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Germ cells serve as intriguing examples of differentiated cells that retain the capacity to generate all cell types of
an organism. Here we used functional genomic approaches in planarians to identify genes required for proper germ
cell development. We conducted microarray analyses and in situ hybridization to discover and validate germ cell-
enriched transcripts, and then used RNAI to screen for genes required for discrete stages of germ cell development.
The majority of genes we identified encode conserved RNA-binding proteins, several of which have not been
implicated previously in germ cell development. We also show that a germ cell-specific subunit of the conserved
transcription factor CCAAT-binding protein/nuclear factor-Y is required for maintaining spermatogonial stem
cells. Our results demonstrate that conserved transcriptional and post-transcriptional mechanisms regulate germ
cell development in planarians. These findings suggest that studies of planarians will inform our understanding of
germ cell biology in higher organisms.
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The specification and proper differentiation of germ cells
are essential for the continuity of sexually reproducing
species. Germ cells can maintain totipotency throughout
their differentiation, and, although gametes are highly
specialized cell types, this potential is released upon fer-
tilization to generate a new organism (Seydoux and Braun
2006). Dissecting the molecular mechanisms underlying
germ cell development is critical for understanding the
nature of totipotency, the factors regulating meiotic pro-
gression, and the sex-specific differentiation of gametes.

Studies conducted in classic genetic model organisms
have identified both evolutionarily conserved and spe-
cies-specific regulators of germ cell development (Ewen-
Campen et al. 2010). This work has revealed the impor-
tance of transcriptional repression of somatic fates and
post-transcriptional control of gene expression in regu-
lating germ cell differentiation (Seydoux and Braun 2006;
Kimble and Crittenden 2007; Cinalli et al. 2008). Aside
from a few model organisms, however, the mechanisms
of germ cell development remain largely unexplored in
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the vast majority of metazoan phyla. Moreover, current
genetic models represent only two of the major bilaterian
superphyla (Ecdysozoa and Deuterostomia), but not the
Lophotrochozoa (Dunn et al. 2008). Therefore, a compre-
hensive understanding of germ cell development in meta-
zoans will benefit from mechanistic studies of animals
representing additional evolutionary lineages.

The freshwater planarian Schmidtea mediterranea rep-
resents one promising model for studying germ cell de-
velopment (Newmark et al. 2008). This member of the
Lophotrochozoan phylum Platyhelminthes can regener-
ate new germ cells from fragments of adult tissue that
lack reproductive organs (Morgan 1902; Sato et al. 2006;
Wang et al. 2007). The source of the regenerated germ
cells appears to be the somatic stem cells—the neoblasts—
that are responsible for the animal’s well-known regen-
erative abilities (Baguna et al. 1989). Neoblasts express
several conserved regulators of germ cell development
(Shibata et al. 1999; Reddien et al. 2005a; Salvetti et al.
2005; Guo et al. 2006; Palakodeti et al. 2008; Solana et al.
2009). Thus, these pluripotent cells share many features
with germ cells, and studies of planarians should help
reveal the mechanisms by which somatic stem cells can
produce germ cells.
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Planarian germ cells express orthologs of nanos (Sato
et al. 2006; Handberg-Thorsager and Sal6 2007; Wang
et al. 2007), a gene required for germ cell differentiation
and maintenance in a wide range of animals (Kobayashi
et al. 1996; Deshpande et al. 1999; Subramaniam and
Seydoux 1999; Koprunner et al. 2001; Tsuda et al. 2003;
Hayashi et al. 2004; Wang and Lin 2004; Sada et al. 2009).
We showed that nanos is required for the development,
maintenance, and regeneration of the germ cell lineage
in sexually reproducing planarians (Wang et al. 2007).
Surprisingly, nanos-positive cells were also observed in
asexually reproducing planarians that propagate by fission
and never develop gonads (Sato et al. 2006; Handberg-
Thorsager and Sal6 2007; Wang et al. 2007), suggesting
that they possess early germ cells that fail to differentiate;
nanos function is also required for maintaining these
presumptive germ cells (Wang et al. 2007).

Here we used functional genomic tools to investigate
systematically the molecular mechanisms underlying
planarian germ cell development. We identified tran-
scripts down-regulated after nanos RNAi-mediated germ
cell loss, and validated their germ cell-enriched expres-
sion by in situ hybridization. We then performed a targeted
RNAI screen to investigate the functions of these genes,
revealing previously unreported roles in germ cell devel-
opment for several molecules conserved between planar-
ians and vertebrates.

