study as an in-vivo model for testing the safety of newly expressed proteins. The number of animals
in cluded in the study should ensure sufficient statistical power. The outcomes of such a study could
form the basis for a decision on what further testing would be required. The Panels also
acknowledge that the performance of acute toxicity testing adds no value and it is therefore
discouraged (EFSA, 2012b).

Safety and nutritional value of the whole food

The safety testing of the whole food derived from the GM animal may follow on indications from other
studies. The 90-day oral feeding study in laboratory rodents (usually the rat) should be only
performed if the sensitivity of the study is deemed sufficient given the limited amounts of whole foods
that can be administered to the animals. It is recommended to include at least two dosage levels,
with the highest being the maximum that can be incorporated into the animal diets, whilst it is
important to ensure also that the diets are equivalent The difference test between test and control
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groups should then help identify those differences that are indicative of effects of the genetic
modification that warrant further testing in follow-up toxicity studies, such as reproductive /
developmental effects, pending the indications from the 90-day study (EFSA, 2012b).

Besides rodent studies, supplementary information on potential unintended effects can be obtained
from feeding studies in young, rapidly growing animal species, such as broiler chicken and lambs.
At the time that the guidance was published, a ban on feeding animal materials to animals was still
in place, hence no target animal species could be defined. The Panels emphasized that these animal
trials are of little value anyhow without indications from the other safety data provided. Whereas
such studies might also be useful for the nutritional assessment of GM animal-derived feeds, the
Panels consider that the initial step to determine any nutritional impacts is the extensive comparative
compositional analysis. The assessment should take this into account besides two other major
factors, namely the impact of transport, handling, and processing, and possible changes in the
bioavailability or digestibility of the nutrients. Another major item to be considered in the nutritional
assessment is the anticipated intake by consumers. These should be based on plausible intake
scenarios for the constituents being considered and take the contributions from the whole diet rather
than only GM-animal-derived food and feed products into account (EFSA, 2012b).

Potential allergenicity

Under the heading of potential allergenicity, the EFSA guidance considers that of newly expressed
proteins as well as possible alteration of the overall endogenous allergenicity of the recipient animals.
As for the newly expressed proteins, this includes the sequence similarity searches, pepsin
resistance and specific serum screening tests already recommended by Codex Alimentarius.

The overall endogenous allergenicity, which receives only modest attention in the Codex document,
is elaborately addressed, yet the document acknowledges the difficulties in comparing the
allergenicity of whole foods. Besides, the weight-of-evidence approach does not apply here.
Assessment of the overall endogenous allergenicity would involve the analysis of the allergen
repertoire, yet the outcomes may be difficult to interpret in the absence of dose-response
relationships.

The Panels also acknowledge the fact that some modifications may actually be targeted at achieving
hypoallergenicity of the animals. Studies should then be provided (e.g. clinical ones) that
substantiate these claims.

The document also makes a distinction between sensitization and elicitation. Whereas elicitation is
covered by the approach described, sensitization is more difficult to capture and could be monitored
in post-market monitoring schemes. In addition, information can also be obtained from the
prevalence of occupational allergies, such as in farmers and workers, resulting from exposure to the
GM animals

Conclusion

The entirety of the literature reviewed indicates that gene editing is already being applied to
ruminants to a great extent in experimental studies. Yet the review of the regulatory landscape
shows that hitherto only a single food-producing ruminant (SLICK cow) has passed through the
regulatory approval procedures of non-EU countries, notably the USA and Latin America. Another
striking feature is the large share of studies by authors from PR China, which may relate to the fact
that animal biotechnology is proactively supported by its national research policy. Other, more
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technical features that indicate that the genome editing of cattle may be amenable to marketing
shortly, including the following:

» Targeting efficiencies of genome editing in ruminants appears to be high. Interesting for the
creation of founder animals is biallelic mutants that are homozygous for the desired trait.

+ New methods of direct microinjection of gene editors into zygotes circumvent the need to
genetically edit foetal/somatic cells first before transferring its nucleus to an enucleated
oocyte (through SCNT). In addition, further down the line, knowledge has accrued that
increases the likelihood of success of the transfer of the embryo to a surrogate dam, such
as synchronization

+  Transmission to germline and offspring has been confirmed in some studies, demonstrating
stable inheritance of the acquired trait

+  Off-target edits are almost routinely screened for in a targeted fashion, that is, by sequencing
PCR amplicons of predicted off-target sites. Off-target mutations are rarely observed. In
addition, several studies also extended this to the whole-genome level with confirmatory
results. A few of these studies also refer to the background incidence of mutations that
occur naturally or during breeding(Li et al., 2018, Zhou et al., 2019a). These data indicate
that the changes afforded so far in experimental animals are still within the bandwidth of
natural mutation frequencies, Also the increasing use of “safe harbours” and gene editors
that do not involve the breakage of the DNA double strand could further help reduce the
likelihood of unwanted or pleiotropic changes.

