
 

Segment formation in Annelids: 
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ABSTRACT  The debate on the origin of segmentation is a central question in the study of body 
plan evolution in metazoans. Annelids are the most conspicuously metameric animals as most of 
the trunk is formed of identical anatomical units. In this paper, I summarize the various patterns of 
evolution of the metameric body plan in annelids, showing the remarkable evolvability of this trait, 
similar to what is also found in arthropods. I then review the different modes of segment formation 
in the annelid tree, taking into account the various processes taking place in the life histories of 
these animals, including embryogenesis, post-embryonic development, regeneration and asexual 
reproduction. As an example of the variations that occur at the cellular and genetic level in an-
nelid segment formation, I discuss the processes of teloblastic growth or posterior addition in key 
groups in the annelid tree. I propose a comprehensive definition for the teloblasts, stem cells that 
are responsible for sequential segment addition. There are a diversity of different mechanisms used 
in annelids to produce segments depending on the species, the developmental time and also the 
life history processes of the worm. A major goal for the future will be to reconstitute an ancestral 
process (or several ancestral processes) in the ancestor of the whole clade. This in turn will provide 
key insights in the current debate on ancestral bilaterian segmentation. 
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Introduction

Segmentation is a fascinating morphological property of a num-
ber of animal phyla comprising a broad majority of animal species. 
Although speculations about its origin and evolution emerged as 
soon as the theory of evolution received widespread support in the 
second half of the nineteenth century, the subject has remained 
eminently contentious up to the present day. The key question asked 
is simple in appearance: was a form of segmentation of the anterior-
posterior axis of the trunk present in the last common ancestor of 
bilaterians, an animal commonly referred to as Urbilateria? Yet, the 
answer to such a question is bound to be complex for a number 
of reasons. Much is at stake in the field of metazoan evolution. It 
matters a lot how Urbilateria, the forefather of a bewildering array 
of bilaterian body plans, actually looked like. The scenarios that 
led to the emergence of the body plan of each bilaterian phylum 
are going to be radically different depending on whether Urbilateria 
was a simple flatworm-like animal (as proposed decades ago by 
Libbie Hyman in her planuloid-acoeloid theory, 1951, see Hejnol 
and Martindale, 2008, for a modernized version) or an annelid-
like segmented worm with a number of fully differentiated organ 
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systems (the “complex” Urbilateria theory, Balavoine and Adoutte, 
2003). In the former case, body plan emergence in bilaterians has 
involved mostly evolutionary convergences, supposedly selected 
for by strong and sustained selective pressures in favour of more 
“efficient” anatomies adapted to active life styles. In the latter case, 
evolution involved mostly differentiation of pre-existing systems 
of organs, with no need for multiple convergences. Urbilateria 
is also, crucially, an ancestor of the vertebrates. The question of 
the origin of the vertebrates is of course of particular interest to 
us and greatly dominates the field of animal evolution in terms of 
publication numbers. Yet, the debate on Urbilateria has surprisingly 
little influence so far on the way vertebrate specialists address the 
question of the emergence of the chordates. Nevertheless, the 
“complex Urbilateria” theory goes against most of the traditional 
theories on the origin of vertebrates (Garstang, 1928; Berrill, 1955) 
in that many of the vertebrate complex organs systems would not 
need to have evolved ex nihilo, including the complex muscular 
and neural segmented patterns of their trunk. 
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Three major arguments are cited to contradict the hypothesis 
of a metameric Urbilateria	

- What is a segment? The answer to this question seems to 
vary according to the animal group considered because segmental 
units are not necessarily made of the same sub-structures (for a 
thorough discussion, see Scholtz, 2002). Is there really anything 
in common between arthropod metameres and the way a chor-
date is segmented? Classically, three major bilaterian groups are 
considered extensively metameric: the arthropods, annelids and 
vertebrates. Strong similarities have always been recognized be-
tween annelids and arthropods, to the point that these two groups 
were for two centuries grouped into a clade of the “Articulata” 
(Cuvier, 1817). This grouping was defended on the basis of shared 
external annulation, a pair of appendages on each segment and 
also internal repeated organs, in particular their ladder-like ventral 
nervous system with chains of ganglia. Metamery in vertebrates 
looks different in many respects. Three ensembles of organs show 
repeated structures without clear relationships between each 
other: the pharyngeal basket with its series of branchial arches, 
the embryonic rhombencephalon and the dorsal trunk and tail. 
The dorsal nerve cord of vertebrates is not organized in a chain of 
ganglia. Can we still have a common origin of segmentation when 
the organs displaying repetitions in extant groups are not the same?

- Important progress has been made on resolving the phyloge-
netic relationships between animal groups in the last two decades 
and this progress is considerably strengthened by recent phyloge-
nomic studies (Dunn et al., 2008; Hejnol et al., 2009; Pick et al., 
2010). The three main segmented groups, annelids, arthropods 
and chordates appear separated by large evolutionary distances. 
Each of these groups belongs to one of the solidly established 
“superclades” (trochozoans, ecdysozoans and deuterostomes re-
spectively) and is more related to phyla that are, for many of them, 
entirely lacking segmented structures. One of the most impressive 
results coming from phylogenomics is undoubtedly the demise of 
the once strongly established “Articulata”. From the strict point of 
view of parsimony, and looking only at the phylum level, it seems 
more reasonable to suggest that segmentation has been acquired 
at least three times independently in the three great branches of the 
bilaterian tree rather than considering multiple secondary losses 
of segmentation from segmented ancestors.

- So far, relatively few similarities have been found at the 
genetic level between segment formation processes in distant 
phyla, with two important exceptions: the existence of analogous 
“segmentation clocks” in short germ insects and vertebrates (Sar-
razin et al., 2012) and the similar roles of Hedgehog signalling in 
segment polarity in arthropods and annelids (Dray et al., 2010). 
It can be argued that this relative paucity of evidence is partly a 
consequence of our ignorance. Segment formation processes at 
the genetic level are only well understood in one species, the fruit 
fly Drosophila melanogaster, thanks to the work of multiple groups 
starting with the pioneering work of Christiane Nüsslein-Volhard and 
Eric Wieschaus. However, it has been progressively recognized 
that the fruit fly “segmentation cascade”, still academically taught 
as the central paradigm of segment formation, is in fact derived 
in evolutionary terms and even quite distant from the ancestral 
mechanisms in insects (Peel et al., 2005). The genetic processes 
of segment formation in the dorsal mesoderm of vertebrates, or 
somitogenesis, have been investigated by an increasing number 
of laboratories starting with the work of O. Pourquié’s lab in the 

chick (Palmeirim et al., 1997). While the general principle of gene 
activity during somitogenesis (the “segmentation clock”) has been 
uncovered (reviewed in Bénazéraf and Pourquié, 2013), it is still 
unclear how this segment formation clock is set in motion in early 
embryogenesis and how it is kept ticking regularly for the precise 
amount of time needed to make a strictly definite number of trunk 
and tail segments.

In this review, my goal is to illustrate why the study of annelid 
segment formation is key to making progress on the crucial question 
of Urbilateria. Annelids are a key group of the third great branch 
of bilaterians, the trochozoans and the most understudied of the 
segmented phyla in terms of developmental biology. Annelids 
show a bewildering array of morphological, developmental and 
ecological diversity, that mirrors in many aspects the diversity of the 
arthropods. I will summarize the recent progress in reconstituting 
the phylogenetic tree of the annelids and I will describe how this 
improved phylogeny contributes to a much better understanding 
of how annelids evolved and diversified. I will explain in particular 
why teloblastic addition is a key aspect of segment formation and 
why, despite the variation it shows in distantly related annelid spe-
cies, recent results help in reconstituting an ancestral scenario for 
posterior sequential addition in annelids. 

What is a segment?– annelid style

The definition of segmentation is still a vexing problem. There 
is a great divide, to begin with, between those authors who view 
segmentation as a pattern and those who look at it primarily as an 
ontogenetic process, no matter what the morphological outcome 
is. The latter are mostly developmental biologists, especially those 
who have worked in recent years on the segmentation clock of 
vertebrates (for example, Richmond and Oates, 2012) but this 
developmental point of view has also some influence in other 
publications. To avoid any confusion, I call segmentation exclu-
sively the anatomical repetition of parts, whereas I refer to their 
ontogenesis as “segment formation” (therefore I would rather use 
the term vertebrate “segment formation clock” when referring to 
vertebrate somitogenesis). 

