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ABSTRACT

As advanced reproductive technologies have become routine
for domesticated species, they have begun to be applied in the
field of endangered species conservation. For avian conserva-
tion, the most promising technology is the transfer of germ stem
cells of exotic species to domestic hosts for the production of
gametes. In this study, adult quail (model for exotic species)
spermatogonial stem cells were xenogeneically transferred to
stages 14–17 chicken host embryos. Fluorescent cellular dyes,
quail-specific antibodies, and quail-specific quantitative PCR
confirmed donor cell migration to and colonization of the host
gonadal ridge. Donor-derived cells were observed by fluorescent
microscopy in the caudal area as early as 2 h after injection, in
the gonadal ridge at 4 h after injection, as well as in the gonads
of stages 35–38 host embryos. Four of eight donor-derived cell
flow cytometry-positive host gonads were confirmed by quan-
titative PCR using quail-specific primers. There was no
statistically significant effect of host stage of injection, host
gonad isolation stage, or host sex on the number of hosts positive
for donor cells or the percent of donor-derived cells per positive
gonad. Donor-derived cells isolated from stages 35–38 host
gonads costained with the germ stem cell marker SSEA-1,
indicating that the donor-derived cells have maintained stem
cell-ness. This is the first study to suggest that it is feasible to
rescue adult germ stem cells of deceased birds to prolong the
reproductive lifespan of critically endangered species or
genetically valuable individuals by transferring them to an
embryonic chicken host.

chicken, embryo, gonadal ridge, quail, spermatogonial stem cell,
testes

INTRODUCTION

Advanced reproductive technologies, including cloning, in
vitro fertilization, and intracytoplasmic sperm injection, may be
viable methods for conservation of endangered mammalian

species. However, many of these techniques are impractical, if
not unachievable, for avian species, mainly due to the large size
of the oocyte and the impracticability of collecting oocytes
from the body cavity following super ovulation stimulation [1],
and because unfertilized oocytes degrade by the time of
oviposition. Alternatively, germline stem cells, either embry-
onic primordial germ cells (PGCs), embryonic gonadal germ
cells (GGCs), or adult germ stem cells (GSCs), from exotic
species could be used for xenogeneic transfer (xenotransfer) to
domestic host embryos, such as the chicken (Gallus gallus).
These hosts could produce donor-derived sperm for use in
artificial insemination. Thus, the transfer of germline stem cells
has the potential to be an important advancement in avian
conservation.

The unique behavior of avian PGCs makes germ cell
manipulation a feasible technique. The PGCs originate in the
anterior hypoblast at stage X [2], move to the germinal
crescent, and (beginning at stage 11; see Hamburger and
Hamilton [3]) passively migrate throughout the vasculature,
followed by active migration to the gonadal ridge by stage 15
[4–6]. It is during this time of endogenous PGC migration that
the germline can be manipulated, by either adding or
genetically manipulating PGCs, GGCs, or GSCs.

This possibility of using germ stem cells to generate
transgenic birds or donor-derived gametes has been discussed
and tested by several investigators (reviewed in Wentworth et
al. [5], Naito [7], and Petitte [8]). For example, both chicken
[9] and quail (Coturnix coturnix) [10] PGCs injected into the
vitelline blood vessels of stages 14–17 chicken host embryos,
as well as chicken PGCs transferred into quail embryos [11],
will migrate to the host’s gonadal ridge. In fact, donor-derived
offspring have been produced following intraspecies [5, 12–16]
and interspecies [17, 18] transfer of PGCs or GGCs.

