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SUMMARY
As complete absence of germ cells leads to sterile males in zebrafish, we explored the relationship between primordial germ cell (PGC)

number and sexual development. Our results revealed dimorphic proliferation of PGCs in the early zebrafish larvae, marking the begin-

ning of sexual differentiation. We applied morpholino-based gene knockdown and cell transplantation strategies to demonstrate that a

threshold number of PGCs is required for the stability of ovarian fate. Using histology and transcriptomic analyses, we determined that

zebrafish gonads are in a meiotic ovarian stage at 14 days postfertilization and identified signaling pathways supporting meiotic oocyte

differentiation and eventual female fate. The development of PGC-depleted gonads appears to be restrained and delayed, suggesting that

PGC number may directly regulate the variability and length of gonadal transformation and testicular differentiation in zebrafish. We

propose that gonadal transformation may function as a developmental buffering mechanism to ensure the reproductive outcome.
INTRODUCTION

Primordial germ cells (PGCs) are the stem cells of the gam-

etes, providing genome transmission to future generations

(Lesch and Page, 2012). During development, PGCs un-

dergo specification,migration, and proliferation. Reciprocal

interactions between germ cells and somatic cells are im-

portant for gonadal differentiation (Kocer et al., 2009).

However, little is known about the regulatory role of germ

cells during sexual development.

In mammals, agametic male gonads develop into a

normal testis cord, while loss of germ cells in ovaries at

birth disrupts ovarian structures and folliculogenesis (Mer-

chant-Larios and Centeno, 1981). In teleosts, the require-

ment of germ cells for gonadal development appears to

be variable. Their absence leads to exclusive male develop-

ment in medaka and zebrafish (Kurokawa et al., 2007; Sieg-

fried and Nüsslein-Volhard, 2008; Slanchev et al., 2005),

but not in goldfish or loach (Fujimoto et al., 2010; Goto

et al., 2012).

Mammalian sex determination is regulated by antago-

nistic pathways, which direct the bipotential embryonic

gonad toward ovarian or testicular fate (Warr and Green-
Stem
field, 2012). Moreover, evidence indicates that somatic

sex needs to be reinforced throughout adulthood. In

mice, loss of FOXL2 in mature ovary or DMRT1 in mature

testis causes transdifferentiation of somatic cells (Matson

et al., 2011; Uhlenhaut et al., 2009). In zebrafish, oocytes

appear essential for the development of females in juve-

niles and for maintenance of the sexual phenotype in

adults (Dranow et al., 2013).

The number of PGCs likely plays an important role in

teleost sexual differentiation. For medaka and stickleback,

females possess more germ cells than males due to their

sexually dimorphic proliferation (Lewis et al., 2008; Saito

et al., 2007). Transplantation of a single PGC into a germ-

line-deficient zebrafish embryo generates males exclusively

(Saito et al., 2008). ziwimutantswith reducedPGCnumbers

can develop as males or females; however, a greater reduc-

tion due to a hypomorphic allele in trans to a null allele

gives rise to males (Houwing et al., 2007). These data argue

that the absolute number of germ cells is important in

determining the sexual phenotype of zebrafish.

Zebrafish are undifferentiated gonochorists since all indi-

viduals first initiate oogenesis via forming an immature

ovary (Takahashi, 1974). In developing males, but not in
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females, a gonad transformation arises from apoptosis-

driven degeneration of oocytes (Uchida et al., 2002;

Wang and Orban, 2007) about 23–35 days postfertilization

(dpf) leading to subsequent testis development (Orban

et al., 2009; Uchida et al., 2002). Molecular control of sex

determination and gonad differentiation in zebrafish ap-

pears to be complex (Liew and Orban, 2014; Orban et al.,

2009) and variable across domesticated strains versus wild

populations (Liew et al., 2012; Wilson et al., 2014).

In this study, we analyze the relationship between the

number of PGCs and sexual differentiation in zebrafish.

By tracking changes in the PGC number during develop-

ment, we demonstrate that a dimorphic proliferation of

PGCs occurs in the early larvae, underlining the beginning

of sexual differentiation. By creating zebrafish containing

various numbers of PGCs, we show that a threshold num-

ber of PGCs is required for stabilizing the ovarian fate

and that PGC number may directly regulate the progres-

sion of gonadal transformation.
RESULTS

Dimorphic Proliferation of PGCs Occurred during

Early Larval Stages in Zebrafish

To understand how the PGC count might be involved

in sexual differentiation, we examined their numbers at

different development stages using the Tg(vasa:vasa-

EGFP) (i.e., zf45Tg) transgenic zebrafish line (Figure 1A).

For clarity, the term ‘‘PGC’’ was used before 2 weeks of ze-

brafish development. First, we estimated the number of

PGCs present in the gonadal region between 1 dpf and 8

dpf with the squash method. The number of PGCs ranged

from 25 to 44 at 1 dpf, without obvious fluctuations in

the PGC number during the first week of development

(Figure 1B).

