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Abstract.  Several types of cells, including blastoderm cells, primordial germ cells, and embryonic germ cells were 
injected into early-stage recipient embryos to produce chimera avians and to gain insights into cell development. However, 
a limited number of studies of avian adult stem cells have also been conducted. This study is, to the best of our knowledge, 
the first to evaluate chicken bone marrow cells’ (chBMC) ability to differentiate into multiple cell lineages and capability 
to generate chimera chicks. We induced random differentiation of chBMCs in vitro and injected immunologically selected 
pluripotent cells in chBMCs into the blastoderms of recipient eggs. The multipotency of BMCs from the barred Plymouth 
rock (BPR) was confirmed via AP staining, RT-PCR, immunocytochemistry, and FACS using specific markers, such 
as Oct-4 and SSEA-1, 3 and 4. Isolated chBMCs were found to be able to induce in vitro differentiation to multiple 
cell lineages. Approximately 5,000 chBMCs were injected into the blastoderms of white leghorn (WL) recipients and 
proved able to contribute to the generation of somatic chimera chicks with a frequency of 2.7% (2 of 73). Confirmation of 
chimerism in hatched chicks was achieved via PCR analysis using D-loop-specific primers of BPR and WL. Our study 
demonstrated the successful production of chimera chicks using chBMC. Therefore, we propose that the use of adult 
chBMCs may constitute a new possible approach to the production of chimera poultry, and may provide helpful studies in 
avian developmental biology.
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Compared with mammals, avians are assumed to be an ideal 
model for developmental biology and bioreactor systems, owing 

to their numerous advantages, which include shorter generation 
time, lower expense, fecundity, etc. [1]. Several types of cells, such 
as blastoderm cells [2], primordial germ cells [3–5] and testicular 
cells [6], have been injected into early-stage chicken embryos with 
transgenic avian production and development assessments. Despite 
these studies, however, numerous trials involving the production of 
chimera chickens have clustered around the unique characteristics 
of the avian reproduction system, including egg-laying, egg size, 
rapid embryonic development and blastoderm formation [7]. As 
a consequence, very limited numbers of developmental biology 
studies have been conducted with avian adult stem cells thus far.

Bone marrow cells (BMCs) consist of a variety of cell types, 
including mesenchymal stem cells (MSC), hematopoietic stem cells 
(HSCs), endothelial stem cells (ESC), adipocytes, chondrocytes, 
colony forming unit fibroblasts (CFU-F) and unknown multipotential 
adult progenitor cells [8]. Recently, bone marrow (BM)-derived 
stem cells have been shown to transdifferentiate into multilineage 
cells, such as muscles of the mesoderm, the lung and liver of the 
endoderm and pigment cells of ectoderm origin, as well as germ 

cells [8–11]. Thus, the plasticity and self-renewal capacity of BMCs 
offer enormous potential for clinical tissue regeneration [12], and 
some clinical trials using MSCs in BMCs have yielded encouraging 
results, such as a possible cure for Parkinson’s disease [13] and the 
regeneration of cartilage [14]. Moreover, BMCs of mammals have 
been widely employed to generate cloned and germline chimera 
animals [15, 16]. On the other hand, very few developmental biology 
studies have been conducted thus far to evaluate the relationship 
between avian adult stem cells and chimera production. Recently, 
we first reported that chBMCs are capable of differentiating into 
male germ cells both in vitro and in vivo condition. Additionally, 
production of eGFP transgenic progenies from chBMC-derived 
spermatocytes was demonstrated [17].

In this study, we hypothesized that chicken BMCs have the 
ability to differentiate into multilineage cells and thus facilitate 
the production of chimera chicks. To evaluate this hypothesis, 
we attempted to induce random differentiation of chBMCs and 
injected barred Plymouth Rock bone marrow cells (BPR BMCs) 
into stage X embryos of White Leghorn (WL) chickens to gener-
ate somatic chimera chicks. Our results describe another possible 
somatic chimera poultry production system and may contribute 
to our current understanding of the properties of avian adult stem 
cells in bone marrow.
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Materials and Methods

Experimental animals
One adult (24 weeks of age) Barred Plymouth Rock (BPR) was 

sacrificed for the characterization and injection of BMCs, and 
fertilized eggs of White Leghorn (WL) chickens were obtained via 
regular artificial insemination (maintained at Konkuk University). 
Animal management, reproduction and incubation were all con-
ducted in accordance with the legal requirements established by 
Konkuk University.

