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Abstract

Specification of the germ cell lineage is required for sexual reproduction in all animals. However,
the timing and mechanisms of germ cell specification is remarkably diverse in animal
development. Echinoderms, such as sea urchins and sea stars, are excellent model systems to study
the molecular and cellular mechanisms that contribute to germ cell specification. In several
echinoderm embryos tested, the germ cell factor Vasa accumulates broadly during early
development and is restricted after gastrulation to cells that contribute to the germ cell lineage. In
the sea urchin, however, the germ cell factor Vasa is restricted to a specific lineage by the 32-cell
stage. We therefore hypothesized that the germ cell specification program in the sea urchin/
Euechinoid lineage has evolved to an earlier developmental time point. To test this hypothesis we
determined the expression pattern of a second germ cell factor, Nanos, in four out of five extant
echinoderm clades. Here we find that Nanos mRNA does not accumulate until the blastula stage or
later during the development of all other echinoderm embryos except those that belong to the
Echinoid lineage. Instead, Nanos is expressed in a restricted domain at the 32-128 cell stage in
Echinoid embryos. Our results support the model that the germ cell specification program
underwent a heterochronic shift in the Echinoid lineage. A comparison of Echinoid and non-
Echinoid germ cell specification mechanisms will contribute to our understanding of how these
mechanisms have changed during animal evolution.

Introduction

Eggs and sperm are essential for the reproduction of most animals. Thus, the germ cell
lineage, any cell that retains the potential to give rise to an egg or sperm, is essential for
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animal development. Germ cell specification is the process when the germ cell lineage set
aside from the rest of the somatic cells. Even though the germ cell lineage is a conserved
requirement for sexual reproduction, there is not one common germ cell specification
mechanism. Instead, studies of animal development reveal multiple mechanisms for germ
cell specification that can belong to two major groups: inherited and inductive (also referred
to as preformation and epigenesis) (Extavour and Akam, 2003).

An inherited mechanism of germ cell specification occurs relatively early in development.
A defining characteristic of this mechanism is the early localization of maternally supplied
germ cell determinant molecules (RNAs and proteins) in a restricted domain of the egg or
early embryo. As a consequence of cellular division, whichever cells inherit these germ cell
determinant molecules are instructed to take on a germ cell lineage fate. The other cells that
did not receive these germ cell determinant molecules instead will become somatic lineages.
Early development in animals such as fruit flies, nematode worms, frogs, and zebrafish is
characteristic of the inherited mechanism of germ cell specification (llimensee and
Mahowald, 1974; Kawasaki et al., 1998; Kuznicki et al., 2000; Mello et al., 1992; Smith,
1966; Yoon et al., 1997). However, many other animals use a different cellular mechanism
for germ cell specification.

An inductive mechanism of germ cell specification occurs relatively later in development.
A defining characteristic of this mechanism is that maternally supplied germ cell
determinant molecules (RNA’s and proteins) either do not accumulate during early
development or only accumulate in large embryonic domains in early development. As a
consequence, embryonic transcription, cell signaling, and cell interactions instruct which
cells will become the germ cell lineage and which cells will become the somatic cell lineage.
Early development in animals such as crickets, salamanders, and mice is more characteristic
of the inductive mechanism of germ cell specification (Chatfield et al., 2014; Ewen-Campen
et al., 2013; Tam and Zhou, 1996).

Despite the similarities that appear in germ cell specification mechanisms that allow
categorization into two general mechanisms, it is clear that one if not both of these
mechanisms have independently evolved many times throughout animal phylogeny. For
example, within Chordates both mammals and salamanders use an inductive mechanism of
germ cell specification whereas zebrafish and frogs use the inherited mechanism of germ
cell specification (Supplement Figure 1). Similarly, within the protostomes both worms and
fruit flies use the inherited mechanism of germ cell specification whereas crickets use the
inductive mechanism of germ cell specification (Supplement Figure 1). Recent studies have
aimed to understand how these different germ cell specification mechanisms have evolved so
frequently in closely related organisms (Evans et al., 2014). However, in order to address
this evolutionary question thoroughly, it is important to understand how germ cells are
specified in diverse animal lineages.

Echinoderms are an informative group of animals to study the evolution of germ cell
specification mechanisms for three reasons. First, echinoderm embryos are convenient
models to study the evolution of early developmental processes. Embryos from each extant
echinoderm clade are accessible and amenable for experimentation in early development.
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For example, they are large, optically clear, develop externally, and are mass-produced (on
the order of hundreds of thousands). In addition, a variety of molecular tools are available
for gene perturbation in the majority of echinoderm embryos. Second, previous studies
suggest that different species within the echinoderm clade use different mechanisms for
germ cell specification. Third, echinoderms occupy an evolutionarily important position
within animal phylogeny because echinoderms and Chordates are sister groups that belong
to the Deuterostome lineage (Supplemental Figure 1). Therefore, comparisons between
Chordates and echinoderms are essential to understand ancestral Deuterostome mechanisms
of germ cell specification. For these reasons the echinoderm clade is a great model to study
the evolution of germ cell specification mechanisms.

