Int. J. Dev. Biol. 58: 623-634 (2014)
doi: 10.1387/ijdb.140142ab

THE INTERNATIONAL JOURNAL OF

Y

www.intjdevbiol.com

Regeneration in spiralians: evolutionary patterns
and developmental processes

ALEXANDRA E. BELY*", EDUARDO E. ZATTARA™? and JAMES M. SIKES?

"Department of Biology, University of Maryland, College Park, Maryland, USA
2Department of Invertebrate Zoology, National Museum of Natural History, Smithsonian Institution, Washington DC, USA and
3Department of Biology, University of San Francisco, San Francisco, California, USA

ABSTRACT Animals differ markedly in their ability to regenerate, yet still little is known about how
regeneration evolves. In recent years, important advances have been made in our understanding of
animal phylogeny and these provide new insights into the phylogenetic distribution of regenera-
tion.The developmental basis of regeneration is also being investigated in an increasing number of
groups, allowing commonalities and differences across groups to become evident. Here, we focus
on regeneration in the Spiralia, a group that includes several champions of animal regeneration,
as well as many groups with more limited abilities. We review the phylogenetic distribution and
developmental processes of regeneration in four major spiralian groups: annelids, nemerteans,
platyhelminths, and molluscs. Although comparative data are still limited, this review highlights
phylogenetic and developmental patterns that are emerging regarding regeneration in spiralians
and identifies important avenues for future research.
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Introduction

Many animals are able to regenerate lost body parts, yet little is
known about how this capability has evolved (Brockes and Kumar,
2008; Bely and Nyberg, 2010). What is the pattern of regeneration
evolution across animals? How common are losses and gains
of regeneration ability? Are aspects of the regeneration process
homologous across major groups of animals? What evolutionary
and developmental mechanisms drive changes in regenerative abil-
ity? Despite long-standing interest in the process of regeneration,
fundamental questions such as these remain largely unanswered
- even largely untackled.

In recent years, important advances have been made in our
understanding of animal phylogeny and these have provided
long-awaited resolution for the core backbone of the animal tree
(Halanych, 2004; Giribet et al., 2007; Edgecombe et al., 2011).
This phylogenetic context provides a framework for inferring the
broad pattern of regeneration variation across the animals (Bely
and Nyberg, 2010). Basally branching lineages such as Porifera,
Cnidaria, and Ctenophora generally have high regenerative ability,
supporting the idea that the animal ancestor may have had high
regenerative ability. Among the Bilateria, though, regenerative
ability is much more variable. Some bilaterian groups, and even

entire phyla, appear to have little to no ability to regenerate body
structures (e.g., nematodes, rotifers) while other groups have
numerous representatives that can regenerate every part of the
body (e.g., planarians, annelids). The Ecdysozoa is comprised
of groups with no or fairly limited regenerative ability, while the
Spiralia (or Lophotrochozoa) and Deuterostomia include both
highly regenerative groups as well as ones with more limited
regeneration abilities. Is regeneration variation among bilaterians
the result of numerous regeneration losses, independent gains
of regeneration, or a combination of the two? And what are the
biological correlates of changes in regenerative ability? In order
to begin to address these questions, a finer-grained picture of the
distribution of regeneration must come into focus. Investigating
patterns of regeneration variation within phyla, in which structural
homologies are clear (or at least clearer than among phyla) and
divergence times are shallower, is an important next step to better
understand how regeneration has evolved.

Interest in regeneration research has also recently surged, fu-
eled largely by its potential biomedical relevance. Through recent
efforts, the cellular and molecular underpinnings of regeneration
are becoming increasingly well understood in a handful of regen-
eration model systems, and studies of regeneration in non-model
systems are becoming more common as well (Sanchez Alvarado
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and Tsonis, 2006; Brockes and Kumar, 2008; Tanaka and Red-
dien, 2011). But key questions remain. Which aspects of the
regenerative process are shared across major animal lineages?
Is there evidence supporting the hypothesis that the process of
regeneration is homologous across deeply diverged taxa, such
as across phyla? What developmental changes underlie gains or
losses of regenerative ability? Beginning to address these types
of questions requires thorough characterizations of regenerative
processes in a range of animal phyla, and among close relatives
that differ in regenerative ability.

The Spiralia are an excellent group in which to investigate the
pattern and process of regeneration evolution. Spiralia is a large
and morphologically diverse protostome clade composed of about
13 phyla, including annelids, molluscs, nemerteans, platyhelminths,
bryozoans, and rotifers, among others (Edgecombe et al., 2011).
A broad-scale view of this clade suggests there is considerable
variation in regenerative ability across phyla, from ones with
representatives that can regenerate every part of the body (e.g.,
annelids, platyhelminths) to those in which no representatives are
known to regenerate any major structures (e.g., rotifers) (Bely and
Nyberg, 2010). More importantly, the Spiralia include several large
phylainwhich regeneration varies markedly within the phylum. The
apparent evolutionary lability of regeneration within these groups
suggests they will be useful for identifying possible correlates of
regeneration increases and decreases and to identify the devel-
opmental changes responsible for regeneration evolution.

In this review, we provide overviews of the phylogenetic distri-
bution and the developmental basis of regeneration in four major
spiralian phyla: the Annelida (segmented worms), Nemertea (ribbon
worms), Platyhelminthes (flatworms), and Mollusca. These repre-
sent spiralian groups in which the mostinformation on regenerative
ability is available, and also groups in which regenerative ability is
shown, or suggested, to be variable. Our goal is to assemble data
for these groups in order to begin inferring common regeneration
patterns and processes, as well as to highlight where importantgaps
in our knowledge remain. Note that regeneration is a process that
can occur at a range of levels of biological organization; here we
focus specifically on structure-level regeneration (e.g., regenera-
tion of heads, tails, appendages) and do not cover regeneration
at lower levels of organization, such as regeneration of tissues or
parts of cells. We also limit our review to regeneration in adults or
sub-adults; how regenerative ability varies across developmental
stages and how it mightrelate to regulation in embryos are fascinat-
ing questions but ones that are beyond the scope of this review.

Distribution of regeneration across spiralians

In this first section we review information relevant for under-
standing the distribution and pattern of regeneration evolution in
annelids, nemerteans, platyhelminths, and molluscs. For the first
three phyla, we describe the general body plan; describe general
patterns of growth (and degrowth); provide an overview of the
current understanding of the phylogenetic relationships within the
phylum; review what body structures are known to regenerate
(or not regenerate) among members of the phylum; and, where
possible, make preliminary interpretations regarding where in
the phylum regeneration gains or losses may have occurred. For
Mollusca, we include a briefer overview, as regeneration data are
much more limited in this group.

Annelida

Annelids are a large and diverse group of typically segmented
worms found in marine, freshwater, and terrestrial environments,
with over 17,000 species described (Brusca and Brusca, 2003;
Zhang, 2013). The main part of the body is usually composed of
a series of repeated segments, ranging from just a few to several
hundred (depending on species and age), with an asegmental cap
of tissue present at both the anterior and posterior ends. Annelids
typically have a large fluid-filled coelom surrounded by a muscular
body wall, acomplete gut with an anterior mouth (within the anterior
asegmental cap) and a posterior anus (within the posterior cap of
tissue), and a nervous system composed of paired cerebral gan-
glia, segmental ventral ganglia, and peripheral segmental nerve
rings. Some species possess body wall outgrowths such as lateral,
segmentally iterated parapodia (paddle-like outgrowths) used for
locomotion; anterior tentacles, palps, or proboscises that aid in
sensation, respiration and/or feeding; opercula that seal tube en-
trances; and lateral or posterior gills that aid in respiration. Based
on their body architecture, the most common injuries are expected
to involve transverse cuts of the main body (removing head and/or
tail) and amputation of the various body wall outgrowths.

Most annelids add segments post-embryonically from a sub-
terminal posterior growth zone just anterior to the asegmental
posterior cap (pygidium) (Hyman, 1940; Brusca and Brusca, 2003).
While a few species reach a fixed number segments, most do
not, and some appear to grow continuously throughout their life.
Under starvation conditions, degrowth in overall size occurs in at
least some representatives (naidids: A. E. Bely, unpublished data;
Lumbriculus: K. A. Tweeten, pers. comm.) and degrowth resulting
in a reduction of segment number may also occur (K. A.Tweeten,
pers. comm.).

After many years of uncertainty regarding annelid phylogeny,
recent molecular studies have greatly clarified the relationships
among annelid groups (Rousset et al., 2007; Struck et al., 2007,
Sperling etal.,2009; Struck et al., 2011; Weigert etal., 2014), setting
the stage for interpreting regeneration variation in a phylogenetic
context. Annelids are classified into ~100 families, and nearly all
of the groups included in recent analyses fall into one of two major
clades, the Errantia and the Sedentaria, with only a few annelid
lineages branching outside of these, as basal lineages (Struck et
al., 2011; Weigert et al., 2014). The Errantia include many highly
mobile species (though less errant species are also common) and
the ancestor of this clade is reconstructed as having pronounced
anterior palps and lateral parapodia. Errantia includes groups such
as nereids (e.g., Platynereis, Neanthes, Nereis), syllids, eunicids,
and glycerids, among many others. The Sedentaria include many
infaunal, burrowing species (though highly mobile species also
occur), and the ancestor of this clade is reconstructed as having
reduced palps and parapodia, and an infaunal, burrowing lifestyle.
Sedentaria includes groups such as capitellids (e.g., Capitella),
spionids (e.g., Streblospio), terebellids, serpulids, sabellids, and
echiurans, among many others, as well as all of the Clitellata,
which include groups such as earthworms, aquatic “oligochaetes”,
and leeches.

