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Abstract
Pork provides substantial portion of daily meals for human. To meet the global demand for growing
population, implementation of advanced technologies in pig breeding is required. The most recently gene editing
CRISPR/Cas9 system provides novel tools to pig breeders to improve animal welfare, productivity, and
performance. This paper aims to give principles of genome editing techniques and the latest update on
CRISPR/Cas9 application on pig industry. We will also review the possible choices for delivering CRISPR/Cas9
system in pig research. It is hoped that with the adaptation of CRISPR/Cas9 technology, rapid genetic understanding
and utilization in pig breeding will soon accelerate.
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Introduction
Providing sufficient food for the constant growing of the human population is currently a challenging
mission. In order to feed the projected 9.7 billion people in 2050, the global demand for agricultural products is
calculated to increase 60% 2050 (Alexandratos and Bruinsma 2012). Specifically, a higher animal-based proteins
demand for milk and meat outputs is estimated to augment at 60% and 76%, respectively. Consequently, the
livestock industry is required to improve production efficiency in a way that balance the minimizing detrimental
influences on the environment and ensuring animal welfares. According to United States Department of Agriculture,
domestic pig (Sus scrofa domestica) production provides 42% of the total livestock production in 2018 (USDA
2018), and 40% of human consumption of meat sources (Alexandratos and Bruinsma 2012). This clearly reveals a
significant contribution of pork in human daily meals. Because of its high finesses in meat quality, pork becomes a
regular food in China, United States, and many European and Asian countries.
Traditional breeding and genome engineering in pig breeding
A myriad of scientific reports has demonstrated various methods to improve pig production to meet the
global demand. Classical selective breeding based on measurable traits of economic importance, for instance, feed
conversion, litter sizes, carcass fat or meat quality, has tremendously increased the productivity. Specifically, from
1960s to 2000s, targeted breeding successfully enhanced 50% of litter sizes, 37% of lean pork meat, and doubling
the lean pork meat per kg of feed intake (van der Steen, et al. 2005). Later in the early of 20th century, with the
participation of biotechnological solutions, molecular genetic approaches have revolutionized the swine genomic
research by the advent of using genetic markers to construct genetic maps for the detection of quantitative trait loci
(QTL) and candidate genes of desirable traits. With the aid from increasing powerful computer and available
bioinformatics database, hundreds of QTL conferring disease resistance or productivity have been reported in swine
during the last twenty years (Elsik, et al. 2009; Groenen, et al. 2012). The introduction of assisted reproductive
technologies including artificial insemination (Foote 2002), semen sexing and cryopreservation (Rodríguez-Gil and
Estrada 2013; Sathe and Shipley 2014), embryo transfer (Perry 2018), in vitro fertilization (Brackett, et al. 1982)
have added more options to breeders to enhance pig production and research. With the rapid development of DNA
techniques and animal cloning, genetically modified animals (GMA) has been enabled to emerge (Hammer, et al.
1985; Whitworth, et al. 2016; Burkard, et al. 2018; Whitworth, et al. 2019). These transgenic swine carrying
exogenous genes of important agricultural traits have the potential to perform well against diseases and maintain the
superior performance. Taken together, classical genetic and biotechnology-based approaches have transformed the
swine production and health, and advanced our understanding of mechanisms in swine biology (Schultz, et al.
2020).
However, these methods still have their limitations. While selective breeding and molecular genetic studies
are restricted on genetic variation and linkage map within a population (Tait-Burkard, et al. 2018; McFarlane, et al.
2019), assisted reproductive technologies are technically challenging and costly procedures (Hansen 2020). In
recombinant DNA and animal cloning methods, many concerns about low efficiency in generating offspring,
transgenic animal’s health and approval for human consumption have been raised (Yum, et al. 2018; Van
Eenennaam, et al. 2019). Most of these obstacles can be met with genome editing approaches. With the emergence
of these recently discovered tools, swine breeders are offered a state-of-the-art technology to study and understand
genes conferring any traits of interest.
Genome-editing and its principles
Gene editing is a molecular biology technique that intentionally targets user-defined DNA sites within the
genome for the purpose of elucidating functions of unknown genes. Since modified genetic information in the
parental lines is passed to next generations, gene editing can be employed to purposely alter traits of agricultural
importance to develop new cultivars or breeding lines. Various gene editing techniques have been established
including zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN) and cluster regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) (CRISPR/Cas9). All of these
tools rely on the specificity of the endonucleases that recognize and cleave DNA at desired sites to facilitate
mutations induced by cellular repair mechanism. In this review, we aim to provide the latest updates of
CRISPR/Cas9 application on swine breeding, although TALEN and ZFN can obtain the same outcomes.
