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SUMMARY

Identification and manipulation of the germ line are that vas RNA is a germ-cell-specific marker, allowing a
important to the study of model organisms. Although description of the zebrafish PGCs for the first time. Fur-
zebrafish has recently emerged as a model for vertebrate thermore, vastranscript was detected in a novel pattern,
development, the primordial germ cells (PGCs) in this localized to the cleavage planes in 2- and 4-cell-stage
organism have not been previously described. To identify a embryos. During subsequent cleavages, the RNA is segre-
molecular marker for the zebrafish PGCs, we cloned the gated as subcellular clumps to a small number of cells that
zebrafish homologue of thédrosophila vasagene, which, in  may be the future germ cells. These results suggest new
the fly, encodes a germ-cell-specific protein. Northern ways in which one might develop techniques for the genetic
blotting revealed that zebrafishvasahomologue ya9g tran- manipulation of zebrafish. Furthermore, they provide the
script is present in embryos just after fertilization, and  basis for further studies on this novel RNA localization
hence it is probably maternally supplied. Using whole- pattern and on germ-line development in general.

mount in situ hybridization, we investigated the expression

pattern of vas RNA in zebrafish embryos from the 1-cell Key words: zebrafishyasahomologue, germ line, primordial germ
stage to 10 days of development. Here we present evidencecell, localized RNA, cleavage

INTRODUCTION about how germ-cell fate is determined, how germ cells
migrate to the gonad and how these cells retain totipotency.
Germ cells are a highly differentiated cell type whose unique Besides intrinsic biological interest, studies of germ cells
role is to transmit genetic information between generationgan have practical implications. In mice, it is possible to culture
For any model organism, identifying the germ cells, determinprimordial germ cells (PGCs) (Matsui et al., 1992; Resnick et
ing when and where they arise during embryonic developmerd)., 1992) and return them to the embryo where they can par-
and ultimately understanding the genetic basis for their deteticipate in normal development, including contributing to the
mination are important questions. In recent years, much hdsture germ line (Labosky et al., 1994; Stewart et al., 1994).
been learned about the origin of germ cellsCinelegans  Thus, identification of germ cells can open the way to genetic
Drosophilg frog and mouse embryos (reviewed by Wei andnanipulation of the germ line, including, for example, homol-
Mahowald, 1994; Nieuwkoop and Sutasurya, 1979). In wormsgous recombination and insertional mutagenesis.
flies and frogs, specialized cytoplasm containing specific The zebrafish is a model organism of great importance for
RNAs and proteins, and known as germ plasm, or pole plasthe study of early vertebrate development, but little is known
(in Drosophilg, is asymmetrically localized within the egg about the origin of the zebrafish germ line (Walker and
(reviewed by Eddy, 1975). During cleavage of the zygote, thiStreisinger, 1983; Lin et al., 1992). In other teleosts, analyses
specialized cytoplasm becomes segregated to cells that wilf early germ-line development have relied almost exclusively
become the germ cells (pole cells) Orosophilg cytoplasmic  on morphological identification of the PGCs (Wolf, 1931;
transplantation has shown that pole plasm is sufficient to dire@ildine, 1936; Johnston, 1951; van den Hurk and Slof, 1981,
the development of ectopic pole cells at the site of injectioflamaguchi, 1982; Lebrun et al., 1982; Brusle, 1983; Parmen-
(lmensee and Mahowald, 1974, 1976; Okada et al., 1974)ier and Timmermans, 1985; Timmermans, 1989). In medaka
The application of genetics iDrosophila has permitted the (Hamaguchi, 1982) and rosy barb (Timmermans, 1989), for
identification of a number of genes essential for the determexample, PGCs can first be identified by light microscopy at
nation of the germ line, including some of the genes whosthe 10- to 12-somite stages. Clearly, in order to better under-
RNA or protein products are localized to pole plasm in the eggtand early germ-line development in teleosts, it would be
and early embryo (reviewed by Williamson and Lehmannhelpful to identify genes expressed specifically in PGCs.
1996). Despite extensive progress, much remains to be learnedn Drosophila the vasa gene was initially identified in



3158 C. Yoon, K. Kawakami and N. Hopkins

genetic saeens 6r maemal-efect nutants tha alteed
embronic  anteior-posteior  polaity (Schupbatr and
Wiesdaus, 1986). €males homozyaus br a nutation in the
vasagene gve lise to pogery tha are steile because theladk
pole cells, the futwr gem cells. Thevasagene encodes an RN
helicase of the DEAD-bofamily of proteins thais speciftally
expressed in theagm-cell lineagge (Hey et al., 1988a,b; Lask
and Ashlirmer, 1988). Tanscipts of vasa are mdemally
supplied and ar distibuted thoughout the gg cytoplasm;
however, vasa potein is &pressed oyl a the postaor end of
the fly embiyo in pole cells and zyiic transciption of the g@ne
is limited to pole cells. Inettebrates, avasalike homolgue
has beenloned in flogs (Komiya et al., 1994), mice (Fujawm
et al.,, 1994) andats (Komiya and &nigawa, 1995), and has
been shan to be &pressed specdally in the gem line of older
animals in these ganisms, although its localizan in ealy
embos has not beerported

To identify a molecular m&er for the gm-cell lineae in
zebrafish, we doned avasalike gene which we designte
zebrafishvasahomolgue {as), and used nt¢inem Hotting and
whole-mount in situ Vbridization to anajze its RM
expression pem in embyos and larae We find thd, as in
Drosophila transcipts of vas are supplied mmally in the
egg. In stiking contiast toDrosophila havever, RNA in situ
hybridization reveals thavastranscipts ae piecisey localized
within the zbrafish embyo as edy as the 2-cell ste. Specif
ically, we detected the RNalong the teavage planes tathe 2-
and 4-cell stges. Examingon of vas RNA in whole-mount in
situ hybridization & mary closely spaced time points sgests
that duiing subsequentie@avages, this localiad maemal RNA
first condenses into subcelluldumps and then is geegated
to a small amber of cells, usuallexactly four. Later duing
the somite siges, the nmber and position of theasexpress
ing cells sugests thathey are the ebrafish pimordial germ
cells. Although it emains to be pwen, the d&a ae stongly
suggestive tha the cells thainitially inheiit the maemally
expressed/asRNA are the futue zbrafish germ cells. V& hare
found a nwel medanism of meemal RNA localizaion, on
cleavage planes, thigpotentialy seves to mak the futue gem
line from an &tremel eaty stage of development.

