DEVELOPMENTAL DYNAMICS 242:155–163, 2013

a

PATTERNS & PHENOTYPES

Meiotic Gene Expression Initiates During
Larval Development in the Sea Urchin

Developmental Dynamics
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Background: Meiosis is a unique mechanism in gamete production and a fundamental process shared by
all sexually reproducing eukaryotes. Meiosis requires several specialized and highly conserved genes
whose expression can also identify the germ cells undergoing gametogenic differentiation. Sea urchins
are echinoderms, which form a phylogenetic sister group of chordates. Sea urchin embryos undergo a
feeding, planktonic larval phase in which they construct an adult rudiment prior to metamorphosis.
Although a series of conserved meiosis genes (e.g., dmc1, msh5, rad21, rad51, and sycp1) is expressed in
sea urchin oocytes, we sought to determine when in development meiosis would first be initiated. Results:
We surveyed the expression of several meiotic genes and their corresponding proteins in the sea urchin
Strongylocentrotus purpuratus. Surprisingly, meiotic genes are highly expressed not only in ovaries but
beginning in larvae. Both RNA and protein localizations strongly suggest that meiotic gene expression
initiates in tissues that will eventually give rise to the adult rudiment of the late larva. Conclusions:
These results demonstrate that broad expression of the molecules associated with meiotic differentiation
initiates prior to metamorphosis and may have additional functions in these cells, or mechanisms repressing their function, until later in development when gametogenesis begins. Developmental Dynamics
242:155–163, 2013. V 2012 Wiley Periodicals,Inc.
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Key Findings:
 A series of meiotic gene products is expressed prior to metamorphosis in the sea urchin.
 Meiotic gene products, both mRNA and protein, are broadly expressed in the entire adult rudiment of the sea
urchin.
 Germ cell development may be more plastic and/or the functions of these gene products more broadly required
than previously thought.
Accepted 9 November 2012

INTRODUCTION
Somatic cells divide and multiply in a
process called mitosis, whereas meiosis is unique to germ cells. Meiosis
produces haploid gametes from diploid cells by combining two successive
rounds of nuclear division, a reductive
division (meiosis I) and an equal division (meiosis II), with a single round
of DNA replication (Petronczki et al.,

2003). Meiosis is critical for producing
genetic variability in the gametes and
the mechanisms and molecules
involved in meiosis are highly conserved among all sexually reproducing organisms.
Meiosis I is initiated by recombining homologous chromosomes through
the formation of chiasmata, which
physically connect homologous chro-

mosomes at the leptotene stage of prophase I (Petronczki et al., 2003; Neale
and Keeney, 2006; Kleckner, 2006).
This meiotic homologous recombination is initiated by the formation of
double-strand breaks (DSB) created
by the topoisomerase II–like protein
SPO11 (Keeney, 2001) and by subsequent invasion and pairing of the homologous strand (Kenney, 2001)
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mediated by RAD51 and DMC1
(Schwacha and Kleckner, 1997;
Hunter and Kleckner, 2001; Keeney,
2001). In mammalian meiosis, early
recombination intermediates containing RAD51 and DMC1 are gradually
replaced first by middle intermediates
containing MSH4 (a homologue of
Escherichia coli MutS) and eventually
by late intermediates containing
MLH1 (a MutL homologue) (Plug
et al., 1998; Santucci-Darmanin et al.,
2000). RAD51 and DMC1 are highly
conserved in eukaryotes (Shinohara
et al., 1992, 1993; Bishop et al., 1992;
Habu et al., 1996) and have been
shown to broadly catalyze homologous
pairing and strand exchange selectively in sexually producing organisms (Sung, 1994; Baumann et al.,
1996; Gupta et al., 1997; Li et al.,
1997; Hong et al., 2001; Sehon et al.,
2004; Bugreev et al., 2005). The
RAD51 protein is expressed in both
meiotic and mitotic cells (Shinohara
et al., 1992, 1993), but the DMC1 protein is only present in meiotic cells of
all organisms examined (Bishop et al.,
1992; Habu et al., 1996). Knockout of
the dmc1 gene in the mouse causes
chromosomal asynapsis and sterility
(Pittman et al., 1998; Yoshida et al.,
1998), as in Dmc1-deficient yeast
(Bishop et al., 1992). These data suggest that the DMC1 protein functions
as a specific factor for meiotic homologous recombination (HR). Another
critical factor for HR is HIM-18, an
ortholog of MUS312/Slx4m that is
identified in Caenorhabditis elegans.
HIM-18 is required for HR–mediated
repair at stalled replication forks and
its loss results in a reduction in crossover recombination frequencies (Saito
et al., 2009).
At the zygotene stage of prophase I,
homologs that have completed HR
come into close proximity and the synaptonemal complex (SC), a zipper-like
proteinaceous structure, assembles
between the aligned homologs (Zickler
and Kleckner, 1999; Page and Hawley,
2004). At the pachytene stage of prophase I, the homologs become fully
synapsed by the SCs and repair of a
subset of DSBs results in crossover
recombination. SCs are largely composed of SYCP1, SYCP2, and SYCP3.
In mammals, SYCP1 constitutes the
central element, and SYCP2 and
SYCP3 form the lateral elements of

