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Breeding in an Era of Genome Editing 
 
Emily Louise Clark, The Roslin Institute, University of Edinburgh, Easter Bush Campus, 
Midlothian, EH25 9RG 
 
Glossary 
 
Genome editing – the manipulation of the genetic material of an animal by deleting, replacing 
or inserting a DNA sequence. 
Genome editors – molecular tools capable of making a double stranded break in the DNA 
sequence, including TALENs, ZFNs and CRISPR-Cas. 
Selective breeding – making breeding decisions based on parents with desirable traits and/or 
genetics to produce offspring with desirable traits. 
Cross breeding – crossing of two breeds of animals within the same species, often to combine 
desirable traits from each breed. 
Quantitative Trait Loci (QTL) – regions of the genome at which genetic variation is associated 
with a particular quantitative trait. 
Trait linked alleles – a genetic variant or loci linked to a trait of interest (e.g., underlying a QTL) 
Introgression-by-editing – identifying naturally occurring genetic variation in one breed or 
population and establishing it in another using genome editing. 
Creation of de novo alleles – creation of novel alleles to accelerate genetic progress that would 
not have occurred due to naturally occurring genetic variation. 
Surrogate sires – males that are fertile but have had their germline ablated using genome 
editing, can also be termed ‘surrogate hosts’ and in aquaculture breeding are referred to as 
‘surrogate broodstock’. 
New reproductive technologies – technologies aimed at facilitating reproduction in breeding 
programs, including artificial insemination and embryo transfer. 
 
Definition of the subject 
 
 Genome editing is, by definition, the manipulation of the genetic material of an animal 
by deleting, replacing or inserting a DNA sequence. There are three types of ‘genome editors’, 
ZFNs, TALENs and CRISPR-Cas, which are molecular tools or ‘nucleases’ that each have a 
similar ability to introduce double strand DNA breaks in an animal’s genome at a target site. 
The double strand DNA breaks stimulate endogenous cellular DNA repair which allows DNA 
sequences to be precisely modified or introduced into the genome (1). This powerful 
technology allows animal breeders to specifically and efficiently alter an animals DNA to 
introduce beneficial genetic variation (2). As such genome editing technologies offer exciting 
opportunities for breeding fitter, healthier, more productive and sustainable farmed animals 
(3).  
 
Introduction 
 
What is genome editing? 
 

When genome editing is applied in animal breeding it is typically with the aim of 
‘improving’ a given trait or characteristic. This could be by providing resistance to disease (4), 
enhancing a production related trait such as muscling (5), or for improving welfare (6). For 
example, in 2016, genome editing was used to produce ‘hornless’ or ‘polled’ cattle, removing 
the necessity for physical dehorning and providing the potential to improve the welfare of 
millions of dairy cattle (6). The ‘polled’ cattle were created using genome editors called 



transcription activator-like effector nucleases (TALENs) (6). Two additional types of genome 
editing technology are also used, Zinc Finger Nucleases (ZFNs) and perhaps most famously, 
clustered regularly interspaced short palindromic repeat (CRISPR)–Cas-associated nucleases.  

The above genome editing technologies each work on the same principle. Gene 
editors introduce a double strand break at a target location in the genomic sequence which is 
subsequently corrected by endogenous repair mechanisms (1). There are two ways in which 
double strand breaks can be repaired: i) through non-homologous end joining (NHEJ), 
resulting in small insertions and/or deletions (INDELs) which can disrupt gene function and ii) 
through homology-driven repair (HDR), in the presence of a homologous DNA repair template, 
resulting in gene-editing events (1). The gene-editing process can allow existing DNA 
sequences to be precisely modified and/or new DNA sequences to be introduced into the 
genome of farmed animals.  
 
Examples of genome editing in farmed animal species 
 

Genome editing tools have been successfully applied to produce edited farmed 
animals including pigs (7), cattle (8), sheep (9), goats (9), chickens (10) and aquaculture 
species, including salmonids and catfish (11) for a range of health, welfare and production 
traits (Table 1).  
 
Table 1: Examples of genome editing in farmed animal species to improve five different 
categories of trait. 

 

Category Trait Species Editing target References 

Health PRRSV resistance Pig CD163 (12–15) 

ASFV resilience Pig RELA (16–18) 

IPN resistance Atlantic 
Salmon 

nae1 (19) 

Bovine 
tuberculosis 
resilience 

Cattle SLC11A1 
(NRAMP1) 

(20) 

Welfare Polledness 
(Hornlessness) 

Cattle PC  POLLED (6) 

Heat tolerance 
(Coat color) 

Cattle PMEL (21) 

Heat tolerance 
(‘Slick’ coat) 

Cattle PRLR (22) 

Reproduction  Sterility/surrogate 
broodstock 

Atlantic 
Salmon 

dnd (23,24) 

Sterility/surrogate 
sires 

Pig NANOS2 (25,26) 

Goat (26) 

Cattle (26) 

Sterility/surrogate 
hosts 

Chicken DDX4 (Vasa) (27,28) 

Appearance Plumage color 
(Dominant white) 

Chicken PMEL17 
 

(29) 

Feather type 
(Frizzled) 

Chicken KRT75 
 

(29) 

Production Enhanced muscle 
growth 

Cattle MSTN (GDF8) 
 

(30) 

Sheep (30–33) 

Goat (34,35) 



Pig (36–38) 

Red Sea Bream (39) 

Channel 
Catfish 

(40) 

Hair fibre length Goat FGF5 (41) 

 
Many genome editing studies have targeted genes involved in production traits, such 

the myostatin (MSTN) gene that is involved in muscle growth development in sheep, goats, 
cattle and pigs e.g., (30,35,36) (Table 1). These traits are particularly attractive editing targets 
for application in animal breeding programs due to their potential to enhance genetic gain. 
Production traits however are often highly polygenic making identifying suitable targets for 
editing difficult. Targeting health traits for genome editing studies has considerable reward, 
because tools in a breeding program that mitigate disease concomitantly improve health, 
welfare and productivity (4). For example, Porcine Reproductive and Respiratory Syndrome 
(PRRS) is one of the most costly infectious disease affecting pig production globally (42). PRRS 
causes huge losses annually to the pig production sectors in Europe and the United States. A 
sow infected by PRRS will abort or give birth to stillborn piglets at great welfare cost to the 
sow and great economic cost to the producer (42). Piglets infected with PRRS have a very high 
mortality rate (~80%) and suffer severe respiratory distress.  PRRS is a disease caused by a 
respiratory virus that infects pigs via the scavenger receptor gene CD163 which is expressed 
by macrophages (43). Genome editing has been used successfully to produce pigs that are 
resistant to PRRS virus (PRRSV) either by rendering the gene CD163 non-functional (14,15) or 
by preventing the pigs from correctly producing the part of the CD163 protein required for 
the PRRSV to establish an infection (13). These genome edited pigs have been shown to be 
resistant to PRRSV but otherwise healthy (13,14). Use of such genome edited animals in pig 
breeding programs could substantially reduce economic losses globally that are related to 
PRRS (3,14).  

Another example, related directly to improving the welfare of farmed animals is the 
generation of cattle that are ‘hornless’ using genome editing, as mentioned above. The 
processes of disbudding in young cattle to prevent horn development, and dehorning in 
mature cattle, are undertaken to reduce the risk of injury to the cattle themselves, each other, 
their handlers and equipment (44). In the USA 80% of dairy farmers practice routine dehorning 
of dairy cattle (45). Despite the benefits, dehorning practices represent an animal-welfare 
concern (46) and calves show long term sensitivity to pain post disbudding (47). The frequency 
of cattle that are naturally hornless (termed ‘polled’) is greater in beef than in dairy cattle (48). 
Considerable research into polledness in cattle revealed that one of two alleles must be causal 
(49,50). Carlson et al. (2016) used TALENs to introduce the PC POLLED allele from beef cattle 
into the genome of bovine embryo fibroblasts from four lines of dairy cattle (6). These were 
cloned using somatic-cell transfer, resulting in full-term pregnancies for three of the four lines. 
Five live calves were produced; however, only two were viable and went on to survive beyond 
day 60. All five calves were determined to have a likely polled phenotype at birth, and the two 
surviving calves were confirmed to be polled. This study confirmed the causality of the PC 
POLLED allele, and presented genome editing as a viable potential approach for reducing 
physical dehorning in dairy cattle without a loss of productivity (6). A similar approach could 
be applied in other species where it is possible to select for polledness and where horns can 
be detrimental to welfare e.g., in Merino sheep (51). 

