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Zebrafish Germline Chimeras Produced by Transplantation of Ovarian Germ Cells

into Sterile Host Larvae'
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ABSTRACT

High frequency production of zebrafish germline chimeras
was achieved by transplanting ovarian germ cells into sterile
Danio hybrid recipients. Ovarian germ cells were obtained from
3-mo-old adult Tg(vasa:DsRed2-vasa);Tg(bactin:EGFP) double
transgenic zebrafish by discontinuous Percoll gradient centrifu-
gation. An average of 755 = 108 DsRed-positive germ cells was
recovered from each female. For transplantations, a total of
approximately 620 = 242 EGFP-positive cells of which 12 = 4.7
were DsRed-positive germ cells were introduced into the
abdominal cavity under the swim bladder of 2-wk-old sterile
hybrid larvae. Six weeks after transplantation, a total of 10
recipients, obtained from 2 different transplantations, were
examined, and 2 individuals (20%) were identified that
possessed a large number of DsRed- and EGFP-positive cells in
the gonadal region. The transplanted ovarian germ cells
successfully colonized the gonads and differentiated into sperm
in the male hybrid recipients. Of 67 adult recipients, 12 (18%)
male chimeric fish reproduced and generated normal offspring
when paired with wild-type zebrafish females. The fertilization
efficiency ranged from 23% to 56%. Although the fertile male
chimeras were generated by transplantation of ovarian germ
cells, the F1 generation produced by the male chimeras
contained both male and female progeny, indicating that male
sex determination in zebrafish is not controlled by sex
chromosome heterogamy. Our findings indicate that a popula-
tion of ovarian germ cells that are present in the ovary of adult
zebrafish can function as germline stem cells, able to proliferate
and differentiate into testicular germ cells and functional sperm
in male recipients. The high frequency of germline chimera
formation achieved with the ovarian germ cells and the
convenience of identifying the chimeras in the sterile host
background should make this transplantation system useful for
performing genetic manipulations in zebrafish.

germline chimera, germline stem cells, ovary, transplantation,
zebrafish

INTRODUCTION

Gonadal germline stem cells are derived from primordial
germ cells (PGCs) and serve as the progenitors of functional
gametes. In males of most species, the presence of spermato-
gonial stem cells in the testes makes the recurrent production of
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sperm possible throughout the reproductive life of the animal
[1]. In contrast, the mammalian female possesses a finite
number of mature oocytes that is determined before birth [2],
implying the absence of a stem cell-based self-renewal
mechanism in the mammalian ovary. Recently, this dogma
has been reexamined as a result of in vivo [3] and in vitro [4]
studies that have provided evidence for stem cell-like
regenerative activity in the mammalian ovary. Using quanti-
tative methods to analyze oocyte degeneration and clearance,
Johnson et al. [3] have shown that ovaries of both juvenile and
adult mice retain mitotically active germ cells. Also, cultures of
germline stem cells have been established from ovaries of
neonatal and adult mice, and the cell lines have been used to
achieve germline transmission of a GFP transgene [4].

In nonmammalian vertebrates, the existence of ovarian
germline stem cells is supported from several lines of evidence
[5-7]. Histological studies have revealed that both mitotic germ
cells, or oogonia, and meiotic oocytes exist in adult ovaries of
many nonmammalian vertebrate species including fish [6]. The
oogonia present in these species most likely serve as progenitor
cells and perform a stem cell-like function ensuring the
continued production of oocytes throughout the animals’
reproductive lifetime. Genetic evidence for the existence of
ovarian stem cells was provided by studies of a zebrafish
mutant that carries an inactive nanos gene [7]. Although female
fish that were homozygous for the nanos mutation initially
produced mature oocytes, their ovaries lacked the presence of
early-stage oogonia and as a result egg production ceased after
a few months. The gradual loss of egg production and the
absence of oogonia and early-stage oocytes in the mutant fish
indicates that nanos is required to support a proliferating
population of ovarian germline stem cells that maintain oocyte
regeneration in zebrafish [7]. Further evidence for the presence
of germline stem cells in fish was provided by recent studies
with trout [8] and medaka [9]. Ovarian germ cells isolated from
6- to 9-mo-old transgenic trout that exhibited germ cell-specific
expression of EGFP were transplanted into sexually undiffer-
entiated embryos where the transplanted cells migrated into the
developing gonads and colonized the tissue to produce
functional gametes in the adult chimeras [8]. Nakamura et al.
[9] used transgenic methods and clonal analysis to identify
germline stem cells in the ovaries of adult medaka fish. Heat
shock-induced loxP-mediated recombination was used to label
oogonial stem cells with EGFP (nos2-EGFP) and demonstrated
that the mitotic oogonial stem cells were able to continually
give rise to germ cells that developed into fertile eggs [9].

