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Abstract. A series of experiments was conducted to investigate migration, proliferation and differentiation of gonadal germ
cells (GGCs) collected from the gonads of 7-day-old chick embryos under cross-sex germline chimera conditions. The migratory
and proliferative abilities of exogenous GGCs were examined by transferring 50 fluorescently labeled GGCs collected from
White Leghorn (WL) embryos into the blood of 2-day-old Rhode Island Red (RIR) embryos. No significant difference was
observed in the number of fluorescently labeled GGCs in the gonads of recipient embryos among any of the four possible
donor and recipient sex combinations. Cross-sex germline chimeras were produced to examine the differentiation of GGCs
by transferring 100 GGCs from WL embryos into 2-day-old RIR embryos. Exogenous-GGC-derived progeny were obtained
from both male and female recipients, except when female GGCs were transferred into male recipients. The migratory ability
of GGCs recovered from the 7-day-old embryonic gonad was not influenced by cross-sex germ cell transfer conditions,

whereas the differentiation of the GGCs was affected by the sex combinations of GGCs donors and recipients.
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Germline development is one of the most fundamental topics in
reproductive biology. In avian species, germline development
can be experimentally manipulated through the cross-sex germline
chimera produced by the transfer of progenitor cells of gametes,
known as primordial germ cells (PGCs). Avian PGCs are reported
to originate from the central zone of the area pellucida [1, 2]. At the
primitive streak stage, PGCs are located in an extraembryonic region
called the germinal crescent [3]. The PGCs circulate temporarily
through the bloodstream, followed by migration to the gonadal
ridge [4, 5], after which they are called gonadal germ cells (GGCs).
GGCs ultimately differentiate into oogonia in the female embryo
and spermatogonia in the male embryo [5].

Germline chimeras can be produced by transferring PGCs collected
from circulating blood of early developing 2-day-old embryos into
recipient embryos [6]. More recently, germline chimeras were suc-
cessfully produced by transferring GGCs collected from 5-, 7- and
9-day-old embryonic gonads [7, 8].

Production of cross-sex germline chimeras has been reported by
transferring blastodermal cells or PGCs into recipient embryos of the
opposite sex [2, 9]. It was shown that the blastodermal cells have the
ability to differentiate into both sperm and ova, regardless of their
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genetic sex [2]. In contrast, progeny derived from exogenous PGCs
was rarely produced under cross-sex germ cell transfer conditions [9].
Particularly, W chromosome-bearing female PGCs hardly ever
complete subsequent spermatogenesis in the recipient’s testis [10].
Thus, the efficiency of PGC differentiation into functional gametes
under cross-sex transfer conditions may be limited compared with
cross-sex blastodermal cell transfer. However, the fate of exogenous
GGCs under cross-sex germ cell transfer conditions has not been
examined.

Therefore, the present study was conducted to investigate the
fate of exogenous GGCs, recovered from gonads of 7-day-old chick
embryos, under cross-sex germ cell transfer conditions.

Materials and Methods

Recovery of GGCs

Fertilized White Leghorn (WL) and Rhode Island Red (RIR) eggs
produced at the Agriculture and Forestry Research Center, University
of Tsukuba, Japan, were used in the experiments. Fertilized WL eggs
were incubated for 7 days in an air-forced incubator (P-008; Showa
Furanki Laboratory, Saitama, Japan) maintained at 37.8 C. After
incubation, GGCs were isolated from embryonic gonad by the using
PBS[—] method according to the method reported by Nakajima et al.
[11]. Briefly, both the right and left gonads were isolated from 7-day-
old embryos. Isolated gonads were placed in 1.5-ml centrifuge tubes
containing 100 pul of Dulbecco’s phosphate-buffered saline without
Ca?" and Mg?" (PBS[—]; cat. no. 05913; Nissui, Tokyo, Japan). The
centrifuge tubes were placed in an incubator maintained at 37.8 C for
approximately 1 h. The morphological characteristics of the isolated
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GGCs were identical to those of PGCs, i.e., large granulated round
cells with large nuclei [12] under an inverted microscope (IMT-2;
Olympus, Tokyo Japan). Polymerase chain reaction (PCR) was
performed to determine the sex of the germ cell donors.