 
Genome editing as an alternative to selective breeding  
 

The productivity and resilience of farmed animals has in recent decades been 
transformed by selective breeding and genomic selection. These processes though very 



effective take many generations to achieve. Production of farmed animals needs to be a 
dynamic process, evolving to flexibly meet future challenges such as climate change and 
disease outbreaks coupled with societal expectations to improve welfare and reduce the use 
of antimicrobials (4,52). In circumstances where a desirable genetic trait, e.g., for disease 
resistance or improved welfare, can be identified in a breeding population, then selection for 
the trait through selective breeding can be achieved. Selective breeding for some traits such 
as disease resistance has however proven difficult. Outbreaks of disease, for example, are 
often sporadic and resistant/resilient animals can be hard to identify within a breeding 
population (4). Genome editing offers the potential to move flexibly and quickly to introduce 
resistance alleles and overcome these challenges (4).  

Selective breeding can also be restricted by genetic linkage and the available genetic 
variation within a breed (2). Genome editing can overcome this by introducing novel genetic 
variation, not present in the gene pool of high value breeding animals, that is predicted to 
result in improved genetic gain (53).  Another potential obstacle to selective breeding is that 
when an allelic variant associated with a desirable trait is present at a much lower frequency 
it may prove difficult to incorporate effective selection into a breeding program without 
having to rely on only a small number of founder sires. This introduces the risk of inbreeding 
and related longer-term productivity loss. Taking polledness in dairy cattle as an example, 
increasing demand for polled dairy bulls, whose genetics were disseminated via artificial 
insemination (AI), resulted in increasing numbers of polled Holstein AI bulls globally (54). 
However, initially due to the limited number of polled founder AI bulls, polled Holstein 
individuals displayed lower than average breeding values and a higher average kinship than 
horned individuals (55). Subsequent selective breeding of polled bulls aimed to remedy this, 
minimizing inbreeding by reducing reliance on a small number of founder sires, leading to an 
observed increase in the breeding values of polled AI bulls (54,55). In this scenario genome 
editing would provide an alternative approach allowing the direct introgression of the 
beneficial allele, in this case the PC POLLED allele, into the offspring of genetically diverse, 
highly productive dairy bulls, minimizing inbreeding and any deleterious effects on breeding 
goals in a much shorter space of time.  

 
Genome editing as an alternative to crossbreeding 
 

Crossbreeding can be highly effective to introduce desirable traits from one breed 
into another (56). Indigenous breeds of farmed animals often exhibit desirable traits that are 
highly adapted to local and regional environments, and represent important genetic resources 
for crossbreeding (57). This is particularly true in tropical agri-systems (58). Indigenous breeds 
though often very robust, which is important particularly in the face of the pressures 
associated with climate change, unlike production breeds have not been selected over 
generations for high productivity. As such desirable robustness traits from indigenous breeds 
are unlikely to be introduced into highly productive populations of breeding animals by 
standard crossbreeding. Doing so would result in a reduction in productivity, that would 
compromise many years of improvements in productivity using selective breeding and 
genomic selection. Genome editing can overcome this by introducing genetic polymorphisms 
from indigenous breeds, that are not present in highly productive breeding animals, without 
resulting in a reduction in productivity (53). For example, genome wide analysis has revealed 
SNPs associated with trypanotolerance in the N’Dama, an indigenous central African breed of 
cattle (59,60). This variation was not present in susceptible Boran cattle or highly productive 
commercial dairy cattle breeds (59,60). Crossbreeding of the susceptible Boran with the 
tolerant N’Dama has been successful with superior trypanotolerance reported in F1 animals 
(61). However, crossbreeding of indigenous cattle with highly productive dairy cattle sires in 
East Africa has been shown to result in a reduction in milk yield (62). As such genome editing 



could provide an alternative to crossbreeding and introduce the genetic variation associated 
with trypanotolerance from the N’Dama into highly productive commercial dairy cattle 
without disrupting existing breeding goals for high productivity.  

Genome editing, also has the advantage that is can be applied to modify a single trait 
in different breeds of farmed animals that are adapted to specific environments and purposes, 
without compromising the beneficial traits that they already exhibit (8,63). Conserving 
beneficial traits in breeding populations of indigenous breeds is particularly important in 
tropical agri-systems where certain traits, such as tolerance to extreme environmental 
pressures, are essential for the survival of the animals and their small holder farmers (58,62). 
Careful application of genome editing technology in the context of the local environment 
allows for breed-specific traits not to be disrupted, while specific traits are improved. This 
helps to preserve breed diversity because specific traits can be introduced into locally adapted 
breeds without the need for crossbreeding (8,63). It is also minimally disruptive at a local level 
as no additional genetic material is transferred between breeds largely eliminating the 
deleterious side effects of selective sweeps and conserving local genetic diversity (8,63). 

In some situations, crossbreeding is simply just not biologically feasible such as when 
a desirable trait is observed in one species and not in another. In this scenario genome editing 
can provide an alternative to crossbreeding. One example of this is the resilience to African 
Swine Fever Virus (ASFV) observed in wild species of pig, such as warthogs, while domestic 
pigs exhibit high morbidity and mortality (18,64). Introducing the genetics underlying 
resilience to ASFV is not possible via crossbreeding as warthogs and domestic pigs are too far 
apart genetically (65). Instead, comparative genomics can be used to identify the functional 
differences underlying resilience or susceptibility to ASFV in the two species e.g., (17,18). 
Genome editing can then be performed to substitute immune modulatory alleles associated 
with resilience to ASFV from warthog into domestic pigs (16,17).  
 
Genome editing research of relevance to application in farmed animal breeding programs 
 
Detection and utilization of causative variants at QTLs 
 

Genome editing applied in commercial breeding programs offers considerable 
opportunity for improvement of the sustainability and efficiency of farmed animal production. 
There are three main categories of genome editing research of relevance to application in 
farmed animal breeding programs. The first category is detection and utilization of causative 
variants at Quantitative Trait Loci (QTLs) affecting production traits segregating within farmed 
animal populations. Computer simulations have demonstrated that using genome editing for 
favorable trait-linked alleles at multiple QTLs within a breeding program can accelerate 
genetic gain (66). However, a major challenge is the successful identification of the causative 
variation that underlies QTLs of interest, particularly those that have a small effect (67,68).  To 
illustrate the scale of this task a recent estimate suggested that, 2932, 856, and 609 genomic 
regions, representing potential QTL for disease susceptibility, have been identified in cattle, 
chickens and pigs, respectively (69). Some studies have achieved success and have identified 
promising candidate loci underlying QTLs, and more are being discovered all the time, 
facilitated by high density SNP data, whole genome sequencing, genome editing and 
functional genomics (67,68,70). For example, recently using gene editing technology the 
nedd-8 activating enzyme gene (nae1) was identified as the gene that underlies the major QTL 
for genetic resistance to Infectious Pancreatic Necrosis (IPN) virus in Atlantic Salmon (19). IPN 
is an important viral disease in salmonids and breeding for resistance to IPN has been one of 
the greatest success stories in the history of fish breeding (71). However, despite targeted 
breeding programs outbreaks still occur and new variants have recently emerged (71). The 
identification of the putative causative resistance gene in Atlantic Salmon, combined with 



advances in genome editing technology in aquaculture (11), have given rise to new 
opportunities for cross-species comparison and transfer of the genetic mechanisms of disease 
resistance. One example of this is ‘introgression-by-editing’ (11) of DNA sequence templates 
corresponding to salmon resistance alleles into other economically important farmed fish 
species such as trout (19). 
 
Introgression-by-editing of desirable alleles 

  
‘Introgression-by-editing’, is the second category of genome editing research of 

relevance to application in farmed animal breeding programs. This category relies on 
identifying beneficial genetic variation in one breed or population and establishing it in 
another. The key point being that the variation being edited could have occurred naturally by 
chance in both breeds to populations, had there been sufficient time, opportunity and 
selective pressure. ‘Introgression-by-editing’ of favourable alleles from other populations, 
breeds or species into a closed breeding population can be performed without the negative 
consequences of introgression by traditional breeding methods, such as selective breeding or 
crossbreeding, including linkage drag (53). This approach has been suggested as a means to 
reduce the impact of heat stress in dairy cattle via introgression of the SLICK mutation from 
Senepol cattle into dairy cattle (72,73). The SLICK mutation is a frameshift mutation in the 
prolactin receptor gene (PRLR) gene found in Senepol cattle that causes a relatively hairless 
appearance and increased thermal tolerance (74,75). SLICK is of interest to cattle breeding 
because it could be introgressed from indigenous cattle breeds into populations of production 
cattle to improve thermal tolerance (72,74,75).  