Although the zebrafish is a popular model for studies in a
wide variety of research areas [10—15], one deficiency of this
system is the absence of a stem cell-mediated gene targeting
approach for studies of gene function. The ability to generate
germline chimeras at a high frequency would be a significant
step towards addressing this problem. In this study, we describe
the efficient production of zebrafish germline chimeras by the
transplantation of cells isolated from adult ovaries into
genetically sterile recipient larvae. The transplanted ovarian
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cells were able to colonize the recipient gonad and produce
functional sperm in the male hosts. In addition to providing
evidence for the existence of ovarian germline stem cells in
zebrafish, the results of this study describe a cell transplanta-
tion method that can be used to efficiently produce germline
chimeras and increase the utility of the zebrafish model for
studies of gene function.

MATERIALS AND METHODS
Ethics

All of the experimental protocols and procedures described in this study
were approved by the Purdue University Animal Care and Use Committee and
adhere to the National Research Council’s Guide for Care and Use of
Laboratory Animals.

Fish

Zebrafish were maintained and staged as previously described [16]. Pearl
danio (Danio albolineatus) were maintained in the same conditions as
zebrafish. The sterile Danio hybrids used in this study were generated by in
vitro fertilization using sperm from pearl danio males to fertilize zebrafish eggs
according published protocols [16].

Histology

Zebrafish and hybrids were euthanized in 0.016% tricaine (ethyl-3-
aminobenzoate methanesulfonic acid) solution in water (Sigma-Aldrich), and
gonads were removed and fixed with either 4% paraformaldehyde in
phosphate-buffered saline (PBS; 155.17 mM NaCl, 2.97 mM NaZHPO » 1.06
mM KH,PO,, pH 7.4) for 2 h or Bouin fixative overnight at 4°C. After two
rinses in PBS, the paraformaldehyde fixed gonads were immersed in sucrose
solution (30% sucrose in PBS). The following day the samples were frozen
with optimal cutting temperature compound (Sakura Finetek) on dry ice, and
serial cryostat sections (10 pm) were prepared using a Leica CM1850 cryostat
(Leica). The Bouin-fixed gonads were processed through successive baths of
ethanol (50%, 70%, 95%, and 100%) followed by two xylene baths and
embedded in paraffin. The serial paraffin sections (5 pm) were prepared using
an American Optical model 820 microtome (American Optical Corporation).
Histological examination of the sections was performed using a Nikon Eclipse
TE200 fluorescence microscope (Nikon) equipped with a RT Slider digital
camera (Spot Imaging Solution), or the sections were stained with hematoxylin-
eosin and examined by light microscopy.

Immunocytochemistry

A published procedure [17] was modified and used to visualize zebrafish
Vasa within the gonadal tissues of Danio hybrids. For antigen retrieval, the
deparaffinized and rehydrated gonadal sections were incubated with 10 mM
sodium citrate (pH 6.0) for 25 min at 90°C to 95°C using a microwave. The
sections were blocked for 30 min at 25°C with 3% goat serum and 2% blocking
reagent (Roche) in PBS. Sections were then incubated overnight at 4°C with
either a 1:5000 dilution of rabbit antiserum against zebrafish Vasa [18] or
normal rabbit serum as control. Excess antibody was removed by two 15-min
washes in PBS. DyLight 549 AffiniPure Dnk anti-rabbit immunoglobulin
(1:1000 dilution; Jackson ImmunoResearch Lab, Inc.) and 300 nM 4',6-
diamidino-2-phenylindole dihydrochloride (Sigma-Aldrich) nuclear counter-
stain were used to visualize the expression of Vasa in the gonadal sections of
Danio hybrids using a fluorescence microscope equipped with a digital camera.