MATERIALS AND METHODS

cDNA cloning

PCR was perbrmed with the dgeneste pimers MACAQT (5-

ATGGCNTG(T/C)GCNCA(A/G)ANG-3) and MLDMGF (3

(A/G)AANCCCAT(A/G)TCNAGCAT-3 and B-

(A/G)AANCCCAT(A/G)TC(T/IC)AACAT-3), Taq Plymemase
(Boehinger Mannheim), and 1ug of templdae prepared from

zebrafish ovary (gift of M. Allende), using 35 ampliition ¢ycles

(90°C for 30 seconds, 55°@if 1 mirute, 72°C br 1 mirute). The

adult zZbrafish cDMA library was a §ft of Robett Riggleman and
Kathryn Helde RT-PCR and 5RACE were perbrmed using Super
Sciipt Il (GICBO-BRL Life Sciences). AP pner (GICBO-BRL Life

Sciences) and theiprers 3-GGACGTGAGTGGCAGCAATC-3 and

5'-GATAGCGCACTTTACTCAGG-3 were used ér RT-PCR and the
primers, 3-CCTGAACGAATCACCAGTCA-3 and B3-CCAGT-

CATTTTCCATGAGCTACC-3, were used ¢r 5-RACE. RNA from

adult fish was etracted ly grinding frozen fish and using fT Reagent

(Molecular Reseah Center Inc.) accoding to the manfactuer’'s

instructions. Sequence alignmenasvaccomplishedytthe Lasegene
software (DNAStar, Inc.) and modifed marmially.

Northern b lot anal ysis

Northem bot anaysis was perbrmed under high-dstigeng/ con

ditions as peviously descibed (Gaiano et al., 1996), using [1% total

RNA per lane The 0.83 kb mbe was isoléed fom thevascDNA by

digestion withBglll and HindlII (corresponding to udeotides 1728-
2562 ofvas cDNA, accession mmber AB005147).

Whole-mount in situ h  ybridization
Embiyos were maintained ta28.5°C and stged accading to hous
and dgs postértilization and mopholagical ciiteria (Kimmel et al.,
1995). Pllowing fixation in 4% paaformaldetyde-PBS chorions
were removed from the embyos by hand usingdrceps. In situ lybrid-
ization was perbrmed essentiallaccoding to Allende et al. (1996),
with the bllowing modificaions. After in vitio transciption using a
1.2 kb fagment fom the 3-end of vas cDNA (corresponding to
nudeotides 1728 to 2865 oascDNA, accessionumber AB005147)
or a 0.4 kb fagment (coresponding to ndeotides 1022 to 1405 of
vascDNA) as a templie, the RM probe was puified using Nucfiap
Push Columns (Sitagene), and then pcipitéed with ammonium
acetée and ethanol. Bteinase K ®ament was perbrmed br 5
minutes & 10 pug/ml for 10- to 20-somite-ste embyos, 10 minites
at 10 pg/ml for 24 hour emlyos and 30 miates & 25 pg/ml for 3, 4
and 10 dg larvae Embryos younger than 10-somite sja were not
treated with poteinase K. Br doulbe in situ tybridizations, both RN
probes vere labeled with UTP-11 digxigenin, and kbridization and
detection eactions wre caried out sinultaneousl. Embryos were
cleared in glceml, mounted under a ioiged cwerslip and phe
tographed with a Nikn Microphot SA micoscope

For histola@jical anaysis, in situ lybridized embyos were stained
for & least 36 howg, then pocesseddr plastic sectioning as dedmd
(Allende et al., 1996). Sectionsew phot@raphed with a Zeiss
Axiophot micioscope

RESULTS

Isolation of z ebrafi sh vasa homologue cDNA

To isolde a zbrafish homolgue of theDrosophilavasagene
(Hay et al., 1988b; Laskand Ashlrner, 1988), ve designed
degeneete PCR pimers to amplify the AP-binding sequence
conseved in DEAD-bx family genes (kg. 1). Similar dgen
erate pimers to this egion hase been used tdane thevasa
homolgyues of other erebrates, RVLG (rat; Komiya and
Tanigawa, 1995) XVLG-1(frog; Komiya et al., 1994) anilivh
(mouse; Fujivara et al., 1994). DN bands of pproximately
400 bp vere amplifed by PCR using ébrafish ozary cDNA as
a templée. This DNA was doned and angked by DNA
sequencingAmong seen diferent dones, thee were homot
ogous to RM\ helicases. Wo of these wre similar top68,
another RM helicase with a DEAD-bo (Ford et al., 1988),
while the thid was moe similar to the grtebrate vasagenes.
Southen hybridization using the lder DNA shaved tha it was
a single cop in the zbrafish (ddéa not shan). This 400 bp
vasalike DNA was theefore subsequentlused to s&en a
zebrafish adult cDM library.

Three d¢ones vere isolded ly the cDM library scieening
and the longst one was sequencedrhe werall structure of
this done was highy homolgous to thevasagenes of other
animals. V& found hawvever, tha thee was a fameshift
mutation in the codingegion and the lone laked a complete
5" end 5 RACE and R-PCR using total RN prepared from
an adult émale fsh were perbrmed and a lorgy cDNA
sequence of theehrafish vasahomola@ue was obtainedThe
single base pair deletion causing thenfeshift nutation was
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1994),
1988; Lagkand Ashbrner, 1988) asa potein

sequences araligned The amino acids thare identical to theeabrafish sequence ahighlighted Arrows have been placedbave the amino
acids on vhich the dgeneete PCR pimers ae basedGenBank accession amber: The accessionumber br the sequenceported in this

paper is AB005147.

present onl in the cDM library. The 2865 bp cDN sequence
assemled from the sequences of the cBN6' RACE and R-
PCR poducts encoded an opegading fame br a potein of
716 amino acids. Althoughencould not fid a stop codon jar
to the putéive initiation codon, ve think this 716 amino acid
protein is likely to be a poduct of this gne because (1) the
sequence aund the putdve initiation ATG codon completgl
matched the consensus sequenoe €ukayotic transldion
initiation (Kozak, 1984) and (2) the length of the c®MWas
consistent with thaof the tanscipt detected ¥ nortthem
hybridization (see belw).