Even when speaking strictly of the anatomy, there are consider-
able misunderstandings between researchers as to which animals 
should be called segmented (Budd, 2001). As mentioned above, 
there is considerable variation, not only among metazoan phyla, 
but also within some phyla, in the structures and organs that show 
repeated patterns. This dispute has direct impact on the debate on 
the ancestry of segmentation. For some authors, segmentation is 
essentially limited to the three big phyla already mentioned above 
(chordates, annelids, arthropods), other phyla displaying repeated 
parts being either “pseudosegmented” (a vague term relating only 
to external annulation) or showing seriated organs. Mollusks are a 
key example. Some authors tend to see the old debate on whether 
mollusks are derived from a segmented ancestor as illegitimate 
because they view polyplacophorans and monoplacophorans es-
sentially as unsegmented animals, that just display seriated organs 
(Wanninger and Haszprunar, 2002). 

My personal bias is that a useful definition should be as inclu-
sive as possible and free of influence from pre-existing opinions 
on the evolution of characters. I would therefore apply the word 
segmentation to any periodic repetition of anatomical units along 
the anterior/posterior axis. As suggested by Budd (2001), ani-
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mals cannot therefore be simply classified as segmented or not, 
they are more or less segmented. Animals classified by some 
as “pseudosegmented” or showing seriated organs have thus to 
be considered partially segmented. This pushes the boundary of 
segmentation well beyond the aforementioned “big three”. This 
also leads to considering segmentation differently inside these “big 
three”. As I will now explain, annelids comprise species that are 
among the most conspicuously segmented in the animal tree, but 
also species with no trace of segmentation at the adult stage. In this 
respect, annelids are even more diverse than arthropods. Recent 
progress in resolving the annelid phylogeny helps in determining 
an ancestral pattern of segmentation in annelids. 

The phylogenetic tree of annelids
Annelids are a vast grouping of marine, freshwater and soil-

dwelling animals. They comprise almost 20,000 species but this 
figure is probably a gross underestimate of the real diversity of the 
group. Groupings once recognized as cosmopolitan species are in 
fact complexes of several species (Méndez et al., 2000) and many 
species presumably remain to be discovered in the ocean depths 
(Osborn et al., 2009 for instance) or in the cold seas of the Antarctic. 

Recent phylogenomic studies (Struck et al., 2011; Weigert et 
al., 2014) have confirmed many aspects that emerged earlier in 
more limited studies. The old classification of annelids in three 
groups (“Polychaetes”, “Oligochaetes” and Achaetes) does not 
correspond to the current annelid phylogeny and should be con-
sidered obsolete. Instead, most annelids are found divided into 
two great branches, the Errantia and the Sedentaria, with a few 
more families emerging outside of this dichotomy. The leeches are 
nested into the “Oligochaetes” forming together the Clitellates, a 
large clade mostly of terrestrial and freshwater annelids. In turn, the 

Clitellates are themselves nested inside the Sedentaria, indicating 
that they evolved from marine tubicolous ancestors. Echiuridae 
(spoon worms) and Sipunculidae (peanut worms), once considered 
separate animal phyla in their own right, are both nested within 
annelids. Pogonophorans and vent-worms, also once considered 
separate phyla, are now grouped in the family Siboglinidae and 
are related to the fan worms (Sabellida). Myzostomidae, a group 
of strange flatworm-like animals, commensal on echinoderms, are 
also emerging within annelids. 

This tree still displays a number of uncertainties but it strongly 
supports one key idea: the last common ancestor of annelids was 
relatively complex in morphological terms, fully segmented, bore 
elaborate segmental appendages (parapodia) and had a distinct 
head with a range of sensory organs (Struck et al., 2011a; Struck, 
2011b,). 

The segmentation of Errantians: close to an idealized defini-
tion of metamerism

Textbooks have classically taken earthworms (a group of large 
soil-dwelling clitellates that are the only annelids truly familiar to 
the general public) as a model for describing annelid morphology. 
The progress in clarifying annelid phylogeny suggests instead 
that the morphology of a number of Errantian families is much 
closer to the ancestral state in annelids. As a typical example, I 
will describe the morphology of Platynereis dumerilii, a species 
within the family Nereididae, that has emerged in recent years as 
a useful model for comparative developmental biology (Fischer 
and Dorresteijn, 2004). 

No single animal is in fact better suited to describe a metameric 
arrangement than Platynereis. Most of the Platynereis body is 
formed of largely identical anatomical units (segments). In the 

Gut + blood vessels coelom + metanephridia

muscles nervous system

parapodia

Pr
Pe

SAZ

Pyg

Fig. 1. The majority of marine annelids are completely metameric. This striking yet simple body organization is particularly obvious among juvenile 
and sub-adult Errantians. The drawing on the left represents a typical nereidid juvenile worm. The four sketches on the right illustrate in very simplified 
ways the repeated architectures of the different organ systems. In the “abdominal” segments of marine annelids, all organs follow this architectural 
rule. Only the gut and longitudinal muscles do not show a segmented structure when fully differentiated. It should be noticed that in contrast to many 
animals, most marine annelid species do not have a centralized gonad. Gametes mature inside the coelomic cavities. Abbreviations: Pr, protomium; 
Pe, peristomium; SAZ, segment addition zone; Pyg, pygidium.
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sub-adult animal there are up to 80 segments. All organs respect 
the metameric patterns (Fig. 1). The only differences between seg-
ments in most of the body are relative to size: segments become 
smaller in the posterior part of the body, where they originate by 
budding. The only “non-segmental” parts of the worm body are the 
prostomium at the anterior tip and the pygidium at the posterior 
tip. The prostomium carries the brain and is rich in sensory organs 
and appendages. It is part of what is considered the “head” of the 
animal, together with a more posterior ring carrying the mouth. 
However, a large portion of this “head” actually derives from 
segmental units expressed during larval development. Only the 
brain, the mouth and a number of sensory organs (larval and adult 
eyes, antennae and palps) derive from a “non-segmental” unit of 
the larva, the episphere. The pygidium carries the anus and a pair 

of tentacular cirri. Segments that are located near the 
head show substantial variations, in the anatomy of 
the appendages (parapodia), in the organization of the 
circulatory, muscular and digestive systems. 

This remarkably regular building of the body, very 
common in juvenile and sub-adult stages of both sed-
entarian and errantian families is called “homonomous” 
segmentation. Homonomy refers to the relative similarity 
of the segments along the anterior-posterior axis. 

How has segmentation diverged from ancestral 
homonomy in annelids?

There has been considerable diversification of the 
ancestral homonomous body plan in annelids, result-
ing in a bewildering array of morphologies that in many 
ways compares with what is observed in arthropods. 
The morphological transformations can be classified in 
a number of categories:

- variation in the number of segments: in most an-
nelid groups, segments are added posteriorly during the 
life time of the animal and most annelid species do not 
display a finite number of segments as most arthropods 
do. In consequence, there are considerable variations 
in the number of segments displayed at sexual maturity, 
even within a given group of annelids. For example, in 
the super-family Eunicida (Fig. 2), the number of seg-
ments varies from 12-15 in some minute Dorvilleidae 
species to several hundreds in some Eunicidae. Due 
to this variation, it is impossible to reconstitute an an-
cestral number of segments for a mature annelid. The 
annelid tree nevertheless tells us that the ancestral 
annelid had numerous segments added sequentially 
during its life cycle. 

