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SUMMARY 
 

Avian species has known as the most suitable model animals in the research 
fields due to their unique embryonic development. In particular, their reproductive 
characteristics, such as a relatively short reproductive cycle and laying over hundreds 
eggs annually, enhance their suitability for this research area. With rapid development 
of biotechnology, the demand for genome-edited avian species has been also 
increased. Especially, the recently reported programmed genome editing technology 
that can induce gene modification at target locus in an efficient and precise manner 
facilitates establishment of animal models. In this regards, we evaluated these up-to-
date biotechnologies including piggyBac transposition, Flipase/Flipase recognition 
target (Flp/FRT) and clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated (Cas9) in avian species. Furthermore, we investigated 
feasibility of semen cryopreservation in chicken for efficient preservation of avian 
genetic resources including genome-edited avian species.  

 

The first study was performed to evaluate the feasibility of CRIPSR/Cas9 
system in specific chicken gene, which relating to avian viral disease. Avian leukosis 
virus (ALV) is a retrovirus that causes tumors in avian species, and its vertical and 
horizontal transmission in poultry flocks results in enormous economic losses. 
Despite the discovery of specific host receptors, there have been few reports on the 
modulation of viral susceptibility via genetic modification. We therefore engineered 
acquired resistance to ALV subgroup B using CRISPR/Cas9-mediated genome 
editing technology in DF-1 chicken fibroblasts. Using this method, we efficiently 
modified the tumor virus locus B (tvb) gene, encoding the TVB receptor, which is 
essential for ALV subgroup B entry into host cells. By expanding individual DF-1 
clones, we established that artificially generated premature stop codons in the 
cysteine-rich domain (CRD) of TVB receptor confer resistance to ALV subgroup B. 
Furthermore, we found that a cysteine residue (C80) of CRD2 plays a crucial role in 
ALV subgroup B entry. These results suggest that CRISPR/Cas9-mediated genome 
editing can be used to efficiently modify avian cells and establish novel chicken cell 
lines with resistance to viral infection. 

 

Using same strategy, we also targeted chicken Na+/H+ exchange 1 (chNHE1) 
gene, which is known as host receptor specifically binds to ALV subgroup J. After 
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first appearance of ALV subgroup J in 1991, the virus causes enormous economic 
losses in poultry industry. There is no chicken that have resistant against to the virus 
in nature, the demands for develop resistant chicken lines has been emphasized. The 
host receptor and the critical amino acid have been identified in avian cells, however, 
there is no report about acquiring resistant against to the virus mediated by host 
genome modification. Therefore, in this study, we modified the chNHE1 gene using 
CRISPR/Cas9 system, and validated the susceptibility of the modified cell lines. As 
results, we could find that artificially generating premature stop codon on chNHE1 
receptor causes absolute resistant to ALV subgroup J, and indel mutations containing 
W38 is critical. Targeted recombination on W38 regions revealed that deletions only 
containing W38 are most effective to acquire resistant against to the virus. These 
results suggest that CRISPR/Cas9-mediated genome replacement could be utilized to 
precise genome editing in chicken cells and be a efficient tool for developing avian 
viral disease resistant lines. 

 

For the next study, we evaluated recombinase-mediated gene cassette 
exchange (RMCE) in avian species. Targeted genome recombination has been applied 
in diverse research fields and has a wide range of possible applications. In particular, 
the discovery of specific loci in the genome that support robust and ubiquitous 
expression of integrated genes and the development of genome-editing technology 
have facilitated rapid advances in various scientific areas. In this study, we produced 
transgenic (TG) chickens that can induce RMCE, one of the site-specific 
recombination technologies, and confirmed RMCE in TG chicken–derived cells. As a 
result, we established TG chicken lines that have, FRT pairs in the chicken genome, 
mediated by piggyBac transposition. The transgene integration patterns were diverse 
in each TG chicken line, and the integration diversity resulted in diverse levels of 
expression of exogenous genes in each tissue of the TG chickens. In addition, the 
replaced gene cassette was expressed successfully and maintained by RMCE in the 
FRT predominant loci of TG chicken-derived cells. These results indicate that 
targeted genome recombination technology with RMCE could be adaptable to TG 
chicken models and that the technology would be applicable to specific gene 
regulation by cis-element insertion and customized expression of functional proteins 
at predicted levels without epigenetic influence. 

 

Next, we investigated the feasibility of semen cryopreservation in chicken to 
efficiently preserve the avian genetic resources including genome-edited chicken. The 
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importance of genetic resource preservation has been highlighted in the literature as 
means of maintaining genetic diversity. Among the various methods of preserving 
such resources, semen cryopreservation can be advantageous because it reduces the 
time of restoring genetic resources and is less technique-dependent. The Korean Ogye 
(KO) chicken is a Natural Monument and is recognized as an important genetic 
resource in Korea. However, successful cryopreservation methods for KO chickens 
have yet to be reported. Therefore, we completed cryopreservation methods in KO 
chickens using N-methylacetamide (MA) as a cryoprotectant. Also we performed 
additional experiments to identify whether fertility and hatchability are affected by 
long-term storage. Finally, we examined sperm viability in the cryopreserved semen. 
Our results suggest that the cryopreservation method using MA can be applied to KO 
chickens regardless of storage period and could be a useful tool for the preservation 
the endangered avian species. 

 

Based on the researches, we identified that the efficient genome editing 
system mediated by piggyBac transposition, Flp/FRT and CRISPR/Cas9 could be 
utilized in chicken system. The results suggest that these genome editing technologies 
can contribute to facilitate the studies on avian species and give us chances to 
establish novel model for research area as well as industry area. Furthermore, 
preservation system mediated by semen cryopreservation of this study also will 
contribute to establish novel chicken lines including genome-edited chicken. 

 

Keywords: chicken, genome editing, piggyBac transposition, Flp/FRT, CRISPR/Cas9, 
semen cryopreservation 
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CHAPTER 1 
 
 
 

 

GENERAL INTRODUCTION 
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Avian species has known as the most suitable model animals in the 

research fields due to their unique embryonic development. In particular, their 

reproductive characteristics, such as a relatively short reproductive cycle and 

laying over hundreds eggs annually, enhance their suitability for this research 

area. With rapid development of biotechnology, the demand for genome-edited 

avian species has also increased. Especially, the recently reported programmed 

genome editing technology that can induce gene modification at target locus in 

an efficient and precise manner facilitates establishment of animal models. 

The recently developed clustered regularly interspaced short 

palindromic repeats (CRISPR)/CRISPR-associated (Cas9) system is a 

programmable genome editing technology (Jinek et al., 2012) that has been 

widely adopted for use in many organisms, including mice, fish, pigs, cows and 

chickens (Hwang et al., 2013; Tan et al., 2013; Wang et al., 2013; Dimitrov et 

al., 2016; Oishi et al., 2016; Gao et al., 2017). Despite of successful adaptation 

of the CRISPR/Cas9 system to avian species, there have been few researches 

about practical uses for avian disease regulation. Therefore, we performed 

genome editing using CRISPR/Cas9, especially on the chicken host receptor 

gene tumor virus locus B (tvb) and chicken Na+/H+ exchange 1 (chNHE1) 

which are related specifically to Avian leukosis virus (ALV) subgroup B and J, 

respectively (Klucking et al., 2002; Chai and Bates, 2006). ALV is a retrovirus 

that infects avian species, eventually causing tumors (Justice and Beemon, 2013). 

The ALV is a group VI virus of the family Retroviridae, and it can be divided 

 (Payne et al., 1992). Susceptibility 

and resistance to the virus depend largely on specific host receptors that interact 

with viral envelope proteins. Naturally occurring genetic mutations in the host 

receptors, or artificial expression of mutant receptors in host cells, can affect 

susceptibility to the virus. Despite the discovery of specific host receptors that 
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are critical for ALV entry, there has been only one report on the acquisition of 

resistance to ALV subgroup C in avian species via genome editing of host 

receptor genes (Klucking et al., 2002; Elleder et al., 2004; Elleder et al., 2005; 

Chai and Bates, 2006; Reinisova et al., 2008; Reinisova et al., 2012; Kucerova et 

al., 2013; Chen et al., 2015). Since chickens with premature stop codons in 

CRDs of TVB receptors exhibit resistance to ALV subgroup B, we sought to 

identify artificial mutations in CRDs of TVB receptors that cause similar effects 

(Klucking et al., 2002). And also we targeted the tryptophan positioned at 38th 

amino acid of chNHE1 that was critical for ALV subgroup J (Kucerova et al., 

2013). Therefore, we adopted the CRISPR/Cas9 system for use in DF-1 chicken 

fibroblasts to modify the host receptors’ gene. We then evaluated the 

susceptibility of genetically modified hosts to ALV subgroup B and J using flow 

cytometry. 

Transgenic (TG) technology has been widely adapted to diverse 

research fields because of its practical flexibility. However, it still has several 

limitations associated with random integration; thus, site-specific recombination, 

based on homologous recombination, has been thought to be a preferable 

alternative technique for stable and reliable genome editing. In avian species, the 

predictable exogenous gene expression in TG animals is also an important factor 

in many applications, including developing animal models, generating disease-

resistant birds, and using birds as bioreactors. With the development of 

biotechnology, there have been many reports about the efficient use of TG 

technology in avian species expressing exogenous genes (Salter et al., 1986; 

Love et al., 1994; Harvey et al., 2002; McGrew et al., 2004; Kamihira et al., 

2005; Zhu et al., 2005; Lillico et al., 2007; Macdonald et al., 2012; Park and 

Han, 2012; Lee et al., 2013; Park et al., 2015a) and the use of site-specific 

recombination, combined with homologous recombination, to adapt chicken cell 

lines for genetic studies and antibody production (Sonoda et al., 2001; Schusser 

et al., 2013b). Despite many successful studies of genome modification in avian 
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species, however, there have been few reports about the adaptation of site-

specific recombination to an efficient TG avian system. 

The importance of genetic resource preservation has been highlighted as 

a means of maintaining genetic diversity. In addition, both the maintenance and 

the preservation of genetically modified laboratory animals have been suggested 

as being potentially important. Meeting the unexpected loss of genetic resources 

for use as experimental materials, however, is indeed possible. Several 

approaches have been developed to prevent the loss of such genetic resources. 

Among those approaches, techniques applying cryopreservation are thought to be 

among the most efficacious methods for preserving and restoring genetic 

resources because of their time-independent characteristics. Although the several 

cryopreservation methods has been reported, successful cryopreservation of 

chicken gametes, especially Korean Ogye (KO), has yet to be reported.  

To evaluate the feasibility of genome editing technologies in chicken 

system, a series of experiments were conducted. In CHAPTER 2, we review the 

genome editing technologies used in various organisms, and recent progress in 

genome modification technology in avian species and its future applications. 

Furthermore, the history of avian germplasm preservation will be also discussed. 

In CHAPTER 3, we demonstrate the acquiring a resistant against to ALV 

subgroup B mediated by chicken genome editing using CRISPR/Cas9 system. In 

CHAPTER 4, we targeted the host receptor relating to other ALV subgroup, ALV 

subgroup J, with targeted recombination technology. In CHAPTER 5, we report 

site-specific recombination in the chicken genome using Flp/FRT system. Finally 

in CHAPTER 6, successful preservation system using cryopreservation of semen 

is discussed.  
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1. Genome Editing Technology 

1.1. Transgenic technology 

Creating designed living organisms have a lot of benefits in fields of 

researches as well as industry fields. Especially, organism which genome was 

modified has tremendous benefits in biology area. After reporting first 

genome editing mouse in 1974 with direct DNA virus into an early-stage 

mouse embryo (Jaenisch and Mintz, 1974), transgenic technology has been 

rapidly developed. 

First transgenic mouse using DNA virus injection showed ubiquitous 

expression of inserted gene in every cells of the mouse, however, the mouse 

failed to transmit the transgene to next generation (Jaenisch and Mintz, 1974). 

After few years, Gordon et al. produced the first transgenic mouse that have 

germline transmission capability by injecting purified DNA into pronuclear of 

the mouse embryo (Gordon and Ruddle, 1981). Although the method has 

limitations on germline transmission efficiency and random integration, it has 

been widely used for producing transgenic mouse until today. 

Not only for pronuclear injection, viral vector system is also largely 

contributed to develop transgenic animals. Virus itself transport their viral 

genome into the cells, exogenous DNA is easily transduced into host genome 

of the infected cells by using modified viral genome. First report of viral 

transduction of DNA was published in 1976, the hybrid virus containing SV40 

and lambda phage DNA were transduced in culture monkey cells (Goff and 

Berg, 1976). 

After reporting first use of viral vector for DNA delivery, diverse 
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viral vectors were developed. Among them, viral vectors from retrovirus have 

been widely used in genome editing technology. Recombinant retrovirus is 

efficiently integrate into the host genome of the cells infect. The viral genome 

of retrovirus contains reverse transcriptase, their RNA genome can convert to 

DNA, and the DNA can integrate into host genome. Depending on viral vector 

system, the maximum length of an exogenous DNA insert is vary, and the 

range is usually about 8-10 kilo base pair (kb). Lentivirus is also one of the 

subclass of retrovirus, and it has great advantage for integration compared to 

other retroviruses. Retrovirus can only integrate their virus genome into 

genome of dividing cells, however, lentivirus can also integrate their virus 

genome into genome of non-dividing cells (Yamashita and Emerman, 2006). 

This distinguished ability of lentivirus enables us to use the viral system for 

genome editing as well as gene therapy. 

Despite of their great efficiency in gene delivery, virus system has 

limitations on safety issues and silence effect of the exogenous gene during 

germline transmission (Mizuarai et al., 2001; Kamihira et al., 2005). To 

overcome the limitations, new transgenic technology using transposon were 

developed. Transposon is a mobile DNA element and takes a large portion of 

genome. The mobile elements move between genome, sometimes, some of 

them have important roles in genome function and evolution by insertion of 

certain region of chromosome. The characteristic of the elements make them 

utilize as a tool for DNA integration to host genome as well as gene trap study 

(Bucher et al., 2012). 

One of the transposon, piggyBac transposon isolated form the 

cabbage looper moth (Trichoplusia ni) has been used for genome editing in 

living organisms (Cary et al., 1989). It recognizes TTAA sequences of the 
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genome and inserted into the site (Bauser et al., 1999), therefore, diverse 

integration of transposon is possible. It was found that transposon mediated 

DNA introduction is very effective in mice, humans and chicken, and the 

reports suggest that germline transmission ability of the transposon is very 

high (Ding et al., 2005; Wang et al., 2008; Park and Han, 2012). Another 

transposon actively used for genome editing is Tol2, isolated from medaka 

fish (Oryzias Latipes) (Koga et al., 1996). The Tol2 transposon also have “cut 

and paste” mechanisms similar to other transposons, and it has been worked 

in diverse vertebrate cells including zebrafish, Xenopus, chicken, mouse, and 

human (Kawakami, 2007). In addition, a synthetic DNA transposon, Sleeping 

Beauty transposon, has been used for exogenous gene delivery system. It was 

artificially synthesized from the genomes of salmonid fish (Ivics et al., 1997). 

Similar to other transposon system, it shares characteristic that recognizes 

specific DNA sequences and integrates into host genome. 

1.2. Homologous recombination technology 

Although transgenic technology provide us chances to develop useful 

model organisms with highly efficient manner, the technology has 

fundamental limitation due to their random integration pattern. With 

enthusiastic demands for precise genome editing technology, the first 

homologous recombination technology adopted to mouse embryonic stem 

cells (ESCs) was reported (Thomas and Capecchi, 1987). Homologous 

recombination is the one of natural repair phenomenon of living organisms 

with non-homologous end joining (NHEJ), which occurs during meiosis 

resulting in genetic diversity between parents and their offspring. To utilize 

the phenomenon to targeting technology, donor plasmid should contain DNA 

homology arms of targeted locus with proper selective markers. DNA 
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homology in the donor plasmid can induce targeted replacement between host 

genome and donor plasmid, therefore, the length of DNA homology arms are 

critical for recombination efficiency (Inbar et al., 2000). Although the 

efficiency of homologous recombination technology was extremely low 

compared to transgenic technology (0.001%), development of precise genome 

editing using homologous recombination gave us tremendous benefits to 

study specific gene functions in living organisms. 

1.3. Site-specific recombination  

 With homologous recombination technology, site-specific 

recombination using recombinase made a great contribution for genome 

editing technology area. By inserting recombinase recognition target sites into 

donor plasmid, we could modify targeted region with recombinase treatment. 

The technology is called “conditional regulation”, which is useful tool for 

studying the genes that are critical for cells’ living (Skarnes et al., 2011). For 

example, if the specific gene is critical for cell cycles of mouse, the total 

disruption of the gene causes embryonic lethal of the mouse. In this case, we 

could identify the function of the gene by mating the mice these target site 

was floxed by recombinase recognition target using homologous 

recombination and mice that express recombinase. By monitoring the 

progenies between two genome edited mouse, we could validate spatial and 

temporal functions of the gene in embryonic development. 

 Most well know site-specific recombinase is Cre-loxP system. Cre is 

derived from P1 Bacteriophage (Abremski and Hoess, 1984). Cre recognizes 

loxP sequences and modify the sequences floxed by loxP sequences. When 

identical loxP sequences lay same orientation in the genome, Cre cleaves the 

floxed sequences (excision). When same loxP sequences were lay different 
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orientation, the floxed sequences were inverted (inversion). And two different 

loxP sequences lay same orientation, the floxed sequences could be replaced 

by treating donor plasmid containing same two different loxP sequences 

(Recombinase mediated gene cassette exchange, RMCE) (Nagy, 2000). 