Ovarian Germ Cell Isolation

Ovaries combined from four or five 3-mo-old adult Tg(vasa:DsRed2-
vasa);Tg(bactin:EGFP) double transgenic zebrafish [19, 20] were minced with
scissors and dissociated in 0.2% collagenase (Invitrogen) in PBS for 1 h at
28.5°C. The resulting ovarian cell suspension was filtered through a 60-um
mesh to remove large debris, washed with PBS, and the cell pellet was
resuspended in 1 ml of PBS. The cell suspension (5.0-6.4 X 10° EGFP-positive
cells) containing 4.1-5.6 X 10° DsRed-positive cells (average number obtained
in three preparations using 4-5 females/preparation) was loaded onto a
discontinuous Percoll (GE Healthcare) gradient (20%, 25%, 30%, 35%, 40%,
50%, and 60% in PBS) and centrifuged at 800 X g for 30 min according to
published protocols [21, 22]. Individual cell fractions were removed from the
gradient, transferred to a conical test tube, and washed two times with PBS. The
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cells were resuspended in 30 pl of PBS, and the number of DsRed-positive
germ cells was counted by fluorescence microscopy using a hemocytometer.
All of the cell counts are reported as mean * standard deviation.

Ovarian Germ Cell Transplantation and Analysis

Ovarian germ cells obtained from the interfaces of the 25%—-30% and 30%—
35% Percoll fractions were combined, resuspended in 20 pl of Leibovitz L-15
medium (Sigma-Aldrich), and immediately transplanted into recipient hybrid
larvae. Cell transplantations were performed using a glass micropipette needle
(30- to 50-pum diameter borosilicate glass capillaries) under a stereomicroscope.
Similar to the published methods using transplantation of trout PGCs into the
peritoneal cavity [23], the ovarian germ cells were transplanted into the
abdominal cavity under the swim bladder close to the gonads of 2-wk-old
sterile Danio hybrid larvae. Development of the chimeric larvae was observed,
and photographs were taken with a fluorescence microscope equipped with a
digital camera. Estimates of the total number of cells and the germ cells
transplanted into each recipient were made by counting the number of EGFP-
positive and DsRed-positive cells in the cell suspension. Following
transplantation, the actual number of DsRed-positive cells present in each of
10 recipients was counted, and the total number of cells transplanted into each
recipient was estimated based on the ratio of DsRed-positive to EGFP-positive
cells present in the initial cell suspension. Five days after transplantation, all the
recipients were examined by fluorescence microscopy and the potential
germline chimeras were identified based on the presence of DsRed-positive
cells in the gonad region. Six weeks after transplantation, 10 recipients (from 2
transplantations) were euthanized, and the status of the transplanted ovarian
germ cells and the developmental stage of the gonads were evaluated. To
determine if the transplanted ovarian cells were able to generate functional
gametes in the hybrid recipients, the chimeric fish were raised to sexual
maturity and paired with wild-type zebrafish. Three batches of eggs from each
paired fish were collected, and the efficiency of fertilization was calculated.