- tagmatization is the functional specialization of a 
group of contiguous segments. This is very common in 
annelids. Many annelid families have a group of anterior 
segments displaying a different shape compared to pos-
terior ones and called “thorax” by analogy with insects 
and other arthropods. In the family Chaetopteridae, 
which potentially makes a basal branch in the annelid 
tree, the body is even divided in three units: “head” 
(prostomium + peristomium + 9 anterior segments), 
“thorax” (5 segments) and “abdomen” (> 40 segments, 
indeterminate). Interestingly, in the family nereididae and 
in those species that reproduce by swarming (hence 

Fig. 2. Examples of diversification of the metameric body plan in annelids. (A) A 
sexually mature Dorvilleid with 13 visible segments. (B) The longest eunicid ever found, 
a 3-meter long specimen of Eunice aphroditois counting 677 segments (Uchida et al., 
2009). (C) The vent worm Lamellibrachia (Siboglinidae). In this species, only the short 
and stumpy posterior part of the body (op: opisthosoma) shows the typical annelid 
segmentation. (D) The medicinal leech Hirudo. Although the epidermis presents regular 
ring units (annuli), these do not correspond to internal segmentation. (E) Chaetopterus 
variopedatus is a tube-dwelling worm whose body is divided in three tagmata: a large 
head (fused with 9 segments), a thorax whose modified paddle-like parapodia help in 
creating a water current in the tube where the worm lives and an abdomen of indeter-
minate length where the gametes mature. (F) The sexually mature male and female 
swarming epitoks of Platynereis dumerilii. Each has a thorax (of 15 and 22 segments 
for male and females, respectively) and an abdomen of indeterminate length. (G) The 
Sipunculid Sipunculus nudus. (H) The Echiurid Urechis unicinctus. Photos courtesy of 
B. Paavo, K. Yamaguchi, G. Rouse, F. Pleijel and K. Tessmar-Raible.

in Platynereis dumerilii), homonomy is lost and the division of 
the body in a thorax and an abdomen appears during the sexual 
metamorphosis (epitoky) at the end of the life cycle. The abdomen 
is more motile and helps in the rapid swimming of mature animals 
during swarming. 

- partial loss of segmentation in some organs or tissues: examples 
are numerous. Uncharacteristically for annelids, leeches have a 
relatively small, finite number of segments. However, leeches do 
not have appendages and their epidermis often does not show 
clear separation between segments so that leeches do not look 
externally segmented (Fig. 2). 

- complete loss of segmentation: siboglinidae, echiuridae and 
sipunculidae are particularly interesting because all three were once 
classified as separate phyla. In siboglinidae, most of the trunk of the 
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animal shows no sign of segmentation. Only the posterior section 
of the body (opisthosoma) is made of segments. In Echiuridae and 
Sipunculidae, adult worms show no sign of segmentation, although 
in both groups, remnants of a segmented organisation are detected 
at the level of the nervous system during larval development (Hes-
sling and Westheide, 2002; Wanninger et al., 2009).

When and how are segments formed in annelid life 
histories? 

Direct development, indirect development and in between
Many marine annelids are classic examples of indirect de-

velopment. Platynereis is again a good example of this type of 
development (Fig. 3, inspired from Fischer et al., 2010). After 
external fertilization in the water column, eggs release a jelly 
layer in which they develop. Embryogenesis gives rise in one 
day to an unsegmented swimming larva, called a trochophore. 
The trochophores free themselves from the jelly layer and swim 
into the water colum. In Platynereis, trochophores develop further 
without feeding (lecithotrophic development). After two days, the 
trochophore displays the first signs of a segmented organisation as 
ciliary belts present on each segment (paratrochs) start to appear. 
Inside the larva, ectodermal groups of cells invaginate to form the 
setal sacs responsible for the formation of the elaborate bristles 
(chaetae) borne by the segmental appendages (parapodia) so 
characteristic of annelids. Then the larva starts to elongate and 
clear separations start to appear between the three leg-bearing 
segments of the larva. At three days, the larva has taken the shape 
of a three-segment little worm. However, this is still a swimming 
pelagic larva called a nectochaete. This particular phase of de-
velopment will last for several days during which the larva does 
not feed and does not make any other visible segment. Around 
ten days, the larva stops swimming, settles on the benthos and 
starts to feed. Segment formation then resumes from a posterior 
“segment addition zone” (SAZ), located immediately anterior to 
the pygidium. All the other segments will form by sequential bud-
ding from this SAZ. In Platynereis, similar to many other annelid 
families, this sequential production of segments will continue for 
most of the life of the animal. 

At the other end of the spectrum, leeches develop directly 

(Shankland and Savage, 1997). In most species, several eggs are 
laid together in a cocoon and the whole embryonic development 
takes place in the cocoon, without any intervening larval stage that 
resembles a trochophore. The embryo undergoes a highly stereo-
typical program of cleavage. Early on, two bilateral germ bands will 
start to form in an anterior to posterior direction, according to cellular 
processes that will be described in the next section. These germ 
bands fuse anteriorly to give the germ plate, from which originates 
most of the tissues of the embryo. This germ plate in turn starts to 
produce segmental units in an anterior to posterior progression, 
until the adult number of segments (32 in most species, fewer in 
some species) is formed. The young animal that hatches out of the 
cocoon therefore displays the complete adult body plan. 

The types of development examplified by Platynereis on one 
side and leeches on the other side are thus divergent, especially 
with regard to segment formation. In Platynereis, embryogenesis 
produces an unsegmented larva. All the segments appear during 
post-embryonic development, either during larval development 
or for most of them during juvenile benthic development. On the 
contrary, in leeches, all adult segments are formed during embry-
onic development.

Which type of development is ancestral in annelids? To answer 
this question and to determine when segments were formed in the 
ancestral life cycle, I review the literature on those families whose 
phylogenetic position is well supported in recent studies (Struck 
et al., 2011). This work has no pretense of being the last word on 
the question because there are still a number of uncertainties in 
the phylogeny and some annelid families have yet to be analysed. 
Additionally complete descriptions of the developmental cycle are 
not yet available for all annelid families. Development has diversified 
considerably across the annelid tree. There are also abundant varia-
tions in some annelid families. There are terminological problems 
when dealing with annelid development. I defined three common 
life stages for the formation of segments: embryogenesis, larva 
and juvenile development, but there are discrepancies in defin-
ing the perimeters of each of these terms in annelids, depending 
on the annelid species considered and also on the authors. Part 
of this confusion is linked to the difficulties of defining precisely 
“direct” and “indirect” development in annelids because all sorts 
of intermediate situations exist among annelid species. In many 

Embryogenesis
 (in the egg jelly)

Larval development 
(in the water column)

Juvenile growth 
(benthic)

egg nectochaetemeta-
trochophore

early 
trochophore

cleaving
embryo juvenile

Fertilization 24 hrs 2 days 3 days 8-10 days
start of feeding

Fig. 3. The normal develop-
ment of the nereidid Platy-
nereis dumerilii. Segment 
formation is clearly segre-
gated in two phases. The 
3 anterior-most leg-bearing 
segments are formed more 
or less simultaneously start-
ing 32 hours after fertiliza-
tion. Notice that while the 
setal sacs component of 
the appendages of the three 
segments appear simul-
taneously, the paratrochs 
(ciliary belts born by each 
segment anlagen, in green) 
appear in an unusual poste-
rior to anterior succession. Once a three-segment nectochaete larval stage is reached in 3 days, a gap in segment formation happens that will last for 
several days while the larva is searching for a suitable place to settle in the benthos. It is only when the larva has stopped swimming and started feeding 
on the benthos that segment formation resumes by budding from a posterior, sub-terminal segment addition zone (SAZ, in light blue).
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species, instead of free spawning, as I have described for Platy-
nereis, embryos or larvae are kept with the mother. They can be 
somehow attached externally to the tube or the body of the mother, 
or grouped within the tube of the mother (Wilson, 1991). In some 
cases, embryos even start to develop within the body of the mother 
and small worms are released through openings in the female 
body wall, especially in Syllidae. Many authors have called “direct” 
a development that involves brooding of the embryos/larvae with 
release of a benthic juvenile with no intercalation of a trochophore, 
metatrochophore or nectochaete swimming larva. The advanced 
developmental stages that are developing with the female, however, 
strongly resemble stages of pelagic larvae and are frequently motile 
due to the activity of their prototroch and other ciliary belts. These 
developments are therefore not direct in the sense that the stages 
retained with the mother, which are thus usually called embryos, are 
in fact comparable to the larvae of indirect developers. To classify 
segment formation relative to the developmental phases, I have 
thus used the following rules:

- in principle, embryonic development ends when a larva or a 
juvenile hatches from the egg shell. However, most annelids are 
peculiar in this respect. The eggs do have a “shell” that is actually 
an egg cuticle but the larva never truly hatches out of it. Instead, the 
egg cuticle is progressively incorporated into the cuticle that covers 
the tegument of the larva and later the young worm. When does 
embryogenesis end? A convenient substitute is to consider that it 
ends when the larva starts to swim freely out of the egg jelly. As for the 
species with brooding, embryogenesis ends when an unsegmented 
trochophore-like stage with a functional prototroch is reached, even 
if the larvae actually leave the mother later in development. This 
means essentially that among the non-Clitellate families, the vast 
majority of species do not make any segment during embryogenesis. 

