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SUMMARY Vasa, a DEAD box helicase, is a germline
marker that may also function in multipotent cells. In the
embryo of the sea urchin Strongylocentrotus purpuratus, Vasa
protein is posttranscriptionally enriched in the small micromere
lineage, which results from two asymmetric cleavage divisions
early in development. The cells of this lineage are subsequently
set aside during embryogenesis for use in constructing the
adult rudiment. Although this mode of indirect development is
prevalent among echinoderms, early asymmetric cleavage
divisions are a derived feature in this phylum. The goal of this
study is to explore how vasa is regulated in key members of
the phylum with respect to the evolution of the micromere
and small micromere lineages. We find that although striking
similarities exist between the vasa mRNA expression patterns

of several sea urchins and sea stars, the time frame of
enriched protein expression differs significantly. These results
suggest that a conserved mechanism of vasa regulation was
shifted earlier in sea urchin embryogenesis with the derivation
of micromeres. These data also shed light on the phenotype of
a sea urchin embryo upon removal of the Vasa-positive
micromeres, which appears to revert to a basal mechanism
used by extant sea stars and pencil urchins to regulate Vasa
protein accumulation. Furthermore, in all echinoderms tested
here, Vasa protein and/or message is enriched in the larval
coelomic pouches, the site of adult rudiment formation, thus
suggesting a conserved role for vasa in undifferentiated
multipotent cells set aside during embryogenesis for use in
juvenile development.

INTRODUCTION

Vasa, an ATP-dependent DEAD box helicase, is a faithful
marker of the germline in numerous animals across phylogeny
(Extavour and Akam, 2003; Wylie, 1999). Vasa was initially
identified in Drosophila melanogaster as a component of the
germ plasm, a specialized region of the cytoplasm that accu-
mulates a select population of proteins and mRNA during
oogenesis. Cells that inherit this cytoplasm during embryo-
genesis develop into the germline (Lasko and Ashburner
1988). In the germ plasm, vasa functions as a translational
activator of the maternally inherited RNAs gurken and oskar
(Markussen et al. 1995; Styhler et al. 1998; Tomancak et al.
1998). In D. melanogaster, the germ plasm dictates germline
fate in a cell autonomous manner and is necessary for germ-
line formation (Illmensee and Mahowald 1974); loss of vasa in
this animal results in female sterility (Lasko and Ashburner
1988). Analogous structures to the germ plasm of D. me-
lanogaster have been identified in several organisms, including
Danio rerio, Xenopus laevis, and Caenorhabditis elegans, and
in all cases vasa is an essential component (Komiya et al.
1994; Gruidl et al. 1996; Yoon et al. 1997). Vasa is also ex-
pressed in the germ cells of animals that do not use a germ
plasm to specify their germline. These animals use inductive
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signals from surrounding cells to conditionally specify their
germline (for a review, see Extavour and Akam 2003). In the
mouse, for example, germ cells are specified at the proximal
epiblast on embryonic day 6.5 by inductive signals from the
extraembryonic tissue (Tam and Zhou 1996). Vasa expression
begins in mouse germ cells during their migration to the go-
nadal ridge on embryonic day 10.5 (Toyooka et al. 2000) and
loss of this gene function results in male sterility (Tanaka et al.
2000). Importantly, in some phyla vasa is not a strict germline
marker, but is also expressed in somatic stem cells, which are
capable of differentiating into both somatic and germline
cells. For example, in mature Hydra polyps, vasa is expressed
in the multipotent I cells, which give rise to both germ cells
and three somatic cell types (Bosch and David 1987, Mo-
chizuki et al. 2001; Rebscher et al. 2008). In the adult flat-
worm  Macrostomum lignano, vasa 1is expressed in the
totipotent neoblasts, which can give rise to all somatic cell
types as well as germ cells (Reddien and Sanchez Alvarado
2004; Pfister et al. 2008). Thus, vasa may have a basal role in
repressing differentiation, both in the germline and in select
somatic stem cells.

During embryogenesis of the sea urchin, Strongylo-
centrotus purpuratus, vasa mRNA is uniformly distributed
through blastula formation, followed by specific expression in
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the small micromere lineage during gastrulation (Juliano et al.
2006). By contrast, Vasa protein remains uniformly distrib-
uted through only the first three cleavage divisions (Voronina
et al. 2008). The fourth cell division is unequal, thus produc-
ing a 16-cell embryo with 8 mesomeres, 4 macromeres, and 4
micromeres (Fig. 1). The newly formed micromeres are a sig-
naling center that influences the fates of adjacent cells (Ang-
erer and Angerer 2000). Vasa protein accumulation exhibits a
major transition during early cleavage: at the eight-cell stage it
is uniformly distributed, but during the fourth cleavage divi-
sion it is rapidly enriched in the four micromeres (Voronina et
al. 2008). The micromeres undergo a second unequal cleavage
division resulting in further Vasa protein enrichment in the
small micromeres. The Vasa-depleted large micromere de-
scendants will ingress into the blastocoel to give rise to the
larval skeleton (Fig. 1, shown in blue). The Vasa-enriched
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small micromere descendants, the only cells in the embryo
to retain high levels of Vasa protein, remain at the vegetal
plate of the blastula, are carried passively at the tip of the
archenteron into the blastocoel during gastrulation, and are
then incorporated into the left and right coelomic pouches of
the larva, the site of adult rudiment formation (Fig. 1, shown
in red).