RESULTS

Production of Sterile Danio Hybrid Larvae

Hybrid recipient larvae used for the cell transplantation
experiments were produced by in vitro fertilization using wild-
type zebrafish eggs and pearl danio sperm (Fig. 1A).
Development of the hybrid embryos was normal, and the adult
males possessed a distinguishable phenotype (Fig. 1A). The
majority of the male hybrids (90%) began to display normal
mating behavior by 3 mo of age based on their ability to induce
both zebrafish and pearl danio females to spawn although the
eggs were not able to be fertilized. Delayed spawning behavior
was observed at 5 mo in approximately 10% of the hybrid male
fish. When hybrid females were paired with either zebrafish or
pearl danio males, spawning behavior was induced in the males
although eggs were not produced by the hybrid females.
Dissection of the hybrid fish revealed that the adults possessed
paired, normal shaped gonads that were smaller than the
gonads present in comparably sized zebrafish (Fig. 1, B-E),
and the partially developed testes of male hybrids (Fig. 1B)
were approximately 60% smaller than those of adult zebrafish
(Fig. 1C). Histological analysis showed that the testis of adult
hybrid fish (Fig. 1F) possessed some degree of development
based on the formation of seminiferous lobules, spermatogonia,
and cysts of proliferated spermatogonia. Unlike the zebrafish
testes (Fig. 1G), however, no spermatid or spermatozoa were
found in the testes of adult hybrid fish, and sperm could not be
expressed by gently pressing on the abdomen of the hybrid
males. Gonad development was more severely reduced in the
female hybrids because each ovary consisted of only a very
thin filament-shaped tissue that was surrounded by adipose
tissue (Fig. 1D). Histological examination revealed that the
ovaries of hybrid fish contained oogonia (Fig. 1H) but lacked
the large number of oocytes at various stages of maturation that
were found in the adult zebrafish ovary (Fig. 1I). Vasa-
expressing germ cells were present in the testes (Fig. 1J) and
ovaries (Fig. 1K) of the adult hybrids even though gameto-
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FIG. 1. Production of sterile Danio hybrid
fish. A) Hybrid fish were produced by in
vitro fertilization of zebrafish eggs with
pearl danio sperm. Gonad development in
the adult hybrid male (B), zebrafish male
(Q), hybrid female (D), and zebrafish female
(E). Transverse sections of gonads from adult
hybrid male (F), Bouin-paraffin section,
zebrafish male (G), hybrid female (H), and
Bouin-paraffin section, zebrafish female (I).
Fluorescence photomicrographs showing
the expression of Vasa protein (red) in
hybrid testis (J) and hybrid ovary (K); normal
rabbit serum as controls in hybrid testis (L)
and hybrid ovary (M). Sg = spermatogoni-
um; St = spermatid; S = spermatozoa; Oo
= oogonia; PO = primary oocytes; SgOIl =
secondary-growth oocyte phase II; SgOIlIl =
secondary-growth oocyte phase Ill. Bars =
20 pm (F-H, J-L, M) and 100 um (I).

Male pearl danio

Female zebrafish

genesis was arrested in both tissues. Neither male nor female
hybrids were able to produce functional gametes.

Ovarian Germ Cell Isolation and Transplantation

Cell transplantation experiments were performed using
donor cells obtained from 3-mo-old adult Tg(vasa:DsRed2-
vasa);Tg(bactin:EGFP) double transgenic zebrafish that ex-
press EGFP throughout their bodies under the control of the
zebrafish bactin promoter and DsRed specifically in the germ
cells driven by the zebrafish vasa promoter. Using this strategy,
we were able to visualize the entire population of transplanted
cells (EGFP-positive) and also identify the ovarian germ cells
(DsRed-positive) among the transplanted cell population.
DsRed is expressed in ovarian germ cells at different
developmental stages in the transgenic fish (Fig. 2, A and B).
In order to obtain a cell fraction for transplantation that is
enriched with the germ cells, whole ovarian tissue obtained
from the transgenic fish was dissociated and the cells
fractionated on a discontinuous Percoll gradient. Using this
method, an average of 755 * 108 DsRed-positive ovarian
germ cells were recovered from each female. The majority of
DsRed-positive cells were obtained in two fractions taken at
the 30%-35% (364 = 44 cells) and 25%-30% (247 = 48

cells) Percoll interface (Fig. 3A). Cells contained in these two
fractions were combined and used for transplantation experi-
ments. The cells were transplanted directly into the abdominal
cavity under the swim bladder (Fig. 3B) of 2-wk-old hybrid
larvae. Immediately after transplantation, the number of
DsRed-positive germ cells present in the abdominal cavity of
each larva was 12 = 4.7 (n = 10) based on direct counts made
by fluorescence microscopy. The total number of cells
transplanted into each host was estimated to be 620 = 242
based on the number of DsRed-positive cells that were counted
in the abdominal cavity and the ratio of EGFP-positive to
DsRed-positive cells in the cell suspension for transplantation.
Use of the Percoll gradient centrifugation step increased the
ratio of DsRed-positive and EGFP-positive cells from 8.9 *
2.1 to 193.3 = 40.4 per 10000 cells in the initial cell
suspension and combined Percoll fractions, respectively.

