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SUMMARY 

 

Avian species have been known as essential model animals in the 

research applications due to their unique embryonic development, and rapid 

advances in biotechnology have enabled the production of genome-edited 

avian species, allowing researchers a wider range of applications, but still 

limited to poultry. At a time when the expansion of research to a variety of 

avian species is required, I sought to study the zebra finch, a representative 

animal model for neurobiological and human spoken language research. The 

growing demand for genetically modified zebra finch has increased the needs 

for research on primordial germ cells (PGCs), which are the most preferred 

resources in the avian transgenic systems. In this regard, in this study, zebra 

finch PGCs were identified and characterized in early embryos. The 

transfection and gene-editing methods into zebra finch germline competent 

stem cells including PGCs were evaluated and single-cell transcriptome 

analysis was performed for further in-depth analysis. Furthermore, this study 

presented a method to isolate PGCs without specific markers to broaden PGC 

studies to poorly understood avian species such as wild or endangered bird 

species. 

 

In the first study, I identified and characterized zebra finch PGCs in 

early embryos. The results uncovered important differences in zebra finch 

PGCs compared to that of chickens, including embryo location, 

developmental timing, germline gene expression, and culture capacity. 

Relative to chicken, zebra finch PGCs were much more abundant in early 

embryos and present at a higher proportion in embryonic gonads relative to 

other gonadal cell types. Zebra finch PGCs completed their migration to the 

germinal crescent at later stages and  survived in culture for less time than 

chicken PGCs. In vitro transfected zebra finch donor PGCs were successfully 

incorporated into the recipient embryonic gonads. These results provide 

essential groundwork necessary for the production of germ cell–mediated 

chimeras and transgenic zebra finches. 



The next study investigated an efficient method to transfer genes into 

primary germline-competent stem cells, including PGCs and spermatogonial 

stem cells (SSCs), of zebra finch. PGCs and SSCs were isolated and 

characterized from embryonic and adult reproductive tissues of zebra finch 

and demonstrated that genes were most efficiently transferred into these cells 

using an adenovirus-mediated system. Using adenoviral CRISPR/Cas9 system, 

in vitro targeted genome modification in zebra finch PGCs was successfully 

induced and incorporation of edited PGCs into recipient reproductive tissues 

was verified upon in vivo transplantation. This is the first case of targeted 

gene-editing in the zebra finch species and provide an important foundation 

for the production of genetically modified zebra finches. 

 

Next, single-cell RNA sequencing was performed using embryonic 

gonadal cells of HH stage 28 from male and female zebra finches. In a total of 

20 clustered single cells, 9 different cell types were annotated and PGCs could 

be distinguishable into three subtypes and were identified into subtypes with 

cell death potential, predominant proliferative capacity, and diverse biological 

changes. These results revealed heterogeneity in the PGC population, which 

has hitherto been considered as a single population for the first time in avian 

species. These single-cell level profiling results provide a deeper 

understanding as it offers new perspectives on avian PGCs, and will be useful 

for future investigation into the selective events of avian germ cells during 

embryo development and for applicational researches such as transgenesis. 

 

Next, a novel PGC isolation method based on the difference in size 

between PGCs and other blood cells was developed for isolating circulating 

PGCs in avian species. This method involving a microporous membrane 

showed similar yield to those of other methods, and the isolated cells showed 

expression of germ cell-specific genes, protein markers and migratory activity. 

The utility of this method has been also verified in four different avian species. 

This approach, which does not require specific antibodies to purify PGCs, will 



be applicable to most avian species, contributing to the generation of germline 

chimeras. 

 

Based on the researches, I isolated and identified the PGCs of the 

zebra finch, showed new insight into the avian germ cells, and provided the 

potential to produce genome-edited zebra finch. The results provide the 

essential information for the basic and applied researches in the zebra finch, a 

representative model animal for neurobiological research. 
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CHAPTER 1 
 
 
 

 

GENERAL INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Avian species have been known as indispensable model animals in the 

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

chicken embryos develop rapidly and are amenable to genetic and physiological 

manipulations. Along with the rapid development of biotechnology, the production 

of genome edited avian species has become possible, allowing researchers a wider 

range of applications, but, it is still limited to some poultry such as chicken and 

quail. 

The zebra finch (Taeniopygia guttata) is a Neoaves species with vocal 

learning traits shared with humans and has been used as a representative animal 

model for neurobiological research and human spoken language. Especially, their 

reproductive characteristics that lay eggs annually and whole genome sequencing 

enhanced their suitability for this research area (Doupe et al et al., 

2004). As the demand for genetically modified zebra finches has increased, the 

necessity for research on primordial germ cells (PGCs), which is the most 

preferred resources in the avian transgenic system, also increased. 

PGCs are the germline precursors that can transmit genetic information 

to the next generation. The unique migration character of avian PGCs facilitates 

isolation, manipulation and enable efficient production of transgenic birds (Han et 

al., 2018). However, there have been no comprehensive studies of any Neoaves 

PGCs. Zebra finch eggs show a shorter incubation time for hatching than chickens 

but take more time to reach their early stages of development (Murray et al., 2013). 

Also, at oviposition, expression of germ cell-specific genes is higher in zebra finch 

embryos than in chicken embryos (Mak et al., 2015). These features indicate that 

characteristics of PGCs in zebra finch embryos may differ from those in chickens. 

Therefore, embryologic and molecular biological investigations of the zebra finch 

PGCs need to be preceded prior to utilization in transgenic studies. Therefore, I 

identified, isolated and characterized the zebra finch PGCs at early developmental 

stages. 



The genome editing technology is constantly advancing, in particular, the 

clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-

associated (Cas9) system has been widely adopted in various organisms including 

avian species. In the case of chickens capable of in vitro long-term culture of PGCs, 

transgenic germline chimeras can be produced by establishing gene-edited PGC 

lines through lipofection-mediated introduction of CRISPR/Cas9 vector and 

subsequent antibiotics selection and transplanting them into recipient embryos 

(Lee et al., 2019a). On the other hand, in the case of quails, where in vitro long-

term culture of PGCs is difficult, genome edited germline chimeras were produced 

by direct delivery of adenoviral CRISPR/Cas9 vector in vivo (Lee et al., 2019b). 

Since the most effective gene delivery and editing systems may vary even within 

avian species, it is necessary to investigate the most effective systems in the zebra 

finch PGCs. 

The advent of single-cell RNA sequencing technologies is enabling high-

throughput and high-resolution transcriptomic analysis of inaccessible cells due to 

the lack of specific isolation markers. In particular, single-cell RNA sequencing 

analyses in germ cells are revealing interesting biological properties that were 

previously difficult to investigate experimentally, such as heterogeneity of one 

germ cell type (Reznik et al et al., 2020). In several organisms, the 

early developmental PGCs are subdivided into some subsets that is excluded from 

the germline contribution by specific mechanisms, such as programmed cell death, 

and a portion that maintains the developmental processes by features such as active 

proliferation and enriched signaling pathway (Nguyen et al., 2019). Although the 

selective event of early germ cells is an important biological process that is also 

linked to germ cell quality and fertility, studies on the germ cell heterogeneity have 

not yet been conducted in avian species. 

PGCs can be widely used in many fields such as germ cell and 

developmental biology, transgenesis and genome editing, and conservation of 



avian genetic resources. However, PGCs of most avian species—particularly wild 

or endangered birds—are not readily isolated from the developing embryos 

because germ-cell markers have not yet been defined for them. In the case of 

chickens and quails, since surface antibodies for separating PGCs from embryos 

are available, antibody-mediated separation methods such as magnetic activated 

cell sorting (MACS) and fluorescence-activated cell sorting (FACS) can be used, 

but most avian species are not (Tajima et al Mozdziak et al., 2005). As an 

alternative, a method of enriching circulating PGCs by removing red blood cells 

in embryonic blood by chemical treatment has been proposed but has not been 

utilized in other Aves (Yamamoto et al., 2007). Therefore, a novel approach that 

does not require specific antibodies is needed to purify the PGCs in various avian 

species. 

For an in-depth and comprehensive understanding of PGCs from various 

avian species and its application to genome editing, a series of experiments and 

analyzes were conducted. In CHAPTER 2, I review the germline competent stem 

cells in avian species, early developmental characteristics of avian PGCs, history 

of avian PGC isolation, and genome editing technologies for avian species. 

Furthermore, the single-cell RNA sequencing and germ cell heterogeneity will be 

discussed. In CHAPTER 3, I identified and characterized the zebra finch PGCs 

and compared them with chickens. In CHAPTER 4, I optimized the genome 

editing systems on zebra finch primary germline-competent stem cells, PGCs and 

SSCs, using CRISPR/Cas9 system. In CHAPTER 5, I analyzed single-cell 

transcriptome data to investigate properties such as heterogeneity of zebra finch 

PGCs. In CHAPTER 6, I devised a broadly applicable method for isolation of 

avian PGCs from embryonic whole blood without specific antibodies. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 2 
 
 
 

 

LITERATURE REVIEW 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. Germline competent stem cells in avian species 

Germline-competent stem cells are pluripotent stem cells that have the 

ability to give rise to a functional gamete transmit whole genetic information to 

the next generation and have been widely used not only in basic research, but 

also in applied researches such as generating avian models and the conservation 

of avian genetic resources (Han et al., 2015).

1.1. Embryonic stem cells and induced pluripotent stem cells 

In avian species, chicken embryonic stem cells (ESCs) were first 

established from in vitro cultured blastodermal cells and long term maintained 

their undifferentiated state by mitotically inactivated STO feeder cells and ESC 

medium containing several cytokines and growth factors such as leukemia 

inhibitory factor (LIF), stem cell factor (SCF), and insulin growth factor 1 (IGF-

1) (Pain et al., 1996). In quails, the first non-mammalian induced pluripotent 

stem cells (iPSCs) were generated using quail embryonic fibroblasts (QEFs) 

transfected with lentiviral vectors containing six of human reprogramming 

factors (POU5F1, NANOG, SOX2, LIN28, C-MYC, and KLF4) driven by the 

EF1-  promoter, and these cells exhibited the pluripotent stem cell 

characteristics including differentiation into three germ layers, neural 

differentiation, embryoid body formation and chimera generation (Lu et al., 

2012). Since then, iPSCs have been generated by reprogramming of embryonic 

fibroblasts or adult feather follicle cells in other avian species such as chicken, 

duck, and zebra finch (Rossello et al., 2013 Kim et al et al., 2018). 

However, unlike mammals, avian ESCs and iPSCs were unsuitable as germline-

competent stem cells by mostly contributing to somatic lineages, not to 

germline, when injected into recipient embryos at the blastoderm stage. 



1-2. Embryonic germ cells 

In chickens, embryonic germ cells (EGCs) were established from 

primordial germ cells (PGCs) isolated from embryonic gonads at Hamburger 

Hamilton (HH) stage 28 and maintained their pluripotent state by active chicken 

fibroblasts used as feeder cells and EGC culture medium supplemented with 

stem cell factor (SCF), leukemia inhibitory factor (LIF), basic fibroblast growth 

factor (bFGF), interleukin-11 (IL-11), and insulin-like growth factor-I (IGF-I). 

And germline chimeras could be produced by the transfer of EGCs to recipient 

embryos with germline transmission efficiencies of about 1.5–14.6% (Park et 

al et al., 2003a). However, EGCs showed too low in germline 

competency for use in researches such as genetic resource conservation and 

transgenic studies. 

1-3. Primordial germ cells (PGCs) 

Primordial germ cells (PGCs), a germ cell precursors derived from 

various embryonic stages, have been used to overcome the low germline 

transmission efficiency of EGCs (Tsunekawa et al., 2000 Han et al

et al., 2003b). In chickens, the long-term culture system of PGCs has been 

successfully established, which led to the production of the first transgenic 

chickens (van de Lavoir et al., 2006). The basic fibroblast growth factor (bFGF) 

plays an essential role in the proliferation and survival of chicken PGCs by 

activating mitogen-activated protein kinase/extracellular-signal regulated 

kinase (MEK/ERK) signaling and extended the culture periods (Choi et al., 

2010). The SMAD and insulin signaling pathway cooperate with bFGF and 

maintain germline transmission capacity (Whyte et al., 2015). Wnt/ -catenin 

signaling and FGF-2 and c-kit mediated growth signal of chicken stem cell 

factor 2 (cSCF2) also required to prolong the PGC proliferation in vitro 



(Miyahara et al et al., 2016b). Recently, the production of 

transgenic chickens introduced with the busulfan resistance gene, MGST  has 

improved the efficiency of PGCs-mediated germline transmission up to 95% 

(Kim et al., 2021). Accordingly, PGCs are the most preferred system for the 

production of transgenic avian species, and they have contributed to the 

production of various avian models, such as avian disease resistance models 

and bioreactor models based on gene-editing technology (Han et al., 2018). 

PGCs-mediated germline chimera production has been widely applied not only 

to chickens, but also to various avian species such as quail, pheasant, and 

houbara bustard, but improvement is still needed in terms of in vitro long-term 

culture to obtain sufficient cells (Kang et al Shin et al

et al., 2010). 

1-4. Spermatogonial stem cells (SSCs) 

Spermatogonial stem cells (SSCs) are the only adult stem cells in 

males capable of self-renewal and differentiation into mature functional sperm 

and have been used for preservation of genetic resources and for the production 

of germline chimeras in avian species. As germline chimera production by 

transplantation of chicken testicular cells was reported, testis-derived cells 

began to be considered as candidates for germline competent stem cells in avian 

species (Lee et al., 2006).  In addition, spermatogonial cells in the chicken adult 

testis were identified and enriched by establishing a culture system to improve 

germline transmission efficiency (Jung et al., 2007). Subsequently, in quails, 

spermatogonial cell-mediated germline chimeras with increased germline 

transmission by using a recipient whose testis was treated with busulfan to 

deplete endogenous germ cells (Kim et al., 2018). To isolate the SSCs from 

testis, a density gradient method was attempted in quails, but the germline 



transmission efficiency was similar to that of the culture system (Han et al., 

2020). Although there remains a need to improve the SSCs-mediated system, it 

may still be an alternative in other avian species where embryo-derived 

germline competent stem cells are difficult to obtain.  



2. Early development of avian PGCs 

2.1. Origin and specification of avian PGCs 

Two major PGC specification modes have been reported in the animal 

kingdom to date. One is an induction mode in which PGCs are epigenetically 

generated by transiently secreted signals from extra-embryonic tissue adjacent 

to PGC formation site in the early developmental stage. Homo sapiens and Mus 

musculus follow this mode (Lawson et al., 1999 Tang et al., 2016). In mouse, 

BMP4 signal secreted from the extraembryonic ectoderm (ExE) that surrounds 

the proximal epiblast acts on the proximal epiblast and activates expression of 

BLIMP1. BLIMP1 activates the expression of germ cell-related genes and 

suppresses somatic mesoderm genes, which promote PGCs development from 

pluripotent stem cells (Saitou and Yamaji, 2012). The other mode is a 

preformation mode in which PGCs are autonomously formed by maternally 

inherited germplasm comprised of RNAs, proteins, and organelles (Extavour 

and Akam, 2003). PGCs of Danio rerio, Drosophila melanogaster and Xenopus 

laevis are known to be specified by this preformation mode (Illmensee and 

Mahowald et al et al., 2004). In Drosophila 

melanogaster, PGCs are determined by maternally inherited cytoplasm, called 

pole plasm, which has germ cell-specific proteins and RNAs. The pole plasm 

becomes localized to posterior pole and the components of pole plasm 

cooperate to develop germ cells in posterior pole (Santos and Lehmann, 2004). 

In avian species, germ cell specification mode is not clearly elucidated. 

The early study of origin of avian germ cells showed transversely bisected 

blastoderm developed an embryo and had the same number of PGCs as normal 

intact embryos (Eyal-Giladi et al., 1976). This result suggested that PGCs were 

re-induced by signals from epiblast cells and chicken PGCs are determined by 



inductive signals in the epiblast. Also, the pie-shape sliced epiblast can initiate 

formation of complete embryonic axis, which means the epiblast has high 

degree of plasticity for lineage differentiation (Bertocchini et al., 2004). Early 

studies have suggested an induction mode of avian PGCs, but most subsequent 

studies have argued that avian PGCs may follow the preformation mode rather 

than the induction mode. In 2000, Tsunekawa et al., traced germ cells in early 

embryos by immunohistochemical analysis of CVH and showed the existence 

of germ plasm-like structure expressing CVH protein during cleavage stages, 

suggesting that chicken germ cells are determined by maternally inherited 

factors (Tsunekawa et al., 2000). In 2016, Lee et al., showed the asymmetric 

localization of germ granule in preovulatory follicles by observing the 

expression of chicken homolog of DAZL (Lee et al., 2016a). By tracing of 

DAZL expression from early embryo, they showed the change of expression 

pattern of DAZL from subcellular localization to diffuse form when zygotic 

gene activation is initiated. Furthermore, knock-down of DAZL expression in 

chicken PGCs induced aberrant gene expression profiles and apoptosis, 

suggesting that this gene is critical for maintaining germness of chicken PGCs 

(Lee et al., 2016a). These results further support the notion that avian PGCs are 

specified by maternally inherited factors. 

There are still argues on the specification mode of avian PGCs, but it 

may be able to clearly be verified through advanced embryo manipulation and 

genome editing technologies in the near future. In the case of Xenopus laevis, 

which is one of the definite species of PGCs specification mode, the 

preformation mode has been clearly verified by experiments. When EGFP-

labeled germplasm from the vegetal pole was transplanted into the extremely 

ectopic site of the Xenopus laevis embryo, the germplasm retained its 

characteristics and formation of PGCs and germ plasm-specific molecules was 



observed at the germplasm transplanted ectopic site. And the ectopic PGCs 

expressing EGFP produced functional germ cells in transgenic Xenopus laevis 

expressing DsRed2. As a result, they finally demonstrated that germplasm is a 

direct germ cell determinant in the vertebrates (Tada et al., 2012). The 

preformation mode of avian PGCs may be supported by mimicking these 

experimental designs. 

2.2. Migration of avian PGCs 

Identification of the mechanisms of cell migration that play an 

important role in a variety of biological phenomena is essential to 

understanding the formation of different tissues in developmental biology 

(Mammoto et al et al., 2003). The embryo undergoes 

coordinated cell movement and reorganizes to form three embryonic layers by 

gastrulation, which transforms the embryo from a blastocyst with a single layer 

of cells to a gastrula with multiple layers of cells (Keller et al., 2005). In most 

vertebrates, gametes are assigned to one area of the embryo and then migrate 

extensively before reaching the embryonic gonads at an early stage of 

development (Richardson and Lehmann, 2010). Unlike other species, avian 

PGCs use blood circulation to migrate to the gonadal region. This unique 

accessibility of avian PGCs during early development provides an opportunity 

to collect and transplant PGCs (Fujimoto et al et al

Kim et al., 2018). 

In chicken, PGCs undergo multiple stages of migration and 

proliferation. After oviposition, PGCs are initially localized in the central area 

pellucida of the blastoderm, settling on the expanding hypoblast from the 

epiblast at Eyal-Giladi and Kochav (EGK) stage X, and are then gradually 

translocated from this region (Fujimoto et al -Giladi, 



1986). During the migration process, PGCs first passively move from the 

central region to the anterior region by primitive streak formation, one of 

morphogenetic movement of the embryo. Next, PGCs move actively to 

germinal crescent through signaling or adhesion-related molecules (Richardson 

and Lehmann, 2010). This migration mechanism was validated by exogenous 

cell transplantation experiments. PGCs and DF1 cells exogenously transplanted 

into the subgerminal cavity of EGK stage X chicken embryos passively 

migrated to the anterior region with primitive streak formation, but migration 

to germinal crescent was observed only in PGCs, not in somatic cells, indicating 

that passive and active forces sequentially regulate the migration of PGCs 

toward the germinal crescent in chickens (Kang et al., 2015). However, there 

are still insufficient clues for active migration into germinal crescent and further 

studies of molecular mechanisms regulated by signaling are needed to clearly 

understand this. 

Upon reaching the germinal crescent, chicken PGCs travel to the 

gonadal region using the vascular system as a vehicle, which is a unique 

migration feature that differs from mammals. PGCs begin to accumulate in the 

anterior region of the head at HH stage 10 and from there they penetrate into 

the vascular system and circulate in the bloodstream. During HH stage 15-18, 

they migrate to the genital ridge where they participate in the organogenesis of 

the gonads (Nakamura et al., 2007 et al., 2018). The chemokine stromal 

cell-derived factor 1 (SDF-1/CXCL12) and its receptor, G-protein-coupled 

receptor 4 (CXCR4) act as key molecules guiding the migration of chicken 

PGCs (Stebler et al., 2004). Recently, in quails, single-cell RNA sequencing 

analysis and live imaging of migrating cells using fluorescence-expressing 

transgenic quails revealed the involvement of extracellular matrix (ECM) 

molecules and integrin 1 receptors in the migration of PGCs in early embryos 



(Huss et al., 2019). In avian species, PGCs are important not only for basic 

biological research but also for preserving avian genetic resources, thus more 

in-depth research on the characteristics and mechanisms of developmental 

process including migration is required, and expansion to non-poultry is also 

required. 

2.3. Isolation of avian PGCs 

In avian species, upon completion of the primitive streak development, 

PGCs gather in the germinal crescent and then circulate in the extraembryonic 

vessels until they settle in the genital ridge, and after embryonic day 6, they are 

differentiated according to sex determination. In this regard, avian PGCs can 

be isolated at three different developmental stages, including in the germinal 

crescent of HH stage 4–8 embryos, vascular system of HH stage 14–16 embryos, 

and gonad of HH 26–28 embryos (Fujimoto et al et al

and Park, 2018). Initial studies of PGC isolation used a marker-free method 

(Yasuda et al et al , after which 

the discovery of PGC-specific surface markers allowed for a more purified 

isolation (Chang et al et al., 2005). 

The first method to isolate avian PGCs was the density gradient-

dependent centrifugation method. In chickens, circulating PGCs, 0.048% of 

embryonic blood, were concentrated to 3.9% by Ficoll density centrifugation 

system (FICS), which is widely used to separate the cellular components of 

blood (Yasuda et al., 1992). Since then, this method has improved the yield by 

about 60%, and the isolated PGCs was able to differentiate into functional 

gametes giving rise to viable offspring  (Naito et al., 1999). Similarly, the 

Nycodenz density gradient centrifugation method was used for isolation of 

circulating PGCs with increased purity and recovery rate (up to 93.5% of purity 



and 70.2% of recovery rate in quails, up to 92% of purity and 77.5% of recovery 

rate in chickens) (Zhao and Kuwana, 2003). In 2007, a novel method for 

isolation of circulating PGCs using ammonium chloride-potassium (ACK) 

buffer for lysis of the red blood cells was developed, with purity and recovery 

rates of 57.1% and 90.3%, respectively (Yamamoto et al., 2007). However, 

these methods have been limited to circulating PGCs, and their variability, low 

yield, purity and viability still demanded novel isolation methods. 

As other methods, magnetic-activated cell sorting (MACS) and 

fluorescence-activated cell sorting (FACS) systems, which are methods of 

isolating avian PGCs using PGC specific markers, were developed (Ono and 

Machida, 1999 Kim et al  et al., 2005). In 1999, Ono and 

Machida isolated circulating PGCs by the MACS method using monoclonal 

antibody (mAb) QCR1 as a quail PGC-specific marker, and higher efficiency 

than the FICS method was confirmed. And the isolated quail PGCs showed the 

ability to migrate to the recipient embryonic gonads (Ono and Machida, 1999). 

In 2004, Kim et al., successfully enriched gonadal PGCs in quails and chickens 

using the MACS method, and the enriched cells resulted in improved gonadal 

migration (Kim et al., 2004). 

In 2005, Mozdziak et al., used the FACS method for isolation of both 

circulating PGCs and gonadal PGCs in chickens. Whole embryonic blood cells 

and gonadal cells were labeled with anti-stage-specific embryonic antigen-1 

(SSEA-1), which was detected with goat-anti-mouse IgM-fluorescein 

isothiocyanate. The fluorescently labeled cells were sorted from unlabeled cells 

and yielded over 90% (Mozdziak et al., 2005). Nevertheless, the utility of the 

current system is limited by the dearth of information on the development and 

physiology, low yield, and the lack of specific antibodies for understudied avian 



species, endangered or wild birds. Therefore, there is still a need for the 

development of alternative PGC isolation methods that do not require specific 

markers and are highly efficient.  



3. Genome editing technologies in avian species 

3.1. Programmable genome editing technology in avian species 

Genetically modified model organisms have provided a huge array of 

experimental data, resulting in newly found knowledge and insights to advance 

our understanding of biology. In avian species, the transgenic chickens were 

first produced by retroviral infection of blastodermal cells in EGK stage X 

embryos (Salter et al., 1986). However, the viral infection systems has several 

limitations, including low germline transmission capacity, silencing of inserted 

genes, and unexpected phenomena due to random transgene integration 

(Mizuarai et al et al., 2005).  To overcome the limitations of 

the virus system, a transposon system was applied for the production of 

genome-modified chickens. Transgene integration via the piggyBac transposon, 

which recognizes and inserts the TTAA sequence of the genome, has been 

effective in a variety of organisms, including chickens (Ding et al

et al  Park and Han, 2012). 

Transgenic technology is evolving rapidly, and recently developed 

programmable DNA nucleases have revolutionized the creation of genetically 

modified animals used in biological and biomedical research. Zinc-finger 

nuclease (ZFN) and transcription activator-like effector nuclease (TALEN) 

were developed as powerful  tools for customized genomic editing in transgenic 

animals, as well as in cultured cells in vitro. These nucleases are composed of 

DNA-binding domain and Fok I nuclease domain and enable a broad range of 

genetic modifications by inducing DNA double-strand breaks that stimulate 

error-prone nonhomologous end joining (NHEJ) or homology-directed repair 

(HDR) at specific genomic locations (Kim et al et al

Urnov et al et al., 2013). ZFN or TALEN-mediated genomic 



modifications have been used to mutate specific genes in many organisms such 

as mice, rats and pigs (Cui X et al et al., 2011). In avian 

species, TALEN was adopted to generate ovalbumin gene-knockout chickens 

and showed high efficiency of genome-edited chicken production, and precise 

genome editing was confirmed without plasmid residue (Park et al., 2014b). 

Clustered Regularly-Interspaced Short Palindromic Repeats/Cas9 

(CRISPR/Cas9) system has more recently emerged as an efficient alternative to 

ZFNs and TALENs for inducing targeted genetic alterations. CRISPR/Cas9 

system also recognizes and induce double strand break on targeted DNA 

sequences similar to ZFN and TALEN, but CRISPR/Cas9 does not need to pair 

two units for double strand break of DNA. 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). Since crRNA 

and tracrRNA synthesis is easy, thousands of customized CRISPR/Cas9 system 

for targeting diverse genes have been constructed. And due to convenience for 

construction of CRISPR/Cas9 vector, the programmable genome editing tools 

have been used in most of the living organisms (Kim and Kim, 2014). 

Following the development of accurate and efficient genome editing tools such 

as CRISPR/Cas9, advanced editing techniques to enhance genome editing 

capabilities such as base editing using Cpf1-cytidine deaminase fusions 

continue to be developed (Hur et al., 2016). 

Recently, the CRISPR/Cas9 system was successfully adopted and 

actively utilized in avian species. In chickens, disease resistance and bioreactor 

models have been developed via the CRISPR/Cas9 system with high efficiency, 

and additionally desired nucleotide substitutions were achieved via base-editing 

technology without insertion of an exogenous gene (Dimitrov et al Lee 



et al., 2019a  Lee et al., 2020). Also, in quail, targeted gene-editing through the 

CRISPR/Cas9 system was successful (Lee et al., 2019b), indicating germline 

modification using CRISPR/Cas9 system is effective in the avian system. 

3.2. Transgenic technologies in avian species 

In mammalian species, the first transgenic mice were produced by 

microinjection of foreign DNA into the pronucleus of a fertilized oocyte 

(Gordon et al

production of other transgenic mammals, such as rabbits, sheep, and pigs 

(Hammer et al., 1985). Another major method of mammalian transgenesis is 

the transplantation of in vitro genome-edited germline competent stem cells, 

such as ESCs and iPSCs, into recipient blastocysts. And through the testcross 

analysis of germline chimera, genetically modified germline competent stem 

cells-mediated transgenic offspring can be generated (Thomas and Capecchi, 

 and Yamanaka, 2006). Additionally, methods that do not use 

embryos have also been developed. The genes of testis-derived germline stem 

cells cultured in vitro were edited, and these cells were transplanted into the 

seminiferous tubules of a recipient testis, producing transgenic progenies 

(Kanatsu-Shinohara et al., 2003 et al., 2015 Takashima and 

Shinohara, 2018). 

Transgenic avian species were first produced by retroviral infection of 

EGK stage X embryos, and various transgenic lines have been established for 

the development of model animals and bioreactors expressing functional 

proteins (Salter et al Kamihira et al Lillico et al et 

al Kamihira et al et al et al., 2017). In 

particular, oviduct-specific expression of therapeutic proteins in transgenic 

chickens was successfully achieved without transgene silencing by using a 



lentiviral system to deliver a transgene containing oviduct regulatory sequences 

(Lillico et al., 2007). 