S. purpuratus is a maximal indirect developer and em-
bryogenesis culminates with the creation of a free-swimming
and feeding microscopic larval form, which supports the de-
veloping adult rudiment. At metamorphosis the juvenile
emerges and the majority of larval tissues are destroyed (Pe-
terson et al. 1997). The cells that contribute to the adult ru-
diment in the S. purpuratus larva are termed “set-aside cells”
because they are segregated away from differentiating cell
populations during embryogenesis (Peterson et al. 1997). As

Fig. 1. Echinoderm phylogeny and small
micromere evolution. (A) Micromeres are
a derived feature among echinoderms.
The sea star embryo exhibits equal early
cleavage divisions and therefore does not
have a micromere lineage. The pencil ur-
chin embryo has a variable number of
micromeres (purple) that will give rise to
the larval skeleton (blue); however, it is
unclear whether the micromeres go
through a second asymmetric division to
give rise to small micromeres. In the sea
urchin embryo, four micromeres (purple)
asymmetrically divide to give rise to four
large micromeres (blue) and four small
micromeres (red). Large micromeres give
rise to the larval skeleton. Small micro-
meres reside at the vegetal plate of the
blastula, travel at the tip of archenteron in
the gastrula, and divide only once before
being incorporated into the left and right
coelomic pouches of the larva. (B) Mem-
bers of the phylum Echinodermata are a
sister-group to the chordates. There are
five extant classes of echinoderms: Crino-
idea (feather stars), Ophiuroidea (brittle
stars), Asteroidea (sea stars), Holothur-
idea (sea cucumbers), and Echinoidea.
Members of the class Echinoidea, which
have a micromere lineage, are split into
the subclasses Euechinoids (sea urchins
and sand dollars) and Cidaroids (pencil
urchins) (Ettensohn et al. 2004).
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the larva forms, the set-aside cells are deposited into the larval
coelomic pouches where the adult rudiment will develop. Two
sources of embryonic cells contribute to the larval coelomic
pouches: a subset of the macromere descendents contributes
approximately 60% of the initial coelomic pouch constituents
and the Vasa-positive small micromere lineage contributes the
remaining 40% (Cameron et al. 1991). During embryogenesis,
the small micromeres exhibit a slow cell cycle as compared
with surrounding differentiating cells due to an extended S-
phase, likely reflecting their undifferentiated, quiescent state
(Tanaka and Dan 1990). They divide only once before they
are incorporated into the larval coelomic pouches where they
resume proliferation (Tanaka and Dan 1990). Although it is
clear that the small micromeres contribute to the adult rudi-
ment, the exact fate of the small micromere lineage in the
juvenile is unknown. However, due to both their slow cycle
and the fact that they contribute entirely to adult tissues it has
been hypothesized that the small micromeres are germ cell
precursors (Pehrson and Cohen 1986). We find that the num-
ber of Vasa-positive cells in the coelomic pouches expand
dramatically as the larva develops, and essentially all cells of
the developing rudiment are Vasa-positive (C. Juliano and M.
Yajima, unpublished data). Given that the small micromeres
are not the sole contributors to the adult rudiment, we hy-
pothesize that new vasa expression must account for this
finding. Therefore, we favor the hypothesis that in the S.
purpuratus embryo vasa is a broad marker of an undifferen-
tiated state rather than a strict germline marker. Further, we
hypothesize that the small micromere lineage is multipotent
and will contribute to several cell types in the adult, perhaps
including, but not necessarily limited to the germline. How-
ever, lineage-tracing experiments are required to ultimately
resolve small micromere fate.

Vasa protein accumulation is regulated posttranscription-
ally in the sea urchin embryo; vasa mRNA is uniformly dis-
tributed whereas the protein accumulates selectively at the
fourth cleavage division. This requires unique control of the
translation of the ubiquitous mRNA and/or stability of the
Vasa protein in specific cell types. A remarkable form of vasa
regulation is observed in embryos whose four Vasa-positive
micromeres are removed at the 16-cell stage. These embryos
recover all the cell types essential for adult formation, includ-
ing the germline (Ransick et al. 1996). Importantly, this re-
covery is accompanied by the ubiquitous accumulation of
Vasa protein from existing vasa mRNA (Voronina et al.
2008). If such embryos are allowed to develop, Vasa protein
accumulation is once again restricted in the larvae; the larvae
are able to metamorphose and grow into normal, fertile adults
(Ransick et al. 1996; Voronina et al. 2008).

The sea urchin is a member of Echinodermata, a phylum
that holds an informative place on the phylogenetic tree as a
sister-group to chordates (Cameron et al. 2000) (Fig. 1B). To
address the potential association of vasa with multipotent cell

lineages further, we have examined vasa expression in key
members of the phylum with respect to micromere evolution.
The phylum consists of five extant and diverse classes: Crino-
idea (feather stars), Asteroidea (sea stars), Ophiuroidea (brittle
stars), Echinoidea (sea urchins and sand dollars), and Ho-
lothuroidea (sea cucumbers) (Fig. 1B). The micromeres are a
recently acquired trait in this phylum and are found only in the
embryos of class Echinoidea, which includes the euechinoids
(sea urchins and sand dollars) and the cidaroids (pencil ur-
chins) (Fig. 1B). The euechinoids and cidaroids likely diverged
around 225Ma during the Triassic period (Kier 1974). Evi-
dence from the fossil record indicates that the cidaroids, or
pencil urchins, have retained a primitive adult morphology and
so it is thought that their embryonic development also reflects a
basal characteristic of this class (Schroeder 1981). At the 16-cell
stage the pencil urchin does develop micromeres, but their
number varies between 1 and 4. Furthermore, these cells in-
gress as primary mesenchyme cells and form the larval skel-
eton, but this process is delayed until gastrulation (Schroeder
1981). Lineage tracing experiments in the pencil urchin embryo
revealed that, like in the euechinoids, the micromeres are the
precursors of the larval skeleton (Wray and McClay 1988).
However, it is unclear whether the pencil urchin has a lineage
analogous to the sea urchin small micromere lineage.

The other major class of echinoderms commonly used in
developmental studies is the asteroids, or sea stars. The last
common ancestor of the sea star and the sea urchin existed
approximately 500 Ma in the Late Cambrian Period (Smith
1988; Wada and Satoh 1994). The sea star embryo undergoes
equal early cleavage divisions, thus representing a basal form
of development with respect to the micromere lineage. The
embryo does not have a micromere lineage and the larva does
not have a skeleton (Fig. 1). Recent work by Hinman and
colleagues demonstrates that despite 500 million years of
evolution several striking similarities remain in embryonic
gene regulation between these two organisms (Hinman et al.
2003; Hinman and Davidson 2007). The goal of this study is
to determine how key members of the phylum Echinodermata
regulate vasa, especially with respect to the evolution of mi-
cromere formation. We look for both common and divergent
features that will direct our understanding of multipotent cell
origins in these maximally indirect developers.

