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Stem cells are pivotal for development and tissue homeostasis of
multicellular animals, and the quest for a gene toolkit associated
with the emergence of stem cells in a common ancestor of all
metazoans remains a major challenge for evolutionary biology. We
reconstructed the conserved gene repertoire of animal stem cells by
transcriptomic profiling of totipotent archeocytes in the demosponge
Ephydatia fluviatilis and by tracing shared molecular signatures with
flatworm and Hydra stem cells. Phylostratigraphy analyses indicated
that most of these stem-cell genes predate animal origin, with only
few metazoan innovations, notably including several partners of the
Piwi machinery known to promote genome stability. The ancestral
stem-cell transcriptome is strikingly poor in transcription factors. In-
stead, it is rich in RNA regulatory actors, including components of the
“germ-line multipotency program” and many RNA-binding proteins
known as critical regulators of mammalian embryonic stem cells.
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Stem cells are defined by their capacity to give rise to daughter
cells that remain in the stem-cell state (self-renewal) as well
as to progenitor(s) that can undergo cellular differentiation. In
some animal lineages, there are adult stem cells that retain the
potential to produce both the germ-line and at least several so-
matic cell types, and for that reason, they have been called
“unlimited primordial stem cells” (uPriSCs) (1). uPriSCs have
been documented in animal groups as diverse as colonial ascidians
(2), acoels (3), flatworms (4, 5), cnidarians (6, 7), and sponges (8),
leading to the suggestion that uPriSCs represent the ancestral type
of animal stem cell (1).

To date, comprehensive transcriptomes of uPriSCs have been
determined only for the hydrozoan cnidarian Hydra (7) and for
several flatworm species (4, 9-12). The transcriptome of flat-
worm neoblasts is significantly enriched in genes encoding RNA-
binding proteins (RBPs) whose bilaterian orthologs act in the
maintenance of stem-cell identity (4, 9, 10), suggesting that post-
transcriptional regulation might have been of prime importance
for stem-cell regulation in the last common ancestor of Bilateria
(“higher” animals). Transcriptome analysis of the uPriSCs of the
nonbilaterian Hydra vulgaris (interstitial stem cells) revealed the
existence of a set of transcription factors (TFs) with stem-cell
functions conserved up to vertebrates (7). These data unveiled
some conserved features of stem cells at the phylogenetic level of
eumetazoans (the clade comprising cnidarians and bilaterians),
but animal stem cells originated earlier, in a common ancestor of
all extant Metazoa, and a comprehensive view of their ancestral
gene toolkit is still lacking.

Sponges are widely thought to be the sister-group to all other
metazoans (13). Although this view has recently been challenged
(ctenophores rather than sponges being the basal-most animal
phylum according to refs. 14 and 15; but see refs. 13 and 16),
sponges uncontroversially represent the earliest diverging animal
lineage in which uPriSCs have been characterized. As such, they
are pivotal to unraveling the molecular mechanisms that under-
pinned the acquisition of stem cells in the last common metazoan
ancestor. The stem-cell system of demosponges comprises totipotent
archeocytes together with a specialized cell type, the choanocyte, the
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latter having the potency to produce other choanocytes and male
gametes in demosponges (8) but also to change to archeocytes
under certain conditions (17, 18). Ephydatia fluviatilis is a freshwater
demosponge that reproduces both sexually and asexually. In asexual
reproduction, the adult sponge produces small particles (gemmules)
housing thousands of binucleated stem cells (thesocytes, a resting
form of archeocytes). Under certain environmental conditions,
gemmule hatching starts by the division of thesocytes into mono-
nucleated totipotent archeocytes, which then migrate out from the
gemmule, proliferate, self-renew, and give rise to all differentiated
cell types of a functional juvenile sponge (8, 17, 19) (Fig. 14).

In this study, we devised an original protocol to purify arche-
ocytes and characterize their transcriptomic profile. We assembled
a de novo transcriptome of juvenile Ephydatia fluviatilis and
quantified the expression levels of transcripts in archeocytes versus
choanocytes and “other cells” fractions. We identified the ortho-
logs of archeocyte-specific genes in the uPriSC transcriptomes of
Hydra and the flatworm Schmidtea (7, 10). From these compari-
sons we were able to construct a gene set representing the best
inferred ancestral molecular repertoire to date of metazoan
uPriSCs. The evolutionary and biological significance of this an-
cestral repertoire was evaluated by analyzing its gene content in
terms of functional categories and of characterized stem-cell
functions in animal models [notably, mammalian embryonic stem
cells (ESCs)] and by mapping the origin of these genes on the tree
of life.

Significance

This work reveals the deeply conserved gene repertoire of ani-
mal stem cells, from sponges to mammals. This repertoire mostly
contains ancient (premetazoan) genes and few novel (meta-
zoan-specific) genes, but the latter point to the importance of
genome protection in the origin of stem cells. Additionally,
regulators of DNA transcription are only marginally represented
among conserved stem-cell genes, whereas genes directly acting
upon RNA predominate, including orthologues of RNA-binding
proteins that control mammalian embryonic stem cells. Thus
posttranscriptional regulation of gene expression has been cru-
cial in animal stem-cell biology across hundreds of millions of
years of animal evolution.
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Staining of cells from juvenile Ephydatia and FACS sorting of archeocytes, choanocytes, and other cells. (A) Gemmule hatching process. Blue dotted