Previous studies of germ cell specification mechanisms in echinoderms have largely focused
on the localization of the germ cell marker Vasa (Figure 1A) (Juliano and Wessel, 2009;
Voronina et al., 2008; Yu et al., 2013). Vasa is an RNA helicase that is required to specify
and/or maintain the germ cell lineage fate in many animals (Lasko, 2013). Vasa accumulates
broadly during the early development of almost all echinoderm species tested (Figure 1A,
light blue, dark blue, 32-cell stage) and is restricted to the coeloms by the larva stage (Figure
1A, light blue, dark blue, larva stage). These results have led previous authors to hypothesize
that in most echinoderm species germ cell specification occurs later in development by
inductive mechanisms (Wessel et al., 2014). By contrast, Vasa protein is restricted to a
specific lineage early during sea urchin development, by the 32-cell stage. In fact, this
specific lineage is an evolutionary derived characteristic that only occurs in the Euechinoid
group of echinoderms. These data led to the hypothesis that during the evolution of the
Euechinoid lineage there has been a shift for germ cell specification to occur earlier in
development by inherited mechanisms (Figure 1A, dark blue, 32-cell stage, sea urchin)
(Wessel et al., 2014). It is important to note that Vasa has other functions during the early
development of some animals that are independent of germ cell specification (Schwager et
al., 2015; Yajima and Wessel, 2011a, b, 2015). Therefore, in order to rigorously test these
hypotheses, it is necessary to determine where other germ cell markers accumulate during
the development of diverse echinoderm species.

Here, we test the localization of the germ cell marker Nanos during the embryonic
development of several echinoderm species. Nanos is an RNA binding Zinc finger protein
that is required for the specification and/or maintenance of the germ cell lineage in many
animals (Ephrussi et al., 1991; Irish et al., 1989; Lai and King, 2013; Wharton and Struhl,
1989). In the sea urchin, Nanos is a more selective marker of the germ cell lineage as both
the MRNA and protein is restricted to a small number of embryonic cells at the 32-cell stage
(Figure 1A, purple, 32-cell stage, sea urchin) (Fuijii et al., 2006; Juliano et al., 2006; Juliano
et al., 2010). This is at a developmental time when Vasa mRNA accumulates in every cell of
the sea urchin embryo (Figure 1A, light blue, 32-cell stage, sea urchin). Because Nanos is a
more selective marker for the germ cell lineage, we use it here to further test how the germ
cell lineage is specified in diverse echinoderm embryos.
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Materials and Methods

Embryo Culture

Asteroid (sea star)—The species, Patiria miniata, were collected from the Southern
coast of California, USA from either Pete Halmay (PeterHalmaygmail.com) or Josh Ross
(infoscbiomarine.com) and cultured as described (Wessel et al., 2010). Briefly, oocytes and
sperm were collected by dissection. Oocytes were isolated by passing diced ovary tissue
through a cheesecloth and collecting the oocytes in a beaker. Oocytes were washed 2 times
with filtered sea water and incubated 1 hour with 1-methyl adenine (3.0 UM, Acros
Organics) to induce maturation. Eggs were fertilized with diluted sperm and excess sperm
was washed out with filtered sea water. Embryos were cultured with continuous stirring at
16° C until the larval stage.

Ophiuroid (brittle star)—The species, Amphipholis kochii, were collected from Himi
(Toyama Prefecture, Japan) and cultured as described (Koga et al., 2010). Briefly, animals
were induced to spawn by a 1-2 hour cold shock at 4° C. Eggs were fertilized with diluted
sperm and cultured in artificial sea water at 23° C.

Holothuroid (sea cucumber)—Adults of the species Apostichopus japonicus, were
collected near Misaki Marine Biological Station, the University of Tokyo in Kanagawa
Prefecture, Japan and cultured as described (Kikuchi et al., 2015). Briefly, spawning was
induced by injecting animals with 10 pM cubifrin. Eggs were fertilized with sperm that had
been obtained by mincing of the testis. Embryos and larvae were cultured at 20° C in filtered
sea water containing 75 mg/L of penicillin and streptomycin.

Cidaroid (pencil urchin)—The species, Eucidaris tribuloides, were collected from
Florida, USA by KP Aquatics LLC (www.sealifeinc.net). Animals were induced to spawn
by injection with 0.5 M KCI. Eggs were fertilized with diluted sperm and excess sperm was
washed off 1 time with filtered sea water. Cultures were kept in 10 cm Petri dishes at 15° C.