MATERIALS AND METHODS

Animals

Animal suppliers

Lytechinus variegatus, Eucidaris tribuloides—Ken Nedimeyer,
Florida Keys; Heliocidaris tuberculata—Rudy Raff, Australia;
Strongylocentrotus droebachiensis—Gary Wessel, Maine; Arbacia
punctulata, Asterias forbesii—Marine Biological Laboratories,
Woods Hole, MA; Echinarachnius parma—Jim Coffman, Mt.
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Desert, ME; Mellita quinquiesperforata—Beaufort, NC; Asterina
miniata—Pat Leahy, Kerchoff Marine Laboratories, California
Institute of Technology.

Animals were housed in aquaria with artificial seawater (ASW)
at either 16°C or 22°C, to most closely match the animal’s natural
environment (ASW; Coral Life Scientific Grade Marine Salt; En-
ergy Savers Unlimited Inc., Carson, CA, USA). Gametes were
acquired either by 0.5M KCI injection (sea urchins and pencil
urchins) or dissection (sand dollars and sea stars). Eggs were col-
lected in ASW and sperms were collected dry. To obtain embryos,
fertilized eggs were cultured in ASW at temperatures between 16°C
and 22°C. When early stage embryos were required for labeling,
fertilization was performed in the presence of either 1 mM 3-amino-
triazol (Sigma, St. Louis, MO, USA) or 10 mM para-aminobenzoic
acid (Sigma) to inhibit cross-linking of the fertilization envelopes.
Before fixing, envelopes were removed by passing the embryos
through Nytex mesh of appropriate size for each species. Careful
monitoring was required to ensure the integrity of the embryo.

Identification and cloning of vasa homologs

Two rounds of nested, degenerate PCR were used to clone partial
sequences of the Ef-vasa and Af-vasa homologs from cDNA de-
rived from either oocytes (A. forbesii) or early embryos (E. tribulo-
ides). Degenerate primers were designed to target the highly
conserved DEAD box region. Primer sets were as follows: first
round, 5-ATHCCIGTIGARGTIWSIGG-3' (forward), 5'-
CKRTGIACRTAYTCRTCDAT-3' (reverse); and second round,
5'-CCIACICCIGTICARAARTAY-3' (forward), 5'-GGDATRT-
CIARICCICKIGC-3' (reverse). A partial Am-vasa sequence was
identified by a low-stringency hybridization to macroarrays. Vasa
gene sequences were extended to full length using RACE (Ambion,
Austin, TX, USA) and cloned into pPGEMT-EZ (Promega, Mad-
ison, WI, USA) for sequencing. Identification of each homolog was
confirmed by BLAST analysis (Altschul et al. 1997). Using PAUP,
unrooted neighbor-joining phylograms were made from both full-
length vasa sequences (shown) and the DEAD box region alone;
bootstrap replicate values are from 1000 iterations (Swofford 2002).

Whole-mount RNA in situ hybridization (WMISH)
Lv-vasa, Et-vasa, Am-vasa, and Af-vasa fragments between 600 and
1000 nucleotides long were amplified by PCR or degenerate PCR
from either ovary or early embryo cDNA and cloned into
pGEMT-EZ (Promega). These plasmids were linearized using ei-
ther Sa/l (T7 transcription) or Ncol (SP6 transcription) (Promega).
Anti-sense DIG-labeled RNA probes were constructed using a
DIG RNA-labeling kit (Roche, Indianapolis, IN, USA). WMISH
experiments were performed as described previously (Minokawa et
al. 2004), except alkaline phosphatase staining was carried out for
either 6 or 22h. A nonspecific DIG-labeled RNA probe compli-
mentary to pSPT 18 (Roche) was used as a negative control. Sam-
ples were imaged on a Zeiss Axiovert 200M microscope equipped
with a Zeiss color AxioCam MRc5 camera (Carl Zeiss Inc.,
Thornwood, NY, USA).

SDS-PAGE and immunoblot analysis
A. miniata embryos were cultured as described above and used to
prepare embryo extracts. At the indicated developmental stages, 30
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embryos of each stage were collected with a mouth pipette into
microfuge tubes, pelleted, resuspended in heated SDS loading
buffer, boiled for Smin, and stored at — 80°C. For SDS-PAGE,
samples were thawed at 37°C and DTT (Roche) was added at a
final concentration of Smm. Samples were incubated at 100°C for
Smin, spun at 18,000 x g for 2min, and then loaded onto Tris-
glycine, 4-20% gradient gels (NuSep, Frenchs Forest, NSW, Aus-
tralia). After transfer to nitrocellulose, blots were probed with a
polyclonal, affinity-purified antibody directed against Sp-vasa
(see Voronina et al. 2008) at a concentration of 1pg/ml. For
visualization, blots were probed with an anti-rabbit-HRP sec-
ondary antibody diluted 1:5000 (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA), and visualized by standard
ECL detection.

Whole-mount immunolabeling

Embryos were cultured as described above and samples were taken
at indicated stages of development for whole-mount antibody la-
beling. For E. tribuloides, A. miniata, and A. forbesii, embryos were
fixed in 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA)/ASW for 10min at room temperature, ex-
tracted in 100% MeOH (—20°C) for 1 min, washed three times
with PBS-Tween, and stored at 4°C. Antibody labeling was pre-
ceded by a blocking step of at least 30 min in 4% sheep serum
(Sigma)/PBS-Tween. For labeling, embryos were incubated over-
night at 4°C with affinity-purified Sp-vasa antibody (Voronina et al.
2008) diluted in blocking buffer to a concentration of 10 ug/ml. The
embryos were washed three times with PBS-Tween and then were
incubated with anti-rabbit Cy3-conjugated antibody (Jackson
ImmunoResearch Laboratories) diluted 1:300 in blocking buffer
at room temperature for 1 h. The embryos were then washed three
times with PBS-Tween, the second containing a 1:1000 dilution of a
10mg/ml Hoechst stock solution (Molecular Probes, Carlsbad,
CA, USA) for DNA labeling. For L. variegatus, H. tuberculata, S.
droebachiensis, A. punctulata, E. parma, and M. quinquiesperforata,
embryos were fixed as described for RNA WMISH (Minokawa et
al. 2004). Vasa antibody labeling was performed as described above
except that PBS-Tween was replaced with MOPS-Tween buffer
(100mm MOPS, pH 7.0, 500mm NaCl, and 0.01% Tween). La-
beled E. tribuloides, A. miniata, and A. forbesii embryos were vi-
sualized on an LSM 510 laser scanning confocal microscope (Carl
Zeiss Inc.). Labeled L. variegatus, S. droebachiensis, A. punctulata,
E. parma, and M. quinquiesperforata embryos were visualized on a
TCS SP2 AOBS confocal scanning microscope (Leica Microsys-
tems, Bannockburn, IL, USA). In all cases, secondary antibody-
alone controls were conducted using the same experimental pro-
cedures described above, except the primary antibody incubation
was replaced with an overnight incubation in block at 4°C. In all
cases, the same confocal settings were used to examine protein
expression within the developmental series of a species.