- What are the temporal boundaries of “larval” development. In 
Platynereis, the trochophore, metatrochophore and nectochaete 
stages up until the larva stops swimming and starts feeding en-
compass the larval development. In many annelid species with 
swimming larvae, the same stages apply. In those species in which 
larvae are brooded, I consider for the purpose of this analysis that 
larval development starts with trochophore-like stages. For similar 
reasons, this larval phase will come to an end whenever the feeding 
juvenile starts benthic life. How many segments are made during this 
phase? This is in fact highly variable (Fig. 5). Platynereis dumerilii 

and its three-segment nectochaete is not particularly representative 
of the marine annelids as in many species, many more segments 
are produced in swimming or brooded larvae. A few examples of 
this variability are illustrated in Fig. 4. In some Spionidae, up to fifty 
segments are present in a swimming larva. In Clitellates, this larval 
stage has completely disappeared.

- juvenile development starts with the benthic phase. In principle, 
this phase lasts until the animal reaches sexual maturity. In many 
swarming annelid species in which the animal undergoes a sexual 
metamorphosis (epitoky) and reproduces only once, the juvenile 
phase will indeed last for most of the benthic life of the worm. The 
vast majority of annelid species add segments sequentially from a 
persistent SAZ during juvenile development. Only a handful of spe-
cies, including those of the family Pectinariidae (trumpet worms), 
have a full complement of segments when settling on the benthos. 
Most importantly, most Clitellate species that are not leeches do not 
hatch with a fixed number of segments and show posterior addition 
of segments during the rest of their life. 

The ancestral annelid life cycle: posterior addition of segments 
during both larval and juvenile development

Examination of the tree in Fig. 5 allows a few important inferences 
about the last common ancestor of annelids: 

- indirect development passing through a trochophore larva is 
ancestral. The nested position of clitellates within the Sedentaria 
leaves no doubt about the fact that their direct development is a 
derived trait. No segment was produced during the embryogenesis 
of this ancestral annelid. 

- segments were made in two phases: larval and juvenile de-
velopment. 

- posterior addition of segments from a SAZ happened during 
both phases. There are relatively few groups where segments are 
formed simultaneously and in those groups in which this happens 
during larval development, it is clearly a derived feature. Thus the 
near simultaneous appearance of three segments described above 
in Platynereis is both uncommon and derived. So is the remarkable 
development of the chaetopterids where all segments in the two 
anterior most tagmata form simultaneously. 

Due to the extreme variability even within families, it would be 
presumptuous to make a guess as to the number of segments that 
the ancestral annelid was sporting and also how many of these were 

Fig. 4. Examples of the morphological variability 
before settlement in four annelid species. These 
larvae advanced metatrochophore stages and are 
close to becoming benthic juveniles. Variations are 
particularly visible at the level of the number of 
segment anlagen that have already been produced. 
These larvae however share a key characteristic, the 
prototroch (p). Many brooded larvae, which are kept 
in the mother’s tube, such as in Scoloplos, keep a 
prototroch. Many trochophores and metatrochophores 
also have a telotroch (t). the telotroch is a ciliary belt 
borne by the pygidium and therefore always posterior 
to the SAZ. Pictures are adapted from Blake, 1975a; 
Anderson, 1959; Blake and Arnofski, 1999.

Scoloplos 
armiger

Platynereis 
bicanaliculata

Halosydna 
brevisetosa

Pseudopolydora 
paucibranchiata
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formed during larval development. Again, the small three-segment 
benthic juvenile of Platynereis does not appear to be a particularly 
common situation in annelids and may be a derived feature. The 
ancestral annelid could have made many more segments during the 
pelagic larval life. Two more considerations could be brought into 
this problem. The first one is the old but still quite lively debate about 
the ancestral status of planktotrophy (Rouse, 2000 for a review). 
Many annelid species have pelagic larvae that feed on plankton 
and can remain pelagic for an extended period of time. There is no 
consensus on whether planktotrophy or lecithotrophy is the most 
ancestral in annelids and there are data to indicate that this larval 
characteristic has evolved in both directions. Theoretically, it is 
arguable that the longer time a larva will spend in the water column, 
the more segments it will be able to make. In reality, things are less 

simple. Some Spioniform species, for instance, brood lecithotrophic 
larvae that will make up to 21 segments before being released (Blake 
and Arnofsky, 1999). 

Another type of argument comes from the expression of the fa-
mous “architect” Hox genes. Hox genes are typically expressed in 
bilaterian animals in “collinear” patterns along the anterior/posterior 
axis, i.e. their expressions are organized in overlapping domains in 
the same order as the genes are found in their chromosomal cluster. 
Hox expression profiles have been extensively studied in species 
with different modes of development: the closely related Nereidids 
Platynereis dumerilii and Alitta virens on one side and the Capitellid 
Capitella teleta on the other (Kulakova et al., 2007; Fröbius et al., 
2008; Bakalenko et al., 2013). Capitella broods larvae that make 
thirteen segments before being released. Most of Capitella Hox 
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many 0 many yes disputed no 1
32 0 0 no no no 2

many 0 many yes yes paratomy 3
0 0 0 no no no 4
0 13 >50 yes no no 5
0 3-20 20-30 no no no 6
0 15-20 0 ? ? no 7
0 2-11 >100 ? ? no 8
0 3-4 >100 no no no 9
0 7 >200 yes yes architomy 10
0 3-10 >100 yes yes architomy 11
0 3 >50 yes yes paratomy 12
0 8-50 >100 yes yes architomy 13
0 2 >40 ? ? architomy 14
0 5-9 variable yes yes no 15
0 7-10 >100 ? ? no 16
0 3 80 yes no no 17
0 4 70 yes yes paratomy, budding 18
0 4 >70 yes no incomplete architomy 19
0 5 >100 yes yes no 20
0 5 >200 ? ? no 21
0 7-8 20-40 yes no no 22
0 7 >200 ? ? ? 23
0 12 >200 ? ? no 24
0 ? >100 yes yes architomy 25
0 0 0 yes ? architomy 26
0 2 3 no no no 27
0 15 * 40 yes yes architomy 28