The alignment of theebrafish potein to the &sa poteins of
other animals is shen in Hg. 1. The pedicted amino acid

Northern b lot anal ysis indicates that z ebrafi sh vasa
homologue is maternall y supplied

Northem blot anaysis was perbrmed using a @mbe deived
from the vas cDNA (see Maerials and Methods). Durg
embryonic development, thesas gene is gpressed as adn
sciipt of goproximately 3.0 kb (Fg. 2). vasRNA is present in
embryos just after drtilization (0O hour), indicdng tha the
messge is maemally provided RNA continues to be detected
at the bginning of gastulation (6 hous) kut, by 24 hous and
up to 4 dgs, it was undetectde by northem anaysis. As
shovn by in situ hybridization (see bebl), however, this is
probably because the amountwastranscipt becomes too @
reldive to total RM to be detected

sequence is 52.8%, 52.8%, 49.3% and 40.9% identical to the

mouse rat, XenopusandDrosophilavasa poteins, espectrely.
The =zbrafish potein also contains the eigtdgions tha are
conseved among DEAD mtein family membes (Linder et al.,
1989; Fujivara et al., 1994). \hle we can notxclude the pos
sibility that, in zebrafish, thee ma be a toser homolgue to
the Drosophilavasagene the high dgree of consestion in
the overall structure of the potein and conseed helicase-
domain betwen the ébrafish gene and theasafamily genes
leads us to comade tha the gene thawe doned is lilely to be
a zbrafish homolgue of thevasagene Thus, the gne epre-
sented hex is designied zbrafishvasahomolgue {as).

Whole-mount in situ h  ybridization to detect the
localization of z ebrafi sh vasa homologue RNA

To detemine the localizéion of vasRNA, whole-mount in situ
hybridization was perbrmed using digxigenin-lebeled RM
probes caresponding toegions of thevascDNA (see Méerials
and Methods). ie maemal vasmessge, detected  noithem
blot hybridization, was not detected indshy fettilized egs or
in 1-cell-stge embyos ty whole-mount in situ ybridization
(data not shwn). This is most lilely due to a limit in the sen
sitivity of the whole-mount in situ ybridization protocol. vas
transcipt was detected &m the 2-cell stge, hovever.
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Fig. 2.Northem bot anaysis shavs thd vasis maemally supplied
Total RNA from embyos 4 various derelopmental siges was botted
and pobed with asvascDNA fragment. Hous after ettilization ae
shavn. Equialent amounts of total RNwere loaded as judgl by
the amounts of 28S and 18S rRMsible (not shavn).

The zbrafish zygte undegoes a sées of @pid, syndiro-
nous meoblastic deavages so thethe diiding embyo is
situated on top of the nonleaving yolk cell. As shan in Hg.
3A,B (see also ig. 6 for shemdic summay), vas transcipt
is first detected Yoin situ tybridization & the 2-cell stge (45
minutes postttilization a 28.5°C). Stikingly, the tanscipt is
seen along theleavage plane It is not localizd along the
entire length of the plandwut in shot stipes of &pression,
generlly closer to the glk than the center of the enybor By
the 4-cell stge (1 hour), gpression along therfit deavage

plane has become atrger and &pression is detected in

addition along the secondeavage plane which is pependic
ular to the fist (Hg. 3C). Aaain, the &pression does nok&nd
along the ent& length of the plane

At the net two deavages,vasexpression along therfit and
second leavage planes paists and emains swng The
expression thabegan as 6ur lines along the tw deavage
planes athe 4-cell stge stats to condense intdumps as edy
as the 8-cell sge (Hg. 3D) and by the 32-cell stge (1.5
hours), vas expression is detected inodir cells (dé&a not
shavn). As can be seen in a section of an in sitbridized
32-cell-stge embyo (Hg. 5A), the RM appeas as a single

clump in the gtoplasm, considebly smaller in diameter than

the cell in vhich it is containedWealer expression is often
seen along otherdaavage planes tathe 8- and 16-cell sges
or in other cells aund the majin of 32- and 64-cell-ste
embryos. This expression does not become assty as the fst
four regions of epression and as not detected ater staes.
vas RNA remains localied to &actly four cells though the
1000-cell stge (3 hous) (Hg. 3E). By the dome sti@ (4.5
hours), havever, when thee ae gproximately 4000 cells in
the embyo, the RM\ is detected indur to twelve cells per
embiyo and is no longr subcelluldsy localized, but gppeas to
fill the gytoplasm (kgs 3F 4A,B). The midbastula tansition,
when zy@tic transciption begins, occus & approximately 3

hours postéttilization in zebrafish (Kane and Kimmel, 1993).

vas expression detectedt alome stge in nultiple cells is
probably due to ne transciption from the embyonic genome
and to dvision of the cells thafirst contained subcellulgr
localized vas RNA.

At the shield stge (6 hous), thee ae &out 16-25vas
expressing cells per ey (Fg. 4C,D). They are usual in
four sgparate goups, spaced annd the emiyo, and gneally
near the majin. It gppeas thd the ur cells thainheited
maemal vas RNA have undegone & most thee dvisions to

E F
Fig. 3. Whole-mount in situ ybridization on eally cleavage to dome-
stage embyos. Embyos were hybridized with avascDNA fragment
riboprobe (See alsoi. 6 for shemaic summay.) All panels sha
top views of embyos, except in B (side vigv). vastranscipt is
detected along thdezvage planes (aows) of embyos 4d the 2-cell
stage (A,B, same emiyo) and 4-cell sige (C). These lines of
expression pesist though the 8-cell sge (D).vasRNA expression
condenses into 4 subcelluldnmps ty the 32-cell stge (not shan),
and emains in this corduration through the 1000-cell sga (E). By
the 4000-cell sige (dome stge), vasRNA is no longer subcelluldy
localized and ppeas to fil the g/toplasm (F). Tiere ae 4-12vas
expressing cells per emjs & the dome stge. Scale barl00um.

geneste the mmbes of positie cells thawe detect. Doule

in situ hybridization of shield-stge embyos with agoosecoid
probe sewing to mak the position of the shield (Sthel et
al., 1993), indictes thathe position of th@as-expressing cells
is different elaive to the shield in diérent embyos.

