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Abstract

Background: Stem cells have a critical role during adult growth and regeneration. Germline stem cells are
specialized stem cells that produce gametes during sexual reproduction. Capitella teleta (formerly Capitella sp. I) is a
polychaete annelid that reproduces sexually, exhibits adult growth and regeneration, and thus, is a good model to
study the relationship between somatic and germline stem cells.

Results: We characterize expression of the two C. teleta orthologs of piwi, genes with roles in germline
development in diverse organisms. Ct-piwi1 and Ct-piwi2 are expressed throughout the life cycle in a dynamic
pattern that includes both somatic and germline cells, and show nearly identical expression patterns at all stages
examined. Both genes are broadly expressed during embryonic and larval development, gradually becoming
restricted to putative primordial germ cells (PGCs) and the posterior growth zone. In juveniles, Ct-piwi1 is expressed
in the presumptive gonads, and in reproductive adults, it is detected in gonads and the posterior growth zone. In
addition, Ct-piwi1 is expressed in a population of putative PGCs that persist in sexually mature adults, likely in a
stem cell niche. Ct-piwi1 is expressed in regenerating tissue, and once segments differentiate, it becomes most
prominent in the posterior growth zone and immature oocytes in regenerating ovaries of regenerating segments.

Conclusions: In C. teleta, piwi genes may have retained an ancestral role as genetic regulators of both somatic and
germline stem cells. It is likely that piwi genes, and associated stem cell co-regulators, became restricted to the
germline in some taxa during the course of evolution.

Background
Stem cells are essential for animal development and
adult tissue homeostasis, and they can presumably dif-
ferentiate into many specialized cell types. Specialized
stem cells called primordial germ cells (PGCs) are popu-
lations of undifferentiated stem cells in sexually repro-
ducing animals that will exclusively give rise to the
germ cells, either spermatocytes or oocytes [1]. These
germline stem cells insure that genetic information is
passed to the next generation. In some animals, germ-
line stem cells are segregated from somatic cells during
embryonic development. Two distinct mechanisms of
germline specification have been described: preforma-
tion and epigenesis [2]. According to the preformationist

mode, germ cells are specified by maternally inherited
determinants present within the egg. In the case of epi-
genesis, germ cells are not specified until later in devel-
opment, and arise as a result of inductive signals from
surrounding tissues. In some basally branching animals,
there is not such a separation between the germline and
the soma in the embryo, and germ cells can be segre-
gated from somatic cells throughout the life cycle. This
raises the question of the relationship between somatic
stem cells and germline stem cells. It has been proposed
that germline stem cells arose from a preexisting multi-
potent progenitor lineage that later in evolution became
a restricted sublineage [3]. If this is the case, have some
bilaterian animals retained an ancestral association
between germline stem cells and somatic stem cells?
Are core regulatory genes shared between multipotent
stem cells and germline stem cells in some animal
groups?
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Studies in annelids are likely to provide insights into
the relationship between somatic and germline stem
cells. Polychaete annelids are highly variable in their
reproductive patterns and many species can regenerate
their heads, tails or both [4]. The polychaete annelid
Capitella teleta, formerly known as Capitella sp. I [5] is
a simple-bodied, marine polychaete annelid that under-
goes sexual reproduction, continuously generates seg-
ments during its lifetime, and exhibits robust posterior
regeneration, including regeneration of its ovaries. In C.
teleta, there are males, females and hermaphrodites;
males can transform into hermaphrodites as a result of
changing environmental conditions [6]. Gametogenesis
and the location of the reproductive organs in C. teleta
have previously been described in detail [5,7,8]. The
testes are specialized regions of the lateral peritoneum
in the seventh and eighth segments and lack a well
developed anatomical structure. Several later stages of
spermatogenesis occur within the coelomic cavity, and
in mature males, sperm are stored in paired genital
ducts (coelomoducts) at the boundary between segments
7 and 8. The genital ducts are trumpet-shaped struc-
tures that open into the ventro-lateral coelomic cavity
on one end and on the other end have a narrow canal
that terminates in an intersegmental pore, separate from
metanephridia present in the same segment. Females
have well-defined segmentally repeated ovaries present
in 10 to 12 continuous segments beginning with the
first abdominal segment. The ovaries are ventrally posi-
tioned, paired structures adjacent to the gut tube. Each
ovary is suspended by mesenteries on the ventral side of
the coelomic cavity and is macroscopically visible. The
sac of the ovary is composed of follicle cells that are
formed by modified coelomic peritoneal cells. Vitello-
genesis (and potentially a proliferative phase) occurs
within the ovaries, and each ovary contains 5 to 20
oocytes at multiple stages of oogenesis, including mature
oocytes. Distinct stages are spatially segregated within
the ovary, with proliferative oogonia and pre-vitellogenic
oocytes in the medial region of the ovary and mature
oocytes localized to the lateral region [7]. Individuals of
both sexes can reproduce multiple times. Hermaphrodi-
tic animals display both male and female characteristics.
The detailed knowledge of gametogenesis and adult
anatomy, generation of segments as an adult, available
fate map [9], and the ability to regenerate make C. teleta
a good lophotrochozoan model to study the segregation
of the germline and the relationship between somatic
and germline stem cells.
In contrast to the detailed knowledge of gametogen-

esis for many polychaetes, far less is known about pri-
mordial germ cells and the origin of the germline in
polychaetes [10,11]. Along with the vasa and nanos
genes, piwi has essential roles during germline

development. Piwi genes are members of the Argonaute
(Ago) family of proteins, which function through their
interactions with small RNAs (sRNAs). In Drosophila
melanogaster and mammals, piwi proteins bind to spe-
cial classes of sRNA molecules such as repeat-associated
small interacting RNAs (rasiRNAs), and piwi-interacting
RNAs (piRNAs) [12-14]. PiRNAs are often complemen-
tary to transposon sequences and can silence transposa-
ble elements in the germline [15]. Piwi genes can thus
affect germline determination, germline maintenance,
gametogenesis, stem cell self-renewal, RNA interference
(RNAi), and transposon silencing [14]. In D. melanoga-
ster, piwi is expressed in embryos as well as adult
gonads [12]. Within ovaries, piwi is expressed in both
somatic and germline cells [16]. Mutations within the
piwi gene of D. melanogaster cause male sterility due to
defects in spermatogenesis, and mutant females are defi-
cient in germline cells [17]. In mice, miwi (mouse
homolog of piwi) is normally expressed during sperma-
togenesis where it is largely restricted to the testis [14],
and miwi knockout mice exhibit male sterility, charac-
terized by a block at the early spermatid stage [14]. Piwi
family genes are also expressed in germ cells across a
broad range of taxa, including zebrafish [18], sea urchins
[19], ctenophores [20]), and jellyfish [21], although the
function and molecular mechanism of its action is only
known for a few species. There are limited examples of
expression studies for piwi genes in annelids. These
include characterization of a piwi gene ortholog in the
gonads and during regeneration in the oligochaete anne-
lid worm Enchytraeus japonensis [22], and expression in
the PGCs of larvae and juveniles in the polychaete anne-
lid Platynereis dumerilii [23].
In this study, we present a comprehensive expression

analysis for the two piwi paralogs in the genome of the
polychaete annelid C. teleta. Previously, Dill and Seaver
[24] reported that orthologs of vasa and nanos are
expressed in both the germline and somatic cells, primarily
in cells of the posterior growth zone of the adult. If these
germline regulators as well as piwi also function in
somatic stem cells, one might predict they are expressed
in regenerating tissue. We examined piwi expression dur-
ing embryonic and larval development, and during adult
growth and regeneration. Both Ct-piwi1 and Ct-piwi2 are
expressed throughout the life cycle of C. teleta, from early
cleavage stage embryos to reproductive adult worms and
during gametogenesis. In addition, Ct-piwi1 has a complex
and dynamic expression pattern during posterior regen-
eration in both somatic and germline precursors.