Results

Identification of germ cell-specific genes
in S. mediterranea

To identify genes required for germ cell development in
planarians, we used microarray analyses to compare gene
expression profiles of planarians with and without germ
cells [control(RNAi) vs. nanos(RNAi) animals, respec-
tively]. We generated custom oligonucleotide arrays rep-
resenting 16,797 unique S. mediterranea transcripts from
two EST collections (Sanchez Alvarado et al. 2002; Zayas
et al. 2005) and carried out two sets of comparisons: asex-
ual nanos(RNAi) versus control(RNAi) animals, to iden-
tify genes expressed in presumptive germ cells; and juve-
nile sexual nanos(RNAi) versus control(RNAi) animals,
to identify genes expressed in testes primordia (Fig. 1A).
We first determined the transcriptional profiles of asex-
ual nanos(RNAi) and control(RNAi) planarians. The vast
majority (~99.4%) of the transcripts examined did not
show differential expression between nanos(RNAi) and
control animals, consistent with the observation that
nanos knockdown does not detectably affect somatic
cells in the animal (Wang et al. 2007). One-hundred-three
genes showed significant differential expression (adjusted
P < 0.05) between nanos(RNAi) and control animals (Fig.
1B; Supplemental Table S1); notably, all of these genes
were down-regulated in nanos(RNAi) animals. Out of
103 top hits, 72 genes have homologs in other organ-
isms. These genes encode proteins with a variety of di-
verse functions, as predicted by associated Cluster of
Orthologous Groups (COG) terms (Tatusov et al. 2003).
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Figure 1. Transcriptional profiling of nanos(RNAi) versus con-
trol(RNAi) animals, and validation of germ cell-enriched expres-
sion of identified genes. (A) Experimental design of microarray
analyses. (Arrowhead) Presumptive germ cells; (arrow) testes
primordia. (Insets) Magnified views of germ cells in control(RNAi)
animals. (B,C) M-A plots showing differential expression between
asexual nanos(RNAi) versus control(RNAi) animals (B), and
juvenile sexual nanos(RNAI) versus control(RNAi) animals (C).
M represents the log2 intensity ratios, and A represents the log2
intensity averages. (Open black circles) Transcripts that did not
show significantly differential expression; (closed turquoise cir-
cles) transcripts with adjusted P-value = 0.01-0.05; (closed
magenta circles) transcripts with adjusted P-value < 0.01. (D-I)
Genes identified from microarray analyses were expressed in
different germ cell populations in testes, as revealed by FISH.
(D-F) Whole-mount images. (Arrowhead) Testes. (G-I) Magni-
fied views of testes lobules. Bars: A, 0.5 mm; insets in A, 50 pm;
D-F, 1 mm; G-I, 50 um. See also Supplemental Figure S1.

They are largely enriched for cytoskeletal components,
genes involved in carbohydrate transport and metabo-
lism, post-translational modification/protein turnover/
chaperones, energy production and conversion, and RNA
processing and modification (Supplemental Table S2). The
nanos transcript itself was the second highest hit by fold
change (M = —4.71), confirming the RNAi knockdown
efficiency. The top hit was a GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) homolog, Smed-GAPDHs
(for spermatogenic GAPDH), which showed the largest
fold change (M = —5.54) and the lowest P-value (0.00011)
among all transcripts.

Using the same approach, we identified 278 genes
that showed significant differential expression (adjusted



P < 0.05) between juvenile sexual nanos(RNAi) and
control planarians (Fig. 1C; Supplemental Table S3). Of
these, 275 genes were down-regulated in nanos(RNAi)
animals; 195 out of 275 have likely homologs in other
organisms. Based on COG terms, the most enriched
functional categories include cytoskeletal components,
post-translational modification/protein turnover/chaper-
ones, signal transduction mechanisms, carbohydrate trans-
port, and metabolism, as well as RNA processing and
modification (Supplemental Table S4). As in asexuals,
Smed-GAPDHs was the top hit by both P-value and fold
change. When we compared the 103 top hits from asexuals
to these 278 genes, we found that 80 genes overlapped
between the two data sets.

Validation of germ cell-specific expression

To validate our microarray results, we analyzed the ex-
pression patterns of the top hits by whole-mount in situ
hybridization. Sexual S. mediterranea have numerous
testes lobules distributed dorsolaterally and a pair of
ovaries located more ventrally behind the cephalic gan-
glia. Out of 98 ESTs examined, 93 showed testes-specific
or testes-enriched expression (Supplemental Table S1); of
these, three genes were also expressed in ovaries (Supple-
mental Table S1). Transcripts of two other genes were
detected only in ovaries (Supplemental Table S1). Thus,
our microarray analyses were effective at identifying tran-
scripts whose expression was enriched in gonads; the en-
richment for testes-specific transcripts is a consequence
of the large number of testes in planarians.

In order to define more precisely the cell types in which
the top hits from both sets of arrays are expressed, we
performed fluorescent in situ hybridization (FISH), and
visualized transcript distributions by confocal micros-
copy (Fig. 1D-I). Mature planarian testes lobules have
a peripheral layer of spermatogonial cells; as spermato-
gonia differentiate, spermatocytes and spermatids accu-
mulate toward the luminal side of the testes, where
mature sperm will ultimately be released into the sperm
ducts (Fig. 1G; Supplemental Fig. S1A). Transcripts of
several genes were detected in distinct spermatogenic
populations: For example, Smed-hnRNPA2 mRNAs were
enriched in spermatogonial cells and early spermatocytes
(Fig. 1D,G), Smed-PABPC-1 [poly(A)-binding protein, cy-
toplasmic| transcripts were detected in spermatocytes
and spermatids (Fig. 1EH), and Smed-NF-YB (nuclear
factor Y, subunit B) mRNAs were detected in all germ
cells within the testes, except mature sperm (Fig. 1E]).

Distinct subpopulations of spermatogonia were re-
vealed by the expression patterns of some germ cell-
enriched transcripts. For example, FISH detected both
Smed-GAPDHs and Smed-rap55 (RNA-associated pro-
tein 55) mRNAs specifically in spermatogonial cells
(Supplemental Fig. SIB-G). Double FISH detected nanos
transcripts in a small subset of spermatogonial cells that
also express GAPDHSs; spermatogonia with the highest
GAPDHs levels, however, were often found adjacent to
the nanos-positive cells (Supplemental Fig. S1B-D). On
the other hand, rap55 was detected only weakly in the
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nanos-positive spermatogonia (Supplemental Fig. SIE-G).
These expression patterns reveal heterogeneity within
the spermatogonial population: Assuming that nanos-
positive spermatogonia are the spermatogonial stem cells
(SSCs) of planarians (Wang and Lin 2004; Sato et al. 2006;
Wang et al. 2007; Sada et al. 2009), rap55-positive cells
are likely to represent differentiating spermatogonia, and
GAPDHs-positive cells seem to include both SSCs and
their direct division progeny.