Next we used optical sectioning to precisely count PGC

numbers at 7 and 14 dpf in WT larvae from two different

families (FI and FII). The PGC count at 7 dpf appeared to

follow a unimodal distribution (Figure 1C). At 14 dpf, the

number of PGCs showed a bimodal distribution between

two distinct populations (means = 40.3 ± 7.7 and 87.7 ±

12.1; Figure 1D), and the difference between the means

was significant (Student’s t test, p < 0.05). Morphologically,

green fluorescent protein (GFP)-expressing gonadal regions

exhibited a smaller and less densemorphology at 7 dpf (Fig-

ure 1E) and became larger as the number of GFP-expressing

cells increased at 14 dpf. In 14 dpf individuals with a higher

number of PGCs, gonadal regions were broader and denser

due to the increased number of cells populating that region

(Figures 1F and 1G). To determine whether this bimodal

distribution in PGC number was due to a family-specific

effect, we examined the distribution of PGC number by
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family. Intriguingly, 83.3% of individuals in FI, the family

with a slightly female-biased offspring sex ratio (60%),

exhibited gonadal regions with a higher number of PGCs,

while nearly 60% of individuals in the male-biased FII

(84%) contained a lower number of PGCs at 14 dpf (Figures

1H and 1I). Our data suggest that a dimorphic proliferation

of PGCs occurs between 7 and 14 dpf and that progeny sex

ratios within families may correlate with the divergent dis-

tribution of PGC numbers.

Depletion of PGCs in the Embryos Resulted

in Masculinization of Zebrafish Gonads

To further investigate whether there was a relationship

between early PGC count and sexual development, we

compared unmanipulated Tg(vasa:vasa-EGFP) individuals

with low PGC and high PGC counts and found no differ-

ence in their trunk-based expression at 22 dpf (Figure S1A

available online) or adult sex ratio (Figure S1B). Next, we

generated zebrafish morphants with depleted PGCs using

two different methods. In the first approach, we microin-

jected a dilutedmorpholino oligonucleotide (MO) directed

against the dead end gene (dnd) into Tg(vasa:vasa-EGFP) ze-

brafish embryos. Injected embryos were categorized based

on the PGC number observed at 24–32 hours postfertili-

zation (hpf) and then grown to adulthood together with

uninjected embryos (control), and sexual phenotype was

assessed.

Next, we used optical sectioning to count PGC numbers

in dndmorphants at 7 and 14 dpf. In the majority of larvae

from zero PGC and severely depleted PGC groups (PGC

count <6 at 24–32 hpf), gonadal structures were absent

(Figures 2A and 2B), and these individuals were excluded

from further microscopic analysis. In the remaining PGC-

depleted group (PGC count 6–9 at 24–32 hpf), the majority

of the larvae at 7 and 14 dpf had loose aggregates of PGCs,

but were lacking clear gonadal structures. Of the unde-

pleted gonads (>20 PGCs at 24–32 hpf), more than 60%

showed clear gonadal structures at 7 dpf.

Among larvae with visible PGCs, the average PGC num-

ber was 7.8 ± 4.8 in the PGC-depleted gonads (6–9) and

29.1 ± 9.4 in undepleted gonads (>20) at 7 dpf. At 14 dpf,

the morphology of PGC-depleted gonads was similar to

those in 7 dpf; however, all of the larvae with undepleted

gonads (>20) exhibited distinct gonadal structures (Fig-

ure 2B). The average PGC number was 25.6 ± 16.8 in

PGC-depleted gonads; in contrast, the PGC count in unde-

pleted gonads displayed a bimodal distribution comparable

to that observed in uninjected larvae (means = 47.4 ± 9.8

and 99.3 ± 20.9; Figure 2C, right). This suggested that

morpholino-induced PGC depletion below a threshold

effectively prevented subsequent PGC proliferation in

most individuals and that the effect wasmaintained during

later stages.
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Figure 1. Dimorphic Proliferation of
PGCs Happens during the Second Week
in the Larval Gonads of the Zebrafish
(A) A 24 hpf embryo of the Tg(vasa:vasa-
EGFP) transgenic line. The GFP (+) germ
cells cluster around anterior part of the yolk
extension (arrow). The scale bar represents
100 mm.
(B) The PGC number in the first 8 days of
development counted using the squash
method. Image and PGC counts obtained
using a compound epifluorescence micro-
scope (n = 10, 10, 12, 6, 5, 3, 4, and 3 at 1–8
dpf, respectively). The mean ± SD is shown.
(C and D) Frequency distribution of PGC
number at (C) 7 dpf (n = 22) and (D) 14 dpf
(n = 28), showing unimodal and bimodal
distributions, respectively.
(E–G) Trunk regions of the Tg(vasa:vasa-
EGFP) line, showing different PGC distribu-
tions at 7 and 14 dpf. Images are average
intensity projections of confocal z stacks
showing GFP (+) cells (green) and back-
ground autofluorescence (red). Scale bars
represent 50 mm.
(H) Density dot plot showing changes in the
PGC number during development between
different mating pairs (FI, closed circles;
FII, open circles) at 7 and 14 dpf. Large
horizontal bars indicate mean; smaller
flanking bars indicate SD.
(I) Relative percentages of individuals in
low (<60, red) and high (>65, blue) PGC
number groups within families (FI, n = 12;
FII, n = 16) at 14 dpf (left) and the
respective progeny sex ratios (male, red;
female, blue; FI, n = 194; FII, n = 138).
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After 3 months postfertilization (mpf), the sex ratios of

the dndmorphants were evaluated. For both pairwise cross

(MO1) and mass cross (MO2), the ‘‘zero PGC’’ group pro-

duced exclusively males as expected based on published

data (Slanchev et al., 2005). Their gonads were empty

testicular shells completely devoid of germ cells confirming

earlier data (Siegfried and Nüsslein-Volhard, 2008). A

strong male-biased sex ratio (mean = 90% in four batches

for MO1 and 76% in six batches for MO2) was identified

in PGC-depleted groups (1–10 PGCs for MO1, 1–7 for

MO2) (Figure 2D). These results suggested that—similar

to the minimum PGC number required for prolifera-

tion—a certain number of PGCs seems to be necessary for

unaffected ovarian development in most individuals. Indi-
Stem
viduals with severely depleted PGCs (1–5), excluded from

themorphological analysis, all developed into fertile males

with a gonadal histology similar to WT males and were

included in the subsequent transcriptomic analysis.

