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Genome editing in avian research- an update review
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Abstract

Chicken contributes significant portion in human daily meals and serves as a research model in genome editing. As a
result, research in elucidating gene functions and directional modification of the phenotypes aimed for customer-
driven needs are highly emphasized in broiler industry. The development of genome editing technologies including
zinc finger nucleases (ZFNSs), transcription activator-like effector nucleases (TALENSs) and the latest cluster
regularly interspaced short palindromic repeat (CRISPR)/Cas9 (CRISPR/Cas9) revolutionized the understandings in
chicken development and offered novel tools in generating genome edited chicken to improve chicken productivity
and health. This review will provide the principles of genome editing techniques and latest updates of their
applications in improving chicken productivity and health.
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Introduction

Agriculturists have applied selective breeding to ameliorate traits of great economic importance for
thousands of years. In broiler industry, genetically specialized characteristics such as meat yield, feed efficiency, fat
content in males, and fertility, rate of egg production, hatchability in females, are highly favored (Qanbari, et al.
2019; Hartcher and Lum 2020). Although through artificial selection, creation of new breeds with better
performance was obtained, this generating process was slow and time-consuming (Fernyhough, et al. 2020). In the
late 20" century, with the employment of genomic selection, certain desirable phenotypic features were assigned to
specific genomic locations, thus faster enhancement in broiler productivity has been achieved (Proudfoot, et al.
2019). However, there are several obstacles in measuring inherently difficult quantifiable phenotypes such as
disease resistance, or welfare-related traits in avian research. In disease resistance, as animals with less severe
symptoms could have been exposed to less pathogen, maintaining equal pathogenic exposure to large numbers of
animals for genetic linkage mapping is expensive and laborious. In welfare-related traits such as bone strength,
characterizing the femur elements requires animal sacrifice, making it ethically questionable (Boodhoo, et al. 2016;
Guo, et al. 2019; Proudfoot, et al. 2019). The advent of genome editing provides new opportunities for rapid and
direct translation from laboratory research to farm-set broiler production.

Genome editing and its principle
1. ZFN and TALEN systems

Genome editing techniques employ programable nucleases to introduce genetic mutation (Laible 2018;
McFarlane, et al. 2019). Early gene editing systems including ZFN and TALEN depend on the specificity of the
DNA-binding domain of zinc finger protein (ZFP) in the ZFN system and transcription activator-like effector
(TALE) in the TALEN system. Since each zinc finger in the ZFP recognizes every triplet on single-strand DNA,
designing 3-6 zinc finger components in combination will therefore attach to 9-18 base pairs on aimed regions to
achieve specificity. On the other hand, the improved targeting property of TALE relies on the programmable tandem
repeat modules, of which each module specifically binds to a single base pair (Tait-Burkard, et al. 2018). The order
of the tandem repeat modules can be rearranged to obtain better directing at chosen DNA sequence. After the
binding to DNA region, both ZFP and TALE will orchestrate the dimerized endonuclease Fok1 to break the double
strand DNA at predetermined regions (Carlson, et al. 2012). The application of ZFN and TALEN have been widely
applied in pig and cattle breeding (Yum, et al. 2018; Wu and Bazer 2019).

2. CRISPR/Cas9 system

The latest CRISPR/Cas9 system was firstly identified as an adaptive defense barrier in bacteria. The system
is made up of two components including the CRISPR locus and Cas9 endonuclease (Miao, et al. 2019). Upon
infection, trans-activated RNA (tracrRNA) is transcribed from the CRISPR locus and subsequently joined crRNA
and Cas9 protein to become effector complex. Since tracrRNA is the transcription of the past invading foreign
nucleic acid, it will have the matching sequences to the exogenous DNA (Wu and Bazer 2019). CrRNA will direct
the Cas9 protein to bind and degrade the foreign DNA. Recently, CRISPR/Cas9 system has been refined and
optimized for genome editing purpose in eukaryotes. The tracrRNA and the crRNA will be integrated to become
single guide RNA (sgRNA) which can be programmable to specifically target any desirable sequences by
production of mutations or insertion of transgenes (Kaulich and Dowdy 2015; Wang, et al. 2015).