Despite achievements of virus-mediated transgenic systems, many 

obstacles exist for practical applications due to relatively low and variable rates 

of germline transmission and safety issues related to viral vector use. Therefore, 

the transposon system was developed as an alternative non-viral system for 

production of transgenic avian species (Sato et al Macdonald et al., 

Tyack et al., 2013). Transposons such as piggyBac 

isolated from the cabbage-looper moth and Tol2 transposable factor isolated 

from the genome of medaka fish have been used for genetic modification in 

avian species, and the PGCs containing integrated transposons successfully 

formed functional gametes and offspring (Macdonald et al

2012). 

PGCs-mediated transgenesis are the most powerful method for avian 

biotechnology because of their germline unipotency, easy access, and high 

germline competency (Han et al., 2015). Most programmable genome editing 

tools have adopted in avian systems with PGC-mediated genome modification 

(Lee et al., 2017). The first transgenic in avian species were also produced 

through in vitro long-term cultured PGCs (van de Lavoir et al., 2006). 

Knockout chickens were produced via genome editing in PGCs using 

transcriptional activator-like effector nucleases (TALENs) and homologous 

recombination (Park et al., 2014b). And by introducing the CRISPR vector into 

the PGCs, genome-edited chickens with indel mutations in the target gene or 

knock-in at the target loci were successfully produced (Oishi et al

et al., 2019a). Although the PGC-mediated genome modification method is 

being actively used as the most efficient avian transgenic system so far, it is 



mostly limited to chickens capable of long-term culture of PGCs. 

Another transgenesis method adopted in avian species is in vivo 

transfection of PGCs. Tyack et al., used lipofectamine reagents complexed with 

Tol2 transposon and transposase plasmids to stably transform PGCs in vivo 

generating transgenic offspring that express a reporter gene carried in the 

transposon. Although this method showed lower germline transmission 

efficiency compared to other methods, it is time-saving and makes it applicable 

to species that are difficult to cultivate PGCs in vitro (Tyack et al., 2013). 

Recently, a method was developed for generation of targeted gene knockout 

quail by injecting the recombinant adenovirus carrying CRISPR/Cas9 and 

gRNA sequences directly into the quail blastoderm (Lee et al., 2019b). It is a 

rapid way to generate knockout birds by avoiding the need for PGC culture and 

genome modification in vitro before injection into the embryo, and it can be 

broadly applied to other avian species. The field of avian transgenic research is 

developing rapidly, and new methods are constantly being proposed, expecting 

more efficient and diverse transgenic avian species in the future. 

3.3 Transgenic zebra finches 

Transgenic zebra finch has been developed by injecting lentiviral-

mediated transgene into blastoderm of freshly laid and fertilized zebra finch 

eggs, in order to target the PGCs (Agate et al.,  Abe et al.,  Liu et 

al., 2015). In 2009, the first germline transgenic zebra finch was generated with 

a germline transmission efficiency of 13% by HIV-based lentivirus encoded the 

GFP regulated by the human ubiquitin-C promoter (Agate et al., 2009). 

After then, two different transgenic zebra finches were reported as 

neurobiological models using this lentivirus method. Abe et al., applied 



transgenic technology to songbirds along with an experimental song-training 

paradigm to separately manipulate both genes and social environment. The 

germline transmitted transgenic zebra finch lines were generated by blastoderm 

injection of lentivirus encoded the mutant cAMP response element-binding 

protein (CREB) (down-regulated form or activated form) regulated by the 

human synapsin 1 (hSYN1) promoter. The transgenic birds with mutant CREB 

showed reduced vocal learning quality of their own songs and impaired audio-

memory formation against conspecific songs, although acoustic quality of 

intrinsic vocalizations or their hearing ability were not affected. These results 

demonstrated that the appropriate activity of CREB is necessary for vocal 

learning, and it was suggested that genetic and environmental factors can be 

separately manipulated in relation to the acquisition of postnatal vocal learning 

(Abe et al., 2015). Liu et al., developed a germline transgenic zebra finch 

expressing the human mutant huntingtin (mHTT), a protein responsible for the 

progressive deterioration of motor and cognitive function in Huntington’s 

disease (HD), as a model animal to study the neurogenetic mechanisms of 

neurological disorders such as speech and vocal impairments. The mutant 

songbirds had severe vocal disorders, including poor vocal imitation, stuttering, 

and progressive syntax and syllable degradation. These song abnormalities 

were associated with HD-related neuropathology and dysfunction of the 

cortical–basal ganglia (CBG) song circuit, providing therapeutic strategies for 

CBG-related vocal and motor disorders (Liu et al., 2015). 

Most recently, a PGC-mediated transgenic zebra finch was reported. 

The short-term cultured circulating PGCs for one week were transduced with a 

lentivirus encoded the GFP controlled by the human phosphoglycerate kinase 

(hPGK) promoter, and the cells were injected into the host embryo. And the 

transgenic zebra finch was verified by detection of GFP expression (Gessara et 



al., 2021). However, due to the low efficiency and universality of the current 

system, and the difficulty of application to targeted gene editing, there is still 

room for improvement in the production of transgenic zebra finch. 



4. Single-cell RNA sequencing (scRNA-seq) technologies 

4.1. Heterogeneity of PGCs 

In many organisms, PGCs undergo a complex and dynamic 

developmental program during embryogenesis to establish the germline. In this 

process, PGCs have heterogeneity. Only a fraction of all PGCs complete the 

developmental stage, while many other PGCs are eliminated from further 

germline contributions. Various approaches have been actively used to 

investigate the population-distinguishing differences between successful PGCs 

and others at early embryonic developmental stages (Reichman-Fried et al., 

et al Gilboa and Lehmann et al

Nguyen et al., 2019). 

In zebra fish (Danio rerio), the chemokine responses and motility that 

influence successful migration to the germline differ between individual PGCs, 

leading to complete or failure of survival during early development, and the 

ectopic PGCs undergoing incorrect migration are eliminated by apoptosis 

(Reichman-Fried et al et al et al., 2001). 

In mice, PGCs have asynchronous heterogeneity, some leading to migration and 

others lagging or migrating to ectopic locations under the influence of niche 

signaling or intrinsic heterogeneity, and erroneous migration is closely related 

to cell survival (Laird et al et al et al., 2016). 

PGC heterogeneity can also be caused by proliferation rather than removal, 

with C. elegans and Drosophila being representative examples. Populations of 

more proliferating PGCs can be competitive for access to signaling factors 

essential for development by increasing their proportion in the germline 

(Fukuyama et al Gilboa and Lehmann, 2006). Germ cells heterogeneity 

during embryonic developmental process is considered to eliminate cells with 



potential to become germ cell tumors and to reduce the risk of mutation, given 

that only a subset of the initial PGC population completes fetal development 

(Nguyen et al., 2019). However, studies on heterogeneity of PGCs are still 

limited to some species and have not yet addressed in avian species. 

4.2. Germ cell heterogeneity and scRNA-seq technology 

Rapid advances in next-generation sequencing (NGS) technology 

development have provided many valuable insights into complex biological 

systems, and NGS-based technologies for genomics, transcriptomics and 

epigenomics are now increasingly focused on the characterization of individual 

cells (Hwang et al., 2018). Single-cell RNA sequencing technologies, which 

has been rapidly advancing over the past decade, refer to the sequencing of 

single-cell genomes or transcriptomes to obtain genomic, transcriptome, or 

other multi-omics information to reveal cell population differences. Traditional 

bulked RNA sequencing methods cannot analyze single cells and lose cellular 

heterogeneity information. On the other hand, single-cell technology has the 

advantage of detecting heterogeneity between individual cells and 

distinguishing small numbers of cells (Chen et al Tang et al., 2019). 

Regarding germ cell heterogeneity, previous approaches at 

morphological phenotyping and genetic manipulation have been advanced by 

single-cell RNA sequencing techniques to allow for a more comprehensive 

understanding of variations in PGCs during embryonic development (Reznik et 

al et al et al., 2020). For example, transcriptional 

heterogeneity associated with traits such as apoptosis susceptibility and 

expression of epigenetically regulated genes were revealed by single-cell RNA 

sequencing analysis in human and mouse fetal germ cells (Reznik et al

Nguyen et al., 2020). 



In human fetal germ cells, single-cell RNA sequencing analysis 

showed heterogeneity between individual cells for the active PIWI-piRNA 

pathway and repression of transposable elements (TEs). The expression of L1-

ORF1p, the long-interspersed element type 1 (L1) family of TE, peaks at mid-

gestation and declines concomitantly with increases in piRNAs, nuclear 

localization of HIWI2 and an increase in H3K9me3. Cells with accumulation 

of L1-ORF1p exhibited the highest levels of HIWI2 and H3K9me3, whereas 

early germ cells with high levels of L1-ORF1p expressed low levels of the 

chaperone HSP90 . Thess results suggested that only a subset of human fetal 

germ cells express L1 and deploy the PIWI-piRNA pathway to repress TEs via 

H3K9me3-mediated silencing (Reznik et al., 2019). 

In mice, single-cell RNA sequencing analysis was performed to 

identify the differences between the eliminated cells and survived cells during 

the development of male PGCs. As a result, heterogeneity between apoptosis-

susceptible subpopulation characterized by differentiation failure and a 

subpopulation undergoing successful differentiation into prospermatogonia due 

to the expression of epigenetically regulated genes such as LINE1 was 

simultaneously observed. Therefore, it is concluded that the cells with earlier 

errors in epigenetic reprogramming are excluded from the differentiation by 

apoptosis, and ultimately gamete quality is improved by a quality-control 

mechanism (Nguyen et al., 2020). 

Also, the heterogeneity and developmental asynchrony in female germ 

cell populations were identified by single-cell RNA sequencing in mice. To 

investigate meiotic initiation of female germ cells, single-cell RNA sequencing 

of EGFP-positive cells from E12.5, E14.5, and E16.5 gonads of transgenic mice 

expressing EGFP specifically for germ cells was performed. As a result, it was 



shown that meiosis initiation occurs early at E12.5 and the certain oogonia 

cluster (named oocyte type 4) is an important state between mitosis and meiosis, 

providing a comprehensive view to understand the regulatory network for 

meiosis initiation and progression (Zhao et al., 2020). 

Most recently, Single-cell RNA sequencing is beginning to be 

introduced for the avian germ cell studies (Huss et al et al., 

2020). In chickens, by single cell RNA sequencing analysis of embryonic 

gonadal cells for each developmental stage in both sexes, sex determination-

related insights during gonadogenesis, such as the interaction between somatic 

cells and germ cells, was extensively investigated. Prior to this study, gonadal 

cell-lineage specification during embryogenesis has been thought to be similar 

among vertebrates, however, the results showed differences between mice and 

chickens, such as the chicken gonadal supporting cell lineage originates from 

the gonadal mesenchyme rather than the coelomic epithelium. It was also found 

that chicken supporting cells are derived from a DMRT1, OSR1, PAX2 and 

WNT4-positive mesenchyme population, and chicken steroidogenic cells are 

derived from pre-differentiated supporting cells (Estermann et al., 2020). 

Although comprehensive analyzes have been performed on whole gonadal cells 

at various developmental stages in chickens, there have been no intensive 

analyzes for germ cell populations. Despite advances in analytical methods and 

the need for in-depth study of the biological events undergone by germ cells 

during development, heterogeneity of avian germ cells in the embryonic 

developmental process is not addressed until now, and their insights can be 

uncovered through single-cell RNA sequencing technologies in the future. 
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1. Abstract 

The zebra finch (Taeniopygia guttata) has been used as a valuable 

vocal learning animal model for human spoken language. It is representative of 

vocal learning songbirds specifically, which comprise half of all bird species, 

and of Neoaves broadly, which comprise 95% of all bird species. Although 

transgenesis in the zebra finch has been accomplished, it is with a very low 

efficiency of germline transmission and far from the efficiency with a more 

genetically tractable but vocal non-learning species, the chicken. To improve 

germline transmission in the zebra finch, I identified and characterized its 

primordial germ cells (PGCs) and compared them with chicken. I found striking 

differences between the 2 species, including that zebra finch PGCs were more 

numerous, more widely distributed in early embryos before colonization into 

the gonads, had slower timing of colonization, and had a different 

developmental gene-expression program. I improved conditions for isolating 

and culturing zebra finch PGCs in vitro and were able to transfect them with 

gene expression vectors and incorporate them into the gonads of host embryos. 

These findings demonstrate important differences in the PGCs of the zebra 

finch and advance the first stage of creating PGC-mediated germline 

transgenics of a vocal learning species.  



2. Introduction 

Primordial germ cells (PGCs) are the precursor cells of sperm and 

oocytes that contain the genetic information for transfer to the next generation. 

Therefore, besides being important for understanding basic aspects of 

development and evolution, PGCs have been utilized for the generation of 

germline chimeras. Among birds, PGCs have been best characterized in chicken 

(Gallus gallus), where they have been found in the central region of the early 

chicken embryo until Eyal-Giladi and Kochav stage (EGK) X (Eyal-Giladi et 

al.,  Eyal-Giladi and Kochav,  Lee et al., 2016a). Thereafter, at 

Hamburger Hamilton stage (HH) 4, they assemble in the germinal crescent 

(Hamburger and Hamilton, Ginsburg et al et al., 2016a). 

From around HH11, the PGCs begin migrating to the extraembryonic region, 

then circulate in the bloodstream, and finally colonize the gonads, where they 

differentiate into embryonic germ cells (Fujimoto et al Nakamura et al., 

1988). Because of these unique characteristics, chicken PGCs have been 

isolated, manipulated, and used for basic and applied research, including 

generation of transgenic animals (Han, 2009). 

Although approaches developed in chicken have been useful for the 

characterization and manipulation of PGCs in other Galloanserae species (e.g., 

quail and ducks) (Shin et al Chen et al., 2019), among species 

representing the more distantly related and breadth of the 10,000+ Neoaves 

species, production of a transgenic chimera using gonadal cells has only been 

reported for the houbara bustard (Chlamydotis undulata) (Wernery et al

Jetz et al Park et al., 2014). One Neoaves species, the zebra finch 

(Taeniopygia guttata), is a representative songbird model organism used to 

investigate the neurobiological basis of vocal learning and human speech-



related disorders (Doupe and Kuhl Jarvis, 2004). Like many Neoaves, 

the zebra finch differs in development, namely being more altricial and 

requiring more parental care at hatching (Murray et al Mak et al., 2015). 

Zebra finch eggs are laid at an earlier stage than chicken (EGK.VI vs. EGK.X) 

(Mak et al., 2015). The total incubation time of zebra finch eggs is shorter than 

reach early developmental stages, indicating faster development in chicken in 

early stages (Murray et al., 2013). Additionally, at oviposition, germ cell–

specific genes are expressed at higher levels in zebra finch embryos than in 

chicken embryos (Mak et al., 2015). These features indicate that characteristics 

of PGCs in zebra finch embryos may differ from those in chicken. However, 

until now, there have been no comprehensive studies of any Neoaves PGCs. 

Here, I report for the first time the identification and characterization 

of zebra finch PGCs. I found important differences in zebra finch PGCs 

compared with those of chicken, including in embryonic location, 

developmental timing, gonadal gene expression, and ability to culture. I 

developed conditions to transgenically modify and incorporate donor PGCs 

into zebra finch host embryonic gonads. I believe that this study lays essential 

groundwork for improving transgenic technologies in Neoaves.  



3. Materials and methods 

Experimental animals 

Zebra finches were maintained under a 12:12-h light/dark cycle at 22–

23°C and provided with a seed blend, vitamin-enriched fruit pellets, and 

mineral grit. A hanging nest box and ad libitum hay for nesting material were 

placed in each cage (59 × 42 × 40 cm). Eggs were collected every 2h from the 

onset of the light cycle and stored at 17–20°C for up to 7 d. White Leghorn 

chickens were managed according to our standard operation protocols. The care 

and experimental use of finches and chickens was approved by the Institute of 

Laboratory Animal Resources, Seoul National University (SNU-161117-4-1 

and SNU-190401-1, respectively) and The Rockefeller University Institutional 

Animal Care and Use Committee. 

Embryo and gonad sample preparation 

Zebra finch EGK.VI embryos were collected from oviposited eggs, 

and EGK.X embryos were collected from eggs incubated for 6 h 

postoviposition (Mak et al., 2015). The egg-laying time of chickens was 

recorded and intrauterine eggs of EGK.VI were harvested using an abdominal 

massage technique (Lee et al., 2013). Chicken EGK.X embryos were collected 

from oviposited eggs. To collect HH4, 6, 26, 28, 30, 32, and 38 embryos, zebra 

finch and chicken eggs were incubated with intermittent rocking at 37–38°C 

under 60–70% relative humidity until the appropriate time as previously 

described (Hamburger and Hamilton, 1951  Eyal-Giladi and Kochav, 1976  

Murray et al., 2013). Gonads or gonads with mesonephri were collected from 

the abdomen of zebra finch embryos from eggs incubated for 5–8.5 d (120–200 

h). The correct embryonic stages were identified according to incubation time 



and developmental features (Murray et al., 2013). The size of embryonic 

gonads at each stage was measured using imaging software, NIS-Elements 

(Nikon, Tokyo, Japan), which can measure area or size within a microscope 

image, before sampling. In addition, sexing of the embryos was performed by 

chromodomain-helicase-DNA binding protein (CHD) 1 gene PCR 

amplification of the genomic DNA extracted from extraembryonic tissues using 

previously described primers (Soderstrom et al., 2007). All experiments stated 

hereafter were repeated at least 3 times with 3 individual samples unless 

otherwise noted. 

Whole-mount in situ hybridization  

Hybridization probes for zebra finch deleted in azoospermia-like 

(zDAZL) were made from total RNA of zebra finch EGK.VI embryos that was 

reverse transcribed using the SuperScript III First-Strand Synthesis System 

(Thermo Fisher Scientific, Waltham, MA, USA). cDNA was amplified using 

zDAZL-specific primers (forward, 5’-TGT GGA AAC CCA GCA CTC AA-3’ 

and reverse, 5’-TGG AGG CAT TAC GTA ATT TC-3’). The PCR product was 

cloned into a pGEM-T Easy Vector System (Promega, Madison, WI, USA). 

After sequence verification by Sanger single-molecule sequencing, 

recombinant plasmids containing the target genes were amplified using T7- and 

SP6-specific primers (Rengaraj et al., 2008) to prepare the template for labeling 

the hybridization probes. Digoxigenin (DIG)-labeled sense and antisense 

zDAZL hybridization probes were transcribed in vitro using a DIG RNA 

Labeling Kit (Roche, Basel, Switzerland). DIG-labeled probes for zebra finch 

DEAD-box helicase 4 (DDX4) were generated using zebra finch DDX4-

specific primers (forward, 5’-ATT GTG TTG GGG CAG GTC TG-3’ and 

reverse, 5’-CTT GCT GTT CTT TAA ATG CAC TG-3’) (Replogle et al., 2008), 



and the chicken DAZL (cDAZL) hybridization probes were prepared as 

previously reported in Lee et al (Lee et al., 2016a). 

Whole-mount in situ hybridization of chicken and zebra finch 

embryos at EGK.VI, EGK.X, HH4, and HH6 and gonads with mesonephri at 

HH28 was performed using a standard protocol that uses an anti-DIG alkaline 

phosphatase–conjugated antibody and visualization through a 5-bromo-4-

chloro-39-indolyphosphate p-toluidine salt and nitro-blue tetrazolium chloride 

colorimetric reaction (Stern, 1998). Afterwards, in situ–hybridized zebra finch 

embryos were paraffin-embedded and sectioned (thickness, 8–10 μm) and 

mounted with ProLong Gold antifade reagent with DAPI (Thermo Fisher 

Scientific) and evaluated under a fluorescence microscope (Nikon). In situ 

hybridization of all stages was performed on 5 embryos/stage. 

Immunohistochemistry on tissue sections  

Embryonic gonads with mesonephric tissues of chicken and zebra 

finch at HH28 were paraffin-embedded and sectioned (thickness, 8–10 μm). 

After deparaffinization, sections were washed 3 times with 1-time PBS and 

blocked with a blocking buffer (5% goat serum and 1% bovine serum albumin 

in PBS) for 1 h at room temperature. Sections were then incubated at 4°C 

overnight with primary antibodies, mouse anti–stage-specific embryonic 

antigen-1 (SSEA-1), rat anti–SSEA-3, mouse anti–SSEA-4 (MilliporeSigma, 

Burlington, MA, USA), mouse anti-integrin 1, mouse anti-integrin 6 

(MilliporeSigma), and rabbit anti-DAZL (Lee et al., 2016a) (1:200 dilution in 

blocking buffer). After washing 3 times with PBS, sections were incubated with 

fluorescence-conjugated secondary antibodies (Alexa Fluor 

Thermo Fisher Scientific) for 1 h at room temperature. After washing 3 times 

with PBS, sections were mounted with ProLong Gold antifade reagent with 



DAPI and visualized on a confocal fluorescence microscope (Carl Zeiss GmbH, 

Oberkocken, Germany). 

Flow cytometry 

Chicken and zebra finch embryonic gonads at HH28 and zebra finch 

whole embryos at EGK.VI and X (n = 3, respectively) were dissociated with 

0.25% EDTA. The cells were fixed with 4% paraformaldehyde and 

permeabilized with 0.1% Triton X-100. The cells were then incubated with anti- 

DAZL antibodies for 1 h on ice. After being washed with PBS, cells were 

incubated with FITC-conjugated secondary antibodies (Alexa Fluor 488) for 30 

min on ice. The cells were analyzed with FACSCalibur (BD Biosciences, San 

Jose, CA, USA), and subsequent analyses were performed using FlowJo 

software (Treestar, Ashland, OR, USA). 

In vitro culture of zebra finch PGCs  

For each culture, about 3–5 pairs of gonads were retrieved from zebra 

finch embryos at HH28 under a dissecting microscope. The gonads were 

collected in a 1.5-ml microcentrifuge tube with 500 μl of 0.25% trypsin-EDTA 

and incubated at 37°C for 10 min. After adding the same volume of PGC culture 

medium, gonadal cells were centrifuged at 280 × g for 5 min and the cell pellet 

was resuspended in 500 μl of PGC culture medium composed of knockout 

DMEM (Thermo Fisher Scientific), 10% fetal bovine serum (Hyclone 

Laboratories, Logan, UT, USA), 2% chicken serum (MilliporeSigma), 1× 

nucleosides (MilliporeSigma), 2mM L-glutamine (Thermo Fisher Scientific), 

1× nonessential amino acids, -mercaptoethanol, 10 mM sodium pyruvate, 1× 

antibiotic-antimycotic (Thermo Fisher Scientific), and 10 ng/ml human basic 

fibroblast growth factor (MilliporeSigma). The cells were maintained at 37°C 



with 5% CO2 and 60–70% relative humidity. Most of the somatic cells were 

attached to the bottom of the plate, whereas PGCs were in suspension. When 

being subcultured, the PGC-enriched suspension was transferred into a 1.5-ml 

microcentrifuge tube, centrifuged at 280 × g for 5 min, and the cell pellet was 

harvested. The attached cells were harvested by 0.25% trypsin-EDTA 

dissociation for 5 min followed by centrifugation at 280 × g for 5 min. A 

fraction of the adherent cells was then used as a feeder layer and all of the cells 

in suspension were subcultured at 4- to 5-d intervals for up to 30 d. 

Western blot analysis 

To confirm the fact that cDAZL antibodies work in zebra finch PGCs, 

western blot analysis was performed. The zebra finch protein was isolated from 

whole embryonic gonadal cells by dissociation in RIPA lysis buffer (Thermo 

Fisher Scientific) with 100× protease-phosphatase inhibitor cocktail (Cell 

Signaling Technology, Danvers, MA, USA). The chicken protein was isolated 

from cultured PGCs and used as a positive control. Approximately 5 μg of 

protein was loaded for separation on 15% SDS-PAGE gel. Resolved proteins 

were transferred onto a Hybond 0.45 PVDF membrane (GE Healthcare, 

Waukesha, WI, USA) and blocked with 3% skim milk for 1 h at room 

temperature (MilliporeSigma). The blocked membrane was incubated 

overnight at 4°C in the presence of 1:500-diluted anti-cDAZL antibody or 

1:200-diluted anti– -actin antibody (sc-

Dallas, TX,USA) and then incubated with horseradish peroxidase–conjugated 

(sc-2004) or alkaline phosphatase–conjugated secondary antibody 

Santa Cruz Biotechnology) at a dilution of 1:500 and 1:7,500 at room 

temperature for 1 h. Immunoreactive proteins were visualized using the ECL 

western blotting detection system (GE Healthcare) or nitro-blue tetrazolium 



chloride–5-bromo-4-chloro-39-indolyphosphate p-toluidine salt solution 

(Roche). 

Immunocytochemistry on cultured cells 

Zebra finch PGCs cultured for 20–30 d were dried on glass slides and 

fixed in 4% paraformaldehyde for 10 min, washed 3 times with PBS, and 

permeabilized with 0.1% Triton X-100 for 10 min. After washing with PBS, the 

cells were blocked with a blocking buffer (5% goat serum and 1% bovine serum 

albumin in PBS) for 1 h and then incubated with anti-DAZL antibodies diluted 

1:200 in blocking buffer at 4°C overnight. Following 3 washes with PBS, cells 

were incubated with fluorescence-conjugated secondary antibodies (Alexa 

Fluor 488) for 1 h at room temperature. Cells were finally mounted with 

ProLong Gold antifade reagent with DAPI and analyzed under a confocal 

fluorescence microscope (Carl Zeiss GmbH). For use as a negative control, 

adherent cells [gonadal stromal cells (GSCs)] cultured separately until passage 

4 were harvested by 0.25% trypsin-EDTA dissociation. After inactivation of 

trypsin-EDTA, the cell pellet was resuspended with PBS, dried on glass slides, 

and stained as previously described. 

Scanning electron microscopy 

Zebra finch PGCs cultured for 20–30 d were fixed in 2% 

glutaraldehyde and postfixed in 1% osmium tetroxide at 4°C for 2 h. After 

dehydration in a graded series of increasing concentrations of ethanol, the 

samples were immersed in hexamethyldisilazane and then dried. The samples 

were coated with gold palladium using a low-vacuum coater Leica EM ACE200 

(Leica Microsystems, Buffalo Grove, IL, USA) and observed using a Sigma 

field emission scanning electron microscope (Carl Zeiss GmbH). 



RT-PCR and quantitative RT-PCR  

Total RNA samples of PGCs or GSCs cultured for 20–30 d were 

prepared using Trizol reagent (Thermo Fisher Scientific). Total RNA samples 

were then reverse transcribed into cDNAs using the SuperScript III Reverse 

Transcription Kit (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. The cDNAs were amplified by PCR using specific primer sets of 

predicted zebra finch POU domain class 5 transcription factor 3 (POUV), 

Nanog homeobox (NANOG), DAZL, and DDX4 along with glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). PCR reactions comprised 35 cycles at 

95°C for 30 s, 60°C for 30 s, and 72°C for 1 min. Total RNA samples of chicken 

or zebra finch embryonic gonads at HH28 were prepared using Trizol reagent 

and cDNAs were synthesized using the SuperScript III Reverse Transcription 

Kit. Gene-expression levels were measured using EvaGreen dye (Biotium, 

Hayward, CA, USA) and a CFX96 Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA, USA). Quantification of relative gene expression was calculated 

using the following formula: DCt = Ct of the target gene – Ct of GAPDH. 

Primer set information is listed in Table 3-2, 3-3 and 3-4. 

RNA sequencing expression analysis  

Chicken and zebra finch embryos were incubated at 37–38°C for 6 d, 

removed from the egg and placed in PBS EGTA (ethylene glycol tetraacetic 

acid) (2 mM). Gonad pairs were dissected from individual embryos and 1 limb 

saved for PCR sexing as described above. RNA was extracted from single 

gonad pairs using the Qiagen (Germantown, MD, USA) RNeasy Plus Micro 

Kit. RNA  from 3 individual males and 3 individual females from both chicken 

and zebra finch (12 samples total) were used to construct libraries. RNA 

samples were quantified using the Advanced Analytical Technologies (Ankeny, 



IA, USA) Fragment Analyzer High Sensitivity Total RNA Assay (DNF-472). 

RNA sequencing (RNA-Seq) libraries were prepared with 40 ng total RNA 

using the NEBNext Poly(A) mRNA 

England Biolabs, Ipswich, MA, USA) followed by NEBNext Ultra II 

Directional RNA 

Biolabs). Libraries were amplified over 14 cycles. Library quantification and 

qualification were performed with the Qubit dsDNA HS Assay Kit 

Thermo Fisher Scientific) and Fragment Analyzer NGS Fragment Kit (DNF-

 USA). Libraries were equimolarly 

pooled and sequenced on the Illumina NextSeq 500 in 75PE mode (Rockefeller 

Genomics Resource Center, New York, NY, USA). Data quality control was 

performed using FastQC (FastQC v.0.11.5). Adapter and low-quality sequences 

were trimmed using Trim Galore! (Trim Galore! v.0.4.5). Reads were mapped 

to the chicken and zebra finch genomes (Gallus_gallus-5.0 and taeGut3.2.4) 

using Star (v.2.6). Reads were counted using featureCounts (subread-1.6.2)with 

annotation from Ensembl. Gene orthology between chicken and zebra finch 

was determined using the biomaRT R package (biomaRt_2.36.1). Only genes 

found in both annotations with high homology confidence and 1-to-1 

correspondence were included in the analysis because these were subject to 

fewer annotation errors. EdgeR r.org/ 

packages/release/bioc/html/edgeR.html) was used to estimate the significance 

of differentially expressed genes (DEGs). Read counts were normalized by total 

count and gene length [reads per kilobase of transcript per million (RPKM)] 

and differential expression significance was estimated with generalized linear 

models. A false discovery rate–adjusted value (Benjamini-Hochberg method) 

of P , 0.05 was used to determine significance. Gene ontology (GO) category 

enrichment analyses were performed using goana in EdgeR. 