Migratory ability of the GGCs

After recovery, the GGCs were labeled with PKH26 fluorescent
dye (cat. no. Z-PKH26-GL; Zynaxis, Malvern, PA, USA), and 50
GGCs were injected into the dorsal aorta of RIR embryos at stages
13—16 of development [13] for all four possible sex combinations.
Throughout the present study, GGC transfer was carried out using
a fine glass pipette under a dissection microscope. Recipient eggs
were prepared 1 h before injection to remove approximately 3 pl of
blood through a small window (approximately 1 cm in diameter) in
the eggshell. After injection, the window was sealed with plastic tape,
and the egg was incubated at 37.8 C for 5 days. The right and left
gonads were collected from recipient embryos and placed in 1.5-ml
centrifuge tubes containing 50 ul of 0.05% trypsin in PBS[—] and
incubated at 37.8 C for 20 min. After incubation, the cells were placed
on a 2-well Hard Teflon-Coated Slide (HTCS, cat. no. 10-226-CC;
Erie Scientific, Portsmouth, NH, USA), and the total number of
fluorescently labeled cells recovered from each gonad was counted
under a fluorescence microscope (IMT-2; Olympus, Tokyo Japan)
using a 546-nm excitation filter. PCR was performed to determinate
the sex of the germ cell donors and recipients. A split-plot design was
used to conduct the experiment, and the data were analyzed using
the generalized linear model (GLM; SAS/STAT, SAS Institute, Cary,
NC, USA) followed by Tukey’s Honestly Significant Difference
(HSD) test using SAS/STAT.

Production of germline chimeras

Aliquots of 100 pl of GGC suspension were placed on 2-well
HTCSs. Then, 100 GGCs were injected into the dorsal aorta of RIR
embryos at stages 13—16 of development for all four possible sex
combinations. Recipient eggs were prepared 1 h before injection to
remove approximately 3 pl of blood through a small window in the
eggshell. PCR was performed to determinate the sex of the germ cell
donors. After injection, the window was sealed with plastic tape, and
the embryo was allowed to develop until hatching. Hatched chicks
were raised beyond sexual maturity so that progeny testing could
be performed by mating GGC recipients with RIR chickens of the
opposite sex. WL chickens carry the homozygous dominant pigment
inhibitor gene (//I), whereas RIR chickens carry the homozygous
recessive pigment inhibitor gene (i/i). Therefore, the identity of the
spermatozoa or ova produced from germline chimeras could be
ascertained by observing the feather color of the newly hatched chicks.

All animal care and handling procedures were performed in
accordance with the standards of the University of Tsukuba.

PCR for sexing

Embryonic skin tissue was collected from the leg of each embryo.
The samples were placed in DNA extraction buffer [14], proteinase
K was added to a final concentration of 200 pg/ml, and incubation
was performed for 24 h at 37.8 C. After centrifugation (10,000 x g,
5 min, 4 C), PCR was performed. A 276-bp fragment of the 717-bp
W chromosome-specific Xhol repetitive sequence was amplified

according to the methods of Petitte and Kegelmeyer [15] using
the following primers: 5’-CGTGAGAAAAGTGGTAGTT-3" and
3’-CTCTGTCCACCATAAAAACC-5".

PCR was conducted in a PCR Thermal Cycler SP (TP-400; Takara
Shuzo, Kyoto, Japan) with an initial denaturation step at 96 C for 2
min followed by 25 cycles at 94 C for 30 sec, 52 C for 30 sec, and
72 C for 30 sec, with a final extension step at 72 C for 5 min. The
PCR products were separated by electrophoresis on a 1.5% agarose
gel and visualized under ultraviolet (UV) light after staining with
ethidium bromide. Only samples that were obtained from females
were expected to express the 276-bp PCR product.