CRISPR/Cas9 system and its mechanism
The most recently discovered CRISPR/Cas9 was firstly identified in bacteria as an adaptive defense barrier
against foreign DNA. This system has major advantages over the earlier ZFN and TALEN in many ways such as
cost-effectiveness, simplicity, greater precision and efficiency (Gupta and Musunuru 2014). It consists of two
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components including CRISPR and Cas9 nuclease complex. In the CRISPR, there are three elements: a leader
sequence, an array of repeat sequences and spacer sequences. While the CRISPR locus upstream-localized leader
sequence is a specie-specific promoter, the highly conserved palindromic repeats can form hairpin structure (Wu and
Bazer 2019). Each repeat in the array is interspaced by a spacer. As the spacer sequences are homologous to the
viral sequences or plasmids, they stimulate the cell to capture and degrade the genetic invasion of these
corresponding virus of plasmids (Whitworth, et al. 2016). The Cas9 nuclease complex is composed of an
endonuclease Cas9 protein, a CRISPR RNA (crRNA) and transactivation CRISPR RNA (tracrRNA). The crRNA is
transcribed from the CRISPR locus and subsequently join to tracrRNA to become the single guide RNA (sgRNA).
sgRNA and Cas9 protein will form Cas9 complex that recognize and create double-strand exogenous DNA break,
thus terminate the invasion (Proudfoot, et al. 2019).
For the gene editing purpose, the programing of sgRNA will determine the genomic location for DNA
cleavage, therefore it will facilitate the DNA breakage of modification of chosen genes via DSB. CRISPR/Cas9mediated DSB are recognized by cellular damage repair machinery. During the repairing process, indel mutations
are introduced, subsequently inactivates the desired genes of interest via NHEJ pathway. In HR pathway, with the
provision of DNA template, homologous recombination will be facilitated, and gene replacement will occur, leading
to transgene insertion (Namula, et al. 2019).
Delivery methods of CRISPR/Cas9 system
To precisely modify the studied genes, accomplishing introduction of CRISPR/Cas9 system into the zygote
or reproductive cells is a matter of great importance. Various strategies for CRISPR/Cas9 system transporting can be
categorized into two main platforms including viral and non-viral (Huafeng, et al. 2019). In the non-viral platform,
physical or chemical approaches, such as electroporation, microinjection, nanoparticles, and hydrodynamic
injection, are required to achieve successful CRISPR/Cas9 reagents delivery (Liu, et al. 2017). In the viral platforms,
there are three frequently used viral vectors: lentivirus, adenovirus and adeno-associated virus which are utilized as
vehicles to incorporate CRISPR/Cas9 system into the cell’s genome. Although both platforms possess their own
advantages and disadvantages, they have achieved numerous successes in gene-editing research (Liu, et al. 2017).
However, according to latest research by McFarlane et al. (2019), of all the methods in two platforms, three latest
advanced procedures in reproductive technologies including zygote electroporation, zygote transduction with
recombinant adeno-associated virus (rAAV) and surrogate sire technology (SST), will be the most efficient tool in
the future that enable efficient transferring CRISPR/Cas9 system into the zygote on farm settings (McFarlane, et al.
2019).
Electroporation is a well-established approach to incorporate foreign reagents into mammalian cells but has
recently been improved and optimized for application to zygote in genome editing context. The oocytes from donor
super-ovulated females will be collected for in vitro fertilization. After artificial fertilization, zygotes will be subject
to electroporation to introduce CRISPR/Cas9 reagents. Subsequently, the electroporated zygotes will be matured in
vitro and verified to harbor the genome-edited sequences by screening. Confirmed embryos will be implanted into
recipient female to produce genetically modified animals with superior qualities. Due to its computer-based design,
online ordering and ready-to-use supplies for CRISPR/Cas9 components, successful genome editing in swine and
other animals has been reported (Laible 2018; Miao, et al. 2019; Namula, et al. 2019). Nevertheless, this technique
still needs improvement in reduction of mosaicism in the edited offspring, and the length of homologous DNA
repair template to induce the HR pathway (McFarlane, et al. 2019).
Because of its non-pathogenicity, high infection efficiency and wide spectrum of cell specificity, employing rAAVs
for gene transduction has generated successful results (Kaulich and Dowdy 2015). Following the super ovulated
females’ oocytes collection and in vitro fertilization, the resulting fertilized zygotes will be immersed in a solution
containing rAAVs. The rAAvs will infiltrate the zygote, hijack the cellular mechanism to express the CRISPR/Cas
system and induce the genome editing process. Once the rAAVs- edited zygotes are screened by biopsy sequencing,
they will be transferred to recipient females to develop into genetically superior animals. Although this approach is
still confined in mice research (Yoon, et al. 2018), due to the simplicity for the precision in foreign DNA into the
host’s genome, rAAV method is considered the most promising method for generating genome-edited livestock in
the future (McFarlane, et al. 2019).