Results
Phylogenetic analyses of C. teleta Piwi
Searches of the C. teleta genome identified two putative
piwi homologs, which we call Ct-piwi1 and Ct-piwi2.
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Both predicted open reading frames contain conserved
PAZ and PIWI domains characteristic of piwi genes.
The PIWI domain in both Ct-Piwi1 and Ct-Piwi2 is
located near the 3’ end of the ORF, which is typical of
piwi genes [25]. Phylogenetic analyses were conducted
by Bayesian and maximum likelihood methods. Both Ct-
Piwi1 and Ct-Piwi2 cluster within the Piwi subfamily of
the Ago family of proteins, separately from the Argo-
naute subfamily (Figure 1). There is 100% Bayesian pos-
terior probability support for the Piwi subfamily node,
as well as 100% maximum likelihood bootstrap support.
Ct-Piwi1 and Ct-Piwi2 are more closely related to Piwi
paralogs from other animals than to each other; we
infer that these two genes do not represent a recent
gene duplication. Indeed, most of the animals included
in these analyses have at least two paralogs that are
divergent from each other, which suggests a deep root
for this duplication, perhaps in the bilaterian or even
metazoan ancestor. While there is some lack of resolu-
tion among the Piwi1, Piwi-like1, Piwi-like3, and Piwi-
like4 proteins, the Piwi2 and Piwi-like2 sequences group
closely together, with 100% Bayesian posterior probabil-
ity support and 97% maximum likelihood bootstrap sup-
port for this node. Ct-Piwi2 belongs to this Piwi2 sub-
group, which includes representatives from a broad
range of metazoan taxa.

Regenerative capabilities of C. teleta
C. teleta has the ability to regenerate lost tissue, and
upon amputation will regenerate posterior segments
[26]. To aid our interpretations of piwi expression, we
characterized posterior regeneration in reproductive
adults (eight weeks post-metamorphosis). In C. teleta,
there are two distinct body regions: segments 1 to 9 are
the thoracic segments, and 40 to 50 abdominal segments
are continuously added posteriorly throughout adult
development. Transverse amputations were made on
adult male and female worms at the segment boundary
between the 11th and 12th segment (Figure 2A, dotted
line). The rate of regeneration varies among individuals;
this variation becomes more pronounced after five days
post-amputation, and is likely due to environmental
conditions. Within four hours of amputation, wound
healing occurs by contraction of the severed edges of
the body wall (Figure 2B). The gut is closed off during
early stages of regeneration by formation of an intact
epithelium covering the wound. At one day post-ampu-
tation, the wound has fully healed and a small blastema
(mass of undifferentiated cells) is visible (Figure 2C).
Between one and three days post-amputation, the blas-
tema grows bigger. In addition, the anus has reopened
and the worm can feed and excrete ingested material
(Figure 2D). Between three and seven days post-amputa-
tion, the blastema continues to grow and elongates, but

there are no external signs of segmentation (Figure 2E-
G). At five days post-amputation, axons can be observed
extending from the severed longitudinal nerves into the
blastema, likely invading the regenerating tissue from
cell bodies in the pre-existing tissue (Figure 2F). The
blastema has a smaller diameter relative to the pre-exist-
ing tissue, and a distinct pygidium and posterior growth
zone appear between 10 and 14 days post-amputation
(Figure 2J). Typically, several small segments also
become morphologically apparent between 10 and 14
days post-amputation (Figure 2H-J). Nascent segments
are initially visible by the appearance of forming ganglia
and circular peripheral nerves extending from the ven-
tral nerve cord (Figure 2I, I’, arrow, arrowheads); at this
stage there are not yet external signs of segmentation
(Figure 2I’, arrow). The formation of chaetae and inter-
segmental furrows of the ectoderm occur a few days
later (Figure 2K, arrowheads). When segments form,
multiple small segments appear rather than a single seg-
ment at a time. As many as 20 segments have regener-
ated by 18 days post-amputation (Figure 2K).

Ct-piwi1 and Ct-piwi2 embryonic and larval expression
patterns
We characterized expression of the two C. teleta piwi
genes during embryonic and larval development by
whole mount in situ hybridization. C. teleta develop-
ment has been previously described and follows an
established staging system (Figure 3, top) [27]. In
uncleaved zygotes, two-cell and four-cell stage embryos,
Ct-piwi1 transcripts can only be detected after an
extended color reaction (Figure 3A-C, arrows). In subse-
quent cleavage stages, Ct-piwi1 is broadly expressed in
most if not all cells (Figure 3D, arrows). Gastrulation
occurs during stage 3, and at this stage the Ct-piwi1
expression pattern becomes more restricted within the
embryo. Near the end of gastrulation and following clo-
sure of the blastopore, Ct-piwi1 is transiently expressed
in the endoderm (Figure 3E). In early stage larvae (stage
4), Ct-piwi1 is expressed in several discrete domains
including the presumptive brain, foregut, and mesoder-
mal bands (Figure 3F). These expression domains persist
into stage 5, and in addition, two small ventro-lateral
clusters of cells appear in the mid-body segments. These
clusters are medial to the mesodermal bands (Figure
3G, arrows), and become more easily detected at later
larval stages. At stage 6, brain expression weakens, while
expression becomes more apparent in the foregut, trunk
mesoderm, and a band of Ct-piwi1-expressing cells
immediately anterior to the telotroch that corresponds
to the posterior growth zone (Figure 3H). In addition,
expression in the two ventro-lateral cell clusters
becomes more prominent; each cluster contains two to
five cells and is positioned within the mesoderm (Figure
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Figure 1 Phylogenetic analysis of Ct-Piwi1 and Ct-Piwi2 sequences. The argonaute and piwi subfamilies are indicated by a red and blue line,
respectively. Ct-Piwi1 and Ct-Piwi2 are both members of the Piwi subfamily of Argonaute proteins. Ct-Piwi2 clusters in a sub-group, indicated by a
green line, containing other Piwi2 or Piwi-like proteins from broad metazoan taxa. The tree shown is a Bayesian consensus tree with posterior
probabilities placed above the nodes. Maximum likelihood bootstrap support values are included where the tree topology agreed with the
Bayesian analysis, and are placed below the nodes. Species abbreviations: Amphi, Branchiostoma floridae; Bm, Bombyx mori; Ce, Caenorhabditis
elegans; Ct-, Capitella teleta; Ci-, Ciona intestinalis; Che, Clytia hemisphaerica; Dm, Drosophila melanogaster; Hro-, Helobdella robusta; Hs, Homo
sapiens; Lg, Lottia gigantea; Mm, Mus musculus; Nv, Nematostella vectensis; Pdu-, Platynereis dumerilii; Pc, Podocoryne carnea; Sp, Strongylocentrotus
purpuratus. JGI protein ID number is indicated for C. teleta outgroup and sequences from H. robusta, L. gigantea, and N. vectensis. NCBI accession
number is indicated for C. intestinalis. Gene locus number is indicated for B. floridae.
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Figure 2 Time course of posterior regeneration in C. teleta from 4 hours to 18 days post-amputation. Adults were amputated at the 12th