During the emainder of piboly, when cells mee to com
pletely endose the plk, vasexpression is detected impprox-
imately 30 cells per emlgp (Fg. 4E-H). Using ebrafish
Brachyury as a méter for the notobord and the gm ring
(Schulte-Meker et al., 1992)yas-expressing cells a@ seen to
lie in positions thavary from embyo to embyo. In geneal,
however, vaswas bund in cells thiawere gproximately half
way between the leading edgof the lastodem and the
anterior of the embyo. As giboly progresses, theolur goups
of vas-expressing cells gpear to mee tavards the dosal side
of the embyo and tuster into tvo groups on either side of the
midline, the same distance to théght and left of the
notochord. Although the tusteiing of the cells into te groups
is genenlly completed B the bginning of somitgenesis (10
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hours), vaiability is often seen within algtch of embyos. For by doube in situ tybridization with MyoD, which is epressed

example thevas-expressing cells @& occasionajl seen to il in the somites (\Wnbeg et al., 1996) (i§. 41,J). Tanserse
down one side of the emym, or extend along the length of the sections of in situybridized embyos 4 this stge shav tha the
body. vas-expressing cells &rlocded in a papheral region (Fg. 5B).

During somit@enesis, thevasexpressing cells amain  They remain in this position tleughout somitgenesis (k9.
clusteed d the level of the thid to fifth somite as detenined  4K,L). By 24 hous, the cells @& locdaed where the wlk ball

Fig. 4.Whole-mount in situ
hybridization on older emhyos and
larvae Embiyos were tybridized
with avasriboprobe The cells
expressingvasare indicaed with
an arow. In embyos tha were
simultaneous} hybridized withvas

and a second pbe to mak the A
location of paticular stuctures, the
cells xpressing the second:ge
are indicaed with an alowhead In
I-R, embyos and larae ae
oriented suh tha anteior is to the
left. (See alsoi. 6 for sthhemaic
summay.). (A,B) Top views of 2
different 4000-cell-stge (dome)
embryos shev tha the locéion and E
numbes ofvas-expressing cells &
similar but not identical in diferent
embryos. (C,D) Dp view (C) and

side viav (D) of a single emlyo

douHbe labeled withvas (arow)
andgoosecoidarowhead).
Goosecoids expressed in the

dorsal shield (Stzhel et al., 1993).
The position of theas-expressing

cells elaive to the shield afies. |
(E-H) Embyos undegoing epiboly
doule labeled withvas (arow)
andBrachyury (arowhead).

Brachyury is expressed in the
developing notobord and the gm

ring of the embyo (Sdulte-Meker

et al., 1992). e dosal view (E)

and \entral view (F) of the same M
embryo & 70% eiboly shav the
vas-expressing cells arlocaed
around the magin of the embyo.
These cells migte tovards the
dorsal side of the embo as seen in
the left side vier (G) and ight side
view (H) of one embyo & 90%
epiboly. (I-J) Dosal vievs of
embryos d the 6-somite sge (1)
and 10-somite st (J) ae doulbe
labeled withvas (arow) andMyoD
(arowhead).MyoD is expressed in
the somites (Winbeg et al., 1996).
As seen in |, theas-expressing
cells hae dusteed on either side
of the midline athe level of the i
third to fifth somite These cells Q
remain in the samesldive position
during somit@enesis (J).

(K-L) Dorsal viev of 20-somite emlyo shavs tha vas-expressing cellsemain in 2 tustess (K). Higher manificaion view (L) reveals thavas
RNA is present in theytoplasm. (M-Q)vas-expressing cells (aow) extend posteorly in 2 bilaeral rows duing late embyonic and edy
larval development. (M,N) Side vie of 24 hour embyo & low (M) and high (N) mgnificaion. (O,P) Lov magnificaion side viev (O) and
higher magnification dosal viev (P) of 3 dg larva. (Q) Side vie of 4 dg larva. (R) Side vier of a iepresenttive sense contt (4 days). Scale
bars, 200um except 20pum in L, N and 5Qum in P

R
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meets the glk tube and elative to the somites, their position is cloned inXenopugKomiya et al., 1994), mouse (Fupm et

unchanged (Hg. 4M,N). The vas transcipt still appeas to fil
the g/toplasm (kgs 4L, 5C). As deelopment poceeds, theas
expressing cellsxend postaorly for a\arable distance todm
two bilateral rows of cells dasolaeral to the gut (s 4QPQ,
5D). Geneally, the umber of cells xpressingvas transcipt is
approximately the same on the left anidint sides of the animal.

The ldest stge & which we perbrmed whole-mount in situ
hybridization is 10 dgs (dda not shan). At this stge in
development, the laae ae well developed and & svimming
and keding vigrousl. The rumber ofvasexpressing cells is
seen to hee increased ealy, while remaining in tvo bilateral
rows of cells thaigppear to hee coalesced into aogad The
two rows of cells ag locded lgeral to the caudal ption of the
swim bladder, dorsolgeral to the gut and ental to the
pronephiic tubules (Rg. 5E).

DISCUSSION

We identifed a g@ne zebrafish vasahomolgue {as), whose
transcipt seves as a méer for the zbrafish gm line. The
position and amber of vas
expressing cells dimg somi
togenesis and onavds sugest
tha they are the =ebrafish
PGCs. Most sikingly, by the
4-cell stge, maemally
suppliedvas RNA is localizzd
into four stipes locéed along
the first two deavage plane:
(Fig. 3A-D). These sipes
condense intodur subcellula
clumps tha pesist duing
ealy cleavage stajes (Rg. 3E).
We beliee thd, soon after th
midblastula tansition, the dur
cells tha inheiit these mps
begin to express vas RNA
zygotically and  undego
several cell dvisions. W
recanize thd further epeli-
ments will be necessarto
confrm tha the vasexpress
ing cells in edy embyos ae
the founding populBon of
gem cells. Havever, our in
situ hybridization expeliments
were perbrmed on man
closely spaced time points a
suggest tha we ae obseving
the oigin, replication anc
migration of a single cell pot
ulation, the #brafish PGCs.

