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ABSTRACT Embryonic germ (EG) cells derived from
primordial germ cells are undifferentiated and pluripo-
tent stem cells. In our study, primordial germ cells iso-
lated from the genital ridges of Beijing duck (Anas do-
mestica) embryo at stage 28 were co-cultured with mice
embryonic fibroblasts. Duck EG cells grew with a high
nuclear:cytoplasm ratio and were positive for periodic
acid-Schiff and alkaline phosphatase staining. The duck
EG cells could proliferate for more than a month in
repeated subculture and maintain a diploid karyotype.
They expressed the pluripotent markers such as stage-
specific embryonic antigen-1, stage-specific embryonic

antigen-4, tumor rejection antigen-1-60, and tumor re-
jection antigen-1-81. Furthermore, the EG cells could
form embryoid bodies and differentiate to osteoblast
in vitro. This study explored the isolation and culture
process of duck EG cells using the culture methods of
chicken EG cells and investigated biological character-
istics of Beijing duck EG cells. Our results showed that
methods published for the culture of chicken EG cells
could be applied to the culture of duck EG cells. Duck
EG cells will be useful for the differentiation of EG cells
in avian species.

Key words: Beijing duck, embryonic germ cell, biological characteristic, derivation

INTRODUCTION

Pluripotent stem cells have been derived from 2 em-
bryonic sources. Embryonic stem (ES) cells are derived
from the inner cell mass of preimplantation embryos,
and embryonic germ (EG) cells are derived from pri-
mordial germ cells (PGC). Such cells have been char-
acterized in mammals, especially in humans (Shamblott
et al., 1998). Primordial germ cells are the progenitors
of the sperm or eggs. In avian species, PGC first arise
from the epiblast and migrate to the germinal crescent
at stage 4, after approximately 18 h of incubation. Af-
ter 50 to 55 h of development, PGC migrate to the
gonad and subsequently produce functional sperm and
oocytes (Swift, 1914; Hamburger and Hamilton, 1951;
Fujimoto et al., 1976). Recent reports indicate that
PGC maintain their restriction to the germ line (Naito
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et al., 2004; Van de Lavoir et al., 2006a). Chicken EG
and ES cells contribute substantially to somatic tis-
sues but not to the germ line (Van de Lavoir et al.,
2006b). Duck is similar to the chicken in physiologi-
cal and developmental characteristics. However, little
research has been done on duck EG cells. Therefore,
the establishment of an isolation and culture system
of duck EG cells is critical for the study of avian stem
cells. In this study, the duck EG cells were derived from
duck gonadal PGC. The duck EG cells could proliferate
for more than a month by using the culture media of
chicken EG cells, maintain normal karyotype, express
a set of typical markers of ES cells, and be induced to
differentiate into osteoblast in vitro.

MATERIALS AND METHODS

Preparation of Mouse
Embryonic Fibroblasts

Mouse fibroblasts were isolated from 13.5 d post-
coitum embryos and cultured (10" cells-cm™?) in Dul-
becco’s modified Eagle’s medium (DMEM; Invitro-
gen, San Diego, CA) containing 5% fetal bovine serum
(FBS; HyClone, Tauranga, New Zealand). After a 3- to
5-generation subculture, mouse embryonic fibroblasts
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were treated with 10 pg/mL of mitomycin C (Sigma,
St. Louis, MO) for about 30 min, then rinsed with PBS
and subcultured again with DMEM medium.

Isolation of Duck Gonadal Cells

The Beijing duck embryonic gonad tissue at stage 28
(Hamburger and Hamilton, 1951; 7 d of incubation),
including the PGC, was dissociated in 0.25% trypsin
—0.02% EDTA at room temperature (RT) for 5 min.
After the inactivation of trypsin-EDTA with DMEM
containing 15% FBS, the cells were harvested by cen-
trifugation (Park and Han, 2000).

Culture of Duck EG Cells

For primary culture, cell suspension containing both
PGC and somatic cells at a density of 1 x 10°/well
was cultured in 24-well plates (Corning Inc., Corning,
NY) in a 37°C incubator with 5% CO, with complete
medium consisting of DMEM, 15% FBS, 1% nonessen-
tial amino acid, 0.03 mM purine and pyrimidine, 1 mM
HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine, 5.5
x 107" M B-mercaptoethanol, 100 pg/mL of streptomy-
cin, 100 TU/mL of penicillin, 5 ng/mL of human stem
cell factor (SCF; Peprotech, London, UK), 10 IU/mL
of murine leukemia inhibitory factor (LIF; Peprotech),
and 10 ng/mL of human basic fibroblast growth factor
(bFGF; Peprotech). For about 3 to 7 d, the cultured
PGC formed colonies (Han et al., 2002).