Fig. 5. Comparative table of the different modes of segment formation in the annelid tree. On the left is presented a consensus phylogeny of 
the majority of annelid species as suggested by recent works (Struck et al., 2011). The three first columns indicate the number of segments formed 
during the normal development of the studied species. The three following columns indicate the absence or presence of segment formation during 
three other processes, anterior and posterior regeneration and asexual reproduction by fission. This table is neither exhaustive nor definitive but it 
has the goal of illustrating the ample variations that annelid species have evolved and the difficulty of reconstituting the development and life history 
features of the last common ancestor. Few annelid species have been documented in each family. It is thus highly likely that additional variability exists 
within families. The striped embryo indicates families in which the documented species form all larval segments simultaneously. In all other families, 
a few anterior-most segments can appear simultaneously but there is evidence of posterior addition for more posterior segments. The asterisk in the 
Chaetopteridae larva column denotes the formation of the three tagmata prior to their subdivision in segments. References are: 1; Gates, 1949, 1950. 
2; Shankland and Savage, 1997. 3; Nakamoto et al., 2000; Bouché et al., 2005. 4; Hessling and Westheide, 2002. 5; Giani et al., 2011. 6; Bely, 2005. 
7; Wilson, 1936. 8; McHugh, 1993. 9; Farke and Berghuis, 1979. 10; Blake, 1975a; Gibson and Clark, 1976. 11; Rouse and Gambi, 1998; Giangrande 
et al., 2000; Kolbasova et al., 2013. 12; Kupriyanova et al., 2001; Pernet, 2001; Nishi and Nishihira, 1994. 13; Blake and Arnofsky, 1999; Gibson and 
Harvey, 2000. 14; Southward, 1999. 15; Blake, 1975b. 16; Crumrine, 2001. 17; Fischer et al., 2010. 18; Allen, 1964. 19; Richards, 1967; Akesson, 1968. 
20; Allen, 1959; Pires et al., 2012. 21; Cazaux, 1970. 22; Bhaud and Cazaux, 1987; Blake, 1975a. 23; Blake, 1975a. 24; Anderson, 1959; Blake, 1980. 
25; Kudenov, 1974. 26; Rice, 1970. 27; Eeckhaut, 2003. 28; Irvine, 1999.
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genes are expressed in collinear patterns in a late metatrochophore 
larva. By contrast, in Platynereis and Alitta, collinearity is less clear 
and only anterior Hox genes are expressed in the three segments 
of the larva. Interestingly, Bakalenko et al., (2013) found a much 
more regular collinear expression of Hox genes in a more advanced 
developmental stage of A. virens, a 15-segment juvenile. One could 
argue therefore that this juvenile stage of A. virens is the temporal 
homologue of the late Capitella metatrochophore and that the de-
rived expression of Hox genes in the three-segment, early-settling 
larva of nereidids is an indication that this larva is itself a derived 
characteristic within annelids. More investigations would be needed 
however to test the value of this argument. 

Regeneration of segments: two distinct pathways
Regeneration of amputated body sections is very widespread in an-

nelids (Fig. 5). Posterior or “caudal” regeneration after the amputation 
of the posterior part of the worm is almost universal among annelids. 
Only a handful of groups do not display this capability. Given their 
scattered position within the annelid tree, it seems highly likely that 
the ancestral annelid displayed a posterior regeneration capability 
that was only lost in a handful of derived lineages. Anterior regenera-
tion is also widespread but it is absent in a much larger proportion 
of groups (including for example all Nereidids). There are however 
good arguments in favour of its ancestral status (Bely, 2006). The 
processes for the regeneration of segments seems however quite 
different between posterior and anterior regeneration. During poste-
rior regeneration, which has been well studied in a large number of 
annelid species (Müller 2004, Giani et al., 2011; Pfeifer et al., 2012 
for recent studies), the first event is the formation of a regeneration 
blastema. This blastema rapidly regenerates a new terminal piece, 

the pygidium, with a functional anus. Then sequential addition of 
segments resumes in a manner that looks very similar to normal 
growth (Gazave et al., 2013). This suggests that a new SAZ has 
been regenerated and this SAZ, as we will see in the next section, 
contains regenerated teloblasts. During anterior regeneration, no 
process of sequential addition is detectable. Typically, in addition to 
the prostomium, a fixed number of segments are regenerated (“head 
segments” in clitellates) but these segments all differentiate more 
or less at the same time. For example, in Enchytraeus japonicus, 
where asexual reproduction by fission occurs in addition to anterior 
and posterior regeneration, a prostomium plus seven head seg-
ments are regenerated when the worm is amputated of more than 
seven anterior segments (Myohara, 2012). By contrast, if the worm 
is amputated within the “head region”, i.e. in segments between 1 
and 7, the anterior blastema will regenerate just as many segments 
as necessary to complete the number of head segments to seven. 
Such observations suggest that different programs are at work in 
anterior and posterior regeneration, which is in fact correlated to the 
fact that anterior and posterior regeneration have evolved divergently 
to some extent in the annelid tree (Fig. 6). 

Segments are formed during another important aspect of life his-
tory in a number of annelid species: asexual reproduction by fission. 
Architomy is the most common process used: the worm undergoes 
transversal fissions producing a number of fragments. Each of these 
fragments will regenerate the body parts that are missing, either a 
“head” (prostomium + a few segments), or a “tail” (pygidium + new 
SAZ) or both Gibson and Harvey, 2000, Kolbasova et al., 2013 for 
detailed descriptions in Spionidae and Sabellidae). In a number of 
families (many clitellates, serpulids, syllids), another fission pathway 
called paratomy happens. In paratomy, one or several “fission” zones 

fission, this process is accelerated and segment production starts before fission. The sequential addition characteristic of teloblastic activity is however 
preserved, suggesting that new teloblasts are formed before the fission event. Anterior regeneration, both accidental or in asexual reproduction seems 
to follow a largely different course, as a small and fixed number of segments are formed more or less simultaneously, irrespective of the number of seg-
ments initially missing. This suggests that entirely different processes of segment formation are involved with no equivalent of the posterior teloblasts.

A.  Juvenile posterior elongation

Morphallaxis

MorphallaxisMorphallaxis

Morphallaxis

B.  Anterior and posterior regeneration

C.  Architomy D.  Paratomy

accidental
amputation

spontaneous
fission

Fig. 6. A comparison of the 
segment formation processes 
in annelids. Segments are 
made during normal benthic 
development, regeneration 
and asexual reproduction pro-
cesses, in the species in which 
these developmental modes 
are present. A key similar-
ity between normal posterior 
growth, posterior regeneration 
and formation of a posterior part 
during asexual reproduction is 
the activity of the teloblasts 
(schematized by red dots). (A) 
Teloblasts divide asymmetri-
cally to give the precursors of 
segment anlagen (in red). (B) 
After caudal amputation, telo-
blasts are regenerated from an 
unknown source and resume 
their work to produce all pos-
terior segments. (C) During 
architomic reproduction, the 
same process is at play: new 
teloblasts appear near the fis-
sion place. (D) During paratomic 
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appear along the trunk of the worm. In each of these fission zones, 
a new “head” and a new “tail” start to differentiate but stay attached 
to one another as differentiation and growth proceeds. Eventually, 
the fission takes place between the new tail and the new head of the 
contiguous clonal individuals produced (Pernet, 2001 for a description 
in Serpulidae). The process of paratomy is pushed to remarkable 
extremes in the family Syllidae (Franke, 1999). Some syllids produce 
a multiplicity of clonal individuals through stolonization: stolons do 
not feed and are entirely specialized for sexual reproduction in a 
brief period of swarming (epitoky). 

There is a strong link between the existence of asexual reproduc-
tion and the capability for regeneration in annelid species. As the table 
of Fig. 5 shows, the groups where asexual reproduction happens 
display both anterior and posterior regeneration. In fact, reformation 
of a “head” and “tail” during both architomy and paratomy strongly 
resemble regenerative events. As in post-amputation regeneration, 
reformation of a “tail” entails regenerating a pygidium and a functioning 
SAZ. Reformation of a “head” entails regenerating the prostomium 
and a fixed number of anterior segments (Zattara and Bely, 2011). 
There are thus again two different pathways for segment formation, 
similar to post-amputation regeneration. Bely (1999) and earlier 
authors have proposed that the similarities between regeneration 
and asexual reproduction can be explained by the fact that asexual 
reproduction by fission in annelids (and maybe other groups) is 
evolutionarily derived from regeneration. Given this scenario, it is 
in principle conceivable that asexual reproduction may have been 
present in the last common ancestor of annelids itself if we admit 
that both anterior and posterior regeneration were also present. 
The presence of fission is however relatively sparse among annelid 
families and it is also perfectly conceivable that it evolved several 
times independently within annelids in fully regenerating lineages.