Flipase-Flipase recognition target (Flp/FRT) is one of the site-specific 

recombination technologies. The system is derived from yeast 

(Saccharomyces cerevisiae) and can lead to genetic recombination (Schlake 

and Bode, 1994). The recombination is depends on the FRT orientation, and 

mechanisms is similar to Cre-loxP system. Two site-specific recombination 

systems have been used in diverse organisms including mouse, cow and 

chicken (Graham et al., 2009; Ohtsuka, 2014; Lee et al., 2016). 

 Other well-known site-specific recombinase is PhiC31 integrase. It 

derived from bacteria, and it recognizes and modifies PhiC31 specific attP and 

attB sites. The recombinase recognizes, rotates and pastes double strands of 

floxed genome, attP and attB sites are converted to attL and attR that are not 

specifically reacted with PhiC31 integrase (Bateman et al., 2006). Therefore, 

Unlike Cre-loxP and Flp/FRT recombination system, the recombination is 

irreversible. Using the characteristic, the recombination system is also used as 

cloning tools called “Gateway Cloning” (Hartley et al., 2000). 

1.4. Programmable Genome Editing Technology 

Most remarkable event of 21st century in biology area is considered as 

emerging of programmable genome editing technology. Precise recognition 

and efficient cleavage of double strand DNA using programmable genome 

editing tools opened the new era of biotechnology. The tools could not only 

induce loss-of-function of the gene, but also can enhance homologous 

recombination by double strand DNA breakage. Furthermore, the synthesis of 
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the tools are getting convenient, thousands of customized vectors have been 

available now.  

1st generation of programmable genome editing tool is zinc finger 

nuclease (ZFN). ZFN compose of zinc finger motif that can bind to DNA 

nucleotides and FokI endonuclease has roles in double strand break (Kim et 

al., 1996). It was found that zinc finger motif can bind three nucleotides 

depending on its amino acid composition, and pairs of ZFN motifs are more 

effective in DNA cleavage (Smith et al., 2000). Furthermore, combinations of 

several ZFNs enable to recognize and mutate specific locus of genome 

(Porteus and Carroll, 2005). ZFN has been widely used in genome editing of 

living organisms including insect, plant and even in human cells (Urnov et al., 

2010). 

2nd generation of programmable genome editing tool is transcription 

activator-like effector nucleases (TALEN). TALEN compose of TAL effector 

that is derived from pathogenic bacteria, Xanthomonas and FokI endonuclease 

same as ZFN (Boch et al., 2009). TALEN also recognizes and induces double 

strand break of targeted nucleotide, TAL effector has critical roles in 

recognizing nucleotides. DNA binding domain of TAL effector contains 33-34 

conserved amino acid sequences with variable region at 12th and 13th position 

of the amino acids, called Repeat Variable Di-residue (RVD). Depending on 

the amino acids of RVD, TAL effector recognizes different nucleotides (HD 

binds to C, NG binds to T, NI binds to A and NN binds to A or G.) (Boch et 

al., 2009). Unlike to ZFN, each TAL effector containing one repeat domain 

can bind to one nucleotide, it has an advantages to design the target site 

compared to ZFN (Miller et al., 2011). Since TAL effector can combine with 

activator domain such as transcriptional activator as well as endonuclease, it 
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has been used widely for diverse purpose in diverse organisms (Mussolino 

and Cathomen, 2012). With development of TALEN assembly kit using 

golden gate shuffling, customized TALEN could be easily synthesized (Engler 

et al., 2009; Zhang et al., 2011; Sanjana et al., 2012). 

3rd generation of programmable genome editing tool is clustered 

regularly interspaced short palindromic repeats (CRISPR)-associated protein 

9 (CRISPR/Cas9). CRISPR and Cas9 are components of prokaryotic DNA 

and have important roles in bacterial immune system. In nature, bacteria have 

clustered repeats that is identical with virus genome called CRISPR. When the 

virus invades into cell, the CRISPR binds and disrupts viral RNA with Cas9 

protein (Barrangou et al., 2007). CRISPR/Cas9 system also recognizes and 

induce double strand break on targeted DNA sequences similar to ZFN and 

TALEN. To recognize and disrupt targeted nucleotides, CRISPR/Cas9 system 

needs Cas protein, CRISPR RNA (crRNA) and trans-acting CRISPR RNA 

(tracrRNA) (Jinek et al., 2012). Unlike to ZFN and TALEN, CRISPR/Cas9 

does not need to pair two units for double strand break of DNA. Furthermore, 

synthesis of crRNA and tracrRNA is very easy, thousands of customized 

CRISPR/Cas9 system for targeting diverse genes have been constructed. Due 

to convenience for construction of CRISPR/Cas9 vector, the programmable 

genome editing tools have been used in most of living organisms (Kim and 

Kim, 2014). 

Despite of development the precise and efficient genome editing tools 

such as CRISPR/Cas9, new technologies to enhance the capacity of genome 

editing have been developed. CRISPR/Cpf1 is one of the examples. It is also 

one of bacterial immunes system, and has similar effects with CRISPR/Cas9 

system. Cpf1 protein also has RuvC domains that are responsible for cleave 
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DNA strands, and works with Cpf1 specific single CRISPR guide RNA. 

However, sequences of protospacer adjacent motif (PAM) of guide RNAs are 

TTN or TTTN depending on bacterial strain (PAM sequence of CRISPR/Cas9 

is NGG.), and the cleavage site is apart from PAM sequences (Zetsche et al., 

2015). The cleavage pattern of Cpf1 suggests that genome editing mediated 

by homolgous recombination could be enhanced compared to CRISPR/Cas9 

system. Moreover, several researches reported the CRISPR/Cpf1 shows lower 

off-target effect than CRISPR/Cas9 system, so the tool has been considered as 

more suitable for gene corrections (Hur et al., 2016). Not only for Cpf1, 

applications combined with CRISPR/Cas9 were also reported. A report 

introduce complex of CRIPSR-cytidine deaminse, which can invert cytidine 

to other nucleotides (Nishida et al., 2016). The report suggested that CRISPR 

system could be applied to genome correction without homologous 

recombination technology as well as indel mutations. 
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2. Germline Competent Cells for Genome Editing 

2.1. Germline competent cells in diverse organisms 

Germline competent cells are a unique resource used to transmit 

genetic information to the next generation. These include germline cell lines 

established by in vitro culture, as well as endogenous germline cells (Han et 

al., 2015). Since modification of germline competent cells mediated by 

genome modification and engineering technology can facilitate production of 

genome-edited organisms, this technology has been widely used in various 

areas of biology. Following the first report of genetically modified bacteria in 

1973 (Cohen et al., 1973), several organisms with genome editing achieved 

via the germline—including roundworm, fruit fly, zebra fish and mouse—

have been reported. These organisms have been used in basic research, such 

as for identification of specific gene functions, as well as in applied science, 

such as for disease control and mass production of functional proteins (Kaletta 

and Hengartner, 2006; Lieschke and Currie, 2007; White et al., 2013a; White 

et al., 2013b; Vecchio). In particular, embryonic stem cells (ESC) with 

germline competency have been utilized for production of genome-edited 

animals. Also, induced pluripotent stem cells (iPSC) have been used widely in 

regenerative medicine (Musunuru, 2013; Singh et al., 2015).  

2.2. Germline competent cells in avian species 

 In avian species, several types of germline competent cell have been 

introduced. Chickens lay eggs composed of 40,000–60,000 cells, known as 

stage X blastoderms, in which the cells actively proliferate following 

incubation under optimal conditions (Eyal-Giladi and Kochav, 1976). A 

number of researchers have suggested that blastodermal cells at stage X 
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maintain an undifferentiated status similar to mammalian ESCs derived from 

blastocysts. However, the germline transmission efficiency of blastodermal 

cells transplanted into stage X recipient embryos was relatively low (0.003–

42.5%), despite efforts to increase it, such as gamma-ray irradiation or short-

term culture of the blastodermal cells (Petitte et al., 1990; Carsience et al., 

1993; Pain et al., 1996; Park et al., 2010). 

To overcome the low germline transmission efficiency of 

blastodermal cells, primordial germ cells (PGCs), the precursors to germ cells, 

derived from various embryonic stages have been used in avian species 

(Tajima et al., 1993; Naito et al., 1994b; Ono et al., 1998; Han et al., 2002; 

Park et al., 2003b). Avian PGCs have a unique development system in terms 

of origin, specification, proliferation, and differentiation (Tsunekawa et al., 

2000). Avian PGCs are dispersed at stage X immediately after oviposition and 

move to the germinal crescent at Hamburger and Hamilton (HH) stage 4 

(Hamburger and Hamilton, 1992). Then, the PGCs enter the circulation via 

extra-embryonic blood vessels until settling in embryonic gonads at HH stage 

17 (Nieuwkoop and Sutasurya, 1979). Previous works reported that PGCs 

isolated from each developmental stage show higher germline transmission 

efficiency (11.3–95.8%) than that of blastodermal cells when introduced into 

the bloodstream of recipient embryos (Tajima et al., 1993; Naito et al., 

1994b).  

Testicular cells also have germline competency in avian species. The 

seminiferous tubules of recipient roosters transplanted with testicular cells 

produced donor-testicular cell-derived chicks. This system is considered an 

effective method for germline transmission because of the reduced time 

required for production of the next generation. However, it showed low 
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germline transmission efficiency (0.4–0.9%) (Lee et al., 2006). Therefore, 

technologies that can enhance germline transmission efficiency—such as 

elimination of recipient germ cells or purification and establishment of 

germline competent cell populations from donor roosters—are required 

(Nakamura et al., 2010; Park et al., 2010; Kanatsu-Shinohara et al., 2012; 

Lim et al., 2014). 

2.3. Germline competent cell lines in diverse organisms 

Long-term in vitro culture of germline competent cells without loss 

of their germline transmission ability is essential for germline modification 

and its applications, as is isolation and transplantation of the cells themselves. 

The technology not only enhances understanding of the specific mechanisms 

of germ cell maintenance, development and differentiation but also provides 

sources for production of genome-edited animals. In vitro proliferation of 

germline competent cells—including ESCs, embryonic germ cells (EGCs), 

PGCs and spermatogonial stem cell—in mammals has been reported, and 

these cells have been widely used in modern biology (Evans and Kaufman, 

1981; Matsui et al., 1992; Resnick et al., 1992; Kanatsu-Shinohara et al., 

2003). 

2.4. Germline competent cell lines in avian species 

 In avian species, trials of long-term in vitro culture systems have been 

reported. ESCs derived from stage X blastodermal cells using stem cell factor, 

fibroblast growth factor (FGF) and leukemia inhibitory factor were 

established. The cells showed expression of pluripotency marker genes, 

including POU domain class 5 transcription factor 3 (POUV), SRY (sex 

determining region Y)-box 2 (SOX2), Nanog homeobox (NANOG), and 
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Kruppel-like factor (Klf) and the ability to differentiate into three germ layers, 

similar to murine ESCs, although the cells showed low germline transmission 

efficiency (Pain et al., 1996; Petitte et al., 2004; Jean et al., 2013).  

 In vitro culture of EGCs derived from gonadal PGCs has also been 

investigated. We reported previously successful establishment of EGCs 

derived from gonadal PGCs of HH stage 28 embryos in vitro; the cells 

showed several ESC characteristics—including migration, Periodic Acid–

Schiff (PAS) and Stage-Specific Embryonic Antigen-1 (SSEA-1) antibody 

reactivity and germline competency—when transplanted into recipient 

embryos (Park et al., 2003a). The cells showed higher germline transmission 

capacity (1.5–25.0%) than that of ESCs derived from stage X blastodermal 

cells. 

Both ESCs and EGCs, however, still showed low germline 

transmission efficiency. To overcome this problem, researchers used in vitro 

PGC cultures. Park et al. reported that PGCs isolated from embryonic gonads 

(stage 28) and cultured for 5 or 10 days showed relatively high germline 

competency (0.9–56.5%) (Park et al., 2003a). Recently, McGrew and our 

group reported a chicken PGC in vitro culture system using basic FGF 

medium. The PGCs proliferated in an unlimited manner in vitro, expressed 

germness-related genes—including chicken vasa homolog, deleted in 

azoospermia-like, POUV, SOX2, NANOG and v-myc avian myelocytomatosis 

viral oncogene homolog (C-MYC)—and exhibited telomerase activity and 

unique migratory characteristics when injected into recipient embryos. 

Furthermore, compared with other germline competent cell lines, they showed 

markedly higher germline transmission ability when transplanted into 

recipient embryos (12.5–82.6%) (Choi et al., 2010; Macdonald et al., 2010). 
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2.5. Direct germ cell engineering for genome editing in diverse organisms 

Genome modification of germ cells based on culture systems has 

provided opportunities not only to investigate the functions of specific genes 

in germ cells but also to develop novel animal models for human disease 

(Saitou and Yamaji, 2012). Development of disease models, especially for 

cancer, can provide enhanced understanding of the mechanisms of 

proliferation, metastasis and apoptosis of cancer cells (Cheon and Orsulic, 

2011). In addition, mass production of pharmaceutical proteins in genome-

edited organisms mediated by direct germ cell engineering has considerable 

economic and societal benefits (Sijmons et al., 1990; Dove, 2000). 

After development of somatic nuclear cell transfer (SCNT) 

technology in sheep (Wilmut et al., 1997), direct germline modification using 

SCNT has been investigated in several organisms for the purposes of efficient 

farm animal production, mass production of drugs, regenerative medicine and 

conservation of genetic resources (Ogura et al., 2013). SCNT is at present the 

most effective method for producing genome-edited animals and research into 

germ cell biology in mammalian species.  

2.6. Direct germ cell engineering for genome editing in avian species 

Direct germ cell engineering in avian species focused initially on 

blastodermal cells for production of transgenic animals. After the first report 

of production of transgenic chickens mediated by retroviral infection of stage 

X embryos, production of transgenic avians has been based primarily on viral 

infection systems (Salter et al., 1986; Lillico et al., 2007; Shin et al., 2008; 

Kamihira et al., 2009). However, genome engineering of blastodermal cells 

using viral infection systems has several limitations, including low germline 
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transmission ability, silencing of the expression of the inserted gene, and 

unexpected phenomena due to random transgene integration (Mizuarai et al., 

2001; Kamihira et al., 2005). 

PGCs, which are unipotent and differentiate only into germ cells, 

have been emphasized as an alternative resource for germline modification. In 

2006, direct germline modification mediated by electroporation of linearized 

DNA into cultured chicken blood PGCs was reported. The results suggested 

that PGCs are a promising cell type for germline modification (van de Lavoir 

et al., 2006). Establishment of a long-term culture system for chicken PGCs 

using basic FGF-containing medium (Choi et al., 2010; Macdonald et al., 

2010) was followed by production of transgenic chickens via transplantation 

of cultured PGCs (Macdonald et al., 2012; Park and Han, 2012; Park et al., 

2015b). Furthermore, several studies based on long-term PGC culture systems 

have aimed to identify specific genetic and epigenetic mechanisms in PGCs, 

which is difficult in other species (Lee et al., 2011; Rengaraj et al., 2011). 

Despite the efficiency of transgenic technology using long-term 

culture of PGCs in avian species, random integration remains limited due to 

use of transposon vector systems (Macdonald et al., 2012; Park and Han, 

2012). Therefore, there is a need for precise genome targeting. In 2013, 

homologous recombination-mediated immunoglobulin gene knockout in 

chickens was reported; however, the germline transmission efficiency was 

extremely low (< 0.002%) (Schusser et al., 2013a). Since homology-directed 

repair (HDR) occurs less frequently than nonhomologous end joining (NHEJ) 

in nature (Mali et al., 2013), promotion of HDR by repression of NHEJ 

machinery may be an alternative method for precise genome replacement 

mediated by homologous recombination (Maruyama et al., 2015). 
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On the other hand, our group adopted transcription activator-like 

effector nucleases (TALEN), a programmable genome-editing technology, to 

produce ovalbumin gene-knockout chicken. TALEN breaks double-stranded 

genomic DNA and induces NHEJ (Christian et al., 2010). NHEJ occurs more 

frequently than HDR; therefore, TALEN shows higher efficiency in terms of 

genome mutation than that of homologous recombination mediated genome 

editing. As expected, the efficiency of genome-edited chicken production was 

improved markedly (< 10.4%), and precise genome editing was confirmed 

without plasmid residue (Park et al., 2014).  

More recently, one of the other programmable genome editing tools, 

clustered regularly interspaced short palindromic repeats (CRISPR)-

associated protein 9 (CRISPR/Cas9), was also successfully adopted in chicken 

system (Dimitrov et al., 2016; Oishi et al., 2016). The results show that 

CRISPR/Cas9 can cause genome modification with high efficiency (up to 

96%), which indicate germline modification using CRISPR/Cas9 system 

could be adapted in avian system. 

Programmable genome editing technologies—including zinc finger 

nucleases, TALEN and CRISPR/Cas9 are versatile tools for genome editing in 

various organisms (Kim and Kim, 2014). Although there are concerns 

regarding induction of off-target mutations than can cause chromosomal 

rearrangements—including deletions, inversions and translocations—the 

specificity of the nucleases has been increased based on experimental 

evidence and computational analysis (Koo et al., 2015).  

2.7. Future strategies in avian germline modification 

Avian species are needed as model animals as well as industrial 
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resources. However, few genome-edited aves have been reported due to the 

lack of an efficient system that can be applied to avian species. Recent reports 

of development of transgenic chickens and/or genome-edited chickens 

showed their potential for various applications (Macdonald et al., 2012; Park 

and Han, 2012; Schusser et al., 2013a; Park et al., 2014; Park et al., 2015b). 