To further explore the correlation between PGC number

and the phenotypic sex of fish using a different approach,

we applied both singlePGC transplantation (SPT; Figure3A)

and blastoderm transplantation (BdT; Figures 3B–3G and

3I–3K) for generating germline chimeras. Both procedures

utilize sterilized, PGC-less host embryos. GFP-labeled

PGCs were used for SPT and GFP-tagged blastodermal cells

(containing DsRed-expressing PGCs) were applied for BdT.

In general, SPT results in a germline chimera possessing a

single PGC, whereas BdT yields individuals with variable
Cell Reports j Vol. 4 j 61–73 j January 13, 2015 j ª2015 The Authors 63



Figure 2. Masculinization Ensues in PGC-
Depleted Zebrafish
(A) Representative images of gonads show
morphological variants following PGC deple-
tion. Images are average intensity projections
of confocal z stacks showing GFP (+) cells
(green) and background autofluorescence
(red). Scale bars represent 50 mm.
(B) The relative percentage of morphological
variants observed during development based
on resultant PGC number at 7 and 14 dpf
following depletion.
(C) Density dot plot showing the stage-
specific PGC number in PGC-depleted (6–9
PGCs, green; 7 dpf, n = 17 and 14 dpf, n = 15)
and undepleted (>20 PGCs, yellow; 7 dpf, n =
14 and 14 dpf, n = 16) larvae. The resultant
PGC number at 14 dpf in PGC-depleted larvae
shows a unimodal distribution, while re-
maining bimodal in the undepleted ones.
Large horizontal bars indicate mean; smaller
flanking bars indicate the SD.
(D) Relative percentage of male progeny
resulting from two different methods of
PGC-depletion: morpholino injection-MO1
(pairwise cross), MO2 (mass cross), and cell
transplantation-SPT, BdT. The bar color in-
dicates resultant PGC number zero (blue:

n = 27, 29, 159 for MO1, MO2, and SPT/BdT), PGC-depleted (1–10 for MO1, 1–7 for MO2 and 1–9 for SPT/BdT, green; n = 111, 97, and 50 for
MO1, MO2, and SPT/BdT) and uninjected controls (yellow: n = 237, 364, and 136 for MO1, MO2, and SPT/BdT). Bars indicate mean % ± SD of
the mean percentages in four, six, four, and eight replicated experiments for MO1, MO2, SPT, and BdT, respectively. t test: *p < 0.01; **p <
0.001 calculated when PGC-depleted versus uninjected or zero PGC versus uninjected.
See also Figures S1 and S2.
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number of donor-derived PGCs in the early gonad. PGC

counts for the latter are typically much lower than those

observed in uninjected controls.

In SPT chimeras, a single PGC was present at the gonadal

regions of 20.7% of the host embryos at the prim-5 stage

(Figure 3A) and all developed as males. For BdT chimeras,

transplanted donor-derived cells were mixed with PGC-

depleted host cells uniformly at the prim-5 stage, and

most donor PGCs were recognized as red fluorescent cells

around the gonadal ridge (3–29 cells; Figures 3B–3D; see

also Movies S1 and S2). A total of 109 BdT germline chi-

meras survived to adulthood (see Table S1 for details), at

which point identification of the two sexes was performed

based on phenotype and/or dissection of their gonads;

both female and male chimeras showed mosaic GFP fluo-

rescence and regional red fluorescent protein (RFP) fluo-

rescence (Figures 3F, 3G, 3J, and 3K). Nearly 80% of BdT

recipients developed as males in the PGC-depleted group

(1–9) (Figure 2D). Representative gonads from female and

male BdT chimeras were subjected to histological analysis

and showed completely developed gonads indistinguish-

able from those of controls (Figures 3H and 3L). Although
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examined gonads of SPT chimeras showed an intact testis

only on one side, these fish were sexually active and fertile.

None of the ‘‘zero PGC’’ morphants possessed fully devel-

oped, fertile gonads.

It was noted that �10%–20% of PGC-depleted indi-

viduals (initial PGC count 1–9) still developed as females

(Figure 2D). Taken together, our data show when the PGC

number is artificially lowered below a threshold, a sub-

stantial portion of genetic females will be forced through

masculinization, increasing the proportion of males

among the offspring.

Zebrafish Gonads Were in a Meiotic Stage at 14 dpf

To understand how a reduced PGC number might influ-

ence sexual differentiation in zebrafish, we used a microar-

ray-based approach to investigate differences between the

transcriptomes of PGC-depleted (1–9 PGCs) versus WT

larvae. We collected samples from developing trunk re-

gions for histology and gene expression profiling.