Posterior segment formation at the cellular level: 
teloblasts

A module by module approach for the comparison of segment 
formation processes

The comparison of the cellular and genetic mechanisms of 
segment formation at large evolutionary scales poses a number of 

challenges. For more than two decades, the genetic segmentation 
cascade of the fruit fly has been the central paradigm for segment 
formation in animals. Then increasing knowledge of somitogen-
esis mechanisms in vertebrates has shown that segments could 
be formed in very different ways in distant lineages: not the same 
cells, not the same genes and not the same processes. Increasing 
knowledge of segment formation in arthropods other than the fruit 
fly has revealed a complex mix of similarities and divergences (Peel 
et al., 2005; Damen, 2007). The complexity of these comparisons 
requires a framework for analysing segment formation that is not 
based solely on the divergent fruit fly model but is capable of taking 
into account the vast diversity of bilaterian animals. 

I will briefly introduce such a framework in this part although a 
full discussion of it will be proposed in another article. The process 
of segment formation is basically segmented in three develop-
mental modules that could be overlapping in space but not time 
(simultaneous segment formation as in fly), or in time but not space 
(activity of a sequential SAZ). Module 1 is the production of an 
elongated anterior-posterior axis. Module 2 is the specification of 
segmental periodicity (the true “making” of segments). Module 3 
is the anterior/posterior patterning of individual segments, once 
they have been defined and delimitated by module 2. 

 As an example, the segment formation processes of three key 
animal models, the fruit fly, vertebrates and Platynereis, have been 
divided according to this categorization in Fig. 7. Such a categoriza-
tion allows not only the comparison over a large phylogenetic scale, 
but also in cases when segment formation happens at different times 
in life history. This is clearly the case within annelids when leeches 
are forming segments during embryogenesis and non-clitellates 
are forming all segments after embryogenesis. This framework can 
also be used to compare different pathways for segment formation 
in different times of life history in the same species. For instance, 
one can compare segment formation between larval and juvenile 
development or between normal development and regenerative 
development. In the rest of this article, I will apply this framework 
to the study of posterior sequential addition across annelids. 

The teloblasts of clitellates
Teloblasts have been extensively studied and characterized 

Fig. 7. A comparative modular 
approach of segment forma-
tion processes at the cellular 
and genetic levels. Three model 
organisms taken from the three 
superclades of the bilaterian tree 
are analysed correspondingly. 
Generally speaking, these animals 
do not make their segments in 
the same way. However, the 
patterning of segment polarity in 
Annelids and Arthropods involves 
two crucial signalling pathways, 
hedgehog and Wnt/b-catenin, in 
the same spatial relationship (Dray 
et al., 2010). 
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in leeches, to a large extent through the impressive work over 
four decades of the group of David Weisblat at the University of 
California, Berkeley. Leeches, as described above, have a direct 
form of development. This type of development has already 
been described in multiple works and reviews (Shankland, 1991; 
Shankland and Savage, 1997; Lang and Shain, 2009 for instance) 
and I will here only describe the major elements (Fig. 8 A). The 
cleavage of the egg follows the determinate “spiral” pattern that 
is widespread in Spiralians. This cleavage is very unequal in the 
leech. The first two cleavages segregate a large proportion of the 
cytoplasmic material of the egg within a single blastomere, D, 
that will subsequently give rise to the vast majority of the trunk 
tissues of the embryo. This D blastomere also inherits a special-
ized part of the cytoplasm, depleted in yolk but rich in organelles 
and RNA, the teloplasm. Dividing further, the D blastomere gives 
two bilateral pairs of mesodermal (M) and ectodermal precursors 
(NOPQ). The ectodermal precursors NOPQ divide to give the four 
bilateral pairs of ectodermal teloblasts N, O, P and Q. Together with 
the M teloblast, there are thus five pairs of teloblasts sitting at the 
posterior pole of the embryo, together with the descendants of the 
micromeres. The teloblasts are very large and conspicuous cells 
in the leech embryo. Each of the teloblasts, both ectodermal and 
mesodermal, undergoes a series of highly asymmetric divisions, 
producing a continuous and regular chain of segmental precursors, 
called a germinal bandlet of primary blast cells (PBC). M, O and 
P produce one PBC per segment whereas N and Q produce two 
PBCs per segment. Each hemisegment will therefore originate 
from the mitoses of seven PBCs (2n, 1o, 1p, 2q, 1m). Germinal 
bandlets, initially disjointed, fuse to form two bilateral germinal 
bands. Germinal bands will ultimately differentiate in all the tissues 
of the leech trunk. In each of the bandlets, each primary blast cell 
undergoes a constant stereotypical program of mitoses and will 
give rise to a constant subset of segmental cells according to their 
teloblast of origin (mesoderm for M, predominantly neural tissues 
for N and O, predominantly body wall epidermis for P and Q).

The dominant characteristic of leech development is therefore 
an entirely determinate fixed-lineage program. Teloblasts pro-
duce a fixed number of segmental precursors and are progres-
sively “consumed” as they divide further. The anterior/posterior 
axis elongation (module 1) is thus entirely linked to the activity 
of teloblasts. Moreover, the segmental periodicity (module 2) is 
determined by the mitotic programs of the teloblasts. Lastly, the 
segment polarity (module 3) is already determined itself when 
the very first divisions of the PBCs are taking place because the 
daughter cells of the PBCs make entirely stereotyped contribu-
tions to the segment along the anterior/posterior axis. The entire 
program for determining a segmented organisation of the trunk is 
run during the teloblast divisions and the very first PBC divisions, 
producing cells that are already committed for a specific fate in 
a given segment. Segment boundaries make their first physical 
appearance (especially obvious at the level of the ventral nerve 
chain) only much later in development.

Teloblasts, in a restricted definition, are thus small sets of pro-
genitor cells clearly identifiable by their size and position in the 
embryo, that divide asymmetrically to generate the various tissues 
of the trunk. Their lineage of origin is completely determined. Leech 
teloblasts are not stem cells, strictly speaking, as their maintenance 
is not indeterminate. They are limited to embryogenesis and no 
segment is produced after hatching of a juvenile with a full comple-

ment of segments (usually 32).
Teloblasts very similar to the leech are found in non-leech cli-

tellates (Tubifex for instance, Goto et al., 1999, Nakamoto et al., 
2000). Non-leech clitellates however do not have a determinate 
number of segments and segments are sequentially added after 
embryogenesis during juvenile development and also during pos-
terior regeneration. This post-embryonic segment addition takes 
place in the absence of readily visible teloblasts (i.e. big cells) at 
the posterior tip of the trunk. This shows that even in clitellates, 
different mechanisms are sequentially used for the normal produc-
tion of segments. 

The teloblasts of non-clitellate annelids are a new category 
of stem cells

Non-leech clitellates thus resemble the general situation of 
posterior segment addition in most non-clitellate annelid families, 
be it during larval or juvenile development. There are no conspicu-
ous posterior cells playing the same role as the leech teloblasts in 
these groups. This situation can have two explanations:

- Teloblasts in these groups are small cells, not very different 
in size from the surrounding cells. the SAZ is thus made of incon-
spicuous teloblast-like cells. They would behave in some aspects 
like the leech cells, in particular, they would divide asymmetrically 
to give committed segment precursors. 

- Teloblasts truly do not exist. The SAZ is a zone of “diffuse” cell 
divisions. Cells divide symmetrically, with no privileged orientation 
and no distinction exists among cells that are “naïve” precursors 
and cells that are committed to a segmental fate. Segmentation 
is induced at the anterior boundary of this elongating SAZ by the 
neighbouring tissues. This is seemingly how somitogenesis pro-
ceeds in vertebrates. The presomitic mesoderm is the posterior 
paraxial unsegmented tissue that buds off new somites at its an-
terior end, and the examination of the mitotic activity of cells in the 
PSM reveals unoriented divisions (Bénazéraf and Pourquié, 2013).

Very few data were available until recently to support one model 
or the other in marine annelids. Anderson (1959) described the 
teloblasts of the Orbiniid Scoloplos armiger, based on sectioned 
tissues, without experimental evidence.