circle, choanocyte chamber; green arrowhead, thesocyte; pink arrowhead, archeocyte. (B) Stage 2 juvenile E. fluviatilis (Left), Hoechst 33342 and Rho123
counterstaining (Middle), and magnified archeocytes (Right) containing Rhodamine-stained vitelline platelets (Inset, white arrowhead) and a large nucleo-
lated nucleus (Inset, red arrowhead). (C) Stage 5 juvenile E. fluviatilis (Left), Hoechst 33342 and FluoSphere counterstaining (Middle), and magnified stained
choanocyte chambers (Right and Inset) containing fluorescent beads (green). Asterisks in B and C indicate the gemmule coat. (D) FACS gate for archeocytes
(Left panels) and photograph showing purified cells (Right panel) (large size and strong green fluorescence). (E) FACS gate for choanocytes (Left panels) and
photograph showing purified cells (Right) (small size and strong green fluorescence). Inset shows two choanocytes with several ingested fluorescent beads.
(F) FACS gate for other cells (Left panels) and purified cells (Right) (heterogeneous size and weak or no green fluorescence). Note that several fields have been
combined to show the heterogeneity of cell sizes in that fraction. FITC-A, green fluorescence; FSC-A, forward scatter; SSC-A, side scatter.

Results

Transcriptomic Profile of Totipotent Archeocytes. We first built a
reference dataset of 17,419 assembled de novo E. fluviatilis tran-
scripts obtained by cDNA sequencing of a mixture of juvenile
sponges at different gemmule hatching stages (Methods; tran-
scripts provided in Dataset S1). Next, archeocytes from stage 2
juvenile sponges were labeled with Rhodamine 123 (Rho123), a
green fluorescent dye that we found to be incorporated into the
abundant vitelline platelets known to be present in the archeocyte
cytoplasm during the early stages of gemmule hatching (19) (Fig.
1B). At this stage we know that the vast majority of the sponge
body is made of actively proliferating archeocytes. The food-
entrapping choanocytes of stage 5 juveniles were labeled by
feeding with green fluorescent beads as described previously (20)
(Fig. 1C). Although it is known that several cell types have
phagocytic activity in demosponges (e.g., pros-endopinacocytes),
visual inspection of the sponges fed with fluorescent beads clearly
shows that choanocytes are by far the most abundant and the most
intensively stained cells. Then we sorted archeocytes and cho-
anocytes by FACS based on their level of green fluorescence and
their light scattering parameters (20) (Methods and Fig. 1 D and
E). We also labeled stage 2 sponges with both Rho123 and fluo-
rescent beads and collected a fraction, called other cells, lacking
green fluorescence and possessing light scattering parameters
outside the range of those of archeocytes or choanocytes (Fig. 1F).
At this stage, we assessed cell fraction purity by controlling the
sorted cells under light microscope. All observed cells stained by
Rho123 had typical features of archeocytes: large in size, large
nucleus with a single nucleolus, and many vitelline platelets
(stained by Rho123) (Fig. 2D). Cells labeled by fluorescent beads
had features of choanocytes: small in size, cytoplasm with ingested
fluorescent beads (Fig. 2E), and in some cases, recognizable
beating flagella. Unstained cells had diverse sizes and shapes, as
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expected for a mixture of multiple differentiated cell types (Fig.
2F). We cannot exclude an undetectable level of contamination,
but we can confidently consider that we obtained two cell fractions
respectively highly enriched in archeocytes and in choanocytes
and a third fraction almost totally devoid of archeocytes and
choanocytes.

Around 25 million llumina 100-bp single-end reads per biological
duplicate were obtained and mapped onto the reference transcripts,
leading to identification of 11,275 genes differentially expressed
among the three cell fractions [Fisher’s exact test false discovery rate
(FDR) < 0.05 and reads per kilobase per million mapped reads
(RPKM) > 1 in at least one fraction; see Methods] (Fig. 24, Fig. S1,
and Dataset S2, Tables S1-S3). Importantly, the following facts also
support the purity of our cell fractions. All cell type-specific marker
genes identified in previous studies consistently fell into the expected
cluster (refs. 20-25; Dataset S2, Table S4 and Fig. S2), and as an
additional control, in situ hybridization in juvenile sponges for genes
belonging to the “archeocytes” and other cells clusters yielded the
expected expression patterns (Fig. S2).

A total of 3,350 transcripts were expressed at least twofold
higher (“overexpressed” genes) in archeocytes than in choano-
cytes and other cells, including transcripts of the previously
identified archeocyte marker EflMusashiA (21). Among these,
1,151 were expressed at least fivefold higher (“specific” genes) in
archeocytes than in choanocytes and other cells, including the
stem-cell markers EflPiwiA and EfIPiwiB (22) (Dataset S2, Ta-
bles S2 and S3). The other cells cluster contained known markers
for diverse differentiated cell types (e.g., EflSilicateinM1 and
EfiLectin, expressed in sclerocytes and cells involved in innate
immunity, respectively) (23) and was enriched in developmental
genes (cell communication, adhesion, and differentiation factors),
probably reflecting the molecular programs used to construct the
juvenile sponge body (Dataset S2, Table S5). The “choanocytes”
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Fig. 2. Transcriptomic signature of archeocyte and uPriSC genes. (A) Heat map of the 11,275 genes differentially expressed between archeocytes, cho-
anocytes, and other cells. (B) Venn diagram showing the 180 OrthoMCL groups overexpressed in the interstitial stem cells of H. vulgaris, the neoblasts of
S. mediterranea, and the archeocytes of E. fluviatilis. (C) Enriched functional categories in the uPriSC repertoire (FDR < 5e-2). In each of the four annotation
sources depicted, terms are ordered by FDR value (with the lower values on top). The full enrichment study data are provided in Dataset S2, Table S5.
(D) Number of putative RBPs belonging to each expression cluster. DEAD-box helicases are on the right and RRM-containing genes on the left. (E) Venn
diagram showing the 25 OrthoMCL groups corresponding to RBPs from mouse ESCs that belong to the uPriSC repertoire.