vas is the homologue of
the Drosophila vasa gene

Previously, putdive home
logues of Drosophila vasa
(Hay et al., 1988b; Laskanc

Ashkurner, 1988) had bee V. yolk. Scale bar50um.

al., 1994) andat (Komiya and &nigawa, 1995). Tie pedicted
amino acid sequence @ésis highly similar to tha of these
vertebrate vasa genes (kg. 1). Closer ramindion of the
predicted amino acid sequences of theseeg eveals the
presence of sigriare amino acids, sggsting thathese gnes
are true vasahomolgyues. hese amino acids ihae tiypto-

phan (W) esidues near the stand stop codons, and aghe
(G)-rich region in the NH-temminal potion of vas containing
multiple aginine-glycine-glcine (RGG) epeas. Futher

more, vas encodes a ptein tha contains the eight consed

regions found in DEAD-bx protein family membes (Linder
et al., 1989; Fujiwra et al., 1994), idading Drosophilavasa
and its ertebrate homolgues. herfore, we contude thavas
is probebly the zbrafish vasahomolague

vas RNA is e xpressed in the z ebrafi sh primor dial
germ cells

In other fsh species, pmordial gemm cells hae been iderti
fied by momholagy (Wolf, 1931; Dilding 1936; éhnston,
1951; \an den Huk and Slof 1981; Hamgudi, 1982; Lédrun
et al., 1982; Busle 1983; Tmmemans and &veme, 1989).

Fig. 5. Histological anaysis of in situ lgbridized embyos and larae Trans\erse sections (Am) were
prepared llowing in situ tybridization. vas-expressing cells @& indicaed with a lack arow. (A) 32-
cell, (B) 6-somite(C) 24 hous, (D) 4 das, (E) 10 dgs. Note thg in A, & the 32-cell stge, the dump
of vasRNA is considesbly smaller than the sizof a single cell, hereas in the older sgas (B-E), the
RNA is present thoughout the ytoplasm. Te position of theas-expressing cells dsolaeral to the gut
(g) and entrl to the ponephric tubules (outlined aow) in 10 dg larvae (E) sugests thathese cells
are the ebrafish PGCs. Otherhreviations: n, notobord; nt, neual tube; p, paneas; s, wim bladder;



Fig. 6. Schemdic summay of zebrafish
gem-line deelopment duing
embryogenesis. Stemdic drawings of
vasRNA expression in gbrafish embyos
as detamined ly whole-mount in situ
hybridization (Fgs 3, 4), indictes thavas
RNA is expressed in theebrafish
primordial gem cells (PGCs). fie staes
and vievs ae indicdaed belov eah
drawing and the glk is shadedArrows YN
point to thevas-expressing cells in

1 cell, side

—s

selected sgges. In shield-sge embyos,
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SO DT

2 cell, top

2 cell, side 4 cell, top 8 cell, top

| e . .
the arowhead indictes the dasal shield bt 6D %

In the 80% piboly embryo, the llack
arowhead indictes the deeloping
notodord whereas the \wite arowhead
indicaes the gm ring. vasRNA is first
detected along theréit two deavage
planes (aows), then condenses intour
subcellular mps ly the 32-cell stge
(arows). These 4 mps ae sgregated
to four cells though the 1000-cell sge.
By the 4000-cell stge, the cells tha
inheiited vasRNA, the PGCs, ha beyun
to divide andvasRNA is locaed

32 cell, top

80% epiboly, side

1k cell, top

4k cell, top shield, top shield, side
LR

6 somites, side 24 hr, side

throughout the ytoplasm. Mitoses contire duing eaty gastulation to generte gproximately 30 PGCsvasRNA detected up to the 1000-
cell staye is pesumaly maemal RNA, while after thait is presumed to be dieed ty zygotic transciption. Duiing epiboly until eaty
somitagenesis, the PGCs nmage tavards the dosal side of the empo, forming two dustess of cells to theight and left of the notdwrd,
adjacent to the thirto fifth somite They remain in this position tlough edly larval stajes, atending postéorly for a \ariable distance to
form two bilateral rows of cells in the gnadal anlgen and lger resume mitosis (not stham).

They can be ecanized with cetainty after thg have migated
to the gpnadal anlgen and then,yoworking bakwards in time
using mopholagy as the dterion, in some species their
locaion can be dllowed as &r ba& as somitgenesis
(Hamaudhi, 1982; Tmmemans and &veme, 1989). By edy
larval stgyes, ebrafishvasexpressing cells & seen tthe site
of the gonadal anlgen, dosolaeral to the intestine andcentral
to the ponephiic tubules (Fgs 40-Q 5D,E), similar to thaof
PGCs desdbed in 1osy barb (immemans and deme
1989), medaka (Hamgadi, 1982) and car (Pamentier and
Timmemans, 1985). Ftinemore, duiing somitaenesis (k.
4]-L), thevas-expressing cells @& locded in a position similar
to the position of the PGCs imgy barb (immemans and
Taveme, 1989) and medaka (Haguchi, 1982). Although the
PGCs ae dusteed adjacent to a meranteior somite (thid
through fith somites) in ebrafish than in theasy barb (near
the tenth somite), the PGGmmain in theirespectie positions
relgive to the somites tbughout somitgenesis in both
organisms. Moeover, the positioning of thevas-expressing
cells in the paphely, above the pablast duing somit@enesis

box proteins (see Results), itas subsequengtshavn tha our
vas cDNA PCR poduct ecanized a single band on a
Southen hlot (daa not shwn). Futhemore, using avas
cDNA fragment as a pbe br nothem blot hybridization, we
detected a single band of the same $inth befre the mid
blastula tansition (Kane and Kimmel, 1993) and also after
zygotic transciption has bgun (Rg. 2).

As for the edrer time points, v cannot be ctin from our
daa thd thevasexpressing cells thtave detect befre somite
genesis a the pesumptve PGCs. Fuher expeiiments, sub
as dlation or tansplantdon of these cells, arnecessgrto
confirm tha the cells gpressingvas RNA during deavage,
blastula and gstula stges ae indeed the pcusors of the
gem-cell lineagje. Nonetheless, the consistent and cardirs
patem of replication and migation of vas-expressing cells tha
we detected Y whole-mount in situ ybridization is most
simply inteipreted asavealing a single popui@n of cells fom
eaty ceavage (Hg. 3) though lde laval staes (Kg. 4). Our
daa sugest, theefore, tha we ae obseving the &pression of
a single gne vas,in a single cell linege, the PGCs.

