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Chimera formation is a standard test for pluripotency of stem cells in vivo. Interspecific chimera formation
between distantly related organisms offers also an attractive approach for propagating endangered species.
Parameters influencing interspecies chimera formation have remained poorly elucidated. Here, we report in-
terordinal chimera formation between medaka and zebrafish, which separated ~320 million years ago and
exhibit a more than 2-fold difference in developmental speed. We show that, on transplantation into zebrafish
blastulae, both noncultivated blastomeres and long-term cultivated embryonic stem (ES) cells of medaka
adopted the zebrafish developmental program and differentiated into physiologically functional cell types in-
cluding pigment cells, blood cells, and cardiomyocytes. We also show that medaka ES cells express differenti-
ation gene markers during chimeric embryogenesis. Therefore, the evolutionary distance and different
embryogenesis speeds do not produce donor-host incompatibility to compromise chimera formation between
medaka and zebrafish, and molecular markers are valuable for analyzing lineage commitment and cell differ-

entiation in interspecific chimeric embryos.

Introduction

AN INCREASING NUMBER of stem cell lines have been de-
rived from developing embryos of mouse [1,2], human
[3], and lower vertebrates including fish [4,5]. Chimera for-
mation by cell transplantation into early developing embryo
hosts represents the gold standard assay to test the plur-
ipotency of putative stem cells from several model organisms
including mouse [6-8], chicken [9], and fish [10-13]. Early
embryos undergo cell proliferation, lineage commitment, cell
fate decision, and differentiation. On transplantation into
blastocyst/blastula embryos, blastomeres or embryonic stem
(ES) cell cultures can participate in normal embryogenesis and
contribute to various somatic lineages and the germline
leading to the production of fertile animals in diverse verte-
brate species such as mammals [14,15], birds [16], and fish
[11,12,17-22]. In developmental biology, chimera formation
provides direct evidence for cell-autonomous or nonautono-
mous control [23]. Such experiments usually use intraspecies
chimera formation, because donor cells are transplanted into
host embryos of the same species.

Since the report of chimera formation between sheep and
goats in 1949 [24], interspecific chimera formation (ISCF) has
attracted considerable attention in developmental biology
[25,26]. ISCF remains the only option for testing the plur-
ipotency of stem cells in vivo in certain cases, where host

embryos are rarely available as in nonhuman primates [27]
or even not allowed for chimera experiments as in humans
[28,29]. Recently, ISCF has become an emerging reproductive
biotechnology for animal production in conservation biology
[16,22]. ISCF exploits cell transplantation between closely
related species to propagate endangered organisms. In this
approach, the host and donor species are chosen on their
phylogenetic relationship, the closer the better, because it has
been unclear whether evolutionary distance would com-
promise and even abolish chimera formation. There are cases
where a distantly related species has to be used as the host,
because of the lack of sister species. However, distantly re-
lated species often show considerable differences in embry-
ology and developmental speed. It remains to be determined
whether a difference in developmental speed prevents chi-
mera formation.

In chimeric experiments, a donor-specific marker is re-
quired for tracing the distribution and behavior of donor
cells. Pigmentation is one of the easiest visible markers and
has been widely used in chimera production [11,19,20]. Ge-
netically labeling by using fluorescent proteins green fluo-
rescent protein (GFP) and red fluorescent protein (RFP) has
become a routine tool to visualize donor cells in chimera
[18,19]. The investigation in live embryos of differentiation of
donor stem cells into specialized cells usually relies on the
peculiar phenotypes and location of a limited number of cell
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types, such as pigment cells, skin epithelia, cardiomyocytes,
blood cells, and primordial germ cells [11,13,18-20]. Al-
though these visible markers and cellular phenotypes are
instrumental in chimeric assays, numerous molecular
markers are required for tracing multiple lineage differenti-
ation of donor stem cells into many specialized cell types.
ISCF between distantly related species will allow for the use
of species-specific molecular markers to unambiguously
trace the behaviors and differentiation of donor cells in
various lineages and cell types.