Functional characterization of genes required
for distinct stages of germ cell development

To investigate the functions of these germ cell-enriched
transcripts in germ cell development, we performed RNAi
experiments. We selected 109 ESTs from both asexual and
juvenile sexual array top hits to generate dsRNA feed-
ing vectors (Supplemental Table S5). Priority was given
to genes with the largest fold change in expression, and
genes predicted to encode proteins involved in transcrip-
tion, RNA processing, translational control, and signal
transduction. We also included several genes with homo-
logs of unknown function in other organisms, and a few
novel genes. Because the majority of candidate genes are
expressed in planarian testes, we focused on male germ
cell differentiation; furthermore, planarians have numer-
ous testes lobules, and their position beneath the dorsal
epidermis facilitates subsequent analyses. We performed
RNAI by feeding dsSRNA-containing food to small, juve-
nile sexual animals (lacking testes) for ~1 mo. When
controls reached sexual maturity, we assessed develop-
ment of the testes by fixing animals and staining them
with DAPI to label germ cell nuclei within the testes;
we then examined them microscopically for defects in
spermatogenesis. Using this method, we identified 13
genes for which RNAi knockdown yielded phenotypes at
various stages of male germ cell development and sper-
matogenesis (Table 1).

Among them, RNAi knockdown of Smed-Bicaudal-C
(Bic-C) and Smed-elF3c (eukaryotic initiation factor 3,
subunit C) resulted in a “no testes” phenotype (Fig. 2A).
Failure of testes development in Bic-C(RNAi) and
elF3c(RNAi) animals was confirmed by FISH to detect
expression of germinal Histone H4 (gH4), a marker for
spermatogonia, oogonia, and neoblasts. Whereas control
animals showed normal testes morphology with an outer
layer of gH4-positive spermatogonia, only individual
neoblasts were detected dorsolaterally in RNAi animals
(Fig. 2B). Length measurements of eIF3¢c(RNAi) (5.09 =
0.75 mm, n = 15; mean * SD), Bic-C(RNAi) (5.27 *+
0.55 mm, n = 15), and control (3.97 = 0.26 mm, n = 16)
animals revealed that elF3c(RNAi) and Bic-C(RNAi)
animals were significantly larger than controls (P <
0.0005, Student’s t-test); therefore, the absence of testes
was not a consequence of inhibited growth or develop-
mental arrest. Although both Bic-C and elF3c are also
expressed in the ovaries (data not shown), defects in
oogenesis were not apparent in knockdown animals: Both
gH4 expression and oocyte formation appeared to be
unaffected (Fig. 2C,D). Sexually mature animals with
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control Bicaudal-C(RNAI)

elF3c(RNAI)

Figure 2. Bic-C and elF3c are required for testes formation. (A)
DAPI staining and gH4 FISH to label testes (arrowheads) in control
and RNAI animals. (B) Magnified views of testes in control(RNAi)
(n = 14 out of 14) and neoblasts in Bic-C(RNAi) (n = 15 out of 15)
and eIF3c(RNAi) (n = 15 out of 15) animals. (Arrowhead) sper-
matogonia; (arrows) neoblasts. (C,D) DAPI staining and FISH to
detect gH4 transcripts in ovaries of control and RNAi animals.
(C) Asterisks indicate ovaries. (D) Magnified views of boxed
regions in C. (Arrowheads) Oogonia. (*) Oocyte nuclei stained
with DAPI. Bars: A, 1 mm; B, 100 pm; C, 200 pm; D, 50 pm.

fully developed gonads treated with Bic-C or eIF3c
dsRNA over a period of 1 mo also lost their testes, as
shown by gH4 and DAPI staining, yet no defects in
oogenesis were observed (data not shown). Therefore,
we conclude that Bic-C and elF3c are required for proper
development and maintenance of planarian male germ
cells.

RNAi knockdowns of four genes resulted in meiotic
defects in developing sexual animals. Planarian sper-
matogonia undergo three rounds of mitotic division with
incomplete cytokinesis; the resulting eight primary sper-
matocytes then undergo meiosis to generate 32 sperma-
tids (Franquinet and Lender 1973; Newmark et al. 2008).
Three knockdowns (Smed-elav-1 [embryonic-lethal ab-
normal vision|, Smed-elav-2, and Smed-PABPC) appear
to block meiotic progression: No spermatids were de-
tected in the testes of these RNAi animals (Fig. 3A-D),
yet a few spermatocytes with pachytene-like nuclear
morphology were observed (Fig. 3B-D, insets), suggesting
that meiotic entry may occur. When compared with con-
trol animals that possess a single layer of spermatogonia