RESULTS

Identification of echinoderm vasa homologs

Vasa was cloned from the pencil urchin, E. tribuloides, and
two sea stars, A. miniata, and A. forbesii, allowing for a se-
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quence comparison with both S. purpuratus and L. variegatus
(Voronina et al. 2008). A phylogenetic analysis demonstrates
that the identified sequences are true vasa homologs rather
than the closely related DEAD box helicase PLI0 (Fig. 2B).
All five of the echinoderm vasa homologs identified contain
the highly conserved DEAD box and helicase domains at
their C-terminus. These two domains comprise the helicase
core, which consists of 10 conserved motifs common to the
DEAD box helicase family; these motifs are required for
RNA binding, ATPase activity, and RNA unwinding (see
supporting information Fig. S1; reviewed in Cordin et al.
2006). As is common in all vasa homologs across phylogeny,
significant variability occurs at the N-terminus of the
echinoderm vasa homologs identified here, including a vari-
able number of CCHC zinc fingers (Fig. 2A and supporting
information Fig. S1).
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The small micromere lineage of euechinoids
specifically accumulates Vasa protein

Both sea urchins and sand dollars, collectively called euechi-
noids, have micromeres that form at the fourth cleavage di-
vision and subsequently generate a small micromere lineage.
In three sea urchin species examined, L. variegatus, S.
droebachiensis, and H. tuberculata, Vasa protein expression
is enriched in the small micromere lineage early in embryo-
genesis, although the timing of enrichment varies (Fig. 3, A—
C, supporting information Figs. S2 and S3). For example,
whereas selective expression of Vasa protein is clearly seen in
the micromeres at the 16-cell stage of S. purpuratus, it is only
slightly enriched in the micromeres at the 16-cell stage during
the embryogenesis of both L. variegatus and H. tuberculata
(Fig. 3B and supporting information Fig. S3; Voronina et al.
2008). One sea urchin included in the study, 4. punctulata,

Fig. 2. Phylogentic analysis of echino-
derm vasa homologs. (A) Echinoderm
vasa homologs have a variable number of
zinc fingers (green) at the N-terminus.
The helicase core at the C-terminus con-
sists of the highly conserved DEXDc (yel-
low) and HELICc (blue) domains.
Domains were defined by SMART
(Schultz et al. 1998; Letunic et al. 2006).
(B) An unrooted neighbor-joining phylo-
gram demonstrates that the echinoderm
vasa homologs (white circle) cluster with

Ef-vasa

- Cs-vasa several other vasa homologs (red outline)

- o . rather than the DEAD box helicase PL10

/”’ g Pdu-vasa ™~ (blue outline), a close relative of vasa.

i / d Pvess Mm-vasa (Mvh) \ Numbers indicate; boo.tstrap replica.te val-
/ /' Lv-vasa N, ues from 1000 iterations. Analysis was

Dr-PL10

Mm-FPL10

R Pdu-PL10& o py 106
0.1 changes

e

performed with both the full-length se-
quences (shown here) and the DEAD box

| regions alone, and the resulting phylo-
| grams were the same. Vasa and PLI0
| homologs are named as follows: Mus mu-
! sculus (Mm-vasa, NP_034159), Danio re-
rio (Dr-vasa, NP_571132), Ciona savignyi

/’ (Cs-vasa, BABI12217), Drosophila me-
p lanogaster (Dm-vasa, CAA31405), Platy-
nereis dumerilii (Pdu-vasa, AMO048812),
Hydra magnipapillata (Cn-vasal,
BABI13307), Hydra magnipapillata (Cn-
vasa2, BAB13308), Mus musculus (Mm-
PLI10, NP_149068), D. rerio (Dr-PLI0,
NP_571016), D. melanogaster (Dm-belle,
NP_536783), Platynereis dumerilii (Pdu-
PLI10a, AMO048813), Platynereis dumerilii
(Pdu-PL10b, AMO048814), Hydra ma-
gnipapillata (Cn-PL10, BAB13306), As-
terias  forbesii  (Af-vasa, FJ605736),

Dr-vasa

Asterina miniata (Am-vasa, FJ605737), Eucidaris tribuloides (Et-vasa, FJ605738), Lytechinus variegatus (Lv-vasa, FJ605739), Strong-
ylocentrotus purpuratus (Sp-vasa, FJ605740). Echinoderm vasa sequences have been submitted to NCBI.
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Fig.3. Vasa mRNA and protein is re-
stricted to the small micromere lineage
and larval coelomic pouches in sea ur-
chins. (A) In Lytechinus variegatus, vasa
mRNA is enriched at the vegetal plate of
the blastula, in the gut of the gastrula,
and finally in the small micromere lineage
of the prism and pluteus larva. (B) In
L. variegatus, Vasa protein is enriched in
the micromeres of the 16-cell embryo and
in the small micromeres of the blastula.
(C) In Strongylocentrotus droebachiensis,
Vasa protein accumulates in the small
micromeres upon their formation, re-
mains enriched in this lineage throughout
embryogenesis, and is then enriched in the
coelomic pouches of the pluteus larva.
(D) In Arbacia punctulata, Vasa protein is
enriched in the coelomic pouches of the
pluteus larva. (B-D) Vasa protein (red),
Hoechst (blue); Vasa immunofluorescence

was performed with an antibody raised against Sp-Vasa (Voronina et al. 2008). Scale bars are 20 pM.

expresses Vasa protein uniformly in the embryo, followed
by enrichment of Vasa protein in both coelomic pouches of
the larva (Fig. 3D and supporting information Fig. S4).
Although it has not been experimentally determined, the
location of the Vasa-positive cells in the coelomic pouches of
A. punctulata is consistent with their identity as small micro-
mere descendents similar to the other sea urchins examined in
this study.