PGC membrane and transgenic labeling and incorporation in gonads in vivo 

Zebra finch PGCs cultured for 20–30 d were either labeled with 

PKH26 fluorescent dye (MilliporeSigma) or a piggyBac green fluorescent 

protein (GFP) expression vector and helper plasmid that designed to 

ubiquitously express PB transposase (CAGG-PBase) (pCyL43). To label the 

PGCs with PKH26, cells were collected by centrifugation at 280 × g for 5 min 

and then resuspended in 500 μl serum-free medium containing 2 mM PKH26 

and incubated for 5 min at room temperature. After centrifugation, the cell 

pellet was resuspended in serum-free medium. Then, about 500 labeled PGCs 

were injected into the dorsal aorta of each zebra finch embryo at HH13–16. In 

a parallel study, I labeled feeder cells (GSCs) with PKH26 and injected as a 

control using the same protocol. After injection, the eggs were sealed with 

parafilm and further incubated until HH28. Embryonic gonads from recipient 

embryos were retrieved, and the number of fluorescent cells in the gonads were 

counted using a fluorescent microscope (Nikon). To label the cells with GFP, 

the piggyBac GFP expression vector and CAGG-PBase (pCyL43) (Park and 

Han, 2012) were cointroduced into the zebra finch cultured PGCs using 

lipofection with Lipofectamine 2000 reagent (Thermo Fisher Scientific). 

Cultured PGCs were collected by centrifugation at 280 × g for 5 min and then 

resuspended in serum-free medium containing 3 μg of piggyBac GFP 

expression vector, 2 μg of CAGG-PBase (pCyL43), and 2 μl of Lipofectamine 

2000 reagent. Two days after transfection, all floating cells containing GFP-

expressing cells were collected and tested as above for their ability to 

incorporate into host gonads after injection into the dorsal aorta of host embryos 

at HH13–16. 

 



Statistical analysis 

All data are expressed as means ± SD from 3 to 5 independent 

experiments. A Student’s t-test was used to calculate the significance of 

differences between experimental groups. Prism 

Software, La Jolla, CA, USA) was used to evaluate the data. A value of P < 0.05 

was considered statistically significant.  



4. Results 

Zebra finch has more numerous and widespread PGCs during early embryo 

development 

To characterize the developmental distribution and timing of zebra 

finch PGCs compared with chicken, I performed in situ hybridization for the 

DAZL gene, a PGC-specific marker, across developmental embryonic stages of 

both species. DAZL plays a crucial role in meiotic progression and maintenance 

of germ cells (Eberhart et al.,  Haston et al., 2009). DAZL has been 

reported as an essential component of stress granules, which prevent male germ 

cells from undergoing apoptosis upon heat stress (Kim et al., 2012). Consistent 

with previous report (Lee et al., 2016a), DAZL-positive PGCs were sparse and 

concentrated in the central region of the chicken embryo at early EGK.VI and 

EGK.X stages (Figure 3-1A and B). In contrast, PGCs in the zebra finch were 

more numerous and widely distributed throughout the embryo at these same 

stages (Figure 3-1F and G). At HH4, when nearly all PGCs in the chicken had 

concentrated in the anterior germinal crescent region (Figure 3-1C), in the 

zebra finch, concentration occurred around the central disk, including anterior 

and posterior regions (Figure 3-1H). It was not until HH6 in the zebra finch 

that PGCs localized primarily to the germinal crescent, but localization was still 

not as exclusive as in chicken (Figure 3-1D and I). At HH7, PGCs were 

observed not only in the germinal crescent but also anterior to the crescent. At 

HH9, a small number of PGCs were identified in the anterior region. At HH10, 

they were found near the anterior vitelline vein, and at HH12 they were absent 

from extraembryonic tissue and had presumably entered the circulation (Figure 

3-2). Finally, at HH28, PGCs of both species showed nearly complete migration 

into the embryonic gonads (Figure 3-1E and J). These species differences in 



PGC distribution were also verified by in situ hybridization for DDX4, another 

PGC-specific marker (Figure 3-3). These findings indicate that PGCs in zebra 

finch are present in greater numbers in early embryos and exhibit partial 

movement to the germinal crescent. To quantify the number of PGCs, I sorted 

embryo cells by flow cytometry with a fluorescently labeled anti-DAZL 

antibody. At EGK.VI and EGK.X, zebra finch embryos contained 4–5% DAZL-

positive PGCs (Table 3-1). In chicken, the number of PGCs at these stages was 

too low to quantify reliably by flow cytometry. This is consistent with previous 

studies that used in situ hybridization, which estimated DAZL-positive PGCs 

in chicken to be very low, about 0.01% (Lee et al., 2016a). By HH28, when 

migration into the gonads was complete, chicken gonads contained 0.94 ± 0.06 % 

DAZL-positive PGCs, whereas zebra finch gonads contained 13.2 ± 4.96 % 

(Figure 3-1K and L). In absolute numbers, zebra finch HH28 gonads contained 

11,765 ± 1,664 total cells with 1,553 ± 543 being DAZL positive (Table 3-1), 

whereas chicken contained 119,898 ± 35,971 total cells with 1,099 ± 336 being 

DAZL positive. These findings indicate clear and striking differences in the 

total number and distribution of PGCs during early embryonic stages between 

the 2 species with a more widespread and higher density of PGCs in early zebra 

finch embryos and eventually their gonads. 

Dorsal-ventral localization of PGCs is similar between zebra finch and 

chicken 

I sectioned the above mentioned in situ–hybridized embryos in the 

sagittal plane to examine and determine more precisely the anatomic locations 

of labeled cells. In both species, DAZL-positive PGCs were observed 

throughout the dorsal-ventral axis of embryos at EGK.VI, again with a higher 

number of cells in the zebra finch (Figure 3-4A and D). At EGK.X, however, 



when the single-layered blastoderm has separated into a thin, dorsal, epiblast 

layer and a thick, ventral, hypoblast layer, there was clearly a higher density of 

PGCs in the ventral layer of both species, but again higher overall for the zebra 

finch (Figure 3-4B and E). This pattern was maintained into HH4 (Figure 3-

4C and F). These findings indicate that despite differences between the 2 

species in the anterior-posterior anatomic distribution of PGCs, the dorsal-

ventral expression distribution is similar. 

Gonadal development and PGC localization  

To determine an optimal developmental time for isolation of PGCs 

from zebra finch gonads, embryonic gonads were collected from HH26 to 38 

(Figure 3-5A), when they could be visualized under a dissecting microscope. 

Embryo sex was identified by PCR of a sex chromosome–specific gene, 

chromo-helicase-DNA-binding (Figure 3-5B). Left and right gonad sizes were 

estimated by 2-dimensional surface-area measurements from microscope 

images of the embryos (Guioli et al., 2014). At HH26 (120 h of incubation), the 

left and right sides of the gonads were similar in size (Figure 3-5C). However, 

by HH28 (132–144 h or 5.5–6 d of incubation), I found that in both sexes, the 

left gonad was consistently larger than the right. In females, this size difference 

increased further, reaching a 4-fold difference by HH38, whereas in males the 

difference remained consistent at < 2-fold (Figure 3-5A and C). Given these 

results, I chose HH28 as a putative optimal stage for isolation of gonadal PGCs 

in the zebra finch because the gonads are not too far along their differentiation 

path. 

I also performed immunocytochemistry on the gonads at HH28 with 

several antibodies made against mammalian proteins known to detect the 

following homologous PGC-specific markers in mice and chicken: anti-DAZL, 



anti–SSEA-1, anti–SSEA-3, anti–SSEA-4, anti-integrin b1, and anti-integrin a6 

(Jung et al.,  Lee et al., 2016a). Only DAZL was highly expressed in zebra 

finch PGCs followed by a sparse labeling of SSEA-1 (Figure 3-6). The 

distributions of DAZL-expressing cells between zebra finch and chicken 

gonads were similar for both sexes, namely widely distributed in the male 

gonads and dispersed in the cortex region of female gonads. But, consistent 

with analyses above, the densities appeared higher in both sexes of the zebra 

finch (Figure 3-5D). The activity of anti-cDAZL antibody on zebra finch PGCs 

was confirmed in duplicate by Western blot analysis of zebra finch whole 

gonadal cells (Figure 3-7). 

Chicken and zebra finch gonads express different stem-cell gene programs 

The above findings on species differences in the timing and 

distribution of PGCs suggest that the chicken and zebra finch may have 

differences in their gonadal developmental programs. To test this possibility, I 

performed RNA-Seq profiling on zebra finch and chicken whole gonads at 

HH28. Functional categories of DEGs were identified using a GO enrichment 

analysis over biologic processes, molecular functions, and cellular locations. I 

found highly significant up-regulation in zebra finch relative to chicken of 

many genes that were enriched in functions for stem-cell differentiation and 

growth and overall cell growth and proliferation (Figure 3-8A). I did not find 

highly significant categories of down-regulated genes in zebra finch gonads. I 

performed quantitative RT-PCR on gonads from additional embryos for a 

number of candidate genes and normalized the values to GAPDH. I validated 

the following 5 of 7 (71%) of the stem cell–regulated genes as significantly up-

regulated in the zebra finch: ISL LIM homeobox 1, 



following 2 of 6 (33%) germ cell genes tested showed significant differential 

expression: up-regulation of WD repeat domain 48 and down-regulation of 

piwi-like RNA-mediated gene silencing 1 (PIWIL1) in the zebra finch (Figure 

3-8B). In addition, quantitative RT-PCR of general stem-cell markers revealed 

up-regulation of POUV and NANOG. For PGC markers, DAZL was 

significantly up-regulated in the zebra finch but only by a small fraction when 

normalized to GAPDH, whereas the DDX4 was significantly downregulated by 

over 2-fold less compared with chicken (Figure 3-8C), despite there being 

more PGCs in zebra finch gonads. These findings indicate that the differences 

between chicken and zebra finch cannot be simply because of differences in 

only PGC numbers, but also to differences in the gonadal stem-cell gene-

expression program. 

In vitro culture and characterization of zebra finch PGCs  

I next attempted to culture zebra finch PGCs from whole gonads of 

HH28 zebra finch embryos in culture medium established for chicken (Park and 

Han, 2012). But I found that the cells did not proliferate as well as for chicken 

PGCs. Therefore, I applied several modifications to the culture conditions to 

encourage zebra finch PGC proliferation and survival for as long as possible, 

including a reduction in FBS concentration. A fraction of the cells adhered to 

the plate (presumably GSCs) and were retained as a feeder layer. Floating round 

cells could be subcultured and passaged at 4–5-d intervals (Figure 3-9A and 

B), surviving and proliferating for about a month. These floating cells were all 

positive for DAZL protein (Figure 3-9C), and thus, they were considered to be 

PGCs. The GSCs did not express DAZL protein (Figure 3-9D). RT-PCR 

analysis showed that round floating cells from zebra finch cultures expressed 

the germ cell–specific genes DAZL and DDX4 and the pluripotency-specific 



genes POUV and NANOG (Figure 3-9E), further indicating they are PGCs 

(Choi et al., 2010). The adherent cells in the cultures did not express these genes 

(Figure 3-9E), further supporting that they are GSCs. Scanning electron 

microscopy revealed that the round floating zebra finch cells were 10 μm in 

diameter, and their morphology was very irregular with abundant microvilli 

(Figure 3-9F), consistent with cultured chicken PGCs (Choi et al., 2010). 

Molecular labeling and incorporation of cultured zebra finch PGCs into 

embryonic gonads 

Because chicken PGCs are known to migrate to the gonads via the 

bloodstream (Yasuda et al.,  Ono and Machida,  Kim et al.,  

Mozdziak et al.,  Jung et al., 2017), the migration and incorporation 

capacity of our cultured zebra finch PGCs was examined. Sets of about 500 

cultured PGCs (20–30 d) or GSCs as a control were stably labeled with the 

lipophilic red fluorescent cell membrane marker PKH26 and immediately 

injected into the bloodstream of zebra finch embryos at HH13–16. Three days 

later, at HH28, I found labeled PGCs successfully incorporated into the gonads, 

with greater numbers in the left compared with the right gonad (109.36 ± 31.26 

and 79.45 ± 28.47 PGCs, respectively) of recipient embryos. In controls, 

labeled GSCs were not found in the gonads (Figure 3-9G). These data suggest 

that our cultured zebra finch PGCs maintained the homing properties 

characteristic of PGCs in vivo. To test whether our cultured zebra finch PGCs 

are amenable to genetic modification and whether genetically manipulated 

PGCs retain their capacity to migrate to the gonads, I transfected PGCs cultured 

for 20–30 d with a piggyBac transposase and a GFP expression vector flanked 

by the piggyBac transposon signals. I found that the cells were transfectable 

(Figure 3-9H). Using the same protocol as above, groups of ~500 transfected 



cells were injected into the bloodstream of zebra finch embryos at HH13–16. 

When examined at HH28, I found GFP-expressing PGCs successfully 

incorporated into the gonads of recipient embryos (Figure 3-9I). These data 

indicate that our manipulated cultured zebra finch PGCs maintain their germ 

cell properties and can be used to create chimeric embryos. 



 



Figure 3-1. Comparative germ cell development during chicken and zebra 

finch embryogenesis. (A–E) Whole-mount in situ hybridization with cDAZL 

mRNA in chicken embryos at EGK.VI (A), EGK.X (B), HH4 (C), HH6 (D), 

and HH28 (E). Scale bars, 400 (upper row) and 200 μm (bottom row). EGK, 

Eyal- . (F–J) Whole-mount 

in situ hybridization with zDAZL mRNA in zebra finch embryos at the same 

areas in the upper rows are magnified in the lower rows. Blue-labeled cells are 

DAZL- p, 

of zebra finch and chicken gonadal PGCs using flow cytometry after whole 

gonadal cells were labeled with anti-DAZL primary antibodies and Alexa Fluor 

488–conjugated secondary antibodies. As a negative control, whole gonadal 

cells were labeled with only Alexa Fluor 488. Right box is the region containing 

PGCs with higher DAZL expression. (L) Proportion of DAZL-positive cell in 

chicken and zebra finch by flow cytometry. **P < 0.01.  



 

Figure 3-2. Investigation of zebra finch PGC migration by in situ 

hybridization of DAZL. (A) The DAZL-positive cells (purple) in HH7 

embryos. The DAZL-positive cells were detected in the germinal crescent (B) 

or upper area of the anterior region (C). Dotted line indicates germinal crescent 

region. The embryonic stage was identified by three somite counts (D). (E) The 

HH9 embryos showed only a germinal crescent distribution of a small number 

of DAZL-positive cells. The stage was identified by seven somite counts. (F) 

The DAZL-positive cells were found near the anterior vitelline vein at HH10. 

The stage was identified by eleven somite counts. (G) At HH12, no DAZL-

positive cells were located in the anterior vitelline region. Boxed areas in the 

upper row (E, F and G) are magnified in the lower row (H, I and J). Scale bar, 

500 μm.  



 

Figure 3-3. Identification of DDX4-positive cells during zebra finch 

embryogenesis. (A-E) In situ hybridization was performed to detect zebra 

finch DDX4 (zDDX4) mRNA in zebra finch embryos at EGK.VI, EGK.X, HH4 

and HH6, and in zebra finch gonads with mesonephros at HH28. Scale bar, 400 

μm (upper row) and 200 μm (lower row). Boxed areas in the upper row are 

magnified in the lower row. ps, primitive streak.  



 

Figure 3-4. The morphology and location of DAZL-positive cells in chicken 

and zebra finch embryos. (A–C) Sections of whole-mount in situ 

hybridization to detect cDAZL mRNA in chicken embryos at EGK.VI (A), 

EGK.X (B), and HH4 (C). (D–F) Sections of whole-mount in situ hybridization 

to detect zDAZL mRNA in zebra finch embryos at EGK.VI (D), EGK.X (E), 

and HH4 (F). Arrows, example DAZL-labeled PGCs. Upper image, phase 

contrast. Lower image, fluorescent with DAPI. Scale bars, 100 μ μm 

(magnified images). The illustration at the right shows the sectioned area of 

each embryonic stage.  



 

Figure 3-5. The proportion and distribution of DAZL-positive cells in 

zebra finch embryonic gonads. (A) Morphologic differentiation of sex-

specific gonads in zebra finch. To determine an optimal time for identification 

of gonadal PGCs from the zebra finch, fertilized eggs were incubated for 120–

200 h (5 – 8.5 d) and classified based on the HH criteria and developmental 

features (arrow heads). Morphology of the gonads (dotted line) in the dissected 

embryos of each stage was observed under a microscope. Scale bars, 1 mm. 



Embryos, n = 3. (B) Sexing of 10 selected embryos was performed by PCR 

using W- (female) and Z-chromosome (female and male) –specific primers 

(amplicon size, 179 and 242 bp, respectively). (C) Graph showing gonadal 

dimension changes across embryonic developmental stages (from HH26 to 38, 

n = 3/age). Approximate gonadal dimensions are calculated on the basis of the 

length and width at midpoint of individual gonads (L × W). (D) 

Immunohistochemical analysis of chicken and zebra finch embryonic gonads 

at HH28 using an anti-

image).  



 

Figure 3-6. Investigation of available protein markers to detect zebra finch 

PGCs. (A-F) Zebra finch embryonic gonads at HH28 were sectioned and 

subjected for immunohistochemistry with anti-DAZL, anti-SSEA-1, anti-

SSEA-3, anti-SSEA-4, anti-integrin 1, and anti-integrin 6 antibodies, 

respectively. Scale bar, 50 μm.  



 

  



Figure 3-8. Differentially expressed genes (DEGs) between chicken and 

zebra finch gonads. (A) Gene ontology (GO) enrichment analysis of DEGs 

determined by RNA-Seq and categories of DEGs between chicken and zebra 

finch gonads. DEGs are indicated up-regulated or downregulated in zebra finch 

gonads relative to chicken gonads. (B) Quantitative RT-PCR of differentially 

expressed candidate genes associated with stem cells or germ cells. (C) 

Quantitative RT-PCR of pluripotency markers and germ cell markers in chicken 

and zebra finch gonads. **P < 0.01, ***P < 0.001 (ns, not significant). 

 



 

Figure 3-9. In vitro culture, characterization, and transgenetic 

manipulation of zebra finch PGCs. (A) Whole gonadal cells of zebra finch 

embryos at HH28 were cultured in PGC culture medium. The floating cells 

were subcultured for a month and the adherent cells (GSCs) were partially used 

as a feeder layer. Scale bar, 100 μm. (B) Growth curve of cultured PGCs. (C) 

Floating cells were immunostained with anti-DAZL antibodies and identified 

as PGCs. Scale bars, 20 μm. (D) Adherent cells were immunostained with anti-

DAZL antibodies as a negative control. Scale bars, 20 μm. (E) RT-PCR–based 

expression of DDX4, DAZL, POUV, and NANOG in cultured PGCs along with 

GSCs. (F) Scanning electron microscopy of cultured zebra finch PGCs. Scale 

bars, 2 μ  1 μm (magnified image). (G) Approximately 500 cultured PGCs or 

GSCs were labeled with PKH26 red fluorescence dye and injected separately 

into the dorsal aorta of zebra finch embryos at HH13–16. The fluorescent cells 

were observed and counted in recipient embryonic gonads at HH28. Scale bars, 

100 μm. (H) Transposon plasmids were transfected into zebra finch PGCs using 

lipofection for 2 d. (I) About 500 transfected cells were injected into zebra finch 



recipient embryos at HH13–16, and the GFP expressing cells were observed in 

recipient embryonic gonads at HH28. Scale bars, 100 μm.  



Table 3-1. DAZL-positive cells in zebra finch determined by flow 

cytometry 

Stages Total cells 
DAZL- 

positive cells 
Proportion of 

PGCs (%) 

EGK stage VI 
(embryos) 

3,397 ± 1,675 182 ± 102 5.36 ± 2.12 

EGK stage X 
(embryos) 

9,848 ± 6,072 432 ± 239 4.39 ± 0.68 

HH stage 28 
(gonads) 

11,765 ± 1,664 1,553 ± 543 13.2 ± 4.96 

  



Table 3-2. Primer sets used for RT-PCR 

Gene 
Accession 
number 

Sequences (5’ 3’) 
Product 
size (bp) 

POUV 
XM_ 

002190325 

F: GCACAAGCGCATCATGCTGG 
341 

R: CCTCAGCGATCTGGGACATC 

NANOG 
XM_ 

002190730 

F: TCCCCAGCTTCATCCAGTTC 
273 

R: CACCTGCTTGTAGGTGAGCC 

DDX4 
XM_ 

002186986 

F: TGTGCCCAGACAGGATCAGG 
364 

R: GCATGCGGTCTGCTTCATCC 

DAZL 
XM_ 

002193965 

F: AACAATATGGTACTGTGAACCACCT 
566 

R: CCTGTCCACAGACTTTTTTTGTGG 

GAPDH 
NM_ 

001198610 

F: CCATGCCATCACAGCCACAC 
470 

R: CCTTGGATGCCATGTGGACC 

  



Table 3-3. Primer sets used for quantitative RT-PCR (zebra finch) 

Gene 
Accession 
number 

Sequences (5’ 3’) 
Product 
size (bp) 

POUV 
XM_ 

002190325 

F: CTTCCGCAAGTGTGTGAAGC 
92 

R: AGAACCAGACCCGGACTACA 

NANOG 
XM_ 

002190696 

F: CCAGAGCACCTCTGACACTG 
78 

R: ATGGGGTGCCAAGGTAACTG 

DDX4 
XM_ 

002186986 

F: ATCGAATTGGGCGAACTGGT 
89 

R: AGGTTGTGCAAGATGACCGT 

DAZL 
XM_ 

002193965 

F: TCAAATTCCTGCGTGCAACC 
102 

R: CTGCTGCACGTATGTCTCCA 

KITLG 
XM_ 

012569015 

F: TTGCTGCCAGCTCTCTTAGG 
104 

R: TATGCTGATCCCTTGCAGGC 

ISL1 
XM_ 

002197062 

F: GCAGATGGCAGCAGAACCTA 
167 

R: CTTTCATGAGGGCGTCAGGT 

FGF2 
XM_ 

002188361 

F: GCTTCTTCCTGCGCATCAAC 
145 

R: TTCATGGCCAGGAAGCGATT 

ACVR1 
XM_ 

002186888 

F: GGCAGACTGCTTTGACTCCT 
183 

R: TGCTGATCCACACAGACCAC 

SEMA3E 
XM_ 

004177190 

F: ACAGCAACTTCCAGAGGGTG 
133 

R: GGCCTGATCCTTGGCTTCTT 

SEMA3A 
XM_ 

012568878 

F: TTTCCGAACTCTGGGGCATC 
171 

R: CCAGTGTGCTCCCCATCAAT 

SEMA4D 
XM_ 

012577395 

F: AGGAGCCAGGGATGTGATCT 
136 

R: ACGGCACTCTGTCTGTTCTG 

KIT 
XM_ 

002192817 

F: CATGAGCTTCCTTGCCTCCA 
176 

R: GTGCCATCCACTTCACAGGA 

WDR48 
XM_ 

002186706 

F: GGGATCCAAGGACTTGTGCA 
120 

R: GGATCGTCCCATCAGAGCTG 



GATA3 
XM_ 

004176516 

F: TGGAGTCCTCTCACTCTCGG 
173 

R: TGGTCGCGATTTACACCCAA 

BMP4 
XM_ 

002200411 

F: CAGTACCCTGAGCGATCGAC 
120 

R: GAGGTTGAAGACGAAGCGGA 

BCL2L1 
XM_ 

012570293 

F: CAGCTCCACATCACTCCCAG 
187 

R: ACGTGGTCATCCAAGAGACG 

PIWIL1 
XM_ 

012577936 

F: GCTGCGTTGTTCAAAGTCGT 
144 

R: GCTGTCCATCTCCAACACCA 

GAPDH 
NM_ 

001198610 

F: CCACATGGCATCCAAGGAGT 
109 

R: AGAGCTAAGCGGTGGTGAAC 

  



Table 3-4. Primer sets used for quantitative RT-PCR (chicken) 

Gene 
Accession 
number 

Sequences (5’ 3’) 
Product 
size (bp) 

POUV 
NM_ 

001110178 

F: GAGGCAGAGAACACGGACAA 
109 

R: TTCCCTTCACGTTGGTCTCG 

NANOG 
NM_ 

001146142 

F: ACAGCTTGCAGGCAGAAGAT 
100 

R: CAAGGGGCCTGGTACTGATG 

DDX4 
NM_ 

204708 

F: GGAGCCTGCAGTGATGTTCA 
98 

R: CGTTCACCACCTGTGCTTTG 

DAZL 
NM_ 

204218 

F: TGTTTTTAAGTGTGCGGGCG 
110 

R: GCAGGTTGTTGACGAATGGG 

KITLG 
NM_ 

001105315 

F: TTTCCTCCTGTTGCTGCCAG 
120 

R: TATGCTGATCCCTTGCAGGC 

ISL1 
NM_ 

205414 

F: CAAGCAGCCTGAGAAGACCA 
115 

R: TTGCTCTTTCATGAGGGCGT 

FGF2 
NM_ 

205433 

F: AGGAGGATGGCAGATTGCTG 
162 

R: CAGTTTTTGGTCCGGGCTTG 

ACVR1 
NM_ 

204560 

F: GCCTGCGGATAGTACTGTCC 
191 

R: CAACTGGTTCGTGCTTTGGG 

SEMA3E 
NM_ 

204242 

F: GCTCGAGATCCCTACTGTGC 
171 

R: TCGCTCCTCAGTCTTCTCCA 

SEMA3A 
NM_ 

204977 

F: CCGGAGTTTCACAGCTTCCT 
183 

R: AGCAGTGAGTGAGGGGATCT 

SEMA4D 
NM_ 

001293102 

F: CTGTCAGCTGTGTGTGCCTA 
179 

R: ACGTAGTTCAAGGCTCTGGC 

KIT 
NM_ 

204361 

F: AGTGACATCCTGCTGGTGTG 
159 

R: GCAGCCCTTGAATGACCTCT 

WDR48 
NM_ 

001030964 

F: CCTCCTCCAGCAATTTGGGT 
125 

R: AGGGGCGGTATAGGATTGGT 



GATA3 
NM_ 

001008444 

F: ACTTTCCCAAGAGCAGCTCC 
155 

R: GGGATGGTGAGGTCCAAAGG 

BMP4 
NM_ 

205237 

F: GGGCTTCCACCGGATAAACA 
126 

R: ACATCAAAGGTCTCCCAGCG 

BCL2L1 
NM_ 

001025304 

F: CTGAGGCAGAGATGGACAGC 
107 

R: ATGAACTTCCAGGCTGCTCC 

PIWIL1 
NM_ 

001098852 

F: GAAGAGCTAGAGCCAGAGCG 
116 

R: TTGCCGCTGTTCAGATGGAT 

GAPDH 
NM_ 

204305 

F: CATCCAAGGAGTGAGCCAGG 
95 

R: CAGAACTGAGCGGTGGTGAA 

  



5. Discussions 

In this study, I identified, cultured, and characterized zebra finch PGCs 

and incorporated genetically modified cells into host gonads. In addition, I 

identified developmental characteristics of zebra finch PGCs that are different 

from the chicken. Relative to chicken, zebra finch PGCs are much more 

abundant in early embryos and present at a higher proportion in embryonic 

gonads relative to other gonadal cell types. Zebra finch PGCs complete their 

migration to the germinal crescent at later stages but survive in culture for less 

time than chicken PGCs. The increased abundance of PGCs in zebra finches 

indicates that they invest more embryonic resources in PGC development than 

chickens. What advantage or disadvantage this may confer will require further 

investigation. The delayed timing of zebra finch PGCs into to the germinal 

crescent, could be caused by slower migration or incorporation of PGCs in these 

regions or by some cells located in the posterior region not moving to these 

regions and dying off. I speculate the latter hypothesis to be more likely because 

the migration pattern of zebra finch PGCs at HH7 show PGCs detected both in 

and above the germinal crescent region, but in the HH9 embryo, a reduced 

number of PGCs were observed only in the germinal crescent region (Figure 

3-2). From our previous findings using chicken PGCs transplanted into the 

central region or posterior marginal zone of stage X embryo (Kang et al., 2015), 

only PGCs positioned in the central region migrated toward the germinal 

crescent, because of anterior morphologic movement of the hypoblast. These 

PGCs then entered the embryonic circulation via the anterior vitelline vein. 