Gonadal Development and Fertility of the Chimeras

Five days after transplantation, the recipient larvae were
examined by fluorescence microscopy. A total of 104
recipients were examined from 3 different transplantations,
and 31 (29.9 = 3.9%) individuals that possessed an average of
2.8 = 1.4 DsRed-positive cells (1-5 cells per embryo) in the
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FIG. 2. A) Photomicrograph showing the expression of DsRed (white
arrows) in ovarian germ cells in the ovary of a Tg(vasa:DsRed2-
vasa); Tg(bactin:ECFP) double transgenic zebrafish. B) Same ovary shown
at higher magnification. Bar = 100 pm.

gonadal region were identified (Fig. 4, A and B, and Table 1).
Six weeks after transplantation, a group of the 8-wk-old fish
from the second and third experiments were euthanized. The
gonads were dissected and examined for the presence of
DsRed-positive cells. Two positive fish were identified among
10 recipients that were examined. Inspection of the two fish
revealed that the transplanted ovarian germ cells had colonized
the gonad of the hybrid hosts and proliferated extensively
based on the presence of DsRed-positive and EGFP-positive
cells throughout the tissue (Fig. SA, A1-A3). In the remaining
eight recipients that were examined, neither bright DsRed-
positive nor EGFP-positive cells were detected in the gonadal
region (Fig. 5SA, A4—A6). All of the remaining recipient fish
from the transplantation experiments were raised to sexual
maturity and bred pairwise with zebrafish mates. A total of 67
adult recipients were bred, and embryos were obtained from 12
of the male hybrid chimeric fish paired with zebrafish females.
The fertile male chimeras continued to produce normal
embryos at 6 and 9 mo of age when they were bred with
female zebrafish. The fertile male chimeras also produced
numerous offspring when paired with female pearl danio mates
(data not shown). Embryos were not obtained from any of the
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FIG. 3. The isolation and transplantation of ovarian germ cells. DsRed-
expressing ovarian cells from Tg(vasa:DsRed2-vasa);Tg(bactin:EGFP)
double transgenic zebrafish were partially purified by discontinuous
Percoll gradient centrifugation. A) The number of DsRed-positive cells
obtained from each gradient fraction (mean = SD). B) Isolated ovarian
germ cells were transplanted into the abdominal cavity between the swim
bladder (SB) and gastrointestinal (Gl) tract of 2-wk-old sterile hybrid
larvae. Location of transplanted cells (dotted lines). Length of larva =5
mm.

female recipient fish bred with male zebrafish or pearl danio
mates even after 6 and 9 mo. The pairing of female recipient
hybrids with male pearl danio mates did not result in successful
egg production. Examination of the gonads from the hybrid
recipient fish revealed that the infertile male and female
chimeras possessed undersized gonads that closely resembled
those of the nonrecipient hybrid fish in size and degree of
gametogenesis (Fig. 1). In contrast, all six of the fertile male
chimeric hybrid fish that were examined possessed one
partially developed and one fully developed testis, the latter
were completely colonized with DsRed-positive cells (Fig. 5,
B1 inset). Histological analysis revealed that the fully
developed testis from each of the fertile male chimeras
resembled a wild-type adult zebrafish testis containing
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Number of hybrid
recipients

1 2 3
Number of DsRed-positive cells in gonadal region

FIG. 4. A) Photomicrograph showing the incorporation of transplanted
ovarian germ cells into the gonad of a recipient larva 5 days after
transplantation. The arrows point to individual DsRed-positive cells. Bar =
100 pm. B) The number of recipient larvae with up to 5 DsRed-positive
cells present in the gonadal region 5 days after transplantation. Data from
three transplantation experiments (T1-T3) are shown.

spermatid and spermatozoa (Fig. 5C). Sperm was expressed
from the fertile chimeric hybrids by gently pressing on the
abdomen.