segment. Panels shown are posterior ends of amputated adults. All animals are oriented in a ventral view with anterior to the left. Black and
white dotted lines indicate cut site in all panels. Dark shapes in E, F’, I’, J and K are within the lumen of the gut. Images F and I are Z-stack
projections of confocal micrographs of the posterior end of a regenerate labeled with anti-acyetylated tubulin. Abbreviation: pyg, pygidium. (A)
Schematic of an adult worm indicating the cut site at the 12th segment. (B) Adult worm four hours post-amputation. (C) one day post-
amputation. (D) three days post-amputation. (E) five days post-amputation. (F) Confocal micrograph of a worm five days post-amputation
showing longitudinal axons extending into the regenerating tissue (white arrow). (F’) Corresponding DIC image of the same worm shown in F.
(G) seven days post-amputation. (H) 10 days post-amputation. (I) Confocal micrograph of a worm 10 days post-amputation showing
longitudinal axons (white arrow) and circular nerves (white arrowheads) in the regenerating tissue. (I’) Corresponding DIC image of the same
adult worm in I; note the lack of external segmentation (black arrow). (J) 14 days post-amputation worm with a distinct pygidium. (K) Adult 18
days post-amputation with numerous differentiated segments in the regenerate. Black arrowheads point to chaetae in two sets of adjacent
segments. Scale bar, 50 μm for all panels.
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3H, arrows). There is variation in the position of the
ventro-lateral cell clusters within segments 4 and 5 in
stage 6 larvae, and three distinct patterns are observed:
(1) asymmetrically positioned clusters with the left clus-
ter more anterior (n = 14/35) (Figure 3H, arrows), (2)
asymmetrically positioned clusters with the right cluster

more anterior (n = 11/35) (Figure 3I, arrows), and (3)
bilaterally symmetric cell clusters (n = 10/35) (Figure 3J,
arrows). By stages 7 and 8, expression is limited to the
foregut, posterior growth zone, and ventro-lateral cell
clusters (Figure 3K and Figure 3L, arrows). At these
stages, the position of the ventro-lateral cell clusters is

Figure 3 Ct-piwi1 expression patterns during embryonic and larval development. Except for cleavage stages (A-D), all animals are ventral
views with anterior to the left. N is a lateral view with ventral down and anterior to the left. Stages shown are indicated in the lower-right of
each panel. At the top is a developmental staging chart for C. teleta. Abbreviations: br, brain; end, endoderm; fg, foregut; hg, hindgut; mb,
mesodermal bands; pgz; posterior growth zone; vnc, ventral nerve cord. (A) Expression in the cytoplasm of uncleaved zygote (arrow). (B)
Expression is in both cells of a 2-cell stage embryo (arrows). (C) Animal view of a four-cell stage embryo showing expression in every cell
(arrows). (D) Expression throughout the embryo (arrows). (E) Endodermal expression in a stage 3 larva. (F) Expression in the brain, foregut, and
mesodermal bands. (G) Ct-piwi1 is expressed in two cell clusters on the ventral side of the trunk (black arrows), and in the brain, foregut, and
mesodermal bands. (H) Expression in the brain, foregut, mesodermal bands, posterior growth zone and in two asymmetrically positioned ventro-
lateral cell clusters (arrows). The left cluster is more anterior. (I) Two asymmetrically positioned ventro-lateral cell clusters with the right cluster
more anterior. (J) Two bilaterally symmetric ventro-lateral cell clusters. (K) The two Ct-piwi-expressing cell clusters are located close to the
midline (arrows). Expression persists in the foregut and posterior growth zone. (L) The two Ct-piwi1-expressing cell clusters are in close proximity
near the ventral midline (arrows). Expression persists in the foregut and posterior growth zone. (M) By stage 9, expression is limited to a single
cluster at the ventral midline (arrow) and posterior growth zone. (N) Lateral view showing expression in a single cluster in between the gut and
ventral nerve cord at the foregut/hindgut boundary. Scale bar, 50 μm for all panels.
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closer to the ventral midline relative to their position at
stage 6. The position of the Ct-piwi1 positive ventro-lat-
eral clusters also varies among stage 8 larvae, with the
following observed patterns: (1) bilaterally symmetric
clusters at the midline (n = 15/35), (2) bilaterally sym-
metric clusters lateral to the midline (n = 11/35), (3)
asymmetrically positioned clusters lateral to the midline,
with one of the clusters more anterior to the other (n =
9/35) (Figure 3L, arrows). By stage 9, only a single clus-
ter at the ventral midline of segment 4 is apparent (Fig-
ure 3M, arrows). This cluster is positioned dorsal to the
ventral nerve cord and ventral to the gut tube, at the
boundary between the foregut and midgut (Figure 3N).
From stage 6 to stage 9, the position of these Ct-piwi1-
expressing cells changes from paired ventro-lateral clus-
ters (n = 35/35) to a single cluster at the ventral midline
(n = 30/32). The observed variation in the position of
the ventro-lateral cell clusters of Ct-piwi1-expressing
cells and their progression to the ventral midline is con-
sistent with migratory behavior of these cells. There is
no obvious increase in the number of cells in these clus-
ters between stage 6 and stage 9. We hypothesize that
these cells are PGCs. By stage 9, Ct-piwi1 expression is
restricted to the posterior growth zone and a single
cluster of putative PGCs at the ventral midline.
The position of Ct-piwi1 expression domains was

characterized in relation to patterns of cell division in
larvae as visualized by EdU incorporation. A compre-
hensive study of cell division patterns during larval
development of C. teleta has been previously reported
[27]. Ct-piwi1 expression corresponds with regions of
dividing cells in C. teleta larvae, including in the foregut
and posterior growth zone in stage 7 larvae (Figure 4A,
B, D). However, there are also EdU positive cells that
lack Ct-piwi1 expression, and there are Ct-piwi1 positive
cells that do not appear to be EdU positive (Figure 4A,
B, C, arrows). For example, the putative PGCs are not
EdU positive, consistent with our observations that the
number of cells does not appear to increase during lar-
val stages. Therefore, there is only partial overlap of
these two patterns.
Expression of Ct-piwi2 was also characterized during

embryonic and larval development. Ct-piwi2 expression
patterns overlap with those of Ct-piwi1 throughout early
cleavage stage embryos (data not shown), and larval
stages 5 to 7 (Figure 5). At stage 5, Ct-piwi2 is detected
in the brain, presumptive foregut and in the mesodermal
bands (Figure 5A). At stage 6, brain and mesodermal
band expression begins to fade, while foregut and pos-
terior growth zone expression persists (Figure 5B). Ct-
piwi2 is also expressed in the PGCs at this stage (Figure
5B, arrows). Expression in the segmental trunk con-
tinues to diminish during stage 7; however, expression is
still evident in the foregut, posterior growth zone, and

ventro-lateral cell clusters (Figure 5C, arrows). The
expression of Ct-piwi2 and and Ct-piwi1 in the ventro-
lateral cell clusters are also similar to each other at late
larval stages when the clusters are localized to the mid-
line (data not shown). Ct-piwi2 expression also overlaps
with that of Ct-piwi1 in adults (see below), and is
observed in the PGCs, genital ducts, immature oocytes,
and posterior growth zone (data not shown). Although
there may be minor differences in expression of Ct-
piwi1 and Ct-piwi2, the expression patterns are largely
similar during the stages examined, thus we did not
further characterize expression of Ct-piwi2.