Isolation and culture of BMCs
Chicken BMCs were collected by flushing the femurs and tibias 

from a BPR rooster with Dulbecco’s Phosphate-Buffered Saline 
(DPBS; Gibco) and filtered through a 70 μm nylon mesh filter. 
The collected cells were treated with ACK buffer for red blood 
cell lysis and subsequently washed with DPBS. BMC dissociation 
was induced via trypsin-EDTA treatment. Approximately 1 × 106 
cells were placed in 4-well dishes with DMEM/F12 supplemented 
with 10% FBS and 0.5 mM β-mercaptoethanol for AP staining, 
and 1 × 105 cells in 25 μl of PBS were transferred to 5 ml tubes for 
FACS. For the injections, 5 × 106 / ml of BMCs were resuspended 
in PBS and stored on ice. Cultures of chBMCs were maintained 
in an incubator at 36.5 C and 5% CO2 at a relative humidity of 
60% with DMEM/F12 supplemented with 10% FBS, 0.5 mM 
β-mercaptoethanol, 20 ng/ml basic fibroblast growth factor (bFGF; 
ESG1106, Chemicon) and 1,000 units/ml of human leukemia inhibi-
tory factor (LIF; 13256, Invitrogen). Cultures were maintained in 
the above medium for an additional 2 wks, and the medium was 
exchanged with the above medium containing 10–6 M of retinoic 
acid (RA) (Sigma) for 30 days.

Injection of BPR BMCs into blastoderms of WL chicken eggs
Fertilized eggs (Stage X embryo, according to the classification 

of Eyal-Giladi and Kochave, 1976 [18]) were obtained from the 
WL group that had been artificially inseminated twice a week with 
semen from WL roosters. Fertilized eggs were positioned side-up 
for 8 hours at room temperature in order to fix the blastoderm near 
the equatorial area. After swabbing the shell with 70% alcohol, 
1 μl of DMEM/F12 containing 5,000–6,000 BMCs was injected 
into the center of the disc using a microinjection pipette through a 
4.5 × 4.5 mm2 window on the equatorial plane of the eggshell. The 
windows were sealed with parafilm and the eggs were incubated 
at 37 C and 60% relative humidity with a rocking motion every 
4 h through a 90° angle for 18 days; they were then incubated 
further at 36.8 C and 75% relative humidity without rocking until 
hatching occurred.

AP staining, immunocytochemistr, and FACS
Alkaline phosphatase (AP) activity was analyzed using an alka-

line phosphatase substrate kit (Cat# 86C–1KT, Sigma–Aldrich) in 
accordance with the manufacturer’s instructions. For immunocy-
tochemistry, cultured cells were fixed with 4% paraformaldehyde 
in 0.1 M phosphate-buffered saline (PBS) and then permeabilized 
for 10 min with 0.2% Triton X-100. PBS containing 10% normal 
goat serum was used for blocking solution, and the cells were then 

incubated overnight with primary antibody at 4 C. The cells were 
then incubated for 1 h with secondary antibody. The primary anti-
bodies employed were monoclonal antibodies against SSEA-1 (1:50; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), TUJ1 (1:200; 
Chemicon) and α-fetoprotein (1:200; Chemicon) and polyclonal 
antibodies against Oct-4 (1:250; Santa Cruz Biotechnology). The 
secondary antibodies used were goat anti-rabbit fluorescein iso-
thiocyanate (FITC; 1:200, Jackson Immuno Research Laboratories, 
Inc., West Grove, PA, USA). Isolated BMCs were stained with stem 
cell surface marker SSEA-4 monoclonal antibodies conjugated with 
fluorescein isothiocyanate (Cat # FAB1435P, R&D) and analyzed 
using flow cytometry (FACS) with the CellQuest software.