Euechinoid (sea urchin)—The species, Lytechinus variegatus, were collected from
Florida, USA by Pelagic Corporation. Animals were induced to spawn by injection with 0.5
M KCI. Eggs were fertilized with diluted sperm and excess sperm was washed off 1 time
with filtered sea water. Cultures were kept stirring at 25° C until the larval stage.

Fixing Embryos
Ophiuroid (brittle star)}—Embryos were fixed overnight at 4° C in a solution
containing 4% PFA, 0.1 M MOPS (pH 7.0), and 0.5 M NaCl. Embryos were first washed
with 50% Ethanol in PBS, then washed in 70% Ethanol, and stored at —20° C in 70%
Ethanol.

All other embryos were fixed essentially as described with a few exceptions (Arenas-Mena
et al., 2000). Briefly, embryos were resuspended in MOPS buffered PFA (5% PFA, 162.5
mM NacCl, 32.5 mM MOPS pH 7.0, 32.5% filtered sea water) and incubated overnight at 4°
C. Embryos were washed 5 times with MOPS Buffer (0.1 M MOPS pH 7.0, 0.5 M NaCl,
0.1% Tween 20) and stored at —20° C in 70% Ethanol.

Evol Dev. Author manuscript; available in PMC 2017 July 01.
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Whole Mount RNA in situ Hybridization

General—RNA in situ analyses were done essentially as described (Arenas-Mena et al.,
2000). Briefly, embryos were hybridized with 0.1-0.5 ng/ul of DIG labeled RNA probe for 1
week at 50° C. Embryos were incubated with anti-DIG Alkaline Phosphatase FAB
fragments overnight at room temperature (1:1500, Roche Diagnostics). After washing,
embryos were stained with NBT/BCIP for 624 hours. The reaction was stopped with 5 mM
EDTA in MOPS Buffer. Embryos were stored up to 1 day at 4° C and imaged on a Zeiss
Axiovert 200M Microscope with an AxioCam MRc5 color camera. In all cases embryos
were also incubated with the same concentration of Neomycin probe as a negative control.

Asteroid (sea star)—0.2 ng/ul of probe was used for hybridization. Alkaline
Phosphatase staining took approximately 6 hours.

Ophiuroid (brittle star)—0.2 ng/ul of probe was used for hybridization of eggs through
the mid-gastrula stage embryos. 0.5 ng/ul of probe was used for hybridization of late-
gastrula and larva stage embryos. Alkaline Phosphatase staining took approximately 13.5
hours and 10 hours, respectively.

Holothuroid (sea cucumber)—0.5 ng/ul of probe was used for hybridization.
Alkaline Phosphatase staining took approximately 7 hours.

Cidaroid (pencil urchin)—0.5 ng/ul of probe was used for hybridization. Alkaline
Phosphatase staining took approximately 6 hours.

Euechinoid (sea urchin)—0.1 ng/ul of probe was used for hybridization. Alkaline
Phosphatase staining took approximately 24 hours.

Sequence Analysis for Probe Design

Asteroid (sea star) and Ophiuroid (brittle star)—Sequences were obtained using
de novo development transcriptome databases. The sea urchin, Stronglyocentrotus
purpuratus, Nanos2 protein sequence (NP_001073023.1) was used as a query to find Nanos
gene sequences by performing a tblastn analysis. A reciprocal blastn was then performed
using the non-redundant nucleotide database on NCBI to test authenticity.

Holothuroid (sea cucumber) and Cidaroid (pencil urchin)—Sequences were
obtained using de novo ovary transcriptome databases (Reich et al., 2015) using the same
method as described above for Asteroids.

Euechinoid (sea urchin)—Sequences were obtained by degenerate PCR followed by
5’ and 3° RACE. Degenerate PCR primers are as follows: Forward-
TTYTGYAARMAYAAYGGIGAR, Reverse- RTTIAVIGGRCARTAYTTIA. 5’ RACE
primers are as follows: Outer- ACTCTAGTCATTTGCACACC, Inner-
GGGCTATTGTCCAACTGCAA. 3’ RACE primers are as follows: Outer-
CAATTCTAAGGGCGTACACC, Inner- GCTCTGTGGGACGAATGG.
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Probe Design and Synthesis

General—Nanos sequences were amplified by PCR and ligated into PGEM-T Easy
Vector (Promega) and transformed into competent XL-1 Blue Bacteria. Primers used for
PCR amplification are listed in Supplement Table 1. Following sequence verification,
plasmids were digested and used for antisense transcription using the DIG RNA Labeling
Kit (Roche).