However, PGCs positioned in the posterior region that did not reach the anterior 

region ultimately never incorporated into the gonads. These results suggest that 

the fate of PGCs in early stages is significantly affected by their anterior-

posterior position in the embryo. On the basis of this phenomenon, I assume 



that the proportional disparity of zebra finch PGCs between early stages and 

embryonic gonads is caused by the initial localization of the PGCs in a similar 

mechanism. Testing this hypothesis may require isolating PGCs migrating 

through the embryonic bloodstream (Yasuda et al

1999 et al., 2015  Jung et al., 2017) as well as testing the rate of migration 

and the rate of cell death in the posterior region. Similar to Aves, discrepancies 

in PGC formation and migration properties within the same class are also found 

in reptiles. The germ cell of turtle and snake embryos shows a different 

migration route (Bachvarova et al., 2009). As in reptiles, subsequent studies in 

zebra finch could make the species differences of PGC properties in birds more 

distinct and contribute to explaining the evolution of germ cell development in 

amphibians. 

The early gonadal developmental age I chose for PGC collection from 

the zebra finch, HH28, is similar to the optimal age previously reported for 

isolation and culture of chicken gonadal PGCs, HH27-28 (Kim et al., 2004, 

Mozdziak, et al., 2006). I found this is the age where both species begin to show 

clear asymmetry of left and right gonads, similar to what has been previously 

reported for chicken (Guioli et al., 2014). PGCs cultured from HH28 zebra 

finch embryos injected into the bloodstream of HH13–16 embryos successfully 

migrated to the gonads, suggesting that the zebra finch PGCs cultured in vitro 

maintained their migratory potential. Further experiments will be necessary to 

determine if these chimeric gonads will contribute to germ-line transgenic zebra 

finch. 

According to a quantitative PCR analysis from a previous study (Mak 

et al., 2016), germ cell–specific genes were expressed at much higher levels in 

zebra finch embryos than chicken embryos at oviposition. I found that the likely 



cause of this difference is that the zebra finch blastoderm at oviposition 

(EGK.VI), in comparison with the chicken blastoderm at oviposition (EGK.X), 

has a greater number of DAZL-positive cells distributed throughout the embryo. 

I normalized to GAPDH levels, which resulted in little change of the PGC 

marker DAZL expression, and thus I believe our approach mostly normalized 

out cell number as a factor. The whole gonadal expression differences I found 

between zebra finch and chicken may help explain why zebra finch PGCs do 

not proliferate as long in culture conditions established for chicken PGCs (up 

to a month vs. many months). At first, this finding seems counterintuitive 

because I found that zebra finch gonads are more densely populated with PGCs 

than chicken and have higher expression of many stem cell–related genes. But 

they have lower expression of some PGC genes, PIWIL1 and DDX4. This 

suggests that despite the high density and high stem-cell gene-expression 

environment, zebra finch PGCs may require culture conditions that boost PGC-

specific genes to levels found in chicken. 

In order to establish longer-term cultures of zebra finch PGCs, as has 

been done for chicken, it may be necessary to test modifications of growth 

factors in the culture medium. However, it may also be useful to modulate gene 

expression in the zebra finch cells to be more like chicken, such as through 

increased PIWIL1 and DDX4 expression. In general, chicken-specific PGC 

culture conditions have not been transferable to Neoaves bird species. 

Therefore, the development of culture conditions for the zebra finch may be 

more broadly applicable to other Neoaves species. In spite of the fact that I have 

not yet obtained long-term cultures of zebra finch PGCs, I are still able to 

transfect and inject cultured zebra finch PGCs into host embryos and show that 

they are able to normally migrate and incorporate into the gonads. I consider 

this a crucial milestone in the development of transgenic zebra finch. 



In summary, I have provided necessary information for the 

identification, isolation, culture, and characterization of PGCs in the zebra finch, 

a popularly used model for research on vocal learning and learning-related 

disorders in humans. Our study lays essential groundwork necessary for the 

production of germ cell–mediated chimeras and transgenic zebra finches. 



This chapter was published in Scientific Reports 
as a partial fulfillment of Kyung Min Jung’s Ph.D. program 
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1. Abstract 

Zebra finch is a representative animal model for studying the 

molecular basis of human disorders of vocal development and communication. 

Accordingly, various functional studies of zebra finch have knocked down or 

introduced foreign genes in vivo their germline transmission 

efficiency is remarkably low. The primordial germ cell (PGC)-mediated method 

restricted in zebra finch due to the lack of an efficient gene transfer method for 

the germline. To target primary germ cells that are difficult to transfect and 

manipulate, an adenovirus-mediated gene transfer system with high efficiency 

in a wide range of cell types may be useful. Here, I isolated and characterized 

two types of primary germline-competent stem cells, PGCs and spermatogonial 

stem cells, from embryonic and adult reproductive tissues of zebra finch and 

demonstrated that genes were most efficiently transferred into these cells using 

an adenovirus-mediated system. This system was successfully used to generate 

gene-edited PGCs in vitro. These results are expected to improve transgenic 

zebra finch production.  



2. Introduction 

Zebra finch (Taeniopygia guttata), a representative songbird, is a 

useful model animal for investigating the brain, behavioral, and neurobiological 

processes because it can learn vocalizations by imitating a singing adult, similar 

to humans who acquire spoken language. This trait is not observed in traditional 

model organisms such as rodents and non-human primates and is rarely found 

in other mammals  Agate et al., 2009). In zebra finch, functional 

gene analyses have been performed by controlling gene expression via transient 

knockdown or overexpression of genes of interest in vivo ( Haesler et al., 2007  

  Norton et al., 

2019). Transgenic models that express the human mutant huntingtin gene or 

mutant forms of cAMP response element-binding protein have been developed 

by injecting lentiviruses containing transgenes into blastoderms of fertilized 

eggs to target primordial germ cells (PGCs). However, the low efficiency of 

this method indicates that improvements are required for studies of transgenic 

songbirds (Agate et al., 2009  Abe et al et al., 2015). 

Germline-competent stem cells, including PGCs and spermatogonial 

stem cells (SSCs), are animal cells that can transfer all genetic information to 

the next generation, self-renew, and differentiate into mature gametes. These 

characteristics make germline-competent stem cells a suitable resource for 

generating transgenic animals. PGCs, which give rise to sperm and oocytes, are 

the most actively studied germline-competent stem cells in avian species, 

especially chickens, and have become a very popular system for creating a 

variety of transgenics related to bioreactors and disease models (Han et al., 

et al et al et al et al., 

2021). SSCs, the other type of male germline-competent stem cells in adult 



testes that are precursors in spermatogenesis, have been successfully isolated 

from mammalian species, cultured, and used for transgenic production 

(Kossack et al . SSCs of several bird 

species including chickens, pheasants, and quails have been isolated and 

cultured, but practical applications for producing transgenic birds using these 

cells are limited (Jung et al et al et al., 2017  Kim 

et al., 2018b  Han et al., 2020). In zebra finch, although studies have reported 

the isolation and manipulation of PGCs, reports of exogenous genes being 

efficiently delivered into these cells are limited (Jung et al., 2019  Gessara et 

al., 2021). Recently, transgenic zebra finches were generated using PGCs and 

lentiviral vectors, but the green fluorescent protein (GFP) transgene transferred 

by lentiviruses was lowly expressed and only detected using an anti-GFP 

antibody in sectioned tissues of transgenic finches (Gessara et al., 2021). Thus, 

further investigations of PGCs and SSCs are required to facilitate in vitro 

manipulation of these cells and obtain basic data in order to induce genome 

modifications in zebra finch germline-competent stem cells. 

A reliable method to obtain germline-competent zebra finch cell lines 

has not been developed. In vivo transfection and gene transfer into primary cells 

are transgenic technologies that do not require established cell lines, but it is 

difficult to achieve high efficiency with these methods. Virus-mediated 

transduction may be an alternative for gene transfer into isolated primary 

germline-competent stem cells, which have low transfection rates using 

universal transfection methods such as lipofection. Viral vectors have been used 

to transfer genes into cells and living organisms. Adenoviruses are an important 

type of viral vector that have a relatively high transduction efficiency in target 

cells and infect a large range of host cells, including dividing and nondividing 

cells and several types of stem cells that are difficult to transfect (Takehashi et 



al., 2007). Adenovirus-mediated gene transfer into mammalian germline stem 

cells has been successfully performed in vivo and in vitro (Takehashi et al., 

et al., 2013). Targeted gene disruption using adenovirally delivered 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 

was also recently reported in birds (Lee et al et al., 2020). 

In this study, I describe an efficient method to transfer genes into 

primary germline-competent stem cells, including PGCs and SSCs, of zebra 

finch that overcomes the aforementioned limitations. I additionally induced a 

targeted genome modification in zebra finch PGCs using the established gene 

transfer method and CRISPR/Cas9 system. The biological functions of the 

genome-edited cells were verified by their incorporation into host reproductive 

tissues upon in vivo transplantation. These results could facilitate the production 

of transgenic and genetically modified zebra finches in future research. 



3. Materials and methods 

Experimental animals 

The care and experimental use of zebra finches were approved by the 

Institute of Laboratory Animal Resources and Institutional Animal Care and 

Use Committee (IACUC, SNU-200305-2-1), Seoul National University, Korea. 

All methods were performed in accordance with ARRIVE (Animal Research: 

Reporting of In Vivo Experiments) guidelines and standard operating protocols 

of Animal Genetic Engineering Laboratory, Seoul National University. 

Culture of zebra finch PGCs 

Gonads retrieved from zebra finch embryos at HH stage 28 were 

enzymatically digested and then cultured in vitro using a previously reported 

method (Jung et al., 2019). Briefly, gonadal cells were suspended in PGC 

culture medium, which comprised knockout Dulbecco’s Modified Eagle 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 2% 

chicken serum (Millipore Sigma, Burlington, MA, USA), 1× nucleosides 

(Millipore Sigma), 2 mM L-glutamine (Thermo Fisher Scientific), 1× 

nonessential amino acids (Thermo Fisher Scientific), -mercaptoethanol 

(Thermo Fisher Scientific), 10 mM sodium pyruvate (Thermo Fisher Scientific), 

1× antibiotic-antimycotic reagents (Thermo Fisher Scientific), and 10 ng/ml 

human basic fibroblast growth factor (Millipore Sigma). The PGC-enriched 

suspension was sub-cultured every 4-5 days for about 1 month, and a fraction 

of adherent cells was used as a feeder layer. 

 



Sexing PCR 

Sexing of embryos was performed by PCR amplification of the 

chromodomain-helicase-DNA-binding protein (CHD) 1 gene using genomic 

DNA extracted from extraembryonic tissues and gene-specific primers (Table 

4-1) (Soderstrom et al., 2007). 

Density gradient centrifugation 

Density gradient centrifugation of testicular cells was performed using 

a previously reported method with some modifications (Han et al., 2020). 

Testes were surgically dissected from sexually mature zebra finches (6 months 

old) and dissociated with 0.05% trypsin-EDTA. The cell suspension was 

filtered through a 40 μm nylon cell strainer. Then, 4 ml of the cell suspension 

in phosphate-buffered saline (PBS) was mixed with 3 ml of Ficoll-Paque PLUS 

solution (GE Healthcare Life Science, Chicago, IL, USA) and centrifuged at 

800 × g for 30 min. After centrifugation, cells from differently layered fractions 

(top and bottom layers) were harvested and washed three times with PBS 

containing antibiotic-antimycotic reagents. Cells were pelleted and 

resuspended in culture medium, which comprised DMEM supplemented with 

10% fetal bovine serum, 1× nonessential amino acids, 15 ng/ml glial cell-

derived neurotrophic factor (PeproTech, Rocky Hill, NJ, USA), 10 ng/ml basic 

fibroblast growth factor, 0.55 mM -mercaptoethanol, 2 mM L-glutamine, 1 

μM sodium pyruvate, and 1× antibiotic-antimycotic solution at 37°C in a 

humidified CO2 incubator containing 5% CO2. Cells were used for 

characterization or transfection at 1 day after seeding, and the transfected cells 

were maintained up to 4 days in vitro. 

Immunocytochemical analysis of zebra finch PGCs and SSCs 



Zebra finch PGCs and SSCs were dried on glass slides, fixed in 4% 

paraformaldehyde for 10 min, washed three times with PBS, and permeabilized 

with 0.1% Triton X-100 for 10 min. After three washes with PBS, cells were 

blocked with blocking buffer (PBS containing 5% goat serum and 1% bovine 

serum albumin) for 1 h and then incubated with an anti-DAZL antibody (Lee et 

al., 2016a) at 4°C overnight. After three washes with PBS, cells were incubated 

with an Alexa Fluor 488-conjugated secondary antibody for 1 h at room 

temperature. Cells were finally mounted using ProLong Gold antifade reagent 

with DAPI and analyzed under a confocal fluorescence microscope (Carl Zeiss 

GmbH, Jena, Germany). 

RT-PCR and quantitative RT-PCR 

Total RNA samples were prepared using TRIzol reagent (Thermo 

Fisher Scientific) and reverse-transcribed into cDNAs using a SuperScript III 

Reverse Transcription Kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. cDNAs were amplified by PCR using primer sets for 

the predicted zebra finch DEAD-box helicase 4 (DDX4), deleted in 

azoospermia-like (DAZL), POU domain class 5 transcription factor 3 (POUV), 

Nanog homeobox (NANOG), and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) genes. PCR reactions comprised 35 cycles at 95°C for 30 s, 60°C for 

30 s, and 72°C for 1 min. Gene expression levels were measured using 

EvaGreen dye (Biotium, Hayward, CA, USA) and a CFX96 Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA, USA). Relative gene expression 

was quantified using the following formula: 2- Ct, where Ct = (Ct of the 

target gene - Ct of GAPDH)top layer -(Ct of the target gene - Ct of GAPDH)bottom 

layer. The primer sets used for RT-PCR and quantitative RT-PCR are listed in 

Table 4-2. 



Scanning electron microscopy 

PGCs were fixed in 2% glutaraldehyde and postfixed in 1% osmium 

tetroxide at 4°C for 2 h. After dehydration in a graded series of increasing 

concentrations of ethanol, the samples were immersed in hexamethyldisilazane 

and then dried. The samples were coated with gold palladium using a Leica EM 

ACE200 low-vacuum coater (Leica Microsystems, Buffalo Grove, IL, USA) 

and observed using a Sigma field emission scanning electron microscope (Carl 

Zeiss GmbH). 

Migration assay of zebra finch PGCs 

About 500 PGCs were injected into the dorsal aorta of zebra finch 

embryo at HH stage 13–16. The eggs were sealed with medical-grade silicone 

adhesive (Kwik-Cast, World Precision Instruments, Sarasota, FL, USA) and 

further incubated until HH stage 28. Fluorescent cells in recipient embryonic 

gonads were detected. 

Transfection of PGCs and SSCs 

A total of 5×105 PGCs cultured for 15–20 days or 1×106 SSCs cultured 

for 1 day after isolation were transfected with 1–2 g of the GFP expression 

vector in a 12-well culture plate using an Amaxa Nucleofector (V buffer and X-

001 program) or Lipofectamine 2000 reagent (Invitrogen).  The nucleofection 

program was selected by testing three nucleofection programs (A-023, L-029, 

and X-001) using SSCs. PGCs and SSCs were also transduced with lentivirus 

(1×109VP/ml) or adenovirus (1×1010VP/ml) purchased from Vigene Bioscience 

(Vigene Bioscience, Rockville, MD, USA) at a multiplicity of infection (MOI) 

of 100. Cell viability was calculated as the number of viable cells divided by 



the total number of cells within the grid on the hemacytometer using trypan 

blue staining (Millipore Sigma). Transfected or transduced cells were 

resuspended in PBS and analyzed with a FACSCalibur system (BD Biosciences, 

San Jose, CA, USA). Subsequent analyses were performed using FlowJo 

software (Treestar, Ashland, OR, USA). 

Primary culture of zebra finch embryonic fibroblasts (ZEFs) 

The primary culture of ZEFs was prepared from the muscles of 6-day-

old zebra finch embryos (Lee et al., 2020). Several embryos (n = 3-5) were 

extracted from fertilized eggs, their head, limbs, and organs were removed, and 

the remaining contents were minced. Single-cell populations were obtained by 

0.05% trypsin-EDTA treatment and maintained in DMEM (Hyclone) 

containing 10% fetal bovine serum (Hyclone) and 1× antibiotic-antimycotic 

reagents (Thermo Fisher Scientific). Cells were seeded at a density of 5×105 

cells/well in a 12-well culture plate and grown at 37  in an incubator 

containing 5% CO2. 

Plasmid construction 

The CRISPR/Cas9 vector targeting the ADNP gene was constructed 

using the pX459 vector, as previously reported (Lee et al., 2017b). The gRNA 

sequences targeting ADNP gene was designed by Geneious prime software 

considering on-target score (Figure 4-6C). To insert the gRNA sequence into 

the CRISPR/Cas9 vector, sense and antisense oligonucleotides were 

synthesized (Bionics, Seoul, South Korea) (Table 4-3) and annealed using the 

following thermocycling conditions: 30 s at 95 , 2 min at 72 , 2 min at 37 , 

and 2 min at 25 . The annealed oligonucleotides were ligated into the pX459 

vector using the Golden Gate assembly method, and the constructed 



CRISPR/Cas9 vectors were validated by Sanger sequencing. Adenoviruses 

carrying hCas9 and ADNP gRNA sequences were produced and purified by 

ViGene Biosciences according to their standard protocol (CsCl gradient 

purification and plaque assay) and the vector designated as pAV-U6-gRNA-

CBh-hCas9-EGFP. 

Transfection and genomic DNA sequencing of ZEFs 

To validate the mutation efficiency of the designed gRNA sequence 

targeting the ADNP gene, dissociated ZEFs (1×106) were resuspended in 

nucleofection solution containing 10 g of CRISPR/Cas9 plasmids and 

nucleofection was performed using the X-001 program. Genomic DNA was 

extracted from transfected cells. Genomic regions encompassing the 

CRISPR/Cas9 target sites were amplified using specific primer sets (Table 4-

3). The PCR amplicons were annealed into the pGEM-T Easy Vector and 

sequenced by Sanger sequencing (Bionics). The sequencing results were 

analyzed using Geneious Prime software. 

Genome editing of zebra finch PGCs in vitro 

A total of 5×105 PGCs cultured for 15–20 days were transduced with 

the adenovirus produced by Vigene Bioscience at a MOI of 100. Adenovirus 

for genome editing was produced by transfecting 293A cells with a designed 

plasmid (pAV-U6-gRNA-CBh-hCas9-EGFP) by lipofection, and then purified 

by iodixanol gradient ultracentrifugation and tittered by IHC-

immunohistochemistry (Vigene Bioscience). Genomic DNA was extracted 

from the cells 4 days after transduction. Genomic regions encompassing the 

CRISPR/Cas9 target sites were amplified using specific primer sets (Table 4-

3). The PCR amplicons were annealed to the pGEM-T Easy Vector and 



sequenced by Sanger sequencing (Bionics), and the sequencing results were 

analyzed using Geneious Prime software. 

Analysis of off-target mutations in edited PGCs 

Potential off-target sites were screened on the basis of high 

homologous scores, using the CCTop online prediction tool, and the 3 closest 

off-target sites were selected. These off-target sites shared 15-16 matched 

nucleotides with up to 11 consecutive matched sequences of the 20-base pair 

gRNA sequences (Figure 4-8). The PCR amplification of the potential off-

target regions using genomic DNAs from edited PGCs was conducted. The 

PCR amplicons were annealed to the pGEM-T Easy Vector and sequenced by 

Sanger sequencing (Bionics), and the sequencing results were analyzed using 

Geneious Prime software. 

Transplantation of edited PGCs in vivo 

About 1,000 transduced PGCs were injected into the dorsal aorta of 

zebra finch embryo at HH stage 13–16. After injection, the eggs were sealed 

with medical-grade silicone adhesive (Kwik-Cast, World Precision Instruments) 

and further incubated until HH stage 28. Fluorescent cells in the recipient 

embryonic gonads were quantified under a fluorescence microscope. 

Immunohistochemical analysis of embryonic gonads 

Embryonic gonads with mesonephric tissues of zebra finch embryos 

at HH stage 28 were paraffin-embedded and sectioned (thickness, 8–10 m). 

After deparaffinization, sections were washed with PBS and blocked with 

blocking buffer (PBS containing 5% goat serum and 1% bovine serum albumin) 



for 1 h at room temperature. Sections were then incubated  with a rabbit anti-

GFP primary antibody (Thermo Fisher Scientific) at 4°C overnight. After 

washing with PBS, sections were incubated with an Alexa Fluor 488-

conjugated secondary antibody (Thermo Fisher Scientific) for 1 h at room 

temperature. After washing, sections were mounted using ProLong Gold 

antifade reagent with DAPI and visualized using a confocal fluorescence 

microscope (Carl Zeiss GmbH). 

Statistical analysis 

Relative expression of genes was compared between the top and 

bottom fractions separated by Ficoll density gradient centrifugation using the 

Student’s t-test with GraphPad Prism statistical software (GraphPad Software, 

La Jolla, CA, USA). The transfection efficiency and cell viability using 

different transfection methods were compared by an ANOVA and Bonferroni’s 

Multiple Comparison Test using GraphPad Prism statistical software. All values 

are means ± standard deviation (n = 3). 

  



4. Results 

Culture and characterization of zebra finch PGCs 

The whole gonadal cells were isolated from zebra finch embryos at 

Hamburger Hamilton (HH) stage 28 and cultured for a short duration in vitro, 

and then suspended cells, which were presumed to be PGCs, were harvested 

and characterized (Figure 4-1A). Expression of germ cell marker genes (DDX4 

and DAZL) and pluripotency marker genes (POUV and NANOG), which are 

regarded as representative PGC markers in avian species, was detected by RT-

PCR analysis (Figure 4-1B). Immunostaining with an anti-DAZL antibody 

showed that these cells were positive for DAZL (Figure 4-1C). Scanning 

electron microscopy showed that these cells had an irregular morphology with 

abundant microvilli-like structures (Figure 4-1D). Additionally, to characterize 

the migration of these cells and their ability to incorporate into the embryonic 

gonads via the bloodstream, approximately 500 cells that had been cultured for 

15–20 days were labeled with PKH26 red fluorescent dye and immediately 

injected into the bloodstream of zebra finch embryos at HH13–16. After 3 days 

(at HH28), labeled cells were successfully incorporated into the recipient 

embryonic gonads (mean number of migrated cells per gonad, 182.7 ± 17.2) 

(Figure 4-1E). These results demonstrate that PGCs are obtained by short-term 

culture, and the PGCs culture was dependent on individual embryos and was 

not sex-specific (Figure 4-2). 

Isolation and characterization of zebra finch SSCs 

SSCs, an important germline-competent stem cell resource for 

generating transgenic animals, were isolated from testes of an adult male zebra 

finch (Figure 4-3A and B) by the Ficoll density gradient centrifugation method, 



which successfully enriches SSCs from quails without a specific marker (Han 

et al., 2020). Testicular cells were separated into two main layers, named the 

top and bottom layers (Figure 4-3C). Each layer was plated on a 6-well culture 

plate. The top layer contained cells that were round, had clear cytoplasm, and 

were of distinct sizes (20–25 μm in diameter) in comparison with those in the 

bottom layer and thus these cells were morphologically similar to SSCs (Figure 

4-3D) (Kokkinaki et al., 2009). Quantitative RT-PCR assessing expression of 

six distinct and well-accepted pluripotency marker genes (NANOG and POUV), 

germ cell marker genes (DDX4 and DAZL), and SSC marker genes (ITGB1 and 

ITGA6) was performed to examine enrichment of SSCs in the top layer. 

Expression of all tested genes except for DDX4, a germ cell marker, was 

significantly higher in cells from the top layer than in cells from the bottom 

layer (Figure 4-3E). Immunohistochemistry showed that there were more 

DAZL-positive cells in the top layer than in the bottom layer (Figure 4-3F). 

These results suggest that SSCs from zebra finch can be successfully enriched 

without using specific markers. 

Validation of gene transfer efficiencies into zebra finch PGCs 

Foreign genes need to be introduced into zebra finch PGCs with high 

efficiency. Therefore, a variety of transfection methods were applied and 

comparatively analyzed. Zebra finch PGCs were transfected with the GFP 

expression vector via nucleofection or lipofection. Also, zebra finch PGCs were 

transduced with a lentiviral or adenoviral vector containing the GFP coding 

sequence. Flow cytometry revealed that the percentage of GFP-positive PGCs 

was low following nucleofection-, lipofection-, and lentivirus-mediated 

transfection (1.36 ± 1.17%, 2.93 ± 2.34%, and <1%, respectively), and was 

highest following adenovirus-mediated transfection (13.8 ± 3.21%) (Figure 4-



4A–C). The percentage of viable cells was significantly lower in the 

nucleofection group than in the other groups (Figure 4-4D). Therefore, the 

adenoviral vector system, which was highly efficient compared with the other 

tested transfection methods and did not affect cell viability, was regarded as the 

most suitable method for gene transfer into zebra finch gonadal PGCs in our 

experimental conditions. 

Validation of gene transfer efficiencies into zebra finch SSCs 

was necessary to test different transfection methods and determine which was 

best. Thus, a variety of transfection methods were applied and comparatively 

analyzed. Before the comparative experiment, three nucleofection programs 

(A-023, L-029, and X-001) were tested and the optimal one was selected. The 

transfection efficiency was highest with the X-001 program, and cell viability 

did not differ between the three nucleofection programs (Figure 4-5). Zebra 

finch SSCs were transfected with the GFP expression vector using 

electroporation-based nucleofection or liposome-based lipofection. Also, SSCs 

were transduced with a lentiviral or adenoviral vector containing the GFP 

coding sequence. The percentage of GFP-positive cells was determined by flow 

cytometry (Figure 4-4E and F). The percentage of GFP-positive cells was low 

following lipofection- and lentivirus-mediated transfection (1.58 ± 0.37% and 

0.94  0.09%, respectively) and relatively high following nucleofection- and 

adenovirus-mediated transfection (6.13 ± 0.34% and 7.13 ± 3.3%, respectively) 

(Figure 4-4E–G). The percentage of viable cells was significantly lower in the 

nucleofection group than in the other groups (Figure 4-4H). Thus, I concluded 

that the adenoviral vector system is optimal for delivering exogenous genes into 

zebra finch SSCs without affecting cell viability. 



Adenoviral CRISPR/Cas9-mediated targeted mutagenesis in zebra finch 

germline- competent stem cells 

Gene editing was attempted using the adenoviral gene transfer method 

in vitro to verify the potential of zebra finch germline-competent stem cells for 

transgenic applications. Activity-dependent neuroprotective protein (ADNP) 

syndrome is an autistic-like disorder caused by mutations of the human ADNP 

gene. The ADNP gene is robustly expressed in the cerebrum of young male 

zebra finches, corroborating with singing behavior and the development of the 

cerebral song system. Thus, I selected ADNP as the target gene to verify the 

genome-editing potential of the adenoviral method in zebra finch PGCs. The 

gRNA sequence was designed to target the Tyr719* residue located in exon 6 

of the ADNP gene, one of the major point mutations that cause ADNP syndrome 

(Figure 4-6A). CRISPR/Cas9 plasmids encoding the specific gRNA 

(pX459/ADNP gRNA) were generated (Figure 4-6B) and their ability to 

disrupt the target gene was tested in primary zebra finch fibroblasts (ZEFs) 

(Figure 4-6D). Sequencing analysis confirmed that the designed gRNA 

sequence induced nucleotide deletions at the targeted locus with an efficiency 

of 34.5% (10/29) in primary ZEFs (Figure 4-6E). For targeted knockout of the 

ADNP gene in zebra finch PGCs, adenoviruses carrying hCas9 and the gRNA 

sequence were generated and applied to PGCs in vitro (Figure 4-7A and B). 

Transient GFP signals due to delivery of the GFP coding sequence by the 

adenoviral vector were detected in zebra finch PGCs 4 days after transduction 

(Figure 4-7C). Nucleotide modifications of the targeted locus were detected by 

the T7E1 assay (Figure 4-7D). Sequencing analysis detected nucleotide 

deletions at the gRNA-targeted locus of the ADNP gene with an efficiency of 

30% (3/10) in zebra finch PGCs (Figure 4-7E). To evaluate the off-target 

effects in ADNP edited PGCs, I analyzed six putative off-target sites by the TA 



cloning method, and I detected no off-target mutation (Figure 4-8). Same 

approach was also attempted with zebra finch SSCs, but mutagenesis of the 

target gene was not observed (data not shown). These results demonstrate that 

the adenovirally delivered CRISPR/Cas9 system can induce nucleotide 

deletions at targeted gene loci in zebra finch PGCs, germline-competent stem 

cells, but the method must be improved for SSCs. 