In another example, Mueller et al. (2021) compared using gene editing versus 
conventional breeding to introgress the POLLED allele into tropically adapted Australian 
Brahman beef cattle, which are naturally predominantly horned (76). Their study 
demonstrated that due to the limited number of polled Australian Brahman bulls, a strong 
selection pressure on the polled trait would be required to increase the number of polled 
animals in the population to sufficient numbers (76). The scenarios they modelled 
demonstrated how genome editing could be used as a tool to accelerate introgression of 
homozygous polled sires with high-genetic-merit into the Australian Brahman population and 
mitigate the trade-off of slower genetic gain associated with decreasing the frequency of 
the  HORNED allele frequency when conventional breeding was used (76).  

‘Introgression-by-editing’ in this way could also be used to combine desirable traits 
for sustainable breeding and production. Wiltshire horn sheep, for example, are considered 
to be a very sustainable breed because they have a good carcass and naturally shed their wool, 
vastly reducing the costs to the farmer that are associated with shearing, whilst having good 
production value (77). The horns that are characteristic of the Wiltshire breed are however 
difficult to manage and polled animals would be desirable from a welfare and management 
perspective. As for the Australian Brahman example above the frequency of naturally polled 
Wiltshire rams is likely to be very low and as such strong selection would be required to 
introgress the polledness trait by selective breeding. Genome editing would considerably 
accelerate this process. However, the genetic control of polledness in sheep has so far proved 
more complex than first expected. A 1.78Kb insertion in the 3’UTR region of the RXFP2 gene 
on chromosome 10 has been identified which is strongly associated with polledness in GWAS 
(78). The insertion upstream of RXFP2 does not however segregate in the same way across all 
breeds (79) and the causative SNP for polledness has yet to be identified (51). As such genome 
editing for polledness in sheep is likely to be more complex to achieve than in cattle. 
 
Creation of de novo alleles with favourable effects on target traits 
 



The third category of genome editing research of relevance to application in farmed 
animal breeding programs is the creation of de novo alleles to accelerate genetic progress 
(11). These de novo alleles unlike in the ‘introgression-by-editing’ example above, which 
harnesses naturally occurring genetic variation, would not arise naturally. De novo alleles with 
favorable effects on target traits can be identified based on a priori knowledge of the biology 
of the trait of interest or through genome-wide high throughput functional screening 
approaches using cell lines (11). An example of the former is the creation of sterility in Atlantic 
Salmon by modification of the dnd allele. Escape of the genetics of farmed Atlantic salmon 
into wild populations is a major environmental and sustainability concern for salmon 
aquaculture (24). Through studying the genetics of germ cell function the dnd gene was found 
to encode the dead end protein which is involved in germ cell formation in Atlantic Salmon 
(23). Knocking out the dnd gene ablates germ cells producing sterility (23). However, 
rendering a whole population sterile, including high value breeding animals, is not sustainable 
in a breeding program either. To remedy this Güralp et al. (2020)  used genome editing with 
CRISPR-Cas9 to modify alleles in the dnd gene, in the first step of a procedure to generate 
sterility in production stocks of salmon while preserving the fertility of the breeding nucleus 
(24).  In this example, creation of de novo alleles by gene editing provided a tool to protect 
the genetic integrity of wild salmon populations, increasing the environmental safety and 
sustainability of salmon farming (24).  

Another example of the creation of de novo alleles using genome editing, are the 
PRRSV resistant pigs described above, resulting in a viable animal missing an entire CD163 
receptor (14,15) or that have a modified CD163 receptor missing a protein domain (13). This 
example is very unlikely to have arisen naturally given the functional importance of the CD163 
gene in the innate immune response (80). Similarly , the substitution of immune modulatory 
alleles from the warthog into the domestic pig with the goal of improving resilience to ASFV 
could also not occur naturally (16). Creation of de novo alleles using genome editing has also 
be applied to enhance production traits. For example, the MSTN mutation found in Belgian 
Blue cattle, that causes double-muscling, has been introduced into Duroc pigs using CRISPR 
editing (37). The ability to efficiently achieve inter-species allele introgression in one 
generation, by the creation of de novo alleles, opens unprecedented opportunities for farmed 
animal breeding and basic research. As our comparative understanding of the fundamental 
biology underlying resistance to disease and other traits across species increases so will the 
number of potential beneficial alleles and the opportunities available.  

 
Applying genome editing in breeding programs  

 
Promotion of Alleles by Genome Editing (PAGE) 
 

The categories of research described above allow targeted genome editing with the 
potential for direct commercial application, to enhance genetic gain for target traits. Seamless 
integration with existing selective breeding programs and genomic selection strategies will be 
necessary if genome editing is to be adopted for trait improvement. Several concepts to 
achieve this have been proposed, based on computer simulation (53). Promotion of alleles by 
genome editing (PAGE) (66), for example, offers the opportunity to use genome editing to 
move genetic variation between individuals in a population much more freely than by 
selective breeding. This enables individual alleles with large effects to be moved 
independently of other alleles to maximize genetic gain. More recently the concept of removal 
of alleles by gene editing (RAGE), has been proposed to reduce the frequency of deleterious 
alleles within a breeding program (81). Reducing deleterious load in this way could improve 
fitness traits, with subsequent benefits for animal welfare, sustainability and profitability.  
 



New reproductive technologies 
 
At present, due to a mix of legislative and logistical barriers, application of genome 

editing technology is largely limited to the research and biotechnology sectors. To apply 
genome editing in breeding programs several logistical challenges would need to be 
overcome. For example, if genome editing is performed via somatic cell nuclear transfer, or 
zygote microinjection expert technicians are required to perform these tasks with specialized 
equipment. This makes the process complex, inefficient and too costly to be performed 
routinely on farm or on a large scale (2). To overcome this barrier new reproductive 
technologies that simplify the delivery of genome editors into the reproductive cells of farmed 
animals are required (2). Recently new cutting-edge reproductive technologies have emerged, 
including zygote electorporation. McFarlane et al. (2019) suggest a pipeline where for on-farm 
settings, donor female animals would be super-ovulated and oocytes collected for in vitro 
fertilization (2). This process would be no different to conventional embryo transfer programs 
that are run on farm. After fertilization, the zygotes would undergo electroporation to 
introduce the genome editors. The genome edited embryos would then be matured in vitro 
and the success of the editing of each zygote confirmed by portable biopsy sequencing. 
Embryos in which genome editing had been validated would then be transferred into recipient 
females to give birth to genetically superior animals. This approach, if scaled up effectively, 
could provide animal breeders with the tools required to deliver genome editors directly to 
reproductive cells and allow genome editing to take place on-farm (2). 

 
Using surrogate sires to disseminate ‘elite’ genetics 
 

Another innovative solution to applying genome editing in breeding programs is 
surrogate sire technology. Surrogate sire technology allows the creation of males that lack 
their own germline cells, but have transplanted spermatogonial stem cells from other donor 
males (25,26,82). In effect surrogate sires are rendered genetically sterile by CRISPR-Cas9 
editing of the NANOS2 gene (25). Once rendered genetically sterile donor derived stem cells 
are transplanted into the gonads of the surrogate sire (25). As their gonads are structurally 
normal the surrogate sire is able to support regeneration of spermatogenesis and effectively 
becomes a vehicle for the dissemination of the donors sperm (82). The donor would mostly 
likely be a high value animal whose genetics with the help of the surrogate sire can be 
disseminated to a large number of offspring. These males can disseminate the genetics of the 
donor by natural breeding, operating effectively as a mobile insemination unit for ‘elite’ 
genetic material. To date male mice, pigs, goats and cattle harbouring knock-out alleles of the 
NANOS2 gene, generated by CRISPR-Cas editing, have been shown to have testes that are 
germline ablated but otherwise structurally normal (26). In goats, mice and pigs sustained 
donor-derived spermatogenesis from transplantation with allogenic donor stem cells has 
been achieved (26). In mammals only in mice so far has attainment of natural fertility been 
observed post transplantation (26).  