Annelids vary widely in regenerative ability, from species that
can regenerate every part of the body, with some even able to do
so from a single isolated segment, to those incapable of regenerat-
ing a single lost segment, regenerating the asegmental tip of the
body, or even simply wound-healing (Bely, 2006). Regeneration of
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anterior (head) and posterior (tail) segments (along with cor-
responding asegmental extremities) is well documented in a
wide range of annelids. Segment regeneration ability across
the phylum has been previously reviewed (Bely, 2006, 2010),
though recent advances to our understanding of annelid rela-
tionships make it worth revisiting the distribution of segment
regeneration here (Struck et al., 2011; Weigert et al., 2014).

The ability to regenerate posterior segments is very broadly
distributed across the phylum and has been found present in
nearly all species in which it has been investigated (Fig. 1)
(Bely, 2006), suggesting posterior regeneration ability is likely
ancestral for the phylum. Posterior segment regeneration has
been documented in at least 23 annelid families, including Er-
rantia, Sedentaria, and at least three lineages reconstructed
as basal (Amphinomidae, Chaetopteridae, Oweniidae). Fail-
ure to regenerate posteriorly has been documented in only
a handful of groups, and interestingly only in the Sedentaria.
The non-posteriorly regenerating species include one large
clitellate clade (leeches and relatives) as well as members of
three polychaete families (Opheliidae, Arenicolidae, Sabel-
lidae). These are likely to represent four independent losses
of posterior regeneration in annelids.

The ability to regenerate anterior segments is much more
variable across the phylum (Fig. 1) (Bely, 2006). Anterior
segment regeneration has been documented in three basal
lineages (Amphinomidae, Chaetopteridae, and Oweniidae)
and 21 Errantia and Sedentaria families, representing a little
more than half of families investigated. However, failure to
regenerate anterior segments has been shown in well over
a third of the families for which data are available. Although
greatersamplingis clearly needed, areasonable interpretation
of this distribution is that anterior segment regeneration ability
has been lost numerous times within the phylum. If all anterior
regeneration failure represents evolutionary loss, then over a
dozen losses would be reconstructed. However, alternative
scenarios such as numerous independent gains of anterior
regeneration ability or a combination of anterior regeneration
losses and gains should remain under consideration.

Regarding regeneration of structures other than entire seg-
ments, the prostomium, feeding palps, and operculum have also
been show to regenerate among certain annelids, though data
on these are much more limited. In species in which complete
anterior regeneration has been documented (as described
above), regeneration of the anterior asegmentaltip (prostomium
and peristomium) and any head appendages characteristic of
that species is obviously possible. However, only afew studies
have carried out amputations removing only these structures.
Following removal of only the asegmental region, regeneration
of the prostomium has been documented in several species of

Fig. 1. Phylogenetic distribution of regeneration across the An-
nelida. Phylogeny is based on Erséus and Kallersjo (2004), Struck et
al. (2007), Struck et al. (2011), and Weigert et al. (2014). Regeneration
data are from Morgulis (1909), Cresp (1952), Olive and Moore (1975),
Nusetti et al. (2005), Hentschel and Harper (2006), and Giani et al.
(2011) orare reviewed in Hyman (1940), Berrill (1952), Herlant-Meewis
(1964), Bely (2006, 2010). AR - anterior regeneration,; PR - posterior
regeneration.
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naidid clitellates (including one that cannot regenerate segments),
but fails to occur in at least one species of naidid, two species of
dorvilleid, and one species of nereid (Pfannenstiel, 1973, 1974;
Bely and Sikes, 2010a). Interestingly, in the dorvilleid and nereid
studies, regeneration of part of the prostomium was shown to be
possible if a part of the prostomium was left behind. The recent
finding in a naidid clitellate that the prostomium grows continuously
from a basal growth zone anterior to the mouth (Zattara and Bely,
2013) suggests a possible explanation for this requirement for part
of the prostomium to be present. If there is a prostomial growth
zone in these polychaetes, perhaps this growth zone cannot be
regenerated in these particular species but, if still present, can allow
for regeneration of the prostomium region that has been removed.
Other asegmental structures of the head can also regenerate. For
example, the feeding crown of some sabellids, which is derived
from the asegmental prostomium, can regenerate if this structure
is removed, even in a species incapable of regeneration following
removal of even a single anterior segment (Wells, 1952; J. A. C.
Nicol, unpublished data in Wells 1952). Regeneration of feeding
palps (following removal of only these structures) has been well
documented in several genera of spionids (Hentschel and Harper,
2006; Lindsay et al., 2007; Lindsay et al., 2008), as has the regen-
eration of the operculum in serpulids (Okada, 1933; Szab6 and
Ferrier, 2014). Amputation and regeneration of parapodia has also
been described in one species of nereid (Boilly and Boilly-Marer,
1995). We are aware of no data on regeneration of gills following
removal of only these structures.

Nemertea

Nemerteans are elongated, predatory worms with highly flexible
bodies found primarily in marine environments, with ~1,300 species
described (Brusca and Brusca, 2003; Zhang, 2013). Nemerteans
have a thick muscular body with no internal coelom, a complete
gut with an anterior or anteroventral mouth and posterior anus, and
a nervous system composed of paired cerebral ganglia anteriorly
and lateral longitudinal nerve cords connecting a series of nerve
plexuses. Nemerteans possess a long, eversible anterior probos-
cis used for prey capture that is characteristic and unique to this
group. The proboscis is usually stored inverted within the body
but can be rapidly everted and propelled outward to capture and
subdue prey. Based on their morphology, the most likely injuries in
nemerteans are expected to be transverse cuts of the elongated
body or transverse cuts of the extended proboscis.

Nemerteans can undergo extensive growth and degrowth, indi-
cating dynamic mechanisms of tissue generation and remodeling.
Some species hatch as juveniles a few millimeters in length and
ultimately grow to remarkable lengths of several tens of meters
(MclIntosh, 1900). Nemerteans can also degrow, shrinking in size
when food is scarce or absent, all the while maintaining proper
body proportions (Dawydoff, 1928; Coe, 1929). Some individuals
have been maintained without food for over a year, shrinking in
size but otherwise appearing healthy over this prolonged period.

Nemerteans have been traditionally classified into three groups,
the paleonemerteans, heteronemerteans and hoplonemerteans,
and recent molecular phylogenetic studies have largely supported
these groupings (Thollesson and Norenburg, 2003; Andrade et al.,
2011). Paleonemerteans branch near the base of the nemertean
tree and there is some indication that they may represent a para-
phyletic assemblage of basal lineages. The heteronemerteans

and the hoplonemerteans are each monophyletic groups and
sister to each other. Paleonemerteans include genera such as
Carinoma, Tubulanus, and Cephalothrix. Heteronemerteans pos-
sess a characteristic planktonic feeding larva, the pilidium, and
include groups such as Lineus, Ramphogordius, Cerebratulus, and
Micrura. Hoplonemerteans have a spiked proboscis and a single
anterior opening that serves as both mouth and proboscis pore
and include genera such as Nemertopsis and Carcinonemertes.

Among nemerteans regeneration of the proboscis, the tail and
the head are well documented in certain groups, and some species
can even regenerate an entire individual from a tiny body fragment,
but regenerative ability varies considerably across the phylum.
Published reports are strongly biased towards heteronemerteans,
with less data on hoplonemerteans and virtually no information on
paleonemerteans. Regeneration of the proboscis has beenreported
in a number of species across the phylum (Gontcharoff, 1951;
Bierne, 1962; Gibson, 1972) suggesting it could be widespread
among nemerteans; we know of no reports documenting failure to
regenerate the proboscis. Some ability to regenerate posteriorly
also appears to be broadly distributed (Coe, 1934a; Gibson, 1972)
(Fig. 2), though posterior regeneration is often poorly characterized,
probably due to the lack of easily scorable posterior structures in
most species. Among heteronemerteans, posterior regenerationis
unambiguously described in species with a posterior cirrus, such
as Zygeupolia rubens and Micrura sp. (Coe, 1934a). In hoplone-
merteans, posterior regeneration may be more limited; complete
posterior regeneration is only described following amputations in
which a very small part of the tail is removed, while regeneration
failure or death occurs if a substantial part of the tail is cut off (Coe,
1934a; Gibson, 1972).

As for anterior regeneration ability, scoring for this ability is un-
ambiguous (given the many head structures) but appearsto be very
limited within the phylum (Fig. 2). Several species can regrow the
anterior tip of the body (ie., structures anterior to the brain) (Coe,
1934a), but complete head regeneration (including of the brain and
mouth) has only been reported in species of one heteronemertean
family, the Lineidae. These reports clearly document regeneration
of the complete head, including brain, mouth, proboscis canal, and
sensory organs including ocelli (Nusbaum and Oxner, 1910; Coe,
1929; Gibson, 1972). Interestingly, essentially all such reports
are based on species that were recently synonymized to a single
species, Ramphogordius sanguineus (Riser, 1994). Several other
lineids fail to regenerate a head (Gontcharoff, 1951), suggesting
head regeneration may actually be unusual in this group. The only
report of regeneration of a complete head outside of the Lineidae
is that of Kipke (1932) for the freshwater hoplonemertean species
Prostoma graecense. However, we have been unable to repro-
duce these results in the very closely related species Prostoma
c.f. eilhardi (E.E.Z., pers. obs.). Thus, available data suggest full
anterior regeneration may be very limited within the nemerteans
andthatthe presence of anterior regeneration in the Lineidae could
represent a novel origin. Denser sampling of regenerative abili-
ties within the Lineidae is needed, but if such sampling supports
this preliminary conclusion, then the gain of head regeneration
within nemerteans would represent an outstanding opportunity to
investigate the molecular basis of a novel origin of regeneration.