the SC (Meuwissen et al., 1992; Dobson et al., 1994; Offenberg et al.,
1998). In SYCP1-deficient mice, neither synapsis nor MLH1 foci are
formed (de Vries et al., 2005), suggesting its essential role in meiotic
progression. At the diplotene stage of
prophase I, the SCs are disassembled
and the homologs undergo desynapsis
in preparation for subsequent chromosome segregation during metaphase.
Other factors involved both in meiotic
and mitotic chromosome dynamics
include SMC subunits RAD21 and SA/
STAG, which are found in cohesin
complexes, are important for sister
chromatid cohesion, and are essential
for maintaining the structural integrity of chromosomes (Hirano, 2006;
Nasmyth and Haering, 2009).
Most studies of meiotic mechanisms
in the field result from experimentation on a few genetically tractable
organisms—yeast, flies, worms, mice—
providing a very deep but narrow view
of how the meiotic mechanisms function in a variety of developmental and
reproductive contexts. Echinoderms
are a sister group to chordates and
most of the conserved meiotic genes
present in vertebrates are present in
the sea urchin genome (Song et al.,
2006). However, the developmental
timing and the location of germ cell
meiotic initiation and/or the expression
of these meiotic genes is unknown in
this phylum. A typical echinoderm
undergoes a planktonic larval phase
for several weeks or months and forms
an adult precursor structure called the
‘‘adult rudiment’’ in the left side of
its larval body before metamorphosis
(Fig. 1, Day 20–30 pluteus larva).
In the sea urchin, primordial germ
cells (PGCs) are considered to reside
within the left adult rudiment at metamorphosis as judged by their characteristic cytology. Yet a clear appearance of germ cells in the germ rings
where the gametes form occurs several months after metamorphosis
(McBride, 1903; Houk and Hinegardner, 1980). The complex mixture of
multiple cell lineages in the adult
rudiment and a long-term larval stage
also make it difficult for researchers
to definitively identify germ cell formation (Ransick et al., 1996; Yajima
and Wessel, 2011a). Here, we identified several conserved meiotic genes
in the sea urchin Strongylocentrotus

Fig. 1. A diagram of the sea urchin late larva
around Day 20–30. The adult rudiment initiating in the left side of the larval body is marked
in red and this undifferentiated cell population
will form most of the adult structures including
tube feet, spines, tests, vascular system,
nervous system, and others before metamorphosis at Day 40–50.

purpuratus and surveyed their
expression patterns both at the
mRNA and protein levels. Surprisingly, meiotic genes are expressed in
tissues of the adult rudiment in the
larva, prior to the formation of a definitive gonad. These data suggest
that meiotic genes may have broad
utilization in somatic cells of the adult
rudiment and may be linked to the
plasticity of a germ cell commitment
step initiated before metamorphosis.

RESULTS AND DISCUSSION
Temporal Expression of
Meiotic Genes in S.
purpuratus
Six meiotic genes that are highly conserved among metazoans were cloned
from S. purpuratus ovary cDNAs by
PCR for lengths of 0.5–1 kbp. These
genes are Sp-sycp1L (SPU_021319),
Sp-dmc1 (SPU_027921), Sp-msh4
(Glean3_25763),
Sp-msh5
(SPU_
004494), Sp-rad21 (SPU_002553),
and Sp-rad51 (SPU_009590), and
each is essential and selective for
germ cells in early meiotic initiation.
The PCR products for each gene were
sequenced and BLASTed against the
database at SpBase.org, which
confirmed their meiotic gene identity
(Table 1 and Appendix Table A1). By
using the same primer sets and the
same PCR conditions, expression of
these meiotic genes was compared
among cDNAs of ovary, Day-10 larvae,
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TABLE 1. A List of Primer Sequences Used for Cloning of Meiotic Genes
Gene product

Forward primer

Reverse primer

Sp-dmc1
Sp-dmc1-nest
Sp-msh5
Sp-msh5-nest
Sp-sycp1
Sp-sycp1-nest
Sp-rad21
Sp-rad51
Sp-msh4