Ct-piwi1 expression in juveniles
Ct-piwi1 expression was observed in distinct domains in
one week post-metamorphic juvenile worms (Figure 6A,
B). Within the thoracic region of both males and
females (segments 1 to 9), there is expression in a dis-
crete structure of approximately 25 cells that is localized

Figure 4 Pattern of Ct-piwi1 expression and EdU incorporation
in a stage 7 larva. Larva were exposed to EdU for one hour. All
images are from the same animal and same focal plane. All panels
are a ventral view with anterior to the left. Abbreviations: fg,
foregut; pgz, posterior growth zone. (A) DIC image of a stage 7
larva showing Ct-piwi1 expression in the foregut, posterior growth
zone, and two asymmetrically positioned ventro-lateral cell clusters
(black arrows). (B) Fluorescently tagged EdU labeling (green) shows
regions of dividing cells in the foregut, and posterior growth zone.
Note the absence of dividing cells in the Ct-piwi1-expressing
asymmetrically positioned ventro-lateral cell clusters (white arrows).
(C) A close-up view of the Ct-piwi1 positive asymmetrically
positioned ventro-lateral cell clusters (white arrows) from panel (B).
(D) Combined DIC and fluorescent images in the region of the
posterior growth zone showing co-localization of Ct-piwi1
expression with EdU incorporation. Scale bar, 50 μm for all panels.

Figure 5 Ct-piwi2 expression during larval development. All
animals are a ventral view with anterior to the left. Abbreviations:
br, brain; fg, foregut; mb, mesodermal bands; pgz, posterior growth
zone. (A) Stage 5 larva showing Ct-piwi2 expression in the brain,
foregut, and mesodermal bands. (B) Stage 6 larva shows expression
in the two asymmetrical ventro-lateral cell clusters (arrows), brain,
foregut, mesodermal bands, and posterior growth zone. (C)
Expression is in the two asymmetrical ventro-lateral cell clusters
(arrows), foregut, and posterior growth zone an early stage 7 larva.
Expression in the brain and mesodermal segments has diminished
at this stage. Scale bar, 50 μm for all panels.
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within the coelomic cavity to the ventral midline of seg-
ment 5, usually extending into segment 6 (Figure 6C, D,
arrows). We think these cells are PGCs. Males and
females also express Ct-piwi1 in the posterior growth
zone (Figure 6E, F). In addition, males have Ct-piwi1-
expressing cells in a pair of cell clusters positioned at
the junction between segments 7 and 8 (Figure 6C). In
some animals, a second cluster was also apparent at the
junction between and segments 8 and 9. These clusters
are in a ventro-lateral position in the coelomic cavity,
and based on their location, they are likely to be male
gamete precursors. At this stage, the ovaries of the
female have not yet developed, and there is only expres-
sion in the PGCs and posterior growth zone in females
(Figure 6B, D, F).
In two-week post-metamorphic juvenile worms, Ct-

piwi1 expression domains are similar to those observed
in one week post-metamorphic juvenile worms. The
appearance of ovaries within the females is the biggest
difference between the two stages. The ovaries appear
as paired ventral structures adjacent to the lateral edges
of the intestine, and at this stage primarily contain pre-
vitellogenic oocytes. The most anterior segment that
contains ovaries is the 10th segment (Figure 7B), poster-
ior to the thoracic region, and at this stage the ovaries
span many segments. Ct-piwi1 is expressed in immature
oocytes within the ovaries of females (Figure 7B, D),
and is not detected within mid-body abdominal seg-
ments of males (Figure 7C). In males, Ct-piwi1-expres-
sing cells are present in two pairs of ventro-lateral cell

clusters positioned at the boundaries between segments
7 and 8 and segments 8 and 9 (Figure 7A). The struc-
ture containing the putative PGCs is larger in area and
more elongated compared to the structure in one-week
post-metamorphic juveniles, and now contains approxi-
mately 50 cells, within segments 5 to 6 (Figure 7A, B,
arrows). The posterior growth zone of males and
females maintains strong Ct-piwi1 expression, which is
most prominent in the mesoderm (Figure 7E, F). Ante-
rior to the posterior growth zone in females, there are
segmentally repeated, paired ventral cell clusters
between the ventral nerve cord and gut that express Ct-
piwi1 (Figure 7F). These clusters are positioned along
the anterior face of the septa at the segmental bound-
ary. We hypothesize that these cell clusters are female
germline precursors that will colonize the future ovaries
once these segments mature and ovaries form within
them. In approximately one-third to one-half of the
two-week juveniles (n = 13/30), we also observed Ct-
piwi1 expression in cells scattered in the trunk within
the coelomic cavity (not shown). These cells have a
large nuclear to cytoplasmic ratio, lack obvious signs of
morphological differentiation, and their position is
highly variable within the coelomic cavity among indivi-
duals. We rarely saw these cells in one-week juveniles
and reproductive adults.

Ct-piwi1 adult expression patterns
Expression of Ct-piwi1 was also examined in reproduc-
tive adult worms eight weeks post-metamorphosis. The
overall expression pattern in adults is similar to that of
two-week post-metamorphic juvenile worms. Within the
thoracic region (segments 1 to 9) of males and females,
Ct-piwi1 expression persists in the putative PGCs loca-
lized to segment 5. This structure has continued to
enlarge and at this stage contains over 75 Ct-piwi1-
expressing cells, typically extending into segment 6 (Fig-
ure 8A, B, E, arrows).
Ct-piwi1 is also expressed in the gonads. Adult

females express Ct-piwi1 in the ovaries in the abdominal
segments (Figure 8B, D, F, G). Each ovary contains
oocytes at different stages of development [28]. Ct-piwi1
is only detected in the medial immature oocytes and not
in the large, laterally-positioned mature oocytes within
each ovary (Figure 8F, G). Immature oocyte expression
is present in many mid-body abdominal segments as
clusters of cells adjacent to the ventral midline (Figure
8D). Males express Ct-piwi1 in the symmetrical ventro-
lateral genital ducts spanning the boundary between seg-
ments 7 and 8 (Figure 8A), but there is no detectable
expression within the mid-body abdominal segments
(Figure 8C). Male and female adults also maintain
strong Ct-piwi1 expression in the posterior growth zone
(data not shown).