At 14 dpf,WTsamples clustered into two groups based on

principal component analysis (PCA; Figure 4A), and seven

genes were differentially expressed (DE; >2-fold, p < 0.05;
s



Figure 3. Germline Chimeras Produced
by Cell Transplantation, SPT and BdT, in
Zebrafish
(A) A single PGC with GFP fluorescence
located at the gonadal ridge in a SPT
chimera at the 25 somite stage.
(B) The recipient of golden zebrafish (left)
and the donor of Tg(vasa:DsRed2-vasa);
Tg(bactin:EGFP) double transgenic embryos
(right) used for the generation of BdT chi-
meras.
(C) A donor blastoderm with GFP fluores-
cence attached to the host blastoderm a few
hours after transplantation.
(D) Donor-derived PGCs with RFP fluores-
cence were at the gonadal ridge at the prim-
5 stage in a BdT chimera (arrow).
(E–L) Representative female (E–G) and male
(I–K) BdT chimeras were imaged under
bright field (E and I), GFP fluorescence
(F and J), and RFP fluorescence (G and K).
Histological analysis of selected gonads (n =
5) from germline chimeras confirmed the
presence of an ovary (H) or a testis (L).
Scale bars represent 20 mm (A–D), 500 mm
(E–G and I–K), and 100 mm (H and L). See
also Table S1 for the survival rates following
these manipulations and Movies S1 and S2
for BdT.
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see Table S2 for gene names and Table S3 for a selected set of

DE genes). Among them were genes involved in cell-cycle

regulation (fbxl18, cdkn2aipnl, and cbx3), consistent with

our observation that bimodal proliferation of PGCs occurs

between 7 and 14 dpf.

The comparison of transcriptomes between WT and

PGC-depleted samples indicated that the latter (cluster 1)

did not group closely with WT samples (clusters 2 and 3;

Figure 4A), suggesting the differences in transcriptome be-

tween PGC-depleted individuals and the future WT males.

Further gene expression analysis showed 134 DE genes

when comparing combinedWTclusters (2 and 3) to cluster

1 (Table S3). Among them, 102 genes were upregulated,

and 32 genes were downregulated in WT compared with

PGC depleted (Figure 4B; see Table S4 for a selected set of

DE genes). Gene ontology (GO) analysis identified gene

clusters of meiosis, cell-cycle regulators, immune response,

and germ/stem cell genes among those in this DE group. In

particular, meiotic genes (dazl, hormad1, smc1b, and sycp2)

were downregulated, whereas most genes with immune

related function (irf8, cd209, and ccl1) were upregulated

in the PGC-depleted group comparedwithWT. In addition,

potential ovarian (org) and testicular (rnf17) markers were

expressed at higher levels in the WT group. Our data sug-

gested that (1) the trunk-based transcriptome of PGC-
Stem
depleted individuals shows clear differences from those of

their WT siblings, (2) WT zebrafish gonads are in a meiotic

stage at 14 dpf, and (3) entry into meiosis might be an

important early step in ovarian differentiation.

Multiple Sexual States Were Present during Gonadal

Transformation at 22 dpf

At 22 dpf, gene expression data indicated that WT samples

could be divided into two clusters based on PCA, with 945

DE genes (>2-fold, p < 0.05). When WT and PGC-depleted

samples were compared through a PCA plot, five distinct

clusters were formed, suggesting that different transitional

states of gonads might be present. All WT individuals fell

into clusters 1–4, whereas PGC-depleted individuals re-

mained in cluster 5. For analytical purposes, cluster 1 was

assigned as ‘‘immature females,’’ clusters 2–4 as WT trans-

forming (female-to-male), and cluster 5 as PGC-depleted

transforming individuals (Figure 4C). To find genes with a

potential function in early gonad differentiation and/or

testis formation, we compared ‘‘immature females’’ (cluster

1) with a subset of WT and PGC-depleted transforming

males (clusters 4 and 5). A total of 1,329 DE genes was

identified (>2-fold, p < 0.05; Table S3). Among them,

1,136 genes were upregulated in ‘‘immature females,’’ and

193 genes were overexpressed in future males (Figure 4D).
Cell Reports j Vol. 4 j 61–73 j January 13, 2015 j ª2015 The Authors 65



Figure 4. Transcriptome Characteristics
of Zebrafish Gonads with Partially
Depleted and WT PGCs Demonstrate the
Divergence of WT Individuals and Clus-
tering between WT and PGC-Depleted
Transforming Males at Different Develop-
mental Stages
(A) At 14 dpf, the PCA plot showed that PGC-
depleted samples (1–9; cluster 1, red) did
not group closely with WT samples (clusters
2 and 3, blue and green, respectively).
(B) The heatmap of hierarchical clustering
of 132 DE genes at 14 dpf between PGC-
depleted and WT (>2-fold, p < 0.05) showed
cluster 1 separated from clusters 2 and 3.
(C) At 22 dpf, the PCA plot showed several
distinct clusters, suggesting the high vari-
ability in the transformation process from
females to males. Cluster 1 was assigned as
immature female. Clusters 2, 3, and 4 were
assigned as transforming gonads from fe-
male to male, and cluster 5 was assigned as
PGC-depleted transforming male.
(D) The heatmap produced by hierarchical
clustering of 1,329 genes that showed dif-
ferential expression at 22 dpf when cluster 1
was compared with clusters 4 and 5 (>2-
fold, p < 0.05). As shown, cluster 4 was