cluster was significantly enriched in lysosome genes, as predicted
from the role of these cells in intracellular food digestion, and also
showed overexpression of the previously identified choanocyte
marker EflAnnexin (20) (Dataset S2, Tables S4 and S5). The cho-
anocyte cluster did not show enrichment in mitotic genes and
showed low expression of EflPiwiA (transcripts of this gene were
previously detected in choanocytes by in situ hybridization) (22),
suggesting that the actively feeding choanocytes in stage 5 juvenile
sponges we purified were in a nonproliferative state. The archeocyte
cluster, in contrast, was enriched in DNA repair, DNA replication,
and cell-cycle genes (Dataset S2, Table S5), as expected for highly
proliferative cells. Thus, among the three cell fractions we com-
pared here, only archeocytes showed stem-cell properties.

The Ancestral Stem-Cell Gene Repertoire Contains 180 Genes. We recon-
structed the genetic repertoire of ancestral metazoan uPRiSCs—that
is, genes overexpressed in uPRiSCs across metazoan lineages—by
compiling a list of orthology groups with transcripts overexpressed
in the archeocytes of E. fluviatilis (present study), the interstitial
stem cells of the cnidarian H. vulgaris (using data from ref. 7), and
the neoblasts of the flatworm Schmidtea mediterranea (data from
ref. 10) (Fig. 2B, Dataset S2, Table S6, and Methods). These spe-
cies, the only ones for which RNA-sequencing (RNA-seq) data of
uPRiSCs are available, represent three major early-diverging ani-
mal lineages: sponges, cnidarians, and bilaterians [ideally, we would
have liked to compile comparable lists for ctenophores and
placozoans, but ctenophores are thought to lack uPRiSCs (26) and
placozoan stem cells have not yet been characterized]. The three
compared stem-cell systems each have derived characteristics,
but at the same time, they are also expected to share deep
homologies at the molecular level, inherited from a genetic
program that regulated uPRiSCs in the metazoan ancestor. The
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orthology groups were determined by matching transcripts of
these three species against the OrthoMCL database (27).

The resulting combination is made up of 180 orthology groups
(Fig. 2B and Dataset S2, Table S6) that can be taken as a proxy
of the core transcriptome of the ancestral animal stem cell. As
expected, this repertoire is strongly enriched in cell cycle, DNA
replication, and DNA repair genes (e.g., pcna, G2/mitotic-specific
cyclin B1) (Fig. 2C and Dataset S2, Table S6). Some genes
overexpressed in archeocytes and with orthologs having known
stem-cell functions in other animals do not appear among the
180 genes, due, for instance, to secondary gene loss in H. vulgaris
or S. mediterranea (e.g., Myc is missing in flatworm) (28) or be-
cause they are also highly expressed in the unipotent epithelial
stem cells of H. vulgaris (e.g., Piwi) or differentiated cells of
S. mediterranea (e.g., GATAI-4). Interestingly, although the fold-
change thresholds initially used to select stem-cell genes in the three
species were permissive (Methods), the resulting 180 genes rank
among the most strongly overexpressed in stem cells (in Ephydatia
the median ratio of expression in archeocytes for these 180 genes is
4.3-fold over other cells and 9.5-fold over choanocytes).

TFs Are Underrepresented Among the Ancestral Stem-Cell Genes. The
first striking finding from examination of our data is that TFs are
very poorly represented in both archeocytes and the ancestral
uPriSC repertoire. Archeocytes overexpress only 67 of the 241
E. fluviatilis genes with “sequence-specific DNA binding TF ac-
tivity” (Gene Ontology GO_0003700) (Dataset S2, Table S7),
and thus, TFs are statistically underrepresented in archeocytes
(> P value = 9e-3). Nonetheless, among TFs overexpressed in
archeocytes, a few notable genes have known functions in bilat-
erian stem cells and a very high expression level in archeocytes
relative to the two other cell fractions. These include two mem-
bers of the P53/63/73 family (transcripts m.33268 and m.17499 in
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Table 1. Conserved expression features between sponge and mammalian RBPs