Analysis of semen from germline chimeras by PCR using
breed-specific markers

Semen was collected from each male germline chimera. DNA
was extracted by a previously described method and purified
using the standard method of phenol/chloroform extraction and
precipitation with ethanol as described by Sambrook ez al. [16]. A
PCR analysis was performed after dissolving DNA in Tris-EDTA
at a concentration of 100 ng/ul. The sequences of the primers
for detecting the dominant white-specific (/) AS3554-19 repeti-
tive sequence [17] were 5’-AGCAGCGGCGATGAGCGGTG-3’
and 3’-CTGCCTCAACGTCTCGTTGGC-5’, and those for
the recessive allele-specific (i) AS3554-WT repetitive se-
quence [17] were 5’-AGCAGCGGCGATGAGCAGCA-3’ and
3’-CTGCCTCAACGTCTCGTTGGC-5". These sequences were
amplified according to the method described by Naito et al. [18],
with a slight modification. The primers used in the present study for
identifying RIR and WL chickens were validated in a preliminary
experiment (data not shown). PCR was conducted in a Takara PCR
Thermal Cycler SP with an initial denaturation step at 94 C for 5
min, followed by 35 cycles at 94 C for 30 sec and 72 C for 30 sec,
with a final extension step at 72 C for 5 min. The PCR products were
separated by electrophoresis on a 1% agarose gel and visualized
under UV light after staining with ethidium bromide. Samples that
were obtained from WL and RIR chickens were expected to express
the 222-bp and 213-bp PCR products, respectively.

Results

Migratory ability of the GGCs

Table 1 shows the migratory ability of 7-day-old GGCs in recipient
embryonic gonads. When fluorescently labeled GGCs were transferred
into recipient embryos, fluorescence-positive GGCs, as identified by
their morphology, were detected from the right and left gonads of
recipient embryos. The number of fluorescence-positive GGCs was
higher in the left gonad compared with the right gonad in all four sex
combinations (P<0.05). However, the number of fluorescence-positive
GGCs observed in recipient embryos was not significantly different
among the four possible sex combinations between exogenous GGCs
and recipient embryos (P>0.05).

Analysis of semen from germline chimeras by PCR using
breed-specific markers

The results of PCR analysis of semen collected from putative male
germline chimeras using breed-specific markers are shown in Fig. 1.
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Table 1. Number of PKH26-positive gonadal germ cells recovered from
7-day-old chick embryonic gonads observed in the gonads of

recipient embryos (n = 40, means + SE)

Recipient

Female # (n=23)
Left Right

Male # (n=17)
Left Right

Donor
Female # (n=26) 43.8+9.42% 325+13.8Y 459+10.6* 28.3+4.0°
Male # (n=14) 48.9+10.82 39.0+16.8> 51.2+8.22 348+6.7°

The number of fluorescence-positive GGCs observed in recipient
embryos was not significantly different among the four possible sex
combinations of exogenous GGCs and recipient embryos (P > 0.05).
b The numbers of fluorescence-positive GGCs with different letters are
significantly different between the left and right gonads of the recipient
embryos at P <0.05.

WL-specific
222bp —

Fig. 1.
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The semen collected from three male recipients by resulting from
transfer of male GGCs (M—M chimeras, No. 3, 7 and 8) and two
male recipients by resulting from transfer of female GGCs (F—>M
chimeras, No. 2 and 6) was used for analysis. The concentration of
spermatozoa in semen ranged from 1.6 x 10° to 3.5 x 10%ml. A clear
DNA band derived from exogenous GGCs was observed in 2 out
of 3 M—M chimeras (No. 3 and 7) (Fig. 1A). A recipient-derived
DNA band was detected in all putative germline chimeras (Fig. 1B).

Progeny testing of putative germline chimeras

The results of progeny testing are shown in Table 2. GGCs were
transferred into 56 recipient embryos, and 27 chicks hatched. Of
these, 16 chickens matured and were test mated. The numbers of
individuals grown to sexual maturity were one female recipient
by resulting from transfer of female GGCs (F—F chimera), seven

B.