For subculture, the colonies of duck EG were rinsed
with PBS to remove dead cells and digested with 0.25%
trypsin-0.02% EDTA for 3 min, then terminated by
15% FBS in DMEM and reseeded into microwell plates

—
10 um

with feeder cells. The EG cell colonies were passaged at
an interval of 3 to 7 d on average.

Periodic Acid-Schiff and Alkaline
Phosphatase Staining

Subcultured cells were fixed in 4% neutral paraform-
aldehyde for 10 min and rinsed twice in PBS. For pe-
riodic acid-Schiff (PAS) staining, fixed cells were im-
mersed in periodic acid solution for 5 to 10 min at RT
and then immersed in Schiff’s solution for 15 min at
RT. After being rinsed with PBS twice, PAS-stained
EG cells were observed under an inverted microscope.

For alkaline phosphatase staining, we used a 5-bro-
mo-4-chloro-3-indoyl phosphate/nitroblue tetrazolium
alkaline phosphatase substrate kit (Boster, Wuhan,
China; Park and Han, 2000) according to the instruc-
tions of the manufacturer. Images were captured with
a computer-assisted video camera (IX-71 inverted re-
search microscope, Olympus, Tokyo, Japan).

Immunocytochemistry

To analyze marker expression of duck EG colonies,
the cell colonies at the third passage were fixed in 4%
paraformaldehyde for 15 min at RT and washed twice
(5 to 10 min each) in Tris buffer saline with Tween-20
(TBST; 20 mM Tris-HCI, pH 7.4, 0.15 M NaCl, 0.05%
Tween-20) and treated with 0.1% Triton X-100 for 10
min and then washed twice (5 to 10 min each) in TBST
buffer and incubated in 3% BSA (blocking solution) for
30 min. The primary antibodies were anti-stage-specific
embryonic antigen-1 (SSEA-1), anti-stage-specific em-
bryonic antigen-4 (SSEA-4), anti-tumor rejection an-

-
10 um

Figure 1. Cellular morphology and identification of duck embryonic germ (EG) cells. a) Duck primordial germ cells with gonadal somatic
cells; scale bar: 35 pm. b) Duck EG colony on mice embryonic fibroblast at the second passage. The colony is uniformly round, multilayered, and
well delineated; scale bar: 80 pm. ¢) Periodic acid-Schiff reactivity formed in a colony at the third passage; scale bar: 100 pm. d, e) Duck EG cells
stained with Hoechst 33258, which shows that duck EG cells were composed of a large nucleus and a relatively small amount of cytoplasm. f)
Alkaline phosphatase reactivity formed in a colony at the third passage; scale bar: 100 pm. Color version available in the online PDF.
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tigen-1-60 (TRA-1-60), and anti-tumor rejection an-
tigen-1-81 (TR A-1-81) from ES Cell Characterization
Kit (Chemicon, Temecula, CA; Fang et al., 2006). All
antibodies were diluted in PBS (TRA-1-60 and TRA-
1-81, 1:100; SSEA-1 and SSEA-4, 1:40) and incubated
with samples overnight at 4°C. The next day, colonies
were washed with TBST buffer 3 times and incubated
with secondary antibodies (diluted in PBS 1:100) at
RT for 1 h. The secondary antibodies were fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse
IgG + IgM for SSEA-1, TRA-1-60, and TRA-1-81
and FITC-conjugated goat anti-mouse IgG for SSEA-
4 (Boster). Fluorescent signals were visualized with a

TRA-1-60 s

TRA-1-81 ==

confocal microscope (Nikon TE-2000-E inverted micro-
scope, Tokyo, Japan).

Karyotyping

Duck EG cells were incubated with colcemid (final
concentration 0.1 pg/mL) for 4 h at 37°C in 5% CO,
and then harvested, centrifuged, and resuspended in
prewarmed 0.075 M KCI. After incubation for 30 min
at 37°C, the cells were pelleted again, fixed with 3:1
methanol:acetic acid at 4°C, and washed with the fixa-
tive 3 times. Finally, the cell suspension was dropped
on precooled glass slides and stained with Giemsa (Am-