As successful as the embryonic PGC/GGC transfer
technique has been, collection from live embryos does not
represent a practical method for avian conservation. Instead,
routine collection of GSCs at the time of necropsy of
genetically valuable individuals would be a more feasible
method of preserving germplasm, because self-renewing
spermatogonial stem cells (spermatogonia A

d
; see Lin and

Jones [19]) are found throughout the reproductive lifespan of a
bird. Previous studies by Minematsu et al. [20] and Jung et al.
[16] have demonstrated that adult chicken gonads contain cells,
presumably spermatogonia A

d
, that are capable of migrating

and colonizing the gonadal ridge following transfer to host
chicken embryos stages 14–17. Likewise, Trefil et al. [21] and
Lee et al. [22] reported that dispersed testicular cells from both
prepubertal and adult donors transferred directly into sterilized
adult host testes recolonized the seminiferous tubules of the
conspecific host, partially resumed spermatogenesis, and
produced donor-derived offspring. Pereira et al. [23] recently
demonstrated resumption of spermatogenesis in sterilized adult
host chickens following transfer of adult quail spermatogonia.
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For this technology to be practical for the opportunistic
harvest of genetically valuable individuals postmortem, the
recovered cells must be maintained in culture for the period
necessary for the host embryos to reach stages 14–17, as well as
be able to migrate to the gonadal ridge after transfer. Gonadal
germ cells and GSCs, unlike PGCs, are relatively easy to
maintain in both short- and long-term culture prior to successful
transfer and colonization of the host gonad [16, 24, 25]. The
current study investigates the migration of presumed spermato-
gonia A and colonization of host gonads following xenotransfer
of adult quail testicular cells to host chicken embryos.

MATERIALS AND METHODS

All experiments in this study were reviewed and approved by the San Diego
Zoo Global Institutional Animal Care and Use Committee (assurance A3675-01).

Donor Cell Isolation and Staining

Testes from reproductively active adult quail (Ramona Duck Farm) were
removed immediately following cervical dislocation and were stored in
antibiotic antimycotic solution (Sigma-Aldrich) for 45–120 min.

Testes were mechanically dissociated using a Miltenyi MACS dissociator
(Miltenyi Biotec) using the internal ‘‘spleen_04.01’’ program. The tissue was
passed through a 40-lm filter to obtain a single-cell suspension in M199
medium. The cells were stained with the cellular membrane dye PKH67 for
stages 16–20 donor GSC-host gonad colonization confirmation or PKH26 for
stages 35–38 donor GSC-host gonad colonization confirmation. Dyes were
used according to the manufacturer’s recommendations (Sigma-Aldrich).

Incubation

Unincubated fertilized chicken eggs were obtained from McIntyre Egg
Ranch. Host chicken embryos were incubated at 37.58C and 60%–70%
humidity in a forced-air incubator (GQF Manufacturing Co.).

Donor Cell Injection

A 1.5-cm2 opening in the host embryo shell was made using a standard belt
sander. A total of 10 000 donor quail total testis cells suspended in 2–10 ll of
M199 (Mediatech Inc.) medium were injected into the vitelline vein of unsexed
chicken embryos at stages 14–17 using a SteReo discovery.V12 microscope
(203–253 magnification; Zeiss) and a 40- to 60-lm beveled glass needle
mounted on a microinjection/micromanipulation setup (IM-9B Narishige; Kite-
R WPI Inc.). The opening was sealed using Parafilm (Pechiney Plastic
Packaging Co.) melted to the shell. The host embryos were incubated, opening
down, for an additional 7–9 days. Control embryos were not opened or
injected.

Stages 16–20 Donor GSC-Host Gonad Colonization
Confirmation

Stages 14–17 embryos were injected with PKH67-stained quail testis cells
as described above, whereas control embryos were not injected. Postinjection
embryos were either incubated in ovo (as described above) or cultured in vitro
(as described below) for 2–16 h prior to donor cell detection. A SteReo
discovery.V12 microscope with a dual 470 LED and filter set 38 intermediate
tube, an AxioCam MRm camera (Zeiss), and the ZEN image software (Zeiss)
were used to record images.

In vitro embryo culture. Whole embryos were removed from the yolk
following injection using filter paper rings, as previously described by
Chapman et al. [26]. The filter paper made it possible to keep the vitelline
membrane stretched to not interfere with vitelline blood flow while the embryo
was being cultured on an agar-albumin substrate. Cultured embryos were
incubated as described above.