In vivo incorporation of genome-edited zebra finch PGCs 

To investigate whether zebra finch PGCs maintain their in vivo 

migration properties after genome modification using the adenoviral system, 

genome-modified PGCs were transplanted in vivo. Approximately 1,000 PGCs 

subjected to adenoviral transduction (~30% of which were genome-edited with 

GFP signals) were labeled with PKH26 and immediately injected into the 

bloodstream of recipient zebra finch embryos at HH13–16. After 3 days, at 

HH28, GFP-expressing PGCs were successfully incorporated into recipient 

embryonic gonads (Figure 4-7F and G). Of the 1,000 injected cells, 218 ± 46 

cells were incorporated into recipient gonads (PKH26-labeled cells in both 

gonads were counted) and 28.1 ± 6.9% of them (61 ± 15 cells) expressed GFP 

(PKH26-labeled and GFP-expressing cells were counted). For detailed 

observation of migrated cells, some recipient embryonic gonads containing 

migrated cells were paraffin-sectioned and immunostained with an anti-GFP 

antibody. GFP-expressing cells were observed in sectioned recipient embryonic 

gonads (Figure 4-7H). These data suggest that targeted genome-modified zebra 

finch PGCs maintain their germ cell properties in vivo and can be applied to 

create transgenic embryos.  



 

Figure 4-1. Isolation and characterization of zebra finch PGCs. (A) 

Morphology of zebra finch PGCs cultured for a short duration in vitro. Scale 

bar, 50 m. (B) RT-PCR analysis of zebra finch PGCs. Blastoderm was used as 

a positive control and primary ZEFs were used as a negative control. DW, 

distilled water. (C) Zebra finch PGCs were identified by immunostaining with 

an anti-DAZL antibody. Scale bar, 20 m. (D) Scanning electron microscopy 

of zebra finch PGCs. Scale bar, 1 and 2 m. (E) Migration of PGCs in recipient 

zebra finch embryos. Approximately 500 PGCs or ZEFs were labeled with 

PKH26 red fluorescent dye and injected separately into the dorsal aorta of zebra 

finch embryos at HH13–16. Fluorescent cells were observed in recipient 

embryonic gonads at HH28. Scale bar, 100 m.  



 

Figure 4-2. Individual culture of zebra finch PGCs in vitro. (A) Sexual 

identification of the embryos from which the gonad was extracted. Genomic 

DNA was extracted from extra embryonic tissues for sexing PCR. Sexing of 

the embryos was performed by chromodomain-helicase-DNA binding protein 

(CHD) 1 gene PCR amplification of the genomic DNA. Samples with known 

sex were used as positive controls. (B-C) Individual culture of zebra finch PGCs 

in vitro. (C) Passaging status of PGCs in vitro. White dashed boxes indicate the 

location of the enlarged images at the bottom. Scale bar, 100 m and 25 m 

(Enlarged images).  



 

Figure 4-3. Enrichment and characterization of zebra finch SSCs. (A) 

Adult female and male zebra finches. The zebra finch indicated by the red arrow 

has an orange cheek patch, which is indicative of males. (B) Isolated testes of 

an adult male zebra finch. Scale bar, 1 mm. (C–D) Isolation of testicular germ 

cells by Ficoll density gradient centrifugation. Testicular cells were separated 

into two layers (dotted boxes). The top and bottom layers were selected and 

plated in culture plates. Scale bar, 50 m. (E) Gene expression analysis of the 

two layers of testicular germ cells cultured for 1 day. Quantitative RT-PCR 



analysis of six distinct and well-accepted pluripotency marker genes (POUV 

and NANOG), germ cell marker genes (DDX4 and DAZL), and SSC marker 

genes (ITGB1 and ITGA6). Significant differences between the top and bottom 

layers are shown (Student’s t- p < 0.05, ns = not significant). (F) Cells in 

the top and bottom layers were immunostained with an anti-DAZL antibody. 

Scale bar, 20 m.  



 

Figure 4-4. Comparison of the gene transfer efficiencies of various 

transfection methods in zebra finch germline-competent stem cells in vitro. 

(A–D) Gene transfer efficiency in zebra finch PGCs. The GFP gene was 

transferred into zebra finch PGCs using nucleofection, lipofection, a lentivirus, 



and an adenovirus. (A) Representative morphology of transfected zebra finch 

PGCs. Scale bar, 50 m. (B–C) Transfection efficiencies measured by flow 

cytometry. Significant differences between the four groups are shown (one-way 

**p 

was determined by trypan blue staining. Significant differences between the 

four groups are shown (one- *p **p 

significant). (E–H) Gene transfer efficiency in zebra finch SSCs. (E) 

Representative morphology of transfected zebra finch SSCs. Scale bar, 100 m. 

(F–G) Transfection efficiencies measured by flow cytometry. Significant 

differences between the four groups are shown (one- ***p < 

determined by trypan blue staining. Significant differences between the four 

groups are shown (one- ***p  



 

Figure 4-5. Selection of the optimal nucleofection program for gene 

transfer into zebra finch SSCs. (A) Comparison of the transfection efficiency 

between three nucleofection programs. A total of 1×106 cells was transfected 

using 100 μl of solution V and three nucleofection programs with an Amaxa 

nucleofector. GFP-expressing cells were counted by flow cytometry 4 days 

after transfection. (B) Viability of transfected zebra finch SSCs was analyzed 

by trypan blue staining 4 days after transfection. Significant differences 

between the three groups are shown (one- ***p 

significant).  



 

 



Figure 4-6. Verification of the efficiency with which the ADNP-targeting 

gRNA induced indels in primary ZEFs. (A) Schematic of the gRNAs used to 

target the zebra finch ADNP gene. The gRNAs are indicated by the red bars and 

the PAM sequences are indicated by the light blue bars. (B) Structure of the 

CRISPR/Cas9 plasmid targeting the ADNP gene. A GFP expression vector was 

co-transfected to transiently express GFP. (C) Information of designed gRNA 

sequences from Geneious prime software. (D) Images of transfected primary 

ZEFs. (E) DNA sequences of ADNP loci in transfected cells. Genomic DNA 

was extracted from transfected cells and PCR-amplified. PCR amplicons were 

inserted into the T-vector and analyzed by DNA sequencing. Red letters indicate 

gRNA recognition sequences, light blue letters indicate PAM sequences, and 

gray letters indicate deletions.  



 

Figure 4-7. CRISPR/Cas9-mediated gene targeting using the adenovirus-

mediated method in zebra finch PGCs. (A) Schematic of the gRNA targeting 

the zebra finch ADNP gene. The gRNA sequence located in exon 6 is shown in 

red letters and the PAM sequence is shown in light blue letters. (B) Construction 

of the CRISPR/Cas9 adenoviral vector containing the selected gRNA sequence 



targeting the ADNP gene. (C) CRISPR/Cas9 adenovirus-transduced zebra finch 

PGCs. GFP expression indicates transduced cells. Scale bar, 100 m. (D–E) 

Knockout efficiency in zebra finch PGCs according to the T7E1 assay and DNA 

sequencing. Total PCR products were inserted into the T-vector and analyzed 

by DNA sequencing. Red letters indicate gRNA recognition sequences, light 

blue letters indicate PAM sequences, and gray letters indicate deletions. The 

dotted box indicates the Tyr719* residue located in exon 6 of the ADNP gene, 

a major point mutation causing ADNP syndrome. (F–G) In vivo migration of 

genome-modified zebra finch PGCs in recipient embryos. Approximately 1,000 

cells transduced with the adenovirus carrying the CRISPR/Cas9 system were 

labeled with PKH26 red fluorescent dye, injected into the dorsal aorta of zebra 

finch embryos at HH13–16, and incubated until HH28. Fluorescent cells were 

observed in recipient gonads and counted. Scale bar, 100 m. (H) Some 

recipient gonads were paraffin-sectioned and immunostained with an anti-GFP 

antibody. Scale bar, 50 m.  



 

Figure 4-8. Investigation of potential off-target sites of ADNP gRNA #2. (A) 

Prediction of potential off-target sites by CCTop prediction tool (Off-target sites 

with mismatched bases less than four were not predicted). Frequency of off-

target means number of off-target clones/sequenced clones. (B) Sanger 

sequencing chromatograms at each putative off-target region in edited PGCs. 



Table 4-1. Primer sequences used for sexing PCR 

Usage ID Sequence (5’ 3’) Size (bp) 

Sexing 
PCR 

W1 GGGTTTTGACTGACTAACTGATT 
179 

W2 GTTCAAAGCTACATGAATAAACA 

Z1 GTGTAGTCCGCTGCTTTTGG 
242 

Z2 GTTCGTGGTCTTCCACGTTT 



Table 4-2. Primer sequences used for RT-PCR and quantitative RT-PCR 

Usage ID Sequence (5’ 3’) 

RT-PCR 

POUV 
F: GCACAAGCGCATCATGCTGG 

R: CCTCAGCGATCTGGGACATC 

NANOG 
F: TCCCCAGCTTCATCCAGTTC 

R: CACCTGCTTGTAGGTGAGCC 

DDX4 
F: TGTGCCCAGACAGGATCAGG 

R: GCATGCGGTCTGCTTCATCC 

DAZL 
F: GCTGAAACTGGGGCCAGCAA 

R: CATGCCCCTGTCCACAGACT 

GAPDH 
F: CCATGCCATCACAGCCACAC 

R: CCTTGGATGCCATGTGGACC 

Quantitative 
RT-PCR 

qRT-POUV 
ATCGAATTGGGCGAACTGGT 

AGGTTGTGCAAGATGACCGT 

qRT-NANOG 
TCAAATTCCTGCGTGCAACC 

CTGCTGCACGTATGTCTCCA 

qRT-DDX4 
CTTCCGCAAGTGTGTGAAGC 

AGAACCAGACCCGGACTACA 

qRT-DAZL 
CCAGAGCACCTCTGACACTG 

ATGGGGTGCCAAGGTAACTG 

qRT-ITGB1 
AAGGAGAGCCAACATCTGCC 

GCTCCCCGACTCTTAGATGC 

qRT-ITGA6 
GGGCCTTACGAAGTTGGTGA 

GCCATCACTGTTGAGGTCCA 

qRT-GAPDH 
CCACATGGCATCCAAGGAGT 

AGAGCTAAGCGGTGGTGAAC 



Table 4-3. Oligonucleotide sequences used for genome editing 

  

Usage ID Sequence (5’ 3’) 

pX459 
CRISPR/Cas9 

expression vectors 
construction 

ADNP gRNA #1 
caccgGTAGGCGCGTTTCACAGGCG 

aaacCGCCTGTGAAACGCGCCTACc 

ADNP gRNA #2 
caccgGAAACGCGCCTACGAACACA 

aaacTGTGTTCGTAGGCGCGTTTCc 

ADNP gRNA #3 
caccgTCTCAATCTCTCTCCGAGTG 

aaacCACTCGGAGAGAGATTGAGAc 

T7E1 assay and 
sequencing 

ADNP T7E1_F CCAGGTGATCCAGACGGTTC 

ADNP T7E1_R GCAGCACCCCGGGTTTATAT 

Off-target 
sequencing 

Predicted 
off-target site 1 

F: TTGTGCAGTGTCTAGCCAGG 

R: AGTTCTCTACAGGGTCCCCC 

Predicted 
off-target site 2 

F: ACTCCTGACTCAATGCTCCAG 

R: ACACCATTTGACTTTGCATCAAGT 

Predicted 
off-target site 3 

F: TTTTGGGCTCTCTTTCCTCAA 

R: TCCCCAAATCACTCTGCTCAC 

Predicted 
off-target site 4 

F: ATGCACAGAGTTCTCCCAGC 

R: CATCTGCCGTCTTCTCCACA 

Predicted 
off-target site 5 

F: GGAGGATTGTGGTCATGCCA 

R: CCTCTGAGTGTACTGGGGGA 

Predicted 
off-target site 6 

F: TCTGCAGCACTAGCAAGGTG 

R: TCTTGGTTTGGAGTTTAGGCCT 



5. Discussions 

Zebra finch is an ideal organism for studying the basis of neurogenesis 

and speech disorders in humans, but transgenic studies are lacking, and the 

germline transmission efficiency is very low (Agate et al., 2009  

Abe et al et al., 2015). Generation of germline chimeras using 

germline-competent stem cells, such as PGCs and SSCs, is regarded as an 

efficient approach to produce transgenic animals of avian species. It is difficult 

to apply mammalian transgenic systems such as embryo transfer and nuclear 

transfer methods in avian species due to their oviparous characteristics (Han et 

al -mediated system is the most 

prominent method to produce germline transgenic models of avian species (van 

de Lavoir et al., 2006 Park and Han, 2012). A few studies reported PGC-

mediated production of transgenic zebra finches. Gessara et al., recently 

attempted PGC-mediated production of transgenic zebra finches using a 

lentivirus system. However, improvements are required and gene transfer 

methods other than the lentivirus-mediated approach must be developed. 

Moreover, gene editing technologies have not been applied to zebra finch, 

indicating many unexplored areas related to zebra finch transgenics (Gessara et 

al., 2021). Therefore, in this study, I isolated and characterized two types of 

primary germline-competent stem cells from zebra finch, established an 

efficient gene transfer system by performing comparative experiments, and 

reported targeted gene editing in zebra finch for the first time using the selected 

method. 

I investigated the efficiency with which exogenous DNA was 

introduced into zebra finch PGCs using nucleofection, lipofection, a lentivirus, 

and an adenovirus. The efficiency of the lentivirus-mediated method was the 



lowest, which differs from previous results of introducing EGFP with high 

efficiency by lentivirus system. Gessara et al., used circulating PGCs, not 

gonadal PGCs, and explained that the high efficiency is due to the expression 

of the low-density lipoprotein receptor (LDLR) family gene of PGC, which was 

increased when cultured for 10 days in their culture conditions, suggesting that 

the origin of PGC and culture conditions affect the transfection efficiency. 

(Agate et al., 2009 Abe et al., 201 et al., 2015). Lipid-DNA complex-

mediated transfection is effective in chicken PGCs (Lee et al

Han, 2012), but not in some primary cell types (Watanabe et al

Zauner et al., 1999). This limitation is believed to be primarily due to 

intracellular barriers, including poor endocytosis, endosome escape, and 

nuclear localization of the transformed DNA (Zabner et al., 1995). 

Nucleofection, an electroporation technique, can easily transfer exogenous 

genes into the cytoplasm and nucleus of some stem cells and primary cells that 

are difficult to transfect (Siemen et al., 2005  Aluigi et al., 2006), but was 

ineffective in this study and reduced the viability of zebra finch PGCs. In zebra 

finch SSCs, the nucleofection- and adenovirus-mediated methods had similar 

efficiencies, but nucleofection reduced cell viability and thus the adenovirus-

mediated method was selected as the optimal approach. However, the efficiency 

of the adenovirus-mediated method in SSCs greatly varied between 

experiments and must be improved. 

In zebra finch PGCs, targeted gene editing using the adenoviral 

CRISPR/Cas9 system was successful and had an efficiency of ~30%. This 

efficiency may be improved by introducing a gRNA sequence with a better 

editing efficiency in the future. Transduced zebra finch PGCs could be 

amplified by establishing a long-term culture system for these cells and 

subsequent in vitro selection. Genome editing was also attempted in zebra finch 



SSCs but failed. Gene delivery using adenoviruses results in transient 

GFP expression is not proportional to the editing efficiency (Lee et al., 2017a). 

Further optimization, such as introduction of polymers including polybrene, 

poly-L-lysine, and polyethyleneimine that enhance the adenoviral transduction 

efficiency, is required to increase the efficiency of gene transfer and improve 

gene editing in zebra finch SSCs (Kasman et al., 2 et al., 2014  Buo 

et al., 2016). 

Adenoviruses are versatile tools for gene transfer and expression that 

can be applied in vitro to obtain gene-edited cells as a resource for generating 

transgenics and can also be directly used to target PGCs in vivo. In quail, an 

adenovirus was directly injected into the blastoderm containing PGCs, leading 

to the generation of transgenic quails with a high germline transmission 

efficiency (Lee et al., 2019). Thus, it is expected that the adenovirus system, 

which had the highest efficiency in zebra finch germline-competent stem cells, 

can be applied directly in vivo as well as in vitro, thereby expanding research 

concerning the production of transgenic zebra finches. 

In summary, I isolated and characterized primary germline-competent 

stem cells, PGCs and SSCs, from zebra finch, optimized the gene transfer 

method, and confirmed that the adenovirus-mediated method was most efficient 

in both cell types. Delivery of the CRISPR/Cas9 system to PGCs using 

adenoviruses enabled gene targeting in zebra finch for the first time. This study 

is an important foundation for the production of transgenic zebra finches. 



This chapter will be published elsewhere 
as a partial fulfillment of Kyung Min Jung’s Ph.D. program 
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1. Abstract 

Primordial germ cells (PGCs) are undifferentiated gametes with 

heterogeneity, an evolutionarily conserved characteristic across various 

organisms. Although dynamic selection at the level of early germ cell 

populations is an important biological feature linked to fertility, the 

heterogeneity of PGCs in avian species has not been characterized. In this study, 

I sought to evaluate PGC heterogeneity in zebra finch using a single-cell RNA 

sequencing approach. Using single-cell RNA sequencing of embryonic gonadal 

cells from male and female zebra finches at Hamburger and Hamilton (HH) 

stage 28, I annotated nine cell types from 20 cell clusters. I found that PGCs 

previously considered a single population can be separated into three subtypes 

showing differences in apoptosis, proliferation, and other biological processes. 

The three PGC subtypes were specifically enriched for genes showing 

expression patterns related to germness or pluripotency, suggesting functional 

differences in PGCs according to the three subtypes. Additionally, I discovered 

a novel biomarker, SMC1B, for gonadal PGCs in zebra finch. The results 

provide the first evidence of substantial heterogeneity in PGCs previously 

considered a single population in birds. This discovery expands our 

understanding of PGCs to avian species, and provides a basis for further 

research.  



2. Introduction 

The heterogeneity of primordial germ cells (PGCs), the only cells 

capable of transferring genetic information to the next generation, during early 

embryonic development is conserved across a wide range of taxa 

Nguyen, et al., 2019). Initial PGCs are divided into subsets, including cells that 

do not contribute to germline development (Nguyen, et al., 2019). In zebrafish 

(Danio rerio), chemokine responsiveness and motility, which determine 

migration toward gonads during early development, differ among individual 

cells. PGCs showing aberrant migration are eliminated by apoptosis 

(Koprunner M et al Weidinger G et al Michal Reichman-Fried, 

2004). In mice (Mus musculus), PGCs show asynchronous migration, in which 

some cells lag behind or move to an ectopic location via niche signals or 

 

(Molyneaux et al Laird et al Cantu et al., 2016). The 

heterogeneity of PGCs can also be caused by differences in proliferation, as 

observed in Caenorhabditis elegans and Drosophila. Highly proliferative PGC 

populations are overrepresented in the germline and therefore can compete for 

access to signaling factors essential for development (Fukuyama et al

Gilboa et al., 2006). PGCs with the potential to become germ cell tumors and 

harboring deleterious mutations can be eliminated, and only a subset of the 

initial population completes fetal development (Nguyen, et al., 2019). 

Morphological analyses of germ cell heterogeneity and genetic 

manipulation of germ cells have been accelerated by development of single-

cell RNA sequencing (scRNA-seq) techniques, which enable transcriptome 

studies and detailed lineage specification. ScRNA-seq in human fetal germ 

cells has revealed transcriptional and epigenetic heterogeneity as well as 



variation in susceptibility to apoptosis (Reznik et al Nguyen et al., 2020). 

Heterogeneity and developmental asynchrony in female germ cell populations 

has also been identified in mice (Zhao et al., 2020). In avian species, scRNA-

seq was used to evaluate chicken embryonic gonadal cells at several 

determination (Estermann et al., 2020). Although the selection process acting 

on early germ cells is linked to germ cell quality and fertility, studies of the 

heterogeneity of avian germ cells are lacking. 

The zebra finch (Taeniopygia guttata) is a representative model bird 

in evolutionary and neurobiological studies, and assembly of its complete 

genome sequence has opened up new and interesting avenues for related 

research fields (Mello, 2014). Zebra finch PGCs have distinct physiological 

characteristics (with respect to migration and cell counts at each developmental 

stage) from those of other avian species. The species is used for basic research 

and germline transgenics, indicating the importance of further germ cell 

research (Jung et al.,  Gessara et al., 2021). In this study, I performed a 

scRNA-seq analysis of zebra finch embryonic gonadal cells at HH28 to 

evaluate the heterogeneity of PGCs. I identified three distinct subpopulations 

of gonadal PGCs in a single developmental stage. These results provide 

interesting insights into zebra finch PGCs, including the first evidence for a 

cellular level selective event during embryonic development in avian species. 



3. Materials and methods 

Experimental animals and animal care 

The experimental use of zebra finches was approved by Institutional 

Animal Care and Use Committee of Seoul National University, Korea (IACUC, 

SNU-200305-2-1). All methods were carried out in accordance with ARRIVE 

(Animal Research: Reporting of In Vivo Experiments) guidelines and the 

standard operating protocols of Animal Genetic Engineering Laboratory at 

Seoul National University. 

Gonad sample preparation 

Gonads were collected from the abdomens of zebra finch embryos at 

Hamburger and Hamilton (HH) stages 28, 34, 40, and on hatching day 

(Hamburger and Hamilton, 1951). The embryonic stages were identified 

according to incubation time and developmental features (Murray et al., 2013  

Jung et al., 2019). Eggs were opened 3 days prior to sampling HH28 gonads, 

and 1 μl of blood was taken for molecular sexing. In particular, the 

chromodomain-helicase-DNA binding protein (CHD) 1 gene was amplified by 

PCR using genomic DNA extracted from blood with previously described 

primers (Soderstrom et al., 2007). The gonads of sex-identified individuals 

were used for scRNA-seq. 

Single-cell library preparation and sequencing 

Seven male and seven female embryonic gonads at HH28 were 

collected for each sex, pooled in 100 μl of trypsin (0.05%), and incubated at 

37°C for 5 min with gentle pipetting. Digestion was stopped by addition of 100 



μl of Dulbecco’s Modified Eagle’s Medium (Hyclone, Logan, UT, USA) 

containing 10% fetal bovine serum (Hyclone), followed by washing with 500 

μl of PBS. Cells were pelleted down and resuspended in PBS. Single-cell 

libraries were prepared using the Chromium controller according to the 10× 

Chromium Next GEM Single Cell 3  v3.1 protocol (10x Genomics, Pleasanton, 

CA, USA) by Macrogen (Seoul, Korea). Briefly, cell suspensions were diluted 

in nuclease-free water to achieve a targeted cell count of 10,000. The cell 

suspension was mixed with master mix and loaded with Single Cell 3  v3.1 Gel 

Beads and Partitioning Oil into a Chromium Next GEM Chip G apparatus. RNA 

transcripts from single cells were uniquely barcoded and reverse-transcribed 

within droplets. Next, cDNA molecules were pooled and then was subjected to 

an end repair process, addition of a single ‘A’ base, and ligation of the adapters. 

The products were then purified and enriched by PCR to create the final cDNA 

library. The purified libraries were quantified by qPCR according to the qPCR 

Quantification Protocol Guide (Kapa Biosystems, Wilmington, MA, USA), and 

quality was determined using the Agilent Technologies 4200 TapeStation 

(Santa Clara, CA USA). Then, the libraries were sequenced using the HiSeq 

platform (Illumina, San Diego, CA, USA), according to the read length in the 

user guide. 

Single-cell gene expression analysis 

Single-cell gene expression data were analyzed using Cell Ranger 

v5.0.0 (10x Genomics). Briefly, raw BCL files from the Illumina HiSeq 

platform were demultiplexed to generate FASTQ files using ‘cellranger 

mkfastq.’ Then, these raw FASTQ files were analyzed using ‘cellranger count’ 

based on the zebra finch reference genome (bTaeGut1_v1) to quantify mapped 

reads at each cell barcodes. Raw count matrices were analyzed using Seurat 



3.1.3. Raw counts for genes expressed in 3 cells, and cells with at least 200 

detected genes were used for downstream analyses. The percent_mt filtering 

was omitted because the mitochondrial genes were not annotated in the zebra 

finch Ensembl reference. Clustering analysis was performed using UMAP 

algorithm (McInnes et al., 2018). A statistical hypothesis test for detecting 

genes exhibiting specific expression patterns for each cluster was performed 

using edgeR on the count matrix aggregated for each cluster. In this study, an 

FDR-adjusted P-value of 0.05 or less after adjustment using the Benjamini & 

Hochberg method (Benjamini and Hochberg, 1995) was used as the 

significance cutoff. 

RT-PCR and quantitative RT-PCR 

Total RNA samples of PGCs or GSCs cultured for 10–20 days were 

prepared using Trizol reagent (Thermo Fisher Scientific, Waltham, MA, USA). 

Total RNA samples were then reverse-transcribed into cDNA using the 

SuperScript III Reverse Transcription Kit (Thermo Fisher Scientific), according 

to the manufacturer’s protocol. The cDNAs were amplified by PCR using 

primer sets specific for predicted zebra finch DAZL, DDX4, DND1, PIWIL1, 

RNF17, SMC1B, RBM46, and HORMAD1 sequences. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as a control. PCR conditions 

were as follows: 35 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min. 

Gene expression was measured using EvaGreen dye (Biotium, Hayward, CA, 

USA) and a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 

USA). Relative gene expression was quantified using the 2-(DDCt) value (DCt = 

Ct of the target gene – Ct of GAPDH - DCt of GSCs). 

Total RNA samples from different tissues (including the heart, lung, liver, 

intestine, muscle, testis, and ovary) from adult male and female zebra finch 



were isolated using Trizol reagent, and cDNAs were synthesized using the 

SuperScript III Reverse Transcription Kit. Total RNA samples from embryonic 

gonads at different developmental stages (including HH 28, 34, 40, and 

hatching day) were also prepared following the same protocol. Primer 

information is listed in Table 5-5. 

Immunohistochemistry of zebra finch embryonic gonads 

Embryonic gonads with mesonephric tissues at HH28 were paraffin-

embedded and sectioned (thickness, 8 μm). After deparaffinization, sections 

were washed with 1× PBS and blocked with a blocking buffer (5% goat serum 

and 1% bovine serum albumin in PBS) for 1 h at room temperature. Sections 

were then incubated overnight at 4°C with a rabbit anti–SMC1B antibody, 

HPA001500 (Atlas Antibodies AB, Stockholm, Sweden). After washing with 

PBS, sections were incubated with anti-rabbit IgG-Alexa Fluor 594 (Thermo 

Fisher Scientific) for 1 h at room temperature. After washing with PBS, sections 

were mounted with ProLong Gold antifade reagent with DAPI and visualized 

under a confocal fluorescence microscope (Carl Zeiss GmbH, Oberkocken, 

Germany). 

Whole-mount in situ hybridization 

Hybridization probes for zebra finch SMC1B were made from total 

RNA extracted from embryonic gonads, which was then reverse-transcribed 

using the SuperScript III First-Strand Synthesis System (Thermo Fisher 

Scientific). Next, cDNA was amplified using SMC1B-specific primers (forward, 

5'-CAG CAC CCT AGA CCT TGA CC-3' and reverse, 5'-AGG ATT CTC CGG 

GCT AAG GA-3'). The PCR product was cloned into the pGEM-T Easy Vector 

System (Promega, Madison, WI, USA). After sequence verification by Sanger 



single-molecule sequencing, recombinant plasmids containing the target genes 

were amplified using T7- and SP6-specific primers to prepare the template for 

labeling the hybridization probes. Digoxigenin (DIG)-labeled sense and 

antisense SMC1B hybridization probes were transcribed in vitro using a DIG 

RNA Labeling Kit (Roche, Basel, Switzerland). Whole-mount in situ 

hybridization of zebra finch embryonic gonads with mesonephric tissues at 

HH28 was performed using a standard protocol with an anti-DIG alkaline 

phosphatase–conjugated antibody and visualization by a 5-bromo-4-chloro-39-

indolyphosphate p-toluidine salt and nitro-blue tetrazolium chloride 

colorimetric reaction. Afterwards, in situ–hybridized samples were paraffin-

embedded, sectioned (thickness, 8 μm), and evaluated under a microscope 

(Nikon).  



4. Results 

scRNA-seq of gonadal cells in zebra finch 

I collected whole gonadal cells from zebra finch embryos of known 

sex at HH28 (Figure 5-2A). Single-cell suspensions of male and female 

embryonic gonads were captured individually and processed using the 10× 

Chromium system. In total, 12,489 and 10,046 cells were sequenced from 

pooled male and female gonads (n = 7 each), respectively (Figure 5-1A). I 

clustered cells based on gene expression levels in 22,535 cells, including male 

and female subjects. I obtained 20 clusters (referred to as c1–c20) using the 

uniform manifold approximation and projection (UMAP) algorithm (Figure 5-

1B). In all 20 clusters, gene expression was detected in both sexes, except for 

cluster 20 (c20), which showed only male-specific expression patterns (Figure 

5-1C and Figure 5-2B). On average, in clusters c1 to c17, the proportion of 

cells derived from males was relatively high, whereas c15, c18, and c19 showed 

a relatively high proportion of cells derived from females (Figure 5-2C and D). 

I evaluated 20 cluster-specific expression patterns under the one-vs.-rest 

comparison strategy, resulting in an average of 454 differentially expressed 

genes (DEGs) at a 5% significance level after adjustment for multiple 

comparisons (Figure 5-1D, Figure 5-2E, Table 5-1). In particular, a number of 

DEGs (i.e., 1,182 and 1,954 genes) were detected in c12 and c17, respectively, 

suggesting that these two cell clusters are involved in distinct biological 

processes. 