Figure 2. Characterization of duck embryonic germ (EG) colonies by a set of antibodies recognizing specific cell surface antigens at the third
passage. Mouse EG colonies were used as the control group for characterization of the markers. Mouse EG colonies expressed anti-stage-specific
embryonic antigen-1 (SSEA-1) but not anti-stage-specific embryonic antigen-4 (SSEA-4), tumor rejection antigen-1-60 (TRA-1-60), and tumor
rejection antigen-1-81 (TRA-1-81) (a). Duck EG colonies expressed SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81 (b). In contrast, no reactivity
was detected in the mice embryonic fibroblast feeder, and antibody reactivity is not uniform within a colony. Scale bar: 35 pm. Color version

available in the online PDF.
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Figure 3. Chromosomes at metaphase (a) and karyotype (b) of the Beijing duck embryonic germ (EG) cells (male). There are 8 pairs of
macrochromosomes and 31 pairs of microchromosomes. Because of the large number of microchromosomes, it was difficult to determine if the
karyotype of duck EG cells was normal; however, we were able to ensure that duck EG maintained a diploid karyotype.

resco, Solon, OH). At least 20 metaphase spreads were
counted for every passage of duck EG cells (Liu et al.,
2008; Wu et al., 2008).

Embryoid Body Formation

Duck EG colonies at the third passage were digested
with 0.25% trypsin —0.02% EDTA for 1 min at 37°C
and then gently broken into small clumps and cultured
in suspension on dishes in medium consisting of 75%
DMEM, 15% FBS, 2 mM L-glutamine, 1% nonessen-
tial amino acid, 0.1 mM B-mercaptoethanol, and 1 pM
all-trans-retinoic acid for 4 to 8 d. The medium was
changed every 2 d. During this period, the cells aggre-
gated to form embryoid bodies (EB), and then the EB
was plated onto gelatin-coated dishes and cultured to
allow the expansion of different types of cells (Amit et
al., 2004).

Stimulation of EG Cells Differentiation
to Osteoblasts

Duck EG cells at the third passage were resuspended
in DMEM containing 15% FBS, 100 pg/mL of strep-

tomycin, 100 U/mL of penicillin, 50 pg/mL of ascorbic
acid, 10 mM B-glycerophosphate, 0.1 uM dexametha-
sone, and 1 pM all-trans-retinoic acid for 9 to 15 d. The
medium was replaced every 3 d (Buttery et al., 2001).
Differentiated cells were fixed in 4% paraformalde-
hyde for 15 min, washed in PBS twice, and stained
with 1% solution of Alizarin Red for 5 min. Plates were
washed in PBS twice, and bone nodule colonies were
observed under the microscope (Buttery et al., 2001).

RESULTS AND DISCUSSION

Culture and Characterization
of Duck EG Cells

Duck EG cells were derived from Beijing duck go-
nadal PGC collected at stage 28. After about 3 d of
culture, the cell colonies with the appearance of grapes
were formed. These cells subsequently formed nest colo-
nies at about 7 d. The colonies of EG cells were pas-
saged at an interval of 5 to 7 d. These colonies were
maintained for up to 7 passages and proliferated for
more than a month in repeated subculture. The mor-
phology of the duck EG colonies was uniformly round,

Figure 4. Morphology of differentiated cells and embryoid bodies (EB) induced by duck embryonic germ (EG) cells. a) The outgrowth of the
EB contained cells with a typical neuronal morphology; scale bar: 35 pm. b) The outgrowth of the EB contained cells with special morphology;
scale bar: 35 pm. ¢) Embryoid bodies formed in suspension after 8 d of culture; scale bar: 100 pm. Color version available in the online PDF.



316 GUAN ET AL.

multilayered, and well delineated. The duck EG cells
had a large nucleus and a relatively small amount of cy-
toplasm. The duck EG cells can be easily identified by
PAS reaction, which stains for glycogen in cytoplasm
(Meyer, 1964). Alkaline phosphatase activity is one of
the characteristics of pluripotent stem cells (Park and
Han, 2000). Duck EG cells were stained dark blue by
AKP staining (Figure 1).

In our study, the duck culture media of EG cells
supplemented with SCF, LIF, and bFGF is similar to
that of chicken EG cells (Park and Han, 2000); SCF,
LIF, and bFGF were the most important growth fac-
tors for the survival and proliferation of PGC in the
mouse. For murine PGC culture, SCF was required for
cell survival and proliferation, LIF was necessary as
a mitogen in combination with SCF, and bFGF was
absolutely required for the long-term culture of mouse
PGC and led to the derivation of large colonies of EG
cells (Resnick et al., 1992). Recent study proved that
chicken PGC maintain their restriction to the germ line
(Van de Lavoir et al., 2006a), whereas chicken EG and
ES cells contribute substantially to somatic tissues but
not to the germ line (Van de Lavoir et al., 2006a,b).
Therefore, more research is needed to get the chimera
in duck PGC and EG cells.