Whole-embryo immunohistochemistry. Stages 16–19 embryos were
removed from the yolk and associated membranes using the filter paper rings
as described above. Embryos were fixed in Dietrick fixative (10% formalin,
30% ETOH, and 2% glacial acetic acid) for 30 min, incubated in blocking
solution (PBS, 0.1% Triton X, 0.05% Tween 20, and 0.5% bovine serum
albumin [BSA]) for 30 min followed by overnight incubation in blocking
solution and fluorescein isothiocyanate (FITC)-conjugated SSEA-1 (1:100;
eBiosciences) at 48C. Antibody- and PKH67-positive GGCs were visualized
using a SteReo discovery.V12 microscope equipped as described above.

Stages 35–38 Donor GSC-Host Gonad Colonization
Confirmation

Whole gonads from host embryos injected with PKH26 stained or
unstained donor cells were removed at stages 35–38 (10–12 days), visually
sexed, and prepared for flow cytometry, quantitative PCR (qPCR), and
immunocytochemistry, as described below.

Flow cytometry. Following removal, gonads (both testes or left ovary)
were dispersed in collagenase:DNAse (31 mg/ml:3.9 mg/ml) at 378C for 30–60
min. A total of 50 000 cells from each control and injected embryo were
analyzed by flow cytometry to determine the percent of PKH26-positive cells.
The flow cytometry data were collected using CellQuest and a FACSCalibur
(BD Biosciences) and were analyzed using FlowJo (Tree Star Inc.). Front
scatter and side scatter gating was used to eliminate endogenous red blood cells
and cellular debris. FL-1 (green fluorescence) and FL-2 (red fluorescence)
gating was used to gate positive cells while excluding the high gonadal cell
autofluorescence.

Gonadal cells from nonstained GSC-injected embryos were labeled with the
quail-specific antibody QH 1 by blocking for 30 min (PBS, 0.1% Triton X,
0.05% Tween 20, and 0.5% BSA), and overnight incubation in blocking
solution and QH 1 (1:100; DHSB) at 48C, followed by incubation with goat
anti-mouse FITC-conjugated secondary antibodies for 1 h at room temperature.
A subset of PKH26 and the QH 1-labeled cells were stained with FITC-
conjugated SSEA-1 antibodies (incubated in blocking solution [PBS, 0.1%
Triton X, 0.05% Tween 20, and 0.5% BSA] for 30 min, followed by 1-h
incubation in blocking solution and FITC-conjugated SSEA-1 [1:100;
eBiosciences] at room temperature) to demonstrate the stem cell-ness of
donor-derived cells. The QH 1 antibody has previously been shown to detect
quail cells in quail/chicken chimeras [27, 28]. The SSEA-1, SSEA-3, and
SSEA-4 antibodies have previously been shown to detect avian germline stem
cells [29, 30].

qPCR analysis. Following flow cytometry, DNA was isolated from the
injected and control embryo gonad cells using Chelex beads (Sigma-Aldrich) in
sterile H

2
O for 30 min at 568C followed by boiling for 8 min, centrifugation,

and storage at�208C [31, 32]. DNA from all samples was diluted to the same
concentration in sterile water. The qPCR reactions were performed on an
Applied Biosystems 7900HT Real-Time PCR system (Applied Biosystems):
508C for 2 min and denaturation at 958C for 10 min; followed by amplification
for 40 cycles at 958C for 15 sec, and annealing and extension at 628C for 1 min;
and a final round of amplification at 958C for 15 sec, and annealing and
extension at 628C for 15 sec and 958C for 15 sec. The qPCR primers 65F
(CGTCACCCTCTTCAAAAGCTAC) and 70R (GCTTTGGAGCTTATAGC
TACGC) were designed to detect quail cells in chicken hosts. Efficiency was
101.5 as derived from the slope of the standard curve. Melting curves of all
samples were checked for single peak. Ct (threshold cycle) was automatically
determined by software (Applied Biosystems 7900HT sequence detection
system software version 2.3). The relative amount of PCR product for each
control and experimental host embryo was determined by the calibrator method
using a quail testis cell DNA sample.