Figure 6 Ct-piwi1 expression patterns in one week post-
metamorphic juveniles. All panels are ventral views with anterior
to the left. Abbreviations: mgp, male gamete precursor; pgz,
posterior growth zone. Dotted lines in C and D indicate the
segment boundaries of the 5th and 6th segments. (A) Male juvenile
worm. (B) Female juvenile worm. (C) In a male juvenile, Ct-piwi1
expression is in the PGCs in the fifth and sixth segments (arrow),
and bilaterally symmetrical male gamete precursors at the boundary
of the seventh and eighth segments. (D) In female juveniles,
expression is in the PGCs in the fifth and sixth segments (arrow). (E,
F) A close-up views of expression in the posterior growth zone in a
male (E) and female (F) juvenile. Scale bar, 50 μm for all panels
except A and B, which are 100 μm.
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Ct-piwi1 expression during regeneration
Amputations were made on adult female worms at the
segment boundary between the 11th and 12th segments,
and Ct-piwi1 expression was monitored at different time
points during the course of regeneration. A schematic
shows the location of the cut site at the 12th segment
(Figure 9A, dotted line). At all stages examined, expres-
sion of Ct-piwi1 is maintained in the pre-existing tissue
in the gonads and putative PGCs during regeneration.

Following amputation, wound healing occurs within
four hours post-amputation (Figure 9B). At one day
post-amputation, the wound has fully healed; Ct-piwi1 is
not expressed in the blastema at this point or during
wound healing (Figure 9B, C). The earliest Ct-piwi1
expression is detectable in the regenerating tissue at
three days post-amputation, during growth of the blas-
tema and prior to the appearance of segments (Figure
9D, arrows). Expression is present in both the

Figure 7 Ct-piwi1 expression patterns in two-week post-metamorphic juveniles. All panels are ventral views with anterior to the left.
Abbreviations: mgp, male gamete precursor; io, immature oocytes; pgz, posterior growth zone; fgp, female germline precursors. Dotted lines in
A and B indicate the segment boundaries of the fifth and sixth segments. Black solid lines in A and B indicate the thoracic abdominal
boundary. (A) In a male juvenile, Ct-piwi1 expression is in the PGCs in the fifth and sixth segments (arrow), and in bilaterally symmetrical male
gamete precursors at the boundaries of the seventh and eighth segment and eighth and ninth segment. (B) In a female juvenile, expression is
in the PGCs (arrow) and immature oocytes in the ovaries, which begin at the 10th segment (the first abdominal segment). (C) Male juvenile
displaying lack of expression in abdominal segments. (D) Female juvenile showing Ct-piwi1 expression in immature oocytes in abdominal
segments. (E) Expression in the posterior growth zone of a male juvenile. (F) In a female juvenile, expression is in female germline precursors
and the posterior growth zone. Scale bar, 50 μm for all panels.
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mesoderm and ectoderm, and is more pronounced on
the ventral side of the blastema. As the blastema con-
tinues to grow (four to six days post-amputation), Ct-
piwi1 expression persists in the regenerating tissue and
is most prominent in the ventral mesoderm (Figure 9E,
F, G, arrows). At these stages, it becomes clear that Ct-
piwi1 is present in the proximal and mid-portion of the
regenerate, but is absent from the most posterior end.
At later stages of regeneration, Ct-piwi1 expression

becomes more restricted. In 10 through 18 days post-

amputation, there is a morphologically distinct pygidium
and posterior growth zone. During these stages, Ct-
piwi1 is consistently expressed in the posterior growth
zone of the regenerating tissue (Figure 10A-C), and at
10 days post-amputation, it is the most prominent
expression domain. At 14 days post-amputation, seg-
ments become apparent externally and additional
expression domains appear, including in a loosely orga-
nized group of cells anterior to the posterior growth
zone in the ventro-lateral region of the coelomic cavity

Figure 8 Adult expression patterns of Ct-piwi1. All panels are a ventral view with anterior to the left. Abbreviations: gd, genital duct; io,
immature oocytes; mo, mature oocytes. Dotted lines in A and B indicate the segment boundaries of the fifth and sixth segments. Black solid
lines in A and B indicate the boundary between the thorax and abdomen. (A) Ct-piwi1 expression in the PGCs in the fifth and sixth segments of
a male (arrow) and bilaterally symmetrical genital ducts spanning the boundary of the seventh and eighth segment. (B) Adult hermaphrodite
with expression in the PGCs in the fifth and sixth segments (arrow). Oocyte expression is visible in the ovaries in the 10th segment. (C)
Expression is not detected within abdominal segments of adult males. (D) Enlarged view of female showing expression in immature oocytes of
abdominal segments. (E) Close-up view of Ct-piwi1-expressing PGCs (arrows) from panel A. (F) Adult female with Ct-piwi1 expression in immature
oocytes located in the medial region of the ovary. Note the lack of expression in the large mature oocytes. (G) Close-up view of expression in
immature oocytes within a single abdominal segment. Scale bar, 50 μm for all panels.
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Figure 9 Ct-piwi1 expression during early stages of adult regeneration. All animals are female and were amputated at the 12th segment. All
panels shown are posterior ends of amputated adults. All panels are oriented in a ventral view with anterior to the left. Dotted lines indicate the
cut site in all panels. Expression in immature oocytes of the pre-existing tissue is abbreviated: io. Dark shapes in C and E are contents within the
lumen of the gut. (A) Schematic of an adult worm indicating the cut site at the 12th segment. (B) Posterior end of an adult four hours post-
amputation. (C) One day post-amputation showing complete wound healing. (D) Three days post-amputation shows Ct-piwi1 expression in the
regenerating blastema (arrows). (E) Four days post-amputation showing expression in the blastema (arrows). (F) Expression is in the blastema five
days post-amputation (arrows). (G) Six days post-amputation with expression in the anterior and mid-region of the blastema (arrows). Scale bar,
50 μm for all panels.
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(Figure 10B, arrows). In addition, in the anterior seg-
ments of the regenerating animals, there is expression
associated with the ventral face of the gut in the meso-
derm; this domain corresponds to the position where
the ovaries will form. We interpret these piwi-expressing
cells to be oogonia. Approximately 20 segments have
regenerated by 18 days post-amputation. At this stage,
ovaries have begun to form in the anterior segments of
the regenerate, and they contain piwi-expressing imma-
ture oocytes (Figure 10C). In the middle segments of
the regenerate, Ct-piwi1 is expressed in a pattern very
similar to that observed in anterior regenerating seg-
ments of 10-day post-amputation adults, in putative
oogonia. Expression is also evident in loosely organized
cells anterior to the posterior growth zone in the coelo-
mic cavity (Figure 10C, arrows). Similar amputations
were also performed on adult males, and there were no
detectable differences in Ct-piwi1 expression between
males and females within the regenerating tissue from
zero to ten days post-amputation (not shown).

Moreover, between 14 and 18 days post-amputation,
both males and females exhibit similar expression in the
posterior growth zone and in a population of loosely
organized cells anterior of the posterior growth zone. In
summary, there are two distinct phases of Ct-piwi1
expression during regeneration: an early phase in a
broad domain during blastemal growth, and a later
phase of more restricted expression in the posterior
growth zone, regenerating ovaries (of females and her-
maphrodites), and in a localized population of loosely
organized cells in the coelomic cavity.