Mammals Ephydatia
Positive/negative Transcript(s) in Expression value Differential
regulator of mESC-specific OrthoMCL the same expression
Gene symbol ESC renewal in ref. 32 group OrthoMCL group Archeo Other Choano cluster (Fig. 2)
MBNL1 Negative* No 0G5_132352 m.6274 29.835 164.2 139.68 5
Pum1 Negative' Yes 0OG5_126869 m.145795 2.27 0.575 0.275 3
ESRP1 Negativet Yes 0G5_130871 m.33711 54 9.835 4.305 3
Nat1 Negative Yes 0G5_132868 m.25377 66.6 34.685 12.84 3
RBFOX2 Positive® Yes 0G5_135623 m.28075 178.615 60.585 55.48 3
ADAR Positive No 0G5_138421 m.34972 3.36 2.2 2.17 No diff. exp.
SON Positive® No 0G5_133903 m.27671 19.735 5.665 4.065 3
Zcche Positive No 0OG5_128508 m.33121 17.135 4.05 2.49 3
Zccheo Positive No 0G5_128508 m.33713 14.455 1.58 0.555 3
Mettl3 Positive No 0G5_129618 m.23877 26.545 12.54 13.2 3
Mettl4 Positive No 0G5_132677 m.28272 8.62 3.65 2.945 3
Thoc2 Positivell No 0G5_129528 m.14726 116.27 13.425 7.13 3
Thoc5 Positive** No 0G5_130349 m.16805 97.675 17.915 11.99 3
Ptbp1 Positive Yes 0G5_127719 m.11907 132.735 54.79 16.635 3

No diff. exp., not differentially expressed.
*Lower in mESC than in several differentiated tissues (61).

TIncreases during early differentiation of mESC and then comes back to the initial level (62).

*Highly enriched in mESC (63).

§Expressed in Oct4+, Nanog+, and Sox2+ mESCs, not in Oct4-negative fibroblasts (64).

INo significant changes during hESC differentiation (65).

#Increases during hESC reprogramming and decreases during ESC differentiation (66).

lIDecreases during mESC differentiation (67).
**Decreases during mEeSC differentiation (67).

Dataset S2, Table S1), one member of the Gatal-6 family (m.32173),
a Gli/Glis family gene (m.5162), a FoxD1-4 subfamily gene (m.25520),
and the Myc gene (m.10642) (see Fig. S3 for phylogenetic analyses).
In contrast, both Ephydatia Sox1/2/3 paralogues [m.16180 and
m.3390; EfISoxB1 specifically expressed in spicule-transporting
cells (29)] and FoxO ortholog (m.32212) are expressed at a
lower level in archeocytes than in the other two cell fractions
(Dataset S2, Table S1). Underrepresentation of TFs appears even
more striking among genes of the inferred metazoan uPriSC rep-
ertoire. In this list, only three genes encode TFs: a member of the
high mobility group B family of cancer-associated genes (HMGB),
a Sin3 family gene (tumor suppressors in mammals), and orthologs
of multifunctional lysine (K)-specific demethylase 1A (KDMI1A)
(Dataset S2, Table S6).

Prominence of RBPs and Ancient Association of the "Germ-Line
Multipotency Program” with Stem Cells. In sharp contrast to TFs,
RBPs are considerably enriched in Ephydatia archeocytes as well
as in the reconstructed ancestral uPriSC repertoire. The arche-
ocyte cluster is strongly enriched in RNA helicases and pre-
mRNA splicing proteins (Dataset S2, Table S5). Domain anno-
tation revealed that archeocytes overexpress 58 of the 81 DEXDc
and HELICc domain-containing genes (which have a protein ar-
chitecture typical of RNA helicases) present in the E. fluviatilis
transcriptome (x> P value = le-13), with 25 of them expressed at
least fivefold higher in archeocytes. Similarly, 82 of the 124 RNA
recognition motif (RRM) domain-containing genes (x2 P value =
1le-18) are overexpressed in archeocytes, including the archeocyte
marker EfIMsiA, with 25 of them expressed at least fivefold higher
in archeocytes (Fig. 2D and Dataset S2, Table S8). In the inferred
ancestral uPriSC repertoire, these protein domains (DEXDc,
HELICc, and RRM) and functional categories related to post-
transcriptional regulation are also strongly enriched (Fig. 2C and
Dataset S2, Table S5). All DDX and DHX RNA helicases are

E7096 | www.pnas.org/cgi/doi/10.1073/pnas.1514789112

overexpressed at high levels in Ephydatia, Hydra, and Schmidtea
stem cells (Dataset S2, Table S6).

Prominent among RNA regulators specifically expressed in
archeocytes is a particular suite of genes that make up the so-
called germ-line multipotency program (GMP) (30). In addition to
the two Piwi paralogues (EfIPiwiA, m.15370; EflIPiwiB, m.11401)
already known to be expressed in archeocytes (21, 22), archeocytes
strongly overexpress the RNA helicase Vasa (m.25201), the RRM
domain-containing gene Bruno (m.16467), the RNA-binding
genes Ddx6 (m.31819) and Mago-nashi (m.14317), the RNA
helicase PI-10 (m.25178), and all of the genes encoding Tudor
domain-containing proteins (see Dataset S2, Table S1 and Fig. S4
for phylogenetic analyses).