Germline ablated surrogate sire animals represent a major advancement in realizing 
the enormous potential of surrogate sires as a tools for dissemination of genetics within 
animal breeding programs (82). Surrogate broodstock, created in a similar way by editing the 
dnd1 gene, also represent a considerable opportunity to accelerate genetic gain in 
aquaculture breeding, providing the potential, for example, to tailor fish populations to 
specific environments (83). In chicken sterile surrogate hosts have been created by knocking 
out the gene DDX4 (27). The introduction of donor genome edited primordial germ cells 
carrying a beneficial allele into the sterile male and female host embryos produces adult 
chicken that harbour only exogenous germ cells (29). Subsequent direct mating of the 
surrogate hosts, termed Sire Dam Surrogate (SDS) mating, recreates the donor chicken breed 



carrying the edited allele in a single generation (29). Using this method Ballantyne et al. (2021) 
were able to introgress and validate two feather trait alleles, Dominant white and Frizzle into 
two pure chicken breeds. SDS surrogate host technology in chicken provides the opportunity 
to make precise genetic changes in chickens allowing for functional validation of genetic 
variants associated with climate adaptation and disease resilience, and facilitating the transfer 
of beneficial alleles between breeds (29).  

Surrogate sires and other current and future reproductive technologies will soon have 
the potential to be implemented on farm and facilitate commercial-scale dissemination of 
genome-edited animals (2). While the integration of genome editing into breeding programs 
provides an important opportunity for trait improvement, to achieve it in practice will require 
innovative solutions. For example, how will genome edited farmed animal genetics be 
disseminated effectively within a breeding program? Gottardo et al. (2019) modelled a 
strategy to exploit surrogate sire technology in livestock breeding programs (84). They 
hypothesised that in a commercial breeding program a single ‘elite’ male donor animal could 
produce huge numbers of progeny. The results of their simulations showed that using 
surrogate sire technology would significantly increase the genetic merit of commercial sires, 
by as much as 6.5 to 9.2 years-worth of genetic gain in comparison to a conventional 
commercial breeding program (84). However, they noted that the use of only one or a handful 
of ‘elite’ donor animals to generate the production animals in the breeding program would be 
very different to current practice. This would therefore introduce risks, including of the 
potential for high levels of inbreeding, which would need to be closely monitored and 
mitigated accordingly (84). Their study also identified two major bottlenecks, the time 
required and the ability to identify ‘elite’ donor animals, and the time taken to produce the 
surrogate sires themselves. The cost of applying surrogate sire technology in a breeding 
program are also still very high although these may in time decrease if the technology were 
to be adopted widely. Other considerations they identified included the ratio of existing 
reproductive rates of males in comparison to those enabled by surrogate sire technology, the 
time and cost associated with performing progeny tests and the levels of accuracy that can be 
obtained by genomic prediction (84). Practical implementation of a surrogate sires strategy in 
animal breeding programs would need to account for these considerations. 

A key aspect of surrogate sire males is that while they lack their own endogenous 
germline they are otherwise physiologically normal (82). In breeding systems across the globe 
where the outward characteristics of an animal are important to meet societal expectations 
or for adaptation to local farming systems this is particularly useful (62). In Sub-Saharan Africa, 
for example, surrogate sire technology could be used to provide indigenous germline ablated 
cattle or small ruminants that fitted seamlessly into the local infrastructure whilst at the same 
time disseminating the genetics of ‘elite’ animals with higher production potential or better 
disease resilience. In Sub-Saharan Africa the existing infrastructure is not set up to easily 
deliver new reproductive technologies such as artificial insemination, particularly in small 
ruminants (62). In a small number of countries community based breeding programs have 
been established for small ruminants that enable local farmers to improve the genetics of 
their animals through selective breeding (85). Using surrogate sires to distribute ‘elite’ 
genetics would cause minimum disruption to the local infrastructure but allow for uptake of 
animals with improved genetics via these community based breeding programs.  
 
Genomic evaluation of genome edited animals  
 

Modelling studies have revealed how the use of genome editing to introduce 
beneficial alleles into animal breeding programs could maintain or even accelerate the rate of 
genetic gain accomplished by selective breeding programs (53,66). Using genome editing to 
accelerate genetic gain is a faster and more efficient approach to the lengthy process of 



naturally introgressing beneficial alleles from one breed into another over long periods of time 
using conventional breeding methods (8). Genome editing also provides the potential to 
eliminate mutations leading to obviously deleterious phenotypes from breeding programs 
(63,81). Genomic evaluation strategies will need to be adjusted for genome edited animals, 
and their successful integration within breeding programs will rely on careful monitoring of 
genetic progress.  

To provide data to guide emerging regulatory frameworks and benefit future 
applications of genome editing in farmed animals, Young et al. (2020) (86) set up a breeding 
experiment to investigate whether the POLLED genome edit from one of the hornless dairy 
bulls (6) was inherited by his offspring. They also measured whether there were any unique 
phenotypic or genotypic changes in those offspring. By crossing one genome-edited dairy bull, 
homozygous for the dominant PC  POLLED allele, with horned cows (pp) they obtained six 
heterozygous (PCp) polled calves. The calves had no horns and were healthy and 
phenotypically normal (86). The performance of these offspring and subsequent generations 
would ideally now be evaluated and measured against existing breeding values for dairy sires. 
Certainly the scenarios modelled by Mueller et al. (2021) demonstrated that genome editing 
could be used as a tool to accelerate introgression of homozygous polled sires with high-
genetic-merit into a predominantly horned population of cattle (76). Using genome editing in 
combination with genomic evaluation of polled sires would mitigate the trade-off of slower 
genetic gain associated with decreasing the frequency of the  HORNED allele when 
conventional breeding is used (76). Large-scale cattle breeding programs are complex, and it 
is likely that continuous selection, using genomic evaluation, would be required even if 
genome editing could improve one or a few beneficial traits such as polledness (87). The same 
would be true for the large and complex breeding programs for pigs when improving 
resistance to PRRSV by editing the CD163 gene (88).  

Breeding programs for farmed animals are continually evolving and breeding goals 
and selection strategies need to be flexible to accommodate new traits when novel genetic 
variants are identified (87), or when challenges arise e.g., from disease or effects of 
climate. Genome editing can help maintain this flexibility but monitoring of genetic progress 
in the breeding program would need to be continually evaluated using genomic and 
phenotypic evaluation (87) (Figure 1). The infrastructure, production system and environment 
would also need to be considered as a driving factor in the success of integrating genome 
editing in a breeding program with breeding goals shifting flexibly to accommodate changes 
(Figure 1). 
 



 
 
Figure 1: Schematic representing how cattle edited for the polledness trait might be 
integrated and evaluated in a breeding program. In any breeding program all components 
of the process will be linked to the environment, production system and infrastructure in 
which the animals are being bred. In this example the breeding goal might be adjusted to 
incorporate a leaner more sustainable carcass type in addition to polledness. The colors 
represent the four key stages of the process. Adapted from Eriksson et al. 2018 (87). 
 
Considerations for including genome editing in breeding programs 

 
Careful integration of genome-editing technologies into breeding programs is 

essential to ensure continuous genetic improvement whilst conserving existing genetic 
diversity (11). Another key consideration is the potential for pleiotropic effects associated 
with targeted edits, particularly when de novo alleles are created and utilized. Extensive 
genetic and phenotypic testing of edited animals may be required to exclude the possibility 
of deleterious pleiotropic effects, such as those described in humans (e.g., (89)). Similarly, 
where novel genetics are created using genome editing that would not have arisen naturally 
as is the case with the PRRSV resistant pigs (12) thorough phenotypic characterization of the 
edited animals must be performed. This is because deleting all or a region of a functional 
protein could lead to a loss of (systemic) biological function (4). It will also be important to 
consider when applying genome editing in a breeding program if a gene or variant of interest 
is located within a locus that has been actively selected. This could indicate whether a 



potential target is associated with known production traits. This approach has been taken for 
PRRSV-resistant pigs, with evaluation as to whether the CD163 gene locus has been selected 
for in pig breeding programs (88). 
 