The high regenerative abilities of Ramphogordius sanguineus
may be recently evolved, but there is no question that this species
is among the champions of animal regeneration. This species is



able to regenerate an entire individual not just from a thin trans-
verse slice, but even just one quadrant of a thin slice (Coe, 1930).
Furthermore, in a series of early studies, Coe (1929) estimated
that a single worm can be repeatedly amputated to obtain over
200,000 worms, each one measuring two hundred-thousandths
of the volume of the original individual. Thus, regeneration can be
successful even starting with atiny tissue fragment, a fragment that
has a high proportion of wound surface (in quadrant fragments, 4
outof 5 surfaces are wound surfaces), and a fragment in which both
the dorsal-ventral and the left-right axes are initially incomplete.
Clearly, much more sampling is needed to determine the broad
distribution patterns of proboscis regeneration, tail regeneration, and
head regeneration among the Nemertea. The limited data available
thus far suggest that proboscis regeneration and tail regeneration
could be widespread and possibly ancestral for the phylum, while
anterior regeneration may have evolved more recently, notably in
the lineid heteronemerteans. Importantly, although nemerteans
are frequently reported as being powerful regenerators, we find
that a careful review indicates this view has been based almost
entirely on reports from what is now recognized as a single species
(Ramphogordius sanguineus). The nemerteans thus highlight the
importance of collecting and drawing conclusions from a broad
array of species in order to distinguish between ancestral and
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derived regenerative abilities, and not simply generalizing from
the species that possess the most extreme regenerative abilities.

Platyhelminthes

Platyhelminths are a large and diverse group of typically dorso-
ventrally flattened worms that include many free-living, primarily
aquatic species as well as a large number of parasitic species
(Brusca and Brusca, 2003). Nearly 30,000 species have been
described (Zhang, 2013). These animals, commonly referred to
as flatworms, are bilaterians but lack many traits characteristic of
other bilateral animals: they do not have a complete gut (species
have a blind gut or no gut at all), have no coelom, do not exhibit
mitosis in differentiated somatic cells, and possess no circulatory
or excretory systems.

The free-living Platyhelminthes have long been known to pos-
sess an unusual system of mesenchymal stem cells known as
neoblasts (Bagufia et al., 1989; Newmark and Sanchez Alvarado,
2000; Nimeth et al., 2007). As the only mitotically active cells in
adultflatworms, neoblasts allow flatworms to persistin a continuous
state of cellturnover. Recent studies suggest that a similar stem cell
system seems to operate in the parasitic lineages as well, includ-
ing both tapeworms and blood flukes (Koziol et al., 2010; Collins
et al., 2013). Several free-living platyhelminths (planarians and
macrostomids, see below) are known to exhibit continuous growth
or degrowth depending on food availability (Bagufa et al., 1990;
Oviedo etal.,2003; Mouton et al., 2009), suggesting this ability may
be prevalent among the platyhelminths. Starved worms undergo a
reduction in size yet maintain body proportions and normal organ
physiology, with the exception of the reproductive system, which
is targeted for apoptosis (Newmark et al., 2008). Upon feeding,
flatworms initiate an increase in cell number to reach maximum
size along with restoration of reproductive organs and structures.

Although there remains considerable uncertainty regarding the
phylogenetic relationships within the phylum, recent molecular
analyses have provided important advances in our understand-
ing of relationships within this traditionally problematic group. The
organismes traditionally included within the phylum are almost surely
polyphyletic; as a result the Acoelomorpha (acoels and nemerto-
dermatids) have been removed and elevated to an independent
phylum that falls outside of the Spiralia (Ruiz-Trillo et al., 1999;
Philippe et al., 2007; Sempere et al., 2007; Philippe et al., 2011).
The phylum Platyhelminthes is now understood to be composed of
two monophyletic groups - the Catenulida and the Rhabditophora
(Riutort et al., 2012). The Rhabditophora include the bulk of platy-
helminth diversity, including groups such as the macrostomids,
polyclads, triclads, and the Neodermata, a monophyletic group of
obligate parasites thatincludes flukes and tapeworms. The triclads,
commonly referred to as planarians, have received the greatest
attention with respect to regeneration. This group includes marine,
freshwater, and terrestrial species and three subclades are recog-
nized: the Maricola (marine planarians), the Cavernicola, and the
Continenticola (Sluys et al., 2009). The latter group includes the
most familiar planarians, namely members of the Planeriidae (e.g.
Planaria), the Dendrocoelidae (e.g., Dendrocoelum, Procotyla),
and the Dugesiidae (e.g., Dugesia, Schmidtea, Girardia), among
other groups such as Geoplanidae (land planarians).

Many species of Platyhelminthes demonstrate remarkable
regeneration abilities, though a number of groups appear to have
much more limited regenerative capacity (Fig. 3). Regeneration
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has been extensively evaluated in the planarians (triclads) where
robust structural and whole-body regenerative abilities are dis-
tributed among a number of species, including the Planeriidae,
Dugesiidae, and Geoplanidae (Brgndsted, 1969; Shirasawa and
Makino, 1987, 1991; Newmark and Sanchez Alvarado, 2002). A
classic experiment by T. H. Morgan illustrated the remarkable
whole-body regeneration capabilities in a planarian species: a tiny
fragment just 1/279th of the original worm was able to regener-
ate an entire individual (Morgan, 1898). However, at least one
dugesid (a species of Phagocata) is shown to fail to regenerate
a new complete head following post-pharyngeal amputation
(Umesono et al., 2013), suggesting a possible loss of head re-
generation within this group (and possibly even within this genus,
since other Phagocata species are known to regenerate a head).
Among the triclads, several genera within the family Dendrocoe-
lidae have been evaluated for regenerative ability and none are
able to regenerate a complete head after amputation posterior
to the pharynx (i.e., cutting within the posterior two-thirds of the
primary body axis) (Lillie, 1901; Morgan, 1904; Brgndsted, 1969;
Sikes and Newmark, 2013). Interestingly, though, in a study that
demonstrated intra-population level variation in regeneration rate
in a species of Dendrocoelidae, it was found that several post-
pharyngeally amputated worms from one population did mount
a regenerative response that led to the temporary formation
of eyespots, though the small blastemas were then resorbed
(Romero et al., 1991). While anterior regeneration is limited
among dendrocoelids, members of this group maintain posterior
regeneration abilities following cuts along most of the body axis.

More limited records are available for regeneration outside of the
planarians (Fig. 3). The macrostomids are variable for the ability
to regenerate a head, while posterior regeneration is present in
all groups investigated (Egger et al., 2006). The catenulids, the
basal platyhelminth lineage, has received little attention. Several
species have been shown to have anterior regenerative ability,
but, surprisingly, a recent study fails to demonstrate regenera-
tion of posterior body regions (Dirks et al., 2012). Regeneration
abilities within the parasitic lineages appear to be limited, though
some tapeworms can regenerate posteriorly from the scolex
or even just the anterior part of the scolex (Read, 1967; Hart,
1968; Schiller, 1974) and Schistosoma trematodes regenerate
tegument after sub-lethal doses of the drug praziquantel (Shaw
and Erasmus, 1987).

In summary, among platyhelminths regenerative ability is
extensive in several groups but is not universally so. Posterior
regeneration appears to be more widespread than anterior regen-
eration, but much more sampling is needed to infer the patterns
of evolution of regeneration. The limited anterior regeneration
ability of certain groups (e.g., dendrocoelids) has been interpreted
as a loss, though sampling is still sparse enough that alternative
scenarios, such as one or more gains of high anterior regen-
erative ability among planarians, should be considered. Future
efforts should concentrate on assessing regenerative ability in
unsampled or poorly sampled platyhelminth lineages, as well
as increasing sampling within the triclads, where considerable
variation is already known to occur.

Mollusca
The Mollusca are a large group with over ~85,000 species
described, including marine, freshwater, and terrestrial species,

Trematoda
Cestoda
Monogenea
Prolecithophora
[d B Tricladida (“planaria”)
PNUK
Rhabdocoela
Proseriata

eloydoospN

eloydoypgeyy

Lecithoepitheliata

Polycladida

Haplopharyngida
E . Macrostomida

B [ Catenulida

Il only regeneration reported
[] only lack of regeneration reported
[d both regeneration and lack of regeneration reported

Fig. 3. Phylogenetic distribution of regeneration across the Platyhel-
minthes. Phylogeny is based on Riutort et al., (2012). PNUK refers to the
clade composed of Piscinquilinus, Notentera, Urastoma and Kronborgia
(Fecampida and Urastomidae). Regeneration data are reviewed in the text.
AR - anterior regeneration; PR - posterior regeneration.

and display extreme morphologically diversity (Brusca and Br-
usca, 2003; Zhang, 2013). While most species have a radula for
feeding and a mantle with mantle cavity, and many species also
possess a shell, beyond this, few morphological generalizations
can be made of the group. The major groups of molluscs are the
gastropods, bivalves, cephalopods, scaphopods, monoplacopho-
rans, polyplacophorans, and two groups of aplacophorans, and
important advances in our understanding of their relationships
have recently been made (Kocot et al., 2011; Smith et al., 2011).
Unlike the annelids, nemerteans, and platyhelminths, molluscs
do not have known representatives capable of regenerating
every part of the body. However, across the phylum, a number
of structures have been shown to regenerate. These include the
foot, anterior neural elements, tentacles, and even the entire
head of some gastropods (Moffett, 1995, 1996; Gorbushin et al.,
2001; Matsuo et al., 2010; Tuchina and Meyer-Rochow, 2010;
Hoso, 2012), the siphon and parts of the shell and mantle of some
bivalves (Ansell et al., 1999; Tomiyama and Ito, 2006; Liu et al.,
2013; Nufez et al., 2013), and the arms, tentacles, and suckers
of many cephalopods (Feral, 1978; Bush, 2012; Fossati et al.,
2013) including those of giant squid (Aldrich and Aldrich, 1968).
Greater sampling of regenerative ability is needed within each of
these groups, as well as in the mollusc lineages in which there
are no data on regeneration, in order to obtain a clearer picture of
the distribution of regenerative ability across this phylum. Given
the morphological disparity of the structures that are known to
regenerate, however, it is worth considering that at least some
of these abilities represent novel origins of regenerative ability.