Holothuroid (sea cucumber) and Cidaroid (pencil urchin)—Nanos sequences
were amplified by PCR. However, the reverse primer contained a T7 RNA polymerase
recruitment sequence at its 5 end. Following sequence verification, PCR products were used
for antisense transcription as described above.

Phylogenomic Analyses

Sequences used for alignments were found as described above for Asteroid, Ophiuroid,
Holothuroid, Cidaroid, and Euechinoid Nanos. Crinoid Nanos sequences were obtained
using the species Oxycomanthus japonicus Ovary transcriptome using the same method
described above for Asteroids, accession number: GAZ001037160 (Reich et al., 2015).

The Nanos protein alignment was made using BioEdit software that used a ClustalW
analysis (http://www.mbio.ncsu.edu/bioedit/bioedit.html). Nanos protein phylogram was
made using phylogeny.fr (Dereeper et al., 2010; Dereeper et al., 2008).

Vasa Immunofluorescence

Results

Embryos were fixed with 90% ethanol for 1 hour. After a PBS wash Vasa primary antibody
(Voronina et al., 2008) was added to embryos at a 1:200 dilution for 3 hours at 25° C or
overnight at 4° C Embryos were washed with PBS, stained with a fluorescent secondary
antibody, and counterstained with Hoechst.

Diversity in Echinoderm Nanos sequences

Nanos protein sequences were found in one species from each extant echinoderm clade. An
alignment of the echinoderm Nanos protein sequences reveal each protein has 2 conserved
CCHC zinc fingers that are characteristic of the Nanos protein family and are necessary for
function (Figure 2A, asterisks) (Arrizabalaga and Lehmann, 1999; Hashimoto et al., 2010).
In addition, echinoderm Nanos proteins contain a conserved upstream domain that is found
in non-protostome Nanos sequences and is also required for function (Figure 2A, underline)
(Torras and Gonzalez-Crespo, 2005; Torras et al., 2004). This domain has been called the
NIM domain in vertebrates and is required to recruit the deadenylase protein CNOT1 to
Nanos (Bhandari et al., 2014). Sequence analyses reveal there is a Nanos ortholog in every
echinoderm database that has been examined.

A phylogram of echinoderm Nanos protein sequences reveals that all Nanos sequences do
not follow the species tree (Figure 1A; Figure 2B, grey). We note that the Apostichopus
Japonicus Nanos protein, a Holothuroid sequence, is not placed as a sister group to
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Echinoids (Figure 1A and Figure 2B, grey). This disparity could be explained by the
relatively low amount of conserved amino acids between each species (Figure 2A, non-
highlighted amino acids). Nanos appears to be a protein where many amino acid changes
have occurred throughout echinoderm evolution with the exception of the zinc finger and the
NIM domains, both regions essential for its function.

Nanos expression in Asterozoa

The sister groups Asteroid and Ophiuroid comprise the Asterozoa clade (Cannon et al.,
2014; Reich et al., 2015; Telford et al., 2014). In the Asteroid, Patiria miniata (a sea star),
Nanos is not detectable by in situ RNA hybridization until the mid-gastrula stage when it
accumulates in the endomesoderm (Figure 3A). By the late-gastrula stage, Nanos is further
restricted to the precursor cells that give rise to the left posterior coelom, a dorsal patch in
the middle of the developing gut (Figure 3A, asterisk). In the larva stage, Nanos accumulates
in the left posterior coelom (Figure 3A, arrow). This expression pattern is consistent with
Vasa expression in sea stars and further supports the idea that the left posterior coelom is the
site of germ cell formation (Figure 1A, light blue and dark blue, larva stage, sea star)
(Juliano and Wessel, 2009). Unlike the initial widespread early expression of Vasa, Nanos is
first expressed at the mid-gastrula stage in a restricted number of cells. Because Nanos
expression is based upon embryonic events, Asteroids likely use an inductive mechanism for
germ cell specification.

In the Ophiuroid, Amphipholis kochii (a brittle star), Nanos first accumulates at the blastula
stage in a domain that contains roughly half of the cells in the embryo (Figure 3B, asterisk).
We hypothesize this first expression domain gives rise to the endomesoderm by homology to
the sea star. Later in development, Nanos is expressed in a second domain (Figure 3B,
arrow). We suggest the second expression domain appears dorsally as Nanos is restricted
dorsally in the sea star. However, further endomesoderm and dorsal markers will be
necessary to test the identity of these early Nanos-positive expression domains. In the late
gastrula stage the first Nanos expression domain is restricted to a few cells in half of the
blastopore (Figure 3B, asterisk) and the second Nanos expression domain is restricted to a
few cells in the blastocoel (Figure 3B, arrow). By the 3-day old larval stage the first Nanos
expression domain becomes restricted further to a few cells in half of the stomach
epithelium. This is the first report of germ cell marker expression in Ophiuroid embryos, to
the best of our knowledge. Furthermore, using Vasa protein labeling we have identified a left
posterior coelom in an Ophiuroid embryo for the first time (Supplemental Figure 2B,
asterisk). It remains to be tested if the Nanos enriched cells at the 3-day larva stage will
migrate to the left posterior coelom at a later time point in larval development. However, we
hypothesize that this will occur because Vasa protein accumulates in the left posterior
coelom at the 1-week old larval stage (Supplemental Figure 2B, asterisk). Together, these
results suggest germ cell markers accumulate in the left posterior coelom of an Ophiuroid
larva. In addition, the relatively later initial expression of Nanos (blastula stage) and the
dependence on embryonic events to restrict the Nanos positive domains suggests Ophiuroids
also use inductive mechanisms for germ cell specification.
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Nanos expression in Holothuroids