Regulators of planarian germ cell development

around the periphery of the testis lobules (Fig. 3A), these
RNAIi animals exhibit expanded peripheral layers in the
testes (Fig. 3B-D), suggestive of an accumulation of sper-
matogonia and primary spermatocytes. The expansion of
spermatogonia in PABPC(RNAIi) animals was confirmed
by labeling with anti-Sm monoclonal Y12 (Lerner et al.
1981); this antibody recognizes symmetrical dimethyl-
arginines (Brahms et al. 2000) and labels neoblasts and
spermatogonia (Supplemental Fig. S2A,B). Mitotic sper-
matogonia and meiotic spermatocytes can be labeled
with anti-phospho-Histone H3-S10 (H3-S10P) antibodies
(Hendzel et al. 1997; Wei et al. 1998; Cobb et al. 1999;
Manzanero et al. 2000); the number of cells within H3-
S10P-positive clusters enables us to distinguish dividing
spermatogonia from dividing primary and secondary sper-
matocytes (e.g., clusters of eight anti-H3-S10P-positive
cells correspond to dividing primary spermatocytes).

control § B elav2(RNAI)

= control
= RNAI
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Figure 3. Genes required for meiotic progression and sperma-
tid elongation. (A-E,G-L) DAPI (gray) and H3-S10P (magenta)
staining of testes in control and RNAi animals (n > 12 for each
gene). (B-D) RNAi knockdowns showing meiotic failure. (E)
spac-1(RNAi) animals accumulated H3-S10P-positive secondary
spermatocytes (arrows). (F) Quantification of H3-S10P-positive
cysts in control and spac-1(RNAi) animals; the latter showed in-
creased numbers of H3-S10P-positive secondary spermatogenic
cysts (P < 0.0005, Student’s t-test). Error bars represent SEM.
Twelve testis lobules from three animals were counted for each
group. (G-L) RNAi knockdowns resulting in spermatid elonga-
tion defects. Bars: A, 100 pm; insets, 20 wm. See also Supple-
mental Figure S2.
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Anti-H3-S10P immunofluorescence did not reveal in-
creased mitotic/meiotic activity between RNAi and con-
trol animals, indicating that the accumulation is likely
not a result of overproliferation (Fig. 3B-D).

The fourth gene, spac-1 (for secondary spermatocyte
accumulation), encodes a protein containing an RRM
(RNA recognition motif) domain, and is homologous to
a hypothetical protein from the parasitic flatworm Schis-
tosoma japonicum. Round spermatids could be detected
in testes lobules of spac-1(RNAi) animals (Fig. 3E), sug-
gesting that spermatocytes were able to progress through
meiosis. However, a dramatic accumulation of secondary
spermatocytes (clusters of 16 H3-S10P-positive cells) was
observed in these testes (Fig. 3E,F; Supplemental Movies
S1, S2), suggesting that meiotic progression was aberrant.

We identified six genes for which RNAi knockdown
resulted in defects in spermatid elongation: Smed-
hnRNPA2, Smed-C3H-zinc finger-1 (zfn-1), Smed-MSY4,
Smed-rap55, Smed-Brgl, and sped-1 (spermatid elonga-
tion-defective), a novel gene encoding a predicted protein
that shares no similarity with any known or predicted
proteins. These RNAIi animals showed varying degrees
of spermatid elongation, but none of them was able to
produce mature, fully elongated sperm (Fig. 3G-L): Testes
of hnRNPA2(RNAi), C3H-zfn-1(RNAi), and MSY4(RNAi)
animals contained only round spermatids in the testes
(Fig. 3G-1); rap55(RNA1i), sped-1(RNAi), and Brg1(RNAi)
animals had partially elongated spermatids (Fig. 3]-L).

All of the aforementioned genes were expressed specif-
ically in germ cells in testes (Fig. 1G,H; Supplemental
Fig. S2C-L); PABPC-1 is also expressed in the oogonia as
well as differentiating and mature oocytes (Supplemental
Fig. S2M-P). Thus, the RNAi phenotypes described above
appear to be the result of germ cell-intrinsic defects. Sur-
prisingly, genes for which RNAi generated spermatid
elongation defects (hnRNPA2, MSY4, C3H-zfn-1, rap55,
sped-1, and Brgl) were expressed as early as the sper-
matogonial stage (Fig. 1G; Supplemental Fig. S2E-I, re-
spectively). To ask whether this phenotypic delay could
be due to a delay in protein translation, we examined lo-
calization of the Smed-RAP55 protein in the testes using
a-Trailer-hitch (Drosophila RAP55 ortholog) (Wilhelm
et al. 2005) antibodies that cross-react with Smed-RAP55
(Fig. 4A). The absence of detectable staining following
rap55 RNAI (Fig. 4A,B) demonstrates the antibody spec-
ificity and confirms the effectiveness of the RNAi knock-
down. Although rap55 transcripts were detected mainly
in spermatogonia (Fig. 4D,F), RAP55 protein was most
abundant in spermatocytes as well as round and elongating
spermatids (Fig. 4E,F). Therefore, RAP55 expression appears
to be regulated post-transcriptionally, and the accumula-
tion of RAP55 protein in spermatids is consistent with the
spermatid elongation phenotype seen after rap55 RNAI.

NF-YB is required for the maintenance of SSCs

Finally, our screen identified an NF-YB (or CCAAT-
binding transcription factor) homolog for which RNAi
knockdown produced a unique testes degeneration phe-
notype. Smed-NF-YB(RNAI) animals examined after six
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Figure 4. Post-transcriptional regulation of rap55. (A,B) Anti-
Tral antibodies (Wilhelm et al. 2005) cross-react with planarian
RAP55 protein, as shown by lack of detectable anti-Tral staining
in rap55(RNAi) animals [control, n = 6 out of 6; rap55(RNAI),
n =5 out of 5]. Animals were fed dsRNA-containing food three
times over 12 d and were fixed 7 d after the last feeding. (C-F)
Localization of rap55 transcripts and protein in testes. (C) DAPI-
stained testis lobule. (D) FISH to detect rap55 transcript. (E)
Anti-Tral staining to detect RAP55 protein. (F) Overlay. (Arrow)
Spermatogonia; (arrowhead) spermatids. Bar, 50 pm.