Developmental basis of regeneration in spiralians

In this second section we review information pertaining to the
developmental processes involved in regeneration in annelids,
nemerteans, platyhelminths, and molluscs, focusing on both the
cellular basis and the molecular basis of regeneration.

Annelida

Annelids have long been subjects of regeneration research and
a number of different annelid groups have been studied (Berrill,
1952; Bely, 2014)). Although our understanding of regenerative
mechanisms remains limited and fragmentary, important advances
have recently been made in clarifying the cellular and molecular
mechanisms underlying regeneration in this group.

Following transverse amputation, annelids rapidly seal the
wound through contraction of circular muscles and then wound-
heal through fusion of the severed body wall epithelium (Hyman,
1940). These processes appear to involve little to no proliferation
and, indeed, a recent study shows that cell proliferation is quickly
and dramatically shut down throughout most of the body during
this early phase after amputation (Zattara and Bely, 2013). During
this wound-healing phase and on into slightly later stages of regen-
eration, there is a large cell migration response to the wound site
(Cornec et al., 1987; Bilej, 1994). The functions of different types
of migrating cells have variously been inferred to include wound-
plug formation, phagocytosis, regeneration initiation, and delivery
of a mesodermal or stem cell source, though the definitive roles of
migratory cells remain to be clarified. Surgical manipulations have
implicated tissue interactions between the severed body wall, nerve
cord, and gutin successful regeneration (Fitzharris and Lesh, 1972).
After wound-healing, cells near the wound site begin proliferating
and, during both anterior and posterior regeneration, form a mass
of apparently undifferentiated cells, referred to as a blastema, at
the wound site (Hill, 1970; Zattara and Bely, 2011). Regarding the
cellular source of the blastema and regenerated structures, several
histological studies indicate that all three tissue layers proliferate
near the wound site and contribute to the blastema (Clark, 1972;
Cornec et al., 1987), and a recent study has shown a definitive
contribution of gut endoderm to the regenerated gut (Tweeten and
Reiner, 2012). The role in regeneration of a population of large,
apparently undifferentiated cells, referred to as annelid neoblasts,
that are found among a number of clitellate annelids has long been
debated (Stephan-Dubois, 1954; Cornec etal., 1987) and continues
to be an area of active research (Tadokoro et al., 2006; Sugio et al.,
2008; Myohara, 2012; Sugio et al., 2012). The blastema ultimately
differentiates into most of the missing structures, though at least
some components of the regenerated nervous system appear to
invade the blastema from the stump (Muller et al., 2003; Mdiller,
2004; Muller and Henning, 2004; Zattara and Bely, 2011).

Regeneration has been studied at the molecular level in several
groups of annelids, primarily in nereids (Errantia), enchytraeids
(Sedentaria), naidids (Sedentaria), and capitellids (Sendentaria).
A number of genes have been shown to be expressed broadly
within the regeneration blastema, including several stem cell/
germ line markers (Giani et al., 2011; Gazave et al., 2013), Hox
genes (Pfeifer et al., 2012; Novikova et al., 2013), and a novel
gene, grimp (Takeo et al., 2010). To date, all of the genes found
broadly expressed in the blastema are also expressed during
normal growth in the posterior growth zone, suggesting a shared

Spiralian regeneration 629

mechanism between regeneration and growth. In enchytraeids,
several genes broadly expressed in the blastema have also been
found expressed in isolated cells of the remaining tissue (Takeo et
al.,2010; Yoshida-Noro and Tochinai, 2010), and data suggest that
some of these cells correspond to germ line cells that apparently
migrate to the wound to re-establish the germ line and gonads
in regenerated segments (Tadokoro et al., 2006; Gazave et al.,
2013). During the segmentation phase of posterior regeneration,
Wnt and Hedgehog pathways are implicated in the process (Dray
et al., 2010; Niwa et al., 2013) and expression of a fwist homolog
also suggests its involvement in post-amputation segmentation
(Pfeifer et al., 2013).

Following amputation, not only are new structures formed at
the wound site, but the remaining tissue can become remodeled,
a process known as morphallaxis. While morphallaxis has long
been recognized as a phenomenon in annelids (Berrill, 1952,
1978), recent studies are now demonstrating some of its molecular
underpinnings. Within hours after amputation, expression domains
of Hox genes in the nervous system and regional markers in the
gut are modified along the anterior-posterior axis to restore the
relative pattern in uncut animals (Takeo et al., 2008; Novikova et
al., 2013). Rapid morphallaxis is also evident at the level of neural
morphology and function (Lybrand and Zoran, 2012).

Nemertea

Despite the formidable regenerative abilities of at least some
nemerteans, the process of regeneration in this group has received
little attention. The data that are available are based almost ex-
clusively on lineid nemerteans. Following head or tail amputation,
the wound is sealed by contraction of the muscular walls and
then healed by the formation of a wound epithelium. Studies of
histological sections of anteriorly regenerating animals suggest
that the wound epithelium has contributions from both ectodermal
and mesodermal cells, that wound healing is followed by a phase
of cell proliferation, and that a regeneration blastema forms at
the wound site eventually differentiating into the missing anterior
structures (e.g., brain, mouth, proboscis canal, sensory organs,
ocelli) (Nusbaum and Oxner, 1910; Coe, 1929; Gibson, 1972).
Beyond this general description, though, very little is known about
the cellular underpinnings of regeneration in nemerteans. Based
on histological studies, some authors have proposed that cells
scattered within the relatively abundant extracellular matrix are
pluripotent, contributing to normal growth and migrating to wound
sites to give rise to regenerated tissues following amputation (Coe,
1934b). This model would be very similar to the neoblast model in
planarians. However, more recent analyses suggest the morphol-
ogy of the cells within the extracellular matrix does not support the
idea that they are undifferentiated stem cells (Turbeville, 1991).
What cells contribute to regeneration, as well as to normal growth,
in nemerteans remains a fundamental unanswered question.
In addition, although a definite blastema forms during anterior
regeneration, there is no clear evidence of a blastema forming
during posterior regeneration, though the latter process is poorly
described. Therefore, the question of how anterior and posterior
regeneration differ in nemerteans is another key open question.

Molecular studies of nemertean regeneration are similarly sparse.
During anterior regeneration, pax-6has been shownto be expressed
in the developing central nervous system and ocelli (Loosli et al.,
1996), otx is expressed in the developing central nervous system
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but not ocelli (Charpignon, 2007), and vision-related six and opsin
genes are expressed in the brain and ocelli (Charpignon, 2007).
During posterior regeneration, the posterior paraHox gene cdx is
expressed in the developing gut of posterior regenerates (Charpi-
gnon, 2007). No study thus far has addressed what genes could be
responsible for initiating and sustaining the regenerative response
in nemerteans. Pursuing this question in the highly regenerative
R. sanguineus would be particularly valuable, especially if coupled
with comparative studies of its less regenerative close relatives in
order to identify what molecular signatures are found uniquely in
the highly regenerative species.

Platyhelminthes

Platyhelminthes are classic invertebrate models for studying
regeneration and have received renewed attention in the last
few decades. The best-characterized group is the planarians, in
which the cellular and molecular bases of regeneration have been
intensively studied (Sal6 et al., 2008; Forsthoefel and Newmark,
2009; Aboobaker, 2011; Tanaka and Reddien, 2011). At the cel-
lular level, planarian regeneration is intricately tied to the group of
pluripotent cells referred to as neoblasts. Following amputation,
worms form a wound epithelium that signals underlying tissues
to initiate a regenerative response (Schirmann and Peter, 1998),
though the molecular nature of these signals is still poorly known
(Petersen and Reddien, 2009a). Shortly thereafter, neoblasts first
proliferate throughout the body and later proliferate specifically at
the wound site, producing cells that migrate to form the regenera-
tion blastema (Baguna et al., 1989; Wenemoser and Reddien,
2010; Guedelhoefer and Sanchez Alvarado, 2012). The progeny
of neoblasts are specified during early phases of regeneration
yet still retain some level of developmental plasticity. Ultimately,
these neoblasts, which have the potential to give rise to all cell
types, replace all body regions (Wagner et al., 2011). While the
vast majority of information on regeneration comes from studies in
planarians, comparisons of findings in planarians and macrostomids
suggest some commonalities in the developmental mechanisms
that confer the robust regenerative potential in at least these two
groups (Bely and Sikes, 2010b; Simanov et al., 2012).

Recent years have seen major advances in understanding the
molecular basis of planarian regeneration. To initiate regeneration
of appropriate structures, flatworms reestablish axial polarity soon
after amputation through several conserved signaling pathways.
Extracellular signal-related kinase (ERK) and Wnt/B-catenin
signaling pathways have been shown to establish molecular
gradients for the establishment of the anterior-posterior axis in
anteriorly-regenerating planarians (Gurley et al., 2008; Petersen
and Reddien, 2008; Petersen and Reddien, 2009b; Gurley et al.,
2010; Tasaki et al., 2011; Umesono et al., 2013). Several recent
studies in three different planarian species with limited regenera-
tion ability indicate aberrant Wnt signaling inhibits regeneration in
regeneration-deficienttissues (Liu etal., 2013; Sikes and Newmark,
2013; Umesono et al., 2013), suggesting the importance of polarity
reestablishment for successful regeneration. While these signals
specify the epimorphic regeneration of proper structures at wound
sites, blastema formation does not always result in the generation
of all missing structures and can be asymmetric. Thus, planarians
typically also undergo subsequent morphallaxis to replace body
proportion and symmetry, though the molecular mechanisms by
which morphallaxis occurs are not well understood (Reddien and

Sanchez Alvarado, 2004).