Therefore, highly efficient and precise genome-editing technology will 

maximize the utilization of the chicken as an animal model as well as a 

valuable resource in industry.  

One example is genome-edited avians used for disease control. At 

present, not only global climate change but also disease pandemics threaten 

the lives of wild animals. In particular, epidemic avian influenza (AI) 

mediated by migratory birds is a major cause of death among avian species, 

and mutations can enable this virus to infect other animals, including humans 

(Schrauwen and Fouchier, 2014). Diverse approaches have been used to 

preserve avian genetic resources from potential threats. However, no 

definitive method has been presented. Germline modification and engineering 

represent a novel approach to establish disease-resistant avian lines. Indeed, 

genome-edited chickens expressing short hairpin RNA (shRNA) specifically 

targeting viral RNA polymerase activity resulted in reduced AI viral 

transmission (Lyall et al., 2011). This suggests germline genome modification 

of avian species to be an alternative method for addressing viral disease 

pandemics. Also, the recently developed CRISPR/Cas9 system, which 

recognizes and cleaves single-stranded RNA (Fig. 3), and inducible 

expression of viral proteins using the piggyBac system are expected to be 

utilized for production of disease-resistance avian lines (Park and Han, 2012; 

O'Connell et al., 2014). Germline modification will be utilized not only for 

avian diseases but also for human diseases, such as cancer. In particular, 
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chicken ovarian cancer has histological, morphological and molecular 

similarities with human ovarian cancer that make it a suitable model for the 

latter (Hawkridge, 2014). Development of novel avian disease models using 

germline modification technology could contribute to our understanding of 

ovarian cancer at the molecular level.  

Another promising application of germline modification is alteration 

of egg protein composition. Chicken egg white is composed of major 

proteins—such as ovalbumin, ovotransferrin, ovomucoid, ovomucin, and 

lysozyme—and small quantities of bio-functional proteins (Stevens, 1991). 

Application of programmable genome editing techniques using germ cell 

manipulation and transgenic systems to regulate the composition of egg white 

enables production of protein-modulated eggs. These can have various 

properties, such as increased nutrient levels, reduced allergenicity, production 

of high levels of antimicrobial substances, and increased concentrations of 

bioactive materials (Fig. 3). Programmable genome editing technologies, 

including TALEN and CRISPR/Cas9, have been applied to develop a high-

yield egg-bioreactor, which can produce useful materials by regulating the 

production of natural proteins. Furthermore, many valuable proteins can be 

produced using this system; e.g., high-cost growth factors, recombinant 

vaccines, hormones, and industrial materials, such as recombinant spider silk-

like protein. The combination of traditional animal farming and the latest 

biotechnology may yield benefits to industry. 
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3. Avian Leukosis Virus 

3.1. Avian Leukosis Virus 

Avian leukosis virus (ALV) is the retrovirus that belongs to a Group 

VI of the family Retroviridae. It consists of envelope protein surrounding 

single-stranded RNA for integrase, protease and reverse transcriptase 

transcription that are essential for virus entry and replication in host cells. 

ALVs are divided into six group, A to E and J depending on their glycoprotein 

that has critical roles in host-virus interaction (Barnard et al., 2006).  

Infection of ALV can cause a wide range of tumors in chicken 

including lymphoblasic, erythroblastic and osteopetrotic cancer. The ALV can 

transmit horizontally and vertically, it cause enormous damage to global 

industry (Payne and Nair, 2012). Despite of successes in the eradication of 

ALV subgroup J in western world, enhanced pathogenicity and expanded host 

range of ALV subgroup J were reported in layer chickens in China (Pan et al., 

2011; Gao et al., 2012). 

After first discovery of ALV in 1908, vast number of researches to 

overcome the viral disease has been conducted (Weiss, 2006). Early 

researches were largely focused on studies to understand their biology. In 

1946, first demonstration of tumorigenesis in chicken was conducted by 

introducing, and studies on effects of virus strain and dose, route of infection, 

and strain and age of chicken were followed (Payne and Nair, 2012). By 

struggling to overcome the disease, mortality from leukosis was rapidly 

dropped to around 2% in 1970s. However, after appearance of ALV subgroup 

J causing mainly myelocytomatosis in the late 1980s, the control and 

eradication of ALV in global industry remain a major challenge. 
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3.2. Biological mechanisms of ALV causing tumorigenesis in chicken 

For the replication and transmission of the virus, retrovirus integrates 

into host genome. By reverse transcriptase of their own viral genome, they 

transform their RNA to DNA in host cells and the DNA integrates into host 

genome. ALV is also belongs to a family of retrovirus, they share the 

characteristics. Reversely transcriptased DNA of ALV integrates into host 

genome (Kvaratskhelia et al., 2014). 

Integration of viral genome is not a random chance (Carteau et al., 

1998). One of lentivirus, human immunodeficiency virus (HIV)-1 

preferentially integrates within the actively expressing gene body, and 

Moloney murine leukemia virus (MoMLV) prefers enhancers and promoter 

regions of gene (Schroder et al., 2002; Wu et al., 2003). And epigenetic 

markers on histones of host genome can help integration of viral genome 

(Kvaratskhelia et al., 2014). ALV also has preference for host genome 

integration. It was identified that ALV integrates near the cellular oncogene, c-

myc (Schubach and Groudine, 1984). More specifically, MYC, TERT, and 

ZIC1 genes are common targets of ALV subgroup J viral integration (Li et al., 

2014). These integration patterns of virus genome was supported by high 

throughput analysis and also the integration causes abnormal expression of 

host oncogene and tumor suppressor gene (Justice et al., 2015). 

3.3. Host receptors of ALV  

Susceptibility and resistance of ALVs has well described in terms of 

host-virus interaction. Naturally occurring mutations on host receptors of 

ALVs explains their critical roles on viral entry. Chicken with single base pair 

(bp) substitution causing cysteine-to-tryptophan (C/W) change and chicken 
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with 4 bp insertion causing reading frame in the tumor virus locus A (tva) 

gene show resistance to ALV subgroup A (Elleder et al., 2004). And chicken 

with intronic deletions causing disruption of mRNA splicing also shows 

reduced susceptibility to ALV subgroup A (Reinisova et al., 2012; Chen et al., 

2015). For the ALV subgroup B, D and E, chicken with single base pair 

mutation generating premature stop codon and chicken with a substitution of a 

serine for a cysteine at position 125 (C125S) in tumor virus locus B (tvb) 

show decreased susceptibility to infection of ALV subgroup B, D and E 

(Klucking et al., 2002; Reinisova et al., 2008). And genetic analysis of 

chicken that has resistance to ALV subgroup C revealed that 1 bp substitution 

in tumor virus locus C (tvc) generating premature stop codon has a critical 

role on host-virus interaction (Elleder et al., 2005). For ALV subgroup J, 

chicken Na+/H+ exchange 1 (chNHE1) was identified as the host receptor of 

the virus (Chai and Bates, 2006). Although there is no report about chicken 

that have resistance in nature, previous reported researches suggested that 

tryptophan positioned at 38 (W38) has critical roles on viral interaction 

(Kucerova et al., 2013). 
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4. Cryopreservation of genetic resources 

4.1. Preservation of genetic resources 

Preservation of genetic resources is valuable technology in terms of 

maintenance the biodiversity as well as preserving superior genetic traits that 

are useful for future human society. With rapid increase of extinction rate of 

living organisms due to environmental change including climate, disease and 

shortage of food, all-out efforts to prevent the disaster have been tried.  

One of the most promising technologies to prevent the loss of 

genetic resources for biologist is cryopreservation. Cryopreservation is 

fundamental technology in many research areas for species preservation in 

both plant and animals (Elliott et al., 2017). Preserving genetic resources 

germplasm including sperm, oocyte and embryo itself in ultra-low 

temperature allow us to save economic expense but also to reduce pollution 

with expended periods of time (Mazur et al., 2008). 

Depending on the type of genetic resources and species, diverse 

cryopreservation methods have been developed. Freezing semen from male is 

most common cryopreservation methods in agriculture industry. Semen 

cryopreservation of agricultural animals including cow, pig and chicken is 

available, and its economical uses have been increased (Yeste, 2015). Not 

only for agricultural animals, semen cryopreservation has been widely utilized 

in research area as well as clinical fields (Ferrari et al., 2016). 

Oocyte and embryo itself could be utilized as valuable resources for 

cryopreservation. Oocyte extracted from ovary can be revived by successful 

freezing and thawing procedures. The technology is versatile tools for females 
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who unexpectedly die or are incapable of pregnancy due to harmful 

environments (Magli et al., 2010). Cryopreservation of embryo itself also 

widely used in agricultural animals including cow, sheep, goat and pig 

(Pereira and Marques, 2008). Super-ovulated oocytes are fertilized with sperm 

treatment, and the fertilized embryos could be frozen and revived with 

thawing procedure. The technology is useful for industrial fields, because the 

method allow technicians to know sex the embryos (Tominaga, 2004).  

4.2. Cryopreservation of genetic resources in avian species 

Preservation the germplasm of avian species is also important in 

terms of maintaining biodiversity and preserving high-valued avian species 

for diverse areas including research area and industrial fields.  

In avian species, trials to preserve genetic resources is largely relies 

on the germline competent cell lines including blastodermal cells, embryonic 

stem cells (ESCs), embryonic germ cells (EGCs) and primordial germ cells 

(PGCs) (Naito et al., 1992; Naito et al., 1994a; Petitte, 2006; Han, 2009). 

Especially, PGCs that have high germline transmission capacity are 

considered as most suitable resources for germline preservation (Lee et al., 

2015). Furthermore, transplantation of testicular cells used for resources for 

alternative method of germlplasm preservation in avian species (Lee et al., 

2006).  

4.3. Semen cryopreservation in avian species 

One of the other preservation technologies for avian germplasm 

preservation is cryopreservation of semen. Semen cryopreservation has 

several benefits on restoring genetic resources compared to other preservation 
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methods. The methods do not require to producing germline chimera, 

therefore, we can easily restore genetic resources for relative short periods. 

Furthermore, the method is require less technical supports such as in vitro 

culture and transplantation of germline competent cells (Lee et al., 2012). 

From the first report of semen cryopreservation in chicken (Polge, 

1951), several semen cryopreservation methods in avian species have been 

well established until today. For the semen cryopreservation, a variety of 

cryoprotective reagents including glycerol, dimethyl sulfoxide (DMSO), 

ethylene glycol (EG), dimethylacetamide (DMA), and N-methylacetamide 

(MA) have been used (Polge, 1951; Sexton, 1980; Lake et al., 1981; 

Donoghuea and Wishart, 2000; Long, 2006; Blesbois et al., 2008; Sasaki et 

al., 2010). The main function of cryoprotective reagent is to prevent 

crystallization inside sperm. Depending on type of cryoprotective reagent, the 

efficiency of semen cryopreservation could be vary. And the other factors 

such as biological difference between species and thawing procedures are also 

critical for semen cryopreservation. 

Several cryopreservation techniques have been attempted, each 

method allowing previously frozen semen-fertilizing capacity in chickens, 

although differences exist in the results of these studies (Hammerstedt and 

Graham, 1992). Furthermore, semen from various wild avian species have 

been successfully cryopreserved using various cryoprotective reagents in 

attempts to preserve avian genetic resources, including pheasants, American 

kestrel, sandhill crane, peregrine falcon, budgerigar, Aleutian Canada goose, 

and several quail species (Gee et al., 1985; Samour et al., 1988; Donoghuea 

and Wishart, 2000; Kowalczyk, 2008). 
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Precise Gene Targeting on Chicken Na+/H+ 
exchange type 1 (chNHE1) Causes a Resistance to 

Avian Leukosis Virus (ALV) subgroup J in Chicken 
DF-1 Fibroblast  
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1. Introduction 

Avian leukosis virus (ALV) is the major oncogenic virus resulting in 

enormous economic losses in poultry industry (Feng and Zhang, 2016). Its 

wide spread with horizontal and vertical manner in poultry flocks make it to 

have difficulties in disease control. Especially, outbreak of ALV subgroup J in 

the late 1980s caused grave damage to global poultry industry, and it has still 

affected to market in China (Payne and Nair, 2012). Despite of successes in 

the eradication of ALV subgroup J in western world, enhanced pathogenicity 

and expanded host range of ALV subgroup J were reported in layer chickens 

in China (Pan et al., 2011; Gao et al., 2012). 

Susceptibility of ALVs has well described in terms of host-virus 

interaction. Chicken with single base pair (bp) substitution causing cysteine-

to-tryptophan change and with 4 bp insertion causing reading frame in the 

tumor virus locus A (tva) gene show resistance in ALV subgroup A (Elleder et 

al., 2004). And chicken with intronic deletions causing disruption of mRNA 

splicing also shows reduced susceptibility to ALV subgroup A (Reinisova et 

al., 2012; Chen et al., 2015). For the ALV subgroup B, D and E, chicken with 

single base pair mutation causing in-frame stop codon and chicken with a 

substitution of a serine for a cysteine at position 125 (C125S) in tumor virus 

locus B (tvb) show decreased susceptibility to infection of ALV subgroup B, 

D and E (Klucking et al., 2002; Reinisova et al., 2008). And 1 bp substitution 

in tumor virus locus C (tvc) causing premature stop codon results in resistance 

to ALV subgroup C (Elleder et al., 2005). 

Relating to ALV subgroup J susceptibility, chicken Na+/H+ 

exchanger type 1 (chNHE1) has critical roles in viral entry. The envelope 

protein of ALV subgroup J (EnvJ) specifically fuses to NHE1 in a low-pH-
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dependent manner, and mediated viral infection (Chai and Bates, 2006). 

Moreover, comparative study revealed that tryptophan positions at 38 in 

NHE1 amino acid is critical for ALV subgroup J attachment and infection 

(Kucerova et al., 2013). Although the essential host receptor for ALV 

subgroup J has been well described, there is no research about genome 

modification on the host factors by genome editing technology in avian 

species. 

Therefore, we targeted chNHE1 using one of programmable genome 

editing tools, clustered regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR-associated (Cas9) system, to acquiring a resistance 

against to ALV subgroup J in chicken DF-1 fibroblast. Then, we evaluated the 

susceptibility of genetically modified host receptors to ALV subgroup J using 

flow cytometry. 
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2. Materials and methods 

Experimental animals and animal care 

The care and experimental use of chickens were approved by the 

Institute of Laboratory Animal Resources, Seoul National University (SNU-

150827-1). Chickens were maintained according to a standard management 

program at the University Animal Farm, Seoul National University, Korea. 

The procedures for animal management, reproduction and embryo 

manipulation adhered to the standard operating protocols of our laboratory. 

Construction of CRISPR/Cas9 expression vectors 

We constructed all-in-one CRISPR/Cas9 vectors targeting chNHE1, 

with minor modifications. The CRISPR kit used for constructing multiplex 

CRISPR/Cas9 vectors was a gift from Takashi Yamamoto (Addgene Kit 

#1000000054) (Sakuma et al., 2014), and a neomycin resistance gene under 

the regulation of a thymidine kinase promoter was inserted into CRISPR/Cas9 

vectors by NotI digestion and ligation (New England Biolabs, Ipswich, MA, 

USA). CRISPR/Cas9 vectors contains puromycin resistance gene was a gift 

from Venugopal Nair and Yongxiu Yao (Pirbright). For the insertion of guide 

RNA sequences into CRISPR/Cas9 vectors, we synthesized sense and 

antisense oligonucleotides (Bionics, Seoul, Korea) and carried out annealing 

using the following thermocycling conditions: 30 s at 95°C, 2 min at 72°C, 2 

min at 37°C and 2 min at 25°C. The oligonucleotides used are listed in Table 

1. 

Culture of DF-1 chicken fibroblasts 
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DF-1 cells were maintained and subpassaged in Dulbecco’s 

minimum essential medium (DMEM; Hyclone, Logan, UT, USA), 

supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1× 

antibiotic–antimycotic (ABAM; Thermo Fisher–Invitrogen, Carlsbad, CA, 

USA). DF-1 cells were cultured in an incubator at 37°C in an atmosphere of 

5% CO2 at 60–70% relative humidity. 

Transfection and drug selection of DF-1 cells 

CRISPR/Cas9 vectors (3 µg) were mixed with Lipofectamine 2000 

reagent (Thermo Fisher–Invitrogen) in Opti-MEM (Thermo Fisher–

Invitrogen), and the mixture was applied to 5×105 DF-1 cells. For 

homologous recombination, 2 nmol of synthesized single-stranded 

oligodeoxynucleotides (ssODNs) (integrated DNA Technologies, Coralville, 

IA) were used with 3 µg of the CRISPR/Cas9 puromycine vectors. Sequence 

of ssODNs used is listed in Table 1. Then, 6 h after transfection, transfection 

mixtures were replaced with DF-1 culture medium. G418 (300 µg/ml) and 

puromycin (1 µg/ml) was added to the culture medium 1 day after 

transfection. The complete selection period required up to 7 days. 

T7E1 assay and restriction enzyme treatment 

Genomic DNA was extracted from DF-1 cells after G418 selection. 

Genomic regions encompassing the CRISPR/Cas9 target sites were amplified 

using specific primer sets (Table 1). PCR analysis of the targeted loci was 

examined in a total volume of 20 µl containing 100 ng genomic DNA, 10x 

PCR buffer (BioFACT, Daejeon, Korea), 0.4 µl dNTP (10 mM each), 10 pmol 

of each primer, and 0.5 U Taq polymerase (BioFACT, Daejeon, Korea) in the 

following thermocycling conditions: 5 min at 94°C, followed by 35 cycles of 
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20 s at 94°C, 40 s at 61°C, 120 s at 72°C, and, finally, 10 min at 72°C. 