The euechinoid subclass also includes the sand dollars, two
of which were examined in this study. Similar to several of the
sea urchins examined, Vasa protein is enriched in the small

A
Echinarachnius parma

Vasa/Hoechst

DIC

micromere lineage during E. parma embryogenesis and then
selectively accumulates in the coelomic pouches of the larva
(Fig. 4A). However, in the sand dollar M. quinquiesperforata,
Vasa protein is uniformly expressed through embryonic de-
velopment and then becomes selectively enriched in the co-
elomic pouches of the larva, similar to what is seen in the sea
urchin A. punctulata (Fig. 4B and supporting information Fig.
S5). Overall, euechinoids appear to selectively accumulate
Vasa protein in their small micromere lineage and/or their
larval coelomic pouches, although the timing varies among
different species (Table 1).

B Mellita
gquinquiesperforata

h H u '

Fig.4. Vasa protein is enriched in the small micromere lineage and the larval coelomic pouches of sand dollars. (A) In Echinarachnius
parma, Vasa protein is uniformly distributed in the egg and early cleavage stages, accumulates selectively in the small micromeres upon their
formation, remains enriched in this lineage throughout embryogenesis, and is then enriched in the coelomic pouches of the pluteus larva. (B)
In Mellita quinquiesperforata, Vasa protein is enriched in the coelomic pouches of the pluteus larva. (A-B) Vasa protein (red), Hoechst
(blue); Vasa immunofluorescence was performed with an antibody raised against Sp-vasa (Voronina et al. 2008). Scale bars are 20 um.
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Table 1. Summary of vasa mRNA and protein expression characteristics during echinoderm embryogenesis

species class cleavage pattern vasa mRNA enrichment Vasa protein enrichment
Strongylocentrotus cleavage: uniform micromeres/small micromeres,
purpuratus blastula: uniform/vegetal plate | larval coelomic pouches
gastrula: small micromeres (Voronina et al., 2008)
larva: coelomic pouches
(Juliano et al., 2006)
Strongylocentrotus not determined micromeres/small micromeres,
droebachiensis larval coelomic pouches
(Fig. 3 and supporting informa-
tion Fig. S2)
Lytechinus variegatus Echinoidea cleavage: undetectable micromeres/small micromeres
(Euechinoids: Unequal divisions: | plastula: vegetal plate (Fig. 3)

sea urchins and
sand dollars)

micromeres and
small micromeres

gastrula: gut larva: coelomic
pouches (Fig. 3)

larval coelomic pouches
(data not shown)

Heliocidaris tuberculata

not determined

micromeres/small micromeres,
larval coelomic pouches
(supporting information Fig. S3)

Arbacia punctulata

Echinarachnius parma

not determined

not determined

uniform through embryogenesis,
then enriched in larval coelomic
pouches (Fig. 3 and supporting
information Fig. S4)

micromeres/small micromeres,
larval coelomic pouches (Fig. 4)

Mellita quinquiesperforata

not determined

uniform through embryogenesis,
then enriched in larval coelomic
pouches (Fig. 3 and supporting
information Fig. S5)

Eucidaris tribuloides

Echinoidea
(Cidaroids: pencil
urchins)

Unequal divisions:
micromeres

cleavage: unknown

blastula: vegetal plate
gastrula: gut larva: coelomic
pouches (Fig. 5)

uniform through embryogenesis,
then enriched in larval coelomic
pouches (Fig. 5)

Asterina miniata

Asterias forbesii

Asteroidea (sea stars)

Equal divisions

cleavage: uniform

blastula: uniform/vegetal plate
gastrula: gut outpocket

larva: posterior enterocoel
(Fig. 6)

cleavage: unknown

blastula: vegetal plate

gastrula: gut/archenteron tip
larva: pouches and PE (Fig. 6)

uniform through embryogenesis,
then enriched in larval posterior
enterocoel (Fig. 7, supporting in-
formation Fig. S6)

not determined

Vasa mRNA accumulates more broadly than Vasa
protein in euechinoid embryos

An analysis of vasa mRNA accumulation in L. variegatus
reveals that the message is detectable by qPCR in eggs and
early embryos (M. Lopez and D. McClay, unpublished data),
although the message is not detectable by WMISH at these
stages (Fig. 3A). By contrast, in S. purpuratus vasa, mRNA is

highly expressed and uniformly accumulates in eggs and early
embryogenesis as determined by WMISH (Juliano et al.,
2006; Fig. 3A). The vasa mRNA in L. variegatus is first de-
tected at the vegetal plate of the blastula by WMISH, is found
throughout the gut in the gastrula, and then becomes re-
stricted to the small micromere lineage of the late gastrula and
the larval coelomic pouches (Fig. 3A). In S. purpuratus, vasa
mRNA is also enriched at the blastula vegetal plate, but is
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then selectively enriched in the small micromere lineage early
during gastrulation (Juliano et al. 2006). Despite these differ-
ences, like S. purpuratus, L. variegatus must also differentially
regulate the expression of vasa message and/or protein by cell
type. For example, in the blastula, mRNA can be found in a
much wider domain at the vegetal plate than the protein,
which is enriched specifically in the four small micromeres
(Fig. 3B).

Vasa mRNA and protein accumulation in cidaroid
development

In the E. tribuloides embryo, vasa mRNA accumulates at the
vegetal plate of the blastula, throughout the developing gut of
the gastrula, and then is enriched in both coelomic pouches
after larval formation (Fig. 5A). This mRNA expression pat-
tern is almost identical to that of the euechinoid L. variegatus;
the only significant difference is the timing of specific mRNA
accumulation, which occurs just before pouch formation in
L. variegatus.

Unlike several of the euechinoids examined, Vasa protein
is not localized to any specific lineage during E. tribuloides
embryogenesis, but rather accumulates uniformly (Fig. 5B).
Enriched Vasa protein accumulation can first be detected in
the coelomic pouches of a 1-week-old larva (Fig. 5B). Overall,
members of the class Echinoidea have the following shared
characteristics: (1) Vasa protein enrichment in the small
micromere lineage and/or the coelomic pouches, (2) vasa
mRNA enrichment at the vegetal plate followed by restriction
to the small micromere lineage and/or the coelomic pouches,
and (3) vasa mRNA and protein are not strictly coincident
(Table 1).