PCR and RT–PCR analysis
Genomic DNAs from BMCs, tissues and black and yellow 

feather follicles were isolated using a Blood & Cell Culture DNA 
Mini Kit (Qiagen, Valencia, CA, USA). The mitochondrial DNA 
sequences of the D-loop region in WL and BPR chickens are differ-
ent. In brief, the 686th base of the WL chicken is fixed as ‘A’ rather 
than ‘G’ as in the BPR chicken [19]. To detect the presence of the 
donor-derived D-loop region of mitochondrial DNA, we employed 
the previously reported mismatch-containing primers [19]. Total 
RNAs from BMCs and blastoderm cells were isolated using an 
RNeasy mini kit (Qiagen, Valencia, CA, USA). Using Accupower 
RT Premix (Bioneer, Alameda, CA, USA) and oligo dT-primers 
(Bioneer) in accordance with the manufacturer’s instructions, 0.5 
μg of total RNA was reverse-transcribed into cDNA. The PCR 
reaction mixture was prepared with a Phusion® High-Fidelity PCR 
Kit (Finnzymes. Thermo Fisher Scientific Inc., Waltham, MA, 
USA). The reactions were subsequently incubated for 5 min at 72 
C. After amplification, 7 μl of the PCR products were loaded on 
ethidium bromide containing 1% agarose gel, and the bands were 
visualized under UV light. The primers utilized for PCR and RT-
PCR are listed in Table 1.

Results

Alkaline phosphatase (AP) is a stem cell membrane marker 
associated with undifferentiated pluripotent cells. All primate 
pluripotent stem cells, embryonic stem (ES), embryonic germ (EG) 
and embryonal carcinoma (EC) cells express alkaline phosphatase 
activity. BMCs isolated from 16-week old BPR chickens reacted 
partially with AP staining (Fig. 1A). Oct-4, Nanog and Sox2 are 
known to present with a high degree of proliferative capacity in 
undifferentiated embryonic and adult stem cells. PouV is a chicken 
homologue of mammalian Oct-4 and is known to regulate the 
pluripotency and self-renewal of chicken embryonic stem cells 
[20]. The blastoderm cells were employed as positive controls, and 
chicken skin fibroblast cells were employed as negative controls. As 
is shown in Fig. 1B, PouV, Nanog and Sox2 gene transcripts were 
expressed in BMCs. To evaluate the existence of multipotent cells 
in chicken BMCs, isolated BMCs were used in RT-PCR analysis 
using mesenchymal stem cell-specific markers such as THY1 and 
CD44. Figure 1C demonstrates that the chBMCs expressed THY1 
and CD44 transcript factors. These results show that chBMCs 
harbor mesenchymal stem cells and exhibit multipotency. The 
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Table 1. Primers used for the RT-PCR and PCR analysis of chBMCs and feather follicles

Gene Gene ID  Sequences 5’-3’ Product size
GAPDH NM 204305 Forward CCTTCATCGATCTGAACTACATGG 265
  Reverse GGAGCTGAGATGATAACACGCTTA  
PouV NM001110178 Forward CGAATGTGTAAATGGCTTAAAGG 384
  Reverse CTTGCACATGTTCTTAAAGCTGAG  
Nanog NM001146142 Forward AGAGAGTCAGTGGGTGGATAAAGG 406
  Reverse GGAGAGCTCGAGAACTGTGTGATA  
SOX2 AB092842 Forward GTGAACCAGAGGATGGACAGTTAC 399
  Reverse TTCTGGTACTTCAGCACCTGGTAG  
THY1 NM204381 Forward GACTGCCGCTATGAGAACAAGAC 308
  Reverse GTGTTCTGGATCAAGAGGCTGAG  
CD44 XM001232350 Forward GGAGAAAAATGGTCGCTACAGTCT 406
  Reverse TGAGGTTGAGGAGTCTCCACTATG  
PAX6 NM205066 Forward ACCAACGATAACATACCCAGTGTG 429
  Reverse TCCTATTTCTCTGCAGCTTCCTTT  
VIM NM001048076 Forward ACAGGATGTTGACAATGCCTCTC 386
  Reverse TTCCTTTAAGGGCATCAACTTCAC  
GATA4 NM204860 Forward GATTATTCAGAAGGGCGAGAATGT 394
  Reverse TAAGACTCTCACTGCTGGATGGAC  
WL D-loop AB091008 Forward TGGGGCTTCTTCACAGGTCA 224
  Reverse CGACAAGCATTCACTAAATAGCAC  
BPR D-loop AB091008 Forward CCGCACCCGCACTGTGAAGGCC 334
  Reverse CCATTTGGTTATGGTCGCCGTATC  
Chicken W AADN02045047 Forward TGACCAGGTCTCCAGGTTTC 424
  Reverse AACTCTTCAGGAAACTGCTTGG  