Results obtained in Platynereis clearly support the first sce-
nario (de Rosa et al., 2005; Gazave et al., 2013). Remarkably, 
these experimental results were obtained whilst comparing two 
phases of segment formation: normal posterior addition (in fact, 
the formation of the fourth legged segment in the juvenile) and 
the posterior addition after caudal regeneration. The mechanisms 
were essentially similar. Two separate ring-shaped populations of 
cells were located by using a number of molecular markers just 
anterior to the pygidium of Platynereis (Fig. 8B):

- an external ring of ectodermal cells embedded in the sur-
rounding epidermal cells. This ring is only 1-2 cells wide in anterior/
posterior extension (Fig. 8C). It is inserted in between the cells of 
the pygidium that have a low mitotic activity. EdU labellings show 
that these cells are undergoing coordinate waves of mitoses (de 
Rosa et al., 2005; Gazave et al., 2013). The exact orientation of 
cell divisions has however not yet been observed. The cells are 
not present in a distinct number and they are not organized in a 
perfectly aligned arrangement. These cells are characterized by 
a very specific molecular signature including transcription factors 
evx, cdx, Hox3 and AP2. Their divisions give rise to all ectodermal 
derivatives of the trunk (epidermal and neural tissues notably).
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- an internal ring of mesodermal cells. These cells are lying 
immediately beneath the ring of ectoteloblasts. They are also in 
contact with a large circular blood lacuna located between the 
midgut and the hindgut. EdU labellings reveal ample mitotic activity 
of these cells but no obvious coordination between neighbouring 
cells. Mesodermal precursor cells display a specific molecular 
signature including transcription factors Runx and hunchback.

Both populations display cells with the cytological characteris-
tics of stem cells, i.e. a high nucleo-cytoplasmic ratio. However 
the sizes of these cells are not considerably different from the 
neighbouring non-stem cells. Most importantly, these ectodermal 
and mesodermal precursor cells share an elaborate molecular 
signature with the germinal stem cells of Platynereis (Rebscher 
et al., 2007, Gazave et al., 2013). This includes a number of well 
known conserved markers of the metazoan germ line such as the 
RNA-binding proteins Piwi, Vasa or Nanos. These molecules are 
thus presumably part of an ancestral “stemness” program that is 
shared by some but not all metazoan types of stem cells. Other 
crucial examples of stem cells sharing this program are the neo-
blasts of planarians and the interstitial cells of cnidarians (Juliano 
et al., 2010). The “stemness” program remains expressed for a 
more or less extended period of time in cells that are already seg-
regated to segment anlagen. These cells, located in differentiating 
segments, are presumably already committed to a segmental fate 

but are still undifferentiated. 

A new comprehensive definition of annelid teloblasts
Gazave and coauthors propose that these posterior stem cells 

are at the origin of all the segmental tissues of Platynereis and are 
behaving like teloblasts. These cells however display important 
differences with the leech teloblasts. They are true stem cells, 
present during most of the life cycle of the animal, sitting in a 
niche near the pygidium, where they are constantly supplied with 
nutrients by the general blood circulation. Given their small size, 
it is difficult to carry out the sort of dye injection experiments that 
have been performed on the leech teloblasts to analyse the progeny 
of Platynereis teloblasts. Cytological characteristics suggest that 
these cells divide asymmetrically but the divisions of these cells 
have not been observed directly so far.

The teloblast-like cells of Platynereis are responsible for the 
elongation of the anterior-posterior axis (module 1). Much work 
needs to be done to understand how they would contribute in seg-
ment periodicity (module 2) and segment polarity (module 3). The 
coordinate mitoses observed in the ectoteloblasts of Platynereis 
may suggest that, as in leech, the cell cycle of teloblasts could be 
completely correlated with the determination of segment bound-
aries. It is conceivable that each cycle of ectoteloblast divisions 
produces a ring of segmental precursors that are already entirely 

Fig. 8. Teloblasts in leech and Platynereis. 
(A) During leech embryogenesis, the teloblasts 
are large conspicuous cells provided with the 
cytoplasmic material necessary to build the 
entire embryo germ band. There are four pairs of 
ectodermal teloblasts (in shades of blue) and one 
pair of mesodermal teloblasts (red). Teloblasts 
divide in a coordinate way to produce bandlets 
of segmental precursor cells. These precursor 
cells will themselves divide in stereotyped 
ways to give segmental tissues. (B) Ventral 
schematic view of posterior segment addition in 
Platynereis. Teloblasts are relatively inconspicu-
ous cells located in two rings, one ectodermal 
(blue) and one mesodermal (red) just anterior 
to the pygidium. These two rings together form 
the SAZ. Being active during most of the life of 
the animal, teloblasts have the characteristics 
of adult multipotent stem cells, i.e. capable of 
giving precursors of most tissues and capable 
of self-maintenance and self-renewal through 
cell divisions. They are constantly supplied in 
nutrients by a large circular blood vessel in their 
vicinity. (C) EdU labelling shows their coordinate 
mitotic activity by contrast with the scattered 
mitoses occuring in segment anlagen. (D) Close 
up view of the ectodermal SAZ showing the large 
nuclei and the expression of Piwi, characteristic 
of stem cells. On the right are listed a number of 
RNA binding proteins and transcription factors 
that are part of the specific molecular signature 

of the ectoteloblasts. (E,F) Two scenarios for the role of ectodermal teloblasts in Platynereis. In (E), the teloblasts mitoses, as in the leech, are driven 
by an internal autonomous oscillator that define the segmental periodicity. Anterior daughter cells are already committed to a given segment. In (F), the 
cyclical activity of the teloblasts has no connection with the segmental periodicity which is determined by an oscillator located in neighbouring tissues.

Pdu-piwi

pyg

SAZ

seg

ectoteloblasts

pyg

seg

ectoteloblasts

pyg

seg

nuclei
EdU

pyg pyg
SAZ

SAZ

seg
seg

N

O
P

Q

M

pyg

ectoteloblasts

uncommitted 
precursors

?

?

segment

ectoteloblasts

segment n-1

segment n-2

pyg

RNA-binding Proteins

Piwi
Vasa
Nanos

Transcription factors

Myc
Evx
Cdx
Hox3

B

C D

E F

A



480    G. Balavoine

committed to giving the whole ectoderm of a single segment (Fig. 
8E). Alternatively, teloblast divisions may produce uncommitted 
cells and segment periodicity would be imposed on these cells 
by periodic inductive signals emanating from the neighbouring 
tissues (Fig. 8F)

 Is it likely that the teloblasts of leeches and the teloblasts of 
Platynereis might be homologous cell types? Part of the answer to 
this question depends on how widespread the posterior stem cells 
described for Platynereis will eventually be found among annelids. 
The Platynereis teloblasts correspond well with the ectoteloblasts 
and mesoteloblasts described by Anderson in Scoloplos, a dis-
tantly related species of marine annelid (Orbiniidae). In Capitella 
(Capitellidae), the only other species of marine annelid in which 
extensive studies of the larval and juvenile development have 
been conducted, Seaver et al. (2005) did not detect profiles of 
coordinated mitoses at the posterior end of the trunk that would 
be reminiscent of the Platynereis teloblasts. However, a number of 
Capitella genes show expression patterns towards the end of the 
larval development very similar to the SAZ expressions described 
for Platynereis. In particular, evx and Hox3 are expressed in ring-
shaped patterns at the location of the ectodermal SAZ (Seaver et 
al., 2012; Fröbius et al., 2008), runx is expressed in a ring-shaped 
pattern in the mesodermal SAZ (Seaver et al., 2012) and the RNA-
binding protein coding genes vasa, nanos (Dill and Seaver, 2008) 
and piwi (Giani et al., 2011) are expressed in both cell populations 
of the SAZ. This suggests that a SAZ very similar to Platynereis is 
present in Capitella and presumably homologous teloblasts have 
yet to be fully characterized. 

How can we conceive a scenario for the evolution of the teloblastic 
SAZ in annelids? The overall similarity of posterior segment addition 
in larval and juvenile development and the molecular similarities 
found between the distantly related Capitella (Sedentaria) and 
Platynereis (Errantia) suggest strongly that a teloblastic SAZ with 
small teloblasts was present in the ancestral annelid. How then 
could the clitellate big teloblasts have evolved from these ancestral 
small teloblasts? The major difficulty resides in the fact that the 
big teloblasts in leech and earthworm are embryonic features, 
whereas small teloblasts are larval and juvenile features. A crucial 
evolutionary process may explain this discrepancy: heterochrony. 
In clitellates, segment formation has been considerably accelerated 
so that a large proportion (non-leech clitellates) or all of segment 
formation (leech) takes place in the embryo, coincident with the 
complete loss of the larval stages. Teloblasts of the early clitellates 
now had to carry out the work of producing up to several dozen 
segments in the reduced time span of embryogenesis. The char-
acteristics of the ancestral small, self-renewing, teloblasts thus 
disappeared as they evolved into the large expendable embryonic 
teloblasts of clitellates. 