While considerable strides have been made in understanding
the developmental underpinnings of regeneration in planarians and
macrostomids, little is still known about regeneration mechanisms
in most basal platyhelminth lineages and in the more derived para-
sitic lineages (Neodermata). While neoblast-like cells have been
identified in all major flatworm groups investigated (Newmark and
Sanchez Alvarado, 2000; Ladurner et al., 2005; Koziol et al., 2010;
Dirks et al., 2012; Collins et al., 2013), there is a particular need
for studies of regenerative mechanisms across a broader array
of platyhelminths, and in particular in the basal catenulid lineage,
as these will be key for inferring regenerative mechanisms that
are ancestral for the phylum. Platyhelminths include both highly
regenerative groups and others, such as the parasitic flatworms,
which are much more limited in their ability to regenerate, presenting
excellent opportunities for identifying developmental mechanisms
responsible for regeneration limitation and regeneration loss.
While studies have begun to identify aberrant signals that limit
regeneration in some planarians, the molecular mechanisms that
interact to alter regeneration abilities remain unknown. Identifying
these mechanisms will be key for elucidating how regeneration has
evolved among the Platyhelminthes.

Mollusca

Little is known about the cellular and molecular processes of
regeneration in molluscs. Most studies describe only the outward
appearance of regeneration. A recent study of octopus arm regen-
eration (Fossati et al., 2013) demonstrates that following wound
healing, a thin layer of undifferentiated cells appears at the wound
site. A mass of mesenchymal cells accumulates at the wound site,
forming a blastema, and this mass is underlain by highly vascular-
ized tissue. The regenerating tip continues to grow, lengthening the
regrowing arm as it forms differentiated structures. Cell proliferation
assays on histological sections of the regenerating tip indicate that
the blastemais highly proliferative and that high levels of proliferation
persist as the regenerating tip continues to grow. There is a clear
need for greater study of the developmental processes involved in
mollusc regeneration.

Conclusions & future directions

A number of conclusions can be drawn from this comparative
and developmental review of regeneration in spiralians. First, there
is high value in considering regeneration in a phylogenetic context.
Although annelids, nemerteans, and platyhelminths are often hailed
as being some of the most highly regenerative animal groups,
available data make it clear that high regenerative ability (e.g, the
capability to regenerate all parts of the body) is present in only a
subset of representatives of each of these phyla. Perhaps the most
extreme example of this is the nemerteans, in which the widespread
reputation for high regenerative abilities is based almost entirely on
the abilities of a single species! Importantly, interpreting regenera-
tion in a phylogenetic context indicates numerous increases and/
or decreases in regeneration ability have occurred across these
groups. This highlights that when comparisons of regeneration are
made across phyla, the possibility that regeneration may not be ho-
mologous across them, and thus that similarities may be convergent,
needs to be considered. Second, in all three worm-shaped phyla
(annelids, nemerteans, platyhelminths), posterior regeneration is



considerably more widespread than anterior regeneration. The cause
of this trend should be further investigated, as should the possibility
that posterior regeneration could be homologous across spiralian
phyla. Third, a blastema stage is described during regeneration in
all four of the phyla reviewed here, including during head and tail
regeneration in annelids and platyhelminths, head regeneration in
nemerteans, and arm regeneration in cephalopod molluscs. Yet if
some of these regenerative abilities represent novel origins (as, for
example, seems likely for head regeneration in lineid nemerteans),
thenthisraisesthe interesting possibility that blastema formationiitself
may have evolved independently several times, perhaps through
recruitment of similar underlying mechanisms. Fourth, in all three
phyla with extensive regenerative abilities (annelids, nemerteans,
and platyhelminths), the capacity for continuous growth as well as
degrowth are documented. This raises the question of whether an
underlying set of processes, such as those that confer the ability to
continuously regulate morphogenetic processes, potentiates both
growth/degrowth mechanisms and regeneration.

Major gaps in our knowledge are highlighted as well by this
review. With respect to the distribution of regeneration ability,
there is clearly a very large amount of missing data. For many
subclades within these phyla, regeneration data come from just
one or a few species, and for many lineages we could find no
evidence of regeneration at all. Furthermore, as has been sug-
gested for annelid regeneration (Bely, 2010), there has likely been
a publication bias toward reporting on high regenerative abilities
and under-reporting regeneration failure. Thus, the picture we cur-
rently have of the distribution of regeneration could well be biased,
and a significant proportion of lineages for which data are unavail-
able may be expected to have limited regeneration abilities. For
understanding regeneration evolution, value needs to be placed
on reporting regeneration failure, not just regeneration success,
and it is important that amputation experiments be performed in
such a way that negative data are as strong as possible (e.g., with
adequate controls, replicates, testing under different conditions).
As phylogenetic sampling for regeneration increases, inferences
regarding the pattern of regeneration evolution and the ancestral
capabilities for each phylum will become strengthened, and it will
become possible to directly test for correlates of increases and
decreases in regenerative ability.

Another major gap in our knowledge centers on our understand-
ing of the diversity of developmental mechanisms for regeneration
within a phylum. Because the vast majority of data come from just
one to a few species per phylum, we still have little understanding
about what developmental processes of regeneration are conser-
vative and what features are variable across groups regenerating
the same body parts. Similarly, we know little about what changes
in developmental mechanisms are responsible for differences in
regenerative ability. The few studies that have been performed
comparing regeneration among close relatives have demonstrated
the power of this approach. As broadly applicable developmental
tools and techniques to probe the cellular and molecular basis of
regeneration become more available, pursuing such studies will be
increasingly feasible and is likely to reward us with a much deeper
understanding of the mechanisms underlying regeneration evolution.

Acknowledgements
We thank Jon Norenburg for sharing with us literature references and
a wealth of knowledge of nemertean biology, Tania Rozario for helpful

Spiralian regeneration 631

discussions and references on cestode regeneration; Andrew Li for help
identifying mollusc regeneration references; and Jonathan Henry for
spearheading this valuable effort to assemble works on the developmental
biology of spiralians.

References

ABOOBAKER A A (2011). Planarian stem cells: a simple paradigm for regeneration.
Trends Cell Biol. 21: 304-311.

ALDRICH F A, ALDRICH M M (1968). On regeneration of the tentacular arm of the
giant squid Architeuthis dux Steenstrup (Decapoda, Architeuthidae). Can J Zool
46: 845-847.

ANDRADE S C S, STRAND M, SCHWARTZ M, CHEN H, KAJIHARA H, VON
DOHREN J, SUN S, JUNOY J, THIEL M, NORENBURG J L, TURBEVILLE J
M, GIRIBET G, SUNDBERG P (2011). Disentangling ribbon worm relationships:
multi-locus analysis supports traditional classification of the phylum Nemertea.
Cladistics 27:1-19.

ANSELL A D, HARVEY R, GUNTHER C-P (1999). Recovery from siphon damage
in Donax vittatus (Da Costa) (Bivalvia: Donacidae). J Moll Stud 65: 223-232.

BAGUNA J, ROMERO R, SALO E, COLLET J, AULADELL C, RIBAS M, RIUTORT
M, GARCIA-FERNANDEZ J, BURGAYA F, BUENO D (1990). Growth, degrowth
and regeneration as developmental phenomena in adult freshwater planarians.
In: Experimental Embryology in Aquatic Plants and Animals. (Ed. Marthy H-J).
vol. 195. Springer US. pp 129-162.

BAGUNA J, SALO, E., AULADELL, C. (1989). Regeneration and pattern formation
in planarians II: Evidence that neoblasts are totipotent stem cells and the source
of blastema cells. Development 10: 77-86.

BELY A E (2006). Distribution of segment regeneration ability in the Annelida. Integr
Comp Biol 46: 508-518.

BELY A E (2010). Evolutionary loss of animal regeneration: pattern and process.
Integr Comp Biol 50: 515-527.

BELY AE (2014). Early events in annelid regeneration: a cellular perspective. Integr
Comp Biol 54: 688-699.

BELY A E, NYBERG K G (2010). Evolution of animal regeneration: re-emergence of
a field. Trends Ecol Evol 25: 161-170.

BELY A E, SIKES J M (2010a). Latent regeneration abilities persist following recent
evolutionary loss in asexual annelids. Proc Natl Acad Sci, USA 107: 1464-1469.

BELY A E, SIKES J M (2010b). Acoel and platyhelminth models for stem-cell re-
search. J Biol 9: 14.

BERRILL N J (1952). Regeneration and budding in worms. Biol Rev 27: 401-438.

BERRILL N J (1978). Induced segmental reorganization in sabellid worms. J Embryol
Exp Morph 47: 85-96.

BIERNE J (1962). La régénération de la trompe ches les Némertes. Bull biol Fr Belg
96: 481-504.

BILEJ M (1994). Cellular defense mechanisms. In: Immunology of Annelids. (Eds.
V Vetvicka, P Sima, E L Cooper, M Bilej and P Roch). Ann Arbor: CRC Press.

BOILLY B, BOILLY-MARERY (1995). Controle de lamorphogenese regeneratrice chez
les Annelides: cas des Nereidiens (Annelides polychetes) [Control of regeneration
in annelids: example of Nereids (Annelida Polychaeta)]. Annales des Sciences
Naturelles-Zoologie et Biologie Animale 16: 91-96.

BROCKES J P, KUMAR A (2008). Comparative aspects of animal regeneration. Annu
Rev Cell Dev Biol 24: 525-549.

BRONDSTED H V (1969). Planarian Regeneration. 1st Edition. Oxford: Pergamon
Press.

BRUSCA R C, BRUSCA G J (2003). Invertebrates. 2nd Edition. Sunderland, MA:
Sinauer Associates.

BUSH S L (2012). Economy of arm autotomy in the mesopelagic squid Octopoteuthis
deletron. Mar Ecol Prog Series 458: 133-140.