Similarities Between Archeocytes and Mammalian ESCs. Archeocytes
overexpress orthologs of several mammalian RBPs known to
control the balance between ESC self-renewal and differentia-
tion and/or to be specifically expressed in mouse ESCs. Using as
a starting point the list of genes reviewed in Ye and Blelloch
(2014) (31), we found 13 RBPs whose expression level in arche-
ocytes suggests a possible conserved role in stem-cell regulation
(Table 1). For instance, the alternative splicer RBFOX2, strongly
expressed in mouse ESCs, is a master regulator for the production
of ESC-specific isoforms. The Ephydatia RBFOX gene is expressed
threefold higher in archeocytes than in the two other cell fractions.
Conversely, in mouse, the alternative splicers MBNLI and 2 are
negative regulators of ESC renewal, and their expression is lower in
ESCs than in differentiating cells. The Ephydatia MBNL ortholog is
expressed approximately fivefold lower in archeocytes than in the
two other cell fractions. Finally, among the 44 RBPs encoded in the
ancestral uPriSC transcriptome, we found that 25 were previously
identified as specifically expressed in mouse ES cells (32) (Fig. 2E
and Dataset S2, Table S9).
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Stem Cells and Components of the piRNA Machinery Were Acquired
Concomitantly. We mapped the acquisition of the 180 uPriSC
genes on the tree of life by using the phyletic pattern (i.e., the
presence or absence of orthologous genes across the tree of life)
implemented in OrthoMCL, refined by additional reciprocal
BLAST searches and additional phylogenetic analyses. The 180
genes were assigned to their phylostratum of acquisition (based
on tree topology from ref. 33; Methods) (Fig. 3 and Dataset S2,
Tables S6 and S10). Fifty-seven orthology groups are shared by
eukaryotes and bacteria and/or archaea, comprising mainly DNA
replication and DNA repair factors. The vast majority (109) of
the orthology groups originated in the last common eukaryotic
ancestor and include most of the RNA helicases and pre-mRNA
splicing genes. Only five orthology groups originated in opis-
thokonts, one in filozoans, and one in choanozoans (Nuclear
receptor coactivator 5, an important pluripotency factor in pla-
narians) (34). Seven of the orthology groups are genetic inno-
vations of a metazoan ancestor. Among the latter are Vasa [as
previously shown by Kerner et al., 2011 (35)], Tdrd5, and Tdrdl,
all known partners of the Piwi machinery. Moreover, two addi-
tional Tudor domain-containing proteins that belong to the Piwi
machinery, Tdrd9 and TdrKH (36, 37), are metazoan innovations
(see Fig. S5 for phylogenetic analyses). Both are specifically
expressed in archeocytes and overexpressed in hydrozoan i-cells
(but not specifically) (7), and Tdrd9 is specific to planarian
neoblasts, whereas TdrKH is not (10).

Piwi itself is a metazoan-specific gene. As previously reported
in ref. 35 and confirmed here by our phylogenetic analysis using
the most recently published Opisthokonta genomes, putative

Putative RNA helicases :

Piwi proteins of doubtful homology with typical metazoan Piwi
are detected only in two relatively distant eukaryote lineages,
amoebozoans and ciliates (Fig. S4). Thus, the most parsimonious
scenario implies that Piwi is a metazoan innovation and that
other eukaryote sequences of the Argonaute subfamily group
artificially with animal Piwi genes. Interestingly, we found that
Ephydatia Piwi proteins contain symmetrical dimethylation of
arginine motifs, which are known to be recognized and bound by
Tudor proteins and essential for Piwi localization and transposon
repression (38) (Fig. S4).

Discussion

A necessary proviso of the origin of multicellularity in the last
common animal ancestor was the acquisition of stem cells, as they
are indispensable for body plan construction and for ensuring tis-
sue homeostasis. In this study, we determined the molecular sig-
nature of uPriSCs in a sponge. Given the phylogenetic position of
sponges and that uPriSCs likely represent the ancestral type of
animal stem cells, the transcriptome of sponge archeocytes
has the potential to inform us about the ancestral stem-cell
gene toolkit of metazoans. However, this cannot be inferred
from data on sponges only but rather requires comparison be-
tween sponges and distant eumetazoans. Therefore, we identified
orthologous genes with conserved expression among uPriSCs of
the sponge E. fluviatilis, the cnidarian H. vulgaris, and the flat-
worm S. mediterranea. This led to the identification of 180 genes
(orthology groups) with conserved expression in animal stem
cells across hundreds of millions of years of evolution.
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Fig. 3. The phylogenetic history of the uPriSC repertoire. Most of the 180 metazoan uPriSC repertoire genes are of ancient origin. The Bottom panel shows the
phylostrata to which orthoMCL groups were assigned (adapted from ref. 33). The x axis of the graph corresponds to the phylostrata (branches of the tree). Numbers
plotted along the y axis (and indicated next to dots of the graph) indicate how many orthology groups belong to each phylostratum. For phylostrata “cellular
organisms” and “eukaryotes,” selected examples of acquired genes are indicated in boxes, whereas for the other phylostrata, all corresponding genes are given.
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TFs have strongly attracted the attention of biologists in the
search for a stem-cell signature, at the level of eumetazoans (7,
39), exemplified for instance by the conserved role of FoxO in
stem-cell maintenance between cnidarians and mammals (40,
41). Previous studies have also shown that the association of a
given TF with stem cells in mammals is not always conserved on a
wide evolutionary scale, as illustrated by lineage-specific recruit-
ment for the mammalian pluripotency factors Nanog and Sox2
(7, 42, 43). We found very few TFs in the conserved repertoire of
animal stem cells, but this does not mean that TFs were unim-
portant for the regulation of stem cells in the metazoan ancestor.
Similarly in Ephydatia, even if the number of conserved TFs
overexpressed in archeocytes is low, they are likely to play crucial
roles in archeocyte regulation, together with lineage-restricted TFs
(Ephydatia orphan genes), as in other metazoans.

