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Primordial germ cell development in zebrafish

Erez Raz

In sexually reproducing organisms, primordial germ cells
(PGCs) give rise to gameles that are responsible for the
development of a new organism in the next generation.
These cells follow a characteristic developmental path that is
manifested in specialized regulation of basic cell functions
and behavior making them an attractive system for studying
cell fate specification, differentiation and migration. This
review summarizes studies aimed at understanding the
development of this cell population in zebrafish and compares
these results with those obtained in other model organisms.
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Introduction

Several distinctive aspects of primordial germ cell
(PGC) development make this cell population an
appealing research subject in invertebrates and ver-
tebrates. PGCs display a unique control over RNA
transcription, exhibit a unique cell cycle program and
show a characteristic cellular, as well as sub-cellular
morphology that distinguish them from neighboring
somatic cells. Considering that PGCs carry the genetic
information to the next generation, the cells should
maintain their totipotency, namely, the gametes that
they form should be able to give rise to a complete
new organism. This property of the germ cells is at the
basis of studies aimed at understanding the molecu-
lar mechanisms that allow the germ cells to maintain
a feature that is gradually lost in somatic cells. The
ability of the germ cells to maintain totipotency is of
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particular practical importance for the purpose of
modern genetic manipulation of different organisms.
Finally, a common feature of PGCs is the fact that
they migrate from the position where they are spec-
ified towards the position of the gonad where they
differentiate into gametes.!~® This behavior serves as
a general model for long-range cell migration in mul-
ticellular organisms with the aim of identifying the
underlying molecular mechanisms of this process.
(for e.g. see References 4-7).

Specification of primordial germ cells
in zebrafish

Germ-cell specification in fish was studied mainly in
bony fish (teleosts) where the PGCs were recognized
by their large size and by the typical electron dense
‘nuage’ structures that are found in germ cells of
different organisms. These special cytoplasmic or-
ganelles contain specific RNAs and proteins and are
thought to be important for germline development.
Using these methodologies, the earliest time point
at which germ cells were recognized in teleosts was
around early somitogenesis stages.> " Thus, on the
basis of these morphological criteria, PGCs could be
identified only at a rather advanced stage of embry-
onic development. The question of the time and place
at which these cells originate was therefore left open.
The possibility remained that initially, a small popu-
lation of PGCs existed and migrated to the position
where it was identified morphologically. Nevertheless,
the presence of electron dense material in the germ
cells suggested that the mechanisms of PGC speci-
fication are common to fish and other germ plasm
containing organisms such as Xenopus, Drosophila and
Caenorhabditis elegans, where inheritance of asymmet-
rically localized cytoplasmic determinants, the germ
plasm, is thought to direct cells to the germline
lineage.

The study of fish germline development was revolu-
tionized upon identifying the first molecular marker
for cells of this lineage thatis, the RNA of the zebrafish
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vasa gene,'"!2 which encodes an ATP-dependent

RNA helicase of the DEAD-box family.'®!* vasa was
originally identified in Drosophila as a maternal ef-
fect gene required for the formation of abdominal
segments and for germ-cell specification!® and is
expressed in the germline of many species.'®

Similar to many other organisms, zebrafish vasa
mRNA is maternally supplied and it is detected
throughoutall stages of germline development.'% 17-20
The cloning of the zebrafish vasa gene allowed close
examination of germline cells from the earliest stages
of embryonic development to later stages at which
they differentiate into gametes.'> 1820 Whole-mount
in situhybridization at the 2-cell stage revealed that the
vasa transcript is enriched at the marginal positions
of the first cleavage plane.!? Similar accumulation of
vasa transcript is found at the second cleavage plane
leading to the formation of four stripes of intense
vasa RNA staining (Figure 1, 4-cell stage).'?> Mutant
analysis and the use of microtubules-inhibiting drugs
suggested that interaction between microtubules and
vasa RNA-containing particles is essential for local-
ization of the RNA at the correct position.?! Exam-
ination of the 3-untranslated region (UTR) of the
zebrafish vasa mRNA revealed four regions that are
conserved among related teleosts (members of the
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ostariophysan clade that show similar localization of
vasa mRNA).22 Indeed, analysis of 3-UTR deletion
constructs showed that a combination of one of these
regions with other conserved regions was sufficient
for the localization of the RNA in a pattern similar to
the wild-type vasa RNA.?2

Transmission electron microscopy showed that at
the 4-cell stage vasa RNA is embedded in an elec-
tron dense matrix that resembles nuage, indicating
that at this stage the RNA resides within the zebrafish
germ plasm.?’ During cleavage stages, up to the
1000-cell stage, no increase in the number of the
vasa-containing cells is observed despite the dramatic
increase in total cell number in the embryo during
this period (Figure 1). The basis for this apparent
discrepancy is that at these stages the germ plasm
consists of a tight structure that is inherited only by
one of the two dividing blastomeres, thereby keeping
the number of vasa RNA-containing cells constant.?’