Immunocytochemistry. Following flow cytometry, cells from a subset of
positive and control embryos were blocked for 30 min, incubated for 1 h in
blocking solution and FITC-conjugated SSEA-1 antibodies at 228C, and stained
for 10 min in Hoechst 33342 nuclear stain to test for colocalization of SSEA-1
expression and PKH26 dye. Localization of SSEA-1-positive and PKH26-
positive cell staining was visualized on an Eclipse 80i (Nikon) with a Digital
Sight and DS-Fi1 camera (Nikon).

Statistical Analysis

An embryonic gonad was considered positive when the percent of positive
cells observed by flow cytometry exceeded two standard deviations above the
average for the uninjected control embryos. The percent of positive donor-
derived cells in host gonads was determined by subtracting the number of cells
in the positive flow cytometry gate of experimental gonads from the average of
the uninjected controls. The two-tailed Fisher exact test, t-test, and one-way
ANOVA were used to determine statistical significance; a P value of 0.05 or
less was considered significant.

RESULTS

Stages 16–20 Donor GSC-Host Gonad Colonization
Confirmation

Donor-derived cells were observed by fluorescent micros-
copy throughout the embryo and vitelline vasculature imme-
diately after injection. At 2 h (stage 16) after injection, donor-
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derived PKH67 cells were assembling in the caudal region
(Fig. 1A). At 4 h (stage 17) after injection, donor-derived
PKH67 cells were localized in the limb bud and the gonadal
ridge of midgut (Fig. 1, B and C), and by 16 h (stage 20) after
injection, cells were localized in the gonadal ridge (Fig. 1, D
and E). In uninjected control embryos, SSEA-1-positive cells
were located in the limb buds and gonadal ridge of the midgut
wall at stage 16 (Fig. 1, F and G), in the gonadal ridge at stage
17 (Fig. 1, H and I), and tightly clustered in the gonadal ridge
at stage 19 (Fig. 1, J and K). In addition to the limb buds and
gonadal ridges, PKH-positive cells were also localized in the
cephalic region and the allantoic stalk.

Stages 35–38 Donor GSC-Host Gonad Colonization
Confirmation

A total of 43 of the 83 injected embryos (51.8%) survived to
gonad collection (Table 1). A total of 23 of the surviving 43
host embryos (53.5%) had detectable levels of donor-derived
cells in the gonad (Table 1). The percent of donor-derived cells

per gonad averaged 0.103% 6 0.02%, ranging from 0.032% to

0.188% (mean 6SEM, 0.091% 6 0.018%) in male embryos

and 0.024% to 0.42% (mean 6SEM, 0.113% 6 0.032%) in

female embryos (Table 2). The total number of cells in a pair of

stage 36 embryo testes was 2.04 3 106 6 2.19 3 105, and the

number was 2.00 3 106 6 1.87 3 105 for the left ovary. This

yielded a range of 653-3835 and 480-8400 colonized donor-

derived cells in male and female hosts, respectively (Table 2).

TABLE 1. Effect of transfer-injection on embryo survival and successful
donor GSC colonization of host gonad at time of gonad retrieval at stages
35–38.

Sex of
embryo

No. of
injected
embryos

No. of
embryos
surviving

% Positive
embryos (no.)