RIR-specific
< 213 bp

Analysis of semen samples of male germline chimeras produced by transfer of female and male gonadal germ cells collected from 7-day-old

embryonic gonads. DNA was extracted from the sperm samples and analyzed for the presence of (A) dominant white-specific repeat sequences
by PCR with dominant white-specific primers and (B) recessive allele-specific repeat sequences by PCR with recessive allele-specific primers.
Lane 1, control (White Leghorn sperm DNA); lane 2, control (Rhode Island Red sperm DNA); lane 3, negative control (water); lane 4, ID no.
F—M2 (male germline chimera produced by transfer of female gonadal germ cells); lane 5, ID no. M—M3; lane 6, ID no. F—M6; lane 7, ID

no. M—M7; lane 8, ID no. M—MB8.

Table 2. Progeny test of Rhode Island Red chickens receiving 100 gonadal germ cells collected from 7-day-old White Leghorn embryos

D Donor Recipient Experimental period No. of eggs No. of fertilized No. of 'hatched No. of White feather
(week) laid eggs chicks chicks (%)
F—F14 Female Female 33 216 195 138 3(2.2%)
M—-M3 Male Male 14 356 315 245 0 (0%)
M—-M7 Male Male 5 132 120 99 27 (27.3%)
M—-M8 Male Male 10 220 152 92 0 (0%)
F—MI Female Male 12 316 298 258 0 (0%)
F—-M2 Female Male 12 318 288 232 0 (0%)
F—>M4 Female Male 4 70 59 33 0 (0%)
F—M6 Female Male 14 345 313 224 0 (0%)
F—M9 Female Male 4 61 45 25 0 (0%)
M—Fl11 Male Female 41 278 267 216 0 (0%)
M—FI12 Male Female 36 225 202 163 0 (0%)
M—F13 Male Female 36 232 222 191 1 (0.5%)
M—FI15 Male Female 34 230 214 191 0 (0%)
M—F16 Male Female 34 204 180 143 1 (0.7%)
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F—M chimeras, three M—M chimeras, and five female recipients
by resulting from transfer of male GGCs (M—F chimeras). White
feathered progenies were obtained from one male and three female
GGC recipients, whereas donor-derived progeny were obtained only
when female GGCs were transferred into female embryos. Donor-
derived progeny were obtained when male GGCs were transferred
into both female and male embryos. The ratios of chimeric chickens
that produced donor-derived offspring were higher in M—M chimeras
(0-27.3%) and F—F chimera (2.2%), whereas the percentages of
germline chimeric chickens was lower in F—M chimeras (0%) and
M—F chimeras (0-0.7%).

Discussion

The present study was performed to elucidate migration, prolifera-
tion and subsequent differentiation of GGCs recovered from gonads
of 7-day-old chick embryos into functional gametes under cross-sex
germ cell transfer conditions.

It was shown that the number of fluorescently labeled exogenous
GGCs in the recipient’s left gonad was significantly higher compared
with that in the right gonad (P<0.05). This result is consistent with
the previous studies, which showed that the circulating PGCs and
GGCs migrate in favor of the left gonad after transfer into recipient
embryos [11, 19]. It is widely known that the right gonad starts
to regress in the early stage of embryonic development in female
and that only the left gonad develops into a functional ovary [20].
The higher number of GGCs found in the left ovary is presumably
related to the regression of the right ovary during embryogenesis.
In males, on the other hand, both the right and left gonads develop
into functional testes. However, it has been reported that testicular
development is also asymmetrical, with the left testis being larger
in many avian species [21]. The higher number of GGCs found in
the left testis could be related to asymmetrical development of the
testis. However, the underlying mechanism of the left-gonad-biased
germ cell distribution of GGCs in males is likely to be different from
that in females, since the differences in the size of the right and left
testes are minute compared with the ovary.