Discussion
Expression of piwi in germline and somatic tissues of C.
teleta
Ct-piwi1 and Ct-piwi2 are expressed throughout the life
history of C. teleta in a dynamic spatial pattern that
includes both somatic and germline cells. The two genes
show very similar expression patterns to each other.
Both genes are broadly expressed during embryonic and

Figure 10 Expression of Ct-piwi1 in late stage adult regenerates. All animals are female and were amputated at the 12th segment. All
panels shown are posterior ends of amputated adults. All panels are oriented in a ventral view with anterior to the left. Abbreviations: io,
immature oocytes; pgz, posterior growth zone; po, putative oocytes. Dotted lines indicate the cut site in all panels. Dark shapes in A and C are
contents within the lumen of the gut. (A) At 10 days post-amputation, expression is in the posterior growth zone of the regenerating tissue. (B)
14 days post-amputation showing expression in putative oocytes, the posterior growth zone and loosely organized cells within the coelomic
cavity (arrows). (C) Expression in 18 days post-amputation is in immature oocytes in regenerating ovaries, putative oocytes, cells within the
coelomic cavity (arrows), and the posterior growth zone. Scale bar, 50 μm for all panels.
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early larval development, and gradually become
restricted to the posterior growth zone, putative PGCs,
and gonads during juvenile and adult stages. In larval
stages, the position of the putative PGCs that express
Ct-piwi1 and Ct-piwi2 closely corresponds with the
position of cell cluster descendants of the blastomere 4d
[9]. Thus, it is likely that the PGCs arise from 4d in C.
teleta. By examining Ct-piwi1 expression at several juve-
nile stages, we were able to characterize the gradual
expansion of the putative PGCs from a small cluster of
approximately 4 to 10 cells in late stage larvae to a clus-
ter of over 75 cells in the reproductive adult. The locali-
zation of a putative PGC population to a structure
located in segment 5 of juveniles may serve as a transi-
ent intermediate target for PGCs or a PGC niche prior
to adult gonad formation. In many animals, PGCs form
far from the gonads and migrate to the sites of develop-
ing ovaries or testes in the embryo [29]. Migration of
PGCs has also been reported in a few polychaetes
[11,23]. We hypothesize that in older juveniles of C. tel-
eta, some of the PGCs migrate from this niche to the
gonads in segments 7 and 8 of males and to the repro-
ductive abdominal segments in females. Our observation
of scattered Ct-piwi1 expressing cells in the coelomic
cavity of juveniles at a stage when the gonads begin to
form (two weeks post-metamorphosis) is consistent with
this hypothesis.

Localization of putative PGCs in C. teleta adult worms
A surprising result from our characterization of Ct-piwi
gene expression patterns, and also from previous ana-
lyses of vasa and nanos gene orthologs in C. teleta [24]
is the identification of a population of putative PGCs
that persist in sexually mature adults, even after the
gonads have formed and contain mature gametes. These
putative PGCs are encased by a thin sheath of cells and
suspended by mesenteries on the ventral side of the coe-
lomic cavity, spanning segment 5 and partially into seg-
ment 6. This structure was not previously identified by
TEM/morphological studies. In contrast to many seg-
mentally-repeated features in the mid-body, this cluster
of putative PGCs is present as a single structure. A simi-
lar structure called the ‘primary gonad’ has been
described in P. dumerilii [23]; however, because we did
not observe any steps of gametogenesis in this structure,
we do not adopt the term ‘gonad’. Instead, our observa-
tions are more consistent with referring to this structure
as a PGC niche. This niche appears to be a permanent
structure that provides a source of new PGCs through-
out the animal’s life, and it is located separate from the
gonads. Although the biological significance of main-
taining such a population of PGCs in mature adults is
currently unknown, there are several features of the
reproductive biology of C. teleta that may require a

persistent stock of PGCs. Both males and females can
reproduce multiple times and these PGCs may re-popu-
late the gonads to ensure the propagation of multiple
generations. Additionally, since ovaries can reform fol-
lowing amputation of abdominal segments, cells from
this PGC population may colonize the regenerating
ovaries. Furthermore, since sexually mature males can
be environmentally induced to produce oocytes as her-
maphrodites [6], maintaining a reservoir of PGCs may
permit such phenotypic plasticity of the sexes and pro-
vide a source of germ cells to populate newly forming
ovaries. Thus, this system provides a good opportunity
to study the epigenetic control of gamete determination
and phenotypic differentiation.

Origin of the germline during regeneration in C. teleta
The origin of the oocytes that populate regenerating
ovaries following amputation in C. teleta is currently
unknown. As previously hypothesized, oocyte precursors
may originate from a resident PGC population in seg-
ment 5 (pre-existing tissue), and migrate in a posterior
direction through numerous segments to nascent ovaries
within the regenerating tissue [24]. This strategy would
provide a rapid supply of germ cell precursors to the
body of the regenerating worm. However, our examina-
tion of Ct-piwi1 expression during regeneration has led
us to consider an alternate explanation, and is based on
the observation that Ct-piwi-positive cells appear de
novo in the coelomic cavity of regenerating segments
when the ovaries begin to form (14 to 18 days post-
amputation) (Figure 10B, C). In this scenario, oocytes
may originate from multipotent stem cells within the
regenerating tissue that later acquire a germ cell iden-
tity. We suggest that these germ cells arise from the lin-
ing of the coelomic cavities. Such a scenario is
consistent with an epigenetic mode of PGC specification
in which, following amputation, a signalling event
induces somatic stem cells to produce germ cells that
then differentiate into oocytes. If this were true, it
would indicate that C. teleta has the ability to replace
lost germ cells, and contrasts with the situation in the
model organisms D. melanogaster, Caenorhabitis ele-
gans, Danio rerio, and mice in which ablation of the
germline results in sterile animals [13,14,16].
Since many model systems have a fully segregated

germline and lack regenerative capabilities, detailed stu-
dies of these animals may have disproportionately influ-
enced our views concerning the segregation of the
germline from the soma. Multipotent stem cells in some
bilaterian animals retain the ability to generate germline
cells [3]. Under normal circumstances in such animals,
PGCs are segregated from somatic tissues during early
development and are responsible for generating all
gametes. In altered conditions, such as during
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regeneration or when PGCs are experimentally removed,
multipotent stem cells in somatic tissue may compen-
sate and produce gametes. For example, during normal
development in the ascidian Ciona intestinalis, germ
cells in the tailbud of the tadpole stage are absorbed
during metamorphosis and persist as PGCs in the young
juvenile. However, upon removal of the larval tail prior
to metamorphosis, PGCs from another source appear in
the gonad rudiment at a later stage [30]. Following
removal of vasa-expressing micromeres in the embryo
of the sea urchin Strongylocentrotus purpuratus, an
accumulation of Vasa protein is induced in other cells
that presumably give rise to functional PGCs [31].
These observations indicate the presence of a compen-
satory mechanism to produce PGCs from somatic stem
cells in the absence of the original germ cells.
Although piwi is best known for its role in the germ-

line, there are a growing number of cases in which
expression has also been reported outside the gonads
and the germline, often in multipotent stem cells.
Examples include not only early branching metazoans
such as sponges [32,33], hydrozoan cnidarians [21] and
ctenophores [20], but also bilaterians such as acoel flat-
worms [34], planarians [35,36], tunicates [30], and
another polychaete annelid [23]. Our observations of
Ct-piwi1 and Ct-piwi2 expression in both the germline
and in regions of dividing cells in the posterior growth
zone add another example to this list. Recently, piwi
and vasa genes have been proposed to be ancestrally
associated with stem cell character (’stemness’), rather
than solely with germline stem cells [20]. In animal
lineages such as in the mussel Mytilus galloprovincialis,
in which there is restricted expression vasa in the germ-
line [37], there could have been a partial or complete
loss of expression of this gene from somatic stem cell
lineages. In C. teleta, vasa, nanos and piwi orthologs are
all expressed in very similar patterns to one another in
both the germline and posterior growth zone, likely in
multipotent stem cells.