GAATGCCATGGTTCTTTCCGTTCG
CTTTCCGTTCGTATCTACTGGTG
CAGGCAGATCCGTGCCACTGGAGG
GCCACTGGAGGACTTCTGAAGTTC
CAAAGGGTCAGTCCTTCCAGACGC
GTCCTTCCAGACGCAGCCCCTTC
ATGGCAATGCAAATGCACAATGCTGAG
ATGGCAATGCAAATGCACAATGCTGAG
GAAGCAGATAGCGCTGCTTCAGAT

CACAAATTGTATCGGGCCTGAATC
ATCGGGCCTGAATCTTGATTCTG
GCTCGACATATCTCAGCAATATCG
CTCAGCAATATCGATGGCATTG
GAGTTGAGTCTGGCTCAGTGCAAC
AGACTCAACTCTTGAAACTTC
ATGGTGATGTCTCCATACGTGACGTTC
AGTCCTTGGCATCACCAACACCATC
GTTGTTCTTCCTCTTGACAGGATG

and Day-40 larvae. All six genes were
highly expressed in ovaries (Fig. 2O)
but were undetectable in embryos and
early larvae (Fig. 2D10), except for
Sp-dmc1. Remarkably, when the adult
rudiment was formed at Day 40, all
genes except for Sp-msh4 demonstrated significant expression (Fig.
2D40). In this late stage, several nonspecific bands were often amplified
and thus a nested PCR was performed
further to isolate target genes, which
resulted in a single band for each gene
(data not shown). Sequencing results
further demonstrated that each
nested-PCR product indeed contained
the targeted genes Sp-sycp1, Sp-dmc1,
Sp-msh5, Sp-rad21, or Sp-rad51, suggesting that these meiotic genes reinitiate expression as early as Day-40 larvae. To be noted, we occasionally
found differential sizes for some genes
(e.g., Sp-dmc1 and Sp-msh5) among
the clones from different developmental stages. This result may reflect differential spicing of various transcripts,
or unique functions of those molecules
outside of meiotic cellular competence,
so that it is important to identify the
full sequence and the function of each
gene in the future.

Lineage Expression of
Meiotic Genes
To study the spatial expression of
each meiotic gene in late larvae, DIGRNA probes were made from each
PCR product and in situ hybridization
was performed for larvae of Days 10–
50. Early larvae (data not shown) and
negative controls showed no specific
signal accumulation, although a high
background fluorescence is apparent
in the stomach (auto-fluorescence by
ingested algae), whereas the late larvae consistently demonstrated a spe-

cific signal within or at the periphery
of the adult rudiment (Fig. 3, arrows),
suggesting that several meiotic genes
are expressed in the adult rudiment.
To further test if these transcripts
are actually translated, larvae were
imaged using immunofluorescence
with antibodies against each meiotic
protein. Immunofluorescence signals
against DMC1 and Rad51 antibodies,
interestingly, demonstrated a specific
signal as early as Day10 in the coelomic pouch, which is the origin of the
adult rudiment, results that are
consistent with those of RT-PCR for
sp-dmc1 (Fig. 2). A signal for DMC1
was also detected at the junction
between the coelomic pouch and the
mouth (Fig. 4, DMC1, arrowheads),
which may indicate an additional
function of DMC1 outside of the adult
rudiment. On the other hand, antibodies against MSH5, SYCP1, and
HIM-18 exhibited specific signals only
in late larvae just prior to adult rudiment formation (Fig. 4). The antibody
against MSH-4 was used as a negative control here because its mRNA
was not detected by RT-PCR in early
or late larval stages (Fig. 2), and
indeed its protein expression was not
detected in the adult rudiment
(Fig. 4, Nega Cont., arrows). High signal levels consistently found in the
stomach of all larvae are due to an
auto-fluorescence of algae in the stomach; however, we cannot exclude the
possibility that these antibodies are
detecting proteins also expressed in
that tissue as well.

Meiotic Gene Expression
Starts Early in the Adult
Rudiment of the Sea Urchin
The adult rudiment of the sea urchin
has long been enigmatic. It forms most