CHARPIGNON V (2007). Homeobox-containing genes in the nemertean Lineus:
Key players in the antero-posterior body patterning and in the specification of
the visual structures. Thesis. Cellular and Molecular Biology. University of Basel
and University of Reims.

CLARK M E (1972). Later stages of regeneration in the Polychaete, Nephtys. In:
Regeneration in Lower Vertebrates and Invertebrates Vol 3. (Ed V B Eichler et



632 A.E.Belyetal.

al). New York: MSS Information Corporation. pp. 75-102.
COE W R (1929). Regeneration in nemerteans. J Exp Zool 54: 411-459.

COE W R (1930). Regeneration in nemerteans. Il. Regeneration of small sections of
the body split or partially split longitudinally. J Exp Zool 57: 109-144.

COE W R (1934a). Regeneration in nemerteans. IV. Cellular changes involved in
restitution and reorganization. J Exp Zool 67: 283-314.

COE W R (1934b). Analysis of the regenerative processes in nemerteans. Biol Bull
66: 304-315.

COLLINS J J, 3RD, WANG B, LAMBRUS B G, THARP M E, IYER H, NEWMARK P
A (2013). Adult somatic stem cells in the human parasite Schistosoma mansoni.
Nature 494: 476-479.

CORNEC J P, CRESP J, DELYE P, HOARAU F, REYNAUD G (1987). Tissue re-
sponses and organogenesis during regeneration in the oliogochaete Limnodrilus
hoffmeisteri (Clap.). Can J Zool 65: 403-414.

CRESP J (1952). Regeneration de parties du corps chez l'annelide Hydroides
norvegica (Gunn). Comptes Rendus Hebdo Seances Acad Sci 235: 1553-1555.

DAWYDOFF M C (1928). Sur la réversibilité des processus du devéloppement. Les
phases extrémes de laréduction des Némertes. Comptes Rendus Hebdomadaires
des Seances de I'’Academie des Sciences 186: 911-913.

DIRKS U, GRUBER-VODICKAH R, EGGER B, OTT J A (2012). Proliferation pattern
during rostrum regeneration of the symbiotic flatworm Paracatenula galateia: a
pulse-chase-pulse analysis. Cell Tissue Res. 349: 517-525.

DRAY N, TESSMAR-RAIBLE K, LE GOUAR M, VIBERT L, CHRISTODOULOU F,
SCHIPANY K, GUILLOU A, ZANTKE J, SNYMAN H, BEHAGUE J, VERVOORT
M, ARENDT D, BALAVOINE G (2010). Hedgehog signaling regulates segment
formation in the annelid Platynereis. Science 329: 339-342.

EDGECOMBE G D, GIRIBET G, DUNN C W, HEJNOL A, KRISTENSEN R M,
NEVES R C, ROUSE G W, WORSAAE K, SORENSEN M V (2011). Higher-level
metazoan relationships: recent progress and remaining questions. Organisms
Diversity & Evol 11: 151-172.

EGGER B, LADURNER P, NIMETH K, GSCHWENTNER R, RIEGER R (2006).
The regeneration capacity of the flatworm Macrostomum lignano--on repeated
regeneration, rejuvenation, and the minimal size needed for regeneration. Dev
Genes Evol 216: 565-577.

ERSEUS C, KALLERSJO M (2004). 18S rDNA phylogeny of Clitellata (Annelida).
Zool Scripta 33: 187-196.

FERAL J (1978). Regeneration of arms of cuttlefish Sepia officinalis L (Cephalopoda,
Sepioidea). 1. Morphology study. Cahiers Biol Mar 19: 355-361.

FITZHARRIS T P, LESH G E (1972). Gut and nerve-cord interaction in sabellid re-
generation. In: Regeneration in Lower Vertebrates and Invertebrates Vol 3. (Ed
V B Eichler et al.) New York: MSS Information Corporation. pp. 60-74.

FORSTHOEFEL D J, NEWMARK P A (2009). Emerging patterns in planarian regen-
eration. Curr Opinion Gen & Dev 19: 412-420.

FOSSATI S M, CARELLA F, DE VICO G, BENFENATI F, ZULLO L (2013). Octopus
armregeneration: Role of acetylcholinesterase during morphological modification.
J Exp Mar Biol Ecol 447(Sp. Iss.): 93-99.

GAZAVE E, BEHAGUE J, LAPLANE L, GUILLOU A, PREAU L, DEMILLY A, BALA-
VOINE G, VERVOORT M (2013). Posterior elongation in the annelid Platynereis
dumerilii involves stem cells molecularly related to primordial germ cells. Dev
Biol 382: 246-267.

GIANI V C, JR., YAMAGUCHI E, BOYLE M J, SEAVER E C (2011). Somatic and
germline expression of piwi during development and regeneration in the marine
polychaete annelid Capitella teleta. EvoDevo 2: 10.

GIBSON R (1972). Nemerteans. London: Hutchinson & Co.

GIRIBET G, DUNN C W, EDGECOMBE G D, ROUSE G W (2007). A modern look
at the Animal Tree of Life. Zootaxa 1668: 61-79.

GONTCHAROFF M (1951). Biologie de la regeneration et la reproduction chez
quelques Lineidae de France. Thesis. Paris: Universite de Paris.

GORBUSHIN A M, LEVAKIN | A, PANCHINA N A, PANCHIN Y V (2001). Hydrobia
ulvae (Gastropoda: Prosobranchia): A new model for regeneration studies. J
Exp Biol 204: 283-289.

GUEDELHOEFER O C T, SANCHEZ ALVARADO A (2012). Amputation induces
stem cell mobilization to sites of injury during planarian regeneration. Develop-
ment 139: 3510-3520.

GURLEY K A, ELLIOTT, S.A., SIMAKOV, O., SCHMIDT, H.A., HOLSTEIN, T.W.,
& SANCHEZ ALVRADO, A. (2010). Expression of secreted Wnt pathway com-
ponents reveals unexpected complexity of the planarian amputation response.
Dev Biol 347: 24-39.

GURLEY K A, RINK J C, SANCHEZ ALVARADO A (2008). p-catenin defines head
versus tail identity during planarian regeneration and homeostasis. Science
319: 323-327.

HALANYCH K M (2004). The new view of animal phylogeny. Annual Rev Ecol Evol
Syst 35: 229-256.

HART J L (1968). Regeneration of tetrathyridia of Mesocestoides (Cestoda: Cyclo-
phyllidea) in vivo and in vitro. J Parasitol 54: 950-956.

HENTSCHELBT,HARPER NS (2006). Effects of simulated sublethal predationonthe
growth and regeneration rates of a spionid polychaete. Mar Biol 149: 1175-1183.

HERLANT-MEEWIS H (1964). Regeneration in annelids. In: Advances in Morpho-
genesis. vol. 4 (Ed. M Abercrombie, J Brachet). Academic Press. pp. 155-215.

HILL S D (1970). Origin of the regeneration blastema in polychaete annelids. Am
Zool 10: 101-112.

HOSO M (2012). Cost of autotomy drives ontogenetic switching of anti-predator
mechanisms under developmental constraints in a land snail. Proc Roy Soc Biol
Sci B 279: 4811-4816.

HYMAN L H (1940). Aspects of regeneration in annelids. Amer Nat 74: 513-527.

KIPKE S (1932). Studien Uber Regenerationserscheinungen bei Nemertinen. (Pro-
stoma graecense Boehmig.). Zool Jahrb 51: 1-66.

KOCOT K M, CANNON J T, TODT C, CITARELLA M R, KOHN A B, MEYER A,
SANTOS S R, SCHANDER C, MOROZ L L, LIEB B, HALANYCH K M (2011).
Phylogenomics reveals deep molluscan relationships. Nature 477: 452-U101.

KOZIOL U, DOMINGUEZ M F, MARIN M, KUN A, CASTILLO E (2010). Stem cell
proliferation during in vitro development of the model cestode Mesocestoides
corti from larva to adult worm. Frontiers Zool 7: 22.

LADURNER P, PFISTER D, GSCHWENTNER R, NIMETH K, EGGER B, RIEGER
R (2005). The totipotent stem cell systems of the flatworm Macrostomum lignano
and the acoel Convoluta pulchra. Dev Biol 283: 643-643.

LILLIE F R (1901). Notes on regeneration and regulation in planarians. Amer J
Physiol 6: 129-141.

LINDSAY S M, JACKSON J L, FOREST D L (2008). Morphology of anterior regen-
eration in two spionid polychaete species: implications for feeding efficiency.
Invert Biol 127: 65-79.

LINDSAY SM, JACKSONJL, HE SQ(2007). Anterior regeneration in the spionid poly-
chaetes Dipolydora quadrilobataand Pygospio elegans. Mar Biol150: 1161-1172.

LIU S-Y, SELCK C, FRIEDRICH B, LUTZ R, VILA-FARRE M, DAHL A, BRANDL H,
LAKSHMANAPERUMALN, HENRY I, RINK J (2013). Reactivating head regrowth
in a regeneration-deficient planarian species. Nature 500: 81-84.

LIUY, BAI Z, LI Q, ZHAQYY, LI J (2013). Healing and regeneration of the freshwater
pearl mussel Hyriopsis cumingii Lea after donating mantle saibos. Aquaculture
392-395: 34-43.

LOOSLI F, KMITA-CUNISSE M, GEHRING W J (1996). Isolation of a Pax-6 homolog
from the ribbonworm Lineus sanguineus. Proc Nat Acad Sci, USA 93: 2658-2663.
LYBRAND Z R, ZORAN M J (2012). Rapid neural circuit switching mediated by synaptic
plasticity during neural morphallactic regeneration. Dev Neurobiol 72: 1256-1266.

MATSUO R, KOBAYASHI S, TANAKAY, ITO E (2010). Effects of tentacle amputation
and regeneration on the morphology and activity of the olfactory center of the
terrestrial slug Limax valentianus. J Exp Biol 213: 3144-3149.