We choose medaka and zebrafish as test organisms for
ISCF. Medaka and zebrafish belong to Cypriniformes and
Beloniformes, which separated ~ 320 million years ago [30].
The genome has been sequenced in both fish species (www
.ensembl.org/index.html). The remarkable phylogenetic
distance coincides with molecular divergence in gene se-
quence. The twin fish models exhibit a more than 2-fold
difference in developmental speed. The genetic distance and
different developmental speeds make the combination of
medaka and zebrafish an excellent model system to study
the biology of ISCF. More importantly, sequence divergence
provides species-specific molecular markers for unambigu-
ously tracing donor cells during lineage commitment and
differentiation by RNA detection.

Medaka and zebrafish are the excellent twin model or-
ganisms for analyzing vertebrate development [31] and stem
cell biology [32-34]. Both species have ideal features for chi-
mera experiments, including daily embryo supply, external
embryology, and transparency for live imaging throughout
embryogenesis. Chimera formation by blastula cell trans-
plantation has been well established in both medaka [13,19]
and zebrafish [11]. In medaka, we have derived diploid
and haploid ES cells [4,5]. Specifically, one of the medaka
diploid ES cell lines, MES1, has been characterized as being
pluripotent in vitro and in vivo. In vitro, MES1 is capable
of spontaneous and directed differentiation [4,35]. MES1
can activate the totipotency-specific mouse Oct4 promoter
and can be maintained free of spontaneous differentiation
[10]. MESI retains the developmental pluripotency after
stable gene transfer and long-term drug selection [36,37]. In
vivo on transplantation into medaka blastula hosts, MES1
can proliferate and differentiate into many functional cell
types that contribute to various organs [18]. Pluripotency
has also proved medaka haploid ES cell lines including
HX1 being capable of whole animal production via semi-
cloning [5].

This work aimed at the development of ISCF between
medaka and zebrafish to analyze the fate and behaviors of
noncultivated blastomeres and ES cell donors in a heter-
ologous host and to test whether lineage-specific molecular
markers can be explored to study lineage restriction and
differentiation of donor cells.

Materials and Methods
Fish

Work with fish followed the guidelines on the Care
and Use of Animals for Scientific Purposes of the National
Advisory Committee for Laboratory Animal Research in
Singapore (permit number 27/09). Medaka strain HB32C
and zebrafish strain AB were maintained as described
[4,5,18,19,23].
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Cell culture

The medaka diploid ES cell line MES1 and haploid ES cell
line HX1 were maintained in ESM4 medium on gelatin-
coated plasticware as described [4,5].

Cell transfection

Cell transfection with pCVpf and pCVpr was performed
in 12-well plates by using the GeneJuice reagent (Novagen)
as previously described [37,38]. Drug selection was per-
formed by using puromycin at 1 ug/mL to cells 18-48 h post-
transfection and terminated by medium change [37]. Pure
populations of stable transgenic cells expressing GFP (HX1)
and RFP (MES1) were obtained by clonal growth and ex-
pansion as described [37].

Cell transplantation

Medaka blastomeres were mechanically dissociated from
embryos at the midblastula stage as described [39]. Single
MESI cells were obtained by trypsinization [19]. Blastomeres
or MES1 cells were suspended in cell transplantation me-
dium (100mM NaCl, 5mM KCl, 5mM Hepes, pH 7.1).
Zebrafish embryos were collected in zebrafish egg water
(ZEW; 0.3%, Instant Ocean Salt containing 2 ppm of methy-
lene blue), treated at the sphere stage for 2 min with pronase
E (Img/mL; Sigma) at 26°C for dechorionation, rinsed 5
times, and were arranged in a single row on V-shaped 1.5%-
agarose ramps on 6-cm dishes covered with ZEW containing
antibiotics at 22°C until use. Approximately 20 blastomeres
or 200 ES cells were injected into the deep cell layer of each
midblastula recipient [11,19]. The injected embryos were in-
cubated in ZEW at 28°C and regularly monitored.