Fertility of the chimeric male fish was examined in more
detail by breeding 12 of the fertile males with wild-type
zebrafish females and counting the number of embryos
produced (Table 2). Compared to control matings of wild-type
male and female zebrafish (70% to 95% fertilization rate), the
chimeric males bred with zebrafish females produced fewer
fertilized embryos (23% to 56% fertilization rate, Table 2). The
embryos fertilized by the chimeric males possessed normal
development and expressed EGFP in all their tissues (Fig. 6A),
confirming that they were fertilized by sperm derived from the
transplanted ovarian germ cells. As previously reported,
zygotic expression of the transgenic vasa promoter does not
occur in the zebrafish embryo until 21 days postfertilization

(dpf) [24, 25]. As a result, the vasa-DsRed expression was not
observed in any of the F1 embryos produced by the chimeric
males and wild-type female zebrafish. Vasa-DsRed expression
was observed in the F1 individuals after 21 days (Fig. 6, B and
C). The combined sex ratio determined for a group of F1 fish
obtained from each of the two transplantation experiments was
31 males and 52 females. The F1 adult fish possessed paired
gonads that were of normal size (Fig. 6, B and C,) when
compared to wild-type zebrafish and expressed DsRed
throughout the tissue (Fig. 6, B1 inset and CI inset). The F1
fish were fertile and exhibited a higher fertilization rate (an
average of 82%) than the founder chimeric fish (23% to 56%,
Table 2). An F2 generation was produced by crossing male and
female F1 fish. Fluorescence microscopy revealed that all 108
F2 embryos examined at 2 dpf expressed DsRed in the gonadal
region from maternal RNA, and 76 of the embryos expressed
EGFP throughout their bodies (Fig. 6D).

DISCUSSION

The results of this study demonstrate that germ cells
obtained from ovaries of adult zebrafish can be transplanted
into recipient larvae to generate germline chimeras at a high
frequency. Identification of the germline chimeras was
facilitated by the use of Danio hybrid recipient larvae. Since
the hybrid adult fish are sterile, the germline chimeras were
conveniently identified by reversal of the infertile phenotype
resulting in successful embryo production. An important aspect
of this strategy is the fact that the Danio hybrids are able to
induce mating behavior in zebrafish mates even though
zebrafish do not respond when paired with the pearl danio.
Confirmation that the F1 embryos produced by the chimeric
hybrids were derived from the transplanted germ cells was
obtained by using donor cells isolated from Tg(vasa:DsRed2-
vasa);Tg(bactin:EGFP) double transgenic zebrafish. The F1
embryos produced by the germline chimeric parent expressed
EGFP driven by the zebrafish bactin promoter throughout their
bodies. Because vasa-DsRed transgene expression in the early
embryo is from maternal RNA [24, 25], the F1 embryos
generated by germline chimeric fathers did not express the
fluorescent protein until after 21 days when zygotic vasa-
DsRed expression occurs. Maternal vasa-DsRed expression
was observed in all of the F2 embryos produced by crossing F1
siblings. As expected, bactin-EGFP expression was observed in
about 75% of the F2 embryos produced by breeding
heterozygous F1 siblings.

Of the 12 fertile male germline chimeras produced in our
study, 6 of the fish that were randomly sacrificed and examined
possessed only one fully developed testis. The second testis
was underdeveloped, being similar in size and appearance to
the testes found in the infertile hybrid males. Because the cell
transplantations were conducted by inserting the needle into

TABLE 1. Results from three transplantation experiments using ovarian germ cells isolated from adult zebrafish
females introduced into 2-wk-old sterile hybrid larvae recipients.*

No. of
recipients

Experimental group transplanted

No. of recipients
surviving at 5dpt

No. of recipients
carrying ovarian germ
cells in gonadal region

No. of recipients
surviving to
adulthood; M/F

T1 47 39 (83.0%) 12 (30.8%) 26 (55.3%); 24/2

T2 48 35 (72.9%) 9 (25.7%) 22 (50.0%); 17/5%

T3 42 30 (71.4%) 10 (33.3%) 19 (52.8%); 17/2°
Total (mean * SD) 137 104 (75.8 * 6.3%) 31(29.9 = 3.9%) 67 (52.7 + 2.7%)™

* dpt, day posttransplantation; M/F, male/female.

ab Eour fish from second transplantation (a) and six fish from third transplantation (b) were euthanized 6 wk after

transplantation for examination of gonadal development.
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one side of the recipient larva’s body, it is likely that most of
the transplanted germ cells were incorporated into only one of
the developing gonads. The gonad that did not receive the
transplanted cells developed into the smaller testis. The fertile
male germline chimeras were found to exhibit a fertilization
efficiency that was approximately 60% lower than wild-type
zebrafish. The lower fertility is most likely due to the presence
of only one fully developed gonad. The transplanted germ cells
had to compete with the large number of nonfunctional
spermatogonia that were also present in the testes of the hybrid
recipients.