Our comparative transcriptomic approach suggests that post-
transcriptional regulators played a decisive role in the emergence
of stem cells. The expression profile of most of the Ephydatia
RBPs suggests that archeocytes intensively regulate gene ex-
pression through posttranscriptional mechanisms, as previously
observed for flatworm neoblasts (9, 11). For instance, arche-
ocytes overexpress all of the RBPs of the GMP (30) (except the
Nanos ortholog, which showed similar expression levels in the
three cell fractions). These GMP genes, initially characterized for
their role in germ-line determination and maintenance in ecdy-
sozoans and vertebrates (reviewed in ref. 30), are also expressed in
somatic stem cells across multiple eumetazoan lineages (3, 6, 26,
37, 44). High expression of these genes in archeocytes demon-
strates that deployment of the GMP in multipotent stem cells is an
ancestral feature of animals and that the restriction of this program
to the germ line in some bilaterians is a derived situation (26).

Whereas stem-cell acquisition in the metazoan ancestor was
an evolutionary event of outstanding biological importance, our
phylostratigraphy analysis indicates that the vast majority of
ancestral uPriSC genes (including most RBPs) are of more an-
cient origin and have been later recruited in stem cells. It seems,
however, that the finishing touch to the origination of the stem-
cell gene repertoire consisted in the acquisition of a special ge-
nome protection machinery, the Piwi-interacting RNA (piRNA)
pathway. Indeed, several metazoan-specific RBPs with conserved
expression in animal stem cells are components of the Piwi ma-
chinery in bilaterian models, including Piwi itself, Vasa, Tdrd9,
TdrKH, Tdrdl, and Tdrd5 (36-38, 45, 46). Recent studies have
emphasized the highly conserved role of the piRNA pathway in
retrotransposon silencing from Hydra to fly and vertebrates (47,
48). Amphimedon piRNAs possess the signature of the ping-pong
cycle used to silence transposons (49), suggesting that genome
protection by Piwi is active in sponges as well. Further experiments
will be required to test whether transposon expression in Ephydatia
stem cells is indeed regulated by the Piwi machinery.

The most unexpected of our findings is that there are con-
served expression features between sponge orthologs of mam-
malian RBPs known to control the balance between renewal and
differentiation of ESCs. In addition to the genes listed in Table
1, another example is Musashi-1, which is reported to segregate
the Lin-28 protein into ESC nuclei and to silence the miRNA
miR98, thereby controlling differentiation from stem cells
(50). We previously showed that one of the Musashi paralogues
(EfiMsiA) is specifically expressed in archeocytes, with the protein
localizing to the archeocyte nucleus (21). Our finding of the over-
representation of many RBPs in the archeocyte transcriptome and
in the ancestral uPriSC repertoire strongly supports the idea that
posttranscriptional regulation could have been the dominant mode
of gene expression control used in animal stem cells since their time
of origin in the last common animal ancestor. We have to continue
the ongoing efforts to establish gene manipulation in sponge lab-
oratory models for a better understanding of the ancestral roles of
these RBPs through future functional studies.
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How can we explain that so many RBPs have conserved their
stem-cell specificity over hundreds of millions of years of animal
evolution? Studies on mammals have demonstrated that RBPs
are embedded in so-called “RNA regulons,” whereby they co-
ordinate splicing, export, decay, and translation of functionally
related mRNAs. For instance, during the course of the cell cycle,
RNA regulons are used to modulate nuclear export and/or
translation of factors controlling cell proliferation and cell-cycle
regulation (51). RNA regulons also orchestrate a timely balance
between the proinflammatory response and tissue homeostasis via
a mechanism involving cytoplasmic stress granules whose RBP
composition alters the decay or translation of innate cell mRNAs
(52). The ability of cells to rapidly change their protein repertoire
might be of particular relevance in the context of Ephydatia
gemmule hatching and for the extensive capacities of whole-body
regeneration in planarians and hydrozoans. These processes rely
on the stem cell entering the cell cycle, actively proliferating, and
switching from self-renewal to differentiation to provide final cell
types in the proper location at the proper time. We propose that
the acquisition of stem cells in the last common metazoan an-
cestor was essentially supported by the use of ancient eukaryotic
RBPs as an efficient tool to control the balance between self-
renewal and differentiation and to orchestrate finely timed gene
regulation within coexisting lineages of multiple cell types.

Methods

Specimen Collection and Cultivation. Gemmule-bearing E. fluviatilis sponges
were collected from the lkusaka River in Okayama Prefecture, Japan. Gem-
mules attached to parental sponge tissue were stored in distilled water in the
dark at 4 °C. Gemmules were isolated, and juvenile sponges were cultivated
from them in M-medium (1 mM CaCl2:H,0, 0.5 mM MgSO,47H20, 0.5 mM
NaHCO3, 0.05 mM KCl, 0.25 mM Na2SiO3-9H20) as described previously (20).

RNA Isolation, Sequencing, and Assembly to Construct Reference Transcripts.
We extracted 450 pg of total RNA from sponges at different stages using an
IsogenLsS kit (Nippon Gene Co., Ltd.). Then cDNA was prepared for Illumina
HiSEq. 2000 sequencing using TruSeq RNA-seq kits, and 300 million paired-
end reads of 100 bp were obtained. Draft assembly using Oases software
with default parameters produced 133,045 transcripts grouped into 39,484
loci with an average length of 1,216 nucleotides. Visual inspection of this
assembly revealed that many predicted isoforms were in fact transcripts
differing by only a few substitutions or gaps. Therefore, we decided to select
a single transcript for each locus based on criteria of size and fold-coverage,
using the publicly available Oases-to-csv python script (https://code.google.
com/p/oases-to-csv/downloads/list). Then we kept only the ORFs over 270
nucleotides long using Transdecoder (transdecoder.sourceforge.net/) and
ended up with 17,419 transcripts with an average length of 1,152 nt (pro-
vided in Dataset S1). This is of the same order of magnitude as the tran-
scriptome of the close species Ephydatia muelleri, recently released on the
Compagen platform (www.compagen.org/), containing 21,804 transcripts
over 270 nt long with an average length of 1,242 nt. Raw sequencing data
and assembled transcripts can be downloaded from the NCBI platform
(BioProject PRINA244851).