Comparison of piwi expression patterns and PGC
migration among annelids
The patterns of Ct-piwi1 and Ct-piwi2 expression in C.
teleta show both similarities and differences when com-
pared to piwi expression in the two other annelids that
have been examined. In both C. teleta and the poly-
chaete P. dumerilii, piwi is detected in PGCs and the
posterior growth zone in larval and juvenile stages [23].
In C. teleta larvae, the PGCs intitially appear several
segments anterior to the posterior growth zone, in the
mid-trunk segments. In P. dumerilii, although the PGCs
arise from the mesoderm in the posterior growth zone,
at the end of larval development and in juvenile stages,
the PGCs migrate anteriorly, and following generation

of additional segments, to the primary gonad. It has
been proposed that the primary gonad serves as an
intermediate residence for PGCs in P. dumerilii [23].
Interestingly, juveniles of both polychaetes express piwi
in a population of PGCs in segment 5, the location of
the primary gonad in P. dumerilii. However, there is an
important distinction between these two structures at
this location. The PGC population in C. teleta is posi-
tioned on the ventral side of the coelomic cavity,
whereas in P. dumerilii, it is on the dorsal side of the
body in a circumferential band. In contrast to C. teleta,
there are no somatic gonads in P. dumerili. Instead,
oocytes mature within the coelomic cavity, initially as
clusters and later singly as individual oocytes [28,38,39].
As P. dumerili juveniles mature, PGCs migrate from the
primary gonad to the base of the segmentally iterated
parapodia in both males and females, where gonial clus-
ters later appear.
Piwi expression has also been described in the oligo-

chaete E. japonesis. This species normally reproduces
asexually and can be induced to undergo sexual repro-
duction under starvation conditions. In the asexual
phase, Ej-piwi is expressed in cells distributed through-
out the body. During starvation conditions, gonads form
in the seventh and eighth segments and Ej-piwi is
expressed in the developing gonads [22], similar to
gonad expression in reproductive adults of C. teleta.
During regeneration, piwi expression patterns are dis-
tinct between E. japonesis and C. teleta. In C. teleta,
piwi is expressed during blastemal growth, and later, in
a more restricted pattern following differentiation in the
regenerating segments. This later phase includes piwi-
expressing cells in the nascent ovaries of the regenerated
tissue. In contrast, expression is not detected within the
blastema during early stages of regeneration in E. japo-
nensis. Instead, following amputation, discrete piwi-
expressing cells localize to the region of the amputation
site, proximal to the blastema. Later, as regenerating tis-
sues begin to differentiate and segments form in E.
japonesis, piwi-expressing cells appear in the regenerate
and eventually become localized to the sites of the form-
ing gonads. In summary, although there are clear spe-
cies-specific differences in reproductive anatomy and
morphogenesis, it appears that in annelids there is con-
servation of piwi expression in the primordial germ
cells, developing gametes, and posterior growth zone.

Conclusions
The expression of Ct-piwi1 and Ct-piwi2 in both the
germline and regions of dividing cells in the posterior
growth zone provides a molecular link between germline
stem cells and pluripotent somatic stem cells in C. tel-
eta. Furthermore, the similarity in expression of Ct-
piwi1 to the expression patterns previously observed for
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vasa and nanos homologs in C. teleta [24], suggests that
this core set of stem cell regulators has retained an
ancestral role in somatic and germline stem cell produc-
tion. Such a dual role may reflect an ancestral metazoan
feature in which there was a close link between somatic
and germline stem cells, and contrasts with the segrega-
tion of the germline in animals such as D. melanogaster
[40], C. elegans [41] and D. rerio [42].

Materials and methods
Cloning of Capitella teleta piwi1 and piwi2 genes
Several overlapping expressed sequence tag (EST)
sequences representing a single piwi1 homolog (Ct-
piwi1) and another set representing a single piwi2
homolog (Ct-piwi2) were identified in BLAST searches
of Capitella EST libraries from the C. teleta 8x genome
sequencing project (Joint Genome Institute, Department
of Energy, Walnut Creek, CA, USA, http://genome.jgi-
psf.org/Capca1/Capca1.home.html). Each set of
sequences was aligned and compiled into a single pre-
dicted transcript for each gene. EST clones containing
both Ct-piwi1 and Ct-piwi2 fragments from a mixed
stage plasmid cDNA library were streaked on LB-ampi-
cillin plates from -80°C glycerol stocks. Both Ct-piwi
clones were checked for correct insert sizes, and
sequenced for verification (Macrogen, Seoul, South
Korea). The predicted transcripts were submitted to the
National Center for Biotechnology Information (NCBI)
as third-party annotation sequences with the following
accession numbers: Ct-piwi1 (BK007975) and Ct-piwi2
(BK007976). The Ct-piwi1 riboprobe is approximately
1.5 kb and spans nearly the entire conserved PIWI
domain, which consists of about 900 bp. The Ct-piwi2
riboprobe is 920 bp and includes the 3’ end of the PIWI
domain as well as 3’ untranslated region. The two
probes overlap by about 300 bp and have a sequence
similarity in this region of 64%.

Sequence alignments and phylogenetic analysis
tBLASTn searches of the C. teleta genome were con-
ducted to find all homologs of D. melanogaster Piwi
(NCBI accession number NP_476875.1). Two putative
orthologs were found in the C. teleta genome corre-
sponding to JGI protein IDs 154759 and 163584. Two
additional sequence hits were examined and did not
include the PAZ domain characteristic of Piwi proteins
and were not included in further analyses.
Amino acid sequences for related proteins across a

broad diversity of animal taxa were downloaded from
the protein database in GenBank. Additional lophotro-
chozoan sequences were obtained from the genomes of
Lottia gigantea and Helobdella robusta (Joint Genome
Institute, Department of Energy, Walnut Creek, CA,
USA, http://genome.jgi-psf.org/). The conserved PAZ

(Piwi Argonaut Zwille) and PIWI domains were identi-
fied by a Pfam search using default parameters. Only
the PIWI domain was used to create an amino acid
sequence alignment due to the high divergence rates of
the PAZ domain. The 327 amino acid alignment was
created with ClustalX using default parameters in Mac-
Vector v11.0 and hand corrected for obvious alignment
errors.
ProtTest v2.4 [43] was used to determine the appro-

priate model of protein evolution. The RtRev model was
recommended and used for both Bayesian and maxi-
mum likelihood analyses. Bayesian analysis was con-
ducted with MrBayes v3.1.2 [44] A total of 3,000,000
generations were run, sampled every 100 generations,
with four independent runs and four chains. Once con-
vergence was reached, a majority rule consensus tree
was generated with burnin of 8,100 trees. Maximum
likelihood analysis was performed with PhyML 3.0 [45]
using the RtRev model with 1,000 bootstrap replicates.
Trees were visualized in FigTree 1.3.1 [46] and drawn

using Adobe Illustrator version CS4. GenBank and
Swiss-Prot accession numbers and protein identification
numbers from JGI are listed (Additional file 1). The
nexus alignment is available upon request.