Of the 67 potential germline chimeric fish that survived to
sexual maturity, only 9 were females and all 12 of the fertile
germline chimeras were males. A similar low percentage of
females was also found in the general population of hybrid fish
in our laboratory. Examination of each female recipient

FIG. 5. Colonization of the recipient
gonad by transplanted ovarian germ cells.
A) Fluorescence photomicrograph of a
recipient gonad 6 wk after transplantation
showing that the DsRed-expressing ovarian
germ cells have proliferated and completely
colonized the tissue (A1-A3). A1: red
fluorescence, A2: green fluorescence, A3:
bright field. Fluorescence photomicrograph
of a nonchimeric recipient (A4-A6). A4: red
fluorescence, A5: green fluorescence, A6:
bright field. Area enclosed inside the dotted
lines represents the region of gonadal
tissues. B) After reaching sexual maturity at
3 mo of age, the germline chimeric fish
possessed one fully developed testis that
contained a large number of DsRed-ex-
pressing cells derived from the transplanted
germ cells (B1 inset, gonads were dissected
for fluorescence detection). The other testis
in the chimeric fish (black arrow) was
underdeveloped. C) Transverse section of
the fully developed testis from a fertile male
chimera that contains spermatid (St) and
spermatozoa (S). Bars = 100 um (A3, A6,
B1) and 20 um (C).

revealed that the gonads were underdeveloped and had a
filamentlike appearance similar to those found in the non-
recipient hybrid females. There were no brightly fluorescent
DsRed-positive or EGFP-positive cells found in any of the
recipient female gonads. The lack of female germline chimeras
may be a result of the low percentage of females in the general
population of recipient fish. It could also be a result of the
rudimentary ovary development that was observed in the
female hybrid, which may have provided a poor environment
for the transplanted cells compared to the relatively well-
developed testes found in the male hybrids.

Our results demonstrating complete colonization of an
infertile host gonad by a small number of transplanted adult
ovarian germ cells is consistent with the existence of a stem
cell population in the fish ovary [7-9]. The male germline
chimeric fish that were produced in this study were able to

TABLE 2. Fertilization efficiency of male germline chimeric fish.

Fertilized eggs/total eggs (%)*

Experimental group Batch 1 Batch 2 Batch 3 Total
T1
Male 1 56/149 (37.6%) 27/93 (29.0%) 28/78 (35.9%) 111/320 (34.7%)
Male 2 59/88 (67.0%) 6/22 (27.3%) 41/81 (50.1%) 106/191 (55.5%)
Male 3 40/161 (24.8%) 61/163 (37.4%) 21/101 (20.8%) 122/425 (28.7%)
Male 4 23/80 (28.8%) 34/121 (28.1%) 29/91 (31.9%) 86/292 (29.5%)
T2
Male 5 25/73 (34.2%) 16/49 (32.7%) 26/101 (25.7%) 67/223 (30.0%)
Male 6 21/72 (29.2%) 16/48 (33.3%) 49/109 (45.0%) 86/229 (37.6%)
Male 7 32/53 (60.4%) 41/66 (62.1%) 59/121 (48.8%) 132/240 (55.0%)
Male 8 25/69 (36.2%) 16/26 (61.5%) 31/77 (40.3%) 72/172 (41.9%)
Male 9 21/64 (32.8%) 31/70 (44.3%) 19/66 (28.8%) 71/200 (35.5%)
T3
Male 10 13/51 (25.5%) 26/127 (20.5%) 25/107 (23.4%) 64/285 (22.5%)
Male 11 21/66 (31.8%) 41/106 (38.7%) 44/99 (44.4%) 106/271 (39.1%)
Male 12 16/45 (35.6%) 22/69 (31.9%) 33/91 (36.3%) 71/205 (34.6%)

* The number of fertilized eggs/total eggs collected from 12 male hybrid chimeras bred pairwise with wild-type

zebrafish females.