Transcript Annotation and Functional Enrichment Analysis. A primary annotation
(Dataset S1, Table S1) resulted from BLASTX against the human Uniprot da-
tabase with 1e-5 as the cutoff e-value. Then we studied functional enrichment
(KEGG, SMART domains, and Gene Ontology considered something as en-
riched if the modified Fisher FDR < 5e-2) through the DAVID online service
(53). Conserved domains were identified with the hmmscan program from the
HMMER 3.0 package against the SMART database (version of August 2012).

Sample Preparation and Cell Sorting (FACS). Choanocytes were labeled fol-
lowing a protocol slightly modified from ref. 20: Stage 5 sponges (7 d old)
were incubated in 2 pg~mL'1 Hoechst 33342 (in M-medium) for 30 min.
During the last 8 min of this incubation, sponges were fed FluoSpheres
[carboxylate-modified microspheres, 0.2 pm in size, yellow—green fluores-
cent (505/515 nm) (Molecular Probes)] at a concentration of 1 pL-mL™" in
M-medium. Then the sponges were washed three times for 5 min each with
M-medium. Archeocytes were labeled as follows: Sponges were cultivated in
M-medium with 2 uL-mL™" Rho123 in the dark until they reached stage 1 or
2. Rho123 is a fluorescent dye that accumulates in the mitochondria due to
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their transmembrane potential (54), and we found that it was also incorpo-
rated into the abundant vitelline platelets present in the archeocyte cytoplasm
(probably because the vitelline platelets contain mitochondria) (55). Then
sponges were washed three times for 1 h each in normal M-medium and in-
cubated in 2 pg-mL™" Hoechst 33342 (in M-medium) for 30 min and washed
three times for 5 min each in M-medium. Cells belonging to the other cells
fraction were collected from stage 1-2 sponges labeled with Rho123 and
Hoechst 33342 and fed FluoSpheres as described above. Gemmules used in
these experiments were isolated from the same mother sponge. Before
FACS sorting, sponges were rinsed with Ca?™, Mg“—free medium (Na2SiO3,
22.48 g-L™"; NaHCO3, 13.34 g-L™"; KCl, 0.37 g-L™") twice and scraped and
pipetted to dissociate cells in 2 mL of Ca®*, Mg?*-free medium. Dissociated
cells were filtered using a 35-pm nylon mesh (cell-strainer cap tube,
Beckton-Dickinson Falcon) to remove spicules and then maintained on ice.
Dissociated cells were stained with 2 ug-mL™" propidium iodide (PI; Dojindo) on
ice for 5 min and immediately subjected to cell sorting using a BD FACS Aria 2
(BD Bioscience). We empirically determined thresholds to collect Hoechst-
positive, Pl-negative viable cells. Archeocytes were isolated as large cells dis-
playing Rho123 fluorescence (40,000 cells collected per biological replicate),
choanocytes as small cells displaying FluoSphere fluorescence (100,000 cells
collected per biological replicate), and other cells as cells having no fluores-
cence and side-scattered light (SSC)/forward-scattered light (FSC) values not
overlapping with those of choanocytes or archeocytes (100,000 cells collected
per biological replicate). The cell collection device was maintained at 4 °C
throughout the procedure. The collected samples were centrifuged at 15,300 x g,
4 °C, 10 min, and the supernatant was removed. Samples were frozen at
-80 °C. We tried to minimize the duration of each procedure, to minimize RNA
degradation or expression changes. No more than 30 min elapsed between
cell dissociation and sample freezing. For each cell type, the whole procedure
was repeated twice to obtain biological duplicates of the experiment.

RNA Purification and Sequencing from Isolated Cells. Total RNA from purified
cells was extracted using an RNeasy Micro kit (Qiagen) following the in-
structions of the manufacturer. DNase digestion was performed. For each
replicate, 10 ng of total RNA were used as the starting material to construct a
cDNA library using a SMARTer Ultra Low RNA Kit for lllumina Sequencing
(Clontech Takara Bio Inc.). RNA-seq was performed on an Illumina HiSeq2000
with single-end 100-bp reads. In total, 150 million reads were obtained—that
is, 25 million per replicate. Raw sequencing data and expression analysis
results for each sample can be downloaded from the NCBI-GEO platform
(BioProject PRJNA244851). In addition, to facilitate access and analysis of the
transcriptomic data presented in this study, all transcript sequences and
annotation and expression values are accessible at the Compagen platform
(www.compagen.org).