Identification of nine cell types based on cell-type specifically expressed genes 

in zebra finch gonads 

I characterized 20 cell clusters based on DEGs exhibiting cell-specific 



expression patterns identified in this study (Figure 5-1E and Figure 5-3) and 

previously established cell type classification criteria for chicken species (Hu 

et al., 2019 Estermann et al., 2020). I successfully annotated nine cell types 

from gonadal cell clusters (Figure 5-1F). First, I found that cells assigned to c1, 

c4, and c9 were epithelial cell populations based on specific upregulation of 

KRT18 and EMX2. In c3, c5, and c11, COL3A1, COL1A2, POSTN, and DCN 

were specifically expressed, indicating that these populations are interstitial 

cells. I found that SOX9 and DMRT1 were expressed in males, and that 

CYP19A1 was specifically expressed in females, in cell clusters c2, c6, and c8, 

indicating that these clusters contain supporting cells such as precursors of 

Sertoli cells or granulosa cells. Furthermore, c2 and c8, along with c14 and c19, 

expressed the cell type-specific markers CYP17A1 and STAR, representing the 

steroidogenic cell population. Cell cluster c10 was an endothelial cell 

population based on specific expression of CDH5 and SOX18, and cells 

assigned to c13 could be classified as erythrocytes based on expression of 

several hemoglobin genes such as HBAD and HBAA. Cell cluster c15 

specifically expressed CDK1 and UBE2C

however, very few differentially expressed transcripts were unique to c15, 

making it difficult to assign these cells to a specific type. Levels of macrophage 

markers CSF1R, LY86, SLC40A1, and HMOX1 were higher in c16 than in other 

clusters. In addition, c18, characterized by SOX10 and TAGLN3 overexpression, 

could be considered to be neuronal and glial cells. Interestingly, I observed that 

PGCs, hitherto known as a single cell type in avian species, could be subdivided 

into three groups (c7, c12, and c17) based on cell type-specific gene expression 

patterns. I confirmed that these clusters commonly expressed germline-specific 

genes such as DAZL, DDX4, PIWIL1, and DND1, supporting identification of 

these three clusters as PGCs (Table 5-1). 



I found that among these nine cell types, supporting cells, 

steroidogenic cells, interstitial cells, and epithelial cells accounted for a 

relatively high proportion of cells in both sexes (Figure 5-1G). PGCs 

accounted for 9.8% of all sequenced gonadal cells in males and 8.3% in females, 

and more PGCs were observed in male subjects (Figure 5-1H). Although HH28 

gonads were used to analyze PGCs that were not sexually differentiated, there 

were differences in the proportion of PGCs between sexes. However, this may 

not be a general phenomenon, as multiple biological replicates of male and 

female subjects were not considered in our experimental design, since I did not 

focus on sexual differences. I expect that studies in the near future based on a 

large number of scRNA-seq samples will clarify gender differences in the rates 

of PGCs. 

Transcriptionally distinct three clusters in zebra finch PGCs 

I further investigated sub-clusters c7, c12, and c17 to characterize 

PGC heterogeneity in avian species. PGCs assigned to c7, c12, and c17 

accounted for 54%, 33%, and 13% of total sequenced cells in male subjects, 

and 53%, 30%, and 17% in female subjects, respectively (Figure 5-4A), 

indicating that male and female subjects did not differ in terms of the proportion 

of PGCs. A comparative expression analysis revealed that 84, 148, and 1,108 

genes exhibited subtype-specific expression patterns in c7, c12, and c17, 

respectively, at a 5% significance level after adjustment for multiple testing 

(Figure 5-4B). These genes showing specific expression were upregulated in 

the particular subtype compared to levels in other subtypes. Furthermore, genes 

showed patterns of co-expression within each subtype (Figure 5-4C). For 

example, ENSTGUG00000 027908 Padj: 1.04e-293), 

HBAA (Padj: 1.85e-112), and HBAD (Padj: 3.4e-287) were more highly 



expressed in c7 than in c12 and c17, and were co-expressed. Co-expression of 

genes in each PGC subtype suggests that these populations have different 

biological mechanisms (Table 5-2). 

Functional characteristics of three subtypes of PGCs showing heterogeneity 

I performed a functional enrichment analysis of the PGC subtype-

specific genes (Figure 5-4D and Table 5-3) and found that each PGC 

subpopulation had distinct functional characteristics. Genes related to the GO 

terms “negative regulation of metabolic process” (e.g., H3F3A, H3F3B, NR0B1, 

and BASP1) and “cellular response to reactive oxygen species” (e.g., FOS, JUN, 

HBAA, and HBAD) were highly expressed in the c7 PGC subtype. In addition, 

genes involved in DDIT4-mediated autophagy were expressed specifically in 

c7, including the highly expressed DDIT4 and ENSTGUG00000002784 

(BECN1) genes, which induce autophagy by blocking mTOR signaling 

pathways, and EEF2K and AKT1, expressed at low levels, which are positive 

regulators of mTOR (Table 5-2 and Table 5-3). These features suggest that c7 

PGCs undergo cell death. Mitotic cell cycle-related genes (NDC80, CTBP1, 

PDS5A, TOP2A, XPO1, and KIF20A) were upregulated in the c12 PGC subtype. 

The proliferation marker genes ENSTGUG00000007339 (BUB1), PLK1, E2F1, 

and ENSTGUG00000021193 (MKI67) were also more highly expressed in c12 

than in other PGC subtypes (Table 5-2 and Table 5-3), suggesting that it is a 

dominant proliferative PGC subtype showing mitotic cell cycle changes. 

Interestingly, I found that c17 was enriched in many significant GO terms, 

including GO terms related to the location and composition of the cell, such as 

“regulation of cellular component organization,” “cellular localization,” 

“regulation of GTPase activity,” and “cell migration” (Figure 5-4D and Table 

5-3



The differences in biological pathways revealed by the functional enrichment 

analysis further demonstrate the heterogeneity of PGCs, which have hitherto 

been considered to perform the same biological functions. 

I wondered whether representative germness- and pluripotency-

related genes exhibit specific expression patterns in the newly identified PGC 

subtypes (Figure 5-5A). Among well-established pluripotency-related genes in 

avian species, I found that ENSTGUG00000013121 (NANOG, Padj: 8.6e-179), 

SOX3 (Padj: 4.06e-173), PRDM14 (Padj: 3.83e-160), and TFAP2C (Padj: 6.96e-

96) were upregulated specifically in c17 (Figure 5-5B). In the c12 PGC subtype, 

I observed upregulation of representative germness-related genes such as 

ENSTGUG00000003145 (DAZL, Padj: 6.79e-47), BOLL (Padj: 1.73e-136), 

ELAVL4 (Padj: 5.43e-07), and ENSTGUG00000004779 (PIWIL1, Padj: 5.41e-73) 

(Figure 5-5C). Although the expression levels of these germness-related genes 

were highest in c12, relatively high expression levels were also observed in c17. 

However, in c7, significantly lower levels of such germness- or pluripotency-

related genes were observed compared with other subsets, suggesting that the 

PGC subpopulations have clearly distinct roles in zebra finch development. 

Novel markers to capture PGCs from the gonads of zebra finch 

For chicken or quail, which are representative model species of birds, 

there are commercially available antibodies such as DAZL and SSEA-1 (Stage-

Specific Embryonic Antigen-

few antibodies are optimized for zebra finch PGCs, and commercialized 

antibodies are lacking (Jung et al Huss et al Ioannidis et al., 

2021). Accordingly, it is necessary to discover a marker that is expressed 

specifically in PGCs. Based on genes expressed specifically in only c7, c12, 

and c17, I identified PGC-specific genes (Figure 5-7) and selected those that 



were commonly and highly expressed in PGCs as novel markers (Table 5-4). I 

demonstrated that four novel markers, SMC1B, RNF17, RBM46, and 

HORMAD1, as well as representative markers commonly used to identify PGCs 

from gonads in avian species, such as DAZL, DDX4, DND1, and PIWIL1, can 

be applied to zebra finch (Figure 5-6A). Among the four novel markers, I 

verified experimentally that RNF17 and SMC1B were expressed specifically in 

PGCs by performing germ cell specificity analysis of PGCs and gonadal 

stromal cells (GSCs). RBM46 and HORMAD1 were detected in both cell types 

and were not specific for PGCs (Figure 5-6B and C). Of the two verified 

markers, RNF17 was expressed not only in whole cells in reproductive tissues, 

but also in other tissues, whereas SMC1B was expressed specifically in 

reproductive tissues (Figure 5-6D). I confirmed experimentally that SMC1B 

expression in embryonic gonads of both sexes is maintained throughout 

development (Figure 5-6E). Finally, I confirmed localization of the newly 

identified PGC marker SMC1B to germline cells by immunohistochemistry 

(Figure 5-6F) and in situ hybridization (Figure 5-6G) in HH28 embryonic 

gonads. These results indicate that SMC1B is a novel marker for identification 

of gonadal PGCs in zebra finch. 

  



 

Figure 5-1. Distinct gonadal cell subpopulations with transcriptional 

signatures determined by scRNA-seq analysis of zebra finch gonads. (A) 

Schematic processing of dispersed cells from male and female embryonic 

gonads for single-cell capture and RNA sequencing. (B) Aggregated UMAP 

(Uniform Manifold Approximation and Projection) clustering of all 22,535 

cells (12,489 male cells and 10,046 female cells) identified 20 distinct clusters. 

(C) Aggregated UMAP for both sexes show high overlap between the clusters. 

(D) Heatmap of top 20 differentially expressed genes (DEGs) between 20 

clusters of zebra finch gonadal cells. (E) UMAPs showing expression levels of 

germ cell and somatic cell marker genes. (F) UMAP-based illustration showing 

nine gonadal cell types. (G) Cell counts for nine different cell types. (H) 

Proportion of germ cells in the male and female gonadal cells.  



 

Figure 5-2. scRNA-seq cluster composition analysis. (A) PCR-based sex 

identification of zebra finch embryos. Genomic DNA was extracted from 

embryonic blood taken from 3-day eggs. Samples with known sexes were used 

as positive controls. A total of 15 embryo samples were analyzed. The numbers 

at the top of gel images are randomly assigned to the embryos. Males are 

indicated in light blue and females are indicated in pink letters. Seven embryos 

were identified as male, seven embryos were female, and one embryo was 

unknown. Seven sex-identified embryos were selected from each sex for 

scRNA-seq analysis. (B) UMAP clustering by gender. Males and females 

showed 20 and 19 distinct clusters, respectively (c20 only existed in male). (C) 

Number of cells assigned to each cluster in both sexes. (D) Proportions of male 

and female cells in each cluster. (E) Number of differentially expressed genes 

(DEGs) in each cluster based on aggregated UMAP clusters.  



 

Figure 5-3. Assignment of gonadal cell types in each sex based on the gene 

expression of known germ cell markers. UMAP plots of representative 

marker genes for each cell type are shown. For supporting cells, CYP19A1 was 

used as female marker and SOX9 was used as male marker. For other cell types, 

the same markers were used for both sexes.  



 

Figure 5-4. Dynamic gene expression patterns in PGC subpopulations at a 

single developmental stage. (A) The number and portion of PGCs allocated to 

each subpopulation. (B) Heatmap of differentially expressed genes (DEGs) 

between three distinct PGC clusters. (C) Number of DEGs in one cluster 

compared to all other clusters. (D) Representative GO terms for cluster-specific 

genes.  



 

Figure 5-5. Heterogeneous expression of PGC marker genes. (A) Illustration 

of heterogeneous features among PGC subpopulations. (B) High expression of 

early PGC marker genes (pluripotency markers) in cluster 17. (C) High 

expression of late PGC marker genes (germness markers) in cluster 12. 



 

Figure 5-6. Identification of novel marker genes for zebra finch gonadal 

PGCs. (A) Selected genes from the top 20 DEGs in each PGC cluster. (B) RT-

PCR analysis of selected genes in PGCs and GSCs. (C) Quantitative RT-PCR 

analysis of selected genes. (D) Tissue-specific expression of selected genes. (E) 

Expression of selected genes according to developmental stage. (F) 

Localization of SMC1B to gonadal cells was analyzed by immuno-

histochemistry using anti-SMC1B antibodies in zebra finch embryonic gonads 

at HH28. (G) In situ hybridization of SMC1B in zebra finch embryonic gonads 

at HH28.  



 

Figure 5-7. Top 20 genes with cell type-specific expression patterns in the 

three PGC subtypes. By examining the top 20 genes in each PGC subtype, it 

was confirmed that each cluster showed a specific gene expression pattern, 

suggesting that the genes can be used as gonadal PGC-specific markers in zebra 

finch.   



 

Figure 5-8. Expression of avian supporting cell-specific genes in zebra 

finch gonadal cells. UMAP plots of representative marker genes in chicken 

supporting cells are shown. All four genes were specifically expressed in the 

supporting cell cluster in both sexes.  