A Eucidaris tribuloides vasa mRNA

e

F

: ) \ﬁ. T

) Y

wd® N ==
blastula  gastrula (- larva

B Eucidaris tribuloides Vasa protein

Vasa/Hoechst

n][e}

larva, 3.5x émosure
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Vasa mRNA accumulation in asteroid embryos
shares similarities with echinoids

During early embryogenesis in A. miniata, vasa mRNA is
uniformly distributed through the embryo until blastula
formation (Fig. 6A). In the late blastula/early gastrula,
vasa mRNA becomes highly enriched at the vegetal plate
and remains localized to the blastopore as gastrulation pro-
ceeds (Fig. 6A). In the late gastrula vasa mRNA is localized to
a small group of cells on the left side of the gut that then
forms the posterior enterocoel (PE) of the larva (Fig. 6A;
Byrne and Barker 1991). Based on both morphology and
extirpation results, the cells of the PE were hypothesized to be
the germ cells of the developing sea star (Inoue et al. 1992).
The enrichment of vasa mRNA in the PE is therefore con-
sistent with its potential role in germline determination.
A similar vasa expression pattern is seen in the sea star
A. forbesii with a few minor differences, the most significant
being that vasa mRNA is not detected in the PE until
after larval formation (Fig. 6B). The sea star vasa expression
pattern is similar to the echinoids in that vasa mRNA is
enriched at the vegetal plate of the blastula, followed by
enrichment in a subset of cells in the gastrula and larva
(Table 1).

Specific Vasa protein accumulation occurs in later
stages of asteroid development

The antibody generated against Sp-vasa specifically recog-
nizes the A. miniata vasa homolog, which has a predicted
MW of 77kDa, very similar in size to the S. purpuratus
vasa homolog (MW of 79kDa) (Voronina et al. 2008;
Fig. 7A). Immunoblot analysis demonstrates that Vasa

Fig.5. Vasa mRNA and protein are en-
riched in the coelomic pouches of the
pencil urchin, Eucidaris tribuloides. (A)
Vasa mRNA is enriched at the vegetal
plate of the blastula, in the gut of the
gastrula, and finally in the coelomic
pouches of the larva. To visualize vasa
mRNA in the coelomic pouches the time
of exposure to the alkaline phosphatase
reaction conditions was increased from
approximately 6 to 22 h. (B) Vasa protein
accumulates uniformly through embryo-
genesis and is then enriched in the co-
elomic pouches of the larva. Negative
control excludes the primary antibody.
Vasa protein (red), Hoechst (blue); Vasa
immunofluorescence was performed with
an antibody raised against Sp-vasa (Voro-
nina et al. 2008). Scale bars are 20 puM.
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A Asterina miniata vasa mRNA

B Asterias forbesii vasa mRNA

- early gastrula

ooctye cleavage

gastrula

/

-

early gastrula

early blastula

gastrula

‘ _. 4-day larva

late gastmia

protein accumulates at a constant level throughout
A. miniata embryogenesis and then decreases in the
I-week-old larva (Fig. 7A). Immunofluorescence analysis
demonstrates that Vasa protein accumulates uniformly
throughout embryogenesis and is then slightly enriched
in the PE, the site of enriched vasa mRNA accumulation,
of the 3-day-old larva (Fig. 7B and Supplemental Fig. S6).
In a 6-day-old A. miniata larva, Vasa protein is highly
enriched in the PE, which has flattened onto the side of
the gut and joined the left coelomic pouch (Fig. 7, B
and C).

larva

* /Do

i

Fig.6. Vasa mRNA is enriched in the
posterior enterocoel (PE) of the sea stars
Asterina miniata and Asterias forbesii. (A)
In A. miniata, vasa mRNA accumulates
uniformly through blastula formation, is
enriched in the vegetal region of the gas-
trula, and then accumulates selectively in
the PE (arrow) of the larva. (B) In 4.
forbesii, vasa mRNA is enriched at the
vegetal region of the early gastrula, at the
tip of the archenteron in the gastrula, and
in both the coelomic pouches and PE
(arrow) of the larva. Scale bars are 20 um.

DISCUSSION

Vasa protein expression in the small micromere
lineage and/or coelomic pouches is conserved in
euechinoids

Our previous work in S. purpuratus demonstrated that
Vasa protein is enriched in the small micromeres upon their
formation and then accumulates selectively in the larval co-
elomic pouches (Voronina et al. 2008). Here, we show that
this is a conserved feature among euechinoids; however,
the timing of enriched Vasa protein accumulation in the
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A Asterina miniata Vasa immunoblot

S, purpuratus blastula

early blastula
late blastula
late gastrula

oocyte

‘ 7-day larva

C A. miniata posterior enterocoel development
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B Asterina miniata Vasa immunofluorescence

3-day larva

7 days

N7

'

Fig.7. Vasa protein is restricted to the posterior enterocoel (PE) of the larva in the sea star Asterina miniata. (A) The Sp-vasa antibody
recognizes an approximately 80 kDa protein, similar to the size of Sp-vasa (Voronina et al. 2008), in 4. miniata embryonic extracts. Vasa
protein is present in all stages of 4. miniata embryogenesis; levels decrease in the late gastrula and larva (30 embryos loaded/lane). (B) Vasa
protein is enriched in the PE of the 3-day-old and 6-day-old larva. PEs are shown at 3x zoom in insets. (A—B) Vasa protein (red), Hoechst
(blue); Vasa immunofluorescence was performed with an antibody raised against Sp-Vasa (Voronina et al. 2008). Scale bars are 20 pm. (C)
In A. miniata, the PE joins the left coelomic pouch after approximately 6 days of development. Arrows indicate the PE and arrowheads

indicate the left coelomic pouch.

small micromere lineage and/or coelomic pouches occurs in a
variable time frame ranging from shortly before small micro-
mere formation to after larval formation. We hypothesize that
the common euechinoid ancestor exhibited enriched Vasa
protein early in development and that this feature was inde-
pendently lost in the euechinoids, 4. punctulata and M.
quinquiesperforata, which exhibit larval Vasa protein restric-
tion. Alternatively, early Vasa protein restriction may have
been independently acquired in the five other euechinoids
tested in this study (Table 1). In either case, this argues that
the timing of Vasa protein restriction in this phylum is labile
over short periods of evolutionary time. Future work will
focus on understanding the molecular function(s) of Vasa in
echinoderms, which will perhaps shed light on this observa-
tion. Furthermore, in S. purpuratus, enriched Vasa expression
in the small micromere lineage is followed by Sp-nanos and
Sp-seawi expression, which are genes known to function in

germline determination and stem cell maintenance in other
animals (Kobayashi et al. 1996; Cox et al. 1998; Forbes and
Lehmann 1998; Tsuda et al. 2003; Wang and Lin 2004; Jul-
iano et al. 2006; Suzuki et al. 2007). Therefore, it will be
informative to examine the expression patterns of these genes
in a variety of euechinoids in order to understand their re-
lationship to specific Vasa protein accumulation in the small
micromere lineage.