Fig. 1. A: AP staining of chBMCs. BMCs isolated from 16-week-old BPR chickens reacted partially with AP staining. B: Expression 
of pluripotent-specific transcription factors in chBMCs. RNA samples were isolated from blastoderm, skin fibroblasts (SF) 
and chBMCs and subjected to RT-PCR using specific primers to PouV, Sox2, Nanog and GAPDH. Expression of PouV, Sox2 
and Nanog was detected in BMCs and blastoderms (positive control). SF was used as a negative control. C: Expression 
of mesenchymal stem cells (MSCs)-specific transcription factors in chBMCs. Expression of MSC-specific transcription 
factors (THY1 and CD4) was detected in chBMCs. Skin fibroblasts (SF) were used as a negative control.
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results of immunocytochemical studies and FACS revealed posi-
tive reactions with stem cell-specific markers such as Oct-4 and 
SSEA-1 in chBMCs (Fig. 2A), and 17.08% of cells were positive for 
the stem cell surface-specific marker antibody, SSEA-4 (Fig. 2B).

In an effort to evaluate the potential of chBMCs for differentia-
tion ability, the cells were cultured in media with RA supplemen-
tation for the induction of ectoderm and endoderm cells. When 
fresh chBMCs were cultured for 10 days with LIF, bFGF and RA 
supplements and cultured sequentially for 20 days without LIF, 
bFGF and RA, the differentiation-induced chBMCs (DI-BMC) 
reacted with ectoderm-specific antibody (Tuj1) and endoderm-
specific antibody (α-fetoprotein) in the immunocytochemistry 
study (Fig. 3A). The results of RT-PCR analysis revealed that 
DI-BMCs expressed ectoderm-specific transcription factors (Pax6 
and Vimentin) and the endoderm-specific transcription factor, 
GATA4 (Fig. 3B). However, the non-RA-treated fresh chBMCs 
did not react with the aforementioned antibodies and express the 
transcription factor, thereby confirming the differentiation of 
chBMCs into ectoderm and endoderm (Fig. 3). The expression of 
the 3-germ layered specific markers in human and mice BMCs was 
consistent with previous observations, which also indicated that 
human mesenchymal stem cells (hMSC) differentiated spontane-
ously not only into mesoderm-lineage cells but also into endoderm 
and ectoderm-lineage cells in vitro.

The isolated BPR BMCs were injected into the blastoderms of 
WL eggs, and then candling was conducted at 10 and 18 days post 
incubation until hatching occurred. The viability of the day 10 
chicken embryos injected with the medium containing BPR BMCs 
was 58.8%. This was significantly lower than in the Inj. DMEM 
(78.8%), windowed (79.1%) and noninjected controls (92.3%). The 
viability at day 18 (20.5%) and the hatchability (5.4%) of Inj. BPR 
BMCs group were significantly lower than those of the windowed 
group (54% and 31.3%) and noninjected control (87% and 80.2%). 
Owing to the fact that the feather colors of BPR and WL chickens 
are black and white, the injection of cells from BPR into WL em-
bryos is a convenient method for determining chimerism. Among 
the 4 hatched chicks from the 73 WL recipient eggs injected with 
the medium containing BPR BMCs, 2 chicks evidenced somatic 
chimerism (Table 2).

DNA samples from yellow and black feather follicles in the 
chimera chicks were analyzed to confirm the presence of donor 
BMC-derived cells by PCR. As demonstrated in Fig. 4, BPR-specific 
D-loop mitochondrial DNA was detected in the black feathers of 
chimera chicks, and the DNA of the yellow feathers reacted posi-
tively with WL-specific D-loop mitochondrial DNA primers. Thus, 
this result demonstrated that the hatched chicks were genetically 
somatic chimeras derived from the injected BPR BMCs.

Fig. 2. A: Immunocytochemistry of bone marrow cells from 16-week-
old chickens. Confocal images show stem cell-specific 
antibodies against Oct-4 and SSEA-1-positive reacted cells 
(green, antibodies). B: FACS analysis of chBMCs. The analysis 
showed that 17.08% of the cells isolated from bone marrow were 
positive for stem cell-specific surface SSEA-4. Scale bars: 20 
μm.