Marker Expression of Duck EG Colonies

Cell surface antigens provide invaluable tools for the
identification of cell differentiation. A set of antibodies
(SSEA-1, SSEA-4, TRA-1-60, and TRA-1-81) recogniz-
ing specific cell surface antigens was used to charac-
terize the EG colonies (Jung et al., 2005; Fang et al.,
2006). Compared with mouse EG colonies, the duck
EG colonies expressed SSEA-1, SSEA-4, TRA-1-60,
and TRA-1-81 (Figure 2).

Stage-specific embryonic antigens that are devel-
opmentally regulated during early embryogenesis are
widely used as markers to monitor the differentiation
of ES cells. As the keratan sulfate-associated antigens,
TRA-1-60 and TRA-1-81 are also characteristic of hu-

man embryonic carcinoma cells. Human ES cells are
characterized by the expression of the cell surface an-
tigens, SSEA-4, TRA-1-60, and TRA-1-81, and by the
lack of SSEA-1 (Henderson et al., 2002). Mouse ES
colonies expressed SSEA-1 but not the others. Rabbit
EG cells did not express surface antigens recognized by
the 4 antibodies (Fang et al., 2006). The surface anti-
gens of duck EG colonies in our study are different from
that of mouse, human, and rabbit EG cells.

Karyogram and Chromosome Number
of Duck EG

Cells possess characteristic chromosome numbers,
shape, and structure, which remain very stable in the
normal cells. Therefore, karyotype analysis is a major
method for distinguishing normal cells from variants.
The international poultry karyotype criterion defines
poultry chromatin as comprising 8 pairs of macrochro-
mosomes and 30 pairs of microchromosomes with sex
chromosomes Z and W (Ladjali-Mohammedi et al.,
1999). The chromosomes in 100 duck EG cells were
counted at the first and third passage. The normal duck
EG cells were diploid (2n = 78), containing 8 pairs of
macrochromosomes and 31 pairs of microchromosomes.
The sex chromosome type is ZZ (male)/ZW (female).
The results showed that 97% of the cells were diploid
(Figure 3).

Differentiation In Vitro

The ability to differentiate in vitro into simple or
complex EB in suspension culture is one of the charac-
teristics of pluripotent ES cells (Evans and Kaufman,
1981) and EG cells (Resnick et al., 1992). Duck EG cells
after 3 passages could form EB with a heterogeneous
morphology in the presence of serum in a suspension
culture for about 8 d (Figure 4). Therefore, the duck
EG cells were capable of differentiation in vitro.

Embryonic germ cells have the potential to differenti-
ate to all fetal and adult cell types and might represent

Figure 5. Morphology and identification of osteoblasts induced by duck embryonic germ (EG) cells. a) Morphology of osteoblasts induced
by duck EG cells that consisted of aggregated cells; scale bar: 35 pm. b) Histochemical staining for Alizarin Red identifies discrete mineralized

nodules; scale bar: 35 pm. Color version available in the online PDF.
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a useful cell source for tissue engineering and repair.
Duck EG cells can be differentiated toward the osteo-
blast by supplementing serum-containing media with
ascorbic acid, B-glycerophosphate, dexamethasone, and
all-trans-retinoic acid. Embryonic stem cell differentia-
tion into osteoblasts was characterized by the formation
of discrete mineralized bone nodules. Histochemical
staining for Alizarin Red indicated discrete mineralized
nodules (Figure 5). This could be applied to obtain pu-
rified osteoblasts to analyze mechanisms of osteogenesis
and for use of EG cells in skeletal tissue repair.

In this study, we have obtained the duck EG cells
from PGC of stage 28 using the similar culture media
of chicken EG cells. The duck EG cells could propa-
gate for more than a month by repeated subculture
and expressed pluripotent markers that are enriched in
undifferentiated ES cells. They could form simple EB
in the suspension culture in vitro and differentiate to
osteoblasts, which all suggested that the duck EG cells
were capable of differentiation in vitro.

This report is the first to successfully demonstrate
the characterization of pluripotent EG cells from Bei-
jing duck. Our results will be useful for investigating
the differentiation of EG cells in avian species.

REFERENCES

Amit, M., C. Shariki, V. Margulets, and J. Itskovitz-Eldor. 2004.
Feeder layer- and serum-free culture of human embryonic stem
cells. Biol. Reprod. 70:837-845.

Buttery, L. D. K., S. Bourne, J. D. Xynos, H. Wood, F. J. Hughes,
S. P. F. Hughes, V. Episkopou, and J. M. Polak. 2001. Differen-
tiation of osteoblasts and in vitro bone formation from murine
embryonic stem cells. Tissue Eng. 7:89-99.