RNAI feedings over a period of ~1 mo had either very tiny
testes (n = 6 out of 12) or no testes (n = 6 out of 12) (Fig.
5A). Animals with tiny testes appeared to contain mainly
round spermatids and occasionally mature sperm in the
testis lobules, but lacked spermatocytes and spermato-
gonial cells at the periphery (Fig. 5A, inset). Nevertheless,
in some NF-YB(RNAi) animals, including those in which
no testes were observed by DAPI staining, we observed
well-developed copulatory apparatus and mature sperm
in seminal vesicles or sperm ducts (data not shown),
suggesting that these animals could undergo the initial
rounds of spermatogenesis, but failed to maintain sperm
production when NF-YB was knocked down. The first
wave of sperm production in NF-YB(RNAi) animals could
be explained by incomplete knockdown during the initial
period of RNAI treatment. This scenario seems unlikely,
however, because spermatids or mature sperm were not
detected in other RNAi knockdowns that resulted in
failure of testes formation or meiotic progression.

To examine the role of NF-YB in spermatogonial
maintenance, we performed NF-YB RNAi in mature
sexual animals and examined nanos and gH4 expression
(Fig. 5B,C). After four dsRNA feedings over a period of 31
d, control animals showed robust spermatogenesis in
their testes, with a layer of gH4-positive spermatogonial
cells at the periphery (n = 17 out of 17) (Fig. 5B, top panel).
A subset of spermatogonia was nanos-positive, likely
representing SSCs. NF-YB(RNAi) animals, however, had
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Figure 5. Loss of spermatogonia after NF-YB(RNAI). (A) DAPI
staining showing that NF-YB(RNAIi) juveniles developed small
testes or no testes. (Inset) Small testis lobule in NF-YB(RNAIi)
animal showing accumulation of round spermatids. Bars: 1 mm;
inset, 50 pm. (B,C) Double FISH to detect nanos and gH4
transcripts in sexually mature control or NF-YB(RNAi) animals.
Over time, NF-YB(RNAi) animals showed testes degeneration,
loss of spermatogonia, and reduced gH4 and nanos expression.
Bars: Whole-animal images, 1 mm; magnified views, 100 pm.
See also Supplemental Figure S3.

predominantly round spermatids in the lumen of their
testes, surrounded by a discontinuous spermatogonial
layer containing only a few gH4-positive cells (n = 19
out of 19); the number of nanos-positive putative SSCs
per testis lobule was also greatly reduced (Fig. 5B, bottom
panel). After five dsSRNA feedings over a period of 37 d, 15
out of 19 RNAi animals had tiny residual testes, in which
very little spermatogonial gH4 and nanos expression
could be detected (Fig. 5C, middle panel). In the remain-
ing RNAi animals (n = 4 out of 19), testes had completely
degenerated (Fig. 5C, bottom panel). Taken together, these
results suggest that NF-YB RNAI caused testes degener-
ation in sexually mature planarians, possibly due to de-
pletion of SSCs. In contrast, oogenesis appeared to be
normal in NF-YB(RNAi) animals, since mature oocytes
could be found in the ovaries, and ovarian expression of
both gH4 and nanos was similar to that observed in con-
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trols (data not shown). Thus, NF-YB appears to be re-
quired for continuous spermatogenesis and for mainte-
nance of SSCs.

In sexual planarians, NF-YB is expressed in all germ
cells in the testes (including nanos-positive cells) except
sperm, and no somatic expression could be detected
(Fig. 1EI; Supplemental Fig. S3A-C). Therefore, the NF-
YB(RNAIi) phenotype appears to result from a germ cell-
intrinsic defect. Like nanos NF-YB expression is detected
in presumptive germ cells in asexuals and developing
testes primordia in juvenile sexual animals (Supplemen-
tal Fig. S3D). Furthermore, it is also expressed in animals
undergoing testes regression and regeneration following
post-ovary amputation (Supplemental Fig. S3E). nanos-
positive cells are retained throughout the course of testes
regression and regeneration, whereas later differentiation
markers (such as T-plastin) are lost during testes regres-
sion and are only re-expressed when spermatogonia pro-
duce differentiated progeny (Wang et al. 2007). These
expression dynamics are consistent with a role for NF-YB
in the SSCs.

Genes required for maintaining germ cells
in asexual S. mediterranea

Since Bic-C, elF3c, and NF-YB are required for testes for-
mation and maintenance in sexual planarians, we asked
whether they are also required for maintaining presump-
tive germ cells in asexual animals. After 1 mo of RNAIi
treatment, Bic-C(RNAi) and NF-YB(RNAi) animals lacked
nanos- and gH4-positive presumptive germ cells (Fig.
6B,D); eIF3¢(RNAi) animals, however, appeared to be un-
affected (Fig. 6C). These observations suggest that Bic-C
and NF-YB, but not eIF3c, are required for maintaining
presumptive germ cells in asexual planarians; thus, both
NF-YB and Bic-C appear to be critical for the mainte-
nance of undifferentiated germ cells (SSCs in the sexual
strain, and presumptive germ cells in asexual animals).