Primers are listed in Table 1. The amplicons by PCR were reannealed to form 

a heteroduplex DNA structure after denaturation. Subsequently, the 

heteroduplex amplicons were treated with 5 units T7E1 endonuclease (New 

England Biolabs) for 20 min at 37°C and then analyzed by 1% agarose gel 

electrophoresis. The amplicons were also used in restriction enzyme treatment 

for identifying homozygous alleles of targeted chNHE1 in DF-1 fibroblast. 1 

unit of BsaI restriction enzyme (New England Biolabs) for 1 hour at 37°C and 

then analyzed by 1% agarose gel electrophoresis. 

Culture of single DF-1 cells and genomic DNA sequencing 

After G418 selection, single DF-1 cells treated with CRISPR vectors 

were seeded in individual wells of a 96-well plate with 100 µl DF-1 culture 

medium. We checked the wells each day after seeding and, when the cells in 

each well were confluent, subpassaged the cells into a 48-well plate. These 

cells were then used for genomic DNA extraction. The genomic regions 

encompassing the CRISPR/Cas9 target sites in DF-1 were amplified using 

specific primer sets (Table 1), and the PCR products were sequenced using the 

ABI Prism 3730 XL DNA Analyzer (Thermo Fisher–Applied Biosystems, 

Foster City, CA, USA). The sequences were analyzed against assembled 

genomes using BLAST (http://blast.ncbi.nlm.nih.gov). 

Virus production and infection 

RCAS-J-EGFP was kindly provided by Dr. Yao and Dr. Nair 

(Pirbright Institute). CRISPR/Cas9 vectors (5 µg) were mixed with 

Lipofectamine 2000 reagent (Thermo Fisher–Invitrogen) in Opti-Mem 

(Thermo Fisher–Invitrogen), and the mixture was applied to 1×106 DF-1 cells. 
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The mixture was replaced with DF-1 culture medium 6 h after transfection. 

One day after transfection we could detect green fluorescence in DF-1 cells, 

which indicated virus production. Cells were subpassaged, and the medium 

was changed 1 day after subpassaging. One day later, the medium containing 

medium containing virus was thawed at 37°C and added to individual DF-1 

clones. Four days post-infection (dpi), DF-1 clones were observed using 

fluorescence microscopy (TU-80; Nikon, Tokyo, Japan) and analyzed using 

FACSCalibur (BD Biosciences, San Jose, CA, USA). 

Statistical analysis 

Statistical Analysis System (SAS) software was used for analysis of 

ALV subgroup B susceptibility. Each treatment was compared using the least-

squares method or Duncan’s method, and the significance of the main effects 

was determined using analysis of variance in the SAS package. A p value < 

0.05 was regarded as statistically significant.  
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3. Results 

Virus production in DF-1 cells 

To produce ALV subgroup J in chicken DF-1 cells, cells were 

transfected with the RCAS-J-EGFP vector. This vector contains a green 

fluorescent protein (GFP)-expressing cassette with ALV subgroup J gag, env 

and pol genes (Figure 1). This allowed us to assess virus production in DF-1 

fibroblasts based on GFP expression compared with wild type (WT). 

Genome editing in chNHE1 mediated by CRISPR/Cas9 

To disrupt tryptophan positions at 38 (W38) in chNHE1 that is 

critical roles in ALV subgroup J entry (Kucerova et al., 2013), we constructed 

two CRISPR/Cas9 vectors containing neomycin resistant gene (NHE1#3-Neo 

and NHE1#4-Neo) and two CRISPR/Cas9 vectors containing puromycin 

resistant gene (NHE1#3-Puro and NHE1#4-Puro) (Figure 2A). By 

transfection of the vectors, we successfully established DF-1 fibroblasts with 

selectable drugs. The T7E1 assay showed that the DF-1 fibroblasts have indel 

mutations on target locus (Figure 2B). Moreover, sequencing analysis of PCR 

products containing CRISPR/Cas9 targeting sites showed that there are mixed 

reads in the DF-1 fibroblasts transfected with CRISPR/Cas9 vectors 

indicating the DF-1 has mixed population (Figure 2C).  

Establishment of chNHE1-modified DF-1 clones 

To avoid misinterpretation, we next established DF-1 clones from the 

DF-1 fibroblasts treated with CRISPR/Cas9 vectors. By expanding the cells, 

we could established several clones that have diverse indel mutations on target 
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locus. In NHE1#3-neo transfected DF-1 fibroblast, total 26 clones were 

established, and sequencing analysis showed that there are 14 clones that have 

indel mutations (Table 2). Using same method, we could establish total 18 

clones in NHE1#3-puro transfected experimental group. Among them, 6 

clones that have indel mutations were identified (Table 2). For NHE1#4-puro 

transfected DF-1 fibroblast, total 22 clones were established, and 16 clones 

that have mutations were identified (Table 2). The results suggest that 

CRISPR/Cas9 system is efficient tools for generating indel mutations in 

chicken DF-1 fibroblast. 

Virus challenge in chNHE1 gene modified DF-1 clones 

To identify ALV subgroup J susceptibility in chNHE1 gene modified 

DF-1 clones, we selected 24 clones from whole experimental groups. The 

results showed that NHE1#3-neo (N3N)#11, NHE1#3-puro (N3P)#2, N3P#12 

and N3P#17 have strong GFP expression, and N3P#13, NHE1#4-puro 

(N4P)#11 and N4P#23 have moderate GFP expression. And other 17 clones 

had very low GFP expression (Figure 3A). Flow cytometric analyses showed 

that the DF-1 clones that have premature stop codon (N3N#1, N3N#8, 

N3N#10, N3N#18, N3N#19, N3N#20, N3N#21, N3N#22, N3N#27 and 

N3P#16) in chNHE1 receptor have almost no GFP expression indicating 

acquiring absolute resistance against to ALV subgroup J (Figure 3B). 

Moreover, we found that the DF-1 clones that have indel mutations but do not 

have artificially generating premature stop codon show a wide range of 

susceptibility (Figure 3C and 3D). Specifically, the DF-l clones that have 

indel mutation containing W38 deletion showed significant low GFP 

expression compared to the DF-1 clones that have indel mutation without 

W38 deletion except N4P#26 that has 5 amino acid differences with WT DF-1 
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fibroblast. Interestingly, N3P#12 that have 4 amino acid deletions did not 

show any significant different compared to wild type (Figure 3C and 3D). 

ssODN-mediated homologous recombination in chNHE1 of DF-1 clones 

To identify the effect of W38 deletion precisely, we performed 

homologous recombination in chNHE1 gene with treatment of ssODN 

containing W38 deletion and T96G mutations that generating BsaI restriction 

enzyme site. By transfection of ssODN with CRISPR/Cas9 vectors, it is 

expected to get modified chNHE1 alleles containing W38 deletion (Figure 

4A). As results, we could establish DF-1 fibroblasts with puromycin selection 

after CRISPR/Cas9 vectors’ transfection. Genomic DNA analysis of the cells 

showed that the DF-1 fibroblasts transfected with NHE1#3-puro and ssODN 

have W38 deletion with T96G mutations. In NHE1#4-puro experimental 

group, we could find mixed reads of nucleotides indicating indel mutations 

(Figure 4B).  

Identifying genotypes of chNHE1-targted DF-1 clones 

Since sequencing analysis of NHE1#3-puro experimental group 

showed that there are expected alleles containing W38 deletion with T96G 

mutation, we established several single clones from the experimental group. 

Total 15 clones were established, and sequencing analysis showed that all of 

the clones have different genotypes compared to WT DF-1 fibroblasts (Table 

3). We could find the targeted recombination in 4 clones that have W38 

deletion with T96G mutation, and 6 clones have indel mutations. Among indel 

mutation group, 4 clones have indel mutation causing premature stop codon in 

chNHE1 receptor and 2 clones have indel mutation that not to generate 

premature stop codon with W38 deletion or without W38 deletion. 
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Interestingly, we could find that there were 5 DF-1 clones that have W38 

deletion without T96G mutation. And also we identified N3Pss#18 is 

heterozygous that have mutated allele and WT allele (Table 3). To identify 

heterozygosity of the DF-1 clones, we treated BsaI restriction enzyme. As a 

result, we could identify clear difference between the DF-1 clones that have 

BsaI restriction enzyme site come from ssODN donor template (NHE1#3-

puro with ssODN (N3Pss) #4, N3Pss#12, N3Pss#13 and N3Pss#18) or not 

(N3Pss#1, N3Pss#5, N3Pss#8, N3Pss#9 and N3Pss#11). By BsaI treatment, 

we identified that N3Pss#18 is heterozygous (Figure S1A).  

Virus challenge in chNHE1 gene targeted DF-1 clones 

To validate ALV subgroup J susceptibility of established DF-1 

clones, the chNHE1 gene targeted DF-1 clones were treated with virus 

produced by RCAS-J-EGFP transfection. As results, we could find N3Pss#14 

and N3Pss#18 have strong GFP expression, and N3Pss#16 has moderate GFP 

expression. Meanwhile, we could find that other clones (N3Pss#1, N3Pss#4, 

N3Pss#5, N3Pss#6, N3Pss#7, N3Pss#8, N3Pss#9, N3Pss#10, N3Pss#11, 

N3Pss#12 and N3Pss#17) have very low GFP expression under fluorescent 

microscope (Figure 5A). In details, we could find targeted recombination 

containing W38 deletion only causes very low GFP expression by flow 

cytometric analysis indicating acquiring resistance. And we found that 

heterozygous N3Pss#18 has strong GFP expression indicating that targeted 

allele is recessive than WT allele (Figure 5B). Furthermore, we could find that 

DF-1 clones (N3Pss#16) that have indel mutation containing W38 deletion 

without generating premature stop codon has significant low expression 

compared to DF-1 clones (N3Pss#14) that have indel mutation without W38 

deletion (Figure 5C). And also we could find that DF-1 clones that have indel 
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mutation causing premature stop codon showed very low GFP expression 

similar to knock-out previous experiments (Figure 5D). 
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Figure 1. Schematic representation of the study. (A) Overview of this 

study. The CRISPR/Cas9 vectors including Cas9 protein-coding sequences, 

chNHE1-targeting guide RNA and neomycin resistance or puromycin genes 

were transfected into DF-1 cells. After G418 selection, T7E1 assays and 

sequencing analysis were performed. chNHE1-modified single DF-1 cells 

were cultured in 96-well plates, and chNHE1 from individual DF-1 clones 

was sequenced. Clones were infected with ALV subgroup J produced by 

RCAS-J-GFP vector-transfected DF-1 cells. 
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Figure 2. Genetic modification of chNHE1 by CRISPR/Cas9 in DF-1 

fibroblast. (A) Gene structure of chNHE1 (SLC9A1) and recognition sites of 

NHE1#3 and NHE1#4 CRISPR/Cas9 vectors. Blue bars indicate guide RNA 

recognition sites, and red bars indicate protospacer-adjacent motif (PAM) 

sequences. Scale bar = 1 kb. (B) T7E1 assay for DF-1 cells transfected with 

NHE1#3-puro and NHE1#4-puro. Bands cleaved by T7E1 endonuclease were 

seen in the experimental groups. (C) Sequencing analysis of transfected DF-1 

cells using the PCR products. Orange arrow indicates tryptophan positioned at 

38th amino acid (W38). Red arrows indicate CRISPR/Cas9 vectors' targeting 

sites. WT DF-1 fibroblasts were used as the control. 
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Figure 3. Viral infection of chNHE1 gene modified DF-1 clones and flow 

cytometric analysis. (A) GFP expression in virus-infected DF-1 cells. 

Twenty-four DF-1 clones were evaluated under a fluorescence microscope. 

Scale bar = 200 µm. (B, C and D) Flow cytometric analysis of virus-infected 

DF-1 clones. Bars indicate the SE of triplicate analyses. WT DF-1 fibroblasts 

and non-infected DF-1 fibroblasts were used as the control.  
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Figure 4. ssODN-mediated homologous recombination of chNHE1 in DF-

1 fibroblast (A) Schematic representation of homologous recombination with 

ssODN as donor template. ssODN contains deletion of tryptophan positioned 

at 38th amino acid (W38) and T96G substitution. (B) Sequencing results of 

DF-1 fibroblast transfected with CRISPR/Cas9 vectors and ssODN. BsaI 

restriction enzyme site was underlined. 
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Figure 5. Viral infection of chNHE1 W38-targeted DF-1 clones and flow 

cytometric analysis. (A) GFP expression in virus-infected DF-1 cells. Fifteen 

DF-1 clones were evaluated under a fluorescence microscope. Scale bar = 200 

µm. (B, C and D) Flow cytometric analysis of virus-infected DF-1 clones. 

Bars indicate the SE of triplicate analyses. WT DF-1 fibroblasts and non-

infected DF-1 fibroblasts were used as the control. 
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Figure S1. Restriction enzyme treatment for identifying homozygous 

alleles of chNHE1 in DF-1 fibroblast. (A) Schematic representation of 

homologous recombination with ssODN as donor template. ssODN contains 

deletion of tryptophan positioned at 38th amino acid (W38) and T96G 

substitution. (B) BsaI restriction enzyme treatment in DF-1 clones. 

Undigested (upper panel) and digested (lower panel) PCR products from each 

DF-1 clones. Asterisks (*) indicate digested bands. 
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Table 1. Oligos used in this study 

Primers Sequence 

chNHE1 #3 F 5’- CAC CGC TCT CCC CAC GGC TGC TCC C -3’ 

chNHE1 #3 R 5’- AAA CGG GAG CAG CCG TGG GGA GAG C -3’ 

chNHE1 #4 F 5’- CAC CGG CGT GTC TCC GAG CCC ACC T -3’ 

chNHE1 #4 R 5’- AAA CAG GTG GGC TCG GAG ACA CGC C -3’ 

chNHE1 seq F 5’- GCA CCT CAC GCC TGT GCA AC -3’ 

chNHE1 seq R 5’- GGG ATG CGG ACG TGC GAG TA -3’ 

ssODN 

(154 mer) 

5’-

GCCCGCTGCTGCCCGGCCAGCGCTTGCAGGCCGACGCCA

CGCGGGTCTCCGAGCCCACCGAGCAGCCGTGGGGAGAGC

CCGGGGGTATCACCGCCGCCCCGCTGGCCACGGCCCAGG

AGGTGCACCCGCTGAACAAACAGCACCACAACCACTC 

-3’ 
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Table 2. Sequencing results of chNHE1-modified DF-1 clones 

ID Sequence Indel 

WT 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#1 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-1 bp 

N3N#4 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#5 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#6 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#7 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#8 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-16 bp 

N3N#9 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#10 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-23 bp 

N3N#11 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#12 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp 

N3N#13 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp 

N3N#15 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#16 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGaAGCAGCCGTGGGGAGAGCCCGGGGGTATC
ACCGCC 

+1 bp 

N3N#17 TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA

WT 
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CCGCC 

N3N#18 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGaAGCAGCCGTGGGGAGAGCCCGGGGGTATC
ACCGCC 

+1 bp 

N3N#19 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-1 bp 

N3N#20 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-2 bp 

N3N#21 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAA
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

1 bp 
modif, 
-4 bp  

N3N#22 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-11 bp 

N3N#23 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#27 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-46 bp 

N3N#29 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-11 bp 

N3N#30 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#32 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#35 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3N#37 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-15 bp 

N3P#2 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#3 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#4 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-2 bp 

N3P#6 TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA

-15 bp 
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CCGCC 

N3P#7 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#8 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#10 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#12 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-12 bp 

N3P#13 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#15 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-11 bp 

N3P#16 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-2 bp 

N3P#17 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-12 bp 

N3P#18 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#20 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#21 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#23 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#24 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N3P#26 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#1 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#2 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-12 bp 
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N4P#3 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#4 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-41 bp 

N4P#6 
TTGCAGGCCGACGCCACGCGAGATACAGAGCCCACC
TGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCAC
CGCC 

-11 bp, 
5 bp 

modif, 
-2 bp 

N4P#7 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-38 bp 

N4P#9 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAaC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

+1 bp 

N4P#11 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp 

N4P#12 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-33 bp 

N4P#15 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-12 bp 

N4P#16 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-12 bp 

N4P#17 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#18 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#20 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-8 bp 

N4P#22 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAaC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

+1 bp 

N4P#23 
TTGCAGGCCGACGCCACGCGTGTCTCCGAACCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

1 bp 
modif, 
-3 bp 

N4P#26 
TTGCAGGCCGACGCCACGCGTGTCACCGAGCtcggtgT
CTCCTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTA
TCACCGCC 

3 bp 
modif, 
+6 bp 
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N4P#27 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-12 bp 

N4P#28 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAaC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

+1 bp 

N4P#29 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#33 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

N4P#34 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-28 bp 

 

Bold letters indicate W38 coding sequences of chNHE1 receptor.  