Fig. 3. Immunocytochemistry and RT-PCR analysis of differentiation-
induced chBMCs (DI-BMC). A: Isolated chBMCs were 
cultured for 2 weeks with LIF and bFGF supplementation and 
sequentially cultured for 30 days with retinoic acid (RA) and 
without LIF and bFGF. Cells were reacted with ectoderm (Tuj1)- 
and endoderm (α-fetoprotein)-specific antibodies. B: RNA was 
isolated from skin fibroblasts (SF), fresh BMCs, DI-BMCs and 
the small intestine (SI) and processed for RT-PCR analysis. DI-
BMCs expressed ectoderm (Pax6 and Vimentin (VIM))- and 
endoderm (GATA4)-specific transcription marker genes. SF 
and SI were used as ectoderm- and endoderm-positive controls. 
Scale bars: 20 μm.
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Discussion

This is, to the best of our knowledge, the first report that chBMCs 
can contribute to the generation of chimera chickens. In this study, 
we tested the multipotency and differentiation ability of chicken 
BMCs and successfully produced chimera chicks by transferring the 
chBMCs into the recipient’s blastoderm. The donor cells employed 
in this study were not precisely selected but rather briefly sorted 
using a stem cell-specific antibody. Thus, we remain unsure as to 
which type of bone marrow cells contributed to the production of 
the chimera chicks. A number of previous studies, in mammals, 

have reported that BMCs included various types of multi- and/or 
pluripotent cells such as mesenchymal stem cells, hematopoietic 
stem cells, endothelial stem cells and unknown multipotent adult 
progenitor cells, and are capable of differentiating into a variety of 
cell types, including adipocytes, endothelial cells, epithelial cells, 
glial cells, hepatocytes, neurons, cardiac muscle cells, skeletal muscle 
cells, smooth muscle cells and germ cells [8, 21–25]. It has been 
suggested previously that BMCs can differentiate into a variety of 
cell types originating from all three germ layers. Recently, several 
studies revealed that mesenchymal stem cells in chicken bone mar-
row are capable of multiplication and multilineage differentiation 

Table 2. Chimera production by transfer of BPR BMCs into the subgerminal cavity of WL eggs

Treatment1 No. of 
embryos No. (%) of embryos surviving No. (%) of somatic 

chimera chicks2

  10 days 18 days Hatched embryos
Control 65 63 (92.3)a 60 (87.0)a 52 (80.2)a

Windowed 48 38 (79.1)a 26 (54.2)b 15 (31.3)c

Inj. DMEM 42 33 (78.8)a 15 (35.7)c 9 (21.4)c

Inj. BPR BMCs 73 43 (58.8)b 15 (20.5)c 4 (5.4)d 2 (2.7)
1 Embryos injected with either medium only or medium carrying BPR BMCs are designated as Inj. DMEM 
or Inj. BPR BMCs, respectively. Control refers to the eggs that underwent neither window processing 
nor injection, and Windowed refers to the eggs that underwent only window processing. 2 Detection of 
somatic chimera chicks was perfformed by PCR analysis using a chicken D-loop region-specific primer 
set. a,b,c,d Statistical analyses were carried out by the Student’s t-test, and means with different superscripts 
within the same colum are significantly different (P<0.05).

Fig. 4. A: Chimera chicks generated from BPR BMC injection into the blastoderm of WL embryos. chBMCs were 
isolated from 24-week-old BPR roosters and injected into stage X (blastodermal stage) emblyos of WL 
chickens. Chimera chicks hatched 22 days after incubation. Non-chimera chick (a) and chimera chicks (b 
and c). One chimera chick (c) died 2 days after hatching, and a dead chimera embryo (d) was observed at 
day 18 of incubation. Unhatched abnormal chicks are also shown (e and f). B: Amplified PCR bands. Black: 
genomic DNA from a black feather follicle of a chimera chick. Yellow: genomic DNA from a yellow feather 
follicle of a chimera chick. BPR- and WL-specific D-loop region genes were detected in black and white 
feather follicles of chimera chicks. Chicken W chromosome was used as a DNA control.
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and that concentrated chicken stem cells can be obtained from bone 
marrow side population cells [20, 26]. In this study, we noted that 
chBMCs harbor mesenchymal stem cells, reacted positively with 
AP staining and stem cell-specific antibodies (Figs. 1A and 2A) 
and expressed stem cell-specific transcript genes (Fig. 1B). In our 
flow cytometry analysis, we tested the portion of cells that reacted 
positively with the stem cell-specific surface marker SSEA-4. 
The results showed that 17% of the cells were positive (Fig. 2B). 
Compared with our former results in mammals, the range of stem 
cell-specific marker-positive cells in BMCs was 11–50%, depending 
on the age and species of the individuals [10, 27].