(Fig. 5B) is analgous to the position of the PGCs in medaka

at a similar stge (Hamaudhi, 1982). he similaities in the
position of the PGCs in otheshi with thevas-expressing cells
in zebrafish form the basisdr our contusion tha the vas-
expressing cells dimg and after the somite-ges ae the
zebrafish PGCs.

Since the DEAD-bp family of RNA helicases shas a
highly homol@gous RM\-binding domain, it is possi® tha
our vas cDNA probe ma cross-lybridize to other RM
helicases. W do not belige thd this is the casehowever.
Although PCR using dmneste pimers amplifed the
zebrafishvashomolgue and68 which both encode DEAD-

Number of PGCs

Studies l Walker and Stisinger (1983) led to an estireaof
the rumber of @m cells in the edy zebrafish embyo. By ira-
diating deavage-staje embyos and subsequeytlanayzing
mutant done siz & a pigmentton locusgol-1, they estimaed
tha the aerage rumber of PGCs in theebrafish embyo is
about 5 up until the 2000- to 4000-cellgga. Our obsestion
that there ae 4vasexpressing cells dumg this time peod is
in stiking agreement with their cotasions. Inteestingy,
when we made bimers in our laoratory by transplanting
about 50 cells fom geneticaly pigmented emlyos to albino
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embryos when both vere & the 1000- to 2000-cell sies, we
never obtained ma than 20% gme-line dimeras among the
recipients (Lin et al., 1992). If e&vassume thahe 4 cells con
taining subcelluldy localized vas RNA at the 1000-cell sge
are predetemined gm cells, then one in 250atnsplanted
cells would be a pedetemined gm cell, esulting in an
expected fequeng of obtaining one gme-line chimeras br
evety 5 chimemas gnested the flequeng tha we obseved
Further epeliments wuld be neededhowever, to lean
whether the dte of vas-expressing cells is deteiined & the
time of transplantaon.

It is also inteesting to note thighe sgregation of vas RNA
to exactly 4 cells (kg. 3E) dummg eaty cleavages is stikingly
similar to the sgregation of germ plasm inXenopudaevis to
exactly 4 presumptve PGCs until the 32-cell gfa (Whiting-
ton and Dixon, 1975). fle pocess B which this occus in
Xenopusembryos is someha different from the distibution
of vastranscipts in ealy zebrafish embyos, havever. Xenopus
gem plasm is localied to the egetal pole ofXenopusoostes
and is paitioned betveen eal of the fist 4 Bastomees ly
the frst two deavage planes. Dung subsequentieavages, the

tha are incubaed 4 28.5°C br 2.5 hous bebre fixation, vas

RNA aggregates, gpaently a random, into smalllbbs (dda

not shevn). The fact tha these obs tha form in unkttilized

eggs seem to be andomy distibuted thoughout the
cytoplasm, without a consistentimber or sie, sugyests tha
cleavages ae not necessgifor the ggregation of vasRNA per

se but may play a le in corectly positioningvasRNA during

the frst two deavages.

Given tha vasa transcipt is distibuted thoughout the
Drosophilaegg, the highy resticted, subcellular localizion
of vas transcipts in deavage-staye zbrafish embyos was a
sumprise. However, localizaion of maemally supplied RMs
to gem plasm and then to emyjlamic germ cells is not in itself
a nav finding (eviewed by St. bhnston, 1995). Wt is novel
in our studies is the actual site of localiaa of vastranscipt:
four shot regions along the fst two deavage planes (ig. 3A-
D). This urusual localizéion pdtem results in dur subcellu
lar dumps ofvas RNA that pessist within the emlyo as cells
contirue to deave aound them and it prvides a vey for vas
RNA to be segregated to «actly four cells (kg. 3E). The
molecular melsanism egulaing the atachment ofvas tran

gem plasm becomes positioned to one of the mitotic spindlesciipts to the teavage planes has notey been detenined

and as a consequence of its asymimepositioning within
these cells, it becomesgsegated to one daughter cell aah
of the ealy cleavages, maintaining 4 psumptve PGCs athe
32-cell stge. ‘Nuage’ the electon-dense warulofibrillar
component of theegm plasm (eviewed ty Eddy, 1975), has
been identiftd in Zbrafish ogonia and deeloping oogtes
(Selman et al., 1993). Maver, we do not kna whether niage
is present in edy embryos and \iether it plgs a ple in the
development of the ebrafish PGCs. It will be irdrmative to
detemine whethervasRNA is localized to mage in zbrafish.
It appeas thd the 4 zbrafish pesumptve PGCs fom the
1000-cell stge (Hg. 3E) undego & most 3 mitoses dimg gas
trulation to geneete ébout 30 PGCs thamigrate to the gnads
(Fig. 4). The rumber of PGCs thare geneeted ty the initial
mitoses is similar to theumber of PGCs in othersth duing
this perod of development. In @sy barb (Tmmemans and
Taveme, 1989), medaka (Hargaci, 1982), and car (Par-
mentier and immemans, 1985), the umber of PGCs is
between 30 and 50 per enylorduting somit@enesis and does
not incease gedly duiing the migatory petiod. The gnee-
tion of a small dunding populaon of PGCs and anbaence
of mitoses dung their migation to the gnads is a gneal
chamcterstic of germ cells in most species @V and
Mahowald, 1994). As in other ganisms, the eébrafish PGCs
appaently resume mitosis once théave populéed the gnad

Maternall y supplied vas transcripts are specifi
localiz ed to cleavage planes at the 2- and 4-cell
stages

The fact tha, in zebrafish, zygtic transciption does not tgin
until the midibastula tensition, vhich occus & the 1000-cell
stage (Kane and Kimmel, 1993),dether with our esult tha
vas RNA can be detected in a bem blot of RNA from
freshy fettilized @gs (Hg. 2), agues thavas transcipt is
supplied meemally. As for the RM that is detected Yin situ
hybridization from the 2-cell stge (Fg. 3A,B), it is pobale
tha this is méemal RNA that aggregates into visille dumps
along the teavage plane since the fist deavage occus only
about 45 mimites afterdttilization. In fact, in unéttilized eggs

cally

Cytosleletal components or menamre-bound mteins might
be epected to be wolved (St. dhnston, 1995).