Grey letters with strikethrough lines are deleted mutations, and lowercase letters 

indicate inserted nucleotides. And grey italic letters are modified mutation.  
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Table 3. Sequencing results of chNHE1 W38-targeted DF-1 clones 

ID Sequence Indel 

WT 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

WT 

#1 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCvCGTGGGGAGAGCCCGGGGGTATC
ACCGCC 

-3 bp 

#4 
TTGCAGGCCGACGCCACGCGGGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp, 
T96G 

#5 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp 

#6 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAaGCAGCCGTGGGGAGAGCCCGGGGGTATC
ACCGCC 

+1 bp 

#7 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-1 bp 

#8 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp 

#9 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp, -
3 bp 

#10 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-1 bp 

#11 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp 

#12 
TTGCAGGCCGACGCCACGCGGGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp, 
T96G 

#13 
TTGCAGGCCGACGCCACGCGGGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp, 
T96G 

#14 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-15 bp 

#16 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-15 bp 

#17 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-2 bp 
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#18 

TTGCAGGCCGACGCCACGCGGGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC / 
TTGCAGGCCGACGCCACGCGTGTCTCCGAGCCCAC
CTGGGAGCAGCCGTGGGGAGAGCCCGGGGGTATCA
CCGCC 

-3 bp, 
T96G 

WT 

 
Bold letters indicate W38 coding sequences of chNHE1 receptor. 

Grey letters with strikethrough lines are deleted mutations, and lowercase letters 

indicate inserted nucleotides. And grey italic letters are modified mutation. 

Red letters (G) indicate T96G substitution generating BsaI restriction enzyme site. 
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4. Discussion 

Genetic modifications on avian genome have a lot of benefits in 

diverse area including industry fields. It could be efficient and precise tools 

for exploring specific gene functions in avian species, in addition, genome 

editing technology can be utilized in ALV disease control for practical uses. 

Host-virus interaction between ALV and avian has been well described 

(Klucking et al., 2002; Elleder et al., 2004; Elleder et al., 2005; Chai and 

Bates, 2006; Reinisova et al., 2008; Reinisova et al., 2012; Kucerova et al., 

2013; Chen et al., 2015), mutations on functional domains that is critical for 

host-virus interaction can be easily achieved. Especially in case of ALV 

subgroup J, no native chicken that have resistant has been reported up to date, 

although the virus has largely caused economic losses in China (Gao et al., 

2012). Therefore, here, we conducted genome editing on chNHE1 gene that is 

critical for ALV subgroup J entry using CRISPR/Cas9 system, one of the 

programmable genome editing tools (Jinek et al., 2012). 

To modify chNHE1 gene, we targeted W38 on chNHE1 receptor that 

has critical roles of chNHE1 on viral interaction (Kucerova et al., 2013). 

Using CRISPR/Cas9 system, we successfully introduced indel mutations on 

chNHE1, and it was confirmed by T7E1 assay and sequencing analysis. 

Mixed patterns of sequencing reads suggest that mixed population of DF-1 

fibroblast exists. To avoid misinterpretation, we established several DF-1 

clones. The clones have diverse patterns of indel mutations including deleted 

mutation and inserted mutation around protospacer adjacent motif (PAM) 

previously reported (Jinek et al., 2012). The results suggest that 

CRISPR/Cas9 system is efficient tool for genome editing in avian species. 

To validate viral susceptibility against to ALV subgroup J in the 
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chNHE1 gene modified DF-1 clones, we treated ALV subgroup J to the 

clones. As results, artificially generating premature stop codon in chNHE1 

receptor cause absolute resistance against to ALV subgroup J (Figure 3B). In 

mouse model, mutational experiments on NHE1 by homologous 

recombination revealed that targeted knock-out allele is functionally null (Bell 

et al., 1999). The report indicates that generating premature stop codon in 

chNHE1 receptor by indel mutations causes a loss of function on ALV 

subgroup J interaction. And we could find that indel mutations containing 

W38 deletion of chNHE1 receptor is critical compared to indel mutations do 

not containing W38 deletion (Figure 3C and 3D). Overexpression of mutant 

chNHE1 containing W38 deletion in QT6 quail cell lines explains its roles on 

ALV subgroup J susceptibility. Furthermore, the study reported that 

substitution of W38 to glutamic acid (E) or glycine (G) also reduced viral 

susceptibility in QT6 (Kucerova et al., 2013). As previously reported, our 

results also suggest that W38 has very essential roles in viral susceptibility 

(Figure 3D). Moreover, we could find that not only W38, but also glutamic 

acid positioned at 40th and threonine positioned at 37th are important roles on 

chNHE1. However, deletion of 4 amino acids from 40th to 43rd has no effect 

on viral entry (Figure 3C). The results suggest that virus susceptibility of ALV 

subgroup J is determined by conformation of chNHE1 receptors not only for 

each amino acids.  

Next, we performed homologous recombination on chNHE1 gene to 

precisely target to W38 of chNHE1. Homologous recombination using 

CRISPR/Cas9 has been widely used in genome editing (Cong et al., 2013; 

Wang et al., 2013). Homologous recombination is nature repair pathway of 

living organisms, and it can be enhanced by double strand breaks mediated by 

programmable genome editing tools such as zinc finger nuclease (ZFN), and 
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transcription activator-like effector nucleases (TALEN) and CRISPR/Cas9 

system (Gaj et al., 2013). And we adopted ssODNs as donor templates for 

homologous recombination. ssODN is small and can be designed and 

synthesized for a short time, it has been widely used in genome replacement 

area (Chen et al., 2011; Yoshimi et al., 2016). Especially, the ssODN has 

benefits in targeted gene replacement in relative small region of genome or 

inserting small fragment into genome (Yang et al., 2013). In chicken, the 

ssODNs were used for targeted substitution in chicken DF-1 fibroblast and 

chicken embryonic somatic cells (Abu-Bonsrah et al., 2016; Wang et al., 

2017). Moreover, a research reported that chemically modified 

oligonucleotide donor can enhance homology directed repair (HDR) more 

than 100-fold (Renaud et al., 2016). 

Using enhanced homologous recombination technology mediated by 

CRISPR/Cas9 system and ssODN introduction, we successfully established 

targeted DF-1 fibroblast. Chromatography results showed that NHE1#3-puro 

transfection with ssODN caused targeted recombination with highly efficient 

manner (Figure 4B). Therefore, we picked single cells from the experimental 

groups to get homozygous population. By expanding DF-1 clones, we 

successfully established several clones, and sequencing analysis showed that 

there are clones that have W38 deletion with T96G substitution. To verify the 

clones are homozygous, we treated BsaI restriction enzyme that is only 

located in donor ssODN templates. The result of restriction enzyme treatment 

indicates that 3 clones have homozygous knock-in alleles. Interestingly, we 

could find the clones that have W38 deletion without T96G substitution. The 

result suggests that there were homology independent proofreading pathway 

or homology directed repairs between W38 deletion and T96G substitution. 

One of possible mechanisms is DNA mismatch repair system mediated by 
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MutS MutS mainly recognizes single base pair mismatches and recruit the 

protein complexes that have ability as an exonuclease, DNA polymerase and 

ligase (Aarts and te Riele, 2011). Moreover, in uses of ZFN, ssODN-mediated 

homologous recombination with undesired nucleotide conversion was 

occurred (Chen et al., 2011). In the study, most frequent alleles replaced by 

ssODN also contain the desired codon conversion (95%), but small portion of 

alleles have undesired conversion (less than 5%). To compare the results, 

more alleles of DF-1 clones are needed to be analyzed. In terms of efficiency, 

our results show that the efficiency of homozygous DF-1 clones having 

desired mutations using homologous recombination is 20% (3/15). And with 

homologous recombination, we could also find indel mutations in the 

experimental group (6/15) (Table 5). In previous report, the efficiency of 

homozygous DF-1 was 21% (4/19) and that of heterozygous DF-1 was 26% to 

75% depending on targeting sites (Abu-Bonsrah et al., 2016). The results 

suggest that CRISPR/Cas9 mediated homologous recombination with ssODN 

is effective system in chicken cell lines, but still it is need to develop more 

efficient targeted replacement system in chicken. 

Next, the DF-1 clones containing targeted mutations on W38 were 

validated to identify the effects of W38 deletion on ALV subgroup J 

susceptibility. As expected, homozygous DF-1 clones containing W38 

deletion showed very low GFP expression. Meanwhile, heterozygous DF-1 

clones having W38 deleted allele and WT allele showed strong GFP 

expression (Figure 5A and 5B). The results suggest that W38 is essential roles 

on ALV subgroup J susceptibility, and the allele containing W38 deletion is 

recessive than WT allele to ALV subgroup J infection like other ALV host 

receptors, tva, tvb and tvc (Klucking et al., 2002). 
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Based on the knowledge of host receptors for ALV subgroup J, we 

conducted genome editing in chicken DF-1 fibroblast and identified the roles 

of chNHE1 on viral interaction. The study is planning to adopt chicken 

primordial germ cell (PGC) for production of genome-edited chicken that 

have a resistance against to ALV subgroup J. NHE1 has conserved role in pH 

homeostasis in vertebrate, mutations of chNHE1 can cause severe harmful 

effect in chicken like mammals (Bell et al., 1999). Fortunately, Nhe1 

homozygous mutant mouse are not lethal and chNHE1 is recessive allele in 

chicken. Therefore, it is expect that the chicken line can be established. In 

conclusion, we identified the types of approaches using genome editing tools 

can be easily adapted in avian system, and the study is expected to contribute 

to develop novel chicken lines, especially having disease resistance. 
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Site-Specific Recombination in the Chicken Genome 
using Flipase Recombinase-Mediated Cassette 

Exchange 
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1. Introduction 

Transgenic (TG) technology has been widely adapted to diverse 

research fields because of its practical flexibility. However, it still has several 

limitations associated with random integration; thus, site-specific 

recombination, based on homologous recombination, has been thought to be a 

preferable alternative technique for stable and reliable genome editing 

(Ohtsuka, 2014). In combination with an in vitro culture system of germ line–

competent stem cell lines, the technology has facilitated rapid advances in a 

variety of scientific areas, including molecular genetics, stem cell research, 

and cancer research (Turan et al., 2011). In particular, the discovery in the 

mouse genome of the Rosa26 locus, which supports the robust and ubiquitous 

expression of integrated genes, has offered many possibilities in the area of 

genetic research (Friedrich and Soriano, 1991). 

Regulation of specific gene expression in livestock is also a major 

concern with respect to disease control and the mass production of functional 

proteins (Lillico et al., 2007). The dominant transgenic techniques, based on 

direct DNA injection and somatic cell nuclear transfer, have been used to 

improve agricultural production. However, unexpected phenomena caused by 

the random integration of exogenous gene cassettes and the lack of germ line–

competent cell lines, such as embryonic stem cells (ESCs), have restricted 

many applications to livestock (Park and Telugu, 2013; Laible et al., 2015). 

For this reason, site-specific recombination techniques, adapted to 

conventional methods, were proposed as an alternative method to avoid these 

limitations, referred to as position effects (Graham et al., 2009). 

In avian species, the predictable exogenous gene expression in TG 

animals is also an important factor in many applications, including developing 
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animal models, generating disease-resistant birds, and using birds as 

bioreactors (Lillico et al., 2005). Because avian species have several 

advantages as animal models, especially oviparity, their use in diverse 

research areas has been discussed (Han, 2009). With the development of 

biotechnology, there have been many reports about the efficient use of TG 

technology in avian species expressing exogenous genes (Salter et al., 1986; 

Love et al., 1994; Harvey et al., 2002; McGrew et al., 2004; Kamihira et al., 

2005; Zhu et al., 2005; Lillico et al., 2007; Macdonald et al., 2012; Park and 

Han, 2012; Lee et al., 2013; Park et al., 2015) and the use of site-specific 

recombination, combined with homologous recombination, to adapt chicken 

cell lines for genetic studies and antibody production (Sonoda et al., 2001; 

Schusser et al., 2013b). Despite many successful studies of genome 

modification in avian species, however, there have been few reports about the 

adaptation of site- specific recombination to an efficient TG avian system.  

Thus, in this study, we conducted experiments with avians that 

combined a highly efficient TG technology using the piggyBac transposition 

system and the Flipase (Flp)/Flipase recognition target (FRT) site-specific 

recombination technique. Furthermore, we investigated the transgene 

expression profile of the TG chickens produced for further applications of 

recombinase-mediated gene cassette exchange (RMCE).  
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2. Materials and methods 

Experimental animals and animal care 

The care and experimental use of chickens were approved by the 

Institute of Laboratory Animal Resources, Seoul National University (SNU-

070823-5). The chickens were maintained according to a standard 

management program at the University Animal Farm, Seoul National 

University, Korea. The procedures for animal management, reproduction, and 

embryo manipulation adhered to the standard operating protocols of our 

laboratory. 

Culture of primordial germ cells  

The culture method for primordial germ cells (PGCs) was adopted 

from Choi’s protocol (Choi et al., 2010). In brief, whole blood cells taken 

from the dorsal aorta of stages 14–15 [Hamburger-Hamilton (H&H) chick 

stages] (50–54 h of incubation) Korean Ogye (KO) chicken embryos were 

cultured in knockout medium, composed of DMEM (Thermo Fisher–

Invitrogen, Carlsbad, CA, USA), 7.5% fetal bovine serum (FBS; Hyclone, 

Logan, UT, USA), 2.5% chicken serum (Sigma-Aldrich, St. Louis, MO, 

USA), 2 mM GlutaMax-I Supplement (Thermo Fisher-Invitrogen), 1x 

nucleosides (Millipore, Temecula, CA, USA), 1x non essential amino acids, -

mercaptoethanol, and 10 ng/ml human basic fibroblast growth factor (Sigma-

Aldrich). Cells were cultured in an incubator maintained at 37°C in an 

atmosphere of 5% CO2 in air with 60–70% relative humidity. The cultured 

PGCs were subcultured at 3 or 4 d intervals by dissociating cell colonies using 

Accutase (Millipore). 



91 

 

Construction of piggyBac transposon-based expression vector 

Plasmids containing CAGG-PBase (pCyL43B) and the piggyBac 

transposon (pCyL50) have been used to examine the piggyBac integration site 

distribution in the mouse genome (Wang et al., 2008), and these products 

were provided to us by the Sanger Institute (Hinxton, United Kingdom) 

(http://www.sanger.ac.uk/technology/clonerequests). The green fluorescent 

protein (GFP) gene, expressed with a cytomegalovirus (CMV) promoter and 

neomycin-resistance gene with thymidine kinase promoter, were inserted 

between the Flp recognition targets and the FRT3 (5’-GAA GTT CCT ATT 

CCGAAGTTCCTATTCTTCAAATAGTATAGGAACTTC-3’) and FRT (5’-

GAA GTT CCT ATT CCG AAG TTC CTA TTC TCT AGA AAG TAT AGG 

AAC TTC-3’) sequences and finally cloned between the 5’ and 3’ piggyBac 

transposon elements by PacI and SalI digestion and ligation, to prepare a 

piggyBac RMCE vector. 

Microinjection of PGCs and test cross for production of TG 

chickens 

For PGC transplantation into recipient embryos, a small window was 

made on the pointed end of the recipient White Leghorn (WL) egg and a 2ml 

aliquot containing more than 3,000 PGCs was microinjected with a 

micropipette into the dorsal aorta of the recipient embryo. The egg window of 

the recipient embryo was sealed with paraffin film, and the egg was incubated 

with the pointed end down until hatching. Sexually mature recipients were 

then mated with wild-type (WT) chickens. TG chickens were identified with a 

fluorescent excitation lamp with detection filters (BLS Ltd., Budapest, 

Hungary) or fluorescence microscopy (TU-80; Nikon) and were confirmed by 

genomic PCR analysis with the piggyBac RMCE vector-specific primer. PCR 



92 

 

was performed in a total volume of 20 l containing 100 ng of genomic DNA, 

10x PCR buffer (CoreBioSystem, Seoul, Korea), 1.6 l dNTP (10 mM each), 

5 pmol of each primer, and 0.5 U Taq polymerase (CoreBioSystem) in the 

following thermocycling conditions: 5 min at 94°C, followed by 30 cycles of 

30 s at 94°C, 30 s at 60°C, 30 s at 72°C, and, finally, 10 min at 72°C. Primers 

are listed in Supplemental Table 1. 

Identification of the transgene integration site by DNA walking  

The transgene insertion site was identified by using the DNA 

Walking SpeedUp Premix Kit-II (Seegene, Seoul, Korea) according to the 

manufacturer’s protocol. The products of the third round of DNA walking 

PCR were cut out of the agarose gel and purified with the Wizard SV Gel and 

PCR Clean-Up System and then cloned directly into the pGem-T Easy vector 

(both from Promega, Madison, WI, USA). The cloned plasmids were 

sequenced using an ABI Prism 3730 XL DNA Analyzer (Thermo Fisher–

Applied Biosystems, Foster City, CA, USA). The sequences of the transgene-

flanking region were analyzed using the BLAST Assembled Genome 

Database (http://blast.ncbi.nlm.nih.gov). Tissue-specific primers are listed in 

Supplemental Table 1.   

Analysis of relative GFP expression in TG chicken tissues 

 The brain, muscle, liver, heart, pancreas, and kidney of adult female 

chickens were collected, and GFP expression of the tissues was detected 

under a fluorescent excitation lamp with detection filters (BLS, Ltd.). Whole 

tissues were put into a 50 ml tube containing 20 ml 0.05% trypsin-EDTA and 

dissociated at 37°C for 15 min with interval pipetting. The 1 ml homogenized 

and dissociated cells were filtered through 70 m nylon mesh filters and 
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analyzed with FACSCalibur (BD Biosciences, San Jose, CA, USA). WT adult 

female chickens were used as a negative control, and previously reported 

piggyBac-mediated GFP-TG homozygote and heterozygote [GFP-TG(Ho) 

and GFP-TG(He)] chickens were used as positive controls (Park and Han, 

2012). 