In the Holothuroid, Apostichopus japonicus (a sea cucumber), Nanos is first expressed in the
mid-gastrula stage in a dorsal patch biased to the left side of the developing gut (Figure 4,
asterisk). These Nanos positive cells likely develop into the left posterior coelom visible in
the larva stage (Figure 4, arrow). This expression pattern is similar to Vasa expression in the
sea cucumber because Vasa also accumulates in the left posterior coelom (Figure 1A, light
blue and dark blue, larva stage, sea cucumber) (Supplemental Figure 2A, arrow) (Yu et al.,
2013). However, Nanos expression is more restricted than Vasa because Vasa accumulates in
all of the other coeloms at the early-larva stage. These results demonstrate that germ cell
markers accumulate in the left posterior coelom of a Holothuroid embryo. In addition, the
initial expression of Nanos in Holothuroid embryos is relatively late in development (mid-
gastrula stage) and suggests they use inductive mechanisms for germ cell specification.

Nanos expression in Echinoids

The sister groups Cidaroid and Euechinoid comprise the Echinoid clade. In the Cidaroid,
Eucidaris tribuloides (a pencil urchin), Nanos is first detected at the early blastula stage in 2—
4 vegetal cells (Figure 5A, asterisk). These cells are likely the micromeres, the smaller cells
that arise from a variable number of unequal cell divisions at the 16-cell stage (Schroeder,
1981). Subsequently, these Nanos positive cells accumulate in the left coelom (Figure 5A,
arrows). Although Vasa is not restricted to the micromere lineage in this animal, it does end
up accumulating in the left coelom (Figure 1A, light blue and dark blue, 32-cell stage and
larva stage, pencil urchin) (Juliano and Wessel, 2009). Together, these results indicate that
the left coelom accumulates germ cell markers in a Cidaroid embryo. Furthermore, Nanos is
initially expressed early in development (during the first few cleavages), which is likely
more dependent upon the localization of maternal molecules. This is more consistent with an
inherited mechanism of germ cell specification.

In the Euechinoid, Lytechinus variegatus (a sea urchin), Nanos is first detected at the 128-
cell stage in a restricted number of vegetal cells (Figure 5B, asterisk). These are likely the
small micromeres, the smaller cells that arise from two series of unequal cell divisions at
both the 16 and 32-cell stages. Subsequently, these cells migrate to the tip of the developing
gut and end up in the left coelom (Figure 5B, arrows). This expression is very similar to both
Nanos and Vasa protein expression in the related sea urchin, Stronglyocentrotus purpuratus
(Figure 1A, dark blue, 32-cell stage and larva stage, sea urchin) (Juliano et al., 2010;
\oronina et al., 2008). In summary, these results demonstrate that the left coelom
accumulates germ cell markers and that the small micromeres have a conserved germ cell
fate in the Euechinoid lineage. In addition, Euechinoids also likely use an inherited
mechanism of germ cell specification because Nanos is initially expressed very early in
development (at the 32-cell stage).

Discussion

Three major developmental shifts in Nanos expression

We notice three major developmental stages in which Nanos mRNA first begins to
accumulate.
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1 Nanos expression is associated with cells that arise as a result of unequal
cell divisions in Echinoids. The study of Nanos expression in Echinoid
embryos is particularly important to understand evolutionary transitions in
germ cell specification because the Echinoid clade has a derived feature in
their early development related to germ cell specification. They are the
only echinoderm embryos that undergo unequal cell divisions during early
cleavage (Figure 6A, pink). It was already known that Nanos is first
expressed in the small micromere lineage of sea urchins, cells that arise at
the 32-cell stage as a result of two unequal cell divisions (Figure 1A,
purple, 32-cell stage, sea urchin) (Fujii et al., 2006; Juliano et al., 2010).
Here, we test if Nanos expression is associated with cells that arise from
unequal cell divisions in a different Echinoid lineage, the pencil urchin.
The pencil urchin undergoes a variable number of unequal cell divisions at
the 16-cell stage to give rise to the micromere lineage (Figure 1A, 32-cell
stage, pencil urchin). This study suggests Nanos is expressed in the
micromere lineage of the pencil urchin (Figure 5A, asterisk). We
hypothesize that unequal cell divisions are linked to an earlier restricted
expression of Nanos. Furthermore, the sea urchin Nanos-positive small
micromere cells have previous been shown to directly contribute to the
germ cell lineage (Yajima and Wessel, 2011c). Because Nanos is
expressed early in development in a restricted number of cells and these
cells have been shown to contribute to the germ cell lineage (at least in the
sea urchin) we hypothesize that Echinoids display inherited mechanisms
of germ cell specification.