The function of the mtein encodedybDrosophilavasaand
its vertebrate homolgues is not full undestood et. Since
they contain a DEAD-bg protein sequengét is sugested tha
their function in @m-cell deteminaion is rlaed to their
ability to bind to and unwind RA. These actiities hare been
demonstated for the Drosophilavasa potein in vito (Liang
et al., 1994). No bideemical studies of theewtebrate vasa
homolaues hae been pedrmed A possilbe role for the \asa
protein could be to bind to RA required for germ-cell deter
mination and conl their transldion. Inteestingy, it has been
shavn in Drosophilathat, while vasa potein is necessarfor
pole cell deelopment, it is not sfitient (Hay et al., 1990;
Lasko and Ashhrner, 1990). Futher studies of theebrafish
vasa potein, sub as its localizéon, will lead to a better under
standing of itsale in gem-line development.

The finding tha vas transcipts ae highly localized to
cytoplasm thais gppaently distibuted to the futwe germ cells
suggests vays in which one my be dle to label and then
purify this populdion of cells. At the miniram, these fidings
provide an assafor germ cells and might help us to deténe
culture conditions under kich to popagate this impotant cell
type Whether this can be done andhether the cells could
retain totipoteng and be etumed to the animal to p@cipate
in nomal development will be impdant lines of inestiggtion
in the futue.

We thank Bett Hayward, Jennifer Mugg and Dean fiompson ér
fish cae, Robet Riggleman and Kearyn Helde 6r the cDM library,
David Grosshansdr assistance with sequencing ara Reilly for
assistance with sectioningVe also thank Miguel AllendeCatos
Semino, M&thias Hammesdhmidt, and membsrof the Hopkins lla
oratory for reagents, tebnical adiice and helpful discussions Gy
the couse of this wark. We ae gateful to Rudolf denist, Hazl
Sive, Judy Plesset andahni Nusslein-dlhad for their inteest. W
are especiajl grateful to Ruth Lehmannof her \alugble encouage-
ment, adice, and citical reading of the marscipt. C.Y. was
suppoted ky an NSF pe-doctoal fellowship and K.K. vas suppded
by fellowships fom Yamada Science oknddion and Dyobo



Biotechnology Foundaion. This work was suppded ty Core Grant
(CA14051) and mants fom NSF and Amen (to NH.).

REFERENCES

Allende, M. L., Amsterdam, A., Beer, T., Kawakami, K., Gaiano, N and
Hopkins, N. (1996). Inseional nutagenesis in ébrafish identifes two novel
genespescadilloanddeadeye, essentialdr embyonic derelopmentGenes
Dev. 10, 3141-3155.

Brusle S (1983). Contibution to the seuality of a hemgphroditic teleost,
Seranus hgatus L.J. Fish Biol.22, 1-26.

Curtis, D., Lehmann, R. and Zamog, P. D. (1995). Tansldional regulaion
in developmentCell 81, 171-78.

Dildine, G. C. (1936). Studies in teleosteaeproduction 1. Embyonic
hemagphroditism inLesbisteseticulaus J. Morph. 60, 261-276.

Eddy, E. M. (1975). Gem plasm and the dérentigion of the @m cell line
Int. Rev. Cytol.43, 229-280.

Ford, M. J., Anton, |. A. and Lane D. P. (1988). Nutear potein with
sequence homoly to translaional initiaion factor elF-4A.Nature 332,
736-738.

Fujiw ara, Y., Komiya, T., Kawabata, H., Sao, M., Fujimoto, H., Furusawa,
M. and Noce T. (1994). Isoléion of a DEAD-Bmily protein gne tha
encodes a orine homolg of Drosophilavasaand its specifi expression in
gem cell linege. Proc. Natl. Acad Sci.91, 12258-12262.

Gaiano, N, Amsterdam, A., Kawakami, K., Allende, M., Bedker, T. and
Hopkins, N. (1996). Insetional mutegenesis andapid doning of essential
genes in ebrafish.Nature 383 829-832.

Hamaguchi, S. (1982). A light- and eleabn-microscopic stug on the
migration of pimordial germ cells in the teleosQryzias ldipes Cell Tissue
Res227, 139-151.

Hay, B., Ackerman, L., Barbel, S, Jan, L. Y. and Jan, Y. N. (1988a).
Identification of a component obrosophilapolar garules. Development
103 625-640.

Hay, B., Jan, L. Y. and Jan, Y. N. (1988b). A potein component dbrosophila
polar garules is encodedybvasaand has xensive sequence similgy to
ATP-dependent helicase€ell 55, 577-587.

Hay, B., Jan, L. Y. and Jan, Y. N. (1990). Localiz&ion ofvasa a component of
Drosophilapolar garules, in méemal-efect mutants thaalter embyonic
antepposteior polaity. Developmentl09, 425-433.

limenseg K. and Mahowald, A. P. (1974). Tansplantton of posteior polar
plasm inDrosophila Induction of @m cells & the anteior pole of the gg.
Proc. Natl. Acad Sci.71, 1016-1020.

limenseg K. and Mahowald, A. P. (1976). The autonomous function oégn
plasm in a sonta region of Drosophilaegg. Exp. Cell Res97, 127-140.

Johnston, P M. (1951). The embyonic histoy of the gm cells of the
largemouth kack bass,Micropterus salmoides salmoidgtacepede). J.
Morph.88, 471-542.

Kane, D. A. and Kimmel, C. B. (1993). The zbrafish midbastula tansition.
Developmentl19 447-456.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Uliman, B. and Sdilling, T.
F. (1995). Stges of Embyonic development of theebrafish.Dev. Dyn.203
253-310.

Komiya, T., Itoh, K., Ikenishi, K. and Furusawa, M. (1994). Isoléion and
chamcteization of a nwel gene of the DEAD bwo protein family which is
speciftally expressed in gm cells ofXenopus lags. Dev. Biol. 162, 354-
363.