From sphere stage on however, the tight morphology
of the germ plasm changes as it spreads into the cyto-
plasm and is symmetrically distributed between the di-
viding blastomeres, thus resulting in a net increase in
the cell number of vasa-positive PGCs (Figure 1). From
about four cells at sphere stage (just before the initi-
ation of zygotic vasa transcription), the cell number
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Specification of zebrafish PGCs by inheritance of germ plasm. At the 4-cell stage, the germ plasm containing vasa

mRNA is enriched in the vicinity of the cleavage furrows (blue stripes). At early stages of development, vasa RNA and germ
plasm can also be detected outside of the main four clusters (small blue dots), but this material is progressively degraded.
During subsequent cell divisions, the four tight germ plasm structures segregate asymmetrically between the dividing cells
thus, maintaining the number of germ plasm containing cells constant. At sphere stage, the germ plasm appears to spread in
the cytoplasm and after cell division, itis inherited by both cells leading to an increase in the number of the PGCs. Considering
that the orientation of the cleavage planes in zebrafish is random relative to the future dorsal aspect of the embryo, the four
PGC clusters too, are found in random positions relative to the dorsal aspect of the embryo (red gradient at sphere stage).
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increases to 25-50 cells by the end of the first day of
development.!?17:18,20

Interestingly, at the 4-cell stage vasa RNA is de-
tected not only in the four main germ plasm clusters,
but at a lower level along additional cleavage planes,
as well and at later stages, in other cells around
the marginw’go’ 23 (Figure 1). Importantly, the RNA
molecules which are not localized to the first two
cleavage furrows and are not inherited by the PGCs,
disappear shortly after. Additional RNA molecules,
e.g. nanosl mRNA, exhibit similar early distribution
of the maternally-supplied RNA that is subsequently
refined to become PGC specific.?* This observation
is similar to that described for RNA molecules of sev-
eral genes important for germ cell development in
Drosophila and in C. elegans that are degraded outside
the germ cells.?>2% Analysis of cisacting elements in
the zebrafish vasa RNA revealed that sequences within
the 3-UTR, as well as within the coding portion of
the RNA, are important for the differential stability of
the RNA in the soma and the germ cells, resulting in
PGG-specific distribution of the maternal RNA.??

One obvious obstacle in studying PGC development
in zebrafish is that unlike the situation in Drosophila
where a large number of genes involved in the devel-
opment of these cells have been identified in mater-
nal effect genetic screens, for a long while vasa was
the only PGC marker in zebrafish. As an alternative
for maternal effect genetic screens that are exceed-
ingly arduous to carry out in zebrafish,?’ ‘molecular
screens’ for genes expressed in PGCs can be per-
formed to identify molecules important for the PGC
development. Such an approach brought about the
identification of several genes that are expressed in
the PGCs during early embryogenesis (for e.g. see
References 24, 28; G. Weidinger and E. Raz, unpub-
lished). Some of these genes correspond to genes
whose function is important for germ cell develop-
ment in other organisms, while others are novel genes
or genes whose expression in the PGCs has not been
previously described. An example of a gene isolated in
this way is a nanosrelated gene whose RNA is localized
to the region of the germ plasm similar to vasa RNA.?*
nanos, an RNA binding protein, had been previously
identified in Drosophila and in C. elegans as a germ
plasm component. The shared morphological charac-
teristics, as well as the identification of similar compo-
nents (e.g. the gene products of vasaand nanos) in the
germ plasm of invertebrates, anuran amphibians and
zebrafish suggests that the mechanisms controlling
early germ-cell development are conserved among
these phylogenetically-distant organisms.
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PGC migration in zebrafish

Similar to many other organisms, the PGCs in ze-
brafish are specified prior to the formation of the so-
matic portion of the gonad and at a different position.
As described above, the four early clusters of PGCs are
arranged at positions that are determined by the lo-
cation of the first two cleavage planes (Figure 1). This
mode of positioning the PGCs in zebrafish creates an
interesting situation, wherein the PGCs initiate their
migration from four different directions rather than
from a defined point, as described for Drosophila, Xeno-
pusand the mouse. A further complication stems from
the fact that in zebrafish, the orientation of the first
two cleavage planes is random relative to the position
of the future dorsal aspect of the embryo.?% 3 There-
fore, zebrafish PGCs are initially found and specified
at random positions with respect to the dorsoventral
axis (Figure 1, red gradient at sphere stage), yet vir-
tually all of them arrive at the target by the end of the
first day of developmentlg’ 17 (Figure 2).