MCINTOSH W C (1900). A monograph of the British annelids. Ray Society.

MOFFETT S B (1995). Neural regeneration in gastropod molluscs. Prog. Neurobiol
46: 289-330.

MOFFETT S B (1996). Nervous system regeneration in the invertebrates. Berlin:
Springer-Verlag.

MORGAN T H (1898). Experimental studies of the regeneration of Planaria maculata.
Arch Entwm Org 7: 364-397.

MORGAN T H (1904). Notes on Regeneration. Biol Bull 6: 159-172.

MORGULIS S (1909). Contributions to the physiology of regeneration. |. Experiments
on Podarke obscura. J Exp Zool 7: 595-642.

MOUTON S, WILLEMS M, BRAECKMAN B P, EGGER B, LADURNER P, SCHARER
L, BORGONIE G (2009). The free-living flatworm Macrostomum lignano: a new



model organism for ageing research. Exp Gerontol 44: 243-249.

MULLER M C M (2004). Nerve development, growth and differentiation during
regeneration in Enchytraeus fragmentosus and Stylaria lacustris (Oligochaeta).
Dev Growth Differentiation 46: 471-478.

MULLER M C M, BERENZEN A, WESTHEIDE W (2003). Experiments on anterior re-
generation in Eurythoe complanata (“Polychaeta”, Amphinomidae): reconfiguration
of the nervous system and its function for regeneration. Zoomorph 122: 95-103.

MULLER M C M, HENNING L (2004). Ground plan of the polychaete brain--I. Patterns
of nerve development during regeneration in Dorvillea bermudensis (Dorvilleidae).
J Comp Neurol 471: 49-58.

MYOHARA M (2012). What role do annelid neoblasts play? A comparison of the
regeneration patterns in a neoblast-bearing and a neoblast-lacking Enchytraeid
Oligochaete. PLoS One 7(5, Sp. Iss. 1): €37319.

NEWMARK P A, SANCHEZ ALVARADO A (2000). Bromodeoxyuridine specifically
labels the regenerative stem cells of planarians. Dev Biol 220: 142-153.

NEWMARK P A, SANCHEZ ALVARADO A (2002). Not your father’s planarian: a
classic model enters the era of functional genomics. Nat Rev Genet 3: 210-219.

NEWMARK P A, WANG Y, CHONG T (2008). Germ cell specification and regenera-
tion in planarians. CSH Symp. Quant Biol 73: 573-581.

NIMETH K T, EGGER B, RIEGER R, SALVENMOSER W, PETER R, GSCHWEN-
TNER R (2007). Regeneration in Macrostomum lignano (Platyhelminthes): cel-
lular dynamics in the neoblast stem cell system. Cell Tissue Res. 327: 637-646.

NIWA N, AKIMOTO-KATO A, SAKUMA M, KURAKU S, HAYASHI S (2013). Hom-
eogenetic inductive mechanism of segmentation in polychaete tail regeneration.
Dev Biol 381: 460-470.

NOVIKOVA E L, BAKALENKO N I, NESTERENKO A Y, KULAKOVA M A (2013).
Expression of Hox genes during regeneration of nereid polychaete Alitta (Nereis)
virens (Annelida, Lophotrochozoa). EvoDevo 4: 14.

NUNEZ J D, OCAMPO E H, CHIARADIAN M, MORSAN E, CLEDON M (2013). The
effect of temperature on the inhalant siphon regeneration of Amiantis purpurata
(Lamarck, 1818) (Bivalvia; Veneridae) Mar Biol Research 9: 189-197.

NUSBAUM P D J Z, OXNER D M G (1910). Studien Uber die Regeneration der
Nemertinen. Arch Entwm Org 30: 74-132.

NUSETTI O, ZAPATA-VIVENES E, ESCLAPES M M, ROJAS A (2005). Antioxidant
enzymes and tissue regeneration in Eurythoe complanata (Polychaeta: Amphi-
nomidae) exposed to used vehicle crankcase oil. Arch Envir Contam Toxicol
48: 509-514.

OKADA Y K (1933). Remarks on the reversible asymmetry in the opercula of the
polychaete Hydroides. J Mar Biol Ass UK 18: 655-670.

OLIVE P J W, MOORE F R (1975). Hormone independent regeneration in Eulalia
viridis (Polychaeta - Phyllodocidae). Gen Comp Endocrinol 26: 259-265.

OVIEDO N J, NEWMARK P A, SANCHEZ ALVARADO A (2003). Allometric scaling
and proportion regulation in the freshwater planarian Schmidtea mediterranea.
Dev Dyn 226: 326-333.

PETERSEN C P, REDDIEN P W (2008). Smed-betacatenin-1 is required for an-
teroposterior blastema polarity in planarian regeneration. Science 319: 327-330.

PETERSEN C P, REDDIEN P W (2009a). A wound-induced Wnt expression program
controls planarian regeneration polarity. Proc Nat/Acad Sci USA106:17061-17066.

PETERSEN C P, REDDIEN P W (2009b). Wnt signaling and the polarity of the primary
body axis. Cell 139: 1056-1068.

PFANNENSTIEL H-D (1973). Anteriore und caudale Regeneration bei dem prteran-
drischen Polychaeten Ophryotrocha puerilis Clap. Mecz. Wilhelm Roux Arch
Entwm Org 172: 223-230.

PFANNENSTIELH-D (1974). Regenerationin the gonochoristic polychaete Ophryotro-
cha notoglandulata. Mar Biol 24: 269-272.

PFEIFER K, DORRESTEIUNAW C, FROEBIUS A C (2012). Activation of Hox genes
during caudal regeneration of the polychaete annelid. Dev Genes Evol222:165-179.

PFEIFERK, SCHAUB C, WOLFSTETTER G, DORRESTEIJNA (2013). Identification
and characterization of a twist ortholog in the polychaete annelid Platynereis du-
meriliireveals mesodermal expression of Pdu-twist. Dev Genes Evol223:319-328.

PHILIPPE H, BRINKMANN H, COPLEY R R, MOROZ L L, NAKANO H, POUSTKAA
J, WALLBERGA, PETERSONKJ, TELFORD M J (2011). Acoelomorph flatworms
are deuterostomes related to Xenoturbella. Nature 470: 255-258.

PHILIPPE H, BRINKMANN H, MARTINEZ P, RIUTORT M, BAGUNA J (2007). Acoel flat-
worms are not Platyhelminthes: Evidence from phylogenomics. PLoS One2:e717.

Spiralian regeneration 633

READ C P (1967). Longevity of the tapeworm, Hymenolepis diminuta. J Parasitol
53: 1055-1056.

REDDIEN P W, SANCHEZ ALVARADO A (2004). Fundamentals of planarian regen-
eration Annu Rev Cell Dev Biol 20: 725-757.

RISER N W (1994). The morphology and generic relationships of some fissiparous
heteronemertines. Proc Biol Soc Wash 107: 548 -556

RIUTORT M, ALVAREZ-PRESAS M, LAZARO E, SOLAE, PAPS J (2012). Evolution-
ary history of the Tricladida and the Platyhelminthes: an up-to-date phylogenetic
and systematic account. Int J Dev Biol 56: 5-17.

ROMERO R, BAGUNA J, CALOW P (1991). Intraspecific variation in somatic cell
turnover and regenerative rate in the freshwater planarian Dendroceolum lacteum.
Invert Repro Dev 20: 107-113.

ROUSSET YV, PLEIJELF, ROUSE G W, ERSEUS C, SIDDALLME (2007). Amolecular
phylogeny of annelids. Cladistics 23: 41-63.

RUIZ-TRILLO I, RIUTORT M, LITTLEWOOD D T J, HERNIOU E A, BAGUNA J
(1999). Acoel flatworm: earliest extant bilaterian metazoans, not member of
Platyhelminthes. Science 283: 1919-1923.

SALO E, ABRIL J F, ADELL T, CEBRIA F, ECKELT K, FERNANDEZ-TABOADA
E, HANDBERG-THORSAGER M, IGLESIAS M, MOLINA M D, RODRIGUEZ-
ESTEBAN G (2009). Planarian regeneration: achievements and future directions
after 20 years of research. Int. J. Dev. Biol. 53: 1317-1327.

SANCHEZALVARADOA, TSONIS P A (20086). Bridging the regeneration gap: genetic
insights from diverse animal models. Nat Rev Genet 7: 873-884.

SCHILLER E L (1974). The inheritance of X-irradiation-induced effects in the rat
tapeworm, Hymenolepis diminuta. J Parasitol 60: 35-46.

SCHURMANN W, PETER R (1998). Inhibition of regenerationin the planarian Dugesia
polychroa(Schmidt) by treatment with magnesium chloride: a morphological study
of wound closure. Hydrobiologia 383(1-3): 111-116.

SEMPERE L F, MARTINEZ P, COLE C, BAGUNA J, PETERSON K J (2007). Phylo-
genetic distribution of microRNAs supports the basal position of acoel flatworms
and the polyphyly of Platyhelminthes. Evol Dev 9: 409-415.

SHAW M K, ERASMUS D A (1987). Schistosoma mansoni: structural damage and
tegumental repair after in vivotreatment with praziquantel. Parasitology94:243-254.

SHIRASAWA Y, MAKINO N (1987). Observations on the regeneration of the sagit-
tal small pieces in the land planarian, Bipalium nobile. Zool Sci 4: 1099-1099.

SHIRASAWA'Y, MAKINO N (1991). Pharyngeal regeneration in the land planarian
Bipalium kewense. Hydrobiologia 227 57.

SIKES JM, NEWMARK P A (2013). Restoration of anterior regeneration in a planarian
with limited regenerative ability. Nature 500: 77-80.

SIMANOV D, MELLAART-STRAVER |, SORMACHEVA |, BEREZIKOV E (2012). The
flatworm Macrostomum lignanois a powerful model organism for ion channel and
stem cell research. Stem Cells Int 2012: 167265.