Male
83

19 52.6 (10)
Female 24 54.2 (13)
Total 83 43 (51.8%) 53.5 (23)

FIG. 1. Stage 16 host embryo 2 h after injection of PKH67-stained donor quail testes cells (A). The PKH cells can be seen in the posterior and limb bud
regions at different tissue depths, as well as in the vitelline vasculature. Stage 17 host embryo 4 h after injection (B), with a close-up of a PKH67-positive
region (C). Note the presence of positive cells in the limb bud and gonadal ridge on the wall of the midgut. Stage 20 host embryo 16 h after injection (D),
with a close-up of a PKH67-positive region (E). Note the presence of positive cells in the gonadal ridge on the wall of the midgut. In addition, positive cells
are localized to the areas around the stalk of the allantois but are absent from the limb bud. Location of SSEA-1-positive cells in a stage 16 uninjected
embryo (F), with a close-up of a positive region (G). Left limb bud has been dissected to show positive cells (arrowhead). Location of SSEA-1 positive cells
in a stage 17 uninjected embryo (H), with a close-up of a positive region (I). Location of SSEA-1-positive cells in stage 19 uninjected embryo (J), with a
close-up of a positive region (K). Note the presence of cells in the wall of the midgut. Stage 17 uninjected control embryo (L). Embryo micrographs are
ventral side except for A, which is dorsal. Micrographs are cropped immediately below the heart. al, allantois; lb, limb bud; mg, wall of midgut; nt, neural
tube; s, somites; vv, vitelline vasculature. Arrow, PKH-positive cells; arrowhead, positive cells exposed by dissection of limb bud. Bar¼ 200 lm.
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The range of positive cells in host gonads varied considerably
between individual embryos (Fig. 2).

A total of 6 of the 8 embryos (75%) injected at stage 14
were positive, 10 of the 18 embryos (55.6%) injected at stage
15 were positive, and 7 of the 15 embryos (46.7%) injected at
stages 16/17 were positive (two-tailed Fisher exact test: P ¼
0.47; Fig. 3A). A total of 17 of the 28 host embryo gonads
(60.7%) isolated at stage 35 were positive, and 6 of the 15 host
embryo gonads (40%) isolated at stages 36/37/38 were positive
(two-tailed Fisher exact test: P¼ 0.22; Fig. 3B). A total of 10
of the 19 male host embryos (52.6%) injected were positive,
and 13 of the 24 female host embryos (54.2%) injected were
positive (two-tailed Fisher exact test: P ¼ 0.99; Fig. 3C). The
percentages of positive cells per gonad (testes or left ovary;
mean 6 SEM) were 0.128% 6 0.021%, 0.114% 6 0.041%,
and 0.068% 6 0.019% for stages 14, 15, and 16/17 injected
host embryos, respectively (one-way ANOVA: P ¼ 0.49; Fig.
3A). The percentages of positive cells per gonad for isolation
stages 35 and 36/37 were 0.081% 6 0.017% and 0.166% 6
0.054%, respectively (t-test: t¼ 2.02; df¼ 21; P¼ 0.056; Fig.
3B). The percentage of positive cells per gonad in males was
0.091% 6 0.018%, and for females it was 0.113% 6 0.032%
(t-test: t¼ 0.53; df¼ 21; P¼ 0.60; Fig. 3C). It was not possible
to determine whether there was an influence of sex on host
survival, because hosts were not sexed at time of injection or
death.

A total of 1.82% 6 0.35% and 1.74% 6 0.17% (mean 6
SEM) of total cells were SSEA-1, SSEA-3, SSEA-4 positive in

uninjected controls (n¼ 5) and injected experimental (n¼ 10)
stage 35 host embryo gonads, respectively (t¼ 0.24; df¼ 13; P
¼ 0.82). Three of four embryos showed a decrease of 49%–
92% QH 1-positive cells, and four of four embryos showed a
decrease of 29%–100% PKH26-positive cells, following
staining with SSEA-1, SSEA-3, and SSEA-4 (Fig. 4).

Of eight experimental embryo gonads positive by flow
cytometry, four were positive and four were negative when
tested by qPCR (Table 3). Of six experimental embryo gonads
negative by flow cytometry, one was positive and five were
negative when tested by qPCR (Table 3).

Some donor-derived PKH26 cells exhibited dual staining
with SSEA-1, whereas others were negative for expression of
the gonadal stem cell marker SSEA-1 (Fig. 5).