Using vasa as a molecular marker for the migrating
cells in combination with markers of somatic tissues
yielded a detailed description of PGC migration in ze-
brafish (Figure 2).!7 The analysis of PGC migration in
wild-type zebrafish embryos showed that the process
could be divided into discrete steps, which culminate
in formation of two clusters by the end of the first day
of development17 (Figure 2). An important interme-
diate step during the migration is evident by the end of
gastrulation when the PGCs appear to align along the
lateral and ventral borders of the trunk mesoderm, as
well as along the border between the trunk and head
mesoderm (Figure 2, 1-somite stage). Thus, the PGCs
that are specified in marginal positions of the blasto-
derm are found in close proximity to the region where
the mesoderm forms. This allows the cells to arrive
at a common intermediate target during gastrulation
despite the random dorsoventral starting position.
Subsequent to PGC alignment along the mesoderm
borders, during early somitogenesis, they migrate
towards two lateral positions at the anteroposterior
level of the first somites and form two PGC clusters
(Figure 2, 8-somites stage). During later segmentation
stages the PGC clusters migrate further posteriorly,
to reach the level of the 8th somite where their final
target may reside!® 173! (Figure 2, 16-somites stage)
that is, cells comprising the somatic portion of gonad.

Similar to findings in other organisms, correct PGC
migration in zebrafish appears to depend on cues
provided by somatic cells. Specifically, the migrating
cells appear to align along specific structures in the
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Figure 2. Key steps in zebrafish PGC migration from gastrulation stages until the end of the first day of development. During
gastrulation and early somitogenesis stages, the PGCs (red circles in schematic figures, black stained cells in the upper row)
align along the lateral borders of the trunk mesoderm and between the head and trunk mesoderm (blue trapezoid in the
schematic figures). After aligning along these structures, the PGCs start migrating towards two attraction points located at
the level of the first three somites (yellow ellipsoids in the schematic figures) forming two bilateral-cell clusters by the 6- to
8-somite stage. In the following hours, the PGCs leave the first attraction point (pale yellow ellipsoid in the 8-somite stage)
and migrate towards bilateral attraction points located around the level of the 10th somite (new yellow ellipsoid in schematic
figures at 8-somites to 24 h post fertilizations (hpf)). This later site, where all PGCs are found by the end of the first day of
development appears to be the position where the gonad develops during the following weeks. Reproduced from Reference

17 with permission from the Company of Biologists.

early embryo, they consistently avoid certain tissues
and they migrate towards attraction points at defined
positions within the developing embryo. A direct
demonstration of somatic cell control of PGC migra-
tion was provided when the migration was analyzed in
zebrafish mutants in which patterning and/or differ-
entiation of specific somatic tissues was defective.!”>3!
This analysis showed that PGCs indeed respond to
positional cues from somatic cells such that their
absence results in aberrant PGC migration.17’3l
Examining PGC migration in live embryos con-
firmed that these cells migrate actively towards the
clustering position.??3! Throughout their migration,
the cells exhibit morphological features characteris-
tic of motile cells, including extension of numerous
cellular processes and a clear change of their position
relative to their somatic neighbors. The migration pat-
terns are highly dynamic: individual PGCs frequently
alter their speed, direction and position relative to
each other in the course of migration. These observa-
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tions suggest that the PGCs migrate as individual cells
rather then as a coordinated group of cells.

Maintenance of the fate of migrating PGC

During their migration the PGCs face conflicting re-
quirements regarding their response to cues provided
by the somatic environment. On one hand, the PGCs
should respond to signals provided by somatic tissues
guiding them towards the gonad. On the other hand,
while migrating, the PGCs should ignore signals that
would lead to their differentiation into other cell
types. Analysis of the fate of ectopic PGCs in zebrafish
suggests that the migrating cells are committed to the
PGC fate since they maintain the expression of molec-
ular markers and retain characteristic PGC morphol-
ogy even when residing in abnormal positions in the
embryo.!” Thus, while they respond to the directional
migration cues, being committed to the PGC fate,
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the cells do not respond to instructive differentiation
cues.