Ethical and regulatory considerations 

 
The use of genome editing in farmed animal breeding also has important societal, 

economic, and political implications (90,91). The potential of genome editing in animals raises 
questions related to product safety, animal health and welfare, and the most appropriate 
ways to meet societal challenges such as feeding a rapidly growing human population. In their 
2021 report the Nuffield Council on Bioethics listed in their recommendations that 
“responsible breeding was key to the adoption of genome editing technology stating that 
commercial breeders of farmed animals should adopt an explicit and recognised set of 
breeding standards, with independent oversight” (91). They indicate that “these standards 
should seek to ensure that animals are not bred to enhance traits merely so that they may 
better endure conditions of poor welfare, or in ways that reduce their capacity to enjoy life”. 
In addition, they recommend that incentives for responsible breeding be put in place so that 
“ways to encourage responsible breeding and the use of responsibly bred animals should be 
explored, for example through incentive payments to farmers associated with the use of 
animals with desirable characteristics.” In the 2021 Nuffield report it is also stated that 
development and adoption of genome editing technology should be informed by public views 
and that regular review of policy and regulation is essential (91). Others have indicated that 
approval processes and regulatory guidelines for genome edited food animals are currently 
lengthy and complex and require simplifying before genome editing can be widely adopted to 
meet the challenges to food production of coming decades (92,93). The disparate regulatory 
approaches being proposed for genome editing in food animals globally gives rise to some 
uncertainty as to whether this potentially hugely valuable breeding tool will ultimately be 
permitted to serve as a complementary approach to efficient and sustainable genetic 
improvement programs for animal breeding (52,93). Whether animal breeders will be able to 
employ genome editing in genetic improvement programs for farmed animals will depend 
largely upon global decisions around the public perception, regulatory framework and 
governance of genome editing for food animals (8).  

 
Future Directions 

 
Genome editing technologies will undoubtedly have a significant role in the future of 

animal breeding programs. Their application is currently limited to modifying a single gene or 
a variant with a large effect; however, the majority of production relevant traits involve 
multiple genes. Traits that are important in future sustainable farmed animal breeding 
programs, such as improved feed efficiency, reduced methane emission and improved health 
and welfare appear to be highly polygenic, and as such will require multiple edits. Multiplexing 
technologies that allow for polygenic traits to be altered in a single step are under 
development and will become available for farmed animals in the future (94). These 
improvements in editing technologies will be required to enable multiple edits in elite 
breeding animals within a breeding nucleus to target multiple traits or multiple causative 
alleles for the same trait (3). Introducing edits into multiple elite animals, into a breeding 
program, will be required to avoid genetic bottlenecks and editing of different breeds and 
lines will be essential to maintain genetic diversity, and enable structured cross-breeding 
(52). Efficient means of evaluating breeding values when genome edited animals and their 
offspring are included in a breeding program will be essential. Efficient and scalable means to 
trace genome edited animals and their progeny in a breeding program will also be required, 



and the further development of whole genome sequencing and other ‘omics approaches 
should help to facilitate this (95). Molecular characterization of genome edited animals and 
their progeny will also likely need to be expanded in any regulatory framework to detect any 
genomic irregularities, including off-target effects, un-intended on-target effects and effects 
on genome regulation (95). 

In conjunction with well-managed efficient breeding programs genome editing for 
trait improvement provides a significant opportunity for improving farmed animal health, 
productivity and welfare (52), particularly in the face of the challenges, from disease and 
climate change, that are facing global food production in coming decades (96). Public and 
regulatory perception are very important in the future adoption and application of genome 
editing in farmed animal breeding programs (91). As research and development relating to 
genome editing in farmed animals rapidly develops, dialogue surrounding the regulatory 
framework including a wide diversity of stakeholders is necessary to inform its potential 
application in commercial breeding programs. It is likely that the utilization of genetic 
variation that could have occurred naturally, as opposed to the creation of de novo alleles, in 
genome editing strategies may be viewed more favorably from a regulatory and societal 
perspective. If this is the case the distinction between the two strategies will become 
increasingly important. While legislative hurdles still exist in many countries genome editing 
has the potential to allow animal breeders to improve health, welfare, sustainability and 
efficiency, maximizing genetic gain and contributing to a sustainable future for farmed animal 
production.  
 
References 
 
1.  Fernández A, Josa S, Montoliu L. A history of genome editing in mammals. Mamm 

Genome . 2017;28(7):237–46. Available from: https://doi.org/10.1007/s00335-017-
9699-2 

2.  McFarlane GR, Salvesen HA, Sternberg A, Lillico SG. On-Farm Livestock Genome 
Editing Using Cutting Edge Reproductive Technologies  . Vol. 3, Frontiers in 
Sustainable Food Systems. 2019. p. 106. Available from: 
https://www.frontiersin.org/article/10.3389/fsufs.2019.00106 

3.  Tait-Burkard C, Doeschl-Wilson A, McGrew MJ, Archibald AL, Sang HM, Houston RD, 
et al. Livestock 2.0 – genome editing for fitter, healthier, and more productive farmed 
animals. Genome Biol . 2018;19(1):204. Available from: 
https://doi.org/10.1186/s13059-018-1583-1 

4.  Proudfoot C, Lillico S, Tait-Burkard C. Genome editing for disease resistance in pigs 
and chickens. Anim Front . 2019 Jun 25;9(3):6–12. Available from: 
https://doi.org/10.1093/af/vfz013 

5.  Cyranoski D. Super-muscly pigs created by small genetic tweak. Nature . 
2015;523(7558):13–4. Available from: https://doi.org/10.1038/523013a 

6.  Carlson DF, Lancto CA, Zang B, Kim E-S, Walton M, Oldeschulte D, et al. Production of 
hornless dairy cattle from genome-edited cell lines. Nat Biotechnol . 2016;34(5):479–
81. Available from: https://doi.org/10.1038/nbt.3560 

7.  Yang H, Wu Z. Genome Editing of Pigs for Agriculture and Biomedicine    . Vol. 9, 
Frontiers in Genetics  . 2018. Available from: 
https://www.frontiersin.org/article/10.3389/fgene.2018.00360 

8.  Van Eenennaam AL. Application of genome editing in farm animals: cattle. Transgenic 
Res . 2019;28(2):93–100. Available from: https://doi.org/10.1007/s11248-019-00141-
6 

9.  Kalds P, Zhou S, Cai B, Liu J, Wang Y, Petersen B, et al. Sheep and Goat Genome 
Engineering: From Random Transgenesis to the CRISPR Era    . Vol. 10, Frontiers in 



Genetics  . 2019. p. 750. Available from: 
https://www.frontiersin.org/article/10.3389/fgene.2019.00750 

10.  Sid H, Schusser B. Applications of Gene Editing in Chickens: A New Era Is on the 
Horizon    . Vol. 9, Frontiers in Genetics  . 2018. Available from: 
https://www.frontiersin.org/article/10.3389/fgene.2018.00456 

11.  Gratacap RL, Wargelius A, Edvardsen RB, Houston RD. Potential of genome editing to 
improve aquaculture breeding and production. Trends Genet. 2019 Sep;35(9):672–
84.  

12.  Burkard C, Lillico SG, Reid E, Jackson B, Mileham AJ, Ait-Ali T, et al. Precision 
engineering for PRRSV resistance in pigs: Macrophages from genome edited pigs 
lacking CD163 SRCR5 domain are fully resistant to both PRRSV genotypes while 
maintaining biological function. PLOS Pathog . 2017 Feb 23;13(2):e1006206. Available 
from: https://doi.org/10.1371/journal.ppat.1006206 

13.  Burkard C, Opriessnig T, Mileham AJ, Stadejek T, Ait-Ali T, Lillico SG, et al. Pigs Lacking 
the Scavenger Receptor Cysteine-Rich Domain 5 of CD163 Are Resistant to Porcine 
Reproductive and Respiratory Syndrome Virus 1 Infection. J Virol . 2018 Dec 
9;92(16):e00415-18. Available from: https://doi.org/10.1128/JVI.00415-18 

14.  Whitworth KM, Rowland RRR, Ewen CL, Trible BR, Kerrigan MA, Cino-Ozuna AG, et al. 
Gene-edited pigs are protected from porcine reproductive and respiratory syndrome 
virus. Nat Biotechnol . 2016;34(1):20–2. Available from: 
https://doi.org/10.1038/nbt.3434 

15.  Yang H, Zhang J, Zhang X, Shi J, Pan Y, Zhou R, et al. CD163 knockout pigs are fully 
resistant to highly pathogenic porcine reproductive and respiratory syndrome virus. 
Antiviral Res . 2018;151:63–70. Available from: 
https://www.sciencedirect.com/science/article/pii/S0166354217307337 