Table 5-1. Top 20 differentially expressed genes between 20 clusters of 

zebra finch gonadal cells 

gene_name p_val pct.1 pct.2 fc 

cluster 1 

ENSTGUG00000029052 0 0.9070 0.2970 4.1901 

ENSTGUG00000004494 0 0.6470 0.2250 3.5374 

EMX2 0 0.9470 0.2930 2.7604 

WNT16 0 0.7850 0.2100 2.5542 

GJA1 0 0.9100 0.5190 2.4614 

ENSTGUG00000002540 0 0.7040 0.1620 2.4491 

ENSTGUG00000004274 0 0.7440 0.1560 2.4376 

TNC 0 0.6950 0.1540 2.3812 

NSG2 0 0.7540 0.1860 2.3520 

ADAMTS17 0 0.8410 0.2620 2.3376 

LMCD1 0 0.6970 0.2360 2.2742 

CLEC19A 0 0.7540 0.2430 2.2330 

RPRM 0 0.8080 0.2430 2.2199 

CHRNA4 0 0.6030 0.1360 2.1481 

PLAC8 0 0.8980 0.5340 2.1145 

DSP 0 0.9730 0.6160 2.0981 

ENSTGUG00000025164 0 0.7650 0.2150 2.0819 

DDIT4 0 0.9320 0.5870 2.0364 

ENSTGUG00000025117 0 0.7640 0.3000 2.0310 

UBE2E1 0 0.9940 0.7080 1.9611 

cluster 2 

CYP17A1 0 0.8400 0.2290 5.9566 

HSD17B1 0 0.8950 0.2330 5.2616 

AKR1D1 0 0.9120 0.2630 3.7612 

ENSTGUG00000022987 0 0.4860 0.1050 3.5785 

CRACD 0 0.9450 0.3470 3.4602 

ENSTGUG00000004914 0 0.8770 0.1760 3.3341 

ENSTGUG00000001699 0 0.9610 0.5050 3.3041 



INHA 0 0.7020 0.0840 3.1480 

ALAS1 0 0.7380 0.3000 3.0621 

HSPA5 0 0.9700 0.7120 2.8775 

HSP90B1 0 0.9950 0.8300 2.8545 

DHRS7 0 0.9650 0.5920 2.7448 

IGFBP5 0 0.9640 0.5650 2.6897 

ENSTGUG00000025535 0 0.6220 0.1780 2.6265 

DMRT1 0 0.7850 0.1960 2.5721 

GPX1 0 0.9920 0.8260 2.5534 

CTHRC1 0 0.8240 0.4460 2.5160 

CSRP2 0 0.9660 0.7230 2.4726 

FBN2 0 0.7950 0.1700 2.3926 

ATP1B1 0 0.9420 0.5940 2.3325 

cluster 3 

NR0B1 0 0.7620 0.3440 2.8575 

TMEM100 0 0.5670 0.0940 2.8503 

OLFM1 0 0.7790 0.2980 2.7549 

ENSTGUG00000019865 0 0.9140 0.2940 2.7358 

LIMD2 0 0.8240 0.2830 2.4894 

VASH1 0 0.8660 0.4290 2.4781 

CYGB 0 0.7770 0.2610 2.4243 

TCF21 0 0.5720 0.1510 2.3717 

MSC 0 0.6790 0.2170 2.3676 

ENSTGUG00000007756 0 0.8540 0.3190 2.3624 

EDNRA 0 0.8750 0.3230 2.3421 

ENSTGUG00000021772 0 0.6530 0.1940 2.2963 

TFPI 0 0.7800 0.2740 2.2813 

NEURL1B 0 0.7420 0.2370 2.2096 

SMOC2 0 0.6190 0.1810 2.1736 

EBF1 0 0.6180 0.1620 2.1618 

ENSTGUG00000029247 0 0.9540 0.5510 2.1226 

HIPK2 0 0.9220 0.5610 2.1060 



SETBP1 0 0.8350 0.3520 2.0999 

ETS1 0 0.7240 0.2250 2.0841 

cluster 4 

PTN 0 0.8170 0.2560 3.4709 

ENSTGUG00000020743 0 0.8930 0.3230 2.7275 

ALDH1A2 0 0.9250 0.3970 2.6287 

RBPMS 0 0.8930 0.3470 2.2629 

NPY2R 0 0.6260 0.1080 2.2495 

GATA5 0 0.7670 0.2890 2.2287 

NPNT 0 0.9650 0.5360 2.2010 

RSPO3 0 0.6500 0.1550 2.0970 

KRT19 0 0.6480 0.1680 2.0701 

LHX9 0 0.8130 0.3500 2.0390 

HTRA3 0 0.5070 0.1110 2.0035 

ENSTGUG00000028860 0 0.7480 0.2750 1.9206 

SOX6 0 0.7300 0.2390 1.8532 

ANGPT2 0 0.4930 0.1100 1.8411 

SLC8A3 0 0.7510 0.2170 1.8351 

EEF1A2 0 0.4020 0.0860 1.8065 

GALNT9 0 0.5570 0.1750 1.7249 

ENSTGUG00000002396 0 0.5720 0.1760 1.7238 

RPRM 0 0.7590 0.2820 1.6814 

LRRN4 0 0.4400 0.0710 1.6721 

cluster 5 

CALD1 0 0.9640 0.4360 5.7288 

DCN 0 0.8960 0.2240 5.1519 

EDNRA 0 0.9120 0.3350 4.3491 

POSTN 0 0.5800 0.0860 4.2814 

COL1A2 0 0.9980 0.5950 4.1360 

NID1 0 0.9060 0.2930 3.9994 

COL12A1 0 0.5830 0.0670 3.9281 

FLRT2 0 0.8470 0.2630 3.7259 



ENSTGUG00000010914 0 0.7860 0.2010 3.6748 

ZEB2 0 0.8580 0.3370 3.4488 

ACTA2 0 0.5110 0.0510 3.4038 

COL6A3 0 0.6180 0.0390 3.3856 

TCF21 0 0.6950 0.1540 3.3564 

ZCCHC24 0 0.8980 0.3760 3.2788 

FILIP1 0 0.6660 0.0590 3.2159 

NR2F2 0 0.9760 0.7500 3.0510 

AKAP12 0 0.9950 0.8480 3.0439 

COL5A2 0 0.8090 0.2390 2.9512 

ADAM33 0 0.8190 0.2340 2.9396 

MMP2 0 0.9500 0.5580 2.8574 

cluster 6 

TIMP3 0 0.8150 0.2410 4.1391 

RDH10 0 0.8170 0.2090 3.8918 

SEMA3D 0 0.9000 0.4520 3.6187 

CRACD 0 0.9320 0.3820 3.1232 

SHISA2 0 0.7990 0.2440 3.0488 

CTNNB1 0 0.9520 0.6940 3.0484 

EMILIN2 0 0.7500 0.1230 3.0264 

ENSTGUG00000025609 0 0.9770 0.6790 2.9958 

AKR1D1 0 0.8250 0.3050 2.8744 

WNT4 0 0.5520 0.0840 2.7763 

PLBD1 0 0.6540 0.1950 2.7692 

IGFBP5 0 0.9630 0.5880 2.5963 

ENSTGUG00000022993 0 0.7070 0.1640 2.5405 

ENSTGUG00000021362 0 0.3720 0.0160 2.5107 

PAX2 0 0.5130 0.0420 2.4152 

RERG 0 0.9580 0.5440 2.3789 

NKTR 0 0.9320 0.5730 2.3596 

RASSF9 0 0.6710 0.1450 2.2931 

PDGFA 0 0.7130 0.2100 2.2502 



ENSTGUG00000003565 0 0.6310 0.2030 2.2391 

cluster 7 

DND1 0 0.7430 0.1570 8.5897 

CD164 0 0.8510 0.5920 6.3389 

UCHL1 2.5996E-243 0.7080 0.4290 5.5573 

SPHK1 8.6805E-235 0.6040 0.2770 5.5491 

PSIP1 6.3195E-289 0.8290 0.7040 5.2440 

ELAVL4 8.4892E-303 0.5250 0.1490 4.5456 

ENSTGUG00000011461 0 0.4490 0.0910 4.4057 

RNF17 0 0.5110 0.1200 4.3776 

SMC1B 0 0.3820 0.0710 4.3025 

ENSTGUG00000003145 0 0.4040 0.0800 3.9894 

COPS2 5.583E-101 0.5900 0.4940 3.9470 

RBM46 2.7817E-277 0.3840 0.0820 3.8636 

ASZ1 9.7942E-142 0.4110 0.1670 3.8187 

DDX4 2.876E-214 0.3290 0.0740 3.5531 

HORMAD1 4.3945E-195 0.3740 0.1020 3.5384 

ENSTGUG00000022704 2.29965E-46 0.4530 0.3680 3.0277 

ENSTGUG00000001321 1.35185E-85 0.3160 0.1370 2.9869 

TOMM34 2.16502E-41 0.3400 0.2300 2.8305 

SECISBP2L 5.88799E-33 0.3880 0.3100 2.7874 

ENSTGUG00000004779 1.0936E-145 0.2790 0.0730 2.7328 

cluster 8 

CENPF 3.6312E-270 0.6600 0.2070 3.0389 

CKAP2 5.3703E-236 0.7110 0.2770 2.8616 

TOP2A 2.211E-176 0.6030 0.2340 2.7567 

TPX2 3.9594E-266 0.7670 0.2900 2.7109 

CDC20 1.1291E-264 0.6350 0.1930 2.7003 

ENSTGUG00000029262 1.2061E-46 0.7090 0.4950 2.6148 

ENSTGUG00000021193 4.5179E-221 0.7000 0.2660 2.4771 

SMC2 4.4889E-195 0.8180 0.4020 2.3845 

CKS2 3.7186E-188 0.8760 0.4810 2.3755 



KPNA2 3.1399E-178 0.5450 0.1850 2.3364 

CDK1 1.5541E-212 0.7300 0.2960 2.3152 

CCNB2 1.0772E-214 0.8990 0.4610 2.2790 

UBE2C 1.183E-266 0.5880 0.1630 2.2554 

CDCA3 1.2485E-220 0.6960 0.2620 2.2515 

HMGB2 3.049E-157 0.9720 0.7420 2.2454 

ENSTGUG00000009277 8.94638E-65 0.7040 0.4460 2.2057 

TACC3 3.0004E-191 0.7470 0.3400 2.1928 

CRACD 7.4541E-254 0.9160 0.3890 2.1474 

KIF11 1.6166E-221 0.6050 0.1970 2.1284 

ENSTGUG00000004916 1.4618E-220 0.4200 0.0990 2.0744 

cluster 9 

CKAP2 0 0.9590 0.2660 3.9920 

TOP2A 0 0.7730 0.2270 3.9538 

ENSTGUG00000029262 2.89103E-95 0.7450 0.4940 3.8462 

CENPF 0 0.9070 0.1970 3.8074 

ENSTGUG00000021193 0 0.9020 0.2570 3.6665 

SMC2 0 0.9860 0.3950 3.3374 

TPX2 0 0.9300 0.2840 3.2185 

HMGB2 0 0.9970 0.7410 3.1690 

CDC20 0 0.8310 0.1850 3.0937 

CDCA3 0 0.9580 0.2510 3.0922 

KPNA2 0 0.7440 0.1760 2.9497 

CKS2 0 0.9680 0.4780 2.9489 

ENSTGUG00000009277 6.1819E-100 0.7170 0.4460 2.9256 

ENSTGUG00000010822 0 0.8990 0.2040 2.9083 

KIF11 0 0.8550 0.1860 2.7567 

CCNB2 4.4468E-302 0.9350 0.4600 2.7558 

CDK1 0 0.9480 0.2860 2.7348 

TACC3 0 0.8560 0.3350 2.6705 

UBE2C 0 0.8120 0.1530 2.6580 

ENSTGUG00000006913 0 0.8970 0.2390 2.6320 



cluster 10 

RAMP2 0 0.7900 0.0570 13.2581 

ENSTGUG00000001518 0 0.7810 0.1950 12.4484 

TFPI2 0 0.7270 0.2440 10.7158 

LMO2 0 0.8420 0.0960 9.1792 

ENSTGUG00000005652 0 0.6850 0.0310 8.2726 

AQP1 0 0.4220 0.0400 5.5541 

PLXND1 0 0.7580 0.0700 5.2380 

CDH5 0 0.7510 0.0120 5.2158 

DIPK2B 0 0.6960 0.0150 5.1071 

NRP2 0 0.8280 0.3550 5.0392 

ENSTGUG00000021412 0 0.6320 0.1100 5.0382 

KDR 0 0.7690 0.0300 5.0270 

PALD1 0 0.8740 0.4640 4.7999 

ELK3 0 0.7860 0.1870 4.3478 

TIE1 0 0.6030 0.0170 4.3423 

ENSTGUG00000022686 0 0.7470 0.1550 4.1650 

ENSTGUG00000003240 0 0.8100 0.2560 4.1237 

S100A13 0 0.5850 0.0270 4.1201 

ETS2 0 0.7240 0.0740 4.1197 

FLT4 0 0.6450 0.0170 3.9945 

cluster 11 

TOP2A 0 0.8640 0.2280 3.9842 

SMC2 0 0.9630 0.4010 3.7936 

ENSTGUG00000029262 5.821E-115 0.7840 0.4950 3.6680 

CKAP2 0 0.8810 0.2750 3.4578 

CENPF 0 0.8420 0.2060 3.2692 

HMGB2 6.5414E-275 0.9930 0.7440 3.1270 

TPX2 0 0.9230 0.2900 3.1088 

CKS2 1.9567E-255 0.9390 0.4830 2.9251 

CDK1 0 0.9300 0.2930 2.8572 

ENSTGUG00000009277 2.15715E-92 0.7200 0.4480 2.8109 



ENSTGUG00000021193 0 0.9000 0.2630 2.8040 

KPNA2 1.1147E-275 0.6820 0.1840 2.7433 

CDCA3 0 0.9100 0.2590 2.6858 

CDC20 0 0.7940 0.1920 2.6138 

CENPW 8.627E-297 0.9310 0.4080 2.6088 

ENSTGUG00000007225 2.7941E-292 0.8960 0.3490 2.5651 

DCN 1.0691E-245 0.7650 0.2450 2.5494 

UBE2C 0 0.7300 0.1620 2.5242 

TCF21 3.1564E-301 0.6880 0.1680 2.4834 

TACC3 1.6219E-226 0.8160 0.3410 2.4573 

cluster 12 

CD164 0 1.0000 0.5930 10.3020 

RNF17 0 1.0000 0.1140 7.5332 

DND1 0 0.9980 0.1620 7.1773 

SPHK1 0 0.9980 0.2720 6.5835 

PSIP1 0 1.0000 0.7020 6.2940 

ENSTGUG00000011461 0 0.9910 0.0820 5.8975 

UCHL1 0 0.9970 0.4260 5.6769 

ELAVL4 0 0.9970 0.1430 5.4233 

SECISBP2L 0 0.9970 0.2930 5.2821 

HORMAD1 0 0.9980 0.0890 5.1391 

ENSTGUG00000003145 0 0.9890 0.0690 4.9095 

RBM46 0 0.9970 0.0700 4.7317 

COPS2 0 0.9980 0.4830 4.6294 

ENSTGUG00000004779 0 0.9920 0.0560 4.1162 

SMC1B 0 0.9910 0.0590 3.9807 

DDX4 0 0.9630 0.0610 3.7190 

ENSTGUG00000015973 0 0.8400 0.0650 3.6821 

ENSTGUG00000022704 0 0.9980 0.3530 3.5115 

ROBO1 7.3833E-300 0.9890 0.5080 3.4324 

ASZ1 0 0.9850 0.1550 3.3914 

cluster 13 



HBAD 0 1.0000 0.9830 121.0782 

HBAA 0 1.0000 0.8200 117.5512 

ENSTGUG00000027908 0 1.0000 0.9940 114.6760 

HBAP 0 0.6420 0.0430 20.1477 

H1-0 0 0.9790 0.0630 18.4069 

CA13 0 0.9900 0.0280 17.5922 

SLC4A1 0 0.9470 0.0050 5.8564 

FTH1 4.357E-284 0.9840 0.8790 4.3050 

RHAG 0 0.9070 0.0100 3.6992 

ENSTGUG00000005203 0 0.7780 0.0040 3.3759 

PPDPF 7.5695E-268 0.7490 0.1970 3.1113 

AK2 4.2142E-246 0.9590 0.6430 3.0685 

TFRC 8.5167E-286 0.8720 0.2330 3.0536 

ENSTGUG00000001107 0 0.7980 0.0150 2.6617 

SLC39A8 0 0.8330 0.1060 2.5148 

AQP3 0 0.6770 0.0020 2.2756 

ENSTGUG00000017426 0 0.7740 0.0400 2.1200 

RBM38 2.7592E-282 0.8460 0.2110 2.0432 

TUBB1 0 0.6960 0.0230 2.0343 

ENSTGUG00000015659 1.0929E-118 0.9820 0.9090 2.0236 

cluster 14 

ENSTGUG00000004914 6.8423E-64 0.4910 0.2480 5.1303 

SYNE2 1.56011E-61 0.7310 0.6840 3.4692 

FBN2 4.98333E-13 0.3140 0.2370 3.3196 

ENSTGUG00000026378 6.25265E-67 0.9130 0.9250 3.2892 

ZBTB20 1.24861E-12 0.3320 0.2620 3.0986 

HSPA5 5.75148E-15 0.6140 0.7430 3.0870 

CYP17A1 3.9856E-15 0.3860 0.2940 2.9637 

CRACD 2.12399E-30 0.5460 0.4100 2.9054 

PIEZO2 1.42697E-12 0.4430 0.4320 2.8530 

TTYH3 2.60961E-10 0.4910 0.5740 2.8440 

ENSTGUG00000011688 1.64254E-17 0.5700 0.6460 2.5511 



COL18A1 1.15534E-21 0.6310 0.7080 2.4715 

IGFBP5 6.58275E-24 0.6310 0.6080 2.4595 

ENSTGUG00000010711 1.59198E-62 0.8840 0.9080 2.4048 

ENSTGUG00000007417 6.5798E-07 0.1750 0.3440 2.1280 

HSP90B1 1.16119E-13 0.7840 0.8490 2.0599 

PDIA6 8.07779E-10 0.6350 0.8180 2.0062 

DMD 8.17808E-08 0.5350 0.6340 1.9444 

ZFC3H1 5.93262E-07 0.2360 0.4600 1.9382 

KIAA2026 5.36599E-07 0.1810 0.3570 1.7869 

cluster 15 

CENPF 1.294E-33 0.4090 0.2240 3.9404 

KPNA2 4.67742E-26 0.3520 0.1980 3.5393 

TOP2A 7.60734E-55 0.5040 0.2450 3.5243 

CDC20 4.74604E-26 0.3640 0.2090 3.4740 

CDK1 8.83646E-38 0.4960 0.3110 3.3329 

UBE2C 3.26746E-23 0.3220 0.1790 3.1307 

ENSTGUG00000021193 1.74234E-21 0.4140 0.2820 3.0555 

CDCA3 3.85957E-38 0.4750 0.2770 3.0348 

ENSTGUG00000007225 2.74782E-07 0.3740 0.3680 3.0167 

CCNB2 5.09424E-13 0.4820 0.4800 2.9985 

CKAP2 2.20085E-27 0.4540 0.2930 2.9784 

ENSTGUG00000029262 1.05022E-10 0.5040 0.5050 2.9103 

HMGB2 7.2451E-60 0.7940 0.7510 2.8877 

KIF11 4.62779E-14 0.3140 0.2130 2.7615 

TPX2 1.34378E-14 0.3950 0.3100 2.7221 

ENSTGUG00000010822 2.67695E-13 0.3310 0.2320 2.5656 

PLK1 1.17566E-08 0.2580 0.1860 2.4363 

CKS2 1.62921E-10 0.4940 0.4990 2.3885 

SMC2 2.81295E-11 0.4630 0.4190 2.2718 

TMPO 1.07183E-08 0.2150 0.4480 1.6901 

cluster 16 

ENSTGUG00000009428 9.6933E-160 0.9090 0.5870 21.7615 



HMOX1 0 0.7550 0.0630 17.1532 

SLC40A1 1.442E-179 0.7170 0.2060 12.2757 

SAT1 1.9884E-147 0.8700 0.5210 12.2436 

LY86 0 0.7110 0.0110 11.4153 

CSF1R 0 0.5660 0.0040 10.5415 

CTSZ 2.235E-156 0.6610 0.1930 9.9202 

CTSB 4.40349E-73 0.6610 0.3970 9.4990 

MPEG1 0 0.5520 0.0080 8.8134 

MAFB 1.93436E-94 0.7170 0.3930 8.2780 

SRGN 0 0.4370 0.0250 7.7331 

C1QB 0 0.6110 0.0060 7.6456 

LCP1 0 0.6370 0.0070 7.5658 

IFI30 5.375E-131 0.6580 0.2230 7.2106 

ENSTGUG00000004140 1.62189E-50 0.7170 0.6560 7.1380 

C1QC 0 0.5720 0.0040 6.6577 

HTRA1 1.4196E-166 0.4900 0.0880 6.6101 

ABCA1 9.82369E-45 0.5580 0.3410 6.6029 

RAC2 0 0.6580 0.0370 6.5483 

ENSTGUG00000001543 0 0.3690 0.0040 6.4449 

cluster 17 

ENSTGUG00000028416 0 0.9900 0.1130 10.2682 

ENSTGUG00000013121 0 0.9500 0.0390 9.3382 

HORMAD1 0 0.9770 0.1040 6.4488 

SOX3 0 0.9500 0.0270 6.1304 

DND1 0 0.9730 0.1760 5.6099 

RNF17 0 0.9770 0.1280 5.3934 

SMC1B 0 0.9730 0.0750 5.3462 

CD164 2.0531E-156 1.0000 0.6000 4.6127 

CREBRF 2.0437E-306 0.9700 0.2130 4.1026 

DDX4 0 0.9200 0.0760 3.9578 

ADAD1 0 0.9440 0.0640 3.9117 

GFRA1 0 0.9270 0.0720 3.8867 



TDRD9 0 0.9370 0.0410 3.8094 

DST 1.0393E-230 0.9670 0.2570 3.6688 

ELAVL4 0 0.9600 0.1570 3.6427 

DPYSL3 6.4531E-201 0.9530 0.3460 3.6364 

SECISBP2L 7.2569E-199 0.9470 0.3050 3.6007 

MAP2 7.6195E-234 0.9670 0.2820 3.5603 

GOLM1 5.088E-254 0.9700 0.2530 3.5463 

TDRD12 0 0.9440 0.0700 3.5255 

cluster 18 

CHGA 0 0.4650 0.0270 36.1590 

ENSTGUG00000002424 5.99443E-20 0.6740 0.5940 31.2585 

TH 1.8082E-303 0.4880 0.0370 17.4951 

STMN2 1.0115E-265 0.4810 0.0410 15.8087 

SCG3 4.73909E-91 0.4530 0.1020 9.2745 

EDNRB 1.87014E-60 0.5430 0.2000 8.3613 

GAP43 2.8935E-177 0.3840 0.0380 7.7919 

NEFL 3.81306E-87 0.5660 0.1660 7.3710 

TBX20 0 0.3950 0.0110 6.9267 

TFAP2B 0 0.6280 0.0060 6.2903 

MYT1 0 0.4920 0.0050 5.4663 

STMN3 8.8364E-204 0.3760 0.0320 5.3144 

PHOX2A 0 0.4420 0.0130 5.2584 

GAL 1.3999E-156 0.3530 0.0360 5.0253 

SPON1 2.34818E-86 0.4960 0.1210 5.0115 

TAGLN3 2.3148E-175 0.5040 0.0680 4.6887 

CHRNA3 0 0.4190 0.0070 4.6385 

GATA2 6.5657E-120 0.4530 0.0780 4.5837 

ENSTGUG00000023461 2.5583E-108 0.6780 0.1890 4.5429 

KIF5C 5.4526E-112 0.5740 0.1290 4.2585 

cluster 19 

ENSTGUG00000022987 1.8152E-185 0.8960 0.1420 27.5687 

HAO2 1.2268E-192 0.9240 0.1530 24.5523 



CYB5A 5.8358E-108 1.0000 0.4780 15.9265 

ENSTGUG00000023028 0 0.9240 0.0250 13.1902 

CYB5R2 9.7001E-106 1.0000 0.4890 8.9199 

FABP6 0 0.4790 0.0080 7.7144 

AGTR1 0 0.9790 0.0860 7.6560 

CYP17A1 4.7946E-126 1.0000 0.2920 7.2551 

HSD11B2 0 0.8260 0.0260 6.4010 

MEOX1 5.1554E-197 0.9510 0.1440 5.9823 

LMCD1 2.8841E-117 0.9860 0.2920 5.8700 

ENSTGUG00000021895 0 0.9510 0.0380 5.8329 

GAMT 9.903E-108 0.9650 0.3310 5.4540 

ENPP2 1.5207E-213 0.8610 0.1040 5.3902 

FKBP5 1.5427E-177 0.8820 0.1370 5.1238 

VIM 9.0692E-82 1.0000 0.8360 5.0646 

HSPE1 1.50597E-69 0.9860 0.8460 4.9981 

NANOS1 6.8725E-183 0.9170 0.1490 4.9654 

ENSTGUG00000010210 1.4905E-217 0.9580 0.1250 4.8417 

POR 8.9659E-125 0.9580 0.2680 4.6761 

cluster 20 

ENSTGUG00000013287 1.0535E-226 0.9850 0.1370 214.4419 

CALB1 1.61687E-28 0.4210 0.1300 81.4815 

FBP1 3.2411E-286 0.7670 0.0550 28.4438 

APOA1 5.14E-57 0.5340 0.1250 23.2961 

ALDOB 3.2001E-136 0.5340 0.0550 11.8588 

ENSTGUG00000021865 0 0.5260 0.0050 10.9744 

PDZK1IP1 0 0.4960 0.0050 10.0076 

ENSTGUG00000028062 1.13879E-66 0.8420 0.3100 9.2505 

DCDC2 0 0.7820 0.0450 9.0143 

TMEM52B 0 0.4740 0.0040 8.7234 

HOXD8 0 0.6690 0.0310 8.5537 

ATP1B1 5.54738E-50 0.9170 0.6300 6.7150 

SLC34A1 0 0.4740 0.0030 6.3963 



ENSTGUG00000026560 3.9966E-300 0.4290 0.0150 5.4260 

FABP7 2.67904E-17 0.6170 0.3860 5.3712 

SHMT1 7.02267E-73 0.5560 0.1080 5.3574 

ENSTGUG00000009674 6.2797E-119 0.4360 0.0410 5.3213 

ENSTGUG00000020346 1.9275E-52 0.6540 0.2020 5.3031 

SLC8A1 2.91063E-07 0.3230 0.1890 5.1883 

CHCHD10 2.27045E-62 0.9470 0.7170 5.0644 

  



Table 5-2. Top 30 subtype specifically expressed genes in each PGC subtype 

gene_name p_val pct.1 pct.2 fc 

cluster 7 

ENSTGUG00000027908 5.7438E-298 0.9900 0.9960 11.8098 

HBAD 1.8791E-291 0.9840 0.9840 11.4426 

HBAA 1.0211E-116 0.7990 0.9200 6.9085 

ENSTGUG00000002424 2.14283E-25 0.2620 0.6690 2.3830 

ENSTGUG00000010641 6.16591E-20 0.2820 0.6680 1.9861 

ENSTGUG00000029687 8.20842E-13 0.1570 0.3470 1.9454 

MARCKSL1 8.24792E-13 0.1970 0.4200 1.9176 

PLAC8 2.73511E-08 0.1850 0.3540 1.9036 

ENSTGUG00000023537 1.79643E-26 0.3100 0.8010 1.8283 

ENSTGUG00000026768 7.11425E-37 0.2200 0.6430 1.7824 

CSRP2 6.44409E-31 0.2670 0.7150 1.7647 

ENSTGUG00000021412 1.21067E-40 0.0870 0.3620 1.7642 

TOP1 1.40536E-49 0.2630 0.8180 1.7187 

ENSTGUG00000009277 3.23908E-11 0.3710 0.7360 1.7035 

ENSTGUG00000025609 1.57393E-10 0.1780 0.3590 1.6777 

TUBA1B 2.78877E-34 0.8720 0.9940 1.5942 

JUN 2.24831E-44 0.2490 0.7470 1.5706 

PPIA 2.71969E-38 0.9030 0.9940 1.5414 

TAGLN2 5.15228E-41 0.2330 0.6910 1.5322 

MFAP4 5.05108E-33 0.1750 0.5120 1.5295 

RPL6 6.64404E-34 0.8650 0.9980 1.5284 

NBL1 3.82619E-23 0.1130 0.3290 1.5222 

DNAJC8 6.26783E-28 0.3750 0.9550 1.4866 

ENSTGUG00000019678 2.56252E-26 0.3560 0.9080 1.4671 

RPS9 5.53917E-12 0.7550 0.9870 1.4552 

C1H12orf57 9.71409E-53 0.2480 0.7960 1.4517 

CYP17A1 1.96961E-34 0.0890 0.3380 1.4420 

MARCKS 1.72135E-34 0.3320 0.8890 1.4415 

CTHRC1 5.2112E-41 0.0970 0.3820 1.4396 



RPS26 1.8986E-12 0.4150 0.8970 1.4350 

cluster 12 

CALCB 1.5024E-210 0.9220 0.1350 1.6959 

ENSTGUG00000021193 6.2359E-127 0.9700 0.3560 1.7326 

SECISBP2L 6.19911E-87 0.9970 0.5070 1.7026 

LBR 6.0001E-153 0.9760 0.3220 1.6962 

PCNT 7.2762E-119 0.9860 0.3940 1.6674 

CD164 9.7993E-115 1.0000 0.8830 1.6583 

EFNB1 2.418E-140 0.9760 0.3260 1.6256 

KPNB1 6.6492E-128 0.9830 0.3740 1.5873 

UHRF1 2.3472E-98 0.9950 0.4510 1.5764 

RNF17 5.37205E-70 1 0.61 1.5664 

FGFR3 1.4393E-154 0.9600 0.2590 1.5662 

KIF20A 2.5821E-159 0.7800 0.1410 1.5610 

TOP2A 2.4771E-122 0.8950 0.2400 1.5481 

ENSTGUG00000011461 2.17938E-76 0.9910 0.5290 1.5372 

ENSTGUG00000015973 2.32575E-84 0.8400 0.2980 1.5328 

ENSTGUG00000009899 1.0696E-146 0.8980 0.2000 1.5276 

NDC80 1.2529E-140 0.8340 0.2110 1.5244 

TDRD6 2.2233E-133 0.9440 0.2800 1.5242 

SMC2 6.46024E-85 0.9800 0.4240 1.5231 

MAPK6 2.6095E-145 0.9280 0.2630 1.5077 

ENSTGUG00000014992 6.2461E-111 0.9650 0.3400 1.4959 

DYNC1H1 9.5253E-119 0.9830 0.3370 1.4942 

CHL1 5.8911E-179 0.8000 0.1230 1.4937 

ENSTGUG00000029096 1.89897E-65 0.9860 0.5410 1.4730 

ENSTGUG00000025697 8.814E-131 0.9390 0.2740 1.4673 

GNAI2 8.26193E-69 0.9950 0.5180 1.4548 

UPF1 2.98E-109 0.9470 0.3130 1.4539 

ENSTGUG00000021659 8.6365E-136 0.9340 0.2840 1.4534 

SPHK1 1.0193E-55 0.9980 0.6600 1.4531 

NAA15 8.2341E-125 0.9280 0.2900 1.4524 



cluster 17 

ENSTGUG00000013121 4.752E-183 0.9500 0.1820 4.4489 

ENSTGUG00000028416 5.9034E-135 0.9900 0.4710 3.9857 

SOX3 2.2429E-177 0.9500 0.2020 3.6198 

TRANK1 3.0102E-135 0.9700 0.3530 3.2664 

GFRA1 8.6546E-207 0.9270 0.1380 3.0853 

TIPARP 8.5282E-178 0.8500 0.1330 2.9369 

MAP2 1.8573E-128 0.9670 0.3590 2.6613 

KIT 1.3355E-187 0.9040 0.1550 2.5921 

BCAP29 1.4661E-125 0.9700 0.3930 2.5912 

PIK3IP1 5.5528E-176 0.8900 0.1490 2.5711 

LAPTM4B 3.2575E-122 0.9670 0.3830 2.5493 

APLP2 2.2193E-99 0.9900 0.5100 2.4617 

ZBTB38 2.4377E-124 0.9270 0.3270 2.4432 

SEMA4D 1.5195E-124 0.9570 0.3400 2.3208 

ENSTGUG00000003763 4.75548E-62 0.3460 0.0480 2.3158 

CREBRF 1.0214E-99 0.9700 0.4440 2.2855 

CD9 2.1969E-194 0.9200 0.1320 2.2776 

EGFLAM 9.296E-137 0.8500 0.1920 2.2457 

CNR1 1.5277E-109 0.8570 0.2720 2.2238 

ARMH4 1.0953E-153 0.8870 0.1940 2.2098 

TAX1BP1 2.1407E-88 0.99 0.588 2.1677 

TDRD9 1.2448E-106 0.9370 0.3730 2.1576 

TBC1D14 1.8272E-102 0.9470 0.4010 2.1550 

NCAM1 6.1557E-126 0.8770 0.2110 2.0895 

SERPINE2 3.1244E-158 0.8870 0.1680 2.0796 

CCPG1 3.0885E-103 0.8740 0.3020 2.0759 

MPZL2 7.9723E-168 0.5550 0.0260 2.0738 

ENSTGUG00000003537 7.121E-160 0.8270 0.1400 2.0479 

ALG13 1.2848E-203 0.7310 0.0510 2.0475 

USP12 1.8615E-106 0.9270 0.3340 2.0210 
   



Table 5-3. Selected GO terms based on DEGs between PGC clusters 

GO term 
adjusted 
p-value 

# of 
genes 

cluster 7 

negative regulation of chromosome condensation 2.28E-03 2 

telomere assembly 3.25E-03 2 

oxygen carrier activity 4.55E-02 1 

negative regulation of RNA biosynthetic process 4.65E-02 6 

negative regulation of transcription, DNA-templated 4.65E-02 6 

DNA conformation change 4.85E-02 3 

oxygen binding 7.06E-02 1 

cellular response to reactive oxygen species 7.94E-02 2 

negative regulation of metabolic process 8.97E-02 8 

cluster 12 

mitotic cell cycle 4.15E-04 12 

cell division 3.29E-03 8 

mitotic cytokinesis 3.99E-03 4 

chromosome segregation 4.19E-03 7 

mitotic sister chromatid segregation 8.62E-03 5 

mitotic nuclear division 9.40E-03 6 

mitotic spindle organization 9.40E-03 4 

regulation of metaphase/anaphase transition of cell cycle 1.73E-02 3 

regulation of mitotic nuclear division 3.85E-02 3 

cluster 17 

regulation of cellular component organization 1.08E-04 85 

cellular localization 4.35E-04 98 

regulation of cell shape 4.44E-04 13 

regulation of GTPase activity 9.99E-04 26 

regulation of cell size 1.77E-03 13 

movement of cell or subcellular component 2.22E-02 67 

cell migration 3.16E-02 50 

regulation of signaling 3.17E-02 97 

regulation of cellular metabolic process 4.79E-02 160 



Table 5-4. Selected DEGs specific to the PGC clusters 

gene_name p_val pct.1 pct.2 cluster fc 

DND1 
(ENSTGUG00000001574) 

0.000E+00 0.743 0.157 7 8.590 

0.000E+00 0.998 0.162 12 7.177 

0.000E+00 0.973 0.176 17 5.610 

LOC100229371 
(ENSTGUG00000011461) 

0.000E+00 0.449 0.091 7 4.406 

0.000E+00 0.991 0.082 12 5.898 

0.000E+00 0.827 0.099 17 1.847 

RNF17 
(ENSTGUG00000011267) 

0.000E+00 0.511 0.12 7 4.378 

0.000E+00 1 0.114 12 7.533 

0.000E+00 0.977 0.128 17 5.393 

DAZL 
(ENSTGUG00000003145) 

0.000E+00 0.404 0.08 7 3.989 

0.000E+00 0.989 0.069 12 4.910 

0.000E+00 0.94 0.084 17 3.196 

SMC1B 
(ENSTGUG00000011831) 

0.000E+00 0.382 0.071 7 4.302 

0.000E+00 0.991 0.059 12 3.981 

0.000E+00 0.973 0.075 17 5.346 

RBM46 
(ENSTGUG00000005307) 

2.782E-277 0.384 0.082 7 3.864 

0.000E+00 0.997 0.07 12 4.732 

0.000E+00 0.92 0.085 17 2.788 

DDX4 
(ENSTGUG00000002548) 

2.876E-214 0.329 0.074 7 3.553 

0.000E+00 0.963 0.061 12 3.719 

0.000E+00 0.92 0.076 17 3.958 

HORMAD1 
(ENSTGUG00000017407) 

4.395E-195 0.374 0.102 7 3.538 

0.000E+00 0.998 0.089 12 5.139 

0.000E+00 0.977 0.104 17 6.449 

PIWIL1 
(ENSTGUG00000004779) 

1.094E-145 0.279 0.073 7 2.733 

0.000E+00 0.992 0.056 12 4.116 

0.000E+00 0.92 0.072 17 3.343 



Table 5-5. Primer sets for RT-PCR and quantitative RT-PCR 

Usage Gene 

Sequences (5’ 3’) 

Forward Reverse 

RT-PCR 

DAZL 
AAC AAT ATG GTA 

CTG TGA ACC ACC T 
CCT GTC CAC AGA 
CTT TTT TTG TGG 

DDX4 
TGT GCC CAG ACA 

GGA TCA GG 
GCA TGC GGT CTG 

CTT CAT CC 

DND1 
GAA CGA ACG GCG 

GGA AAG G 
CAT GAG GCG GAA 

CTC GTA GA 

PIWIL1 
TGG TAC TGA CTA 

CAG CCC GA 
CAC CAT GTT CGG 

CTC TCT GT 

RNF17 
GAG ATC TGC CAG 

CTG TGA CT 
ACC AGA TTT TTG 

TCA GTA TGG AAG C

SMC1B 
CAG CAC CCT AGA 

CCT TGA CC 
AGG ATT CTC CGG 

GCT AAG GA 

RBM46 
CCA GCC CTG GGG 

TCA TAC TA 
AAG ACT TGC TGG 

TTT CCC CA 

HORMAD1 
ACG AGG GGC TGC 

TGT TTA AG 
TGA GGG GAG TTT 

GGA ACC CT 

GAPDH 
CCA TGC CAT CAC 

AGC CAC AC 
CCT TGG ATG CCA 

TGT GGA CC 

Quantitative
RT-PCR 

DAZL 
GAC CCT TTG GCT 

GGG ACT TG 
TGA CGC CGC CAT 

TTT ACA TC 

DDX4 
GCA GGA CGC AAC 

ACA ATG G 
TCA AGG GAT GGG 

AGT AAC GC 

SMC1B 
CAA CAA CGC GAA 

TGG CTG AA 
CTC ACG CCT TCC 

TTC ATG GT 

RNF17 
GCC TGA AAG CAT 

TGT GGA CC 
ACC AGA TTT TTG 

TCA GTA TGG AAG C

GAPDH 
GAC CTG CCG TCT 

GGA AAA AC 
CCT GGT CCT CTG 

TGT ATG CC 

  



5. Discussion 

PGCs are the only cells that transmit genetic information to the next 

generation through 

basic and applied research. However, relatively little is known about the 

characteristics of PGCs, including their heterogeneity, in avian species 

compared with those in mammals and other species. Zebra finch is a vocal 

thus, it is used increasingly for neurobiological research. Accordingly, interest 

in zebra finch PGCs is increasing (Warren et al.,  Mello,  Jung et al., 

 Gessara et al., 2021). Here, I used an scRNA-seq approach to 

characterize zebra finch PGCs. I successfully identified three distinct PGC 

subpopulations at a single developmental stage, and detected a novel marker 

for zebra finch gonadal PGCs. 

I obtained gene expression signatures for nine types of zebra finch 

gonadal cells (including PGCs and gonadal somatic cells) (Figure 5-1E and F). 

Some of the clusters identified as supporting cells, which are progenitor cells 

of Sertoli cells or granulosa cells, were shared with clusters assigned to 

steroidogenic cells, indicating that some of the progenitors of Leydig and theca 

cells are derived from a subset of supporting cells. Similarly, it has been 

reported that the steroidogenic lineage can be derived from supporting cells in 

chicken embryonic gonads based on the observation that some supporting cell 

marker (AMH)-positive cells simultaneously express the steroidogenic cell 

marker CYP17A1 (Estermann et al., 2020). 

I found relatively high proportions of epithelial cells, interstitial cells, 

steroidogenic cells, and supporting cells, which contribute to regulating 

development by interacting with germ cells in the gonads. In particular, males 



had the highest frequency of supporting cells that differentiate into testicular 

Sertoli cells, and females had the highest frequency of epithelial cells that 

differentiate into ovarian cortex cells, indicating that the occupancy and 

importance of each cell type in the embryonic gonads has continuity in the 

development process (Estermann et al., 2020). Gonadal cell lineage 

specification during embryonic development may differ among vertebrates. 

Chicken supporting cells are derived from the mesenchyme population, unlike 

in mice (where supporting cells are derived from the coelomic epithelium) (Karl 

et al., 1998), and express OSR1, WNT4, DMRT1, and PAX2 as representative 

marker genes. According to the differentiation of germ cells, levels of OSR1 

and WNT4 increase, and those of DMRT1 decrease, in female supporting cells, 

whereas levels of OSR1 and WNT4 decrease and DMRT1 expression increases 

in male supporting cells, suggesting that supporting cells are involved in sex 

determination in chickens (Estermann et al., 2020). I speculate that the general 

underlying mechanism is similar to that in chickens because the gene 

expression patterns were similar (Figure 5-8). This observation could be 

verified by analyzing germline cells in zebra finch at different developmental 

stages. 

I demonstrated that cells annotated as PGCs based on expression of 

known germ cell markers can be clearly classified into three independent 

subtypes (Figure 5-5). Although c7 cells accounted for the largest fraction of 

PGCs, they were characterized by the fewest subtype-specific genes among the 

PGC subpopulations (Figure 5-4A and B). In the c7 PGC subtype, hemoglobin 

genes, FOS, and JUN, which are related to oxygen activity or reactive oxygen 

species (ROS), were specifically and highly upregulated. In several organisms, 

the modulation of ROS activity is crucial for maintaining cell fates in 

developmental contexts, and excessive oxygen free radicals can be associated 



with germ cell defects or death. Exogenously supplied oxygen free radicals 

induce testicular germ cell apoptosis in rats (Ikeda et al., 1999), increased ROS 

levels lead to PGC migration defects in fruit flies (Syal et al., 2020), and 

monkey ovarian germ cells exhibit an apoptotic fate due to oxidative stress 

following aging (Wang et al., 2020). In germ cells, autophagy can be induced 

by factors such as oxidative stress, hypoxia, nutrient depletion, and damaged 

organelles (Yadav et al., 2018). Among these, genes involved in DDIT4-

induced autophagy via inhibition of mTOR and regulation of cellular stress 

responses were detected specifically in c7 PGCs. In our analysis, expression 

levels of DDIT4 and BECN1, which induce autophagy, were high, and 

expression levels of EEF2L and AKT1, downstream of mTOR, were relatively 

low in c7 PGCs, suggesting cellular regulation by autophagy in this cell subset. 

The significantly enriched GO terms, such as “oxygen carrier activity” and 

“cellular response to reactive oxygen species”, for genes expressed specifically 

in c7 PGCs supports this claim. Furthermore, I found that the c7 PGC subtype 

with these general characteristics account for a large proportion (i.e., >50%) of 

the total PGCs. In early development, mouse germ cells are divided into 

"deciduous" germ cells, which are eliminated by apoptosis, and "actual" germ 

cells, which contribute to reproduction (Ueno et al., 2009). The presence of 

deciduous cells may be explained by the requirement for the germ cell–Sertoli 

cell interaction for Sertoli cell maturation and spermatogenesis (Weinbauer and 

Wessels,  Ueno et al., 2009). I suspect that c7 PGCs play a similar role in 

zebra finch, assuming some similarity with the mechanisms underlying mouse 

germ cell activity. 

The c12 PGC subpopulation, representing about 30% of the total 

PGCs, was characterized by a number of mitotic cell cycle-related genes and 

by relatively high expression levels of proliferation markers such as 



ENSTGUG00000007339 (BUB1), ENSTGUG00000021193 (MKI67), PLK1, 

and E2F1. In PGCs of several organisms, selection can also occur by 

proliferative heterogeneity rather than elimination. For example, two types of 

PGC founder cells, Z2 and Z3, in C. elegans exhibit proliferative asymmetry in 

response to nutritional cues (Fukuyama et al., 2006). In mice, PGC proliferation 

and mitosis are determined by the niche through which they migrate (Cantu et 

al., 2016). More proliferating germ cells can increase proportional expression 

within the gonads with successful division, leading to competition for niches or 

access to signaling factors that contribute to the differentiation program 

essential for germ cell development (Ueno et al.,  Nguyen et al., 2019). 

Thus, I suspect that the c12 PGC subtype with high proliferative ability could 

have a competitive advantage in changing developmental environments. 