grouped with cluster 5 (PGC-depleted male); cluster 3 displayed a transitional pattern and was closer to cluster 5.
See also Table S2 for a list of gene symbols and names, Table S3 for a list of DE genes, and Table S4 for functional classification of DE genes.
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Unlike at 14 dpf, where PGC-depleted samples showed sep-

aration from WT individuals, two of the unmanipulated

samples (very likely themost advanced transformingmales

from cluster 4) coclustered with PGC-depleted individuals

at 22 dpf (Figure 4C). This indicated that the expressed

gene set of WT males and PGC-depleted males became

more similar to each other by 22 dpf. To gain insight into

possible biological functions of these genes, they were

sorted into signaling pathways based on the KEGG or

PANTHER classification system (Kanehisa et al., 2012; Mi

et al., 2013).

The Importance of Transforming Growth Factor b

Signaling for Meiotic Progression and Folliculogenesis

in Developing Zebrafish Gonads

In ‘‘immature females’’ (cluster 1), cohorts of genes associ-

ated with cell cycle, cell death, and metabolism were upre-

gulated, indicating active remodeling of tissue architecture

andmorphogenesis. Detailed analysis of this cluster identi-

fied genes related to germ/stem cellmarkers (pou5f1, lin28a,

nanog, nfr, and piwi-related machinery) and ovarian

markers (zp related, figla, org, foxl2, and cyp19a1a), demon-

strating that these developing gonads were in an ovarian

state. In addition, genes pertaining to transforming growth
66 Stem Cell Reports j Vol. 4 j 61–73 j January 13, 2015 j ª2015 The Author
factor b (TGF-b) signaling, including bmp15, dvr1, foxh1,

gdf2, and gdf9, were also overexpressed in these individuals,

some of which have been shown to be important for

ovarian follicle development in zebrafish and mammals

(see, e.g., Clelland and Kelly, 2011; Knight and Glister,

2006; Parrish et al., 2011). Similarly, 28 DE genes, including

translational regulators (ddx31, lsm14b, elav2, eif4e1b,

pabpc1l) and chromatin modifiers (chtopb, h1m, setd8b,

suv39h1a) were identified in cluster 1. Some of these (e.g.,

dazl, spo11, smc1b, and sycp3) play essential roles in various

aspects of meiosis (Baudat et al., 2013). In summary, our

data indicated that mRNA translation and epigenetic regu-

lation in the oocyte might be important for meiotic pro-

gression, suggesting that TGF-b signaling contributed to

the development of meiotic oocytes and ovarian follicles.

Several transcription factors were identified in cluster 1 as

potential activators involved in profemale development.

Some of them, including sox19b and zglp1, are required

for ovary or granulosa cell development in various species

(Li et al., 2007; Navarro-Martı́n et al., 2012).

Among 193 genes overexpressed in WT and PGC-

depleted transforming males (clusters 4 and 5; Table S3),

20were upregulated over 3-fold, and nine of themwere un-

characterized (for a selected set, see Table S4).
s



Figure 5. Validation of a Selected Set of DE Genes Identified
from Microarray Data Analyses with qRT-PCR Assay
(A) 14 dpf.
(B) 22 dpf (R1.5-fold, p < 0.05, Student’s t test).
See also Table S5 for primer sequences and Table S6 for detailed
expression data.
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To further investigate the transforming process of go-

nads, cluster 2 was compared with clusters 3 and 4. There

was a total of 50 DE genes and 30 of them upregulated in

cluster 2 (>2-fold, p < 0.05). Among the subset of 20 genes

upregulated in clusters 3 and 4 were several potential testis

markers, including rnf14-like (loc100333926), rtn4b, cyb5r1,

and metrnl (Oatley et al., 2009; Zhou et al., 2002) (for a

selected set, see Table S4).

To validate themicroarray data, we examined the expres-

sion profiles of a selected set of DE genes and several candi-

date sex associated genes by a quantitative PCR (qPCR)
Stem
array. A total of 26 and 107 genes was tested for 14 dpf

and 22 dpf, respectively, and nearly 70% of themwere veri-

fied (Figures 5A and 5B; see Table S5 for primers and Table

S6 for detailed results). We identified the upregulation of

zp2 in WT samples and star (Leydig cell marker) in PGC-

depleted gonads at 14 dpf. In contrast, we did not detect

differential expression in amh, sox9a (Sertoli cell marker),

and star at 22 dpf consistent with microarray data.
PGC-Depleted Gonads May Undergo a Less Distinct

‘‘Juvenile Ovary to Testis’’ Transformation

To ask whether PGC-depleted gonads differentiate in the

same manner as those of WT, histological analysis was per-

formed at different developmental stages. At 15 dpf,WT go-

nads contained different types of germ cells, including

meiotic germ cells suggestive of the early stage of primary

oocytes (Figure 6A, see inset). However, no mature, differ-

entiated germ cells were observed in PGC-depleted gonads

(Figure 6B), indicating that theywere underdeveloped. This

observation was consistent with confocal imaging of go-

nads with severely depleted PGCs, in which no clear struc-

tureswere observed at 14 dpf (Figure 2B). At 23 dpf, in sharp

contrast to the gonads of WT individuals (Figure 6C), there

were no perinucleolar oocytes identified in PGC-depleted

gonads (Figure 6D). By 28 dpf, WT gonads contained

packed perinucleolar oocytes (Figure 6E). However, PGC-

depleted gonads showed a range of morphologies during

differentiation; some had developed ovarian structures

(Figure 6F), while others solely contained germ cells with

one or multiple nucleoli in the nucleus (Figure 6G). At 35

dpf, signs of apoptosis were observed, indicative of gonad

transformation (Figure S3). No difference was observed be-

tween adult PGC-depleted and WT gonads (Figure S4).