One important piece of evidence that could be brought in 
favour of such a scenario would be to trace the lineages of the 
small teloblasts of non-clitellate annelids back in the embryo and 
compare it to the lineages of clitellate teloblasts. This has not been 
resolved unambiguously in Platynereis to date. Lineage tracings 
of blastomere fates with diI in cleavage-stage embryos of Platy-
nereis have been carried out up to three days of development 
(Ackermann et al., 2005). Injection of the 4d blastomere, which 
belongs to a homologous lineage to the leech DM blastomere 
labels the whole trunk mesoderm of the larva but more heavily 
labels a small group of cells located internally just in front of the 

forming pygidium. These cells express the gene vasa (Rebscher 
et al., 2007) and comprise the primordial germ cells of the worm as 
well as the precursors of the mesodermal teloblasts. Fischer and 
Arendt (2013) have determined that the embryonic precursors to 
the mesodermal teloblasts undergo a series of stereotyped asym-
metric cell divisions to produce first the primordial germ cells and 
subsequently the precursor cells of the mesoderm of the 3-segment 
larva in the same way as the leech M teloblasts. The injection of 
the 2d lineage, homologous to the DNOPQ lineage of the leech 
has not been carried out to date in Platynereis. diI injection of 2d 
in Capitella (Meyer and Seaver, 2010) however labels heavily a 
thin ring of cells immediately in front of the pygidium in the late 
larva, that presumably corresponds to the ectodermal teloblasts. 

There is thus convincing evidence that the small teloblasts of 
non-clitellate annelids are homologous to the big teloblasts of clitel-
lates and should be consolidated into a common definition based on 
their most common appearance and function in annelid families. My 
proposal is that teloblasts are posterior progenitor cells that divide 
asymmetrically to give birth to the ectodermal and mesodermal 
precursors of segments. Ectoteloblasts and Mesoteloblasts derive 
from separate embryonic stereotyped lineages but proliferate to 
give ring shaped populations anterior to the pygidium. These two 
rings of cells constitute the SAZ of the worm. Non-leech clitellates 
will be interesting to investigate in the future as they represent 
an intermediate situation between non-clitellates and leeches. In 
juvenile non-leech clitellates, typical posterior addition, as seen 
in non-clitellates, comes after the fixed lineage embryogenesis 
similar to leech.

Teloblasts can be regenerated
As shown in the study of Platynereis posterior growth, a proper 

SAZ with its two rings of teloblast cells is regenerated very rapidly 
after caudal amputation. As the original teloblast cells of the worm 
have been removed by the amputation, the new teloblasts must 
have been regenerated from unknown pools of cells residing in the 
neighbouring uncut segments of the worm. In the clitellate Enchy-
traeus japonicus, it has been suggested that all trunk segments 
present specific stem cells called neoblasts, distributed regularly 
and at specific locations (Sugio et al., 2012). Their dynamics 
have been studied during the events of regeneration that follows 
fragmentation in the process of asexual reproduction. When the 
fragmentation occurs, these cells start to proliferate and to mi-
grate towards the location of the wound. They participate to the 
formation of a regeneration blastema, producing the mesodermal 
component of the blastema. There is also a suggested contribution 
of epidermal tissues in the immediate vicinity of the fragmentation 
site to the formation of the blastema. 

Neoblasts cells have so far not been observed outside of 
clitellates. If they do generally exist in annelids, it will have to be 
investigated whether they are capable of regenerating the telo-
blasts, at least the mesodermal ones. Anterior regeneration as we 
have seen above proceeds differently from posterior regeneration. 
There is no sequential addition as a fixed number of anterior seg-
ments are regenerated. Presumably, no teloblasts are involved in 
anterior regeneration. 

Conclusion

One of the goals of this review is to emphasize the necessity for 
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studying a diversity of model species strategically located in the 
annelid tree. This is necessary in order to analyse experimentally 
the process of segment formation in all its complexity. We have 
seen that teloblasts are for example much more accessible to 
experimentation in the Clitellates because of their big size. On 
the other hand, no single annelid species can be described as a 
living fossil whose anatomy and mode of development would be 
identical to the last common ancestor of the annelids. All extant 
species are a mix of ancestral and derived characteristics. Clearly, 
the leeches are derived in many aspects of their morphology and 
development. The study of posterior addition in species of marine 
annelids such as Platynereis or Capitella will bring us valuable 
information to reconstitute the ancestral mode of segment forma-
tion in annelids and be able to compare it in a useful way to other 
bilaterian species. 

A number of important questions will have to be addressed in 
the coming years that are relevant to the question of the evolution 
of segmentation in animals as a whole:

- teloblasts are a very specific type of stem cells with distinctive 
molecular signatures including conserved stem cell genes (mostly 
RNA binding protein genes) and teloblast-specific genes (mostly 
transcription factors). These signatures provide a potentially power-
ful and quick way of investigating the presence of teloblast-like cells 
in other species. For example, the existence of small teloblasts can 
be predicted in the posteriorly growing juveniles of earthworms. 
More broadly, there are species that present posterior addition in 
a number of bilaterian groups. This is the case of course in many 
arthropod groups. Insects, chelicerates and a number of crusta-
cean groups show posterior addition during embryogenesis but 
post-embryonic posterior addition is also present in a number of 
crustaceans and myriapods. Interestingly, malacostracan crusta-
ceans are the only group outside clitellate annelids that are also 
known to build their anterior/posterior axis through the activity of 
big embryonic teloblasts. These crustacean teloblasts could have 
evolved under the same sort of selection pressure as described 
above for the clitellate big teloblasts. There are also bilaterian groups 
in which an elongated axis is built through posterior addition of tis-
sues but without segment formation. This is the case for example 
in nemerteans (spiralians) and in enteropneusts (deuterostomes). 
It would be interesting to investigate whether teloblast-like cells 
also exists in these groups. 

- Is there a “segment formation clock” in annelids? A segment 
formation clock is an autonomous periodic mechanism taking 
place in the cells of the SAZ and determining segmental periodic-
ity. Again, given the divergence that exists among annelid groups, 
the answer to this question cannot be a simple one. We can 
speculate theoretically in two divergent groups: the leeches and 
Platynereis. In the leeches, the production of segmental periodicity 
is completely dependent on the regular activity of the teloblasts 
during embryogenesis. Primary blast cells, founder cells of the 
segment, are produced at regular time intervals, in the same way 
as somites in vertebrates. The segment formation clock and the cell 
cycle clock of the teloblasts are thus intertwined in the leech. The 
answer to the above question has to be a positive one in leeches. 
In Platynereis and in most post-embryonic growing annelids, the 
answer will be different because segments are not produced at 
regular time intervals. The rate of segment production varies no-
tably in function of the metabolic rate of the animal. This is already 
quite obvious in small three-segment juveniles in which the fourth 

segment and the following ones are produced at considerably vari-
able time in different worms, possibly as a result of the efficiency 
of food intake. Thus, irrespective of the mechanisms for creating 
segmental periodicity in Platynereis, they cannot be qualified as 
a “clock” which, by definition, has to be ticking regularly and au-
tonomously. Instead, Platynereis must have a non-autonomous 
regulated oscillator possibly working in the small teloblast cells or 
in a neighbouring tissue such as the pygidial ectoderm (Fig. 8 E 
and F). This situation is likely to be the ancestral one in annelids. 
Embryonic segment formation clocks, as they are shown to exist 
in vertebrates and are suggested to exist in insects (Sarrazin et 
al., 2012) and in clitellate annelids (above) have to be derived 
mechanisms in this reasoning.
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