DISCUSSION

This study is the first to demonstrate that xenotransferred
adult quail testicular cells, specifically presumptive spermato-
gonial stem cells, are capable of migrating to and colonizing
the gonadal ridge of embryonic chicken. A variety of cells,
including somatic cells and differentiated and undifferentiated
germ cells, were transferred to the host embryos during the
stages of endogenous PGC migration and colonization.
However, we postulate that only spermatogonial stem cells
successfully migrated to the gonadal ridge, because active cell
migration is required from blood vessels to the gonadal ridge. It

FIG. 2. There was a considerable difference in the quantity of donor-derived cells within stages 35–38 host gonads. This graph shows the individual
variation expressed as percent of positive cells per gonad (testes or left ovary), minus the average background from uninjected control embryos. Host
gonads were considered to be donor cell positive if the percent of positive cells was greater than the average control plus two standard deviations for each
experiment.

TABLE 2. The total number of cells in host testes (both) or ovary (left), and the range of donor-derived cells detected by PKH26.

Sex of embryo Total cells in testes or left ovarya,b Range of donor-derived cells Average % donor-derived cellsa

Male 2.04 3 106 (62.19 3 105) 653–3835 (0.032%–0.188%) 0.091% 6 0.018; 1856 6 367
Female 2.00 3 106 (61.87 3 105) 480–8400 (0.024%–0.42%) 0.113% 6 0.032; 2260 6 640

a Values are mean 6 SEM.
b n¼ 3.
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FIG. 3. Comparison of percent of positive gonads and donor-derived cells in host gonads with: host stage at injection (A), host stage at time of gonad
removal (B), and host sex (C). Hosts at injection stages 16 and 17 were pooled for statistics because of low numbers; hosts at stages 36 and 37 were pooled
for statistics because of low numbers. Percent of positive gonads: A, P¼0.47; B, P¼0.22; C, P . 0.99. Percent of positive cells per gonad: A, P¼0.49; B, t
¼ 2.02, df¼ 21, P¼ 0.056; C, t ¼ 0.53, df ¼ 21, P¼ 0.60.

FIG. 4. Following staining with FITC-conjugated SSEA-1, SSEA-3, and SSEA-4 antibodies, QH 1-positive and PKH26-positive cells in the FL-2 gate
decreased as dual-stained cells moved into the yellow range during flow cytometry. Numbers indicate the percent of pre-SSEA-staining cells that were
detectable after SSEA. Donor cells were detected by either the quail-specific QH 1 antibody or by PKH26 fluorescence. A direct measure of the increase in
dual-stained yellow cells is not possible because of the high autofluorescence of embryonic gonadal cells.
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is unlikely that Sertoli, Leydig, or meiotic cells are capable of
active migration and colonization of the gonadal ridge.

Although the donor cells successfully incorporated into the
host gonad, there is the possibility that PKH-dyed cell counts
underestimated the actual number of donor-derived cells
because of dye dilution during cell proliferation. In this case,
some embryos with lower PKH-positive cell counts could
represent more successful transfers. Even with these limita-
tions, PKH represents the most convenient and cost-effective
marker to track exotic donor GSC migration and colonization,
as opposed to the development of species-specific antibodies,
primers, or GFP-transformation protocols for multiple exotic
species.

Of the surviving host embryos in this study, 53.5% had
detectable donor-derived cells, with an average of 2058 per two
testes or the left ovary at embryonic stages 35–37. These
counts are similar to previously reported numbers of donor-
derived cells following transfer, even though those were
counted at younger stages than in the present study. Kim et al.
[33] reported an average of 942 donor-derived (chicken) GGCs
in stage 29 host embryo (chicken) gonads following transfer of
3000 GGCs. Chang et al. [34] reported an average of 754
donor-derived cells per stage 27 host embryo (chicken)
following injection of 150 chicken PGCs.