16.  Lillico SG, Proudfoot C, King TJ, Tan W, Zhang L, Mardjuki R, et al. Mammalian 
interspecies substitution of immune modulatory alleles by genome editing. Sci Rep . 
2016;6(1):21645. Available from: https://doi.org/10.1038/srep21645 

17.  McCleary S, Strong R, McCarthy RR, Edwards JC, Howes EL, Stevens LM, et al. 
Substitution of warthog NF-κB motifs into RELA of domestic pigs is not sufficient to 
confer resilience to African swine fever virus. Sci Rep . 2020;10(1):8951. Available 
from: https://doi.org/10.1038/s41598-020-65808-1 

18.  Palgrave C, Gilmour L, Lowden CS, Lillico SG, Mellencamp MA, Whitelaw CBA. 
Species-Specific Variation in RELA Underlies Differences in NF-κB Activity: a Potential 
Role in African Swine Fever Pathogenesis. J Virol . 2011 Jun 15;85(12):6008–14. 
Available from: https://doi.org/10.1128/JVI.00331-11 

19.  Pavelin J, Jin YH, Gratacap RL, Taggart JB, Hamilton A, Verner-Jeffreys DW, et al. The 
nedd-8 activating enzyme gene underlies genetic resistance to infectious pancreatic 
necrosis virus in Atlantic salmon. Genomics . 2021;113(6):3842–50. Available from: 
https://www.sciencedirect.com/science/article/pii/S0888754321003542 

20.  Gao Y, Wu H, Wang Y, Liu X, Chen L, Li Q, et al. Single Cas9 nickase induced 
generation of NRAMP1 knockin cattle with reduced off-target effects. Genome Biol . 
2017;18(1):13. Available from: https://doi.org/10.1186/s13059-016-1144-4 

21.  Laible G, Cole S-A, Brophy B, Wei J, Leath S, Jivanji S, et al. Holstein Friesian dairy 
cattle edited for diluted coat color as a potential adaptation to climate change. BMC 
Genomics . 2021 Nov 26;22(1):856. Available from: 
https://pubmed.ncbi.nlm.nih.gov/34836496 

22.  Bellini J. This gene-edited calf could transform Brazil’s beef industry. . 2018 [cited 
2018 Jan 28]. Available from: https://www.wsj.com/video/series/moving-
upstream/this-gene-edited-calf-could-transform-brazil-beef-industry/D2D93B49-
8251-405F-BC35-1E5C33FA08AF?mod=searchresults&page=1&pos=1 



23.  Wargelius A, Leininger S, Skaftnesmo KO, Kleppe L, Andersson E, Taranger GL, et al. 
Dnd knockout ablates germ cells and demonstrates germ cell independent sex 
differentiation in Atlantic salmon. Sci Rep . 2016;6(1):21284. Available from: 
https://doi.org/10.1038/srep21284 

24.  Güralp H, Skaftnesmo KO, Kjærner-Semb E, Straume AH, Kleppe L, Schulz RW, et al. 
Rescue of germ cells in dnd crispant embryos opens the possibility to produce 
inherited sterility in Atlantic salmon. Sci Rep . 2020;10(1):18042. Available from: 
https://doi.org/10.1038/s41598-020-74876-2 

25.  Park K-E, Kaucher A V, Powell A, Waqas MS, Sandmaier SES, Oatley MJ, et al. 
Generation of germline ablated male pigs by CRISPR/Cas9 editing of the NANOS2 
gene. Sci Rep . 2017;7(1):40176. Available from: https://doi.org/10.1038/srep40176 

26.  Ciccarelli M, Giassetti MI, Miao D, Oatley MJ, Robbins C, Lopez-Biladeau B, et al. 
Donor-derived spermatogenesis following stem cell transplantation in sterile 
&lt;em&gt;NANOS2&lt;/em&gt; knockout males. Proc Natl Acad Sci . 2020 Sep 
29;117(39):24195 LP – 24204. Available from: 
http://www.pnas.org/content/117/39/24195.abstract 

27.  Taylor L, Carlson DF, Nandi S, Sherman A, Fahrenkrug SC, McGrew MJ. Efficient 
TALEN-mediated gene targeting of chicken primordial germ cells. Development . 
2017 Mar 1;144(5):928–34. Available from: https://doi.org/10.1242/dev.145367 

28.  Woodcock ME, Gheyas AA, Mason AS, Nandi S, Taylor L, Sherman A, et al. Reviving 
rare chicken breeds using genetically engineered sterility in surrogate host birds. Proc 
Natl Acad Sci . 2019 Oct 15;116(42):20930 LP – 20937. Available from: 
http://www.pnas.org/content/116/42/20930.abstract 

29.  Ballantyne M, Woodcock M, Doddamani D, Hu T, Taylor L, Hawken RJ, et al. Direct 
allele introgression into pure chicken breeds using Sire Dam Surrogate (SDS) mating. 
Nat Commun . 2021 Jan 28;12(1):659. Available from: 
https://pubmed.ncbi.nlm.nih.gov/33510156 

30.  Proudfoot C, Carlson DF, Huddart R, Long CR, Pryor JH, King TJ, et al. Genome edited 
sheep and cattle. Transgenic Res . 2014/09/10. 2015 Feb;24(1):147–53. Available 
from: https://pubmed.ncbi.nlm.nih.gov/25204701 

31.  Li H, Wang G, Hao Z, Zhang G, Qing Y, Liu S, et al. Generation of biallelic knock-out 
sheep via gene-editing and somatic cell nuclear transfer. Sci Rep . 2016;6(1):33675. 
Available from: https://doi.org/10.1038/srep33675 

32.  Zhao X, Ni W, Chen C, Sai W, Qiao J, Sheng J, et al. Targeted Editing of Myostatin 
Gene in Sheep by Transcription Activator-like Effector Nucleases. Asian-Australasian J 
Anim Sci . 2016/03/01. 2016 Mar;29(3):413–8. Available from: 
https://pubmed.ncbi.nlm.nih.gov/26950874 

33.  Crispo M, Mulet AP, Tesson L, Barrera N, Cuadro F, dos Santos-Neto PC, et al. 
Efficient Generation of Myostatin Knock-Out Sheep Using CRISPR/Cas9 Technology 
and Microinjection into Zygotes. PLoS One . 2015 Aug 25;10(8):e0136690. Available 
from: https://doi.org/10.1371/journal.pone.0136690 

34.  Yu B, Lu R, Yuan Y, Zhang T, Song S, Qi Z, et al. Efficient TALEN-mediated myostatin 
gene editing in goats. BMC Dev Biol . 2016;16(1):26. Available from: 
https://doi.org/10.1186/s12861-016-0126-9 

35.  Wang X, Yu H, Lei A, Zhou J, Zeng W, Zhu H, et al. Generation of gene-modified goats 
targeting MSTN and FGF5 via zygote injection of CRISPR/Cas9 system. Sci Rep . 
2015;5(1):13878. Available from: https://doi.org/10.1038/srep13878 

36.  Wang K, Ouyang H, Xie Z, Yao C, Guo N, Li M, et al. Efficient Generation of Myostatin 
Mutations in Pigs Using the CRISPR/Cas9 System. Sci Rep . 2015;5(1):16623. Available 
from: https://doi.org/10.1038/srep16623 

37.  Zou Y, Li Z, Zou Y, Hao H, Hu J, Li N, et al. Generation of pigs with a Belgian Blue 



mutation in MSTN using CRISPR/Cpf1-assisted ssODN-mediated homologous 
recombination. J Integr Agric . 2019;18(6):1329–36. Available from: 
https://www.sciencedirect.com/science/article/pii/S2095311919626948 

38.  Kang J-D, Kim S, Zhu H-Y, Jin L, Guo Q, Li X-C, et al. Generation of cloned adult 
muscular pigs with myostatin gene mutation by genetic engineering. RSC Adv . 
2017;7(21):12541–9. Available from: http://dx.doi.org/10.1039/C6RA28579A 

39.  Ohama M, Washio Y, Kishimoto K, Kinoshita M, Kato K. Growth performance of 
myostatin knockout red sea bream Pagrus major juveniles produced by genome 
editing with CRISPR/Cas9. Aquaculture . 2020;529:735672. Available from: 
https://www.sciencedirect.com/science/article/pii/S0044848620311467 