Taken together, our histological findings suggest thatWT

gonadal primordium first develops into an immature ovary

with different types of germ cells at 2 wpf. The number and

size of perinucleolar oocytes may provide good indicators

for ovarian maturation at later stages. In contrast, the

development of PGC-depleted gonads appeared to be de-

layed and inadequate compared with WT. Moreover,

PGC-depleted individuals may exhibit a less pronounced

or shorter juvenile ovary stage during sexual differentia-

tion. Thus, we propose that gonadal transformation may

serve as a checkpoint to ensure the developmental stability

of ovaries or testes.
DISCUSSION

In this report, we show that a dimorphic increase of germ

cells occurs in the early larvae of zebrafish, similar to Japa-

nese medaka (Satoh and Egami, 1972). Our data show that

there is little change in the germ cell number during the
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Figure 6. Hematoxylin and Eosin Staining
of WT and PGC-Depleted Zebrafish Gonads
at Different Developmental Stages
(A) WT gonads at 15 dpf contained meiotic
germ cells indicating oogonia (white box,
inset).
(B) PGC-depleted gonads at 15 dpf did not
contain differentiated germ cells.
(C and D) At 23 dpf, WT (C) and PGC-
depleted gonads (D) are shown. Peri-
nucleolar oocytes were only identified in the
WT gonad (arrow). PGC-depleted gonads
contained germ cells with one to several
nucleoli.
(E) WT gonads at 28 dpf showed slightly
packed oocytes at the perinucleolar stage
(arrow).
(F and G) At 28 dpf, some PGC-depleted
gonads have developed ovarian structures
with perinucleolar oocytes (F, arrow),
whereas others were similar histologically
to PGC-depleted gonads of 23 dpf (compare
G and D).
Scale bars represent 20 mm. See also Figures
S3 and S4.
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first week of development. However, two distinct germ cell

populations appear between 7 and 14 dpf, and this is

strongly correlated with the resulting sex ratios of progeny.

Thus, we propose that a sex-specific proliferation of germ

cells marks the beginning of gonadal differentiation in ze-

brafish and individuals with a high PGC number have an

increased propensity for the female fate.

We used two complementary methods, MO-based

knockdown and cell transplantation, to generate zebrafish

containing a spectrum of PGC numbers. Our findings re-

vealed that a threshold number of PGCs is required for

the stability of ovarian fate. Furthermore, no compensatory

proliferation of germ cells in the PGC-depleted morphants

was observed, thus maintaining the morpholino-induced

phenotype during development. In organogenesis, the

number of tissue-specific stem cells might regulate the final

size of the organs (Stanger et al., 2007). Our results suggest

that the ability of PGCs to proliferate is constrained by their

number, which consequently changes the size and identity

of the gonad. The development of PGC-depleted gonads
68 Stem Cell Reports j Vol. 4 j 61–73 j January 13, 2015 j ª2015 The Author
appeared to be inadequate and protracted, which seems

to delay differentiation further. When PGC number

increased, compensatory growth occurred, indicating the

presence of potential feedback molecules, possibly growth

factors derived from somatic cells. Interestingly, we also

observed 10%–20% of zebrafish with a PGC number below

the threshold developed as females, suggesting that these

individuals might possess a distinct genetic makeup, lead-

ing to different response to the size of germ cell pool. We

do not know whether there is any connection between

the initial PGC count and the response to the depletion.

It is possible that the ‘‘additional males’’ appearing in the

MO-depleted batch are genetic females with a lower num-

ber of initial PGCs (within the normal female range) prior

to injection that forced them to develop a testis.

Germ cell sex determination and meiotic initiation are

tightly coupled events during the early stage of sexual dif-

ferentiation (Lesch and Page, 2012). Our histological anal-

ysis and gene expression profiles (zp2, org, sycp3, dazl)

confirmed that zebrafish gonads are in a meiotic ovarian
s
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stage at 14 dpf. Concurrently, we also detected putative

testis markers expressed inWT gonads, indicating the plas-

tic nature of early immature gonads expressing ‘‘lineage

priming’’ genes of both sexes as shown in mammals

(Jameson et al., 2012). Comparative transcriptome analysis

showed that under unbiased selection, WT individuals

display similar expression patterns, indicating that zebra-

fish undergoing either mode of proliferation (and with

either sexual fate) will enter meiosis. On the other hand,

PGC-depleted gonads were not able to express ovarian or

meiotic markers at that stage; thus, the juvenile ovary stage

might be accordingly delayed. In mammals, the mutual

antagonism between CYP26B1/FGF9 and retinoic acid

(RA) regulates the meiotic entry of germ cells (Kocer et al.,

2009). Our data suggest that zebrafishmight use alternative

molecules or mechanisms for executing meiosis since we

did not detect dimorphic expression of cyp26a1 either at

the beginning of sexual differentiation (14 dpf) or during

meiotic progression of ovary (22 dpf). It should be noted

that immune response genes were predominantly upregu-

lated in PGC-depleted morphants at 14 dpf, and this may

correlate with PGC depletion inducing a regenerative

response similar to that of injured tissues (Godwin and

Brockes, 2006). Moreover, we observed that immune

response genes were upregulated in both WT and the

PGC-depleted morphants at 22 dpf, suggesting that these

genes may serve key regulatory roles during gonadal devel-

opment, as in rainbow trout (Yano et al., 2012).