Asteroid larvae express vasa in the PE, a potential
site of primordial germ cell accumulation

In both of the sea stars examined, A. miniata and A. forbesii,
vasa mRNA is highly expressed in a group of cells originating
from the gut that form the PE. Inoue et al. (1992) hypoth-
esized that these were primordial germ cells based on larval
location and characteristically enlarged nuclei. In support of
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this premise, they found that removing the PE from 2-day-old
Asterina pectinifera larvae resulted in approximately 50% less
presumptive germ cells in the 6-week-old larvae (Inoue et al.
1992). In the sea stars A. pectinifera, P. regularis, and A.
miniata, the PE joins the left coelomic pouch early in larval
development, suggesting that the vasa-positive PE in asteroids
is analogous to the vasa-positive small micromere lineage of
the echinoids (Byrne and Barker 1991; Inoue et al. 1992; Fig.
8). The coelomic pouches of the sea star also contain low
levels of vasa mRINA, suggesting the presence of multipotent
cells (Fig. 6). Perhaps in the sea star the vasa-positive pri-
mordial germ cells and the multipotent cells originate at sep-
arate places in the larva and then meet in the left coelomic
pouch, whereas in the sea urchin the small micromeres have
acquired both functions as a multipotent cell lineage, which
contributes to the germ cell population later in development.
Lineage tracing experiments are needed to definitively test this
hypothesis.

A Sea Star

|
'

D

B  Pencil Urchin 5

|
|

C Sea Urchin

Sea Urchin
D Micromere Removal

SERRGERN S :

Micromere-deleted sea urchins may revert to a
basal mechanism of vasa regulation

The Vasa-positive micromeres of the 16-cell sea urchin em-
bryo are a signaling center that directs patterning of the early
embryo (Angerer and Angerer 2000). Micromere-deleted em-
bryos rapidly accumulate Vasa protein in all cells of the em-
bryo similar to what is observed in normal pencil urchin and
sea star embryos, and develop into normal, fertile adults
(Ransick et al. 1996; Voronina et al. 2008). We hypothesize
that loss of the micromeres removes a repressive signal, thus
allowing upregulation of Vasa protein, which is likely accom-
plished by increasing the translation rate of existing ubiqui-
tous vasa mRNA and/or a removal of Vasa protein
degradation in nonmicromere cells (Fig. 8, A-D). In light of
the present results, we suggest that when micromeres are re-
moved, the sea urchin embryo reverts to a mechanism used by
its echinoderm ancestors to first accumulate Vasa protein

Fig.8. Vasa protein expression is re-
stricted to the small micromeres in the
sea urchin, but is inducible in other lin-
eages. (A and B) In the pencil urchin and
the sea star, Vasa protein is uniformly
distributed during embryogenesis (pink)
and then selectively enriched in the larva.
(C) In the sea urchin, Vasa protein accu-
mulates selectively in the micromeres and
then the small micromeres (red). (D) Re-
moving the micromeres from a 16-cell sea
urchin embryo leads to uniform upregu-
lation of Vasa protein (pink). This sug-
gests that Vasa-positive micromeres
normally send a repressive signal to the
rest of the embryo that inhibits Vasa
protein accumulation. Furthermore, the

I micromere lineage
|] larval Vasa protein restriction

I embryonic Vasa protein restriction

micromere-deleted sea urchin is capable
of growing into a normal adult, suggest-
ing that it reverts to an ancient mecha-
nism of vasa regulation, used by the
pencil urchin and the sea star, to restrict
Vasa protein accumulation in the larva.

T e
e0%s
E Vasa protein expression in Echinoderms
Crinoidea
(Feather Stars)
Ophiuroidea
Aslemzna—l {Britlle Stars)
HAsteroidea (Ssa Stars)
Echinodermata
Holothuridea

(Sea Cucumbers)

—I—Echinoidea

micromere lineage

Euechingids
Echinozoa—

{Sea Urchins and Sand Dollars)

Cidaroids {Pencil Urchina)

(E) Vasa protein expression patterns pre-
sented here support the hypothesis that
larval Vasa protein restriction is a basal
trait among echinoderms, and that early
restriction of Vasa protein to the micro-
mere lineage is a derived feature of Eue-
chinoids.
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throughout the embryo and then restrict Vasa protein ex-
pression to re-create a new multipotent cell lineage.

The last common ancestor of the sea urchin and the sea
star existed approximately 500 Ma. Despite this evolutionary
distance, striking similarities remain in the expression of vasa
mRNA, including enrichment at the vegetal plate, expression
in the gut, and localized expression in the larva. However in
the sea star, similar to the pencil urchin, Vasa protein accu-
mulation is not specifically enriched until after larval forma-
tion. Therefore, given the late enriched expression of Vasa in
both the pencil urchin and the sea star, we conclude that this
represents the basal mechanism for regulating vasa among
echinoderms (Fig. 8E). In both the pencil urchin and the sea
star a mechanism must exist for clearing Vasa protein from
the majority of cells in the larva to allow for enriched protein
accumulation. It is possible that through the course of evo-
lution this mechanism shifted temporally earlier in the sea
urchin embryo and now restricts Vasa protein expression to
the small micromere lineage. Furthermore, when this mech-
anism is disrupted by micromere removal, it re-establishes
itself in the larva, allowing for enriched Vasa expression and
multipotent cell fate specification.