40.  Khalil K, Elayat M, Khalifa E, Daghash S, Elaswad A, Miller M, et al. Generation of 
Myostatin Gene-Edited Channel Catfish (Ictalurus punctatus) via Zygote Injection of 
CRISPR/Cas9 System. Sci Rep . 2017;7(1):7301. Available from: 
https://doi.org/10.1038/s41598-017-07223-7 

41.  Wang X, Cai B, Zhou J, Zhu H, Niu Y, Ma B, et al. Disruption of FGF5 in Cashmere 
Goats Using CRISPR/Cas9 Results in More Secondary Hair Follicles and Longer Fibers. 
PLoS One . 2016 Oct 18;11(10):e0164640. Available from: 
https://doi.org/10.1371/journal.pone.0164640 

42.  Pejsak Z, Stadejek T, Markowska-Daniel I. Clinical signs and economic losses caused 
by porcine reproductive and respiratory syndrome virus in a large breeding farm. Vet 
Microbiol . 1997;55(1):317–22. Available from: 
https://www.sciencedirect.com/science/article/pii/S0378113596013260 

43.  Van Breedam W, Delputte PL, Van Gorp H, Misinzo G, Vanderheijden N, Duan X, et al. 
Porcine reproductive and respiratory syndrome virus entry into the porcine 
macrophage. J Gen Virol . 2010;91(7):1659–67. Available from: 
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/vir.0.020503-0 

44.  American Veterinary Medical Association (AVMA). Welfare implications of dehorning 
and disbudding cattle . 2014 [cited 2021 Dec 13]. Available from: 
https://www.avma.org/resources-tools/literature-reviews/welfare-implications-
dehorning-and-disbudding-cattle 

45.  Thompson NM, Widmar NO, Schutz MM, Cole JB, Wolf CA. Economic considerations 
of breeding for polled dairy cows versus dehorning in the  United States. J Dairy Sci. 
2017 Jun;100(6):4941–52.  

46.  Gottardo F, Nalon E, Contiero B, Normando S, Dalvit P, Cozzi G. The dehorning of 
dairy calves: Practices and opinions of 639 farmers. J Dairy Sci . 2011 Nov 
1;94(11):5724–34. Available from: https://doi.org/10.3168/jds.2011-4443 

47.  Adcock SJJ, Tucker CB. The effect of disbudding age on healing and pain sensitivity in 
dairy calves. J Dairy Sci . 2018;101(11):10361–73. Available from: 
https://www.sciencedirect.com/science/article/pii/S002203021830777X 

48.  Cozzi G, Gottardo F, Brscic M, Contiero B, Irrgang N, Knierim U, et al. Dehorning of 
cattle in the EU Member States: A quantitative survey of the current practices. Livest 
Sci . 2015;179:4–11. Available from: 
https://www.sciencedirect.com/science/article/pii/S1871141315002401 

49.  Rothammer S, Capitan A, Mullaart E, Seichter D, Russ I, Medugorac I. The 80-kb DNA 
duplication on BTA1 is the only remaining candidate mutation for the polled 
phenotype of Friesian origin. Genet Sel Evol . 2014;46(1):44. Available from: 
https://doi.org/10.1186/1297-9686-46-44 

50.  Medugorac I, Seichter D, Graf A, Russ I, Blum H, Göpel KH, et al. Bovine Polledness – 
An Autosomal Dominant Trait with Allelic Heterogeneity. PLoS One . 2012 Jun 
21;7(6):e39477. Available from: https://doi.org/10.1371/journal.pone.0039477 

51.  Duijvesteijn N, Bolormaa S, Daetwyler HD, van der Werf JHJ. Genomic prediction of 



the polled and horned phenotypes in Merino sheep. Genet Sel Evol . 2018;50(1):28. 
Available from: https://doi.org/10.1186/s12711-018-0398-6 

52.  Bishop TF, Van Eenennaam AL. Genome editing approaches to augment livestock 
breeding programs. J Exp Biol. 2020 Feb;223(Suppl 1):jeb207159.  

53.  Hickey JM, Bruce C, Whitelaw A, Gorjanc G. Promotion of alleles by genome editing in 
livestock breeding programmes. J Anim Breed Genet . 2016 Apr;133(2):83–4. 
Available from: https://doi.org/10.1111/jbg.12206 

54.  Windig JJ, Hoving-Bolink RA, Veerkamp RF. Breeding for polledness in Holstein cattle. 
Livest Sci . 2015;179:96–101. Available from: 
https://www.sciencedirect.com/science/article/pii/S1871141315002504 

55.  Spurlock DM, Stock ML, Coetzee JF. The impact of 3 strategies for incorporating 
polled genetics into a dairy cattle breeding program on the overall herd genetic 
merit. J Dairy Sci . 2014 Aug 1;97(8):5265–74. Available from: 
https://doi.org/10.3168/jds.2013-7746 

56.  Dickerson GE. INBREEDING AND HETEROSIS IN ANIMALS. J Anim Sci . 1973 Jan 
1;1973(Symposium):54–77. Available from: 
https://doi.org/10.1093/ansci/1973.Symposium.54 

57.  Sponenberg DP, Beranger J, Martin AM, Couch CR. Conservation of rare and local 
breeds of livestock. Rev Sci Tech. 2018;37(1):259–67.  

58.  Mwai O, Hanotte O, Kwon Y-J, Cho S. African Indigenous Cattle: Unique Genetic 
Resources in a Rapidly Changing World. Asian-Australasian J Anim Sci . 2015 
Jul;28(7):911–21. Available from: https://pubmed.ncbi.nlm.nih.gov/26104394 

59.  Kim S-J, Ka S, Ha J-W, Kim J, Yoo D, Kim K, et al. Cattle genome-wide analysis reveals 
genetic signatures in trypanotolerant N’Dama. BMC Genomics . 2017 May 
12;18(1):371. Available from: https://pubmed.ncbi.nlm.nih.gov/28499406 

60.  Hanotte O, Ronin Y, Agaba M, Nilsson P, Gelhaus A, Horstmann R, et al. Mapping of 
quantitative trait loci controlling trypanotolerance in a cross of tolerant West African 
N&#039;Dama and susceptible East African Boran cattle. Proc Natl Acad Sci . 2003 
Jun 24;100(13):7443 LP – 7448. Available from: 
http://www.pnas.org/content/100/13/7443.abstract 

61.  Orenge CO, Munga L, Kimwele CN, Kemp S, Korol A, Gibson JP, et al. 
Trypanotolerance in N’Dama x Boran crosses under natural trypanosome challenge: 
effect of test-year environment, gender, and breed composition. BMC Genet . 
2012;13(1):87. Available from: https://doi.org/10.1186/1471-2156-13-87 

62.  Marshall K, Gibson JP, Mwai O, Mwacharo JM, Haile A, Getachew T, et al. Livestock 
Genomics for Developing Countries – African Examples in Practice. Vol. 10, Frontiers 
in Genetics. 2019. p. 297.  

63.  Carroll D, Van Eenennaam AL, Taylor JF, Seger J, Voytas DF. Regulate genome-edited 
products, not genome editing itself. Nat Biotechnol . 2016;34(5):477–9. Available 
from: https://doi.org/10.1038/nbt.3566 

64.  Jori F, Bastos ADS. Role of Wild Suids in the Epidemiology of African Swine Fever. 
Ecohealth . 2009;6(2):296–310. Available from: https://doi.org/10.1007/s10393-009-
0248-7 

65.  Hlongwane NL, Hadebe K, Soma P, Dzomba EF, Muchadeyi FC. Genome Wide 
Assessment of Genetic Variation and Population Distinctiveness of the Pig Family in 
South Africa. Front Genet . 2020 May 7;11:344. Available from: 
https://pubmed.ncbi.nlm.nih.gov/32457791 

66.  Jenko J, Gorjanc G, Cleveland MA, Varshney RK, Whitelaw CBA, Woolliams JA, et al. 
Potential of promotion of alleles by genome editing to improve quantitative traits in 
livestock breeding programs. Genet Sel Evol. 2015 Dec;47(1):55.  