of the adult structures such as spines,
tests, tube feet, a neural and vascular
system, and also the PGCs formed at
the 5th division that was originally
located in the coelomic pouches, a precursor of the adult rudiment (Pehrson
and Cohen, 1986; Tanaka and Dan,
1990; Yajima and Wessel, 2011a,
2012). Further, the adult rudiment
cells are contributed not only by mesodermal lineages that originally consisted of coelomic pouches including
PGCs but also by the ectodermal lineage in the late larval stage when a
layer of ectodermal tissue invaginates
to meet the expanded left coelomic
pouch at the onset of adult rudiment
formation (Hyman, 1955). Adult rudiments thus apparently contain several
somatic cell lineages that contribute to
the adult structures. The complex mixture of multiple cell lineages in the
adult rudiment makes it difficult for
researchers to definitively identify
germ cell formation.
In this report, we used meiotic gene
products as molecular markers to
identify germ cell meiotic development and found that 5 genes involved
in early meiosis I event were consistently expressed in the adult rudiment at late larval stage. Although
each of the meiotic gene products may
have additional roles outside of germ
cells, overlapped expressions of several molecules strongly suggest that
the meiotic program may start as
early as the late larval stage in the
adult rudiment. Further, broad tissue
expression of meiotic genes is readily
detectable in the adult rudiment and
precursor tissues, but not generally
throughout the other cells of the
embryo or larvae. This gene expression is also not just a result of rapid
cell divisions, since many of the
embryonic cells and larval tissues do

158 YAJIMA ET AL.

Developmental Dynamics

Fig. 2. Meiotic gene expression initiates in the adult rudiment of late larvae in the sea urchin.
RT-PCR results indicate that a series of meiotic genes are expressed in the oocytes (O) and the
late larvae (Day40, D40), but not in the early larvae (Day10, D10) except for Sp-dmc1.

not express this same gene profile.
Surprisingly, these mRNA and protein distributions were broader than
documented for PGC lineages in the
adult rudiment and likely include somatic cell lineages. One implication of
this result is that the somatic expression of meiotic genes in the adult
rudiment has additional functions independent of meiosis. However, if
these genes are indeed functioning
within somatic cell lineages, the nature of their somatic cell identity during rudiment formation should be
investigated further with implications
of germ line plasticity (see, e.g., Ransick et al., 1996; Yajima and Wessel,
2011a). Adult rudiment cells are
highly proliferative and multipotent,
and they contribute to various adult
tissues, thus their cell division mechanisms may be distinct from those of
other somatic cells (Hyman, 1955).
Although some of the meiotic genes
such as DMC1 and SYCP1 have been
reported as meiosis-specific factors in
other organisms, these genes may be
more widely utilized for other chromosomal events of the adult rudiment
cells of echinoderms. An alternative
interpretation is that meiotic genes in
the adult rudiment were spurious,
nonfunctional transcriptional events,
or are repressed from their normal activity and thus localized in the cytoplasm. In mice, for example, some of
the germ-line-related molecules are
widely expressed and then become
more restricted only into the future
PGC populations during the course of
germ cell development (Saitou et al.,
2002, 2003). A broader expression of
meiotic molecules such as those we
observed here may be similar to this
case; thus, germ cell formation may
be initiated in a part of the adult rudiment of late larvae. Indeed, recent
reports in mice suggest that some of
the meiotic genes appear to be
expressed prior to the initiation of the
meiotic events (Baltus et al., 2006;

Fig. 3. Confocal images of fluorescent in
situ RNA hybridization in late larvae (left panels), and a magnified view of the adult rudiment (right panels). A specific signal is
localized within or at the periphery of the adult
rudiment with meiotic probes (arrows),
whereas the negative control indicates only a
background signal in the stomach. Stomach
(S) is outlined by a dashed-line. Meiotic genes
(Green) and DNA (Blue). Scale bars ¼ 50 mm.

Fig. 4. Confocal images of immunofluorescence with meiotic antibodies. Each antibody,
except for the negative control (MSH4, not
detected by PCR, in situ hybridization, or
immunolocalization), detected a specific signal
in the coelomic pouches or the adult rudiment
of the late larva (arrows). Arrowheads in
DMC1 indicate a junction between the coelomic pouch and the mouth. Right panels of
DMC1, MSH5, Him-18, and MSH4 indicate a
magnified view of each of the left panels. The
left panel of SYCP1 indicates C. elegans
SYCP1 antibody and the right panel indicates
Mouse SYCP1 antibody. Stomach (S) is outlined by a dashed-line. Meiotic proteins (Red)
and DNA (Blue). Scale bars ¼ 50 mm.

Kimble and Page, 2007). SYCP3, for
example, initiates cytoplasmic expression in the pre-meiotic germ cells
before it localizes and functions on
the chromosomes during the meiosis
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(Lin et al., 2008). The regulatory
mechanisms of meiotic gene expression in higher eukaryotes are still
largely unknown. Further, this is the
first report of meiotic gene expression
in the phylum of echinoderms. Further investigation, especially in the
functional contributions of these meiotic molecules in the adult rudiment,
will be essential.