Discussion

To dissect the mechanisms regulating germ cell develop-
ment in planarians, we identified genes whose expres-
sion was germ cell-dependent. We identified a total of 297
transcripts that showed significant down-regulation in
planarians lacking germ cells; we validated germ cell-
enriched expression for >95% of the top hits by in situ
hybridization. Our subsequent targeted RNAi screen
identified 13 genes required for planarian testis forma-
tion, maintenance, meiotic progression, or spermatid
elongation. Nearly all of these genes (12 out of 13) encode
conserved proteins with homologs in other organisms;
notably, nine of 13 genes are predicted to encode RNA-
binding proteins.

These RNA-binding proteins likely play a variety of
roles, including translational activation, translational re-
pression, alternative splicing, and regulation of mRNA
stability (Table 1). For example, PABPC and hnRNPA2 are
involved in multiple aspects of translational regulation
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Figure 6. NF-YB and Bic-C are required to maintain nanos and
gH4 expression in presumptive germ cells in asexual planarians.
(A) Presumptive germ cells in control(RNAi) animals express
gH4 and nanos (arrowheads, n = 18 out of 18). (B,D) No gH4 and
nanos-positive germ cells were detected in Bic-C(RNAi) (n = 18
out of 18) and NF-YB(RNAi) (n = 16 out of 16) animals. (C)
eIF3¢c(RNAi) animals showed normal nanos and gH4 expression
in presumptive germ cells (arrows, n = 17 out of 17). Bar, 100 pm.

and mRNA metabolism (Dreyfuss et al. 1993; Kwon et al.
1999; Mangus et al. 2003). ELAV family proteins have
been implicated in regulation of mRNA stability, pre-
mRNA splicing, and, more recently, translational activa-
tion (Koushika et al. 1996, 2000; Fan and Steitz 1998;
Soller and White 2003; Fukao et al. 2009). Bic-C was
shown recently to act as a translational repressor by re-
cruiting the CCR4 deadenylase complex, which shortens
poly(A) tails of target mRNAs during Drosophila oogen-
esis (Chicoine et al. 2007).

Among these RNA-binding proteins, ELAV family
members and MSY4 have been shown previously to func-
tion in spermatogenesis in other organisms. Recently, an
elav-like gene, Melav2, was shown to be required for
spermatid elongation in the flatworm Macrostomum
lignano (Sekii et al. 2009). However, here we found that
knockdown of Smed-elavl and Smed-elav2, the closest
homologs of Melav2 in S. mediterranea, resulted in an
earlier defect—failure of meiosis. Whether this discrep-
ancy reflects species-specific differences in the function(s)
of these genes and if they are true orthologs, remain to
be determined. The Y box-containing protein MSY4 is
highly expressed in mouse spermatogenesis (Davies et al.
2000). An MSY4 homolog, DeY1, was identified from
the planarian Dugesia etrusca and shown to be expressed
specifically in differentiating germ cells in the testes
(Salvetti et al. 2002). Ectopic expression of MSY4 in late-
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stage mouse spermatids disrupted spermatid differentia-
tion and resulted in sterility (Giorgini et al. 2002). Here
we demonstrate that RNAi knockdown of a planarian
MSY4 homolog also caused failure of spermatid differen-
tiation. Since forced expression of MSY4 in mouse sper-
matids resulted in translational repression of transcripts
critical for spermatid maturation (Giorgini et al. 2002),
the MSY4(RNAi) phenotype may result from precocious
translation of spermatid mRNAs.

Orthologs of several of the genes we identified (e.g.,
rap55 and Bic-C) are required for oogenesis in other
species (Tablel; Boag et al. 2005; Chicoine et al. 2007;
Marnef et al. 2009); here we report novel spermatogenic
functions for these genes. In vertebrate cells, RAP55 is a
component of Processing (P) bodies, sites of mRNA degra-
dation and translational silencing (Tanaka et al. 2006;
Yang et al. 2006). The Drosophila rap55 ortholog trailer
hitch (tral) is required for proper dorsal-ventral egg pat-
terning: tral mutations disrupt secretion of Gurken pro-
tein (Wilhelm et al. 2005), and have defects in gurken
mRNA localization and cytoskeletal organization (Snee
and Macdonald 2009). The Caenorhabditis elegans rap55
ortholog car-1 is required for proper oogenesis; RNAi
knockdown results in elevated cell death in oocytes and
early cytokinesis defects in progeny (Boag et al. 2005).
Given these roles of Tral and CAR-1, defects in mem-
brane trafficking and/or cytoskeletal function could ac-
count for the spermatid elongation defects observed in
Smed-rap55(RNAi) animals.

In Drosophila, mutations in Bic-C disrupt oogenesis
and anteroposterior patterning of the developing egg
(Mahone et al. 1995). Recent work has shown that Bic-C
mutants have defects in Gurken secretion resembling
those observed in tral mutants; furthermore, Bic-C and
tral interact genetically (Snee and Macdonald 2009), and
their proteins interact biochemically (Kugler et al. 2009).
Adult Drosophila males express two alternatively spliced
Bic-C transcripts at very high levels; however, the func-
tions of these male-specific isoforms remain unclear,
since all Bic-C mutant alleles are male-fertile (Mahone
et al. 1995). A C. elegans Bic-C homolog, gld-3, plays
multiple roles in the germline: It is required maternally
for germline survival and proper embryogenesis, and also
promotes sperm fate and meiotic progression (Eckmann
et al. 2002, 2004). GLD-3 is a divergent member of the
Bic-C family, lacking the SAM (sterile a motif) domain
found at the C terminus of other family members
(Eckmann et al. 2002). GLD-3 interacts biochemically
with FBF RNA-binding proteins, thereby inhibiting their
binding to target RNAs (Eckmann et al. 2002), and with
GLD-2, the catalytic subunit of a cytoplasmic poly(A)
polymerase, to promote meiotic entry (Eckmann et al.
2004) and spermatogenesis (Kim et al. 2009).