SLUYS R, KAWAKATSU M, RIUTORT M, BAGUNA J (2009). Anew higher classifica-
tion of planarian flatworms (Platyhelminthes, Tricladida). J Nat Hist43: 1763—-1777.

SMITH SA, WILSON N G, GOETZ F E, FEEHERY C, ANDRADE S C S, ROUSE G
W, GIRIBET G, DUNN C W (2011). Resolving the evolutionary relationships of
molluscs with phylogenomic tools. Nature 480: 364-U114.

SPERLING E A, VINTHER J, MOY V N, WHEELER B M, SEMON M, BRIGGS D
E G, PETERSON K J (2009). MicroRNAs resolve an apparent conflict between
annelid systematics and their fossil record. Proc Roy Soc B 276: 4315-4322.

STEPHAN-DUBOIS F (1954). Les neoblastes dans la regeneration posterieur des
oaligochetes microdriles. Bull Biol Fr Belg 88: 182-247.

STRUCKTH, PAULC, HILLN, HARTMANN S, HOSEL C, KUBE M, LIEB B, MEYER
A, TIEDEMANN R, PURSCHKE G, BLEIDORN C (2011). Phylogenomic analyses
unravel annelid evolution. Nature 471: 95-U113.

STRUCK T H, SCHULT N, KUSEN T, HICKMAN E, BLEIDORN C, MCHUGH D,
HALANYCH K M (2007). Annelid phylogeny and the status of Sipuncula and
Echiura. BMC Evol Biol 7: 11.

SUGIO M, TAKEUCHI K, KUTSUNA J, TADOKORO R, TAKAHASHI Y, YOSHIDA-
NORO C, TOCHINAI S (2008). Exploration of embryonic origins of germline stem
cells and neoblasts in Enchytraeus japonensis (Oligochaeta, Annelida). Gene
Exp. Patt. 8: 227-236.

SUGIO M, YOSHIDA-NORO C, OZAWAK, TOCHINAI S (2012). Stem cells in asexual
reproduction of Enchytraeus japonensis (Oligochaeta, Annelid): Proliferation and
migration of neoblasts. Dev Growth Differ. 54: 439-450.



634 A.E.Belyetal.

SZABO R, FERRIER D E K (2014). Cell proliferation dynamics in regeneration of the
operculum head appendage in the annelid Pomatoceros lamarckii. J Exp Zool B:
Mol Dev Evol 322: 257-268 (DOI: 10.1002/jez.b.22572)

TADOKORO R, SUGIO M, KUTSUNA J, TOCHINAI S, TAKAHASHI Y (2006). Early
segregation of germ and somatic lineages during gonadal regeneration in the
annelid Enchytraeus japonensis. Curr Biol 16: 1012-1017.

TAKEO M, YOSHIDA-NORO C, TOCHINAI S (2008). Morphallactic regeneration as
revealed by region-specific gene expression in the digestive tract of Enchytraeus
japonensis (Oligochaeta, Annelida). Dev Dyn 237: 1284-1294.

TAKEO M, YOSHIDA-NORO C, TOCHINAI S (2010). Functional analysis of grimp,
a novel gene required for mesodermal cell proliferation at an initial stage of
regeneration in Enchytraeus japonensis (Enchytraeidae, Oligochaete). Int J Dev
Biol 54: 151-160.

TANAKA E M, REDDIEN P W (2011). The cellular basis for animal regeneration.
Dev Cell 21: 172-185.

TASAKI J, SHIBATA, N., NISHIMURA, O., ITOMI, K., TABATA, Y., SON, F., SUZUKI,
N., ARAKI, R., ABE, M., AGATA, K., UMESENO, Y. (2011). ERK signaling con-
trols blastema cell differentiation during planarian regeneration. Development
138: 2417-2427.

THOLLESSON M, NORENBURG J L (2003). Ribbon worm relationships: a phylogeny
of the phylum Nemertea. Proc Roy Soc London B 270: 407-415.

TOMIYAMA T, ITO K (2006). Regeneration of lost siphon tissues in the tellinacean
bivalve Nuttallia olivacea. J Exp Mar Biol Ecol 335: 104-113.

TUCHINA O, MEYER-ROCHOW V B (2010). Regeneration of the visual system in
gastropods (Mollusca). Invert Biol 129: 27-38.

TURBEVILLE J M (1991). Nemertinea. In: Microscopic anatomy of invertebrates. (Ed

F W Harrison, B J Bogitsch). New York: Wiley-Liss. pp. 285-328

TWEETENKA, REINERA (2012). Characterization of serine proteases of Lumbriculus
variegatus and their role in regeneration. Invert Biol 131: 322-332.

UMESONO Y, TASAKI J, NISHIMURA Y, HROUDA M, KAWAGUCHI E, YAZAWA
S, NISHIMURA O, HOSODA K, INOUE T, AGATA K (2013). The molecular logic
for planarian regeneration along the anterior-posterior axis. Nature 500: 73-76.

WAGNER D E, WANG | E, REDDIEN P W (2011). Clonogenic neoblasts are pluripo-
tent adult stem cells that underlie planarian regeneration. Science 332: 811-816.

WEIGERTA, HELM C, MEYER M, NICKEL B, ARENDT D, HAUSDORF B, SANTOS
S R, HALANYCH K M, PURSCHKE G N, BLEIDORN C, STRUCK T H (2014).
llluminating the base of the annelid tree using transcriptomics. Mol Biol Evol 31:
1391-1401.

WELLS G P (1952). The respiratory significance of the crown in the polychaete worms
Sabella and Myxicola. Proc Roy Soc London B 140: 70-82.
WENEMOSER D, REDDIEN P W (2010). Planarian regeneration involves distinct
stem cell responses to wounds and tissue absence. Dev Biol 344: 979-991.
YOSHIDA-NORO C, TOCHINAI S (2010). Stem cell system in asexual and sexual
reproduction of Enchytraeus japonensis (Oligochaeta, Annelida). Dev Growth
Differ. 52: 43-55.

ZATTARAE E, BELY AE (2011). Evolution of a novel developmental trajectory: fission
is distinct from regeneration in the annelid Pristina leidyi. Evol Dev 13: 80-95.

ZATTARAE E, BELY AE (2013). Investment choices in post-embryonic development:
Quantifying interactions among growth, regeneration, and asexual reproduction
in the annelid Pristina leidyi. J Exp Zool Part B: Mol Dev Evol 320: 471-488.

ZHANG Z-Q (2013). Animal biodiversity: An update of classification and diversity in
2013. Zootaxa 1: 5-11.



Further Related Reading, published previously in the Int. J. Dev. Biol.

Brachyury, Tbx2/3 and sall expression during embryogenesis of the indirectly developing polychaete Hydroides elegans
Cesar Arenas-Mena

Int. J. Dev. Biol. (2013) 57: 73-83

http://dx.doi.org/10.1387/ijdb.120056ca

Planarian embryology in the era of comparative developmental biology
José M. Martin-Duran, Francisco Monjo and Rafael Romero

Int. J. Dev. Biol. (2012) 56: 39-48

http://dx.doi.org/10.1387/ijdb.113442jm

Evolutionary history of the Tricladida and the Platyhelminthes: an up-to-date phylogenetic and systematic account
Marta Riutort, Marta Alvarez-Presas, Eva Lazaro, Eduard Sola and Jordi Paps

Int. J. Dev. Biol. (2012) 56: 5-17

http://dx.doi.org/10.1387/ijdb.113441mr

Functional analysis of grimp, a novel gene required for mesodermal cell proliferation at an initial stage of regeneration in Enchy-
traeus japonensis (Enchytraeidae, Oligochaete)

Makoto Takeo, Chikako Yoshida-Noro and Shin Tochinai

Int. J. Dev. Biol. (2010) 54: 151-160

http://dx.doi.org/10.1387/ijdb.082790mt

Cell lineage analysis of pattern formation in the Tubifex embryo. Il. Segmentation in the ectoderm
A Nakamoto, A Arai and T Shimizu

Int. J. Dev. Biol. (2000) 44: 797-805
http://dx.doi.org/10.1387/ijdb.11128574

Cell lineage analysis of pattern formation in the Tubifex embryo. I. Segmentation in THE INTERNATIONAL JOURNAL OF
the mesoderm DEVELOPME q l AIJ
A Goto, K Kitamura and T Shimizu

Int. J. Dev. Biol. (1999) 43: 317-327

http://dx.doi.org/10.1387/ijdb.10470648 Volume 58 Nos. 6/7/8 2014

A homeobox gene of the orthodenticle family is involved in antero-posterior patterning
of regenerating planarians

A Stornaiuolo, J R Bayascas, E Salo and E Boncinelli

Int. J. Dev. Biol. (1998) 42: 1153-118

http://dx.doi.org/10.1387/ijdb.9879713

Metamorphosis and pattern formation in Hydractinia echinata, a colonial hydroid
M Walther, R Ulrich, M Kroiher and S Berking

Int. J. Dev. Biol. (1996) 40: 313-322

http://dx.doi.org/10.1387/ijdb.8735943

The first bilaterian organisms: simple or complex? New molecular evidence
J Baguna, | Ruiz-Trillo, J Paps, M Loukota, C Ribera, U Jondelius, M Riutort

Int. J. Dev. Biol. (2001) 45: S133-S134 Spiralian Model Systems
http://dx.doi.org/10.1387/ijdb.01450133

5 yr ISl Impact Factor (2011) = 2.959

THE INTERNATIONAL JOURNAL OF
DEVELOPMENTAL
BIOLOGY

Volume 56 Nos. 1/2/3 Special Issue

THE INTERNATIONAL JOURNAL OF

EVELOPMENTAL

Volume 36 Nos. 6/7/8

The Hydra Model System @ The Planaria Model System

W Evolution & Development