*  Simulations indicate that genome editing can accelerate breeding programmes

These observations from genome editing studies in ruminants indicate a good potential for
commercial breeding programs.

The review of public and ethical aspects shows that genome editing applications that improve animal
welfare might receive higher public acceptance and less ethical debate. Recently, the topic of
genome editing has led to consultations of ethicists by authorities within and outside the EU.
Strikingly, the potential benefits to animal welfare and health also receive attention in these
discussion.

As regards the safety assessment of gene-edited animals, there is already worldwide harmonization
of the principles of risk assessment as per Codex Alimentarius, which has become further elaborated
in EFSA guidance. Obviously, these guidelines were written with transgenics in mind so that some
of the requirements there would not apply to gene-edited animals without, say, a transgenic DNA
insert from a non-crossable species. It would be of great merit for the technological and risk
assessment communities alike if such guidance could be adjusted to the actual potential risks of
gene-edited organisms.
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Annex

Databases

o Web of Science (general):
= Data set: All databases (WoS core collection, Current Contents Connext, KCI-
Korean Journal Database, MEDLINE, Russian Science Citation Index,
SciELO Citation Index)
= Publisher: Clarivate
o CAB Abstracts (life sciences, particularly agriculture & food):
= Publisher: CAB International
o Scopus (general):
= Publisher: Elsevier

Search string

Search terms

Concept Search terms

Gene editing (also including RNAi and ODM) | “base edit*” or bioengineer* or CRISPR* or
“‘gene* edit*” or “genetic* alter®” or “genetic*
engineer” or “genetic* enhance® or

“genetic* manipulat*” or “genetic* modifi*” or

“‘genom* edit*™ or “ genom* engineer® or
GMO or knock* or off-target
Ruminant species bovine or bovines or buffalo or buffaloes or

bull or bulls or calf or calves or cattle or cow
or COWS Oor ewe or ewes or goat or goats or
lamb or lambs or livestock or ovine or ram or
rams or ruminant or ruminants or sheep

Terms deliberately excluded:

e Gene editing:
o “Transgenic, cisgenic”: requires insertion of added DNA (not a SDN-1/2 edit)
o “GM”: yields numerous false positive, particularly for GM-CSF; sufficient
alternatives included for genetic modification
o “miRNA, dsRNA, siRNA, RNAi": many false positives from fundamental and other
unrelated research on gene expression, viruses etc.; sufficient alternatives on
RNA interference
e Ruminants:
o “Does” (plural of doe): omnipresent as conjugation of the verb “do”

Further limitations
The period of publication will be limited to the last 10 years (2012-2021), for the following reasons:
e CRISPR Cas9 was first introduced in 2012
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¢ Many reviews cover this field and provide a good coverage and overview of what happened
before this period

The language of the body of the publication should be English.

Abstracts (e.g. conference proceedings), editorials, opinions, reviews, and all other works not
representing original work will not be included in the core selection, yet some of these may still be
retained for use (e.g. reviews)

Data storage

e Records: Endnote libraries
e Questionnaires: Excel spreadsheets
o Generic questionnaires will be developed for the 1%t and 2" stages of selection
(establishing relevance at the title and abstract levels, respectively)
o Specific questionnaires with questions that will mapping out the current research
landscape. These questionnaires will be developed for the different fields of interest,
e.g. consumer safety, animal health and welfare, socio-economic, breeding

Consistency checks

At each stage of the selection procedure (title, abstract, and full-text levels), a subset of each
selection of records will be independently screened by two researchers and compared for
inconsistencies. These inconsistencies will be discussed and reconciled by the researchers so as
to ensure that a consistent and reproducible screening can be performed. Subsequently, each record
of the remainder of the selection will then be screened by at least one researcher.

Grey literature search

Various sources will be checked for relevant information on potential risks and benefits of gene-
edited ruminants, as follows:

Category Sources (examples) Type(s) of reference
Non-original scientific | Discarded selection records | Reviews, congress papers
papers

Regulatory Risk assessment bodies | Risk assessments & safety

(e.g., EFSA, US FDA & | assessment guidelines
USDA, Health Canada &

CFIA)

Policy Government institutions | Policy advice, regulatory
(European Commission, | impact assessments,
national governments) research needs analyses,

Advisory bodies (e.g. el

European Group on Ethics)

Science Academies
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Advocacy groups (e.g.,
Animal breeders
association)
Trade journals Library collections Reports from Dbreeders,

extensionists, etc.

Veterinary health

International Organizations
(FAO, OIE, WHO)

Expert consultations,
standards, guidelines
codes

&

11 October 2021: After merging WoS, Scopus and CAB references deduplication performed in
EndNote 20 (via Find Duplicates tool and manually) -> 347 references left for title screening

Total file of records remaining for full-text review (after title and abstract screening):

In-depth research: 25 records

Methodology: 42 records

In-vitro research: 11 records

Others: 15 records
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Optimized search string
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Figure: Workflow for evidence synthesis on risks & benefits of gene editing in ruminants
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