Intriguingly, the human rap55 ortholog LSM14B shows
dramatic up-regulation during spermatogenesis (Chalmel
et al. 2007), and, in mouse testes, RAP55 protein is de-
tected in spermatocytes and spermatids (Pepling et al.
2007)—the same cells in which the planarian RAP55
protein is detected most abundantly. Furthermore, mouse
Bic-C appears to be highly expressed in spermatogonia



(Chalmel et al. 2007), as it is in planarians. Thus, it will be
of interest to examine whether these genes play similar
roles in spermatogenesis and early germ cell development
in vertebrates.

There has been speculation that, during germ cell de-
velopment, the requirements to maintain genomic toti-
potency force germ cells to rely mainly on “RNA-centric”
translational control to regulate gene expression (Seydoux
and Braun 2006). Our data provide additional evidence for
the critical role of post-transcriptional regulation through-
out germ cell development. The majority of genes for
which RNAi knockdown results in a germ cell-defective
phenotype encode RNA-binding proteins. Intriguingly,
most identified neoblast-specific markers also encode
RNA-binding proteins (Shibata et al. 1999; Reddien et al.
2005a; Salvetti et al. 2005; Guo et al. 2006; Palakodeti et al.
2008; Solana et al. 2009; Rouhana et al. 2010), providing
further support for the idea that post-transcriptional con-
trol is critical for regulating pluripotency. Here we iden-
tified candidate transcripts based on their expression in
relatively early germ cells, yet many of the RNA knock-
downs revealed functions in later stages of spermatogen-
esis. This observation suggests that, in planarians, early
male germ cells store RNAs required for later stages of
differentiation, and that sequential waves of post-tran-
scriptional control drive meiotic progression and spermio-
genesis, as observed in meiotic progression in Xenopus
oocytes (Vasudevan et al. 2006) and throughout germ
cell development in C. elegans (Kimble and Crittenden
2007). The abundance of rap55 mRNA in spermatogonia
(in which the protein is barely detectable) and the paucity
of rap55 mRNA in spermatids (which contain high levels
of the protein) are consistent with this idea.

Our screen also identified two genes (Smed-C3H-zfn-1
and spac-1) with highest similarity to sequences from
parasitic flatworms of the genus Schistosoma. These or-
ganisms are responsible for schistosomiasis, a neglected
tropical disease affecting >200 million people worldwide
(King 2009). Although genome sequences are available
for two species of Schistosomes (Berriman et al. 2009;
The Schistosoma japonicum Genome Sequencing and
Functional Analysis Consortium 2009), the requirements
for invertebrate intermediate hosts and vertebrate de-
finitive hosts to propagate the life cycle complicate large-
scale analysis of gene function in these animals. The
ability to characterize flatworm-specific genes by exam-
ining their roles in planarians represents a promising
strategy for understanding the less-accessible parasitic
flatworms. Because the pathology of schistosomiasis re-
sults from inflammatory responses to the parasite’s eggs
(King 2009), any flatworm-specific targets that eliminate
this tremendous reproductive output could be useful in
controlling the disease.

Finally, we found that a planarian NF-YB homolog is
required for maintaining spermatogenesis. Following
NF-YB RNAI in sexual planarians, round spermatids ac-
cumulate and the gH4" spermatogonial layer of the testis
is lost. Thus, spermatogonial progeny can differentiate
properly, forming spermatocytes that progress through
meiosis and initiate spermatid nuclear condensation;
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however, the spermatogonial layer disappears, consistent
with a failure to maintain SSCs. Furthermore, NF-YB
RNAI in asexual planarians resulted in a loss of nanos*
gH4" early germ cells. Together, these results suggest that
this gene is required for maintaining undifferentiated
male germ cells in planarians.

NF-YB encodes one subunit of the trimeric transcrip-
tion factor NF-Y (or CCAAT-binding factor), which binds
specifically to the CCAAT box, a motif commonly found
in eukaryotic promoters (Ceribelli et al. 2008). The NF-
YB(RNAi) phenotype in sexual planarians is strikingly
similar to that of TAF4b and Plzf mutant mice, which
initially produce sperm, but then become infertile due
to progressive loss of spermatogonia (Buaas et al. 2004;
Costoya et al. 2004; Falender et al. 2005). TAF4b is a
component of the TFIID complex of the RNA polymerase
I basal transcription machinery, and PLZF (promyelo-
cytic leukemia zinc finger protein) is a transcriptional
repressor. Both genes are required for maintaining SSCs
(Buaas et al. 2004; Costoya et al. 2004; Falender et al.
2005); NF-YB may play a similar role in planarians. NF-YB
transcripts are enriched in mouse spermatogonia rela-
tive to other testes cell types (Chalmel et al. 2007), so it
will be of interest to determine whether it is also involved
in regulating SSCs in mammalian testes. Interestingly,
CCAAT boxes were overrepresented in promoters of
genes up-regulated in primordial germ cells and embry-
onic stem (ES) cells (human and mouse) relative to dif-
ferentiated cell types (Grskovic et al. 2007). Expression of
NF-YA and NF-YB mRNAs decreased during the course of
ES cell differentiation, and RNAi knockdowns of these
genes reduced the proliferative potential of ES cells
(Grskovic et al. 2007). In murine hematopoietic stem
cells (HSCs), NF-Y overexpression activates HSC regula-
tory genes and promotes HSC self-renewal in vitro and in
vivo (Zhu et al. 2005). Together, these results suggest a
widely conserved role for NF-Y in regulating multiple
stem cell populations.