2. In contrast to the Echinoid lineage, both Asteroids and Holothuroids do
not start expressing Nanos until later in development (Figure 3A; Figure 4,
asterisk). Animals in both of these clades contain a left posterior coelom
and Nanos is first expressed at the mid-gastrula stage in left posterior
coelom precursor cells (Figure 3A; Figure 4, asterisk). In addition,
removal studies in the sea star show that the left posterior coelom
contributes to morphologically distinct germ cells (Inoue et al., 1992).
Because Nanos is expressed later in development and in cells that
contribute to germ cells (in the sea star) we hypothesize that these animals
use inductive mechanisms to specify the germ cell lineage.

3. Nanos expression in the Ophiuroid lineage is the most perplexing. It is
expressed at the blastula stage in a large embryonic domain equal to
roughly half of the cells of the embryo (Figure 3B, asterisk). Because
Nanos expression is not restricted to a small number of cells early in
development we postulate that Ophiuroids use inductive mechanisms for
germ cell specification. Ultimately though, it will be important to examine
more species from each echinoderm clade to better refine these models.

Taken together, the results are consistent with the hypothesis that echinoderms ancestrally
specified their germ cell lineage following gastrulation via inductive mechanisms. This is
because the majority of extant echinoderm clades (Asteroids, Ophiuroids, and Holothuroids)
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use inductive mechanisms for germ cell specification. In sea stars and Holothuroids (brittle
stars are less clear at this point), germ cell markers accumulate in a restricted embryonic
domain late in embryogenesis (during the late gastrula stage/early larva stage). Furthermore,
our results are also consistent with the hypothesis that an evolutionary transition has
occurred in the Echinoid lineage for the germ cell lineage to be specified earlier by inherited
mechanisms. In these animals, germ cell markers accumulate in a restricted number of cells
very early in development, during the first few cleavages. This is consistent with a previous
comprehensive study in animals which proposes that the inductive germ cell specification
mechanism is ancestral, while there have been several independent acquisitions of the
inherited germ cell specification mechanism (Extavour and Akam, 2003).

Cells within left coeloms contribute to the germ cell lineage in echinoderms

In most of the animals studied here, Nanos and Vasa accumulate together in either the left
coelom or the left posterior coelom (Figure 1A; Figure 6A, purple, larva stage). We notice
that germ cell markers accumulate in the left posterior coelom in almost every echinoderm
lineage (Figure 6A, asterisk). However, the Echinoid lineage seems to have lost this structure
and germ cell markers accumulate instead in the left coelom (Figure 6A, arrows).

In addition to accumulating germ cell markers we argue that the posterior left coelom also
contributes to the germ cell lineage in Asteroids, Ophiuroids, and Holothuroids. In support
of this hypothesis, the left posterior coelom has been removed from sea star larva and results
in juveniles with about half of the normal number of morphologically distinct germ cells
(Inoue et al., 1992). We also argue that the left coelom contributes to the germ cell lineage in
all Echinoids. The small micromere cells have been removed from sea urchins before they
reach the left coelom and results in an adult that develops normally, but is lacking any
gametes (Yajima and Wessel, 2011c). From these results, we propose that left-sided coeloms
contribute to the germ cell lineage in all echinoderm species.

It is important to note that the left coelom is a mesodermal lineage (Figure 6B, red). In
addition, the left posterior coelom also accumulates many mesodermal markers in sea stars
and sea cucumbers (McCauley et al., 2012) (unpublished results). This is significant because
in all animals that have been studied that use an inductive mechanism for germ cell
specification their germ cell lineage was induced from a mesodermal lineage (Chatfield et
al., 2014; Ewen-Campen et al., 2013; Saitou et al., 2002). These results further support the
hypothesis that the most recent common ancestor of Bilaterian animals had a germ cell
lineage induced from a mesodermal lineage.