Previous studies have demonstrated that BMCs are capable of 
differentiating into various types of cells by RA in rodents and 
humans [10, 11], along with a host of other functions, such as the 
regulation of development and the induction of differentiation into 
neural and cardiac cells [28]. However, the relevant mechanism and 
appropriate concentrations of RA for induction of differentiation 
remain to be clearly elucidated. In our study, chBMCs could be 
differentiated into ectoderm and endoderm-characterized cells in 
vitro by RA treatment (Fig. 3). This finding indicates that avian 
BMCs may have characteristics similar to the BMCs of mammals.

In this study, in an effort to evaluate the generation of chimera 
chickens, we injected BPR BMCs into the blastodermal area of 
WL eggs. Among 4 hatched chicks from 73 eggs injected with 
a medium containing BPR BMCs, 2 chicks evidenced somatic 
chimerism (Fig. 4A), which was confirmed via PCR analysis using 
the D-loop regions of the BPR- and WL-specific primers (Fig. 4B). 
One of the two chimera chicks, unfortunately, died 2 days after 
hatching due to weakness.

Compared with DMEM- onlyinjection groups, windowed with-
out injection and non-injection controls, the hatchability of eggs 
injected with 10 μl of BMC-containing DMEM was significantly 
lower (21.4%, 31.3% and 80.2% vs. 5.4%, Table 2). The low hatch-
ability can be explained by the findings in previous researches. 
Various factors such as injection of a virus, primordial germ cell, 
blastoderm cell and frozen-thawed cell, window in the eggshell 
and treatment with irradiation affect the survival rate of embryos 
[29–33]. Among them, injection of cells into the blastoderm disk 
is assumed to be one of the most critical factors to leading low 
hatchability. In our study, we observed 5 abnormal embryos that 
died before day 18 of incubation. Therefore, the low hatchability 
may be attributable to mechanical damage by blastodermal mi-
croinjection and/or the low purity of stem cells in sorted BMCs 
that, may lead to integration of cells anywhere, which may in turn 
result in teratomas, or apoptosis of tissues resulting in increased 
mortality. It has already been reported in previous studies that 
well-collected fresh blastoderm cells and embryonic germ cells 
are capable of generating chimera avians [32, 33]. However, the 
stem cell-specific marker antibodies used in the present study were 
mammalian-specific and may have had limited cross activity. If 
we employed chicken-specific immunological markers to sort stem 
cell-characterized cells in BMCs, the hatchability and efficiency of 
chimera production resulting from BMC injection may be increased. 
For this reason, the immunological markers used to characterize 
adult chicken stem cells such as BMCs will require more time for 
development. Nevertheless, our results demonstrated that these 

mammalian Abs react with adult chicken stem cells.
Transfer of chBMCs into 73 blastodermal cavities of recipients 

WL embryos resulted in the production of 2 donor cell-derived 
somatic chimera chicks (Table 2). Mitochondrial D-loop regions 
of BPR and WL chickens were analyzed via PCR using previously 
reported BPR and WL D-loop specific primers [19], and the DNAs of 
black and yellow feather follicles reacted positively with these prim-
ers. Thus, this result suggests that the black feathers were derived 
from donor BPR BMCs. Therefore, these results show that avian 
BMCs (adult stem cell) can be used as a tool for the production of 
chimeras, as well as for further studies of developmental biology.

Thus, it can be concluded that chBMCs evidence multipotency 
and differentiation capability, and somatic chimera chicks can be 
obtained via the injection of chBMCs into the blastodermal cavity 
of recipients. This study may offer a new method for the genera-
tion of somatic chimera poultry and provides us with a possible 
model for the study of developmental biology of bone marrow 
cells in avian species.
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