*610°p0.da.|OIq"MMM WOJ) PEPEOJUMO(]




1196 WONG ET AL.

=

FIG. 6. A) Fluorescence photomicrograph of an F1 embryo produced by a
germline chimeric father showing EGFP expression throughout its body
indicating that the embryo was produced from sperm derived from the
transplanted Tg(vasa:DsRed2-vasa); Tg(bactin:EGFP) double transgenic ovar-
ian germ cells. Because vasa-DsRed expression in the embryo is from maternal
RNA, DsRed expression was not observed in the F1 embryos. B, C) The F1
adult fish possessed paired gonads that were of normal size (B, ovary; C, testis)
and expressed DsRed (B1 inset and C1 inset, gonads were dissected for
fluorescence detection) throughout the tissue. D) The F2 embryos produced by
mating heterozygous F1 siblings did express maternal vasa-DsRed in the
gonadal region (white arrows) and EGFP expression (black arrows) throughout
their bodies in approximately 75% of the F2 embryos. Right bottom corner:
schematic drawing of the area where the photo was taken. Bars =200 pm.

generate an average of 47 embryos each day when they were
paired with individual zebrafish females. After 1 yr, the
chimeric males continued to produce an average of 120
embryos each day when paired with groups of 3 pearl danio
females. Also, examination of transverse tissue sections made
from the testes dissected from the fertile male chimeras showed
the presence of thousands of spermatids and spermatozoa,
confirming that the transplanted ovarian cells were able to
completely colonize the testis and recapitulate each stage of
spermatogenesis.

Recently, Yoshizaki et al. [8] described a similar ovarian
germ cell transplantation system in rainbow trout. The authors
transplanted cells isolated from ovaries of 6- to 9-mo-old
rainbow trout into recipient fry resulting in the production of
one female and three male germline chimeras. All of the F1
individuals produced by the male trout chimeras were female,
which was consistent with heterogametic (XY) male sex
determination. In contrast, the F1 generation produced by the
zebrafish male chimeras in our study consisted of both male
(38%) and female (62%) individuals. Because the entire
population of germ cells in the male chimera was derived
from transplanted ovarian cells, the production of male F1
progeny indicates that zebrafish male sex determination is not
controlled by sex chromosome heterogamy.

Germ cell transplantation has become a very useful
technology in the field of reproductive biology. The technology
was first developed by Brinster and Avarbock [26] in 1994
using mouse spermatogonial stem cells and has since been
applied to other species including fish [8, 23, 27-32]. In fish,
germ cell transplantation has been performed using PGCs [23,
27], spermatogonia [28—32], and oogonia [8]. In addition to the
transplantation of fish germ cells to a recipient gonad,
dissociated zebrafish testes has been inserted under the
abdominal skin of a recipient fish to generate functional sperm
[33]. The cell transplantation system described in this study
provides an efficient strategy to generate zebrafish germline
chimeras. The use of infertile Danio hybrid recipients makes it
convenient to identify germline chimeras by the reversal of the
infertile phenotype. The infertile recipients offer a useful
system to optimize the efficiency of germline chimera
production and to produce only donor-derived gametes. A
similar approach has been reported by others using trout [8, 29]
and zebrafish [27]. Another strategy that has been applied to
fish is the depletion of endogenous germ cells by treatment
with busulfan [30-32]; however, this approach resulted in a
low transplantation efficiency in each species. The Percoll
gradient centrifugation step used in our study provided a
convenient method to obtain cell fractions that were enriched
approximately 20-fold with ovarian germ cells. When we
performed two initial transplantation experiments using non-
fractionated cell suspensions, the DsRed-positive ovarian cells
were difficult to find in the abdominal cavity of the recipient
fish and no germline chimeras were produced. During our
attempts to optimize the transplantation technique, we
performed experiments using recipient embryos at the blastula
stage, that is, 1, 2, and 7 dpf; however, the studies were not
successful due to the inability to introduce a sufficient number
of cells and the high mortality that resulted from manipulating
the early-stage embryos. Use of the recipient larvae at an
appropriate development stage, 14-dpf in zebrafish, makes it
possible to introduce large number of cells into the host, and
the direct isolation of germ cells from dissociated gonadal
tissue without the need to use fluorescence-activated flow
cytometry will make this transplantation approach applicable to
other fish species.
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