The SST involves the production of male animals devoid of endemic germline stem cells. As a result, these
animals lack the ability to establish mature sperm. The spermatogonial stem cells (SSCs) will be collected from the
donor male and SSCs will undergo CRISPR/Cas9-mediated genetic manipulation to create elite genome edited
sperm cells. The cells will be will be transplanted to juvenile sire recipient, resulting a desirable quality sperm
bioreactor that can disseminate the traits of interest to progenies by natural breeding (Wang, et al. 2017; Giassetti, et
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al. 2019). In pig industry, SST boars will rapidly disseminate favorably edited genes in a shorter period of time
compared to traditional breeding approaches (McFarlane, et al. 2019).
Application of CRISPR/Cas9 system in pig breeding
Since its introduction, CRISPR/Cas9 system has been widely applied in animal breeding. By 2013, the first
pioneering report in genome edition of mammalian cells mediated by CRISPR/Cas9 technique, many animal
genomes including cattle, poultry and livestock have been edited. In pig research, the earliest CRISPR/Cas9-based
genome-edited pigs were published in 2014. From then on, the expansion of CRISPR/Cas9 system in pig studies
continues to offer new opportunities in understanding gene functions and modifying the phenotypes in pig
production.
Meat quality
Myostatin (MSTN) negatively regulates the development of skeletal muscle mass in vivo. In 2015, Wang et
al. generated MSTN-knocked out swine by combined utilization of CRISPR/Cas9 system and somatic cell nuclear
transfer method (Wang, et al. 2015). In 2016, another report by Bi et al. demonstrated a successful attempt to create
MSTN-edited pig by integrating CRISP/Cas9 and Cre/Lox9 approaches (Bi, et al. 2016). Both results from two
studies illustrated that genome-edited pigs have higher lean meat production, lower fat accumulation compared to
the control pigs. However, there were associating detrimental effects associated with MSTN-null pigs, for instance,
motor function impairment in newborn Landrace breed, and piglet’s fatality after birth. To circumvent these hurdles,
Zou et al. (2018) targeted new candidate gene FBXO40 which influences muscle development. CRISPR/Cas9mediated pigs with nonfunctional FBXO40 gene exhibited similar MSTN-disable phenotypes without previously
described deleterious impacts (Zou, et al. 2018). Recently, a study by Xiang et al. (2018) has displayed mutated
insulin-like growth factor (IGF2) gene, which stimulates growth and development in mammals during fetal and
postnatal stages, resulted in the amelioration of meat quality in indigenous Chinese breed Bama pigs (Xiang, et al.
2018). These results suggested that CRISPR/Cas9 can be applied in pig research to improve meat quality.
Disease resistance
CRISPR/Cas9 approach has been employed to target CD163, which is the main receptor for porcine
reproductive and respiratory syndrome (PRRS) virus. PRRS is one of the most devastating pig diseases which has
caused global economic loss during past decades. In 2016, Whitworth et al. reported that CD-163 null pigs displayed
complete resistance to both type I and type II PRRS virus isolates (Wells, et al. 2017) and maintained normal
biological functions (Whitworth, et al. 2016). Another example in genome editing in generating disease resistance
pigs is the directional targeting aminopeptidase N, which is the putative receptor of porcine epidemic diarrhea virus
(PEDV) and transmissible gastroenteritis virus (TGEV) (Delmas, et al. 1992; Li, et al. 2007). PEDV and TGEV are
causative agents for severe diarrhea in pre-weaned piglets and have been linked to high morbidity and fatality
(Proudfoot, et al. 2019). Although edited aminopeptidase N- pigs showed resistance to TGEV, susceptibility to
PEDV still remained. Since there is a link between defects of aminopeptidase N and blood cancers including
leukemia and lymphoma, further investigation is needed to scrutinize the effect on health and productivity of the
animals (Whitworth, et al. 2019).
Animal welfare
In pigs, endogenous uncoupling protein 1 (UCP1) participates in thermoregulation during cold stress.
Disruption of porcine UCP1 protein will result in the lack of formation of brown adipose tissue and subsequent
absence of non-shivering thermogenesis mechanism (Trayhurn, et al. 1989; Berg, et al. 2006; Jastroch and
Andersson 2015). Consequently, newborn piglets without functional UCP1 gene are thus prone to cold exposure,
which could lead to neonatal fatality. By employment of CRISPR/Cas9-mediated edition UCP1-edited pigs
illustrated improvement in cold tolerance (Zheng, et al. 2017).
Conclusion
Pork is an important source for the increasing demand for better quality and quantity meat protein. As a result, pig
industry is pushed to enhance its productivity and reduce environmental impacts. Significant achievements in animal
biotechnology have driven the pig breeding programs in many countries with many successes. With the introduction
of CRISPR/Cas9 system, pig breeders and researchers are offered a novel tool to rapidly understand traits of great
economic significance, augment the pig production and health. It is hoped that CRISPR/Cas9 system will accelerate
the research progress in pig industry in the next coming decades.
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