Real-time quantitative RT-PCR analysis of the expression of genes located 

near the transgene integration site  

We performed real-time quantitative (q)RT-PCR to examine the 

relative quantification of genes (LOC101747950, UBE2E3, LOC101747729, 

CEBPB, TMEM189, and UBE2V1) located near the transgene integration site 

in TG chicken tissues. cDNAs derived from the brain, muscle, liver, heart, 

pancreas, and kidney were amplified with gene-specific primer sets 

(Supplemental Table 1). Quantification was performed with a CFX96 model 

real-time PCR detection system with a C1000 Thermal Cycler (Bio-Rad 

Laboratories, Hercules, CA, USA). PCR was performed in a total volume of 

20 l containing 2 l cDNA, 10x PCR buffer (CoreBioSystem), 1.6 l dNTP 

(10mM each), 5 pmol of each primer, and 0.5 U Taq polymerase 

(CoreBioSystem), in the following thermocycling conditions: 5 min at 95°C, 

followed by 40 cycles of 30 s at 95°C, 30 s at 59°C, and 20 s at 72°C. The 

reaction was terminated by a final incubation at the dissociation temperature. 

Relative gene expression was calculated after the threshold cycle and 

normalized to that of chicken -actin. 

Isolation and RMCE of chicken embryonic fibroblasts 

 All internal organs and limbs were removed from the TG chicken 

embryos of 6-d-incubated fertilized eggs, and the remaining embryonic body 
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was then dissociated by using 0.05% (v/v) trypsin-EDTA at 37°C for 15 min. 

The cells were filtered through 70 m nylon mesh filters and cultured in 

DMEM containing 10% FBS and 1% antibiotic–antimycotic (Thermo Fisher-

Invitrogen) in a 5% CO2 atmosphere at 37°C (Jang et al., 2013). When the 

cells reached 70–80% confluence, they were cotransfected with donor plasmid 

(CMV-DsRed-FRT) and Flp expression plasmid (PGK-Flp) using the 

Lipofectamine reagent (Thermo Fisher–Invitrogen). At 2 d after transfection, 

fluorescence was observed under a fluorescence microscope (TU-80; Nikon), 

and the DsRed-expressing cells were sorted on a FACS Aria III (BD 

Biosciences). The sorted cells were maintained in a 5% CO2 atmosphere at 

37°C until DsRed expression disappeared. Genomic PCR analysis of RMCE 

in chicken embryonic fibroblasts (CEFs) was examined in a total volume of 

20 l containing 100 ng genomic DNA, 10x PCR buffer (CoreBioSystem), 

1.6 l dNTP (10mM each), 5 pmol of each primer, and 0.5 U Taq polymerase 

(CoreBioSystem) in the following thermocycling conditions: 5 min at 94°C, 

followed by 30 cycles of 30 s at 94°C, 30 s at 60°C, 30 s at 72°C, and, finally, 

10 min at 72°C. Primers are listed in Table S1. 

Copy number evaluation  

Copy number of transgenes in TG chickens was evaluated by qPCR 

analysis. The TaqMan probes for GFP were labeled at the 5’-end with FAM as 

a reporter; probes for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

were labeled at the 5’-end with HEX as a reporter. Both probes used 

tetramethylrhodamine (TAMRA) at the 3’-end as a quencher (Bionics, Seoul, 

Korea). Quantitative PCR was performed in a total volume of 20 l containing 

100 ng genomic DNA, 100nM GFP and GAPDH TaqMan probe, 10x PCR 

buffer (CoreBioSystem), 1.6 l dNTP (10 mM each), 10 pmol of each primer, 
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and 0.5 U Taq polymerase (CoreBioSystem) in the following thermocycling 

conditions: 5 min at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s at 

60°C, and 30 s at 72°C, and finally 10 min at 72°C. The relative quantification 

of copy number was calculated using the 2- Ct method, normalized to chicken 

GAPDH. Rous sarcoma virus (RSV)-TG chicken heterozygotes that had been 

confirmed by Southern blot analysis were used as controls, with 1 copy 

number (Park et al., 2010). Primers were listed in Table S1. 

Bisulfite sequencing  

Genomic DNA (500 ng) from TG tissues converted using the EZ 

DNA Methylation kit (Zymo Research, Irvine, CA, USA) according to the 

manufacturer’s instructions. For amplifying the converted DNA, PCRs were 

performed with Bisufite F-R primers, which included the CT-converted CMV 

promoter, as follows: 95°C for 5 min, 40 cycles at 95°C for 30 s, 50°C for 

30s, 72°C for 30 s, and 72°C for 5 min for the final synthesis. The PCR 

products were cloned into the pGEM-T easy vector (Promega) and sequenced 

using an ABI Prism 3730 XL DNA Analyzer (Thermo Fisher–Applied Bio- 

systems). Primers were listed in Table S1.  

Statistical analysis  

All experiments were conducted in triplicate. Statistical significance, 

based 1-way ANOVA (P < 0.05), was determined with Prism 5.00 software 

(GraphPad, San Diego, CA, USA).  
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3. Results 

Production of TG chickens that bear the RMCE cassette, by using the 

piggyBac transposon 

To produce TG chickens that have the Flp recognition target (FRT) 

sequence in their genomes, we constructed piggyBac transposon vectors that 

contained the FRT3-FRT pair for efficient RMCE (Turan et al., 2010) (Fig. 

1A). The constructed vectors were introduced into chicken PGCs for cell line 

establishment. The GFP reporter gene was stably expressed in PGCs, and the 

cells were selected during the G418-treated period and showed 92.9% GFP 

expression (Fig. 1B). After selection, the GFP-expressing PGCs were injected 

into WL-recipient embryonic blood vessels of H&H stages 14–17. In total, 6 

founders—1male and 5 females—were used for testcross analyses to generate 

TG chickens. The percentage of hatched TG chickens varied from 5.3 to 

71.2% (Table 1). The TG chickens were positive for the RMCE vector-

specific PCR sequences, and TG chicken embryos expressed GFP throughout 

the whole body on embryonic d 6 (Fig. 1C, D).  

Identification of transgene integration sites by qPCR analysis and DNA 

walking analysis  

Next, we analyzed the integration site of the piggyBac-based RMCE 

vector in TG chickens. Table 2 shows the identified integration sites of the 

transgene in the TG chickens. The pattern of integration was intergenic 

(between genes) or intronic (between exons). The distribution of the trans- 

gene in the chicken genome was diverse in the individual TG chickens (Table 

2). We selected 2 TG chickens, K13 and K15, and the TG chicken lines were 

maintained until sexual maturity. The progenies of each TG chicken were 
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analyzed for further study. K13 G1 TG chickens have 2 transgene copies that 

were integrated in different loci of chromosome 2 with intergenic integration 

pattern. One transgene was integrated in the forward direction, and there was 

1 gene (LOC101747950) within 100 kb of the transgene integration site. 

Another transgene was integrated in the forward direction, and there was 1 

gene (LOC101751956) within 100 kb of the transgene integration site (Fig. 

2A). K15TGchickens also showed an intergenic transgene integration pattern, 

on chromo- some 7, in the forward direction, and there was 1 gene (UBE2E3) 

within 100 kb of the transgene integration site (Fig. 2B). The copy number of 

transgenes in TG chickens was confirmed by qPCR analysis (Fig. 2C, D). The 

results showed that K13 and K15 G1 TG chickens have 2 and 1 copy numbers 

on their genome, respectively (Fig. 2C). Progeny of K13 TG chickens (K13 

G2), which has 1 copy number, were used for further research (Fig. 2D). A 

previously reported GFP-TG chicken, used as a positive control, showed an 

intergenic transgene integration pattern on chromosome 20 in the reverse 

direction, and there were five genes (PTPN1, CEBPB, UBE2V1, TMEM189, 

and LOC101747729) within 100 kb of the transgene integration site (Park and 

Han, 2012). These data showed that the piggyBac transposon could integrate 

into the chicken genome randomly and widely, with intergenic and intronic 

patterns. 

Quantification of relative GFP expression in TG chicken tissues  

The progenies from K13, K15, and the GFP-TG chicken were 

analyzed by flow cytometry to examine the proportions of GFP-expressing 

cells in their tissues. Adult female chickens that had 1 copy number at the 

identified integration site were euthanized, and the expression of GFP was 

analyzed in the brain, muscle, liver, heart, pancreas, and kidney. In the K13 



98 

 

TG chicken lines, adult female chickens that had 1 copy number at 

NW_003763680.1 were analyzed. In the brain, the K15 line showed the 

highest expression of GFP. The proportions of GFP-expressing cells in K13, 

K15, GFP-TG(He), and GFP-TG(Ho) were 0.45, 3.12, 0.07, and 1.89%, 

respectively (Supplemental Table 2). In the muscle, relatively high expression 

of GFP was detected. Indeed, 58.65, 97.03, 89.10, and 88.11% of cells 

expressed GFP in K13, K15, GFP-TG(He), and GFPTG(Ho), respectively. In 

the liver, the proportions of GFP expressing cells in K13, K15, GFP- TG(He), 

and GFP TG(Ho) were 2.52, 0.11, 74.43, and 79.76%, respectively. In the 

heart, 0.18, 25.46, 6.06, and 58.85% of cells expressed GFP in K13, 

K15,GFP-TG(He), and GFP-TG(Ho), respectively. In the pancreas, the K13 

and K15 lines showed the highest proportions of GFP-expressing cells among 

the tissues analyzed (76.79 and 63.67%, respectively). The proportions of 

GFP-expressing cells in the pancreas of GFP-TG(He) and GFP-TG(Ho) also 

showed relatively high expression levels (75.61 and 82.55%, respectively). In 

the kidney, 3.84, 13.02, 46.56, and 60.16% of GFP-expressing cells were 

detected in K13, K15, GFP- TG(He), and GFP-TG(Ho), respectively. In the 

muscle and pancreas, the proportions of GFP-expressing cells were high in all 

experimental groups, and expression was strong under a fluorescent excitation 

lamp with detection filters (Fig. 3). Conversely, the proportion of GFP-

expressing cells was below 20% in K13 and K15 progeny livers and kidneys, 

whereas the proportions of GFP-expressing cells were above 40% in GFP-

TG(He) and GFP-TG(Ho) livers and kidneys (Fig. 3B). In the heart, only K15 

and GFP-TG(Ho) showed proportions of GFP-expressing cells above 20%. 

Next, to identify the relationship between the proportion of GFP-

expressing cells in each TG chicken line and expression of neighbor genes 

located on the flaking region of transgene integration site, we performed a 
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quantitative analysis of neighboring gene expression. Expression of 

LOC101747950 (the neighboring gene of the K13 transgene integration site) 

was significantly high in the pancreas and muscle but not in the brain, liver, 

heart, or kidney (Table S2). Expression of UBE2E3 (neighboring gene of the 

K15 transgene integration site) was significantly higher in the brain and lower 

in the liver and kidney. Expression levels of LOC101747729 and CEBPB 

(neighboring genes of the GFP-TG transgene integration site) were 

significantly higher in the brain and pancreas, respectively. Expression levels 

ofTMEM189 and UBE2V1 (neighboring genes of the GFP-TG transgene 

integration site) were significantly higher in the brain and pancreas, 

respectively. On the other hand, we performed the CpG methylation analysis 

to identify the relationship between the proportion of GFP-expressing cells 

and CpG methylation on the CMV promoter of TG chicken tissues (Fig. S1). 

As a result, CpG methylation on CMV promoter was the lowest in pancreas 

(38.0%), and muscle also had relatively low methylation proportion (54.6%) 

vs. heart (64.8%) in K13 TG chicken (Fig. S1A). In K15 TG chicken, CpG 

methylation on the CMV promoter in pancreas was also the lowest (52.8%), 

and heart had the highest level of CpG methylation (76.9%) compared with 

muscle (70.4%) (Fig. S1B). 

RMCE in TG CEFs 

 For performing RMCE in TG chicken cells, we constructed a donor 

plasmid that had the same FRT3-FRT pair with a predominant TG chicken 

genome locus and DsRed-coding sequences instead of GFP-coding sequences 

(Fig. 4A). Then, progenies of the K15 TG chicken in which the transgene was 

stably inherited were euthanized at embryonic d 6 (Fig. S2A), and CEFs were 

cultured in a CO2 incubator. When the cells reached 70–80% confluence, the 
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Flp expression vector (PGK-Flp) and donor plasmid, including the DsRed 

expression gene cassette (CMV-DsRed), were cotransfected in TG CEFs (Fig. 

4A). At 2 d after transfection, the cells expressing DsRed fluorescence were 

sorted by FACS. DsRed expression was detected in both the DsRed+Flp and 

DsRed-alone groups immediately after sorting (Fig. 4Ba’, b’). However, 

DsRed expression was maintained only in the DsRed+Flp group but not in the 

DsRed-only group from 13 d after transfection, indicating RMCE (Fig. 4Bc’, 

d’). To confirm RMCE in CEFs, we performed a genomic PCR analysis with 

an RMCE-specific primer (RMCE DsRed F-K15, integration R2). Only the 

DsRed+Flp group was positive for RMCE-specific PCR conditions, and 

RMCE in transgene-predominant loci of K15 TG chicken was confirmed by 

sequencing analysis (Fig. 4C; Fig. S2B). These results indicate that RMCE 

was possible in TG chicken-derived cell lines. 
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Figure 1. Schematic representation of the recombinase-mediated cassette 

exchange (RMCE) vector and production of transgenic chickens that have FRT 

sequences. (A) Schematic representation of the piggyBac-based RMCE vector and 

helper plasmid. (B) Establishment of piggyBac-based RMCE vector chicken PGC 

line. Flow cytometry analysis showed that GFP is highly expressed in the selected cell 

line. Scale bar = 50 m. (C) Genomic PCR analysis for identifying transgenic 

chickens. The transgenic chicken (TG) was positive for the RMCE vector-specific 

primer (F1-R1). (D) Detection of GFP expression in transgenic chicken under 

fluorescent microscopy. GFP was detected only in transgenic offspring (TG) and was 

not detected in the wild-type embryo (WT). Scale bar = 5 mm. TR: terminal repeat, 

FRT: flipase recognition target, TK: thymidine kinase promoter, Neo: neomycin 

resistance gene, CMV: cytomegalovirus promoter, GFP: green fluorescent protein, 

CAG: CMV enhancer with a chicken beta-actin transcription start site and a rabbit 

beta-globin intron, TG: transgenic chicken, WT: wild-type, DW: distilled water. 
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Figure 2. Integration sites of transgene in each transgenic chicken line. (A) 

Integration site of K13 transgenic chicken line. (B) Integration site of K15 transgenic 

chicken line. Transgene-flanking sequences from DNA walking analysis were 

analyzed using the BLAST Assembled Genome Database 

(http://blast.ncbi.nlm.nih.gov). Scale bar equals 1 kb. 
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Figure 3. Analysis of relative GFP expression in transgenic chicken tissues. (A) 

GFP expression of transgenic chicken tissues under fluorescent excitation lamp with 

detection filters. Relative expression of GFP in the muscle (a’), liver (b’), heart (c’), 

pancreas (d’), and kidney (e’) of adult female transgenic chicken. Scale bar = 1 cm. 

(B) Flow cytometry analysis of proportion of GFP-expressing cells in each transgenic 

chicken line tissues. Wild-type chicken (WT) was used as a control. 
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Figure 4. RMCE in chicken embryonic fibroblasts (CEFs). (A) Schematic 

representation of RMCE in the chicken genome. (B) Detection of GFP and DsRed 

expression in CEF. At 2 days after transfection, DsRed expression was detected in 

both the DsRed + Flipase and DsRed-alone group (a’, b’); however, at 13 days after 

transfection, DsRed expression was detected in only the DsRed + Flipase group (c’), 

not in DsRed-alone group (d’). Arrows indicate the cells expressing both DsRed and 

GFP and arrowheads indicate the cells only expressing DsRed. Scale bar = 100 m. 

(C) Genomic PCR analysis of RMCE in CEF. The DsRed + Flipase group was 

positive for RMCE DsRed F-K15 integration R2 PCR condition. TR: terminal repeat, 

FRT: flipase recognition target, TK: thymidine kinase promoter, Neo: neomycin gene, 

CMV: cytomegalovirus promoter, GFP: green fluorescent protein, DW: distilled 

water.  
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Figure S1. CpG methylation status of the CMV promoter in transgenic chicken 

tissues. The bisulfite sequencing was conducted with genomic DNA from progenies 

of K13 (A) and K15 (B) transgenic chickens. The CMV promoter region was 

amplified and cloned using PCR after CT conversion by bisulfate treatment. 

Methylated CpGs are represented as filled circles; unmethylated CpGs are represented 

as open circles. The percentage of methylation was calculated by comparing the 

number of CpG methylated sites in the CMV promoter region. 
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 Figure S2.  Sequencing Analysis of transgene integration and RMCE in K15 G1 

and G2 transgenic chickens. (A) Both K15 G1 and G2 transgenic chickens have 

same nucleotide sequence compared to reference sequence indicating stable transgene 

integration. (B) Sequencing analysis of RMCE in K15 G2 transgenic chicken-derived 

CEF. Genome sequence of DsRed+Flipase CEF is correspond to DsRed coding 

sequence of donor plasmid not GFP coding sequence of K15 G2 (bottom-left box), 

and have same integration site compared to K15 G2 (chromosome 7) indicating 

RMCE (bottom-right box). 
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Table 1. Production of transgenic chickens and germline transmission efficiency 

 

* Percentage of transgenic chicks among hatched chicks. Transgenic chicks were 

distinguished using a fluorescent excitation lamp with detection filters and confirmed 

by genomic PCR analysis. 