Despite the significant differences observed in the progeny testing,
the migratory and proliferative abilities of GGCs were not significantly
different among any of the four possible donor and recipient sex
combinations in the present study (P>0.05). It has been reported that
the ability to migrate into the gonads of recipient embryos persisted
in chick GGCs recovered from 6.5- to 20.5-day-old embryos [22].
These results indicate that germ cells pertain the migratory ability
for an extended period of time during embryonic development.
Furthermore, chick PGCs was reported to migrate into the germinal
ridge of quail embryos [12, 23]. Therefore, the mechanism of
germ cell migration seems to be shared between avian species.
It has been reported that a peptide chemokine, namely, stromal
cell-derived factor 1 (SDF-1), secreted from the embryonic gonad,
which induces PGCs to migrate toward the embryonic gonad, and
expression of the receptor for SDF-1, C-X-C chemokine receptor-4
(CXCR4), were observed in Zebrafish [24, 25] and mice [26, 27].
Chicken SDF-1 has been also indicated to induce the migration of
PGCs into the intermediate mesoderm, planned the gonadal region
[28]. However, the effects of these molecules on PGC migration

into the gonad has not been directly reported. Therefore, studies to
unveil the underlying mechanism of germ cell migration, one of the
fundamental questions concerning germline development, need to
be carried out in the future.

Fifty GGCs transferred into recipient embryos increased signifi-
cantly to 80.5 + 11.0 on average at 5 days post transfer (P<0.05).
A WL-specific DNA band was detected by PCR in semen collected
from M—M chimeras, whereas no WL-specific DNA band was
observed from F—M chimeras (Fig. 1). These results indicate that
donor GGCs proliferated after migrating into the male recipient
embryonic gonads in M—M chimeras, whereas differentiation
into spermatozoa was limited in F—M chimeras. To confirm the
differentiating ability of GGCs collected by the PBS[—] method [11],
germline chimeras were produced under identical-sex combinations.
The percentages of donor-derived offspring in F—F and M—M
germline chimeras were 2.2% (3 /138) and 27.3% (27 /99), respectively
(Table 2). On the other hand, the percentages of donor-derived
offspring in M—F and F—M germline chimeras were 0.5-0.7%
and 0%, respectively (Table 2). Therefore, it is speculated that the
probability of producing progeny from germline chimeras was
lower under the cross-sex germ cells transfer conditions compared
with the identical-sex germ cell transfer conditions. Donor-derived
offspring have been retrieved from blastodermal chimeras produced
by removing and transferring stage X blastodermal cells, regardless
of their genetic sex [2]. On the other hand, Naito et al. [9] reported
that the efficiency of producing germline chimeras was significantly
lower when the chromosomal sex was different between the donor
PGCs and recipient embryos. Moreover, PGCs differentiate into
complete sperm, but at an extremely low rate when female PGCs
are transferred into male recipients [10]. These results indicate that
the sexual differentiation of PGCs further progresses after migration
into the developing gonads. From the practical point of view, it is
highly inefficient to produce germline chimeras when female PGCs
or GGCs are transferred into male recipients.

Aromatase, a key enzyme in the conversion of testosterone to
17B-estradiol, is known to play a pivotal role in female sexual
differentiation [29]. The aromatase gene was initially expressed in
the gonads of female chick embryos on day 6.5 of incubation [30].
Therefore, the female 7-day-old GGCs used in the present study
may have been influenced by gonadal feminization.

It was shown that 7-day-old GGCs could be used to produce
male and female germline chimeric chickens in the present study.
As far as the authors are aware, this is the first study on successful
production of female germline chimeras after transfer of 7-day-old
GGCs. Our results provide new possibilities for conserving avian
genetic resources using GGCs from 7-day-old chick embryos.

The migratory ability of germ cells into the gonad and subsequent
differentiation into gametes has been reported [7, 8, 10, 22, 31].
However, the quantitative relationship between migratory ability and
germ cell differentiation has not been critically evaluated. Our results
indicate that the migratory ability of germ cells into the gonad and
subsequent differentiation into gametes are independent. It can be
summarized that the migratory ability of GGCs is a necessary but
not sufficient condition to produce germline chimeras.

In conclusion, the migratory ability of GGCs was not affected by
cross-sex combination germ cell transfer, whereas the differentiation
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