Animal husbandry
A C. teleta colony was maintained in the laboratory at
19°C according to published culture methods [47]. Juve-
nile and adult worms were maintained in bowls of 20-
μm filtered sea water (FSW) and provided with sieved
ocean mud as a food source. Parental brood tubes were
recovered by sifting mud through a fine-mesh sieve.
Embryos and larvae were dissected from brood tubes
and raised to the desired stage.

Amputations
Regeneration experiments were performed on mature
adults at eight weeks post-metamorphosis. Adults are
sexually mature at 8 to 10 weeks when raised at 19°C.
Animals were removed from the mud and placed in a
dish of FSW for two hours to allow them to excrete
ingested material. Animals were then relaxed for 20
minutes in 0.37 M MgCl2. Individual worms were placed
on a strip of dental wax (Electron Microscopy Sciences,
Hatfield, PA, USA) in one to three drops of FSW. With
the aid of a dissecting microscope (Zeiss, Gottingen,
Germany), all amputations were made at the anterior
edge of the 12th segment using a microsurgery scalpel
(#715, Feather Safety Razor Co., Osaka, Japan). Posterior
tissue segments were discarded. Following amputation,
animals were returned to a separate 35 mm or 60 mm
dish with FSW and left overnight. After 24 hours, mud
was added to the dish and animals were maintained at
19°C. Specimens were periodically removed from the
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mud to monitor regeneration. Animals were fixed at dif-
ferent time points following amputation in 3.7% formal-
dehyde in FSW at 4°C for 16 to 24 h and then
processed either for morphological analysis, immunohis-
tochemistry or whole-mount in situ hybridization (see
below).

Whole-mount in situ hybridization
Embryos (stages 1 to 3) were pretreated in a 1:1 mixture
of 1.0 M sucrose and 0.25 M sodium citrate (Sigma-
Aldrich Co., St. Louis, MO, USA) for three minutes,
washed in FSW, and fixed in 3.7% formaldehyde in FSW
overnight at 4°C. Larvae (stages 4 to 9), juveniles (one
and two weeks post-metamorphosis), adults and ampu-
tated adults (eight weeks post-metamorphosis) were
relaxed in 1:1 0.37 M MgCl2:FSW for 10 minutes and
fixed in 3.7% formaldehyde/FSW overnight at 4°C.
Embryos, larvae, juveniles and adults were then washed
in phosphate-buffered saline (PBS), dehydrated in
methanol and stored at -20°C. Whole-mount in situ
hybridization followed published protocols [48,49]. Juve-
niles and adults were treated with the same conditions
as embryos and larvae with the exception that protei-
nase K treatment was increased from 5 minutes to 10
minutes for juveniles and to 20 minutes for adults and
amputated adults. In addition, for juvenile, adult and
amputated adult stage experiments, the volume of all
washes and hybridizations was increased from 0.5 to 1
ml. Digoxigenin-labeled riboprobes for Ct-piwi1 and Ct-
piwi2 were generated with the MEGAscript kit
(Ambion, Inc., Austin, TX, USA). For embryos, larvae,
and one-week post-metamorphic juveniles, the Ct-piwi1
and Ct-piwi2 probe concentration was 1.0 ng/μl. For
two-week post-metamorphic juveniles and adults, Ct-
piwi1 and Ct-piwi2 were used at a concentration of 0.5
ng/μl. Following hybridization, probes were detected
using nitroblue tetrazolium chloride/5-bromo-4chloro-
3indolyphosphate (NBT/BCIP) color substrate. Typically,
the color reaction was allowed to develop between one
hour and three days; however, in uncleaved zygotes,
two-cell and four-cell stage embryos a reaction between
6 and 11 days was necessary to detect transcripts. Speci-
mens were equilibrated in glycerol (80% glycerol/10%
10x PBS/10% diH2O) and mounted on Rainex®-coated
slides.

Microscopy
Microscopic analyses were performed on a Zeiss Axios-
kop 2 compound light microscope (Zeiss, Gottingen,
Germany). Micrographs were captured with a stem-
mounted SpotFlex digital camera (Diagnostic Instru-
ments, Inc., Sterling Heights, MI, USA). Multiple DIC
focal planes were merged for some images using Heli-
con Focus (Helicon Soft Ltd., Kharkov, Ukraine).

Confocal imaging was done using a Zeiss LSM 710 con-
focal microscope and Z-stack projections were generated
using the ImageJ software (NIH).

EdU labeling
To detect dividing cells, the Click-iT EdU imaging kit
was used to label cells undergoing DNA synthesis (Invi-
trogen Co., Carlsbad, CA, USA). The kit protocol was
followed except for the following modifications. Stage 5
to 7 larvae were incubated for one hour in 300 μM 5-
ethynyl-2’-deoxyuridine (EdU) in FSW (10 mM working
stock diluted in PBS), and then fixed overnight at 4°C,
dehydrated in methanol. In situ hybridization experi-
ments were performed according to the methods
described above. Following the NBT/BCIP probe detec-
tion step, animals were washed in the following: 2X in
PBS, 1X in PBS + 0.5% Triton for 20 minutes, and 2X
in PBS + 3% BSA for 5 minutes each. Subsequently, the
EdU detection reaction was carried out, but reduced to
a total volume of 200 μl. Animals were rinsed several
times with PBS, equilibrated in 80% glycerol, and ana-
lyzed and imaged following the methods for in situ
hybridization described above.

Immunohistochemistry
Following fixation, regenerating adults were rinsed in
PBS + 0.5% Triton, and permealibilized by incubation
with 0.01 mg/ml proteinase K (Invitrogen) for 20 min-
utes. Specimens were then re-fixed for 20 minutes in 4%
paraformaldehyde in PBS. Following 3X washes in PBS
over 10 minutes and 2X washes in PBS + 0.5% Triton,
animals were blocked for 2 hours at room temperature
in PBS + 0.5% Triton + 10% normal goat serum
(Sigma). Animals were incubated overnight at 4°C in a
1:400 dilution of anti-acetylated tubulin antibody
(Sigma) followed by several washes in PBS + 0.5% Tri-
ton, and incubation in a 1:400 dilution of anti-mouse
Alexa Fluor 488 secondary antibody (Invitrogen) over-
night at 4°C. After washing out the secondary antibody
for three hours at room temperature in PBS + 0.5% Tri-
ton, animals were cleared overnight in 80% glycerol and
analyzed and imaged as described above.

Additional material

Additional file 1: Accessions. This file includes a table of the GenBank
and Swiss-Prot accession numbers used for sequence alignments and
phylogenetic analysis. Also included are Joint Genome Institute protein
identification numbers for sequences from the genomes of C. teleta, L.
gigantea, and H. robusta.
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