 

 

Founder ID Gender No. of hatched chicks No. of transgenic chicks (%)* 
#6575 Male 190 10 (5.3) 
#7465 Female 52 37 (71.2) 
#6713 Female 53 16 (30.2) 
#7804 Female 73 9 (12.3) 
#6709 Female 47 8 (17.0) 
#8697 Female 48 6 (12.5) 



108 

 

Table 2. Identified integration sites in transgenic chickens 

*TG 
ID 

Chromosome 
No. Integration pattern **Accession no. 

W11 1 intergenic NW_003763713.1 

K11 3 
intronic 
(coiled-coil domain containing 
88A, CCDC88A) 

NW_003763711.1 

K12 4 intergenic NW_001471685.2 

K13 2 intergenic NW_003763680.1 
2 intergenic NW_003763686.1 

K14 3 intergenic NW_003763720.1 
2 intergenic NW_003763680.1 

K15 7 intergenic NW_003763825.1 
K21 1 intergenic NW_003763484.1 
K22 12 intergenic NW_003763901.1 

K23 13 intronic 
(sarcoglycan, delta, SGCD) NW_003763912.1 

7 intergenic NW_003763825.1 
K31 4 intergenic NW_001471685.2 

K41 10 
intronic 
(thrombospondin, type I, domain 
containing 4, THSD4) 

NW_003763854.1 

K42 4 intronic 
(FGF13) NW_003763735.1 

K43 6 intergenic NW_003763812.1 
K44 1 intergenic NW_003763484.1 

K45 4 
intronic 
(fibroblast growth factor 13, 
FGF13) 

NW_003763735.1 

K51 2 intergenic NW_003763680.1 
* Transgenic chicken 

** GenBank accession number from BLAST Assembled Genome Database 

(http://blast.ncbi.nlm.nih.gov) 
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Table S1. Primer and TaqMan probe information used in this study 

Primer ID Sequence 

Anne
aling 
temp. 
(°C) 

F1 5’-TGAAGCACTGCACGCCGTAG-3’ 55.88 
R1 5’-GGCGTGGATAGCGGTTTGAC-3’ 55.88 
K15 Integration F 5’-CAGCTTTTCAGAGATGTCCTTTTG-3’ 53.97 
K15 Integration R 5’-GTCCTAAATGCACAGCGACG-3’ 53.83 
K15 Integration R2 5’-GCCTCCACAGCCTAAATGAC -3’ 53.83 
RMCE GFP F 5’-GACCACTACCAGCAGAACAC-3’ 53.83 
RMCE DsRed F 5’-CATCGTGGAGCAGTACGAGC -3’ 55.88 
GAPDH F 5’-GTGGAGAGATGGCAGAGGTG-3’ 55.88 
GAPDH R 5’-CAGCAGCAGCCTTCACTACC-3’ 55.88 
TSP1 5’-GCCGATCCCATATTGGCTGC-3’ 55.88 
TSP2 5’-GTTATGGCGCGCCATCGATC-3’ 55.88 
TSP3 5’-GCGGCGACTGAGATGTCCTA-3’ 55.88 
GAPDH-HEX probe 5’-CTGACCTGCCGTCTGGAGAA-3’ 55.88 
GAPDH for probe F 5’-CCCCAATGTCTCTGTTGTTG-3’ 48.93 
GAPDH for probe R 5’-GATGGATGTAGGAATCGTAA-3’ 47.68 
GFP-FAM probe 5’-TTGATGCCGTTCTTCTGCTTGTC-3’ 55.27 
GFP for probe F 5’-CATCGACTTCAAGGAGGA-3’ 48.04 
GFP for probe R 5’-GCGGATCTTGAAGTTCAC-3’ 48.04 
LOC101747950 F 5’-ACTGCCAGTCATGCCAGGGG-3’ 57.93 
LOC101747950 R 5’-ACTGATGACCAAGCTGTGCCAGA-3’ 57.06 
UBE2E3 F 5’-GCTCAGACGCCGACCAGAGG-3’ 59.98 
UBE2E3 R 5’-AGGGCCGGCACTGCAGTTAG-3’ 57.93 
LOC101747729 F 5’-AAGCTGTGCTCCCACCCAGG -3’ 57.93 
LOC101747729 R 5’-AGAGCAGGGAGGTGAGGGGG-3’ 59.98 
CEBPB F 5’-GGGGCATGTCCTCGCCCTAC -3’ 59.98 
CEBPB R 5’-GCGCAGCTTGTACTCGTCGC-3’ 57.93 
TMEM189 F 5’-GCCGAGCTCTACTCGCCAGG-3’ 59.98 
TMEM189 R 5’-AGCTCCACAGACCCCCAGGT-3’ 57.93 
UBE2V1 F 5’-GTGATGGAACAGTTAGTTGGGGCCT-3’ 59.32 
UBE2V1 R 5’-TGGCTCTGGGGTCCACCACT-3’ 57.93 
cACTB F 5’-AGGAGATCACAGCCCTGGCA-3’ 55.88 
cACTB R 5’-CAATGGAGGGTCCGGATTCA-3’ 53.83 
Bisulfite F 5’- GATTGATAATTGTATGAAGAATTTGTT-3’ 49.11 

Bisulfite R 5’- AAATCTCCCTATAATAAATCATATTAATTT-
3’ 49.32 
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 Table S2. GFP expression in transgenic chicken tissues and relative gene 

expression of neighbor genes  

*TG ID Tissues **GFP 
expression 
(%) 

***Neighbor gene ****Neighbor 
gene expression  
Mean±SEM 

K13 Brain 0.45 LOC101747950 1.30±0.68a 
 Muscle 58.65 6.48±0.97b 
 Liver 2.52 0.50±0.07a 
 Heart 0.18 0.96±0.11a 
 Pancreas 76.79 17.36±1.10c 
 Kidney 3.84 1.64±0.23a 
K15 Brain 3.12 UBE2E3 1.00±0.04a 
 Muscle 97.03 0.56±0.00b 
 Liver 0.11 0.14±0.01c 
 Heart 25.46 0.52±0.02b 
 Pancreas 63.67 0.58±0.02c 
 Kidney 13.02 0.22±0.02a 
GFP-
TG(He) 

Brain 0.07 LOC101747729 1.00±0.05a 
Muscle 89.10 0.11±0.04b 
Liver 74.43 0.03±0.01b 
Heart 6.06 0.03±0.02b 
Pancreas 75.61 0.23±0.03b 
Kidney 46.56 0.23±0.09b 
Brain 0.07 CEBPB 1.00±0.07a 
Muscle 89.10 4.65±1.18a 
Liver 74.43 2.00±0.49a 
Heart 6.06 1.98±0.28a 
Pancreas 75.61 25.35±5.65b 
Kidney 46.56 0.82±0.30a 
Brain 0.07 TMEM189 1.00±0.03a 
Muscle 89.10 0.47±0.04b 
Liver 74.43 0.60±0.01bcd 
Heart 6.06 0.33±0.02be 
Pancreas 75.61 0.40±0.05bc 
Kidney 46.56 0.18±0.02d 
Brain 0.07 UBE2V1 1.00±0.06ab 
Muscle 89.10 1.53±0.14ab 
Liver 74.43 0.45±0.00a 
Heart 6.06 1.11±0.05ab 
Pancreas 75.61 2.16±0.58b 
Kidney 46.56 0.93±0.04ab 

* Transgenic chicken 

** Relative expression of GFP by flow cytometry 

*** Genes which are located within 100 kb from transgene integration site 
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**** Relative expression of genes located near a transgene integration site in adult 

female chicken tissues. Relative gene expression was calculated after the threshold 

cycle and normalized to that of chicken beta-actin (cACTB). Values labeled with 

different letters are significantly different (P < 0.05). 
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4. Discussion 

High and sustainable expression of transgenes in TG animals is a 

major concern in various scientific fields, including developmental biology 

and bioreactor production (Lillico et al., 2007). For this reason, the RMCE 

technique using site-specific recombination has been proposed as a method 

that avoids unpredictable transgene expression. One of the site-specific 

recombinases (SSRs), Flp, is derived from yeast (Saccharomyces cerevisiae) 

and recognizes specific sequences (FRT) in loci in the genome and leads to 

genetic modification, including excision, inversion, and exchange of gene 

cassettes between FRT pairs, depending on the FRT sequences and orientation 

(27). Combining this with gene-targeting technology, Flp–Flp recognition 

target (Flp/FRT) recombination has been adopted as a useful genetic 

modification tool in several organisms, especially for producing knockout and 

knock in animals (Cesari et al., 2004; Roebroek et al., 2006). A previous study 

reported the possibility of Cre/loxP recombination in an episomal plasmid 

driven by oviduct-specific Cre expression; however, further study was limited 

by the lack of suitable TG technology (Oishi et al., 2011). In this study, we 

used Flp/FRT recombination with an efficient TG technology in a chicken 

model, to identify possibilities for targeted genome recombination in the 

chicken genome and for applying this technique to further research. 

To perform RMCE in a site-specific manner in a chicken system, we 

first established TG chicken lines that have FRT3-FRT pairs in their genome. 

To produce TG chickens, we used the piggyBac transposition system for 

efficient chicken transgenesis (Macdonald et al., 2012; Park and Han, 2012). 

Because the piggyBac transposon integrates randomly into TTAA sequences 

in the genome, we determined various transgene expression levels, depending 
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on the integration site and copy number (Wang et al., 2008). In this research, 

donor germ cell–derived TG chicks hatched with 5.3–71.2% efficiency from 

both male and female founders. These results suggest that the piggyBac 

transposon system can be used for producing TG chickens with high 

efficiency, and the resulting TG chickens show diverse integration sites with 

intergenic and intronic transgene integration (Macdonald et al., 2012; Park 

and Han, 2012). Next, we investigated GFP expression profiles in each TG 

chicken line. To avoid misinterpretation, we selected TG chicken progeny 

from 2 TG chicken lines that had only 1 transgene copy identified in the 

genome. As a result, the proportion of GFP-expressing cells was variable 

between TG chicken lines and tissues, although the transgene had the same 

copy number. The proportion of GFP-expressing cells was relatively high in 

the muscle and pancreas in all experimental groups. In the liver and kidney, 

GFP-TG(He) and GFP-TG(Ho) showed higher proportions of GFP-expressing 

cells than did K13 and K15 TG chickens. However, in heart, K15 TG 

chickens showed a higher proportion of GFP- expressing cells than did GFP-

TG(He) chickens, which had 1 copy number. Furthermore, K15 TG chickens 

showed a higher proportion of GFP-expressing cells than did K13 chicks in 

the muscle, heart, and kidney. These results suggest that the proportions of 

GFP-expressing cells in specific tissues were affected by the integration sites 

of the exogenous gene cassette, which is consistent with previously reported 

research about transgene integration using viral systems (Ellis, 2005). 

Furthermore, we sought to identify factors affecting transgene 

expression; transgene expression showed a pattern similar to that of its 

neighboring gene because of the similarity in the genetic environment in 

terms of enhancer-sharing and coregulation (Tena et al., 2011). As a result, the 

significantly higher expression of LOC101747950 (neighboring gene of K13 
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transgene integration site) in the muscle and pancreas was similar to the 

proportion of GFP-expressing cells in the K13 TG chicken line; however, no 

significant relationships were observed with regard to the expression of the 

other genes (UBE2E3, LOC101747729, CEBPB, TMEM189, and UBE2V1) 

in each tissue or the proportion of GFP- expressing cells in TG chicken lines. 

The results suggest that transgene expression is related to the transgene 

integration site, where it is predominant, by innate regulatory elements; 

however, further studies including identification of regulatory elements with 

functional study would be helpful. To identify the regulating factors of 

transgene expression, we further analyzed the CpG methylation status in the 

promoter region, which is one of the major epigenetic regulatory mechanisms 

in gene expression. The ubiquitously activating CMV promoter used in this 

research is known to be silenced by DNA methylation and histone 

deacetylation in specific tissues of TG mice and specific cell types (Furth et 

al., 1991; Mehta et al., 2009; Tena et al., 2011). A previous study reported that 

CpG methylation in the promoter region of the transgene modulates gene 

expression levels in TG chicken (Park et al., 2010). We could also find 

differential DNA methylation status in the CMV promoter region depending 

on tissues. In both K13 and K15 TG chickens, the CpG methylation 

proportion in the CMV promoter was lower in pancreas and muscle, which are 

more highly GFP-expressing organs than heart. And CpG methylation status 

showed a similar pattern, with GFP expression in muscle and pancreas of both 

TG chicken lines. However, CpG methylation was lower in heart of K13 TG 

chicken compared with that of K15 TG chicken although GFP expression was 

higher in K15 TG chicken heart. Collectively, the results suggest that not just 

copy number, transgene integration site, and CpG methylation on the 

promoter, but also other factors can affect transgene expression in TG 

chickens. Therefore, to understand the mechanisms of transgene expression, a 
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comprehensive approach including functional studies should be used. 

Based on TG technology, we successfully established TG chicken 

lines that have recombinase recognition target sequences. To confirm RMCE 

in the TG chicken system, we introduced Flp recombinase with a donor 

plasmid. With Flp recombinase, RMCEs were successfully performed in TG 

chicken-derived somatic cells. This result suggests that a construct containing 

a gene of interest could integrate into loci in the TG chicken genome and that 

this could have applications in various research areas. As a next step, we are 

planning to perform RMCE into TG chicken-derived germ cells. The PGC, an 

ideal tool for germline transmission, is the best candidate for RMCE, and 

modified PGC, mediated by RMCE, is expected to produce new TG chickens 

with predictable expression of an exogenous gene. With the completion of the 

chicken genome project and rapid development of genome modification 

techniques, demand for chickens as an animal model has increased (Wallis et 

al., 2004). In particular, TG techniques using the piggyBac transposon system 

and genome recombination technology using SSR in an avian species provide 

opportunities to use this valuable resource. Furthermore, recently reported re- 

search about knockout chickens mediated by homologous recombination and 

transcription activator-like effector nuclease (TALEN) seems to increase the 

possibility of performing in-depth research that could not be achieved in other 

organism models (Turan et al., 2010; Park and Han, 2012; Schusser et al., 

2013a; Park et al., 2014). Based on this study, a system composed of site-

specific recombination technology and the piggyBac transposon could 

facilitate the study of gene expression mechanisms and the establishment of 

animal models, depending on the transgene integration site. 
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CHAPTER 6 
 
 
  

Cryopreservation of Korean Ogye Chicken Semen 
using N-Methylacetamide 
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1. Introduction 

The importance of genetic resource preservation has been 

highlighted as a means of maintaining genetic diversity. In addition, both the 

maintenance and the preservation of genetically modified laboratory animals 

have been suggested as being potentially important. However, the number of 

endangered animals continues to increase steadily due to the destruction of the 

global ecosystem and the spread of epidemic diseases, such as foot-and- 

mouth disease (FMD) and malaria, which threaten the lives of both wild 

animals and humans. In particular, widespread avian influenza (AI) attributed 

to migratory birds is currently the main cause of death among avian species.  

Meeting the unexpected loss of genetic resources for use as 

experimental materials, however, is indeed possible. Several approaches have 

been developed to prevent the loss of such genetic resources. Among those 

approaches, techniques applying cryopreservation are thought to be among the 

most efficacious methods for preserving and restoring genetic resources 

because of their time-independent characteristics. Several studies have 

examined methods of cryopreserving germ cells comprising sperm and 

oocytes from various species, including mammals, birds, and fish (Suquet et 

al., 2000; Cognie et al., 2003; Petitte, 2006; Pereira and Marques, 2008). 

Cryopreservation methods to maintain avian genetic resources were first 

established through the preservation of avian primordial germ cells, 

blastodermal cells, ovarian tissues, and sperm (Polge, 1951; Petitte et al., 

1990; Naito et al., 1994; Liu et al., 2010).  

The cryopreservation of semen has high advantages for maintaining 

avian genetic resources compared to the preservation of other cell types. The 

reduction in the time required to restore the genetic information contained 
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within is one advantage of using this method because the cells do not need to 

produce germ-line chimeras. Furthermore, application to several avian species 

is simplified since this method requires less technical support. Many semen 

cryopreservation methods in avian species have been well established for 

several decades (Seigneurin and Blesbois, 1995; Tselutin et al., 1995) that use 

a variety of cryoprotective reagents including glycerol, dimethyl sulfoxide 

(DMSO), ethylene glycol (EG), dimethylacetamide (DMA), and N- 

methylacetamide (MA) (Polge, 1951; Sexton, 1980; Lake et al., 1981; 

Donoghuea and Wishart, 2000; Long, 2006; Blesbois et al., 2007; Sasaki et 

al., 2010). Several cryopreservation techniques have been attempted, each 

method allowing previously frozen semen-fertilizing capacity in chickens, 

although differences exist in the results of these studies (Hammerstedt and 

Graham, 1992). Furthermore, semen from various wild avian species have 

been successfully cryopreserved using various cryoprotective reagents in 

attempts to preserve avian genetic resources, including pheasants, American 

kestrel, sand hill crane, peregrine falcon, budgerigar, Aleutian Canada goose, 

and several quail species (Gee et al., 1985; Samour et al., 1988; Donoghuea 

and Wishart, 2000; Kowalczyk, 2008).  