67.  Dekkers JCM. Application of genomics tools to animal breeding. Curr Genomics . 2012 



May;13(3):207–12. Available from: https://pubmed.ncbi.nlm.nih.gov/23115522 
68.  Rexroad C, Vallet J, Matukumalli LK, Reecy J, Bickhart D, Blackburn H, et al. Genome 

to Phenome: Improving Animal Health, Production, and Well-Being – A New USDA 
Blueprint for Animal Genome Research 2018–2027    . Vol. 10, Frontiers in Genetics  . 
2019. p. 327. Available from: 
https://www.frontiersin.org/article/10.3389/fgene.2019.00327 

69.  Söllner J-H, Mettenleiter TC, Petersen B. Genome Editing Strategies to Protect 
Livestock from Viral Infections. Viruses . 2021 Oct 4;13(10):1996. Available from: 
https://pubmed.ncbi.nlm.nih.gov/34696426 

70.  Clark EL, Archibald AL, Daetwyler HD, Groenen MAM, Harrison PW, Houston RD, et al. 
From FAANG to fork: application of highly annotated genomes to improve farmed 
animal production. Genome Biol . 2020;21(1):285. Available from: 
https://doi.org/10.1186/s13059-020-02197-8 

71.  Hillestad B, Johannessen S, Melingen GO, Moghadam HK. Identification of a New 
Infectious Pancreatic Necrosis Virus (IPNV) Variant in Atlantic Salmon (Salmo salar L.) 
that can Cause High Mortality Even in Genetically Resistant Fish    . Vol. 12, Frontiers 
in Genetics  . 2021. Available from: 
https://www.frontiersin.org/article/10.3389/fgene.2021.635185 

72.  Hansen PJ. Prospects for gene introgression or gene editing as a strategy for 
reduction of the impact of heat stress on production and reproduction in cattle. 
Theriogenology. 2020;154:190–202.  

73.  Dikmen S, Khan FA, Huson HJ, Sonstegard TS, Moss JI, Dahl GE, et al. The 
<em>SLICK</em> hair locus derived from Senepol cattle confers thermotolerance to 
intensively managed lactating Holstein cows. J Dairy Sci . 2014 Sep 1;97(9):5508–20. 
Available from: https://doi.org/10.3168/jds.2014-8087 

74.  Littlejohn MD, Henty KM, Tiplady K, Johnson T, Harland C, Lopdell T, et al. 
Functionally reciprocal mutations of the prolactin signalling pathway define hairy and 
slick cattle. Nat Commun . 2014;5(1):5861. Available from: 
https://doi.org/10.1038/ncomms6861 

75.  Porto-Neto LR, Bickhart DM, Landaeta-Hernandez AJ, Utsunomiya YT, Pagan M, 
Jimenez E, et al. Convergent Evolution of Slick Coat in Cattle through Truncation 
Mutations in the Prolactin Receptor    . Vol. 9, Frontiers in Genetics  . 2018. Available 
from: https://www.frontiersin.org/article/10.3389/fgene.2018.00057 

76.  Mueller ML, Cole JB, Connors NK, Johnston DJ, Randhawa IAS, Van Eenennaam AL. 
Comparison of Gene Editing Versus Conventional Breeding to Introgress the POLLED 
Allele Into the Tropically Adapted Australian Beef Cattle Population    . Vol. 12, 
Frontiers in Genetics  . 2021. p. 68. Available from: 
https://www.frontiersin.org/article/10.3389/fgene.2021.593154 

77.  Wiltshire Horn Sheep Society . [cited 2022 Jan 25]. Available from: 
https://www.wiltshirehorn.org.uk/breed/ 

78.  Wiedemar N, Drögemüller C. A 1.8-kb insertion in the 3’-UTR of RXFP2 is associated 
with polledness in sheep. Anim Genet . 2015/06/23. 2015 Aug;46(4):457–61. 
Available from: https://pubmed.ncbi.nlm.nih.gov/26103004 

79.  Lühken G, Krebs S, Rothammer S, Küpper J, Mioč B, Russ I, et al. The 1.78-kb insertion 
in the 3′-untranslated region of RXFP2 does not segregate with horn status in sheep 
breeds with variable horn status. Genet Sel Evol . 2016;48(1):78. Available from: 
https://doi.org/10.1186/s12711-016-0256-3 

80.  Fabriek BO, Dijkstra CD, van den Berg TK. The macrophage scavenger receptor 
CD163. Immunobiology . 2005;210(2):153–60. Available from: 
https://www.sciencedirect.com/science/article/pii/S0171298505000823 

81.  Johnsson M, Gaynor RC, Jenko J, Gorjanc G, de Koning D-J, Hickey JM. Removal of 



alleles by genome editing (RAGE) against deleterious load. Genet Sel Evol . 
2019;51(1):14. Available from: https://doi.org/10.1186/s12711-019-0456-8 

82.  Oatley JM. Recent advances for spermatogonial stem cell transplantation in livestock. 
Reprod Fertil Dev . 2018;30(1):44–9. Available from: 
https://doi.org/10.1071/RD17418 

83.  Jin YH, Robledo D, Hickey JM, McGrew MJ, Houston RD. Surrogate broodstock to 
enhance biotechnology research and applications in aquaculture. Biotechnol Adv . 
2021;49:107756. Available from: 
https://www.sciencedirect.com/science/article/pii/S0734975021000628 

84.  Gottardo P, Gorjanc G, Battagin M, Gaynor RC, Jenko J, Ros-Freixedes R, et al. A 
Strategy To Exploit Surrogate Sire Technology in Livestock Breeding Programs. G3 
Genes|Genomes|Genetics . 2019 Jan;9(1):203 LP-- 215. Available from: 
http://www.g3journal.org/content/9/1/203.abstract 

85.  Wurzinger M, Gutiérrez GA, Sölkner J, Probst L. Community-Based Livestock 
Breeding: Coordinated Action or Relational Process?    . Vol. 8, Frontiers in Veterinary 
Science  . 2021. Available from: 
https://www.frontiersin.org/article/10.3389/fvets.2021.613505 

86.  Young AE, Mansour TA, McNabb BR, Owen JR, Trott JF, Brown CT, et al. Genomic and 
phenotypic analyses of six offspring of a genome-edited hornless bull. Nat Biotechnol 
. 2020;38(2):225–32. Available from: https://doi.org/10.1038/s41587-019-0266-0 

87.  Eriksson S, Jonas E, Rydhmer L, Röcklinsberg H. Invited review: Breeding and ethical 
perspectives on genetically modified and genome edited cattle. J Dairy Sci . 
2018;101(1):1–17. Available from: 
https://www.sciencedirect.com/science/article/pii/S0022030217309505 

88.  Johnsson M, Ros-Freixedes R, Gorjanc G, Campbell MA, Naswa S, Kelly K, et al. 
Sequence variation, evolutionary constraint, and selection at the CD163 gene in pigs. 
Genet Sel Evol . 2018;50(1):69. Available from: https://doi.org/10.1186/s12711-018-
0440-8 

89.  Li T, Shen X. Pleiotropy Complicates Human Gene Editing: CCR5Δ32 and Beyond. 
Front Genet. 2019 Jul;10:669.  

90.  Nuffield Council on BioEthics: Genome Editing an Ethical Review . 2016. Available 
from: https://www.nuffieldbioethics.org/publications/genome-editing-an-ethical-
review 

91.  Nuffield Council on Bioethics - Genome editing and farmed animal breeding: social 
and ethical issues . 2021. Available from: 
https://www.nuffieldbioethics.org/assets/pdfs/Genome-editing-and-farmed-animal-
breeding-FINAL-WEB-PDF.pdf 

92.  Fan Z, Mu Y, Li K, Hackett PB. Safety evaluation of transgenic and genome-edited 
food animals. Trends Biotechnol . 2021; Available from: 
https://www.sciencedirect.com/science/article/pii/S0167779921002626 

93.  Van Eenennaam AL, De Figueiredo Silva F, Trott JF, Zilberman D. Genetic Engineering 
of Livestock: The Opportunity Cost of Regulatory Delay. Annu Rev Anim Biosci . 2021 
Feb 16;9(1):453–78. Available from: https://doi.org/10.1146/annurev-animal-
061220-023052 

94.  McCarty NS, Graham AE, Studená L, Ledesma-Amaro R. Multiplexed CRISPR 
technologies for gene editing and transcriptional regulation. Nat Commun . 
2020;11(1):1281. Available from: https://doi.org/10.1038/s41467-020-15053-x 

95.  Kawall K, Cotter J, Then C. Broadening the GMO risk assessment in the EU for 
genome editing technologies in agriculture. Environ Sci Eur . 2020;32(1):106. 
Available from: https://doi.org/10.1186/s12302-020-00361-2 

96.  McKenzie FC, Williams J. Sustainable food production: constraints, challenges and 



choices by 2050. Food Secur. 2015;7(2):221–33.  
 
 
 