Microscopy

Microscopy was done as described [5,40]. Briefly, live
embryos and fry were visualized using a Leica MZFLIII
stereo microscope equipped with a Fluo III UV-light system
and a GFP2 filter and photographed by using a Nikon E4500
digital camera (Nikon Corp.). For documentation at larger
magnification, live embryos and fry were observed and
photographed on a Zeiss Axiovert2 invert microscope
equipped with a Zeiss AxioCam MRc digital camera and
AxioVision 4 software.

Reverse transcription—polymerase chain reaction

Total RNA was isolated from cell cultures and embryos
and subjected to reverse transcription—polymerase chain re-
action (RT-PCR) analyses by using primers as described
[541].

Results
Embryo—embryo transplantation

Medaka and zebrafish differ considerably in develop-
mental speed. For example, a cleavage needs 35 and 15min
in medaka and zebrafish, respectively. Embryogenesis until
hatching requires 10 days in medaka compared with only 2—
3 days in zebrafish. This difference may raise a potential
barrier for chimera formation between the 2 species. To test
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the possibility for ISCF between medaka and zebrafish,
we first performed embryo-embryo chimera formation by
transplanting noncultivated medaka blastomeres into zeb-
rafish midblastula hosts. We utilized pigmentation as a
marker to monitor the survival and differentiation of medaka
donor blastomeres in the zebrafish host. In medaka, the
pigment lineage comprises of melanin-producing black
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melanocytes and other autofluorescent pigment cells such as
guanophores [18-20]. These pigment cells became visible
after 3 days postfertilization (dpf), as illustrated in Fig. 1A
and A’. The zebrafish embryo has melanocytes until 2 dpf
and lacks autofluorescent pigment cells (Fig. 1B, B’).

By transplanting ~20 medaka blastomeres into each of the
82 zebrafish blastula embryo hosts, we obtained 54 survivors

Medaka

Zebrafish

FIG. 1. Chimera formation between medaka blastomeres and zebrafish embryos. (A and A’) Micrograph of a 3-day-old
embryo of medaka strain HB32C, showing black-pigmented melanophores (A) and autofluorescent guanophores (asterisks;
A’). (B and B’) Micrograph of a 3-day-old zebrafish embryo, showing black pigmentation in the eye (B) and the absence of
autofluorescent cells (B’). (C) Micrograph of 2-day-old chimeric embryos, showing medaka blastomere-derived auto-
fluorescing guanophores (asterisks) in zebrafish hosts. (E-I) Micrographs of a chimeric fry at 5 days postfertilization (dpf),
showing the presence of 2 clusters of guanophores in the trunk (asterisk) and dorsal head surface (frame) of the chimera (E).
The medaka guanophores (arrows) are yellow and brown in color under bright field optics (F), and are positive for yellow (G),
green (H), and red fluorescence (I) under fluorescent optics. (J-L) Merged micrographs of a posthatching chimeric fry at 5 dpf,
showing guanophores in the eye (circle). Color images available online at www liebertonline.com/scd
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at 1 dpf, giving rise to a 66% survival rate, which is slightly
lower than ~80% for noninjected, dechorionated zebrafish
control embryos. We found donor-derived autofluorescing
pigment cells in 43 out of the 54 survivors (Fig. 1C), pro-
ducing an 80% efficiency for pigmented chimera formation.
Certain autofluorescent cells turned out to be guanophores,
because they became brown colored on the body surface of
chimeric fry at 5 dpf (Fig. 1E-I). Autofluorescent guano-
phores were also seen in the eye of chimeric host embryo
(Fig. 1J-L). Notably, the appearance of donor-derived me-
daka guanophores in zebrafish embryos occurred at 2 dpf
when endogenous pigmentary cells of the zebrafish became
visible, which is earlier than 3 dpf required for the appear-
ance of donor-derived medaka pigmentary cells in the
medaka embryo host [18,20]. Taken together, ISCF by
embryo-embryo transplantation is efficient between medaka
and zebrafish, and medaka donor blastomeres appear to
adopt the developmental program of the zebrafish host for
pigmentary cell differentiation.
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ES cell-embryo transplantation