In both Drosophila and C. elegans, the maintenance
of the PGC fate, their survival and their incorpora-
tion into the gonad require the function of the nanos
gene.’>%0 A nanosrelated gene that is expressed in
PGCs has been identified in zebrafish (nanos-12%).
Similar to the mRNAs of the Drosophila and C. elegans
nanos genes, the zebrafish nanosl mRNA is provided
maternally. The initial expression pattern of nanosl is
comparable to that described for the zebrafish vasa
mRNA which at early embryogenesis is found within
an electron dense structure, the putative zebrafish
germ plasm.'? 2" During later blastula stages, nanosl
mRNA is incorporated into the PGCs that charac-
teristically migrate to form two PGC clusters.?* The
mechanisms controlling the distribution of the ma-
ternal mRNA of nanosl were found to be similar to
those shown for vasa, in that the RNA is stabilized in
the germ cells while being rapidly degraded in other
cells in a process that depends on the 3-UTR of the
gene. The function of nanosin germ cell development
in zebrafish was determined by specifically inhibit-
ing the translation of the corresponding RNA using
morpholino antisense oligonucleotides.?* 37 Interest-
ingly, even when a very high amount of nanosl mor-
pholinos was injected into the embryos no change in
PGC numbers at pregastrulation stages was observed.
However, while reducing nanosl level did not affect
PGC formation, it did deleteriously affect their mi-
gration and survival; In morpholino-injected embryos
the PGCs failed to migrate normally, reached ectopic
positions and exhibited morphological characteris-
tics of cells undergoing programmed cell death.?!
This phenotype is strikingly reminiscent of the nanos
loss-of-function phenotype in Drosophilaand C. elegans,
which is manifested by cell survival and cell migration
defects.

PGC development in zebrafish as compared
with that in other organisms

The current understanding of PGC development in
zebrafish suggests that the developmental program
of these cells is controlled in a similar manner to
that described for Drosophila, C. elegans and Xenopus
and differs from that of mammals where inductive
processes are responsible for PGC specification.!® A
common denominator for the former group of or-
ganisms is that the PGCs there appear to be specified
in sites containing specific asymmetrically localized
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cytoplasmic structures that can be visualized by elec-
tron microscopy—the germ plasm. Importantly, the
identity and the function of germ plasm determi-
nants appear to be conserved among these organisms.
Moreover, the molecular mechanisms localizing spe-
cific RNAs to the germ plasm appear to be conserved
between zebrafish and Xenopus®® while similar mech-
anisms controlling the stability and translatability of
RNAs expressed in the PGCs are shared by Drosophila,
C. elegans and zebrafish.?*

Nevertheless, a closer look at germ cell development
in zebrafish reveals some important differences be-
tween this vertebrate model organism and the inverte-
brates mentioned above. The most striking difference
between the function of zebrafish germ plasm and
that of Caenorhabditis and Drosophila concerns the time
at which zygotic transcription is initiated in the germ
cells. In both Caenorhabditis and Drosophila, the germ
plasm represses early zygotic transcription.®*=*! In
contrast, in zebrafish, transcription appears to ini-
tiate in all nuclei at the same time, irrespective of
the presence of germ plasm.?’ Additional differences
include the uniform Vasa protein distribution in ze-
brafish prior to PGC specification as opposed to the
early PGC-specific expression of the Vasa proteins in
C. elegans and in D. melanogaster. Further, unlike in C.
elegans and in D. melanogaster, in zebrafish it is vasa
RNA and not its protein that is part of the germ plasm
at early stages of PGC development.?’

Conclusions and future directions

In recent years our understanding of germline de-
velopment in zebrafish was significantly enhanced
by the identification of genes that are expressed in
the PGCs. The basic questions concerning the mode
of zebrafish PGC specification and origin are now
answered. The cloning of the zebrafish vasa gene
and the analysis of its expression pattern supports
the notion that germ plasm is responsible for the
early segregation and specification of the germline
in fish. These findings, combined with the recently
described function and regulation of the zebrafish
nanos, revealed a previously unsuspected conservation
between PGC development in invertebrates and fish.
Considering that germ plasm was identified in other
vertebrate groups such as the anuran amphibians
and birds, it is conceivable that the finding regarding
PGC development in fish would be relevant for those
organisms, as well.!*>~** While the mechanisms un-
derlying PGC specification and early development
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differ between mammals and the species mentioned
above, germ plasm components are expressed in
the germline of mammals at later stages of devel-

opment and are important for gametogenesis.

45-47

Therefore, the genes and the mechanisms control-
ling early PGC development in zebrafish are likely to
be relevant for germ cell development in mammals
as well.
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