Komiya, T. and Tanigawa, Y. (1995). Cloning of a gne of the DEAD bo
protein family which is speciftally expressed in gm cells in ets. Biochem.
Biophys. Res. Comr207, 405-410.

Kozak, M. (1984). Compiltion and analsis of sequences upsam fom the
translaional stat site in eukayotic mRNAs. Nud. Acids Resl2, 857-872.
Labosky, P. A., Barlow, D. P. and Hagan, B. L. (1994). Mouse emipnic
gem (EG) cell lines: nsmission tlough the gmline and diferences in
the metlylation imprint of insulin-like gowth factor 2 leceptor (Igf2r) gene
compaed with embyonic stem (ES) cell linedDevelopment120 3197-

3204.

Lasko, P F. and Ashturner, M. (1988). The poduct of theDrosophilagene
vasais very similar to eukayotic initiation factor4A. Nature 335 611-617.

Lasko, P F. and Ashturner, M. (1990). Pstefor localizdion of vasa potein
comelaes with, tt is not suficient for, pole cell deelopmentGenes De 4,
905-921.

Lebrun, C. R., Billard, R. and Jlabert, B. (1982). Changs in the amber of

Zebrafish vasa homologue RNA expression 3165

gem cells in the gnads of theainbow trout (Salmo @irdneiii) duiing the
first 10 post-hi@hing weeks Reprod. Nutr Develop.22, 405-412.

Liang, L., Diehl-Jones, W and Lasko, P (1994). Localizéion of vasa potein
to theDrosophilapole plasm is indeendent of its RN-binding and helicase
actiities. Developmentl20, 1201-1211.

Lin, S., Long, W., Chen, J and Hopkins, N (1992). Poduction of @m-line
chimemas in #brafish by cell transplantion from geneticaly pigmented to
albino embyos.Proc. Nal. Acad Sci.89, 4519-4523.

Linder, P, Lasko, P F, Ashburner, M., Leroy, P, Nielsen, PJ., Nishi, K.,
Sdhiner, J. and Slonimski, P P. (1989). Bith of the D-E-A-D ba. Nature
337,121-122.

Matsui, Y., Zséo, K. and Hogan, B. L. M. (1992). Deivation of
pluripotential embyonic stem cells im nurine pimordial germ cells in
culture. Cell 70, 841-847.

Nieuwkoop, P D. and Sutasuga, L. A. (1979). Pimordial gem cells in the
chordates. Cambdge Uni. Press, London.

Okada, M., Kleinman, I. A. and Sdineiderman, H. A.(1974). Restation of
fertility in sterilized Drosophilaeggs ty transplanttion of polar gtoplasm.
Dev. Biol. 37, 43-54.

Parmentier, H. K. and Timmermans, L. R M. (1985). The diferentiion of
gem cells and gnads dung deselopment of car (Cyprinus capio L). A
study with anti-cap spem monodonal antibodies]. Embyol. Exp. Moph.
90, 13-32.

Resnid, J. L., Bixler, L. S,, Cheng L. and Donovan, P J. (1992). Long-tem
proliferation of mouse pmordial germ cells in cultue. Nature 359, 550-551.

Schulte-Merker, S, Ho, R. K., Hermann, B. G. and Nusslein-\dlhard, C.
(1992). The potein poduct of the ebrafish homolg of the mous@& gene is
expressed in ndei of the gm ring and the notdwrd of the edy embyyo.
Developmentl16, 1021-1032.

Schupbach, T. and Wiescaus, E.(1986). Maemal-efect nutations alteing
the anteior-posteior patem of the Drosophilaembiyo. Roux Ach. Dev.
Biol. 195 302-317.

Selman, K., Wallace R. A., Saka, A. and Qi, X. (1993). Stges of ooygte
development in theebrafish,Brachydanio erio. J. Morph.218 203-224.
St. Johnston, D (1995). The intacellular localizéion of messengr RNAs.

Cell 81, 161-170.

Statchel, S E., Grunwald, D. J. and Myers, P (1993). Li peturbaion and
goosecoid expression identify a dseal specifiaion pahway in the
pregastula zbrafish.Developmentl17, 1261-1274.

Stewart, C., Gadi, |. and Bhat, H. (1994). Stem cells @m pimordial germ
cells can eenter the gm line. Dev. Biol. 161, 626-628.

Streisinger (1983)

Timmermans, L. P M. and Taverne, N. (1989). Sgregation of pimordial
gem cells: their mmbes and é&e duing ealy development ofBarbus
condonius (Cyprinidae, Teleostei) as indice by 3H-Thymidine
incomoration. J. Morph.202, 225-237.

van den Hurk, R. and Slof G. A. (1981). A mopholagical and &peiimental
study of gonadal se differentigion in the minbow trout, Salmo girdnerii.
Cell Tissue Re<218, 487-497.

Walker, C. and Streisinger, G. (1983). Induction of mtaions by gamma-ays
in pregonial gem cells of 2brafish embyos.Geneticsl03 125-136.

Wei, G. and Mahowald, A. P. (1994). The gmline: familiar and nevly
uncovered popeties.Ann. Re. Genet28, 309-324.

Weinberg, E. S, Allende, M. L., Kelly, C. S, Abdelhamid, A., Mur akami,
T., Andermann, P, Doere, O. G., Grunwald, D. J. and Riggleman, R.
(1996). Deelopmental egulation of zebrafishmyoD in wild-type, no tailand
spadetailembryos.Developmentl22 271-280.

Whitington, P. M. and Dixon, K. E. (1975). Quantitave studies of gm
plasm and gm cells duing ealy embyogenesis ofXenopus lags. J.
Embiyol. Exp. Moph. 33, 57-74.

Williamson, A. and Lehmann, R. (1996). Gem cell derelopment in
Drosophila Ann. Re. Cell Dev. Biol. 2, 365-391.

Wolf, L. E. (1931). The histoy of the gm cells in the wiparous teleost
Platypoecilus maculkas J. Morph.52, 115-153.

(Accepted 10 June 1997)

Note added in pr oof

L. C. Olsen, R. Aasland and Aojese hae also toned a
zebrafish vasahomolgue and studiedxpression of this gne
during embyonic derelopment (Mehanism of Deelopment,
in press).