The comparison of transcriptomes among WT zebrafish

identified seven DE genes at 14 dpf and 945 DE genes at

22 dpf, manifesting the increasing divergence of promale

versus profemale pathways during development. At 22

dpf, the expression ofmultiple signaling pathways revealed

a complex regulatory network in gonadal differentiation.

Several developmental pathways have been shown to be

involved in germline development and the juvenile ovary

to testis transformation in zebrafish, including the canon-

ical Wnt, Tp53/Fancl, nuclear factor-kB, and Piwi/piRNA

pathways (Houwing et al., 2007; Pradhan et al., 2012; Ro-

drı́guez-Marı́ et al., 2010; Sreenivasan et al., 2014). Our

data demonstrate that genes/pathways supporting ovarian

follicle development are coupled with genes associated

with meiotic progression and mRNA translation, further

promoting the female fate.

Histological analysis showed the quantitative difference

in perinucleolar oocytes between WT and PGC-depleted

dnd morphants, consistent with the observation that the

ratio of perinucleolar oocytes in total germ cells dictates

gonadal fate (Uchida et al., 2002). Our findings suggest

that oocyte meiosis is important for ovarian development.

It has been reported that sex reversal inmedaka occurs dur-

ing meiosis (Shibata and Hamaguchi, 1988). Similarly, as

shown in fancl mutants, only oocytes surviving through
Stem
meiosis support ovarian differentiation in zebrafish (Rodrı́-

guez-Marı́ et al., 2010). Additionally, meiotic germ cells

strengthen the ovarian fate by antagonizing the testicular

pathway or triggering the maturation of somatic cells in

mice (Maatouk et al., 2013; Yao et al., 2003). Thus, based

on our data, a higher number of PGCs would provide

more meiotic oocytes or oocyte-derived signals in sexual

differentiation (Rodrı́guez-Marı́ and Postlethwait, 2011),

further promoting or maintaining female fate as evidenced

by the upregulation of cyp19a1a, foxl2 and other profemale

genes/pathways.

Gonadal Transformation May Function as a Buffering

System for Developmental Outcome

It has been indicated that testicular differentiation exhibits

variability in zebrafish and that all males develop ‘‘juvenile

ovaries’’ before the initiation of testis formation (Wang

et al., 2007). The earliest reported upregulation of known

male sex markers, including amh, sox9a, or cyp11c1 (earlier

cyp11b or cyp11b2), and downregulation of cyp19a1a (a

well-known female marker) in the transforming zebrafish

gonads was from 30 dpf onward (Rodrı́guez-Marı́ et al.,

2005; Wang and Orban, 2007). In line with these findings,

we have not observed differences between the WT trans-

forming gonads and PGC-depleted morphants at 22 dpf.

On the other hand, several potential testis markers were

identified. Reciprocal expression of cyp19a1a and amh dur-

ing gonadal transformationmight indicate transdifferentia-

tion from granulosa cells to Sertoli cells in zebrafish (Wang

and Orban, 2007). Our data suggest that germ cells in

PGC-depleted gonads were not able to activate/maintain

cyp19a1a expression in somatic cells, and amh expression

has not yet been upregulated. Further, histological analysis

showed no oocyte or ovarian structures in PGC-depleted

morphants at 23 dpf, and the gonads have embarked on

male differentiation via the expression of some potential

testicular markers and/or the downregulation of ovary asso-

ciated genes. It has been suggested that gonadal develop-

ment of zebrafish without PGCs progresses with similar

timing as WT (Siegfried and Nüsslein-Volhard, 2008).

However, we observed different histological patterns in

the PGC-depleted gonads at later stages, and PGC-depleted

individuals coclustered with a subset of WT transforming

males based on their 22 dpf transcriptomes, confirming

the variability in testicular differentiation. Thus,we propose

that gonadal transformation may function as a buffering

process for stabilizing the developmental outcome of an

ovary or a testis, complementing the ‘‘sexual canalization’’

concept championed by others (Saito and Tanaka, 2009).

A Germ Cell Number Model for Sexual Differentiation

In this study, we provide evidence that dimorphic germ cell

proliferation is the first sign of sexual differentiation, and
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Figure 7. A Working Model for Zebrafish
Sexual Differentiation: PGC Numbers
Alter the Gonadal Fate
(A) This model shows that in zebrafish the
beginning of gonadal differentiation occurs
between 7 and 14 dpf, by which point
the WT population will exhibit a bimodal
distribution of individuals based on PGC
number and manifest the inception of the
juvenile ovary stage based on molecular
markers (as identified by transcriptome).
Sex ratio evaluation suggests that most
individuals with low PGC number will
develop as males, while those with high PGC
number as females.
(B) In PGC-depleted embryos (red lines),
most zebrafish develop as males, indicating
that the effect caused by morpholino in-
jection (at 24 hpf) is maintained through
the development. However, 10%–20%
of individuals with depleted PGC number
(count 1–9) will develop as females. By 22
dpf, differences in gonadal morphology and