Differential Gene Expression Analysis. Gene expression levels were calculated
using RSEM-1.2.4 (56). Reads from each duplicate were mapped on the
17,419 reference transcripts using default Bowtie parameters (parameter
bowtie-m 200, seed length of 25 nt). Resulting expected counts were ana-
lyzed using EdgeR 3.0.0 (57) (which assumes that read counts have a nega-
tive binomial distribution). Duplicate reproducibility was first confirmed by
principal component analysis (Fig. S1), reads counts were TMM (trimmed
mean of M-values) normalized, the common dispersion was calculated for
each condition and gave similar values (between 0.01 and 0.08), tagwise dis-
persion was calculated, and pairwise exact tests were conducted. An FDR value
of 5e10-2 and an RPKM > 1 in at least one sample were chosen as thresholds to
consider a transcript as differentially expressed. This led to 11,275 transcripts
differentially expressed across the three cell fractions (i.e., statistically signifi-
cantly differentially expressed between one cell fraction and each of the two
other cell fractions) (Dataset S2, Table S1). A heat map of the differentially
expressed transcripts was constructed with Java TreeView-1.1.6 (58).

Identification of Ancestral uPriSC Genes. We identified a set of orthologous
genes overexpressed in uPRiSCs across metazoans by comparing archeocyte-
specific genes with the combination of genes overexpressed in neoblasts of the
flatworm S. mediterranea (10) and in interstitial stem cells of the cnidarian
H. vulgaris (7). Following the original authors’ criteria, interstitial stem cell-
specific transcripts are overexpressed more than 2.5-fold higher in i-cells than
in ectodermal and endodermal cells and are covered by at least ten 454 reads;
neoblast-specific transcripts are those given in supplemental file 13 of Solana
etal., 2012 (10). In our data, archeocyte genes were significantly overexpressed
in archeocytes (Fisher exact test FDR < 0.05) at least twofold higher than in
choanocytes and other cells, and their rpkm was >1 in archeocytes (Dataset S2,
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Table S2). These datasets of Ephydatia, Schmidtea, and Hydra transcripts were
translated (best ORFs obtained using Transdecoder), matched to the
OrthoMCL database (27), and then compared with each other to reconstruct
the inferred uPriSC repertoire. This procedure yielded 2,303, 518, and 1742
orthology groups that contained one or more transcript(s) overexpressed in
(respectively) archeocytes, neoblasts, and interstitial stem cells, with 180
orthology groups shared by the three species (Fig. 2B and Dataset S2, Table
$10). This OrthoMCL annotation was also applied to identify conserved RBPs
between human (from ref. 32) and our data.

In Situ Hydridization. To prepare antisense cRNA probes, clones were cut with
EcoRl, and digoxigenin-labeled probes were prepared according to the
manufacturer’s instructions (Roche Diagnostics). Ephydatia sponges were
grown on cover glasses, then fixed with 4% (wt/vol) paraformaldehyde in
1/4 Holtfreter's solution (HS) overnight at 4 °C, washed with 1/4 HS, and then
dehydrated with 50% methanol (MetOH) in 1/4 HS and 100% MetOH. The
specimens were stored in 100% MetOH at —30 °C. Whole-mount in situ
hybridization using a single probe for each sample with alkaline phospha-
tase staining was performed as described previously (23).

Phylogenetic Analyses. For all analyses, we retrieved sequences by BLAST
searches on published transcripts for the species H. vulgaris (sequences from ref.
7), S. mediterranea (sequences from ref. 10), and E. muelleri (sequences from
Compagen platform at www.compagen.org/). Additionally, for each analysis,
we enriched the sampling with diverse predicted protein sequences from other
organisms. All abbreviated species names are given in the legend of Fig. S3. For
TdrdKH, Tdrd9, and Vasa, the absence of these genes outside metazoans was
further controlled by TBLASTN searches on the genomic sequences of multiple
nonmetazoan species (fungi nucleotide collection on the NCBI database and
all genomes are available on the Broad Institute’s “Origin of Multicellularity
Project” at www.broadinstitute.org). Sequences were aligned using MAFFT
v7.023b and were visually corrected. Ambiguous regions were identified by
visual inspection and removed manually, and positions containing mostly
missing data were deleted. Maximum likelihood (ML) analyses were performed
using the PhyML program (59), with the LG (Le and Gascuel) model of amino
acid substitution and a BioNJ tree as the input tree. A gamma distribution with
four discrete categories was used in these ML analyses. The gamma shape pa-
rameter and the proportion of invariant sites were optimized during the
searches. The statistical significance of the nodes was assessed by bootstrapping
(100 replicates).

Phylostratigraphic Analysis of the uPriSC Repertoire. Following the phylos-
tratigraphy approach invented by Domazet-Loso et al. (60), we retrieved the
phyletic pattern—that is, the presence or absence of orthologous genes across
the tree of life—of each member of the 180 OrthoMCL group and first classified
them as follows: shared by all cellular organisms if they are present in at least
five bacteria or five archaea, originated in a eukaryote ancestor if they are
absent from the latter and are present in at least five nonopisthokont eu-
karyotes, and originated in an opisthokont ancestor if they are absent from
bacteria, archaea, and nonopithokont eukaryotes and are present in at least
five fungi. From that point we performed reciprocal BLAST (e-value cutoff 1e-5)
of Ephydatia members of the uPriSC repertoire against predicted protein se-
quences from the Broad Institute Multicellularity Project platform to identify
orthologous genes in the fungi Spizellomyces punctatus, Allomyces macro-
gynus, and Mortierella verticillata; in the nonfungi opisthokont Fonticula alba;
and the unicellular species Sphaeroforma arctica, Capsaspora owczarzaki, Sal-
pingoeca rosetta, and Monosiga brevicollis (Dataset S2, Table S10). We sub-
sequently assigned the corresponding OrthoMCL groups to their phylostrata.
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