We furthered our experiments to ES cell-embryo trans-
plantation. As the donors, we used the haploid ES cell line
HX1 [5] and diploid ES cell line MES1 [4], which were la-
beled with GFP and RFP, respectively, and co-transplanted
at a 1:1 ratio into zebrafish blastula hosts (Fig. 2A, B). In total,
we transplanted 61 zebrafish blastulae and obtained 43 sur-
vivors at 1 dpf, producing a 70% survival rate. All the sur-
vivors had both HX1 and MESI cells that were distributed
widely over the surface of entire embryos at 1 dpf (Fig. 2C,
D), 2 dpf (Fig. 2E, F) and 3 dpf (Fig. 2G, H). Therefore,
transplanted medaka ES cells do not compromise the sur-
vival rate and development of zebrafish host embryos, and
are able to participate in the chimeric embryogenesis.

We wanted to examine the ability and time course of
medaka ES cells” differentiation into a terminally differenti-
ated cell type in the zebrafish host. To this end, we focused
our attention on cardiomyocytes of the heart because of

FIG. 2. Chimera formation between medaka embryonic stem (ES) cells and zebrafish embryos. (A and B) Micrograph of a
zebrafish embryo host, showing transplanted medaka haploid ES cell line HX1 (green; A) and diploid ES cell line MES1 (red;
B). (C and D) Micrograph of 1-day-old chimera, showing similar distribution of HX1 (C) and MES1 (D). (E and F) Micrograph
of 2-day-old chimeras, showing wide distribution of HX1 (E) and MES1 (F). (G and H) Merged micrograph of a 3-day-old
chimera, showing a similarly wide distribution of HX1 and MES1 donor cells. Scale bars, 100 pm. Color images available

online at www.liebertonline.com/scd
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the ease with which physiologically functional cells can un-
ambiguously be identified by rhythmic contraction. On
transplantation into the zebrafish host at the blastula stage,
RFP-labeled MESI cells were found in the heart when they
formed at 1 dpf (Fig. 3A, B). Evidence for differentiation into
functional cardiomyocytes came from the observation that
these RFP-labeled MES1 derivatives were indistinguishable
from the host cardiomyocytes in cellular phenotype and
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rhythmic contraction of the pumping heart in chimeric em-
bryos during different stages ranging from 1 dpf (Fig. 3A, B)
over 2 dpf (Fig. 3C, D) and 5 dpf (Fig. 3E) to 10 dpf (Fig. 3F).
We also observed MES] derivatives outside the heart (Fig.
3A-F). In addition, MES1 was able to produce blood cells in
circulation at 1 dpf when it commenced (data not shown).
In medaka, the heart contraction and blood circulation com-
mence until 2 dpf [36]. Therefore, medaka ES cells are able to

FIG. 3. Medaka ES cell donors adopt the zebrafish developmental program. Red fluorescent protein (RFP)-labeled MES1
cells were transplanted into zebrafish blastulae and monitored for differentiation into cardiomyocytes in the heart. (A-D)
Micrographs of chimeras at the lateral view at 1 dpf (A and B) and 2 dpf (C, D). (D) Larger magnification of the area framed
in (C), highlighting MES1-derived cardiomyocytes in the heart. (E) Micrographs of chimeras at the dorsal view, highlighting a
reduction in the relative MES1 signal in 3 areas (a, b and c¢) and the heart (circled) from 5 dpf (E) to 10 dpf (F). One and the
same chimera at different days of development is shown in (B—F). The anterior is to the left. Asterisks depict MES1 derivatives
outside the heart. ey, eye; ht, heart; so, somites; tl, tail; ys, yolk sac. Micrographs are merges between red fluorescent optics
and bright-field optics. Scale bars, 100 um. Color images available online at www.liebertonline.com/scd
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adopt the developmental program of the zebrafish host for
differentiation into functional heart cells and blood cells.