The introduction of DSB generated by three genome editors including ZFNs, TALENs and CRISPR/Cas9
will trigger the DNA repair mechanisms including non-homologous end-joining (NHEJ) or homologous
recombination (HR) (Gupta and Musunuru 2014). In the error prone NHEJ pathway, the two ends of the cleaved
DNA are joined and ligated, resulting in the generation of insertion or deletion at the site of DSB, thus producing
knock-out mutation (Kaulich and Dowdy 2015). In the HE pathway, a site-directed nuclease and an exogenous DNA
template harboring homologous sequence to the DSB regions are required to facilitate the insertion of single or
multiple transgenes, thereby gaining knock-in mutation (Wang, et al. 2015). In comparison with the previous
genome editing techniques including ZFN and TALEN, CRISPR/Cas9 system is easier to design and cheaper to
apply in research (Liu, et al. 2017).

Generation of edited chickens

Due to the physiological differences between avian egg and mammalian oocyte, delivery of editing
reagents into the avian zygote pose challenges in the creation of genome edited chickens (Mozdziak and Petitte
2004). One study performed in 2017 has suggested in ovo electroporation of CRISPR/Cas9 components, which
enabled the analysis of the knock-down genes in the neural crest (Gandhi, et al. 2017). However, electroporation can
produce mosaicism since the avian embryo has been further established when an egg is laid compared to the
mammalian zygote (Véron, et al. 2015). Alternative approach is sperm transfection-assisted gene editing whereby
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sperm are lipofected with editing reagents prior to artificial insemination (Cooper, et al. 2017). Thanks to the latest
breakthrough in chicken stem cell technology, primordial germ cells (PGCs) are proposed to be promising resources
for genome edition (Sid and Schusser 2018). Since PGCs are highly specialized cells and precursors of sperm, they
can be collected from the blood of the developing chicks in ovo and in vitro cultured. After being genome edited,
PGCs are transferred back into the bloodstream of the stage-matched recipients. Subsequently, these edited germ
cell lines will migrate to the gonad and can be utilized in breeding purposes (Cooper, et al. 2018). The main
advantages of PGCs employment for genome editing over previous methods are the reliability of germline
transmission, low number of animals used in the experiment, thus ideal for generating gene-edited chickens (Wang,
et al. 2020). However, many drawbacks have been associated with PGCs such as maintaining germline competency,
low efficiency and persistence in transfection, and quiescent transcription of germ cell lines. Accumulation of efforts
have been done to optimize the PGCs-mediate germline transmission system for establishment of genome-edited
poultry breeding (Sid and Schusser 2018).
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Fig 1. Methods for delivery of editing reagents into the avian zygote pose challenges in the creation of genome
edited chickens

Application of genome editing in broiler industry

Due to the unique structure of the avian embryos compared to the mammalian embryos, a small number of
research have been reported on the generation of genome-edited chickens for agricultural purposes. Creating ZFN-
mediated gene editing chicken is not yet documented, and there have been only limited results on utilizing TALEN
and CRISPR/Cas9 systems in chicken. In 2014, ovalbumin (OVA) gene was targeted to produce OVA knock out
chickens by transfecting cultured PGCs with plasmid encoding OVA-TALEN (Park, et al. 2014). More recently, by
combining TALEN and homology directed repair, Taylor et al. (2017) have obtained sterile hens by disrupting
DD4X locus which is allegedly responsible for germ line formation (Taylor, et al. 2017). In 2018, in attempt to
achieve disease-resistant chicken, the avian leukosis virus (ALV) receptor was edited in chicken somatic cell lines
by CRISPR/Cas9 system (Koslova, et al. 2018). It is hoped that these findings will shed new lights in applying
genome editing to improve important agricultural traits in broiler industry.
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