Vasa protein degradation appears to be a conserved
mechanism for directing the selective accumulation of genes
to the germline across phylogeny. For example, early in
Drosophila embryogenesis vasa mRNA is uniformly distrib-
uted whereas Vasa protein accumulates selectively in the fu-
ture germline (Hay et al. 1990; Lasko and Ashburner, 1990).
Accumulation of Vasa protein in the Drosophila germline is
in part dependent upon protection from degradation by a
deubiquitinating enzyme, thus implying that active degrada-
tion of Vasa protein may exist in the soma (Liu et al. 2003).
During zebrafish embryogenesis, vasa mRNA is localized to
the germ cells by 6 h, whereas Vasa protein remains uniform
and then is enriched in the germline after 24 h of development
(Braat et al. 2000; Knaut et al. 2000). Furthermore, the re-
striction of Vasa protein to the zebrafish germline depends on
the Vasa ORF, thus suggesting protein turnover is required
(Wolke et al. 2002). Future work on the sea urchin will focus
on understanding the mechanism used to clear Vasa protein
from non-small-micromere cells, and then testing the con-
servation of this mechanism in the sea star. These results will
be of general interest given the conservation of protein re-
striction to the germline by protein turnover mechanisms
(DeRenzo and Seydoux 2004).

Vasa may have a conserved function in
multipotent cells during embryogenesis

During the embryonic development of a direct-developing
animal, such as a mouse, the majority of cells undergo differ-
entiation, thus creating a juvenile with features similar to the
adult. In this case, it is essential that a totipotent population
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of cells, the germline, is set aside to give rise to the next
generation. This mode of development is sharply contrasted
by the maximal indirect development displayed by the ma-
jority of species belonging to phylum Echinodermata, includ-
ing all of the species examined in this study (Wray and Bely
1994). In this mode of development, embryogenesis culmi-
nates in the creation of a larval form, which serves to feed and
support the developing adult rudiment. Furthermore, multi-
potent, undifferentiated cells are set aside early in embryo-
genesis and these cells will give rise to the juvenile (Peterson et
al. 1997). Our work demonstrates that Vasa protein enrich-
ment in the set-aside cells, found in the larval coelomic
pouches, is a conserved feature of echinoderms. Interestingly,
this may be a conserved feature of Vasa expression in animals
that segregate their germline from multipotent cells, as a sim-
ilar result was recently found in the polychaete annelid,
Platynereis dumerilii (Rebscher et al. 2007). In this polychaete,
vasa mRNA is uniformly distributed during early cleavage
stages and is then progressively restricted to the mesodermal
posterior growth zone (MPGZ) of the larvae, which gives rise
to all of the mesodermal tissue of the developing juvenile
segments. By contrast, Vasa protein is segregated into the
micromeres at the 38-cell stage, and finally to the 4d meso-
blast lineage, which gives rise to the MPGZ. Importantly,
Vasa-positive cells in the MPGZ give rise to both germ cells
and to other somatic mesodermal cell types in the juvenile
(Rebscher et al. 2007). Thus, our work, in combination with
the polychaete annelid results, suggests a broader association
of Vasa with multipotent cells in embryonic development.
Indeed, in many direct-developing embryos the germ cells are
the only cells set aside during embryogenesis. Thus, the func-
tional role of Vasa in these two cases may be analogous.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the on-
line version of this article:

Fig. S1. Echinoderm vasa homolog sequence alignments.
Echinoderm vasa homologs have a variable number of zinc
fingers (green) at the N-terminus. The highly conserved
DEXDc (yellow) and HELICc (blue) domains comprise the
helicase core. The helicase core consists of 10 motifs common
to members of the DEAD box helicase family. These motifs
are required for ATP binding (Q motif and I), ATPase ac-
tivity (I1, III, and VI), helicase activity (IIT), RNA binding (Ia,
Ib, IV, V, and VI), and protein interactions (GG doublet)
(reviewed in Cordin et al. 2006). Sp-Strongylocentrotus
purpuratus, Lv— Lytechinus variegatus, Et— Eucidaris tribulo-
ides, Am— Asterina miniata, Af— Asterias forbesii

Fig. S2. Vasa protein is enriched in the small micromere
lineage and larval coelomic pouches of the sea urchin Strong-
ylocentrotus droebachiensis. Vasa protein accumulates selec-
tively in the small micromeres upon their birth, and is
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enriched in this lineage at the vegetal plate of the blastula and
at the tip of the archenteron in the gastrula, followed by
enrichment in the coelomic pouches of the pluteus. Negative
control excludes the primary antibody. Vasa protein (red),
Hoechst (blue); Vasa immunofluorescence was performed
with an antibody raised against Sp-Vasa (Voronina et al.
2008). Scale bar is 20 pum.

Fig. S3. Vasa protein is enriched in the small micromere
lineage and the larval coelomic pouches of the sea urchin
Heliocidaris tuberculata. Vasa protein is enriched in the mi-
cromeres of the 16-cell embryo, and then in the small micro-
mere lineage at the vegetal plate of the blastula and at the tip
of the archenteron in the gastrula, followed by enrichment in
the coelomic pouches of the pluteus. Negative control ex-
cludes the primary antibody. Vasa protein (red), Hoechst
(blue); Vasa immunofluorescence was performed with an an-
tibody raised against Sp-Vasa (Voronina et al. 2008). Scale
bar is 20 uMm.

Fig. S4. In the sea urchin Arbacia punctulata, Vasa protein
accumulates uniformly through embryogenesis and is then
enriched in the coelomic pouches of the pluteus larva. Neg-
ative control excludes the primary antibody. Vasa protein
(red), Hoechst (blue); Vasa immunofluorescence was per-
formed with an antibody raised against Sp-Vasa (Voronina et
al. 2008). Scale bar is 20 pu™m.

Fig. S5. In the sand dollar Mellita quinquiesperforata, Vasa
protein accumulates uniformly through embryogenesis and is
then enriched in the coelomic pouches of the pluteus larva.
Negative control excludes the primary antibody. Vasa protein
(red), Hoechst (blue); Vasa immunofluorescence was per-
formed with an antibody raised against Sp-Vasa (Voronina et
al. 2008). Scale bar is 20 pum.

Fig. S6. In the sea star, Asterina miniata, Vasa protein
accumulates uniformly through embryogenesis. Negative con-
trol excludes the primary antibody. Vasa protein (red), Hoe-
chst (blue); Vasa immunofluorescence was performed with an
antibody raised against Sp-Vasa (Voronina et al. 2008). Scale
bar is 50 um.
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