The localization of donor GSCs within 2–16 h following
xenotransfer was similar, although stage-wise it was slightly
behind the localization of endogenous PGCs. This effect is
possibly due to the donor GSCs being injected after the
initiation of endogenous PGC migration, that donor GSCs may
require some time in the embryonic environment before

acquiring the ability to migrate to and colonize the gonadal
ridge, or that they migrate at a slower pace.

By stages 35–38, detection of donor-derived quail GSC
incorporation into the host chicken embryo gonads was verified
by several independent methods, including flow cytometry
detection of the membrane-bound dye PKH26 and the quail-
specific antibody QH 1, as well as by qPCR of quail-specific
sequences. However, only four of the eight flow cytometry-
positive embryos were also positive by qPCR, which may be
due to the very low concentration of quail DNA compared with
chicken DNA. This may also be because the quail and chicken
sequences in this region are too similar to completely preclude
amplification of chicken DNA following high numbers of
amplification rounds.

In addition, the stem cell-ness of donor-derived cells was
inferred by colocalization of the germ stem cell marker
antibody SSEA-1 and the PKH dye by fluorescent photomi-
croscopy and flow cytometry. These data suggest that the adult
donor-derived cells of one species were capable of migrating to
and colonizing the gonadal ridge of the embryo of another
species.

That PKH-positive cells populated stages 35–38 host
gonads indicates that a subpopulation of cells, presumably
the GSCs, has developmental plasticity and can undergo active
migration and colonization of the embryonic gonadal ridge.
These findings match previous reports; Li et al. [35] established
that chicken PGCs could be directionally differentiated into
adipose, neuronlike cells and osteoblasts. Jung et al. [16]
reported successful transfer of both chicken adult GSCs and
embryonic GGCs to embryo and adult chicken hosts, whereas
Trefil et al. [21, 36] restored spermatogenesis in sterilized
roosters by transplantation of dispersed testicular cells from
chicken adult donors. Pereira et al. [23] used dispersed adult
quail testis cells to recolonize and reinitiate spermatogenesis in
irradiated adult roosters. These studies, along with our study,
demonstrate that both embryonic and adult premeiotic germline
cells have developmental plasticity, allowing them to dediffer-
entiate/differentiate in response to their environment. The
ability of adult GSCs to colonize host gonads following

TABLE 3. Verification of flow cytometry data by qPCR.

qPCR data

Positive flow
cytometry
embryos

Negative flow
cytometry
embryos

Total qPCR-
verified
embryos

Positive qPCR embryos 4 1 5
Negative qPCR embryos 4 5 9

FIG. 5. Stages 35–37 host embryo ovary and testis cells. Dissociated testes (A–D) and ovary (E–H) from positive embryos show PKH26-positive cells (A
and E), SSEA-1-positive cells (B and F), Hoechst-stained nuclei (C and G), and a composite of all three markers (D and H). Donor-derived cells (PKH26) are
found to be both positive (arrow), as well as negative (arrowhead) for the gonadal stem cell marker SSEA-1. Uninjected control embryos PKH 26 (1), SSEA-
1 (2), Hoechst (3), and composite (4). Bars¼ 10 lm (A–H) or 100 lm (1–4).
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xenotransfer makes xenotransfer a potentially important
technique for saving exotic species in the near future.

In summary, this study showed there was no statistically
significant effect of host stage at the time of injection, host
gonad isolation stage, or host sex on the number of hosts
positive for donor cells or the percent of donor-derived cells
per positive gonad. At 2–19 h after injection, donor-derived
cells in experimental embryos localized to the same general
area as cells positive for the germ stem cell marker SSEA-1 in
control embryos. In addition, donor-derived cells in stages 35–
38 host gonads costained with SSEA-1, indicating that a
subpopulation of adult testis cells has the ability to migrate to
and colonize the host gonad while maintaining stem cell-ness.

Although this study is only a first step in developing a
viable method of saving genetically valuable exotic species, it
demonstrates that the germplasm from recently deceased or
killed adult birds can potentially be saved by xenotransfer.
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