gene expression profiles between WT and PGC-depleted transforming males can be observed. The onset and duration of this divergence vary
among individuals. The ‘‘juvenile ovary’’ stage might be delayed or become shorter and less distinct in PGC-depleted individuals. The
profemale and promale pathways reported by others are shown.
In this study, we identified potential novel factors contributing to sexual differentiation based on transcriptome and phenotype analysis
(green arrows, upregulation; red arrows, downregulation, inset box). (A) was modified from Figure 1 of Orban et al. (2009) with permission.
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the number of germ cells is important for stability of

ovarian fate. We further demonstrate that the presence of

a higher number of oocytes passing through meiosis

(which may generate an increased amount of oocyte-

derived signals) is important for maintenance of female

development (Rodrı́guez-Marı́ and Postlethwait, 2011).

On the other hand, the development of the PGC-depleted

gonads appears to be slower and often incomplete, likely

causing further changes in the course of testicular differen-

tiation. Our data suggest that PGC-depleted individuals

may undergo a less pronounced ‘‘juvenile ovary’’ stage,

differing in timing and length relative to theirWTcounter-

parts (Figure 7). In conclusion, our work suggests that germ

cell number plays an active role during sexual differentia-

tion and may directly regulate the progression of gonadal

transformation in zebrafish.
EXPERIMENTAL PROCEDURES

Ethics and Zebrafish Strains
The study was carried out in accordance with the Guide for the

Care and Use of Laboratory Animals in Hokkaido University and

Institutional Animal Care and Usage Committee at Temasek Life

Sciences Laboratory. Zebrafish were kept under standard condi-

tions and staged according to (Kimmel et al., 1995). The zebrafish

strains used for the experiments were AB WT, golden mutant,

Tg(vasa:DsRed2-vasa); Tg(bactin:EGFP) double transgenic line
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(Wong et al., 2011), and Tg(vasa:vasa-EGFP), also known as

zf45Tg transgenic line (Krøvel and Olsen, 2002).

Generation of Germ Cell-Deficient Zebrafish
Two different methods, MO injection and cell transplantation,

were used to generate PGC-deficient zebrafish. Our preliminary

tests with a control MO have shown that the microinjection itself

does not exert a systematic effect on gonadal development (Fig-

ure S2). Details are in the Supplemental Experimental Procedures.

Quantitation of PGC Number in Early Embryos
The suitability of determining PGC number by the squash pre-

parationmethod was initially validated by comparing PGC counts

obtained by this approach with those obtained by precise quanti-

fication of fluorescence intensity. Both techniques yielded

numbers that were in good agreement (for details, see the Supple-

mental Experimental Procedures).

Confocal Microscopy
The isolated trunk region of a larva containing the prospective

gonadwithout internal organs was embedded in 1.5% lowmelting

agarose on a 0.17mmcoverslip and imaged on a Leica SP5 inverted

confocal microscope (for details, see the Supplemental Experi-

mental Procedures).

Quantitative Image Analysis of PGCs
To determine the number of PGCs present in each sample,

confocal z stacks were analyzed using Imaris 7.4 Spot Count
s
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function (Bitplane, Andor) using a minimum size of 5.0 mm, a pos-

itive threshold for channel 1 (excitation 488 nm) and a negative

threshold for channel 2 (excitation 561 nm). The presence or

absence of loose aggregates of cells or intact gonadal structures

was scored visually in 3D using Imaris.

Histology
The histological analysis was performed as described (Wang et al.,

2007) with modifications (for details, see the Supplemental Exper-

imental Procedures).

Microarray-Based Transcriptome Profiling
A customized microarray was used for gene expression profiling.

The microarray was designed based on various resources and

manufactured by Roche NimbleGen on its 12 3 135 array format

with each array containing 117,915 probes. Each probe is 60 bp

and mapped to Ensembl 70 (released on January 2013). At both

developmental stages, 10 samples were from PGC-depleted (1–9)

morphants, and 14 samples were from randomly selected WT

individuals.

Collection and Preparation of RNA Samples
All samples used for RNA extractionwere from the FI family, which

produces progeny sex ratio of 40%male. PGC-depletedmorphants

and uninjected WT were grown to the desired stages (standard

length of 4–5mmand 6–7mm for 14 dpf and 22 dpf, respectively).

The developing trunk regions without internal organs, between

the opercula and anal pores, were carefully dissected. The samples

were immediately snap frozen in liquid nitrogen and then stored at

�80�C. For detailed information on RNA sample preparation and

processing, see the Supplemental Experimental Procedures.

Microarray Data Analysis
Detailed information on microarray analysis can be found in the

Supplemental Experimental Procedures.

Quantitative RT-PCR for Validation of Microarray

Data
Quantitative RT-PCRwas carried out using the BioMarkHD system

(Fluidigm). Trunk sections as opposed to isolated gonads were

used, as experimental validation has proven that the presence of

other tissues did not have a substantial effect on the gonadal

expression level of most genes (Table S7). For detailed information

on quantitative RT-PCR (qRT-PCR) assay, see the Supplemental

Experimental Procedures.

ACCESSION NUMBERS

The microarray data have been deposited in the GEO database

under accession number GSE57046.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, seven tables, and two movies and can be

found with this article online at http://dx.doi.org/10.1016/j.

stemcr.2014.10.011.
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