In summary, we identified genes required for distinct
stages of male germ cell development in planarians; no-
tably, most of these genes share extensive similarity with
vertebrate genes. Several microarray analyses have sur-
veyed germ cell differentiation in various mammalian
species (e.g., Schultz et al. 2003; Oatley et al. 2006;
Chalmel et al. 2007); however, large-scale functional
analyses remain difficult in these animals. Our work
demonstrates that planarians can serve as valuable models
for screening large numbers of such differentially expres-
sed genes to dissect conserved mechanisms of germ cell
development.

Materials and methods

Planarian culture

Clonal lines of hermaphroditic (Zayas et al. 2005) and asexual
(Sanchez Alvarado et al. 2002) S. mediterranea were used for
all experiments and maintained as per Wang et al. (2007); they
were fed weekly with organic calf liver and starved at least 1 wk
before use.
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RNAi

RNAI feedings were performed as described (Gurley et al. 2008).
Control animals were fed bacteria containing empty pPR242
vector (courtesy of Peter Reddien, Whitehead Institute/Massa-
chusetts Institute of Technology). For experimental RNAi, cor-
responding cDNAs were subcloned into pPR244 using Gateway
cloning (Invitrogen) as described (Reddien et al. 2005b) and con-
firmed by sequencing. For the RNAIi screen, all experiments
were performed at least twice.

Microarray analyses

nanos(RNAi) was performed as described (Wang et al. 2007) on
asexuals or 1-d-old sexual hatchlings over ~1 mo (total of six
dsRNA feedings). Absence of germ cells after nanos(RNAi)
treatment was confirmed by in situ hybridization to detect
gH4 expression in half of the treated animals. Total RNA was
then extracted from the remaining asexual nanos(RNAi) (n = 10)
and control(RNAI) (n = 10) animals, or juvenile nanos(RNAi) (n =
6) and control(RNAi) (n = 6) animals using Trizol Reagent
(Invitrogen); purified with RNeasy minispin columns (Qiagen)
with on-column DNase treatment; and quantified using an
Agilent 2100 Bioanalyzer (Agilent Technologies). RNA samples
were labeled and hybridized to custom oligonucleotide arrays
(Roche Nimblegen). All array experiments were performed in
duplicate using independently prepared RNA samples from
independent RNAIi experiments. To analyze microarray data,
expression values normalized using the Robust Multichip Aver-
age (RMA) algorithm were fit to a linear model using the Bio-
conductor limma package (Gentleman et al. 2004; Smyth 2004)
to calculate moderated t-statistics and adjusted P-values for each
transcript. Microarray data have been deposited in the Gene
Expression Omnibus (accession no. GSE22797).

Whole-mount in situ hybridization

Whole-mount in situ hybridization of planarians was performed
as described (Pearson et al. 2009) with the following modifi-
cations for large sexual planarians: They were killed in 10%
N-acetyl-cysteine, fixed in 4% formaldehyde for 25-30 min at
room temperature, permeabilized with 1% SDS for 10 min at
room temperature, and reduced for 10 min at room temperature.
Prior to hybridization, animals were treated with proteinase K
for 20 min at room temperature. Samples were imaged with
a Leica M205A microscope and DFC420 camera. For FISH, after
antibody incubation (a-digoxigenin-peroxidase, 1:500 [Roche]; or
a-dinitro-phenol-peroxidase, 1:100 [Perkin-Elmer]) overnight at
4°C, samples were washed in MABT for 2 h, followed by two
10-min washes in PBS, and were developed with FITC-tyramide
or Cy3-tyramide (Perkin-Elmer) per the manufacturer’s protocol.
For double FISH, after developing the first color, peroxidase was
inactivated with 2% H,O, in PBST for 1 h before blocking and
second antibody incubation. FISH samples were imaged using a
Zeiss 710 confocal microscope.

Whole-mount immunofluorescence

Planarians were killed with 2% HCI for 5 min on ice and fixed in
4% formaldehyde in PBS. Staining with a-H3-S10P and DAPI was
performed as described (Guo et al. 2006). Staining with mAb-1
Y12 (1:500; Neomarkers) was performed similarly. Rabbit antisera
were raised against both full-length and the first 130 amino acids
of Drosophila Tral and affinity-purified using the latter. Staining
with a-Tral (1:1000, crude antisera; 1:100, affinity-purified) was
performed after FISH procedures. Images were captured with
Zeiss SteREO Lumar.V12 and 710 confocal microscopes.
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Gene sequences

c¢DNA sequences were obtained from ESTs from hermaphro-
ditic S. mediterranea. Accession numbers are as follows:
Smed-elav2, HM639987; spac-1, HM639988; Smed-hnRNPA2,
HM639989; Smed-PABPC, HM100651; sped-1, HM100652; Smed-
NF-YB, HM100653; Smed-MSY4, BK007100; Smed-C3H-zfn-1,
BK007101; Smed-Brg1, BK007102; Smed-elav1, BK007103. Addi-
tional cDNA sequences for Bic-C, Smed-eIF3c, and Smed-rap55
were obtained by PCR from hermaphroditic S. mediterranea
cDNA, cloned into the pCR2.1-TOPO vector (Invitrogen), and
entered into GenBank (accession nos. HM055594, HM055595,
and HM055596).
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