Survival and persistence of medaka ES cell
derivatives in zebrafish host

Due to differences in speed and time period of embryonic
development, we were interested in determining the be-
havior of medaka ES cell derivatives in developing zebrafish
embryos and larvae. We noticed that the relative MES1
contribution was essentially unchanged from 1 dpf (Fig. 3B)
to 2 dpf (Fig. 3D). However, we observed a reduction in
the relative signal of MES1 derivatives inside and outside
the heart of chimeric larvae from 5 dpf (Fig. 3E) to 10 dpf
(Fig. 3F). In addition, 1 area of MESI derivative, area c,
disappeared when development proceeded from 5 dpf (Fig.
3E) to 10 dpf (Fig. 3F). In zebrafish, hatching occurs at 2-3
dpf. Thus, 5 and 10 dpf are equivalent to 2-3 and 7-8 days
posthatching, respectively. These results suggest that me-
daka ES cell derivatives become diluted during late em-
bryogenesis and posthatching development.

Molecular analyses of ES cell differentiation
in zebrafish host

Finally, we were interested in the use of molecular
markers to investigate ES cell differentiation in the heter-

A
FIG. 4. Molecular analyses of me-
daka ES cell differentiation in zebrafish HX1a
host. (A) After transplantation at the eed
blastula stage with medaka haploid ES
cell line HX1, zebrafish, and medaka gfap
embryos were collected at day 1-7
(D1-D7) postfertilization and sub- ntl
jected to reverse transcription—poly-
merase chain reaction (RT-PCR) myf5
analysis of gene expression profiles by
using primers specific to medaka 17
cDNAs, except for f-actin primers that _—
amplify the f-actin cDNA of both me- itf1
daka and zebrafish. The haploid ES e
cell line HX1 clone HXla and non- .
B-actin

transplanted embryos of medaka and
zebrafish were used for comparisons.
For f-actin, PCR was run for 28 cycles
with 25ng of cDNA. For other genes, B
PCR was run for 38 cycles with 25ng
of cDNA (HX1 cells, zebrafish, and
medaka embryos) and for 40 cycles
with 100ng of cDNA (chimeras). (B)
Medaka embryos. Time course of gene
expression was examined in develop-
ing embryos at indicated intervals in

-
=

eed

gfap
ntl

hours postfertilization. neg, negative myf5
control PCR without cDNA. For f-ac-
tin, PCR was run for 28 cycles with sox17
25ng of cDNA. For other genes, PCR
was run for 35 cycles with 25ng of mitf1
cDNA except for mitfl, which was run
for 38 cycles with 50ng of cDNA. B-actin
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a moderate and low level in ES cells, respectively; both of
them became dramatically up-regulated in chimeric em-
bryos; whereas the 4 remaining genes, namely the ectoder-
mal marker gfap [33], the mesodermal marker ntl (no tail or
brachyury [42]), the endodermal marker sox17 [43], and the
neural crest marker mitf [35], were absent in MESI cells and
zebrafish controls but easily detectable in medaka controls
and, more importantly, the interspecific chimeras at 1-3 dpf
(Fig. 4A).

RT-PCR analysis revealed that the 6 genes examined did
exhibit considerable differences in temporal expression pat-
terns during medaka embryogenesis (Fig. 4B). Specifically,
sox17 is maternally supplied, whereas the transcripts of ntl,
gfap, eed, myf5, and mitfl were detectable until 4, 7, 12, 24,
and 72 hpf, respectively, when embryogenesis reaches the
early morula (stage 8), midblastula (between stages 10 and
11), early gastrula (stage 13), late gastrula (stage 16), and
somitogenesis (32 somites between stages 28 and 29). These
data suggest that the onset of marker expression may far
precede the actual commitment of germ layers and cell lin-
eages and the appearance of differentiated cell types in me-
daka. Specifically, mitf expression is detectable at 2 dpf in
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Chimera Medaka
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medaka embryos but at early as 1 dpf in chimeric embryos,
indicating that medaka ES cell donors are capable of adopting
the zebrafish host program at the molecular level.