Nanos expression correlates with the expression of larval skeletogenic genes

We notice that the germ cell lineage is linked to genes that are required for specification of
the larval skeleton. Both the Echinoid and Ophiuroid lineages likely acquired larval
skeletons independently because larval skeletons are absent from other clades (Figure 6A,
green). In the sea urchin (Echinoid), it has already been shown that the cell lineage that gives
rise to the germ cells at the 16-cell stage also gives rise to the larval skeleton (Ettensohn,
1997; Gustafson and Wolpert, 1967; Okazaki, 1975; Yajima and Wessel, 2012). In addition,
the cell lineage that gives rise to the larval skeleton in the pencil urchin (Echinoid) also
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accumulates Nanos (Wray and McClay, 1988) (Figure 5A, asterisk). This shows that both
the germ cell lineage and the larval skeletal cell lineage share a common precursor cell
lineage in Echinoids. In addition, this study found that Nanos is expressed in half of the cells
during the blastula stage of an Ophiuroid embryo (Figure 3B, asterisk). This expression
pattern resembles the vegetal expression pattern domain where five larval skeletal genes
accumulate in Ophiuroids, although the skeletal genes appear to localize in a more restricted
domain (Dylus et al., 2016; Koga et al., 2010; Morino et al., 2012). We hypothesize that the
gene regulatory networks that control the germ cell lineage and the larval skeleton lineage
are co-dependent in both Echinoids and Ophiuroids and that this may be an evolutionary
restriction placed on the evolution of both cell lineages. In other words, whenever the gene
regulatory networks that control the skeletal cell lineage or germ cell lineage experience a
heterochronic shift in development the other lineage may follow.

In support of this hypothesis, the expression of germ cell markers also correlates with the
expression of genes associated with larval skeletal specification even in animals that do not
have larval skeletons. Asteroids do not have larval skeletons, yet genes that are involved in
specification of the larval skeleton in Euechinoids (e.g. Alx and Ets) are also co-expressed
with Nanos in the left posterior coelom of the Asteroid larva (Figure 3A, arrow) (Koga et al.,
2010; McCauley et al., 2012). Together, these results support the hypothesis that the gene
regulatory network that specifies the echinoderm germ cell lineage is in some way
intertwined with the gene regulatory network that specifies the Echinoid and Ophiuroid
larval skeletons.

Mechanisms that may contribute to evolutionary transitions in germ cell specification

We notice three developmental changes that are involved in the evolution of an inherited
germ cell specification mechanism in the Echinoid clade. First, we propose that the
evolution of early unequal cell divisions within the Echinoid clade was important for the
evolution of earlier accumulation of germ cell markers. Therefore, early unequal cell
divisions may be a broader strategy for the evolution of an inherited mechanism of germ cell
specification. To explore this model further it will be important to understand the cellular
and molecular tools that are required for an early unequal cell division in the Echinoid
lineage. In addition, it will be important to understand the upstream regulatory molecules
that are required for the earlier accumulation of germ cell markers. Second, we propose that
the earlier specification of the germ cell lineage in the Echinoid lineage is accompanied by
an earlier specification of the larval skeletal lineage because these two cell fates overlap.
This suggests there may be an upstream factor that is required for the specification of both
cell lineages, such as a general determinant of the endo/mesoderm cell fate (ie. Wnt). This
may be an evolutionary constraint placed upon the evolution of an earlier germ cell
specification in Echinoids. To explore this model further it will be important to define the
upstream regulators of both of these cell lineages. Third, there is a loss of the posterior left
coelom in the Echinoid lineage. This further emphasizes the importance of the posterior left
coelom in echinoderms that use the ancestral inductive mechanism of germ cell
specification, while this structure is not required for germ cell specification in Echinoids and
has been lost. To explore how the posterior left coelom cell lineage has been lost in the
Echinoid lineage it will be necessary to understand the molecules that are required to induce
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the left posterior coelom cell lineage in non-Echinoid embryos. The future study of these
three developmental changes in diverse echinoderm embryos will significantly impact the
broader field examining the evolution of germ cell mechanisms within all animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Vasa and Nanos localization in Echinoderms
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Figure 1. Vasa and Nanos localization in Echinoderms
A. A summary of known Vasa and Nanos mRNA and protein localization in Echinoderm

embryos before this study. Light blue= Vasa mRNA, Dark blue= Vasa protein, Purple=

Nanos mRNA and protein. In Asteroids, Holothuroids and Cidaroids Vasa mRNA and

protein localizes broadly at the 32-cell stage and both are restricted to the coeloms by the
larva stage. In Euechinoids, Vasa mRNA localizes broadly at the 32-cell stage and
accumulates in the left coelom at the larva stage. However, Vasa protein in Euechinoids is
restricted to a subset of embryonic blastomeres at the 32-cell stage and accumulates in the
left coelom at the larva stage. Nanos mRNA and protein expression has only been reported
in Euechinoids and is restricted to a subset of embryonic blastomeres at the 32-cell stage. By
the larva stage Nanos mRNA and protein accumulates in the left coelom. B. A diagram of
general echinoderm larva morphology. The dotted left posterior coelom is not present in all
Echinoderm clades. All larval views are dorsal images with the anterior side up as a standard

for this paper.
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A. Alignment of Echinoderm Nanos Proteins
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Figure 2. Nanos sequence analysisin Echinoderms
A. An alignment of Nanos proteins found in Echinoderms from each major clade using