EXPERIMENTAL
PROCEDURES

Developmental Dynamics

Animals and Larval Culture
Strongylocentrotus purpuratus were
obtained from Trevor Fay (trevor@
montereyabalone.com) and housed in
aquaria cooled to 16 C in artificial
seawater (ASW; Coral Life Scientific
Grade Marine Salt; Energy Savers
Unlimited, Inc, Carson, CA). Females
were shed by KCl (0.5 M) injection
and eggs were collected in Milliporefiltered seawater (MFSW; Millipore,
Billerica, MA); ovaries were removed
and minced in MFSW. To obtain
embryos, fertilized eggs were cultured
at 16 C in MFSW and collected at necessary developmental stages. Larvae
were reared after hatching (24 hr after fertilization according to the
method described previously in
Yajima and Kiyomoto, 2006, with
slight modifications). Briefly, larvae
were cultured in 4-L beaker with gentle stirring at 30 rpm with a rotator
(TAITEC, Tokyo, Japan), fed with two
types of diatoms, Chaetoceros gracilis
and Dunaliella tertiolecta (UTEX,
utalgae@uts.cc.
utexas.edu),
and
transferred to new MFSW twice
weekly. Larvae reached the 4-armed
stage after 4–21 days, the 6-armed
stage after 3–5 weeks, and the 8armed stage after 5–8 weeks at 16 C.

RT-PCR
RT-PCR was performed as described
previously (Juliano et al., 2006).
Gonadal tissues, 10- and 40-day larvae
of S. purpuratus were collected and
subjected to total RNA extraction with
RNeasy Mini kit (Qiagen, Valenica,
CA). The RNA was made into cDNA
with TaqMan RT-PCR kit (Roche, Indianapolis, IN), and 1 ml of each cDNA
was used for PCR reactions. PCR
primers for each gene are listed in
Table 1. Obtained PCR products were

subcloned into pGEMT-EZ vectors
(Promega, Madison, WI), inserts were
sequenced either by the SP6/T7 promoter primer, and sequencing results
were blasted against SpBase.org to
identify gene names (Table A1).

In Situ RNA Hybridization
In situ hybridization was performed
as previously described (ArenasMena et al., 2000). Ovaries and larvae were fixed in paraformaldehyde,
washed with MOPS butter, transferred to 70% EtOH, and stored at
20 C until use. Antisense DIG-labeled probes for Sp-dmc1, Sp-msh5,
Sp-Rad51, Sp-Rad21, and Sp-sycp1,
were transcribed from plasmid templates acquired through RT-PCR
reactions above and in vitro transcribed with DIG-RNA labeling kit
(SP6/T7) (Roche). A non-specific
DIG-labeled RNA probe complimentary to pSPT18 that encodes neomysin gene was used as a negative control. Hybridized probes were reacted
with anti-Digoxigenin-POD (Roche
no. 11207733910), and visualized
with TSA system (Perkin Elmer,
Waltham, MA). Hoechst was used as
a counter-staining at a final concentration of 0.1 mg/ml, and samples
were imaged by confocal microscopy
(Zeiss, Thornwood, NY; 510).

Immunolabeling
Immunolabeling was performed as
previously described (Yajima and
Wessel, 2011b; Yajima and Kiyomoto,
2006) and photomicrographs were
taken with the use of confocal microscopy (Zeiss, 510). Briefly, larvae were
fixed with 90% Methanol for 1 hr at
20 C, rinsed with PBS, exposed for
the primary and secondary antibody
reactions for 5 hr each. Primary antibodies used in this study were all provided by the courtesy of Drs. Monica
Colaiacovo and Satoshi Namekawa.
The original sources and experimental conditions of these antibodies are
as follows: anti-DMC1 at 1:100
(Thermo Scientific, Waltham, MA; no.
PA5-21472), anti-MSH-5 at 1:100
(Novus Biologicals, Littleton, CO; no.
29480002), anti-RAD-51 at 1:200
(Novus Biologicals, no. 38750002),
anti-mouse-SYCP1 at 1:200 (Abcam,
Cambrdige, MA; no. ab15090), anti-

c.elegans-SYP-1 at 1:750 (Smolikov
et al., 2007), anti-HIM-18 at 1:50
(Saito et al., 2009), anti-MSH-4 at
1:200 (Abcam no. ab58666). Cy3 goat
anti-rabbit immunoglobulin G (IgG)
antibody (Invitrogen, Carlsbad, CA)
was then used as a secondary antibody at 1:300. Hoechst was used as a
counter-staining at a final concentration of 0.1 mg/ml. Peptide alignments between S. purpuratus
protein and the other organism used
for the antibody production is listed
in Table A2.
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