Few native Korean animal species are currently of importance in this 

branch of scientific research. In fact, the Korean Ogye (KO) is one of the only 

Korean native chicken breeds of interest. This particular species was 

designated as a Natural Monument (No. 265) in 1980 and managed by the 

Cultural Heritage Administration of Korea. These birds have distinct physical 

features, including a body that is covered with black feathers; the skin and 

bone are also a blackish color. Although the KO is recognized as an important 

genetic resource in Korea, successful cryopreservation of KO gametes has yet 

to be reported. In the current study, our goal was to develop a method of 
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cryopreservation tailored specifically toward KO chickens using MA as 

cryoprotective reagent. The goal was to find the highest fertility and 

adaptation in chickens (Sasaki et al., 2010). We conducted experiments to 

examine whether the method deemed most successful could be used for long-

term storage of avian resources. In addition, we examined the relationship 

between fertility and sperm viability.  
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2. Materials and methods 

Animal care 

The use of the KO and the White Leghorn (WL) chickens was 

approved by the Institute of Laboratory Animal Resources, Seoul National 

University (SNU-070823-5). The animals were maintained in a standard 

management program at the University Animal Farm, Seoul National 

University, Korea. Procedures involving animal management, reproduction, 

and embryo manipulation adhered to the standard operating protocols of our 

laboratory. 

Semen collection and cryopreservation 

Semen was collected twice in 1 week from randomly selected 10 KO 

and 10 WL roosters by abdominal massage. We applied Sasaki’s method for 

KO semen cryopreservation (Sasaki et al., 2010). Collected semen was 

gathered using a 1-mm syringe and transferred into a precooled 1.5-ml EP 

tube. Next, the semen was mixed with a precooled diluent (I) at a 1:1 ratio. 

After 30 minutes of incubation, at 5 °C, a precooled diluent (II) that included 

MA was added to the mixture of semen and diluent I at a ratio of 1:1. About 

500 ml of the mixture was packed into 500 ml disposable straws (13408; 

MINITÜB, Tiefenbach, Germany) and prefrozen in liquid nitrogen vapor 4.5 

cm above the surface of liquid nitrogen for 30 minutes, then stored in a liquid 

nitrogen storage tank without sealing. The chemical composition of diluent I 

consisted of D(+)-glucose 0.2 g (G7528; Sigma, St. Louis, MO, USA), D(+)- 

trehalose dihydrate 3.8 g (T9531; Sigma), L-glutamic acid, monosodium salt 

1.2 g (G1126; Sigma), potassium acetate 0.3 g (P1190; Sigma), magnesium 

acetate tetrahydrate 0.08 g (MAG512; BioPure, Brampton, ON, Canada), 
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potassium citrate monohydrate 0.05 g (P1722; Sigma), BES 0.4 g (B4554; 

Sigma), Bis-Tris 0.4 g (B4429; Sigma), and gentamicin sulfate 0.001 g 

(G3632; Sigma) in 100 ml distilled water. The pH was adjusted to 6.8, and 

osmotic pressure was adjusted to 360 mOsm/KgH2O. Diluent II differed only 

slightly with the addition of MA to the solution (M26305; Sigma). We 

examined diluent II consisting of 2%, 18%, and 24% MA (resulting in final 

cryopreserved concentrations of 1%, 9%, and 12% MA, respectively). 

Thawing and artificial insemination 

The KO and WL semen cryopreserved with MA at final 

concentrations of 1%, 9%, and 12% were thawed at 5 °C for 100 seconds. The 

thawed semen was then used immediately for artificial insemination in 4 KO 

or 4 WL hens in each experimental group. The rate of fertility and hatchability 

was examined. The volume of thawed semen used was 1 ml per artificial 

insemination. Artificial insemination was performed twice weekly during the 

experimental period. 

We further examined the long-term effects of stored semen on 

fertility and hatchability. Cryopreserved KO and WL semen (9% MA), stored 

for 7 days and 60 days, were used for artificial insemination. 

Sperm viability analyses 

To examine sperm viability, we used the LIVE/DEAD sperm 

viability kit on both KO and WL semen cryopreserved with MA at final 

concentrations of 1%, 9%, and 12%, and double stained with SYBR-14 and 

propidium iodide (PI) according to manufacturer’s instructions (Molecular 

Probes, Carlsbad, CA, USA). After staining, the samples were examined 
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under a fluorescence microscope (TU-80; Nikon, Tokyo, Japan). 

Statistical analyses 

To determine if significant differences in fertility and hatchability 

existed between control and MA-treated semen samples, the data were 

analyzed using the general linear model (PROC-GLM; SAS Institute, Cary, 

NC, USA). When main effects were determined to be statistically significant, 

the effects of individual treatments were compared using the least- significant 

difference (LSD) method. A p-value of less than 0.05 was considered 

significant.  
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3. Results 

Fertility and hatchability of MA cryopreserved semen 

First, we conducted experiments to examine whether 

cryopreservation methods using MA are adaptable to KO chickens. WL was 

used as a control group. We used fresh semen, 1%, 9%, and 12% MA 

cryopreserved semen to examine the efficacy of diluent II on fertility and 

hatchability in KO and WL chickens.  

The fertility rate of each group of KO chickens was 88.0%, 19.5%, 

46.0%, and 57.1%, respectively; no significant difference in fertility rate was 

found between the 9% and 12% MA groups. In WL chickens, the respective 

fertility rate of each group was 88.9%, 4.4%, 31.6%, and 30.5%. Again, no 

significant difference in fertility rate was found between the 9% and 12% MA 

groups (Table 1). 

The hatchability rate of each group of KO chickens was 71.8%, 

82.1%, 75.0%, and 94.1%, respectively. In WL chickens, the respective 

hatchability rate of each group was 83.3%, 66.7%, 72.3%, and 93.3%. No 

significant difference on hatchability rate was found between any of the 

examined experimental groups of KO and WL chickens (Table 2). 

Fertility and hatchability of long-term cryopreserved semen 

We performed experiments to confirm that increasing the storage 

period would not affect the fertilization and hatching of eggs when using the 

methods described above. The experimental groups were divided by the 

storage period of cryopreserved semen. In the first group, the cryopreserved 
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semen was stored for 7 days, while in the second group, the storage period 

was 60 days. In both groups, the final concentration in cryopreserved semen 

was 9% MA. 

We found that in KO chickens, the fertility rate of each group was 

45.7% and 46.4%, respectively. In WL chickens, the respective fertility rate of 

each group was 26.6% and 35.7%. No significant differences were found 

(Table 3). The hatchability rate of each group of KO chickens was 79.2% and 

66.7% respectively, while that of each group of WL chickens was 69.4% and 

74.0%, respectively. No significant differences were found (Table 4). 

Sperm viability analyses 

We performed sperm viability analyses on fresh semen and semen 

cryopreserved with 1%, 9%, and 12% MA in KO and WL chickens to identify 

the percentage of live sperm and to detect any damage to sperm membranes. 

We found that sperm with intact membranes stained well with SYBR-14 and 

emitted green fluorescence, while sperm with damage on their membrane 

stained with PI and emitted red fluorescence (Fig. 1A). 

In KO chickens, the percent SYBR-14-stained sperm in fresh semen, 

1%, 9%, and 12% MA cryopreserved semen was found to be 92.6%, 13.3%, 

34.3%, and 30.2%, respectively. We found no significant difference between 

the 9% and 12% MA groups. Similarly, in WL chickens, the percent SYBR-

14-stained sperm in fresh semen, 1%, 9%, and 12% MA was found to be 

92.7%, 7.9%, 38.2% and 17.0%, respectively. All four groups of WL chickens 

were significantly different from each other (Fig. 1B). 
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Figure 1. Sperm viability analysis results in fresh, 1%, 9%, and 12% MA 
cryopreserved semen. (A) SYBR-14 and propidium iodide were used to stain 
sperm. Sperm with intact membrane express green fluorescence (a, c, e, g, i, 
k, m, and o). Sperm that sustained damage to cell membrane express red 
fluorescence (b, d, f, h, j, l, n, and p). Bar = 50 µm. (B) Percent SYBR-14-
stained sperm relative to the total number of sperm. Fresh semen was used as 
a control. a–e, The different superscripts denote significantly different (P < 
0.05) means. Bars indicate the standard errors of triplicate analysis. 
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Table 1. Fertility rates of MA cryopreserved semen  

Chicken 
breed 

Concentration of 
MA 

No. 
Fertility (%) 

Incubation Fertilization 

KO Fresh semen 49 43 88.0±4.6a 
 1% MA 163 29 19.5±3.3d 
 9% MA 53 24 46.0±4.7bc 
 12% MA 75 43 57.1±1.5b 

WL Fresh semen 24 21 88.9±7.3a 

 1% MA 93 5 4.4±3.0e 
 9% MA 89 28 31.6±4.9c 
 12% MA 34 10 30.5±8.0cd 

 

Means ± standard error were calculated by triplicate analysis. 

a–d, Different superscripts denote significantly different (P < 0.05) means. 
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Table 2. Hatchability rates of MA cryopreserved semen  

Chicken 
breed 

Concentration of 
MA 

No. 
Hatchability (%) 

Fertilization Hatching 

KO Fresh semen 43 31 71.8±4.6a 
 1% MA 29 25 82.1±8.5a 
 9% MA 24 18 75.0±12.0a 
 12% MA 43 41 94.1±3.4a 

WL Fresh semen 21 19 83.3±11.8a 

 1% MA 5 3 66.7±33.3a 
 9% MA 28 20 72.3±11.8a 
 12% MA 10 9 93.3±6.7a 

 

Means ± standard error were calculated by triplicate analysis. 

a–d, Different superscripts denote significantly different (P < 0.05) means. 
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Table 3. Fertility rates of 9% MA cryopreserved semen stored for 7 and 

60 days 

Chicken 
breed 

Storage period 
(days) 

No. Fertility (%) Incubation Fertilization 
KO 7 38 17 45.7±7.3a 

 60 15 7 46.4±3.6a 

WL 7 41 11 26.6±10.5a 

 60 48 17 35.7±3.6a 
 

Means ± standard error were calculated by triplicate analysis. 

a, A significantly different (P < 0.05) mean. 
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Table 4. Hatchability rates of 9% MA cryopreserved semen stored for 7 

and 60 days 

Chicken 
breed 

Storage period 
(days) 

No. Hatchability (%) Fertilization Hatching 
KO 7 17 13 79.2±12.5a 

 60 7 5 66.7±33.3a 

WL 7 11 8 69.4±19.4a 

 60 17 12 74.0±16.6a 
 

Means ± standard error were calculated by triplicate analysis. 

a, A significantly different (P < 0.05) mean. 
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4. Discussion 

Over the 61 years since 1951, several methods for semen 

cryopreservation have been developed using cryoprotective reagents, 

including glycerol, DMSO, DMA, or MA (Polge, 1951; Lake and Stewart, 

1978; Sexton, 1980; Donoghuea and Wishart, 2000; Long, 2006; Blesbois et 

al., 2007). In particular, cryopreservation methods using MA have more 

advantages because of high post-thaw fertility of sperm without requiring 

removal of the cryoprotective reagent (Sasaki et al., 2010). In the current 

study, we used MA as a cryoprotective reagent for semen of KO and WL 

chickens.  

First, we conducted experiments to determine whether fertility and 

hatchability rates were affected by different concentrations of MA. We found 

that semen cryopreserved with 1%, 9%, and 12% MA showed fertility rates of 

approximately 19.5%, 46.0%, and 57.1%, respectively, with normal 

hatchability in KO chickens. Although no significant difference was detected 

between the 9% and 12% MA groups, these two groups showed higher 

fertility rates than the 1% MA group. In WL chickens, cryopreservation with 

1%, 9%, and 12% MA yielded fertility rates of 4.4%, 31.6%, and 30.5%, 

respectively. Again we found normal hatchability. These results confirm that 

cryopreservation using MA could be applied to KO and WL chickens. We 

recommend using 9% or 12% MA for more efficient results with 

cryopreservation methods. Our results show that the fertility of KO chickens 

was higher than that of WL chickens, likely due to differences between 

chicken breeds, as other studies have previously noted (Ansah and Buckland, 

1983; Alexander et al., 1993; Buss, 1993).  

We stored the 9% MA semen samples for 7 and 60 days in liquid 
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nitrogen to determine whether fertility and hatchability would be affected by 

longer storage periods. Artificial insemination with semen stored for 7 and 60 

days yielded fertility rates of approximately 45% in KO chickens, with normal 

hatchability. Similarly, 7 and 60 days of storage gave fertility rates of 26% and 

35%, respectively, in WL chickens. These results suggest that long-term 

storage of MA cryopreserved semen does not affect the fertility and 

hatchability of KO or WL chickens. Therefore, the methods described above 

could be useful for genetic resource preservation in avian species.  

Note that the fertility rate of semen preserved with MA was less than 

that of fresh semen in both KO and WL chickens. We assume that the reduced 

fertility of cryopreserved semen is related to reduced sperm viability due to 

cryopreservation or MA treatment, or both. Therefore, we conducted sperm 

viability analyses to identify the relationship between fertility and sperm 

viability. The cryopreserved semen was double stained with SYBR-14 and PI 

which were used as parameters for assessing membrane integrity and cell 

viability in the animal sperms including avian species (Garner et al., 1997; 

Mizushima et al., 2010). The percentage of SYBR-14-stained sperm was 

similar to that the rate of fertility in KO chickens. Also, the percentage of 

SYBR-14- stained sperm was significantly different between the 9% and 12% 

MA group of WL chickens. A similar result was not obtained when observing 

the fertility of the cryopreserved semen. These results indicate that the 

fertilizing capacity of sperm is not only affected by viability but is also 

influenced by other factors. In fact, the quality of sperm was evaluated using 

both biological and biophysical factors including sperm viability, morphology, 

mass motility, membrane fluidity, and hydrolyzing ability to the inner 

perivitelline layer. Note that sperm motility and membrane fluidity were both 

strongly correlated with sperm fertility and thought to be the most predictive 
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parameters for indicating sperm quality (Donoghue et al., 1995; Robertson et 

al., 1997; King et al., 2000; Blesbois et al., 2008). We conclude that 

maintenance of total sperm quality is key for successful cryopreservation. 

Cryopreservation of avian semen is an essential technique for the preservation 

of indigenous genetic resources. In the current study, we established 

cryopreservation methods for KO and WL chickens and demonstrated the 

possibility for long-term avian genetic resources preservation. However, this 

system needs additional experimental trials to increase fertility rates before 

commercial application is possible. Approaches based on a comprehensive 

understanding of sperm biology would likely yield the most favorable results. 

Moreover, we expect that our research will likely be applied in the future 

toward the preservation of various wild birds and endangered avian species. 
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In the first study, we demonstrated the feasibility of CRISPR/Cas9-

mediated genome modification for engineering resistance to ALV subgroup B. 

We efficiently modified DF-1 chicken fibroblasts using the CRISPR/Cas9 

system and confirmed that modified DF-1 cells acquired resistance to ALV 

subgroup B. These results indicate that generating premature stop codons in 

the CRDs of TVB receptors can alter viral susceptibility, and that cysteine 

residues forming bisulfide bonds in CRDs may play important roles in 

determining susceptibility to ALV subgroup B. Furthermore, our results show 

that the CRISPR/Cas9 system can be used to efficiently modify the avian 

genome and establish novel avian cell lines, including virus-resistant chicken 

cell lines, mediated by primordial germ cells with germline competency. 

Fu

interactions not only in avian species but also in humans, for example, HIV 

and its relationship with the human CCR5 co-receptor. 

Using same strategy, we conducted genome editing in chicken DF-1 

fibroblast and identified the roles of chNHE1 on viral interaction in the 

second study. The study is planning to adopt chicken primordial germ cell 

(PGC) for production of genome-edited chicken that have a resistance against 

to ALV subgroup J. NHE1 has conserved role in pH homeostasis in vertebrate, 

mutations of chNHE1 can cause severe harmful effect in chicken like 

mammals. Fortunately, Nhe1 homozygous mutant mouse are not lethal and 

chNHE1 is recessive allele in chicken. Therefore, it is expect that the chicken 

line can be established. In conclusion, we identified the types of approaches 

using genome editing tools can be easily adapted in avian system, and the 

study is expected to contribute to develop novel chicken lines, especially 

having disease resistance. 
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In the third study, we successfully established TG chicken lines that 

have recombinase recognition target sequences based on transgenic 

technology. To confirm RMCE in the TG chicken system, we introduced Flp 

recombinase with a donor plasmid. With Flp recombinase, RMCEs were 

successfully performed in TG chicken-derived somatic cells. This result 

suggests that a construct containing a gene of interest could integrate into loci 

in the TG chicken genome and that this could have applications in various 

research areas. As a next step, we are planning to perform RMCE into TG 

chicken-derived germ cells. The PGC, an ideal tool for germline transmission, 

is the best candidate for RMCE, and modified PGC, mediated by RMCE, is 

expected to produce new TG chickens with predictable expression of an 

exogenous gene. With the completion of the chicken genome project and rapid 

development of genome modification techniques, demand for chickens as an 

animal model has increased. In particular, TG techniques using the piggyBac 

transposon system and genome recombination technology using site specific 

recombination (SSR) in an avian species provide opportunities to use this 

valuable resource. Furthermore, recently reported research about knockout 

chickens mediated by homologous recombination and transcription activator-

like effector nuclease seems to increase the possibility of performing in-depth 

research that could not be achieved in other organism models. Based on this 

study, a system composed of site-specific recombination technology and the 

piggyBac transposon could facilitate the study of gene expression mechanisms 

and the establishment of animal models, depending on the transgene 

integration site. 

Cryopreservation of avian semen is an essential technique for the 

preservation of indigenous genetic resources. In the current study, we 

established cryopreservation methods for KO and WL chickens and 
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demonstrated the possibility for long-term avian genetic resources 

preservation. However, this system needs additional experimental trials to 

increase fertility rates before commercial application is possible. Approaches 

based on a comprehensive understanding of sperm biology would likely yield 

the most favorable results. Moreover, we expect that our research will likely 

be applied in the future toward the preservation of various wild birds and 

endangered avian species. 
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