Evans, M. J., and M. H. Kaufman. 1981. Establishment in culture of
pluripotential cells from mouse embryos. Nature 292:154-156.

Fang, Z. F., H. Gai, Y. Z. Huang, S. G. Li, X. J. Chen, J. J. Shi, L.
Wu, A. L. Liu, P. Xu, and H. Z. Sheng. 2006. Rabbit embryonic
stem cell lines derived from fertilized, parthenogenetic or somatic
cell nuclear transfer embryos. Exp. Cell Res. 312:3669-3682.

Fujimoto, T., T. Ninomiya, and A. Ukeshima. 1976. Observations of
primordial germ cells in blood samples from chick embryo. Dev.
Biol. 49:278-282.

Han, J. Y., T. S. Park, Y. H. Hong, D. K. Jeong, J. N. Kim, K. D.
Kim, and J. M. Lim. 2002. Production of germline chimeras by
transfer of chicken gonadal primordial germ cells maintained in
vitro for an extended period. Theriogenology 58:1531-1539.

Hamburger, V., and H. L. Hamilton. 1951. A series of normal stages
in the development of the chick embryo. J. Morphol. 88:49-92.

Henderson, J. K., J. S. Draper, H. S. Baillie, S. Fishel, J. A. Thom-
son, H. Moore, and P. W. Andrews. 2002. Preimplantation human
embryos and embryonic stem cells show comparable expression of
stage-specific embryonic antigens. Stem Cells 20:329-337.

Jung, J. G., D. K. Kim, T. S. Park, S. D. Lee, J. M. Lim, and J. Y.
Han. 2005. Development of novel markers for the characterization
of chicken primordial germ cells. Stem Cells 23:689-698.

Ladjali-Mohammedi, K., J. J. Bitgood, M. Tixier-Boichard, and
F. A. P. de Leon. 1999. International system for standardized
avian karyotypes (ISSAK): Standardized banded karyotypes of
the domestic fowl (Gallus domesticus). Cytogenet. Cell Genet.
86:271-276.

Liu, C. Q., Y. Guo, W. J. Guan, M. H. Yuehui, H. H. Zhang, and
X. X. Tang. 2008. Establishment and biological characteristics of
Luxi cattle fibroblast bank. Tissue Cell 40:417-424.

Meyer, D. B. 1964. The migration of primordial germ cells in the
chick embryo. Dev. Biol. 10:154-190.

Naito, M., A. Sano, T. Harumi, Y. Matsubara, and T. Kuwana.
2004. Migration of primordial germ cells isolated from embry-
onic blood into the gonads after transfer to stage X blastoderms
and detection of germline chimaerism by PCR. Br. Poult. Sci.
45:762-768.

Park, T. S., and J. Y. Han. 2000. Derivation and characterization of
pluripotent embryonic germ cells in chicken. Mol. Reprod. Dev.
56:475-482.

Resnick, J. L., L. S. Bixler, L. Z. Cheng, and P. J. Donovan. 1992.
Long-term proliferation of mouse primordial germ cells in cul-
ture. Nature 359:550-551.

Shamblott, M. J., J. Axelman, S. P. Wang, E. M. Bugg, J. W.
Littlefield, P. J. Donovan, P. D. Blumenthal, G. R. Huggins, and
J. D. Gearhart. 1998. Derivation of pluripotent stem cells from
cultured human primordial germ cells. Proc. Natl. Acad. Sci.
USA 95:13726-13731.

Swift, C. H. 1914. Origin and early history of the primordial germ
cells in the chick. Am. J. Anat. 15:483-516.

Van de Lavoir, M. C., J. H. Diamond, P. Leighton, C. Mather-Love,
B. S. Heyer, R. Rradshaw, A. Kerchner, L. Hooi, T. Gessaro,
S. Swanberg, M. E. Delany, and R. J. Etches. 2006a. Germline
transmission of genetically modified primordial germ cells. Na-
ture 441:766-769.

Van de Lavoir, M. C., C. Mather-Love, P. Leighton, J. H. Diamond,
B. S. Heyer, R. Roberts, L. Zhu, P. Winters-Digiacinto, A. Kerch-
ner, T. Gessaro, S. Swanberg, M. E. Delany, and R. J. Etches.
2006b. High-grade transgenic somatic chimeras from chicken em-
bryonic stem cells. Mech. Dev. 123:31-41.

Wu, H., W. Guan, H. Li, and Y. Ma. 2008. Establishment and char-
acteristics of white ear lobe chicken embryo fibroblast line and
expression of six fluorescent proteins in the cells. Cell Biol. Int.
32:1478-1485.