ClustalW2 and BioEdit. All similar amino acids are highlighted in green and all identical
amino acids are highlighted in blue. Asterisks identify the conserved Nanos CCHC zinc
fingers. Underlined amino acids identify the NIM domain, a non-protostome conserved
protein interaction domain. OJ= Oxycomanthus japonicus, Crinoid; PM= Patiria miniata,
Asteroid; AK = Amphipholis kochii, Ophiuroid; AJ= Apostichopus japonicus, Holothuroid,;
ET = Euciaaris tribuloides, Cidaroid; LV = Lytechinus variegatus, Euechinoid. B. A
phylogram of Echinoderm Nanos protein sequences using phylogeny.fr. Clades in grey do
not share the same relationships as the species phylogenetic tree.
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A. Nanos mRNA localization in an Asteroid (sea star).
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B. Nanos mRNA localization in an Ophiuroid (brittle star).
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Figure 3. Nanos mRNA localization in an Asteroid and an Ophiuroid
A. Nanos mRNA localization in an Asteroid (sea star, Patiria miniatg). Nanos mRNA first

accumulates in mid-gastrula embryos in the endomesoderm. Subsequently, Nanos
accumulates in the tip of the developing gut and in a dorsal patch in the middle of the
developing gut, asterisk. By the larva stage Nanos is restricted to the left posterior coelom,
arrow. Scale bar is 200 uM. B. Nanos mRNA localization in an Ophiuroid (brittle star,
Amphipholis kochii). Nanos mRNA first accumulates in blastula embryos in half of the cells
of the embryo, asterisk. Subsequently, Nanos accumulates in a second expression domain at
the mid-gastrula stage, arrow. At the late gastrula stage, Nanos is restricted to a few cells at
the blastopore, asterisk, as well as to some mesenchymal cells within the blastocoel (arrow).
By the larva stage, Nanos is further restricted to a few cells within the epithelium of the
stomach, asterisk. Note: The larval stage is viewed dorsally, pigment cells are stained non-
selectively throughout the blastocoel, X. Scale bar is 50 uM.
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Nanos mRNA localization in a Holothuroid (sea cucumber).
Mid- Late-
Gastrula Gastrula

Larva

Blastula

Figure 4. Nanos mRNA localization in a Holothuroid (sea cucumber)
In the sea cucumber, Apostichopus japonicus, Nanos mMRNA first accumulates in mid-

gastrula embryos in a dorsal domain in the middle of the developing gut, asterisk. Nanos is
restricted to the left posterior coelom during the gastrula and larva stages (viewed dorsally),
arrow. Scale bar is 100 uM.
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A. Nanos mRNA localization in an Cidaroid (pencil urchin).
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Figure 5. Nanos mRNA localization in a Cidaroid and an Euechinoid
A. Nanos mRNA localization in a Cidaroid (pencil urchin, Eucidaris tribuloides). Nanos

MRNA first accumulates in blastula embryos in a restricted number of cells at the vegetal
plate, asterisk. Subsequently, Nanos accumulates in the tip of the developing gut during the
gastrula stage, arrow. By the larva stage (viewed dorsally) Nanos is restricted to the left
coelom, arrow. Scale bar is 100 pM. B. Nanos mRNA localization in an Euechinoid (sea
urchin, Lytechinus variegatus). Nanos mRNA first accumulates in 128-cell embryos in a
restricted population of cells at the vegetal plate, asterisk. Subsequently, Nanos accumulates
at the tip of the developing gut during the gastrula stage, arrow. By the larva stage (viewed
dorsally) Nanos is restricted to the left coelom, arrow. Scale bar is 60 uM.
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A. Nanos mRNA localization in Echinoderms
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B. General Echinoderm development and germ layers
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Figure 6. A Summary of Nanos mMRNA localization in Echinoderms
A. In both Asteroids and Holothuroids, Nanos is enriched in the left posterior coelom by the

larva stage, asterisks. In both Cidaroids and Euechinoids Nanos accumulates in the left
coelom by the larva stage, arrows. In contrast, Nanos accumulates in the stomach at the larva
stage in Ophiuroids. Purple= Nanos mRNA, Green= larval skeleton, Pink= early unequal
cell divisions. B. A diagram of general Echinoderm development and the embryonic germ

layers.
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