Discussion

In this study, we have established ISCF between medaka
and zebrafish, the most popular lower vertebrate models for
the experimental analysis of vertebrate development and
stem cell biology. We show that a distant evolutionary dis-
tance of 320 million years and a salient difference in devel-
opment speed do not compromise chimera formation and
proper differentiation of donor cells in a heterologous host
environment. Strikingly, by using pigmentary cells, blood
cells, and cardiomyocytes as easily identifiable cell types in
phenotype, we reveal that medaka stem cells, either non-
cultivated blastomeres or ES cell cultures, are capable of
adopting the developmental program of the heterologous
host for differentiation into physiologically functional cell
types that are properly integrated into the host organ
systems.

A critical parameter for ISCF is the donor-host compati-
bility. Factors that determine this compatibility have re-
mained poorly understood. Chimeras have successfully been
produced in several combinations of organisms, including
birds of different genera [16,25,26], fish of different genera
[22], and even between mouse and chicken [44]. However,
ISCF in mammals appears to be more complicated. On the
one hand, human ES cells can engraft into mouse blastocysts,
where they proliferate and differentiate in vitro and persist in
chimeric embryos that implant and develop in the uterus of
pseudo-pregnant foster mice [29]. On the other hand, in in-
terspecific chimeras similarly produced between monkey ES
cells and mouse embryos, the donor ES cells engraft into
mouse preimplantation embryos but not postimplantation
fetuses [27]; and production of intergeneric chimeras be-
tween mice and voles did not succeed [45]. These studies
suggest that the phylogenetic distance does not prevent ISCF
in general. The medaka-zebrafish combination used in this
study represents the most distant organisms thus far tested
for ISCF. Our success in ISCF by using either medaka blas-
tomeres or ES cells in zebrafish hosts clearly demonstrates
that a great evolutionary distance does not necessarily pro-
duce donor-host incompatibility to prevent ISCF in fish. In
this regard, medaka and zebrafish may provide a versatile
host ideal for testing the pluripotency of putative stem cells
from various fish species by ISCF. In support of this notion is
the report that ES-like cells from the sea perch (Lateolabrax
japonicus) are able to engraft into zebrafish embryos [46].

Several other factors may also be responsible for donor-
host compatibility. A difference in cell cycle length, for in-
stance, has been proposed to preclude primate ES cells from
participation in development after implantation [27]. In this
case, the development speed also differs significantly be-
tween rodents and primates: Blastocysts develop within 3.5-
4 days in mice but 5-6 days in humans and a week or more
in monkeys. It is likely that differences in the cell cycle affect
the relative proliferation of monkey ES cells within the
mouse embryo. It is also worth mentioning that mouse
gestation is around 3 weeks, whereas monkeys require over
a half-year. Similar differences in cell cycle, developmental
speed, and duration of embryogenesis also exist between
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medaka and zebrafish. Therefore, our finding that medaka
ES cells are able to adopt the zebrafish developmental speed
demonstrates that these differences do not abolish the donor-
host compatibility. In this regard, the medaka-zebrafish
combination is similar to the primate-mouse situation in
transplanting slowly dividing/developing cells into a fast
developing host. In fact, we have previously shown that a
cell cycle difference between donor cells and host embryos
does not prevent intra-species chimera formation [20].

Indeed, we have observed the reduction in, and even loss
of, medaka ES cell derivatives in posthatching larval chi-
meras. The doubling time for MESI cells in culture is 44-48 h
[4,5]. The cleavage cell cycle in the zebrafish host embryo is
15 min until the midblastula stage when cell transplantation
is performed. Our finding that medaka ES cell donors can
adopt the zebrafish developmental program for differentia-
tion strongly suggests that the cell cycle difference has little
influence on the differentiation of donor ES cells during early
embryogenesis. Our observation that the medaka ES cell de-
rivatives are diluted and even lost during posthatching de-
velopment suggests a potential role for the cell cycle difference
in the proportional donor contribution in chimeras at ad-
vanced stages of development. The cell cycle length in sub-
sequent stages of zebrafish development remains unknown,
but apparently must be much quicker than for cultured ES
cells, as evidenced by a rapid increase in cell number during
gastrulation and organogenesis. The fact that medaka ES cell
derivatives persist throughout zebrafish embryogenesis points
to the usefulness of medaka-zebrafish chimeras for analyzing
differentiation of stem cells in vivo.