While expression levels of germness-related genes such as 

ENSTGUG00000003145 (DAZL), ENSTGUG00000004779 (PIWIL1), BOLL, 

and ELAVL4 were upregulated specifically in c12, I found that pluripotent 

genes such as ENSTGUG00000013121 (NANOG), SOX3, PRDM14, and 

TFAP2C were detected selectively in c17 (Figure 5-5). In mice, PGCs that 

arrive first form a larger population than those of cells that arrive later, and this 

asynchronous migration affects proliferation and clonal expansion (Molyneaux 

et al.,  Cantu et al.,  Nguyen et al., 2019). Similarly, among subtypes 

of zebra finch PGCs, c12 PGCs, characterized by higher levels of proliferation 

and germness-related genes than those of other subtypes, are presumed to arrive 

first, and c17 PGCs, which specifically express genes related to migration and 

pluripotency, are presumed to be late-arriving in the gonads. The difference in 

arrival should be clarified in further studies. 

Levels of pluripotency-related genes, including NANOG, were higher 



in c7 PGCs than in other PGC subtypes. Pluripotency-related genes control the 

transcription of germness-related genes in PGCs. In particular, NANOG is a key 

transcription factor required for formation of PGCs and the maintenance of 

early germ cells. NANOG regulates PGC-specific epigenetic programming and 

global histone methylation in mice (Leatherman and Jongens,  Chambers 

et al.,  Choi et al., 2018). Avian PGCs follow a preformation mode that is 

formed autonomously by maternally-inherited germ plasm, unlike mouse PGCs 

that are induced by signals received from surrounding tissues during 

development (Murakami et al.,  Jung et al., 2018). However, the unique 

expression of the pluripotency-related genes in c17 PGCs suggests that 

epigenetic events influence avian PGCs during embryonic development. 

Additionally, I found several genes related to cellular localization, morphology, 

and signaling pathways in c17 PGCs. The location and morphological 

characteristics of c17 PGCs are presumed to reflect differences in migration, 

and the differential expression of many genes involved in signaling pathways 

identified in c17 PGCs suggests that signaling mechanisms differ among PGC 

subpopulations (Table 5-2). Even synthesizing all available evidence to date, it 

has not been possible to define c17 PGCs as a specific functional group. I expect 

our results regarding the heterogeneity of these PGCs to contribute to detailed 

analyses of c17 PGC-specific functions. 

Finally, I identified SMC1B as a novel marker for zebra finch PGCs in 

embryonic gonads by screening for a common PGC-specific gene in the three 

subpopulations (Figure 5-6). SMC1B, one of the components of the meiotic 

cohesin complex, is a meiotic germ cell marker. It has gonad specificity and is 

highly conserved across a variety of species (Nicholls et al., 2019). SMC1B is 

required for meiotic chromosome dynamics, sister chromatid cohesion, and 

DNA recom SMC1B-deficient spermatocytes showing 



abnormalities in chromosome structure also show high rates of apoptosis during 

pachytene in mice (Revenkova et al.,  Nicholls et al.,  Zhao et al., 

 Ge et al., 2021). The role of SMC1B 

involved in the DNA damage response by interactions with mitotic cohesin in 

somatic cells in mice (Mannini et al., 2015). The exact role of SMC1B in 

 it is 

expected to be revealed in the near future. 

Studies of the heterogeneity of avian PGCs and cellular level selective 

events are still at an early stage, and analyses of other avian species are needed. 

To the best of our knowledge, this study is the first to report scRNA-seq analysis 

to access each independent PGC subpopulation experimentally owing to a lack 

of sufficient experimental materials such as antibodies (compared with those 

available for other laboratory animals). Nevertheless, our results contribute to 

germ cell research by providing the first evidence for heterogeneity in avian 

PGCs. I believe that the current methodological limitations can be overcome by 

gene-editing technology and marker development. Second, the effects of sexual 

differences could not be investigated in a statistical framework owing to the 

absence of biological replicates. Most scRNA-seq experiments do not yet 

consider multiple biological replicates owing to their high cost (Haque et al., 

Natarajan et al Zhang et al., 2019)

more precise statistical approaches, such as the current bulk RNA-seq 

technology, will be possible. However, our study addresses the lack of research 

on cell-specific expression patterns in zebra finch. The results provide a basis 

for further, more detailed analyses of avian PGCs. 

The results of our scRNA-seq analysis provide a deeper understanding 



of avian PGCs by revealing for the first time the heterogeneity and intrinsic 

changes of gonadal PGCs, which have hitherto been considered a single 

population in birds. I believe that the single-cell level profiling results will be 

useful for future investigations of selection on variation in avian germ cells 

during embryonic development. 



This chapter was published in Molecular Reproduction and Development 
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1. Abstract 

Primordial germ cells (PGCs), the precursors of sperm or ova, could 

be used to generate transgenic animals and interspecies germ-line chimeras, 

which would facilitate the recovery of endangered species by making their 

access and manipulation in vitro easier. During early embryogenesis in avian 

species, PGCs are transported via the bloodstream to the gonadal anlagen. 

PGCs of most avian species—particularly wild or endangered birds—are not 

readily isolated from the embryonic bloodstream because germ-cell markers 

have not yet been defined for them. Here, I report a rapid, efficient, and 

convenient method for PGC isolation from various avian species. Blood PGCs 

were isolated based on the difference in size between PGCs and other blood 

cells, using a microporous membrane. The efficiency of this size-dependent 

isolation for the White Leghorn chicken was not significantly different from 

that of magnetic activated cell sorting (MACS), and the isolated cells expressed 

chicken PGC-related genes and PGC specific markers. The utility of the method 

was then verified in Japanese quail (Coturnix japonica), Mallard duck (Anas 

platyrhynchos), and Muscovy duck (Cairina moschata). Immunocytochemistry 

and an in vivo migration assay indicated that this method was able to enrich for 

true embryonic blood PGCs without specific antibodies and could be applied to 

the development of avian interspecies chimeras for restoration of wild or 

endangered species.  



2. Introduction 

Primordial germ cells (PGCs) are the embryonic precursors of 

functional gametes in adult animals and provide the genome for the next 

generation. Avian PGCs migrate through the bloodstream at early embryonic 

stages ( Fujimoto et al., 1976a  et al., 1989), which enables 

their collection and transplantation for applications including the establishment 

of transgenic birds and of interspecies germline chimeric birds (Kagami et al., 

et al and Han, 2012). PGC manipulation techniques 

are particularly effective for the conservation of endangered avian species 

(Nakamura et al Wernery et al et al van de Lavoir et 

al., 2012). 

The conventional methods of collecting highly purified avian PGCs 

are based on PGC-specific surface antigens—i.e., fluorescence-activated cell 

sorting (FACS) and magnetic-activated cell sorting (MACS), which have been 

successfully applied in chicken and quail, yielding >90% and 70–95% PGC 

purity, respectively ( Kim et al  et al, 

2005). Cells isolated by MACS have a significantly greater gonadal migration 

rate compared to other isolated cells, suggesting that this approach does enrich 

for true PGCs (Kim et al., 2004). Density gradient-dependent and cell filtration 

approaches have also been introduced for the isolation of avian PGCs (Yasuda 

et al Tajima et al. and Kuwana, 2003), but the utility of this 

system is limited by the dearth of information on the development and 

physiology, low yield, and the lack of specific antibodies for understudied birds. 

An alternative PGC isolation method that does not require specific markers 

would greatly facilitate the production of germline chimeras for endangered or 

wild birds (Naito et al., 2015). 



A number of circulating cells are present in the bloodstream of early-

stage avian embryos, such as red blood cells, hematopoietic stem cells, 

hemangioblasts, and PGCs (Anstrom and Tucker, 1996). Avian blood PGCs are 

generally >10–20 m in diameter, whereas the other cell types in embryonic 

blood are <10 m in diameter (Fujimoto et al., 1976a). Chicken PGCs also 

possess large spherical nuclei and refractive lipids in their cytoplasm (Zhao and 

Kuwana, 2003). I leveraged these differences in size and cell characteristics to 

devise a broadly applicable method for the size-dependent isolation (SDI) of 

avian PGCs from embryonic whole blood without any specific markers, instead 

relying on a microporous membrane without the use of any chemical treatment 

or antibodies. The isolated cells were then evaluated in terms of their expression 

of germ cell-specific genes and protein markers and their migratory activity. 



3. Materials and methods 

Experimental animals 

This study used eggs from White Leghorn chickens, Korean Ogye 

chickens (Gallus gallus domesticus), Japanese quail (Coturnix japonica), 

Mallard duck (Anas platyrhynchos), and Muscovy duck (Cairina moschata). 

Adult chickens and quails were maintained according to the standard 

management program at the University Animal Farm, Seoul National 

University, Korea. Fertilized eggs of Mallard duck and Muscovy duck were 

kindly provided by commercial farms in Korea. Animal management, 

reproduction, and embryo manipulation procedures adhered to the standard 

operating protocols of our laboratory. Protocols for the care and experimental 

use of animals were approved by the Institute of Laboratory Animal Resources, 

Seoul National University (SNU-150827-1). 

Preparation of embryonic whole blood cells 

Fertilized eggs from White Leghorn chicken, Japanese quail, Mallard 

duck, and Muscovy duck were incubated to Hamburger-Hamilton (HH) stages 

13–16 (Hamburger and Hamilton, 1992). Fertilized eggs of Mallard duck and 

Muscovy duck were incubated until their morphology was similar to that of 

chicken or quail at the various stages (Figure 6-1A). A protocol adapted from 

a previous report (Yamamoto et al., 2007) was used for whole blood cell 

preparation. Briefly, 2–5 l of embryonic blood was collected from the dorsal 

aorta of each embryo using a glass micropipette under a microscope. A total of 

30 l of whole blood cells collected from about 10 embryos were suspended in 

100 l of 3.8% (w/v) sodium citrate in a 1.5-ml microtube and used for the 

isolation of circulating PGCs. 



SDI method 

A 6.5-mm Transwell® insert with 8 m microporous membranes 

(Corning Inc., Corning, NY) was rinsed with 1 × phosphate-buffered saline 

(PBS). Embryonic whole blood cells in 3.8% (w/v) sodium citrate were pipetted 

onto the Transwell® insert, allowed to pass through, and washed twice with 

PBS. Cells on the distal side of the membrane were adsorbed onto laboratory 

wipes (Kimberly-Clark Corp., Dallas, TX), whereas cells retained on the 

proximal side of the microporous membranes were resuspended in PBS by 

gently pipetting at an angle of 45° along the wall to isolate the PGCs with 

minimized damage (Figure 6-1B). The collected cells were centrifuged at 280 

× g for 5 min, and the pellets were resuspended in PBS (Figure 6-1B). 

MACS method 

MACS was performed according to the manufacturer’s instructions 

(Miltenyi Biotec Inc., San Diego, CA). An antibody against stage specific 

embryonic antigen-1 (SSEA-1) (Santa Cruz Biotechnology, Dallas, TX CA) 

was used on the White Leghorn chicken whole blood cells. Purified cells were 

used as controls for comparative analysis. 

RT-PCR 

Total RNA from PGCs was prepared using Trizol reagent (Thermo 

Fisher Scientific–Invitrogen, Carlsbad, CA), and reverse transcribed into cDNA 

using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific–

Invitrogen). PCR was performed using primer sets listed in Table 6-2 (see also 

Choi et al., 2010). Amplification conditions were: 35 cycles at 95°C for 30 sec, 

60°C for 30 sec, and 72°C for 1 min. Positive-control RNA was extracted from 



purified PGCs isolated by MACS from HH13–16 embryonic blood of chicken 

or quail using an anti-SSEA-1 or anti-QCR1 antibody (Kim et al., 2004). 

Immunocytochemistry 

Isolated PGCs were fixed in 4% paraformaldehyde for 10 min, and 

then washed with PBS. Cells were blocked with in PBS containing 5% (v/v) 

goat serum and 1% bovine serum albumin. Samples were then incubated 

overnight at 4°C with primary antibodies, each diluted 1:200 in blocking buffer. 

Samples were then incubated for 1 h at room temperature with secondary 

antibodies labeled with phycoerythrin or fluorescein isothiocyanate. Washed 

samples were mounted with ProLong® Gold antifade reagent and 4 ,6-

diamidino-2-phenylindole (Thermo Fisher–Invitrogen), and visualized under a 

fluorescence microscope. 

Antibodies against SSEA-1 and GATA1 were purchased from Santa 

Cruz Biotechnology (Dallas, TX). Polyclonal antibodies against N-terminal 

peptides of cDAZL (aa 2–17, SANAEAQCGSISEDNTH) and CVH (aa 42– 57, 

SRPSSPLSGFPGRPNS) were raised in a rabbit, followed by purification of its 

antisera (Lee et al., 2016). QCR1monoclonal antibodies were raised in a mouse, 

and isolated from hybridomas (Aoyama et al  

Migration assay 

Isolated PGCs were labeled with PKH26 fluorescent dye (Sigma-

Aldrich, St. Louis, MO). Cells were collected by centrifugation at 280 × g for 

5 min, and then resuspended in 500 l serum-free medium containing 2 M 

PKH26. Approximately 500 cells were injected into the dorsal aorta of HH13–

16 embryos of Korean Ogye chickens. The eggs containing each embryo were 



sealed with Parafilm™, and further incubated until HH27. Fluorescent cells in 

the gonad were quantified under a fluorescence microscope. 

Statistical analysis 

Differences between MACS and SDI purification efficiency were 

analyzed by Student’s t-test using GraphPad Prism statistical software 

(GraphPad Software, La Jolla, CA). p < 0.05 was considered significant.



4. Results 

Optimum time point for collection of blood PGCs 

The optimal time for collecting embryonic blood from Mallard duck 

and Muscovy duck embryos was determined by incubating eggs to HH13–16, 

as judged by morphology that is analogous to that of the chicken and quail. The 

optimal incubation periods of White Leghorn chicken, Japanese quail, Mallard 

duck, and Muscovy duck eggs for blood PGCs isolation from embryonic blood 

were 55, 48, 70, and 92 h, respectively (Figure 6-1A). Blood PGCs were 

separated from prepared whole blood cells using a microporous membrane, 

resuspended in phosphate buffered saline and transferred to 1.5-ml microtubes 

(Figure 6-1B). 

Comparison of MACS- and SDI-purified blood PGCs 

The isolated blood PGCs from White Leghorn chickens were 

compared to those purified by MACS. MACS yielded 27.6 ± 2.9 cells per 

difference was not significant (p = 0.596) (Figure 6-2 and Table 6-1). 

Gene expression profile of SDI-purified cells 

Reverse-transcription PCR was used to evaluate the expression of the 

germ cell-specific genes DEAD-box helicase 4 (DDX4, also known as VASA) 

and Deleted in azoospermia-like (DAZL) and of pluripotency genes Nanog 

homolog (NANOG) and POU domain class 5 transcription factor 3 (POUV) in 

the White Leghorn chicken and Japanese quail blood PGCs to determine if the 

SDI-purified cells exhibited germ cell characteristics. Cells isolated by MACS 



and SDI, but not chicken embryonic fibroblasts or quail embryonic fibroblasts, 

possessed transcripts of each gene (Figure 6-3A and B). These expression 

patterns agree with previous reports of MACS-purified blood PGCs and 

cultured PGCs (Choi et al., 2010). 

Immunocytochemical analysis of SDI-isolated blood PGCs from various 

avian species 

Whole blood cells collected from the blood vessels of embryos and 

SDI isolated blood PGCs were subjected to immunocytochemical analysis 

using antibodies against SSEA-1 (Stage-specific embryonic antigen-1), CVH 

(Chicken VASA/DDX4 homolog), DAZL, QCR1, and GATA1 (Figure 6-4). 

White Leghorn chicken blood PGCs expressed SSEA-1, CVH, and DAZL, but 

notQCR1, a marker of quail PGCs (Ono and Machida, 1999). The blood PGCs 

from Japanese quail, Mallard duck, and Muscovy duck were positive for the 

DAZL and QCR1, but negative for SSEA-1. CVH was not detectable in 

Japanese quail or Mallard duck blood PGCs, whereas low levels were detected 

in Muscovy duck blood PGCs (Figure 6-5). 

Migration of isolated blood PGCs to embryonic gonads 

Migration to the future gonad, via the embryonic bloodstream, is an 

et al., 1976a

Urven et al., 1989), so I tested this attribute of the SDI cells by injecting 500 

PKH26-stained cells into the dorsal aorta of HH13–16 Korean Ogye chicken 

recipient embryos. The gonads of recipient embryos at HH27 were observed 

under a fluorescence microscope. Injected cells of all species were detected in 

both the left (Figure 6-6A-D) and right (Figure 6-6E–H) embryonic gonads. 

Totals of 103.5 ± 19.9 and 82.3 ± 28.0 White Leghorn chicken blood PGCs 



agree with our previous report on the migration of MACS-purified and cultured 

blood PGCs (Choi et al., 2010). Blood PGCs isolated from other species 

showed migratory activities similar to that of chicken blood PGCs to the left 

and right embryonic gonads: Japanese 

2.83 and 48.5 ± 4.95 cells, respectively (Figure 6-6I).  



 

Figure 6-1. Separation of avian PGCs by SDI. (A) Images of HH13–16 

embryos of various avian species. Fertilized eggs of White Leghorn chicken, 

Japanese quail, Mallard duck, and Muscovy duck were incubated for 55, 48, 70, 

and 92 h, respectively. Scale bar, 1 mm. (B) SDI of avian PGCs. (a) Whole 

blood collected from embryos at HH13–16 was placed on insert of an 8- m 

microporous membrane. (b) Cells of  < 8 m diameter passed through the pores 

with PBS. (c) Cells of  > 8 m diameter were harvested from the membrane by 

pipetting with PBS. (d, e, f) Photographs corresponding to the steps of the SDI 

process.  



 

  



 

Figure 6-3. Gene expression in SDI-purified cells. Expression of 

pluripotency marker genes (POUV and NANOG) and germ cell-marker genes 

(DDX4 and DAZL), as determined by reverse-transcription PCR, in (A) White 

Leghorn chicken or (B) Japanese quail cells. CEF, chicken 

.  



 

Figure 6-4. Immunocytochemical analysis of cells isolated by SDI from 

White Leghorn chicken embryonic blood. Whole blood cells and SDI 

purified cells from chicken embryos were immunostained with antibodies 

against SSEA-1 (A and F), CVH (B and G), DAZL (C and H), QCR1 (D and I), 

and GATA1 (E and J). Scale bar, 20 m. CVH, polyclonal antibodies against 

N-terminal peptides of chicken vasa homologue protein (residues 42–  

DAZL, polyclonal antibodies against N-terminal peptides of chicken deleted in 

azoospermia-like protein (residues 2– GATA1, polyclonal antibodies 

against rabbit GATA-

-1, monoclonal antibodies against mouse stage-

specific embryonic antigen 1.  



 

Figure 6-5. Immunocytochemical analysis of SDI-purified cells in various 

avian species. Cells isolated from Japanese quail (A-D), Mallard duck (E-H), 

and Muscovy duck (I-L) embryos immunostained with antibodies against 

SSEA-1 (A, E and I), CVH (B, F and J), DAZL (C, G and K), and QCR1 (D, H 

and I). Scale bar, 20 m. CVH, polyclonal antibodies against N-terminal 

peptides of chicken vasa homologue protein (residues 42– DAZL, 

polyclonal antibodies against N-terminal peptides of chicken deleted in 

azoospermia-like protein (residues 2– QCR1, monoclonal antibodies 

specific to quail germ cells.  



 

Figure 6-6. Migration of SDI-purified cells in recipient chicken embryos. 

Approximately 500 cells isolated from four avian species were labeled with 

PKH26 fluorescent dye, injected into the dorsal aorta of HH13–16 chicken 

embryos, and incubated until HH27. PKH26–labeled cells were observed in the 

left (A-D) and right (E-H) recipient gonads and counted (I). Brightfield and 

enlarged images are shown in A’–H’ and A”–H”, respectively. Scale bar, 50 m. 



Table 6-1. Enrichment of blood PGCs (bPGCs) in embryonic blood by size-

dependent isolation (SDI) 

Species 

Number of cells in 1 l -1 embryonic whole blood 

Whole blood 
cells (×103) 

Blood PGCs 
(%a) 

Strained cells  
after SDI 
separation 

Blood PGCs  
after SDI 

separation (%b) 

White 
Leghorn 

231.51 ± 39.48 
23 ± 6.25 
(0.010 ± 

0.0026 %) 
35.17 ± 8.17 

25.05 ± 2.97 
(71.22 ± 
9.63 %) 

Japanese 
quail 

196.67 ± 21.86 
32 ± 6.25 
(0.016 ± 

0.0032 %) 
54.33 ± 2.08 

39.33 ± 7.51 
(72.39 ± 
13.81 %) 

a Percentage of bPGCs in whole blood cells 

b Percentage of bPGCs in strained cells  



Table 6-2. Primer sets used for RT-PCR 

Species Gene Sequences (5’ 3’) 
Product 
size (bp)

Chicken 

POUV 
F: GCCAAGGACCTCAAGCACAA 

511 
R: ATGTCACTGGGATGGGCAGA 

NANOG 
F: CAGCAGACCTCTCCTTGACC 

586 
R: AAGCCCTCATCCTCCACAGC 

DDX4 
F: GGGAAGATCAGTTTGGTGGA 

388 
R: GACAAAGAAAGGCTGCAAGG 

DAZL 
F: CGTCAACAACCTGCCAAGGA 

540 
R: TTCTTTGCTCCCCAGGAACC 

GAPDH 
F: CACAGCCACACAGAAGACGG 

443 
R: CCATCAAGTCCACAACACGG 

Quail 

POUV 
F: GCAGGAGATGTGCAATGCAGAGCAA 

421 
R: GTGGCTGCTGTTGTTCATGGAGATC 

NANOG 
F: TAGGTGCGGCCACTACTACTGGCCC 

450 
R: TCCACCCACTGACTCTCCTTCTGGC 

DDX4 
F: TTCAGTAGCAGCAAGAGGCC 

311 
R: CTCCTGGGTTCACTCTGCTG 

DAZL 
F: GGCAAAAGGCTGAAACTGGG 

295 
R: TTCTTTGCTCCCCAGGAACC 

GAPDH 
F: TTCACCACCATGGAGAAGGC 

293 
R: CCATCCCTCCACAACTTCCC 

  



5. Discussions 

Avian PGCs are traditionally identified by morphological 

characteristics, and their large size facilitates distinguishing them from 

neighboring cells, such as red blood cells and hematopoietic cells (Zhao and 

Kuwana, 2003). Hemangioblasts can be detected in the avian embryonic 

bloodstream based on CD45 expression at embryonic Day 3, while 

hematopoietic cells bud into vessels at embryonic Day 3–4 (Jaffredo et al

Jaffredo et al., 2000). Therefore, Day-4–6 embryonic whole blood contains 

hematopoietic stem cells and progenitor cells of myeloid and lymphoid lineages 

(McIntyre et al –16 (Day 2.5), 

the composition of chicken embryonic whole blood is unclear—with the 

exception of blood cells and PGCs. Given that avian blood PGCs are >10–20 

Fujimoto et al., 1976a et al et al

2013), size-dependent isolation (SDI) of PGCs would likely be applicable to 

many avian species. 

The microporous membrane insert system was originally developed to 

assess cell migration and invasion (Marsh et al et al., 2011), 

and proved particularly useful for the investigation of in vitro cellular 

transmigration using co-cultures of heterogeneous cell types (Strazza et al., 

2016). In the present study, a microporous membrane insert of 8 m pore size 

was used to isolate blood PGCs from whole blood of avian embryos at HH13–

16. Comparative embryo developmental stages for various avian species were 

reported earlier (Sellier et al., 2006), but I could not confirm the exact time of 

HH13–16 for the non-galliform species, Mallard duck and Muscovy duck, 

because the incubation time addressed in the report extended only up to 72 hr 



for all species. We, therefore, established the optimal incubation timing by 

comparing embryo morphology of these duck embryos to that of chicken or 

quail at the various stages (Figure 6-1A). 

PGCs obtained by SDI and MACS were quantified and 

immunostained using an anti- SSEA-1 antibody. The number of SSEA-1-

positive cells agreed with previous reports (Chang et al., et al., 

and Kuwana, 2003 et al., 2007). The SDI enriched cells 

were then immunostained for germ cell-specific markers, such as SSEA-1, 

CVH, DAZL, and QCR1—which are expressed by early-stage PGCs from 

chicken, quail, and turkey embryos (D’ et al

Lee et al., and  et al., 2000)—as well as 

the blood marker, GATA-1, to assess the purity of the blood PGCs. Cells from 

the White Leghorn chicken possessed marker profiles in agreement with 

previous reports (Yamamoto et al Choi et al et al., 2016), 

and GATA-1 was detected only in whole embryonic blood cells. Among the 

other avian species, Japanese quail cells were reactive against QCR1 antibody, 

as previously reported (Ono and ard 

cells were positive for QCR1, DAZL, and CVH antibodies. Alignment of the 

CVH peptide sequence (residues 42–57: SRPSSPLSGFPGRPNS) with that of 

Japanese quail DDX4 (NRPTSPLSGFPGTPNS) used to produce the antibodies 

sequence matched the chicken DDX4 peptide. These differences in sequence 

may be sufficient to explain why Japanese quail and Mallard duck cells were 

immno-negative when probed with the anti-chicken DDX4 antibody. Similarly, 

alignment of the chicken DAZL peptide sequence (residues 2–17: 

SANAEAQCGSISEDNT) with Japanese quail DAZL (SANAEAQCGSISED-



NT) and Mallard duck DAZL (SANAEAQCASVSEDNT) revealed 94.1% and 

82.4% identity, respectively. In contrast to the CVH/DDX4 antigens, cross-

species staining was observed with the anti-DAZL antibody, which I believe 

was due to its polyclonal nature. No accessible genome sequence for Muscovy 

duck DDX4 and DAZL were available to include in our alignments. 

Migration in embryos is an essential characteristic of the avian PGC 

lineage (Urven et al et al et al Choi et al., 

2010). In this study, almost half of the isolated PGCs injected into embryos 

arrived at the recipient gonads, which is consistent with previously reported 

percentages (Choi et al., 2010). The left gonad received more cells than the 

right gonad, which is the nature of avian PGCs rather than a technical error 

(Intarapat and Stern, 2013). Indeed, the characteristics of the cells isolated from 

the four avian species were similar to other described PGCs (Choi et al., 2010), 

and their similar behavior in recipient chicken embryos demonstrates the 

feasibility of creating interspecific chimeras with them (Kang et al., 2008). 

In conclusion, a simple SDI system involving a microporous 

membrane was developed for isolating avian PGCs, with a yield similar to those 

of other methods. The approach does not, however, require specific markers to 

purify PGCs, enabling the generation of germline chimeras without germ cell-

specific antibodies using most avian species. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 7 
 
 
  

GENERAL DISCUSSION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



In the first study, zebra finch PGCs were identified, and genetically 

modified PGCs were incorporated into the recipient embryonic gonads and also 

showed developmental characteristics different from those of chickens. 

Relative to chicken, zebra finch PGCs are much more abundant in early 

embryos and present at a higher proportion in embryonic gonads relative to 

other gonadal cell types and complete their migration to the germinal crescent 

at later stages. The abundance of PGCs in zebra finches may indicate that they 

invest more embryonic resources in development of PGCs than chickens. 

Additionally, the whole gonadal expression of genes involved in stem cells and 

cell proliferation differed between the two species, it may explain why zebra 

finch PGCs do not proliferate as long in culture conditions established for 

chicken PGCs. These results provide essential groundwork necessary for the 

production of PGC-mediated transgenic zebra finches. 

In the second study, primary germline-competent stem cells, PGCs 

and SSCs, were isolated and characterized from zebra finch, and confirmed that 

the adenovirus-mediated gene transfer method is most efficient in both cell 

types by performing comparative experiments. Delivery of the CRISPR/Cas9 

system to PGCs using adenoviruses enabled targeted gene targeting in zebra 

finch, but failed in SSCs due to still low gene transfer efficiency. Further 

optimization, such as introduction of polymers including, poly-L-lysine, 

polyethyleneimine, and polybrene that enhance the adenoviral transduction 

efficiency will be able to improve this. These results report first targeted 

genome editing in zebra finch species, and it will lead to production of 

genetically modified zebra finch in the near future. 

Next, single-cell RNA sequencing analysis was applied for the first 

time in zebra finch species for a deeper understanding of zebra finch PGCs. As 



a result, three distinct PGC subpopulations was identified in a single 

developmental stage and detected novel marker genes for zebra finch gonadal 

PGCs. However, there was still a limit to clarify the heterogeneity of zebra finch 

PGCs, due to the practical difficulty in accessing each independent PGC 

subpopulation experimentally due to lacks of sufficient experimental materials 

compared to other laboratory animals. Nevertheless, this study broadened our 

understanding of germ cell research by discovering the first heterogeneity in 

avian PGCs, and it is believed that functional studies using gene-editing 

technology and marker development will be able to overcome the current 

limitations and further support related studies. 

Finally, a size-dependent isolation (SDI) system involving a 

microporous membrane was developed for isolating avian circulating PGCs, 

with a yield similar to those of other methods. This SDI method, which does 

not require PGC-specific antibodies, was also effective in a variety of avian 

species such as Japanese quail, Mallard duck, and Muscovy duck, thus it 

provided a substitute for previous methods, and it is expected that this system 

may provide an alternative way to isolate PGCs from wild or endangered 

species. 
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