The chromosome ploidy level plays a role for ES cells’
contribution in mammalian chimeras. In mouse aggregation
chimeras, for example, tetraploid embryonic cells are con-
fined to extraembryonic compartments, whereas diploid ES
cell donors are limited to the inner cell mass [8]. Previously,
we have shown that medaka haploid ES cells are indistin-
guishable from their diploid counterparts in growth and
wide embryonic contribution in the medaka host [5]. In this
study, we have also observed a similarly wide contribution
for medaka haploid and diploid ES cells in the heterologous
zebrafish host. Therefore, a difference in chromosome ploidy
does not affect donor-host compatibility and the ability of ES
cells to adopt the host developmental program for proper
differentiation.

ISCF as an emerging reproductive biotechnology for ani-
mal production in conservation biology has so far been tested
between closely related species, for example, between the
pheasant and chicken [16] and between the rainbow trout and
salmon [22]. A critical issue for this approach in ISCF between
distantly related species is the ability of donor cells to persist
throughout embryonic and postembryonic development. The
zebrafish embryo hatches at 2-3 dpf. In this study, we have
made our observation up to 2-3 days posthatching (namely 5
dpf) for embryo— embryo chimeras and up to 7-8 days post-
hatching (namely 10 dpf) for ES cell —»embryo chimeras. We
reveal the survival and functionality (eg, beating muscles in the
heart) of medaka cells in zebrafish embryos and posthatched
fry. Future work is needed to examine whether medaka cells
can persist throughout development into adulthood.

ISCF between medaka and zebrafish provides an obvious
advantage in practice. The medaka embryo has a tough cho-
rion that is a barrier for cell transplantation. Dechorionation
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requires the use of a hatching enzyme preparation from a
large number of hatching embryos [18-20], which represents a
tedious step for chimera formation in medaka. The chorion of
zebrafish embryos is thin and can easily be removed by using
the commercially available pronase E, as we have demon-
strated in this study. Therefore, chimera formation in zebra-
fish is robust. In addition, the speed of zebrafish
embryogenesis is faster, allowing for observation throughout
embryonic development within 3 days compared with 10
days in medaka. Our observation that medaka blastomeres
and ES cells can cope with the zebrafish program of embry-
onic development suggests the usefulness of this ISCF system
in studying the pluripotency of heterologous stem cells in
zebrafish.

Although chimera formation provides a unique opportu-
nity to identify as many different types of differentiated cells
as possible and to analyze the time course of their differenti-
ation during chimeric embryogenesis, the identification and
analysis remain an elusive challenge in stem cell biology. An
ideal approach will be the use of many species-specific mo-
lecular markers characteristic of different germ layers, line-
ages, and cell types. In this study, we show that medaka
donor ES cells are indeed able to express several marker genes
of germ layers and cell types. Importantly, we show that the
expression of medaka mitf] as a marker of melanocytes of
the neural crest origin becomes already detectable in 1-day-
old chimeras comparable to 3 dpf in medaka. Divergent se-
quences and proper expression of donor genes associated
with differentiation make medaka and zebrafish an excellent
system for studying chimera biology and analyzing cell fate
decision and differentiation of pluripotent stem cells by ISCF.

Conclusion

We have demonstrated the successful interordinal chimera
formation between distantly related medaka and zebrafish.
We reveal that medaka blastomeres and ES cells adopt the
developmental program of the host for differentiation into
physiologically functional cells. Most importantly, we show
that lineage restriction and cell differentiation can be easily
analyzed by detecting the expression of donor-specific mo-
lecular markers. We anticipate that ISCF between medaka
and zebrafish provides a useful tool for analyzing lineage
commitment and cell differentiation of stem cells in vivo.
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